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STATEMENT

Realising the advantage‘of cdndﬁcting experiments in X-ray
" astronomy from equatorial latitudes due to the prevailing low
chargéd particle background, the X-ray astronomy group at the
Physical Research Laboratory, planned a comprehénsiVe programme
in this field in 1967. The authér as avmember of the X-ray
astronomy group under Prof. U.R. Rao has been involved almost
since its inception in the design and fabrication of both
balloon and rocket borne payloads for conducting these experi-
ments. For the rocket borne payloads, Xenon-Methane proport-
ional counters with slat collimators have been extensively
used. Most of the experiments conducted so far on the rockets
from the Thumba Equatorial Rocket Launching Station, Trivandrum
(8° 321 N, 76° 51' E), have mainly concentrated in the 2-20 KeV
X-ray range and have_consequently used 3 mil beryllium entrance
‘windows for counters. Sodium Iodide crystals with plastic
scintillator anticoincidence in combination with graded shield,
have been used for the balloon borne experiments, Balloon
payloads were mounted on oriented platforms, to track the pre-

selected stars to an accuracy better than 2%,

The author was involved in the study of time variations
of Sco XR-1 and Cen XR-2 in the rocket experiments conducted
fromThumba, late in 1968, The author also made some studies
on the time variations of X-ray flux from Cen XR-4 and Nor XR-2
in 1969. Both the stars Cen XR-2 and Cen XR-4 have shown
spe ctacular behaviour typical of optical novae. Using the

earth as shutter, the cosmic diffuse X-ray background has also
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been evaluated by comparing the observed background intensities
_ when the payload 1ooked towards the sky and the earth. The
reprints embodying the results of various éxperiments carried

out from Thumba are appended at the end of the thesis.

The main body of the thesis deals with the study of X~Tay
flux from Sco XR-1 source both in low energy (2-20 KeV) and
high eneray (20-120 KeV) rénges. Amongst all sources discovered
to date, the X-Tay source Scorpio ¥R-1, has been studied in a
considerable detail by a number of workers. This X-ray source,
besides belng the brightest in the sky, is one of the few
sources which has peen identified poth in the optical and the
radio reglons of the electromagnetic spectrum, The most signi-
ficant feature of this source 1is its time vari ation in X-ray,
optical, radio and infrared reglons. In the optical region,
the X-ray source has been shown to exhibit both long term and
short term variations, with the optical blue magnitude varying
between 12.2 to 13.2. when the optical luminosity 1is brighter
than 12.5 mag., the source ig often seen to oxhibit flare like
eﬁhanCements. similar flare like enhancements 1in X-Tay Tegion
have also been discovered. A number of attempts have been made
in the last few years to correlate the variability in the
' observed X-ray flux with the time variations in other regions
of electromagnetic spectrum through simultaneous observations.
The establishment of correlation in time v;riations between
different regions of electromagnetic.spectrum 15 essential to

understand the X-Tray production mechanism in the source.
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The author has devofed a considerablé effort in conducting
simultaneoué_x;ray and optical observations of Sco XR-1 source.
Four rockeﬁ flights, two from the Thumba Equatorial Rocket |
Launching Station (India) and two from the Kagoshima Space
Centre (Japan) in collaboratién with the X-ray Astronomy group
of the Institute of Aeronautical and Spaée Science, Tokyo, were
conducted during the period April-August 1969. These rockets
carried instrumented péleads of identical nature +to measure
¥-ray flux from Sco XR-1 in the 2-20 KeV range. Attempts were
'made to monitor the optical magnitude of this source simultane-
ously from Tokyo Astrophysical Observatory, Tokyo. The present
thesis fully describes the results obtained during these flighfs
and a critical discussion of these in relation to other similar
'observations. A series of balloon experiments have also been
conducted from Hyderabad (17° 25, 78° 851 E) for measuring
the time variatinon of X-ray flux from Sco XR-1 in the energy
range 20-100 KeV. The observations obtained from the flights
have been compared with other balloon and rocket obsérvations
to understand the spectral behaviour of the source at high

energies and 1ts theoretical implications.

The 1mportant results from all the above experiments which
are.discussed in detail, in the main body of the present thesis

are briefly summarised below:

1. The Scorpio XR-1 source has an energy spectrum of an
exponential nature indicating thermal bremsstrahlung from a hot
thin plasma as the possible source of production. The temperat-

ure and the flux show wide variability.
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2. gimultaneous X-ray and optical observations show that
simple relations exist betweenvtemperature, volume emission

measure and optical luminosity during quiet periods.

3. Based on these relationships, a self consistent plasma
.cldud model for the star has been formulated. The observed
X-ray spectrum has been extrapolated into the optical region
“and an attempt is made to explain the observed optical fluxes
through this semi-opaque plasma model. Using this model an
estimate of the physical parameters of the source has been
_dbtained. The source is characterised by a temperature of

sbout 107 - 108 K, a density of about 1070 - 10Y7 cn™? and a

radius of about 108 - 109 cm,

4, The size of the source is very small comparable to or
'slightly smaller than the size of a white dwarf. This size is
consistent with a distance at which a gas of this temperature

is confined by‘the gravitational force of a central body of
approximately solar mass. The study of interrelations between
tﬁe physical parameters, favoursfor Sco XR-1 a hot plasma cloud‘
deriving energy through accretion of matter from a secondary in
a'binary system on to a primary star of solar mass and dimension

-10% - 107 om.

5. ° The high energy X-ray flux observations also favour thermal
bremsstrahlung emission upto about 45 KeV in our experiment,
with the temperature being 9 x 107 K. This value lies within

the range of temperatures observed in the low energy region



(« 20 KeV) by rocket experiments. However, an examination of
tﬁe flux obtained by different workers_in the 20-120 KeV range
shows that in general power law spectrum with the exponent
aroun&\m3.0 fits the data better. In other words the spectrum
at -higher energies cannot be treated simply as an extensioh of
the low energy spectrum. This means there exists a poSsibility'
for different mode of emission, at higher energies, unlike low

energy spectrum which follows thermal bremsstrahlung.

o

=T soyviT i
(U.R. RAO) o qagiaya‘ !
Professor-in-charge. _ (U,B., JAYANTHI)

March 24, 1973
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CHAPTER - T

INTRODUCTTION

Astronomical observations "till recent past, were mostly
confined to the narrow window in the visible region of the
electromagnetic spectrum augmented only few decades ago by
observations in the radio region. The opaqueness of the atmos-
‘phere to a large paft of the ultraviolet, infrared and high
energy electromagnetic radiation caused by atmospheric absorpt-
ion and the image distortion produced even in the allowed
wavelengths by the changing thermel nroperties of the earth's
atmosphere have been largely responsible for this limitation,
Restriction of observatien to visual astronomy meant that we
could hope to understand the physical nature of only those
'objects which emitted purely thermal radiation at a temperature
of about a few thousands of degrees, which meant that most of

their energy was radiated in the form of visible light,

Extension of investications to other parts of the electro-
magnetic spectrum has immediately allowed us to look into rare
environments of the universe which are characterised by snecial
features such as abnormally hiogh temreratures, extendina to
several hundreds of million degrees,'hiqh densities upto
lseveral milliens of tons per cc. and presence of very hich
magnetic fields of the order of 1077 - 10 gauss. Thus with
the availability of simulteneous information about our universe

in different wavelength regions extending from gamma rays to

radio wavelengths, it is now possible to devise and carry out
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decisive experiments to test almost any hypothesis in astrophy-

sics.

1,1 Cosmic X-Rays

Until the accildental discovery of X-ray emission from the
general direction of Scorpio constellation by Rossi and his
collaborators in 1962, X-ray studies were limited ton the Solar
X=-ray measuremehté. Since then, a large number of experiments
ha&e been c¢onducted on balloons, rockets and satellites, with
much better'energy‘and directional resolution, by a number of
' workers. In the last 10 years, more than 130 discrete X-ray
sources, some of them emitting energy,ih X-rays nearly threé to
_four~orders of magnitude or more than the entire energy emitted
by Sun, have been discovered. The recent X-ray satellite UHURU,
with its large area detector has significantly added to our
knowledge of the sources. AOgt nf the total number of sources

observed nearly 40 are of extragalactic origin whereas the

+ remaining are of galactic origin,

Xfray astronomy studies have been primarily conducted in
the photon energy range of.2OO eV to 200 KeV, The absorption
'Qf photons in the atmosphere demands that these studies be
conducted, either at balbon or preferably at rocket (or sate-
1lite) altitudes, Figure 1 shows absorption curves for ele-
'ctromagnetic radiation of different wavelengths in the atmos-
phere, from which the attenuation of photons-of different
energies at different altitudes.can be evaluated. ..Soft X-rays:

of energy less than 12 KeV can only be observed at altitudes -
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| oreater than 80 Km., which is attained by rockets or space
vehiclés. Hard X-rays with energies greater than 20 KeV can

penetrate to altitudes about 35 Km.which is within the range

of balloons.

Besides the atmospheric absorption which cén-be overcome
bylexpérimentation at very high altitudes, severe limitations
on the measurements at very low energies»(<gl KeV) is imposed
by the interstellar absorption. A precise knowledge of inter-
stellar absorption is necessary to compute the absolute fluxes
frém different X-ray sources particularly at energies below
2 KeV. Figure 2 shows the interstellar absorption in which the
‘pfoduct of deh$ity of interstellar matter (in atoms per cm3)
and the distance (in light years) corresponding to various
degreés of attenuation is plotted against photon energy. The
nomenclatures O (K), He (K) and HeA(L) indicate the K and L
- characteristic absorption edges of Oxygen and Helium. The
parameters pertaining to the Crab nebula and the galactic center
‘are also plotted in the same figure. These parameters have been
calculated using the known distance to these objects aﬁd assumed
particle densities of 0.3 atoms per cm3 and one atom per cm3
for the Crab and the galactic center respectively. Considering
the average value of density of interstellar matter to be of
the order of 0.5 hydrogen atoms per cm°>, it is seen that the
Qalaxy is transparent to wavelengths below about 6 & ( >2 KeV),
while radiation longer than 100 A (&£ 120 eV) can reach the

earth only from sources closer than 100 light years.
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From the point of observational réquirements it is custo-

mary to divide the X-ray region of spectrum into two regions.

a) Soft X-rays extending from the low energy cut off due
to interstellar absorption to about 20 KeV, The observations
of soft X-rays can only be carried out at altitudes above 100 Kms
and_thus require the use of rocket or artificial satellites.
Many rocket experiments and UHURU satellite equipped with pro-

portional counters have provided valuable data in this region,

b) Hard X-rays extending from 20 KeV to 0.5 MeV, Since
the spectrum of high energy photons is very steep, longer time
of observation is essential. Most of the presently existing
information on hard X-rays have been provided by balloon borne
detectors consisting of iﬁorganic scintillators. A few satell-

ite measurements are also available in this energy region,

Besides the discovery of X-ray sources, the early rocket
flights also revealed the existence of surprisingly large steady
: flux of X-radiation. This diffuse radiation, extragalactic in
‘nature, exhibits near isotropy in space and is of great cosmo-
logical significance. Many production mechanisms have been
proposed to explain the X-ray emission from celestial objects.
Comprehensive reviews summarising the various mechaniéms are
available in literature (Hayakawé et al. 1966; Gould 1967;

- Friédman 1967; and Oda 1968), We shall, in the next section
describe, in brief, the important production mechanisms in
the light of the experimental observations on diffuse back-

ground and discrete sources enumerated in the followlng
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cections., From such a discussion we will attempt to arrive at
self consistent models for these sources as well as for back-

ground radiation,

1.2 X-Ray Production Mechanisms

The three basic processesof imbortance for the production
of photons in the energy range 1 - 100 KeV are (1) Thermal
bremsstrahlung radiation, (2) Electron-synchrotron radiation
and (3) Inverse compton radiation, the latter two being non-
thermal processes. In this section we briefly discuss these

production mechanisms,

1.21 Thermal Radiation from a Hot Thin Plasma

" Bremsstrahlung or free-free radlatlon, occurs during the
)couiombjscatterlno of the electrons by ions and is the dominant
eneroy loss process in a hot thin plasma at temoeratures above
lOZK. Since the energy of the observed photons ;s a substantial
part of the energy of the primary electron, the observed X-radi-
'étion can be produced by electrons in KeV range. The different-
ial cross-section for the production of a photon with enerqgy E
in dE, by an electron of velocity’ﬁiand enerqgy Ee is expressed

- as

. 2 2 .
'Sj"‘g = OC 2;_ ﬁ»e G (Ea Eeaz ) ':]_é R |

dE f32

.whereci_is the fine structure constant,91e is the classical
radius of the electron, and Z is the atomic number of the nuclei.
The factor G (Gaunt factor) is a slowly varying function of

E and E. and may be regarded as constant as a first order
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approximation.

g

For a.maxwellian distribution of electrons aﬁ temperature
T (in degrees) in a Volume V, encountering ions of charge Z the

emission spectrum is given by

w_._d_l_,\l_.__ — "l_L P '".?Jj ___]_» 2 .

exp (- %T) photons.cm“3.sec"l.KeV*l.... 1.2

Where k is Boltzmann's constant and E is in KeV, The opacity

of the plasma for the radiation, modifies ﬁhe otherwise exponen-
tial function through a (¢ ) which is a function of optical
depth (7). This function essentially becomes unity for E 7 kT

and the energy spectrum becomes purely exponential.

In addition tn the bremsstrahlung radiation, a hot plasma
would emit photons by radiative recombination, characteristic
line emission and dielectronic recombination; In radiative
recombination, photons are emitted when electrons combine with
‘ions which result in a continuum, This process yields a maxi-
mum inténsity at temperatures around 5 x 106OK; -Radiation from
characteristic iine emission occurs during transitions of
excited electrons to lower levels. The line emission intensity
begins at temperatures\miOBK, has inverse dependence with tem-
peratures and becomes relatively less significant above tempe-
ratures ~5 x 10°K, Dielectronic recombination radiation is
“emitted by electron transition, which has been excited not in
the initiel ionisation, but by the transition of an originally

highly excited electron. The radiation from this process is
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of importance at temperatures of the order of 106 - lO7K.

The rélative intensities of radiation from these processes
depend on the chemical abundances and the temperature of the
plasma. In a plasma with chemical abundances as are usually
encéuntered in astrophysics, bremsstrahlung radiation predomi-
nates at temperatures higher than lO7K. Extensive treatmentsof
low density plasma have been given by Tucker & Gould (1966) and

Tucker (1967).

1.22 Black-Body Radiation

Significant flux »f X-rays can be produced by blackbody

radiation if the temperature is high enough. The flux emitted

- by a blackbody at surface temperature T , where photons of

energy E will be in equilibrium with material particles, is

given by

| - ; -1
= 9.9 x 103l E° i’exp (E/ kT) - l} ~

photons.cm_:z..sec*l‘,KeV~l ... 1.3

where k is Boltzmann's constant, S is the surface area of the
star and E i1s in KeV. To explaein galactic X-ray sources it is
neéessary to postulate an object which is a strong emitter of
X-rays, but with negligible emission at optical and radio

wavelengths,

1.23 Synchrotron Radiation

When relativistic electrons spiral in a magnetic field
they emit synchrotron radiation also known as magnetic brem-

sstrahlung, Two difficulties associated with this mechanism
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are (1) the extremely hi@h energy é}ectrons required to

3 4

to 107 gauss and

produce X-rays in magnetic fields at 10
(2) the short radiative life times of these electrons which is

of the order of year.

A relativistic electron with energy Ee KeV in a field of
H gauss produces a wide spectrum of photon energies but with a

peak at

17 2

E_ = 1.9 x 107 Hy E KeV vee 1.4
e

P

where H is the component of the field perpendicular to the
electron velocity. For photon energies much greater than the

Ep, the spectral function behaves as

E E_

A E exp (- £ ) ... 1.5
c c

where EC = 3.45 Ep‘ The spectrum of photons from a source,

will further depend on the spectrum of the electrons and the

range of magnetic fields present within the object.

For the case where the directions of magnetic field are
random and the electron density distribution is isotropic in

volume V and is consistent with a power law spectrum in energy

aNg -3 -3 -l
avaﬁ; =' -KE_*electrons.cm = KeV ... 1.6
’ ’the spectrum of photons emitted by the synchrotron process is
17 1(ZA1)
_dN L 21 6,6x10 H;) 5)
= = 3.85 x 107 a (¥) K &‘ g
photons.cm_Q.sec"% Kev™t ees 1.7

where E is the photon energy in KeV and the function a( ¥) is

; _
approximately 0,1 for J between 1 and 5 (Ginzburg & Syrovatski



1965). Thus we see the observed spéctrum is also a power law
as considefed in equation (1.7).

In any X-ray source the electron spectrum would get modi-

fied with time, due to its finite half ‘life which is usually

given by
8 -2 .
T = 2 leO ( L. Y seconds . ’ ves 1.8
| BT Eq

Electrons of enefgy =3 x lOlO KeV, in magnetic field of inten-
sity 3 x 10"4 gaués, lose their energy via soft X-ray emission
in a couple of years. Thus we'need continuous injection or
| acceleration of higher energy €l ectrons in the X-rTay sources

which are nearly time invariant e.g. Tau XR-1,

Synchrotron radiation from any single electron is highly
polarised unlike the photon emission from thermal bremsstrahlung.
It is polarised along the clectron velocity vector with a cone

of half angle (Jackson 1962)
2
e .= D= .. 1.9
The overall polarisation of radiation depends on the extent of

areas over which the magnetic field remains constant in

direction.

1.24 Inverse Compton Effect

In this process compton interactions between high energy
electrons and low energy photons produce X-rays. The effect
is called 'Inverse compton effect' as the energy of the photon

is increased in the interaction. An electron of energy E,
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COllldlng with thermal photons of average energy E (= 2.7 kT)

oroducesscattercd photons with an average energy E whero

(Ginzburg & Syrovatski 1964 )

- E. o .
= 1.33 G ... 1.10
E=1.33 B (—§)

]

for'Ep<:m c2. For production of X-rays of KeV, electrons having
energy > 20 MeV are needed in the presence of few eV photons.

The X-ray spectrum depends on the electron spectrum and for a

power law dlstrlbutlon of electrons of the form Ke” it is
, (3+3 1+3
dN_ “17 3~
TVALaE 1.3 x 10 (57) N, Ep K
photons.cm—% sec™ ™ KeV_l eee 1211

- where n, is the low energy photon density in Cm‘a and Ep and E

" are in eV. Thus the power law electron spectrum is reflected

in the photon spectrum with the exponent differing by 0.3,

Even though the simple mechanisms described above predict
unique spectral shape for a given X-ray source depending on the
‘nature of the process that is responsible for their emission,
in practice, deduction of origin from the observed spectral
chafacteristics is quite difficult. This essentially arises
due to the fact that extremely simplifying assumptions have been
" made in the theoretical derivation .of the spectral characterist~
icsvfrom va¢ious processes which in practice are far from being
'realistic. For example a synchrotron source emits a power law
spectrum only if the energy distribution of electrons themselves
follow a power law in addition to magnetic field being uniform,

‘A sharp hioh energy cut off in the electron eneray distribution,
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can make'the synchrotron spéttrum appear expohential over con-
siderable energy range as shown by Manley (1966)., Likewise
even the thermal freé—free emission is simple exponential,'only‘
when the emitting plasma is thin and af a single temperature.
Sartori & Morrison (1967) have shown that the spectrum can take
the form of power law it temperature gradients exist‘in the
plasma. Thus a unlque jdentification of the source production
mechanism from their observed energy spectrum is unfortunately
not possible. Nevertheless the observed spectral features can

give an important clue to their origin.

1,3 Diffuse X-Radiation

Exténsi&e data is now available on the X-ray background
in the energy Trange 280 eV to 1 MeV obtained using a variety
of different techniques aboard balloons, rockets and satellites.
Investigations of detailed characteristics of the coémic X-Tay
packground which has a low flux value of about six photons.cm"?
sec"l above 1 KeV, requires rather careful eXperimentation and
use of sophisticated analytical procedures. In the balloon
experiments, the extraterrestrial cosmic component can be clear-
1y demarcated by the upward trend in the counting rate as the
detector rlses above 15 gm. cm”Q altitude. csubstraction tech-
niques, llke occultation due to carth's atmosphere OT employ-
ing two similar detectors with one of them having obaque
entrance window have peen employed 1in rocket experiments to
differentiate the cosmic X-rays from the locally produced

background,
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1.3i‘Spectrum and Isotropy

The detailed Spectrél characteristics of the diffuse
cosmic X-radiation has been & subject of considerable contro-
versy in the last few years. In general it was found to follow
a power law spectfum above l KeV, In the 2—15 KeV range most of
© the experimenters including our group have reported an exponent
of 1.7 + 0.25 (Gorenstein et al. 1969; Boldt et al. 1969; and
Prakasarac et al. 1971). At higher energies most of the balloon
and 050 III satellite observations have reported a much higher
spectral index of about 2.5 in the 20 - 100 KeV range. It was,
however, been recently pointed out that the balloon observations,
in particular suffer from the fact that adequate correction for
multiple compton scattering of X-rays ( £40 KeV) in the re51dual
atmosphere (Kasturirangan & Rao 1972: and Manchanda T1971)
has not been applied. The satellite observatlons on the other
hand are often contamlnated by spurious effects in alkall
lﬁalides arising due to particle bombardment (Dyeré& Morfil 1971).
When these corrections are applied, the entire spectrum in the
5 KeV — 1 MeV range (figure 3) can be adequately represented,
as pointed out by Kasturirangan & Rao (1972) by a power law
spectrum with an exponent of 2.0 0.2. .The data of Seward
ot al. (1967) and Toor et al. (1¥70) with 2 single detector
over the energy range 2 - 40 Kev, lend support to this conclu-
sion. Similarly the experihents in the 0.2 - 1 MeV range
(Metzer et al. 1964; Vette et al. 1970; Golentski et al. 1972;
and Clark et al. 1971) also indicate a value around 2.0 for

the exponent. At lower energies below 1 KeV the results are
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ambiguous. Although there are discrepancies by a factor of two
in the reported fluxes, the soft X-ray flux is not simply an
extension of the background observed at higher energies. In
addition it is possible that the spectral nature deviates
below 1.5 KeV as pointed out by Shukla et al. (1971), Palmeri
et al. (1971) and Davidson et al. (1972), who contluded that
an exponential shape fit the soft energy observations. better,

with characteristic temperatures around 2-4 X lO6K.

The isotropy of this backgroundlxmradiation above 1 KeV
héé been now quite well established by a number of exberiment—
ers (Seward et al.21967; Matsuoka et al. 1968; and:Shwartz et al.
»'1971) to within 10%. The soft X-ray flux below 1 KeV, on the
other hand, shows a much greater intensity at higher galactic
latitudes compared to that at lower latitudes (Bunner et al.
1966; Hayakawa et al. 1971; Davidson et al. 1972; etc.).

Figure 4 shows the variation of count rate with neutral hydro-
vgen density observed by Davidson et al. in the transmission
window around 280 eV, The cosmic flux at cgalactic latitudes
'>30o show correlation with neutral hydrogen denﬁity’indicating
that the observed anisotropy is caused due to the attenuation
of extragalactic isotropic flux by neutral hydrogen., Below
30° latitudes, however, there is no correlation and it indi-
cates an excess flux, This excess in the galactic frame for
energies below 1 KeV has been attributed to the presence of a
galactic component in addition to the omni-directional extra-
galactic backéround radiation. Curve A in the figure is an

attempt to represent the 280 eV data by a pure extragalactic
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source model and B is for a two component model. Extensive
survey with narrow opening angle telescopes having a high count
rate is essential to determine the degree of anisotropy below

the present limit.

1.32 Models for Diffuse X-radiation

The energy density of the isotropic background in the
energy range 2-1000 KeV for an exponent of 1.7 for the snectrum,
is 6 x 1072 eV.cm™> which is ten times the metagalactic radiat-
ion in the radio region (1-1000 MHz) while the energy density
due to 2.7°K blackbody radiation is 0.3 eV cm—3. Thus fo under—
stand this X-ray diffuse . background radiation, two kinds of
models have been suggeéted, (1) those which interpret the X-ray
“background as an integrated ceffect of the discrete sources
present in galaxies and (2) those which involve emission mechani-
sms that operate throughout the intergalactic medium. The
details of the two models have been worked out both by neglect- ‘
ing cosmological effects and by taking into account some model

of cosmological. evolution,

a) Models not Involving Cosmology

The super position model has an inherent draw back in
that the X-ray flux from a typical galaxy is ambiguous and
besides the X-ray spectral shape cannot be explaihed uniquely,

The superposed X-ray eneray from all galaxies, with average

density (3 x 1007 cm“a) within the Hubble distance (=1028cm)

. .. 40
and having an average flux similar to our galaxy ~~10 ergs-
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Sec—l, is estimated at 3 x 156

eV. cmS (Sciama 1969; and Oda
1965). This estimate falls short by a factor of 20 compared
.to.the observed intensity. To account for the observed flux,
galaxies with intense emission ("\'J_O43 ergs sec"l) such as M-87
or quasars have been invoked., However, in view of the low

’j o
6 MPC™") estimated by

spatial densities of these objects (MO~
Schmidt (1968), the superposition model has difficulty in

accounting for the observed intensity of cosmic background,

Felten & Morrison (1966) have propnsed that the X-ray
background can be understood as due to compton collisions
between the high energy metagalactic electrons (0.5 to 5 BeV)
and 2,7 K microwave photons. However, the electréns needed to
produce X-ray background can produce radio emission far excess
of the observed radio radiation through synchrotron mechanism.
If both X-ray and radio background have to be exblainéd simul-
taneously one has to invoke very low magnetic fields much
loWer than the present estimates. This theory has the merit of
relating the X-ray spectrum directly to the electron spectrum,
'They have suggested that the electrons with spectral index
~ 2.6 leéking from radio galaxies can produce compton scattered
X-rays of photon index ~ 1.8, However, the intensity estimates
fall short by a factor of 100, Brecher & Morrison (1969) have
considered in addition normal galaxies. However, in view of
the energy requirements this hypothesis does not'seem té be

plausible (Setti & Rees 1970).
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In addition to the inverse compton effect ;thermal and
nonthermal bremsstrahlung processes over éxtended regions can
also be considered. Even thoﬁgh the suprathermal electrons
- with different spectral exponents can explain the observed

spectrum through non-thermal bremsstrahlung process, the energy
requirements are severe because of the low efficiency (~ 1%) of
this process. Thermal bremsstrahlung process cannot be accepted
in viéw of the observed nonthermal speetrum above 1 KeV, without
postulating temperature gradients. However, in general the
extragalactic component of the soft X-radiation (< 1 KeV) is
attributed to emission from hot dense intergalactic medium.
‘Davidsen et al. (1972) from their observations infer a closure

density ﬂxlO‘S cm*3 for the hydrogen plasma at R = % By, and

temperature T ~ 4 x lO6K. The temperature in the real universe
is a function of the epoch and will be larger at higher Z and

as the emmiésivity of X-radiation depends on T, better spectral
determinations are necessary for verifying the details of the
thebries. However, it can be categorically stated that all the
above mentioned processeswhich do’hot involve cosmological effects

are not able to satisfactorily explain the observed cosmic

background,

b)  Models Involving Cosmology

In evolutionary cosmology, the intergalactic gas would
have been denser in the past and the primevial radiation
field more intense besides the energetic events being more
frequent. All the above mentioned models have been extended

to include the evolutionary effects.
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Silk (1968 , 1969): has treated the discrete source models
by including the evolutionary cosmological effects. It was
pointed out, that subject to sufficient increase in the X-ray
luminosity of individual galaxies with redshift,one can account
for the observed diffuse background by counting normal galaxies.
However, the large redshifts (E_= 15) invoked in this model
are not compatible with cosmological time scales. Additionally
the same evolution, increases the radio power much beyond the
observed extragalactic radio backgroundv(Setti & Rees 1970).
Treatment for evolution in the case of quasars lead to ar inten-
sity inadequate by a factor of 10 compared to the observed
value, while in the case of radio galaxies strong evolution

cannot be considered because of the 1limit set by the radio

background.

Bérgamini et al.(1967) pointed out, that when evolution
of temperature and radiation areAconsidered, the observed radi-
ation could be exnlained by compton interactions of thermal
radiation with -electrons leaking from radio galaxies. In an
evolutionary universe, the temperature of the blackbody radiat-
ion is proportional to (1+Z), Z being the redshift,owing to the

| adiabatic cooling. The photon energy density th, will be

L L -1-0-1_2

This means that at large redshifts the energy of relativistic
electrons can be converted more rapidly into X-rays. Conse-
quently the permitted magnetic field to fit the radio data can

be increased in proportion to th. The. observed X-ray flux can
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be explained by applying a cut off at Z = 5., Bevyond E- »5 the
electrons responsible for radio emission have their half life
times reduced considerably. Similar conclusions have been

reached by Brecher & Morrison (1967).

Another model>by Rees & Setti (1968) proposes an adiabatic
exbansion'in the source and the bulk of X-rays are emitted
during that phase of evolution of the radio source when the
‘debris following ~the initial explosibﬁ, in which high enerqgy
'parfiéles are created, escape and interact with the galactic
medium, This adiabatic expansion involves additional energy
losses competing with compton 1oéses for the relevant electrons.
One needs to assume that the X-ray emission is mainly frbm a
reglon of small window'of red shifté, so that the break is not.

smeared out,

Silk & McCray (1969) attempted to fit the observed spect-
rum_using a nonthermal bremsstrahlung model in an evolving
universe., This process is more efficient at large redshifts
because of the higher density of intergalactic gas and the
authors postulate that sub-relativistic electrons with suitable
spectrum are injected at a redshift ~10. The break in the
electron spectrum is explained as a result of;boulomg losses,
which flatten the electron spectrum at low energies. The
source nf the electrom spectrum is ﬁhosen in an ad hoc féshion
and besides there is a poésibility of the electron spectrum

getting modified as they escape into the intergalactic space.
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Thus both the models i.e. the radiation from intergalactic
space and the superposition of discrete sources are capable of
explaining the observed intensity and spectrum undef certain
circumstances. The restrictions are less severe in the case of
compton scattering model. The bounds on fhe break at 3 GeV in
the eleﬁtron spectrum of the sources, required to replenish the
electron content in the compton scattering will vanish in the
light of présent findings of the absence of a break in the

diffuse Spectfum beyond 29 KeV,

- The recent discovery of NGC 1275, a Seyfert'galaxy7as an
intense extragalactic X—fay object, leads us to believe that
significant contribution to the observed diffuse background
comes from extragalactic'objects.. If all the Seyfert galaxies
which form 1% of the population of all sbiral calaxies, emit
X-rays at the same luminosity of NGC 1275 (AJB X 1044‘ergs sec—l),
" the estimated superposed energy will be much more than the
observed background intensity even without the consideration
of evolutionary effects. However, the intensity‘of cher
Seyfert galaxies NGC 4157 and NGC 1018 falls far‘Short of the
required average luminosity. As the uncertainiieé involved are
large, sophisticated experiments are needed to provide infor-
mation on the relative abundances of various kinds of sources.
Tn addition the flux determinations with good angular resolut-

ion may map the patchiness that is expected in either models.
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1.4 Discrete Sources

The distribution of various X-ray soufces in the sky in
our galactic frame of reference is shown in figure 5. These
X~-ray stars differ véry widely in intensity as well as in dis-
tribution,in space. Broadly speaking, the sources are mostly
concentrated at a low galactic latitudes and in particular
around the géla;tic centre. About 40 sources located at high
galactic latitudes are interpreted as extra galactic sources.
Nevertheless it is clear. .from the figure.that the present instru-

mentation favours the detection of sources in our galaxy.

1.41 Galactic Sources

Of the ninety and odd galéctic sources that have been dis-
covered todate many of the sources seem to 'also emit in the
optical and radio waveléngths. Like the Opticél objects many
of the sources are noint sources even though some nebular
regions are als» found to emit X-rays. Among the galactic
sources some ten sources have been identifiéd with the known
objects, Of these seven sources have been idéntified with
known supernova remnants (e.g. Crab, Tycho, CasA, Cyg.Loop,etc.).
The strongest X-ray source, Sco XR-1 has been identified wifh
a blue star of magnitude~12,5 and having typical characterist-
ics of an old nova. Likewise Cyg XR-1 has been ontically
identified with a reasonable degree of certainty. The inten—
sity of X-ray sources is spread over about three decades. The

energy flux in the 1 - 10 KeV interval varies from ~5 X 10“7

-‘ergs.cm—Qtsec_l for the brightest source 'Sco XR-1 to r”lO”lo
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érgs.Cm"2 secfl for the faint sources like Cyg XR-4, Lyr XR-4,
etc., the lower limit of flux being due to the limitation of the
- presently available detection.techniques. Taking distances into
account, the average X-ray luminosity of sources is éstimated to

be asbout 10°° — 10°7

ergé,éec"l, With the increasing number of
X-ray sources detected, the X-ray astronomy studies are fast
becoming like optical astronomy stUdies. It is now possible to
draw the luminosity (S) - number (N) distribution for the known
galactic sources, which is seen to indicate a slope much iess
than unity for logS-logN curve — contrary to expectation based
on equal probability of distribution in space. At the present
time, it is believed that the obsefved slope of 0.5 is indicat-

ive of the existence of a large number of low luminosity sources

which are yet to be detected.

Although a considerable amount of spectral information is
available about many stars in the 2-15 KeV region, information
avaiiable oh either side of this energy range is‘totally inade~
quate, At higher energies, the poor statistics have been the
limiting factor. At lower energies the main difficulties have
been the instrumentation as well as the reduction in flux
values due to interstellar absorption. In'spite of these
difficulties it is exbected that the experiments in the
coming Years will concentrate on these energy ranges éhd
provide valuable information concerning the spectra and flux

characteristics of these sources.

In general most of the X-ray stars seem to follow either

P’

a power law energy spectrum (e.g. Tau Xﬁ—l) with an energy
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‘exponent value in the range of 0,5 to 2.0 or an exponential
speétrum (e.o. Sco XR-1 and Cyg XR;Q) characteristic of thermal
bremsstrahlung emission, with temperatures of the order of
twenty million degrees or more., A few instances where the

~sources seem to éxhibit a flat spectrum (e.g. G X 304 - 1) or

a black bbdy radiation spectrum as with GX 340+0 (Bowyer et al,
1971) have also been discovered. Very few experiments have been
conducted to date to detect line emissions and polarisatioh
characteristics. The polarisation measurements in the case of
Tau XR-1 (Novick et al. 1972) even though indicate the possib-
iliﬁonf synchrotrén‘rédiation commonly assoclated with super-
nova remnants, the evidence is by no means conclusive., On the
other hand thevvery sof£ X-ray source and old supernova remnant
Cygnus-Loop seems to fa&our thermal emission With‘a chéracter—

istic exponential spectrum (Gorenstein et al, 1970).

It isAinteresting to note that there is an indication that
in many stars the spectral character is not the same throughout
the X-ray enefgy range. " This complex behaviour of the sources,
if inherent, does probably refiect different physical conditions
in the sources like electron energy distribution, magnetic
field,'temperature, particle density, etc. So far not much
work ﬁas been done oﬁ this aspect as all the spectral and
structural details are known rather poorly. With the pr@;ently
avallable evidence, We cannot yet definitely excludevthe
possibility of.these differences being due to the different

detection methods employed for the different energy regiOns.
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Another most interésting feature of some of the X-ray
sources 1is the time variation of.théir inténsity. Some of the
stars have exhibited speétacular and sudden appearance followed
by equally spectacular disappearance. Some others seem to
exhibit, more gradual, nonetheless extremely interesting time
variations. Most spectacular amongst these has been the sudden
éppearance and disappearance of two stars both in tﬁe.constell~
ation of Centaurus, The sources Cen XR—Q énd Cen XR~4; suddenly
flared‘up and materialised into X-ray stars éttaining nearly
twice the intensity of Sco XR-1 in a week and decayéd gradually
in two months, a behaviour which is typical of optical novae.
In two of the subsequent rocket flightg'after the decay.of the
star, Cen XR-2 was again observed (Rao et al. 1959) much above

the threshold of detection, )

"Another remarkable X-ray star is the Tau XR-1 which seems
to have within it the radio pulsar NP 0532, Like the radio
counterpart, the X-ray star in the crab_nebula also seems to
pulsate, the energy in pulsation being about 10% ofAthe tot al
X-ray energy output. .This 33 millisecond pulsar is found to
have different intensities relative to the steady component in
tﬁe radio, optical and X-ray regions. Similarly Cen XR-3, an
X-ray pulsar with 4.7 sec @eriod has also been discovered by
the UHURU satellite. It is believed that this is a binary
syétem with the X-ray star heing occulted bv A massive compo-—
nent star once in.every two days as seen from its X-ray inten-
sity changes. The X-ray star Cyg XR-1l, also seems to typically

exhibit pulsations, with a fundamental ‘harmonic at 73 m.sec.
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in the 2-10 KeV range (Oda et al. 1971), even though at higher
energies no such periodicity has been observed (Manchanda et al.

1972).

The study of time variations of Sco XR-1, the brightest
X-ray star, forms. an important chapter in the hisfory of time
variation of X-ray sfars. Being the brightest X-ray source with
known optical and radio count@rpérts; the time variatién of the
photoh flux in all the wavelength ranges have been studied ir
considerable detail; This will be separately discussed in the
following section since this fﬁrms the basis of the main body
of the present thesis. The time variation charécteristiés of
many‘other less spectacular X-ray stars like Lup XR-1 have also
been studied but the available data being meagre andlthe fluxes
involved being small, aefinitive quantitative estimates have

not heen established.

Distribution in longitude of these galactic sources is
highly'irregular as shown in figure 5. Strong clustering of
sources is observed towards the galactic centre, with the gala-
cti; nucleus itself emitting X-rays (Kellog et al. 1971). Nearly
forty sources are situated in the Scorpious - Sagattarius
Consﬁellations ( LqT280f4OO) and other concentrations are found
in Cygnus and Cepheus—iacertus regibns ( ‘1660—1200). These
groups seem to sdggest thet the galactic sources are strung
along the spiral arms (Friedman ‘1969; Gursky et al.

1967), Various known objects such as Supernova remnants, old

novae, high temperature objects, pulsars and H I reglons have
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been suggested at different times as conceivable candidates
for X-ray stars. But the spatial distribution of X-ray stars

do not comply with any of these objects.

Very recently Ananthakrishnan & Ramanathan (1969) and
Edwards ef el.’(1969), have reported interesting observations
concerning the effect of celestial X-ray sources on terrestrial
phenomena, Some of the powerful sources such as Sco XR-1 seem

to cause significant enhancement in the ionisation of the
D-region iono;phere.at night. Eventhough considerable uncefta»
inty régarding the theoretical interpretation existed in the
past, recently Sharma et al. (1972) have quantitatively worked
out the effect of Various'ionizing agencies on the night.time
ionosphere. and have shown that the observed enhanced absorntion
coinciding with the passage of intense X-ray stars is consistent
‘with theoretical calculations, Other secondary effects such as
increase in air glow cmission associated with the transists of
Sco XR-1 and Tau XR-1 at night have also been reported in
literature (Rao 1971). The terrestrial methods of monitoring,

once understood, provide a simple means of continuous observat-

ion of some of the bright X-ray stars.

1.42 Extragalactib X-ray Objects

- Evidence for X-ray emission from an extragélactic object
was first reported about seven years- ago by Byram et al.
(1966) who observed X-rays from the vicinity of M-87, a radio
galaxy in the Virgo cluster. Since then, particularly due to

the observations from X-ray detector onﬁoard UHURU satellite,
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more than forty extragaiactic objects have been detected. Of
these sources about 12 have been identified with known objects,
six of which are complex clusters (Eu0}5o wide) such as Abel 347,
1367, Coma, Virgo. The Large Megallanic Cloud at 65 KPC contains
some three sources. Various radio galaxies such as Cyg A, Cen A,
eté. and quasar 3C273 have also been foun t5 emit intense X-ray

radiation,

Among -the extragalactic objects, NGC 1273, a Seyfert
galaxy, is the most intense energetic object with energy emiss-
ion about~1044 ergs¢sec—% et 2 in the 2-10 KeV rtange (Fritz et al.
1971: and Gursky et al. 1971). The Seyfert galaxies, NGC 1275
and NGC 4151 are essentially infrared objects as their X-ray
and optical energy emission is much less. For-the distance at
which the Virgo object is situated the flux emission is of the
order of 1042 ergs. per sec, JInspite of the low number of
extragalactic objects discovered todate, attempts have been
made to draw LogS-LogN curve which seemsto indicate unlike for

galactic X-ray sources, a clear equispatial distribution,

There is very little information about the spectral chara-
cter of these extragalactic sources. The rocket and balloon
results favoured power law in the case of M-87, suggesting
synchrotron eﬁission which ié consistent with the M-87, being
a strong radio Wave emitter. However, the X~réy emission from
this Virgo cluster is not due to M-87 alone but comes from an
extended region which includes the ontical object M-84; the

conclusion regarding the snectral shape has to be confirmed
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with better observations. 1In general the sources, for which
spectral measurements have been made, seem to satisfy both
exponential and power law fits, primafily due to the poor stat-
istics. Further improved statistics coupled with better spatial
resolution especially for extended sources are essential to draw
definitive conclusions on spectral shape. The sharp cut off
observed in few sources at about 2 to 3 KeV may arise out of

interstellar or intrastellar absorption of X-rays.

1,43 Models for Discrete Sources

(a) Galactic Sources

Among the peculiaf objects suspected as galactic X-ray
stars, neutron star figures prominently. This star, suspected
as an end product of stellar evolution, will have nearly a core

O at its formation., Chiu & Salpeter (1964)

temperatures ~- 10
suggested that a neutron star with surface temperature lO7K is
capable of emitting X-rays through black body radiation. How-
ever, at these hioh temperatures the neutron star‘coqls down
,essentially through‘@mission of neutrinos probably bringing

down the surface temperature to less than 1% of the core tempe-
rature. Thus the cooling time of 1 vear at lO7K is incompatible
with any known X«fay star. These estimates can be said to be
accurate to within an order of magnitude. Accretion of inter-
stellar matter on to a neutron star in certain conditions may

result in blackbody emission at lO6K and was considered by

Morgan et al. (1972) in the case of GX 340+0.



=31 -

Bremsstrahlung emission from hot thin plasma sufrounding'
some stars was considered. Bless et al. (1968) and Wallerstein
(1968) have suggested Wolf-Rayet stars with their hot coronas
as strong X-ray emitters. Tucker | (1967), de Loore &
de Jager (1969), Bierman (1969) and Westphal et al. (1968) have
 examined the possibility of observing X-rays from coronas during
flares. The maintenance of hot corona through ejection of
matter or pumping of mechanical energy is limited by thermo-
dynamical consideration. Hot plasma could be produced by the
shock heating of the envelope around novae or supernovae or
might occur in the ejecta of matter (Tucker 1967). Sartori &
Morrison (1967) have considered this possibility of thermal
bremsstréhlung at different temperatureé in the case of Tau XR-1,
In Cygnus loop, the emission can be understood as from a hot
thin plasma as the spectrum and line emission observed support
this hyphothesis, The synchrotron emission postulated for
supernova remnants, has the essenfial drawback in that, the
Eigh enerqgy electron life times assonciated with X;ray emission

is small.

Manley & Olbert (1969) proposed extars, which are clouds
of plasma in tﬁe process of condensing to form stars. It is
supposed that the X-rays are being emitted by the synchrotron
process and that the necessary magnetic fields and high energy
electrons are present in the clouds, the energy being Qravit~
ational in origin. By considering the magnetoactive plasma,
they concluded that a modified fermi acceleration is able to

pump and maintain relativistic electrons with sharp high
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energy cut-off, which will explain.the form of X-ray spectrum
of Sco XR~1. This calls for a detailed study' regarding the

condensing phases in stellar evolution,

Hayakawa & Matsuoka (1964) suggested that X-ray sources
might be generated by gas streams in early type binaries. The
presence of large reservoir of gravitational energy in such a
system, can sustain the emission from hot plasma, created by
mass transfer from an extended component to another compact
star of the binary. Shklovsky (1967) suggested a neutron star
for the compact object while Cameron & Mock (1967) put forth a
white dwarf instead. Prendergast & Burbidée (1968) investicated
this model in detail regardina the mass transfer and the.possi—

ble configuration of the bihafy system,

The rotation 5f the maognetic neutron stars, which explained
the pulsar phenomenon (Gold 1968 and Pacini 1968), is invoked
by many for the high energy activity in X-ray stars (Pacini
1968; Gold 1969; Gunn& Ostriker 1969 a, b; Finzi & Wolf 1969;
Tucker 1969; Coppi & Treves 1971; etc). Particularly the
slowing down of NP 0532, as due to a torque on a rotating neutron
star implies a rotational energy loss rate comparable to the
luminosity of the'nebula., The various theories differ on the
interaction between the spinning star and the surrounding .
plasma and furthermore on the nature of the radiation process.
Pacini (1967, 1968) and Gunn& Ostriker (1969) suggested low
frequency magnetic dipole radiation for acceleration of the

particles, whild Gold (1969) and Goldreich & Julian (1969)
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emphasised the rigid corotation of the magnetosphere resulting
in angular momentum loss to the plasma. The radiation orocesses
which have been suggested are essentiélly induced scattering
(Gihzburg et al. 1969; and Bertotti et al. 1969) and Synchrotron
radiation (Gold 1969: Michel & Tucker 1969). Davidson et al.
(1971), Coppi & Ferrari (1971) and Coppi & Trevis (1971) consi-
dered bremsstrahlung emission from tho surrounding plasma of a

rotating neutron star for compact sources llke Sco XR-1.

b) Extragalactic objects

Broadly speakino the extragalactic sources can be classi-
fied into three classes (Brecher & Burbidge 1972), (1) normal
galaxies similar to our own in which X-ray emiséioh originates
in diécrete sources perhaps in binary stars and supernova rem-
nants as discussed earlier, (2) galaxies and quasars which are
known to be powerful nonthermél sources of radio and infrared
flux and have intensely active nuclei and (3) the extended

6

X-ray sources with sizes ranging from 105 to 107 PC which seem

to be centred on clusters which contain active galaxies.

The observations made so far give little evidence in
support of the idea that X-ray emission from clusters is a
result of the presence of a hypothetical intergalactic medium
filling the clusters. Synchrotron X-rays which require strong
magnetic field and high energy electrons is possible if only
a8 number of localised regions are present and as the present
spatial resolution is insufficient it cannot be over emphasized.

The most acceptable hypothesis for X-ray production seems to
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be inverse compton effect (Fritz et al. 1971; Adams et al.l969;

and Brecher‘& Burbidge 1972) in small as well as large dimen-—
sional extragalactic objeéts,'due to the opresence of large flux
of relativistic electrons in nucleus of a galaxy. If the X-ray
source coincides with the nucleus of a galaxy, compton scatter-
ing of the eclectrons with nénthermal radio, microwave or infra-
red photons generated in the nucleus, is quite likely t” explain
the X-rays. X-rayvproduction due to compton effect of electrons
generated by the galaxy with the extended microwave photon
radiation field can explain the extended sources, The detailed
study of spatial configuration, temporal behéviour, and spectral
nature of extragalactic sources in the X-ray, optical, radin and
microwave regions is essential for any understandingAbf the

source models.

1.5 Experimental Investigations on Sco XR-1

Since this thesis deals mainly with the X-ray source
Sco XR-1, in this section we describe in somewhat greater
detail, the characteristics »f this source as a background to

the work presen{ed in the following chapters.

1.51 Characteristics of Sco XR-1

Sco XB-1 1s the strongest X-ray source in the sky with an
intensity around 6 x 10"7 ergs.sec_l.cm”'2 in the X-ray energy
Tange, The first detailed spectrum of Sco XR-1 in the 2-20KeV

Tange was obtained by Grader et al. (1966), They conclusive-

ly showed that the spectrum, the energy flux per unit frequen-

Cy followed an exponential function with respect to frequency,
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aﬁd obtained a value‘ne5.3 X lO7K‘for the characteristic tempé-
ratufé of the plasma. Peterson é Jacobson (1966) measured the .
sbectrum ovér an extendedvenergy range from 20-59 KeV, with
instrumentation on balloon.and concldded that the major emiss-
ion was from a thin plasma at temperaturé ~5 X lO7K. At
energies above about 40-50 KeV, the spectral characteristics
are not very well known. The observations of Buselli et al.
.'(1968) favgur a power law fit with photon exponent of </ 3,4
over the free-free emission fit with temnerature ~15 x lO7K in
the 20-120 KeV range. There is a strong belief that the spect-

rum flattens above 40 KeV,.

Friedman et al. (1966) using 4+ mil.and 1 mil.rmdarmdndoWs
for Afgon and Helium filled counters (filter photometry) made
the first determination of flux from Sco XR~1 below 1 KeV,

This experiment along with ansther NRL flight (Fritz et al.1968)
obtained BOflg.KeV.cmfz.sec—l.KeV"l for energy flux at 0.25 KeV,
a value which lies on the 1.5 - 15 KeV extrapolated spectrum
“measured simultaneously. The soft energy results (Hill et él.
1968; Rappaporﬁ_etﬁl.l969) indicate little absorpfion due to
intérstellar matter and can only be understood either by assum-
ing Sco. XR-1 as an intense soft X-ray emitter or the interstel-
lar hydrogen density defermined by the 21 cm line emission in
the direction of Sco XR~1 as much lower than the previoﬁs

estimates: However,Grader et al. (1970), from a series of

~ experiments, quoted low values of flux in this region and have

21

'suggested the necessity of conl matter 2. 10 atoms to explain

the continuity in the region 0.2 -- 10 KeV. 1In figure 6, the
5009



Fig., 6 = Compllation of energy spectrum of Scé XR~1.
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various X-ray spectral measurements in the 200 eV to 120 KeV

range are presented.

There are very few polarisation énd line emission measure-
ments. The X-ray polarimeter experiment of Angel et al, (1969)
set an upper limit for the polarisation of Sco XR-1 at about
6% in the 6-18 KeV range. Acton et al. (1970) with large area
proportional counter telescope observed Iron line.emission at
6 KeV at 6 6 confidence level, in contradiction to the negative
results reported by Fritz et al. (1969), Holt et al. (1970)
and Pounds et al., (1969). This along with the failure of
Kestenubaum et al., (1972) to observe Sulphur emission liné at
2.6 KeV, are in complete disagreement with the line strengths

oredicted by Tucker & Gould (1966) and Jordan (1969) on the

basis of universal abundances in this star..

The size and the accurate possible locations of Sco XR—l
were determined by ASE/MIT scientists (Gursky et al. 1966)
employing modulation collimatér in front of the detector on an
Aerobee rocket flown in March 1965. The modulation collimator
with a broad field of view had high resolution of the order of
a few tens of arc seconds, achieved by suitably placed thin wire
grids. Equipped with star sensors, the counters scanned the
region and located two equally probable positions (Fig. 7a) at

h

1. Rt. Ascension (1950) = 16" 17" 7° + 4%; Decl, (1950) =

30' 54" + 30" and

11
i

5. Rt, Ascension (1950) = 16" 17™ 19% + 45; necl.(1950)

o}

- 15 35! 20" + 30"
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The physical dimension of this ster is found to be less than

20 arc seconds,

From the extrapolatibn of X-ray Spectruh to the optical
region, Sco XR-1 was expected to be a blue star of about 12.5
app. magnifude for its dimension (< 20 arc seconds) and to have
exéess ultraviolet emission compared to normal stars (Oda et al.
1965; and Gursky et al. 1966). Attempts were made in 1965-66
to search the suspected region of the sky for UV excess objects
by two colour image methods; at Tokyo Astrophysical Obéervatory
and Palomar Observatory. A 12.5 mag. star at R.A (1950) =
16" 17™ 7% and Decl. (1950) = -15° 31' 31" within a precision
of 5 arc seconds, was suspected as the candidate star (Ichumura
et al. 1966; and Johnson & Stephenson 1966), Figure 7a is 3
reproduction of Palomar sky survey print where the squares
represent the X-ray locations of Sco XR-1 from ASE/MIT experi-
ment, and the UV excess peculiar star was located in one of them,
This optical identificatiosn of Sco XR-1 (Sandage et al, 1966)
was further confirmed by the UHURU satellite (Tananbaum et al.
~1971), as can be seen by the long narrow band of width 2 ¢

enclosing the optical object.

The UBV photometric data of ootical Scn XR-1 by Sandage
et al. (1966) and Mook (1967) is summarised in Figure 8. The
three colour diagram show clearly Sco XR-1 as an UV excess
object, with constant B-V, The spectrograms'faken at Palomar
and other observatofies (Sandage et al, 1966; Mook 1967;
Wallerstein et al. 1967; and Westphal et al, 1968) showed many
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emission features of Sco XR-1. Figure 9, microphotometer
tracings of Sco XR-1, indicate the presence of faint Balmer
emission lines, intense He II lines ( A 4686) and the complex of
high excitation lines due to CIII, NIII and OIII, superimposed
oon a flat strong continuum, Surprisingly no absorption lines
except the interstellar Call (K line) were seen. Hiltner (1967)
has not noticed appreciable polaris¢ation in the visiblé spect-

rum,

Neugebauer et al. (1969) conducted the photoelectric
0
scanner observations in the 3315 to 10830 A range and simulta-
neously monitored the infrared flux at 1.6 F&and 2.2 @(. The

23 ergs~cm—2§sec"%

average infrared flux was observed to be 10~
Hz—l and seems to drop fast with increasing wavelength. - Andrew &
Purton (1968) observed radio emission from Sco XR-1 at 4.6 cm.
>Interferometric observations (Wade & Hjellming 1971) of Sco XR-1
at 11.5 and 2 cms showed three major components on an approxima-
tely straight line as shown in figure 7b with the central
component coincident with Sco XR-1. These measurements showed

- quiet time flux at 0,01 flux units and at higher wavelenoths
only upper limits were provided by Apparao (1971) at 334 MHz.

Thus in the infrared and radio regions the flux falls of

. rapidly.

Sco XR-1 is essentially an X-ray star as its X-ray emiss-
ion is many magnitudes higher than the guiet sun and its emi-

ssions through visible .and radio radiation is much smaller.
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The typical average flux of Sco XR-1 in the various electro-

magnetic radiation bands is presented in figure 10,

1.52 Time Variations in Flux and Spectrum

The experihental investigations on Sco XR-1 throughout the
electromagnetic spectrum established time variations both in
intensity and spectral character. Extensive photometric obser-
vations have been conducted on Sco XR-1 for many days and
showed variations in V and B in the range of 12.2 to 13.4 app.
magnitude (Mook 1967; Hiltner & Mook 1967 a, b; Stiepen 1968;
and Westphal et al. 1968). The character of light (figure 11)
can be described as (a) continuous flickéring that 1is a rather
high frequency variation of a few hundredths of a magnitude
and a time scale of minutes, (b) flares of about 0.2 mag.
lasting for 10 to 20 minutes with remarkably steep rise and
decay and (c) slower variations of characteristic time of some
hours and more than half a magnitude amplitude. The spectral
features show large intensity variations of hydrogen emission
lines from nicht to night. As all these optical features are
associated with old novae optical tests for periods in the
range of seconds to many hburs have been made. Hiltner &

Mook (1967b), reported no clear neriod upto'l hour, From
power spectral analysis Rano et al. (1968) found periods
varying around 3 hrs. Ephmeral effects have been suspected
at 0.5276 days (Van Genderen 1969; Oda 1968). Persistent
post-flare oscillations with 4 minute period were analysed

and attributed to accoustic oscillations in the plasma by
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Feldman et al. (1979).

Results of the various X-ray experiments to determine
Sco XR-1 flux showed different X-ray luminosities and spectra
on different occasions. The effective temperature corresponding
t5 thermal bremsstrahlung emission from thin plasma in the
2~.20 KeV X-ray range Qaried between 5 x 107 and lO8K and seems
to decrease with increase in flux (Kitamura et al. 1971).
Rao et al. (1969) from a compilation felt the flux has a long
term variation. The existence of gradual timeAvariations,
flares and flickers in this region (2-10 KeV) were established
by Vela Satellite detector (Evans et al. 1970) as shown in
figure 12. Flares lasting for tens of minutes were observed in
balloon flights (Lewin et al. 1970; and Agrawal et al. 1970).
The results of Hudson et al.,. (1970), Lewin et al. (1970) and
Matsuoka et al. (1972) did not find any change in the charact-
eristic temperature at flare time in the 20-40 KeV range, in
contradiction to Lewin et al. (1968) who reported a Steépeninq
of the spectrum. and Agrawal et al.. (1970) a hardening of the
spectrum. In the higher energy range above 40 KeV the flux and
spectrum obtained by various workers (Agrawal et al. 1972;
Matsuoka et al. 1972; Jain et al., 1972; Webber et al. 1971; etc.)
show anamalous time variations and is discussed in chapter IV

in greater detail.

The intensity and spectrum in the infrared region showed

highly irregular variations with one order of magnitude change
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in flux. Ables (1969) first reported flux variations in

Radio Sco XR-1 at 4.6 cms with perinds of an hour. The exten-
sive study by Hjellming & Wade (197l)réonfirmed this hourly
variation and in addition observed flickers and flares .at

2695 MHz and 8085 MHz, The detailed picture showed that Radio
Scb (1) has a major flare in progress about :15% of time (2) is
in dormant or steady state for about 20% of the time and (3) is
relatively weak and contihuously erratic during the remaining
time. The detailed radio spectral study has nbt been done
although the existing information shows irregular variation of

the power index varying between 0.5 to 1.0.

If the emission of optical, X-ray and other electfomagnét—
ic radiation can all be attributed tn a single mechénism such
as bremsstrahlung, one expects correlated intensity changes.
Beéause of the highly irregular variations, simultaneous monit-
“oring in different wavelength regions may help in understanding
the source mechanisms and physical conditions. Number of
simultaneous optical and X-ray observations have been made to
date; (a) by LRL group (Chodil et al. 1968; Mark et al., 1969;
and Grader et al. 1972), (b) by a collaborative group of PRL
and ISAS (Kitamura et al. 1971), (c) by the group of UCSD
(Hudson et al. 1970; and Peterson 1970), (d) by Garmire et al.
(1971), (e) by Evans et al. (1970) and (f) by TIFR-ISAS groups

(Matsuoka et al, 1972).

The observations in the 2-20 KeV range by LRL group

(Mark et al., 1969), Garmire et al. (1971) and Kitamura et al.



- 48 -

(19715, as well as the observations of Pelling et al. (1969)
and Matsuoka et al. (1972) in.the 20-40 KeV range.indicate a
definite trend in the increase of X-ray intensity with the
increase in optical brightness. The existence of definite
correlation in intensities were noted durina flare time by
Hudson et al. (197®), Evans et al., (1971) and Matsuoka-et al.
(1972) in the 2-170 KeV region. Some correlated short term
osciliations with a 20 sec period for about 2 mts have been
detected by Kestenbaum et al. (1971). In general, in the

0_20 KeV range during quiet time, there seems to be a definite
correlation between the optical intensity and the characterist-
ic temperature of the plasma derived from the X-ray specfrum.
However, during flares and in the 20-100 KeV range no clear
relationship between the source spectral character and inten-

sity has yet emerged.



CHAPTER 1T

ROCKET BORNE X-RAY EXPERIMENTS

Two identical X-ray astronomy experiments were flown on
Nike—ApacHe rockets from Thumba, South India: N.A.40.04 at
1700 U.T. on April 26 énd N.A.40,05 at 1704 U,T., on April 28
ih 1969. These along with the experiments from Kagdshima Space
Centre (japan), on K=9M-27 and S-210 rockets on 6 and 7 August,
1969 respectively were conducted under joint collaboration
between the group at the Physical Research Laboratory,
Ahmedabad (India) and Prof. Minoru Oda's groﬁp at the Institute

of Space and Aeronautical Science, Tokyo (Japan).

The'primé purpose of these four rocket fligﬁts, was to

- measure the X-ray fldx and spectrum in the 2-20 KeV range from
Scorpious XR-1 source simultaneously along with the ontical
luminosity of the same'soﬁrce frbm Tokyo Astrophysical Obser-
vatory, Tokyo (Japan). In addition the author has taken very
active part in many rocket-borne low energy X-ray experiments
(Table I), aimed at the specfral study of some discréte X-ray

sources and diffuse X-ray background radiation.

| This chapter describes in detail the basic experimental
set-up employed for the aetection of 2—20 KeV X-rays-in these
rocket flights and also the-analytical methods employed to
understand the nature of the SOUrCC; Table I lists all the
rocket flights and the balloon flights carryihg X~ray payloads
in which the author participated. For the purposes of this

thesis, however, we have only considered the results® obtained
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from a few of these flights. This cﬁapter, therefore, contains
only a detailed-description bf the experimental set up employed
only in these flights. waevef, the details of the experiment-
al set up and the resuits dbtained in the rest of the rocket
flights are appended at the end of the thesis for the sake of

- completeness.

2.1 Description of the Experiment

The Nike-~Apache roﬁket used in the experiménts described
here is a solid fuelled, spin stabilised vehicle which gave on
both the occasions, apprinmately 200 seconds of useful data.
The payload was mounted inside the nose-cone §f the vehicle.

A photograph.of the X-ray telescope along with the associated
electronics is shown in Figure 13. X-rays were detected by a
pair of proportiohal counters, mounted back to back, so that
the two counters looked in the opposite directions in azimuth,
thus each counter acting as a veto counter to the other to
reduce the charged particle background. Copper etched Colli-
mators of rectangulér geometry defined the field of view to
65° x 210, with the long axis pérallel to the spin axis of the
rocket.‘ Two radioactive sources were attached to the inside
surface of the nosé—cone in the fiéld of view of the counters
for inflight calibration. A timer controlled pyrotechnic
device was employed to axially eject the nose cone at about
60 Kms., after which the proportional counters were exposed

to the celestial sky. The combined precession and spin motion



raphs of the complete assembly of the payload and X-ray telescope on N.A.40.05
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of the rocket allowed a band of the sky alono the horizon to be

viewed by the counters

A block diagram of the payload is shown in Figure 14. The
eoutput from each X-ray detector was pulse height analysed by a
 five channel pulse height analyser into five contiguous energy
channels corresponding to 2-3.5, 3.5-5.0, 5.0-8.0, 8-14, .and
14-20 KeV, The look dlrectlon of the counter was determlned
by fwo crossed flux gate magnetometers, one mounted perpendicu-
lar to the spin axis of the vehicle, perfectly aligned with the
" counter normal Airection and another along a directioh parallel
to the spin axis of the vehicle., The pulse height analyser-
information and the aspect information were continuously tele-
metered to the ground, in real time, using standard IRIG FM/FM

telemetry system,

The main bus powef sys tems for the exberiment of 16 + 2
volts and =16 + 2 volts were supplied by Silver-Zinc batteries
in the rocket battery pack, from which +l2 and -12 volts
regulated power was derived using power regulators. The total
input current for the system, excluding the telemetry transmit-

ter and timer was, 500 mA at +5V and 300 mA at -15V,

2.11 Proportional Counters

The output pulse from abprOportional counter is proport-
ional to the energy deposited in the counter gas. This
together with the internal amolification »of about 1000, and

a high efficiency, makes the proportional. counter an_ideal
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detector of X-rays in the 2-20 KeV energy range.

Basically an X-ray is absorbed in the counter gas and
produces a number of ion pairs propﬁrtibnal to the energy depo-
sited in the counter (for Xenon the mean energy per ion pair is
22 eV), The rectangular gas container acts as a cathode and a
thin Tungsten wire along the axis of the counter acts as the
anode. The electrons produced due to ionisation caused by the
passing of an X-ray through'the counter are attracted towards
the anode; as they get close to the wire they gain sufficient
energy in one mean free path to cause secondary ionisation
~because of high intense electric field close to the wire. In
this way an avalanche of electrons is built-up and the amplifiQ
cation factor is independent of the initial number of electrons
or where they formed, provided the counter is proberly designed.
A full discussion of proportional counters, and their mode of
operation is given by Rossi & Staub (1949), Curran & Wilson
(1965) and Charles & Cooke (1968). ‘

The proportional counters used in these experiments were
filled with Xenon-Methane gas mixture (90 - 10% by volume) at
One atmospheric pressﬁ}e, The entrance windows were beryllium
foils of average thickness 115 microns (18,5 mg/ch). The
effective window area of eaéh detector was 96 sqg.cm., determined
after taking into account the occultation caused by struts and

collimator. The aluminium body of the counter produces floures-

cent X-rays of 1.5 KeV, well below the lower channel at 2 KeV,
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However, the copper etched collimator of 1.5 cm,height contami-

nates the count rate slightly as its K-escape peak lies around

-8 KeV.

Xenon has been used as the counter gas because of its
higher cross-section for the absorotion of X~-rays and causes a
higher energy loss by charged particles than any other gas.
Minimum ionising charged pérticlés will deposit about 18 KeV
per inch (Barkas & Berger 1964); more than 75% of the charged
particles incident from random direetions would be rejected in

the 1 inch thick counter. The proportion will increase at lower
energies as the energy loss incfeases. The addition of 10%
Methane acts as the quenching ga%'to prevent continuous avalan-
che production due to the ultraviolet photon bombardment of the

counter walls.

The counters were operated at 2100 volts, which was very
well regulated using a corona tube. %he current pulse from
the proportional cbunter causes a voltage drop across the load
‘resistor and the resulting voltage pulse was fed to the ampli-

- fier through a couplino capacitor and short coaxial cable. -

The actual pulse height corresmonding to a monoenergetic
X-ray shows a wide spréad:diétribution due to the statistical
processes involved in the absorption of photon and multipli-
cation process, the spread increa§i&g as the photon enerqgy
decreases. The spectral resoldfion of a counter_is»traditionu
ally defined in terms of the full width at half maximum (FWHM)

of the distribution of pulses, produced by a monoenergetic

e SR NPT A B U RNV, B ~ -
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height. Figure 15 shows the typical pulse height distribution
curves of the two sectional counter used in the present investi-
gation obtained using 5,98 KeV X~ray line from Fe° radio active
source. The FWHM for the counters used in the present experiment

was typically found to be about 19-25% at 6.0 KeV (Fe ) and
14-18% at 22 Kev (cdl®?),

The efficiency of the counter i.e., the probability of
detecting a photon of a given energy that is incident on the
counter window is given by the product of two factors, the pro-
bability of transmission of the photon through the window and
the probability of absorption in the gas il.e.

(E) = exp ( Mo S %) \_1 ~ exp pa Sg xg j ces 2.1

where rkls the mass absorption coefficient in gm/cm y is the
density, X is the thickness, and the subscripts w and g refer

to the window material and the counter gas, The calculated
etficiency using mass absorption coefficient tables (Victoreen
1949) is shown in figure 16, The decrease of efficiency at low
energies is due to the.absorption in window while the deteriorat-
ion at higher energies is caused by lack of opacity of Xenon.

The escape peak effects due to K and L edges of Xenon are
negligible.

2.12 Pulse Processing Circuitary

| The positive pulse output from the preamplifier attached to
each counter, with about 1 microsecond rise time and 6 micro-
seconds width was fed to a chain of three negative feed baék
amplifiers. The gains were properly adjusted to give an output
of about 1.1 volts at the output of second stage and final

output of about 5 volts for 6 KeV X-rays of Fe55.

The schematic of the five channel pulse height analyser
using six discriminators, coincidence gates and univibrators

is shown in figure 17. The amplifier signals were fed to the
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discriminators whose thresholds were adjusted through aporopriate
D.C. bias. Eéch discriminaﬁor generated two pulses, Q, a posit-

ive pulse (0.5 - 8 volts) and Q, a negatiVe pulse (8 - 0.5 volts).
These signals were fed to the coincidence gates along with a
dela?ed strobe pulse (S) which was generated from the first di s~

criminator so as to avoid false coincidence due to electronic

delays. The input for the gates and the description of the output

“pulses are shown below,

Gate Inputs Energy_chennels
G1 - sQ2 Q1 Ch 1
G2. sSQ3 Q2 ' Ch 2
G3 SQ4 Q3 Ch 3
G4 SQ5 Q4 Ch 4
G5 SQ6 Q5 Ch 5

The pulses from the two.lowest energy channels were shaped to
different heights and widths in the corresponding‘univibrator
and‘fed to a voltage controlled oscillator. Similarly the

remaining three enmergy channels modulated another voltage con-

trolled oscillator.

2.13 Telemetry

The six signals, cohsi;ting of two analoé aspect informat-
ions, four encoded pulse height information - two for each
detection system; were fed to six voltage controlled oscillat;
ors. Standard IRIG FM/FM telemetry subcarrier frequencies,

for which the ground receiving system was .compatible, were used.
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All these units were operated on an independent power regudator.

The outputs of the VCO'S with suitable tapering were mixed in a

‘mixer amplifier. The output of the mixer‘amplifier was fed to
Checks for the R-F.\nlerfeyence {rom FThe fvansmitled

a Bendix type F4 transmitter{end power supply pickups were made

by monitorino counter signals, and necessary shielding precaut-

ions, under worst case simulation, were performed.

2.14 Construction and Environmental Testing

The payload was arranged in the Nike-Apache rocket in a
number of decks of about six incnes in diameter, in the cylin-
drical portion/ogstZioagéinngzure 13. All the electronic
" modules were given a.conformal coating of epoxy resin (Araldite)
and then potted with‘Eccofoam FPH (Dow Corning Company) to
stand the rigors of'ehock, vibration and temmerature. Monitor-
ing leads for signals and D.C. Voltage from all medUles were
broughtout on terminal strins and were coated with silicone
rubber (RTV731) before final closure of cylinder prior to the
launch, All the connectiens to the battery and telemetry
sections were agiven through a 5 pin Cannon Connector. The
entire payload was controlled and monitored throuqh a 27 pin
umblical connector. Sub-assemblies as well as the entire

payload was vibrated -to the specified level and were also test-

ed for temmerature and vacuum effects.

2.15 Launch and Recording

The purpose of the experiment being to conduct simultane-

ous observation of Sco XR-1 in optical and X-ray bands, the
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flights were to be conducted during night time. The launch
time was selected so that the source Sco XR-1 1is above the
Thumba horizon and have the maximum possible elevation at Tokyo

(Japan) from where optical observations were conducted.

The payload was monitored thréugh an umblical cable and
by a check out system installed in a block house about 300 ft
away from the launch pad. The telemetry signals during the
flight were recorded simultaneously on a magnetic tape recorder
-and/glow run (10 inches per second) paper recorder, along with
0, 2.5 and 5 volt signals corresnonding to the VCO'S 7. 5%
deviations. Time signals of standard NASA 100 p.n.s. time code
from aitime code generator, synchronised to UT have been
recorded. A portion of the paper recording obtained dur ing the
Nike Apache 40.04 flight is shown in figure 18. Subsequently,

paper records at a speed of 60 inches per second for the

flights were made for the analysis,

2.2 Rocket Attitude Analysis

The motion of a rocket in the force-free environment above
the atmosphere is well known problem in the dynamics of rigid
Vbodies. The longitudinal axis of the rocket is an axis of
symmetry. - The moments of inertia about the two lateral axis
‘are eqﬁal and much larger than the moment of inertia about the
longitudinal axis. It can be shown that the métion of such a
body consists of a spin about the longitudinal axis and the

precession of this axis about a cone; with:both the spin and
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precession in the same sense (Goldstein 1967).

2.21 Determination of the Attitude Parameters

Information about the vehicle attitude parameters, the
spin and precession rates, the half cone apex angle and the
preéession axis point in the celestial sky can be derived from
applying the laws of rocket dynamics, to the data_derivéd from

vehicle radar tracking and from magnetic and other aspect

sensors,

In the course of initial thrust, the two stage solid fuel
rockets are spun to several revolutions per second for étabil—
isation of the flight. 1In the two Nike-Anmache flights, N.A.40,04
and N.A,40.05 the spin rates were about 8.5 and 9 RPS resnect-
ively. If the rockets are not purnosely despun, (or no devices
.exit out of the total system) the rocket will maintain approxi-
mately this spin frequency until it reenters the atmosphere
where it starts tumbling. The axial ejection of the nose cone,
in fiight N.A.40.04 caused precession and the spin rate settled
to 6,5 RPS after the initial perturbation., However, the
N.A.40.05 rocket essentially maintained the initial snin rate

with slight noticeable precession.
The half-apex angle of the precession cone, (or half cone

angleg) ) in a rigid body motion is related to the precession

‘and spin frequencies Oﬁp and QJS) by the formula

N 3 I
Cos S) = S, T lI ee 2.2
CL)p o~ 11
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where I, andVI2 are moments of inerfia_relative to the spin
axis and a direction perpendicular to it. At high spin frequ-
encies, the half apex angle of precession cone ié small and
as the spin frequency decréases, fhevprecession cone lncreases.
Table 2 gives the moments Of inertia, calculated theoretically
froh the known parameters for the two flights. The parameters

clearly show no precession at all till the openina of the nose

cone.
TABLE I1I
Moments of Inertia
N,A,40,04 N.A.40.Q5.
I, (Slugs.sq.ft.) 0.,4742 0.4729
I ! 181.14 180,98

S W A i ke it ST o St o .y A W W et o Pttt Gt Mt hoaot T \Twn e e i i vy Y S o i o A WA Ak e P P A S S b 2 e A by S Sk et S e ancn

The conservation of total angular momentum requires,
(C)S + Qap ) to remain constant. Since, however, the rocket
may not exactly behave like a rigid body, slight chanaes in

W Lﬂp and S)with time during the observation period do occur.

S’
The variation of (G + Cop) with time 't' can be fitted to an

equation of the type
. _ 2
ws+<up = W_ + At + Bt cee 2.3

where (W, A and B are constants. Normally it is sufficiently
accurate to take the first order term into consideration. These

constants are derived from magnetometer data.



Initially, the behaviour of the angle between the instan-
taneous position. of the spin axis and a fixed direction in space
is investigated. In the sketh, OM is a fixed direction, OP is
the axis of the precession cone about which the spin axis 0OS

moves, The angle POS is the half cone angle. of precession (53)

and is a constant. Since OP and —_

OM remain fixed in space, the angle (\
\\

A .
POM 1s also a constant. The angle ———]
A
SPM increases during the flight and

can be expressed as

Cf "t + Constant el 2.4

Hence by spherical geometry

0

Cos SO = Cos §. Cos POM + Sin §. Sin POM. Cos ¢

=A+BcOs(mpt+c) .a. 2.5

where A and B are constants. For positions of S on either
side of precession axis, P, A and B can be determined; then
VAN

¥ +PoM = arc Cos (A - B)
2.6.

H

¢ _ pou arc Cos (A + B)

and values cen be determined for E)and_PgM although it is not
possible to say immediately which is which., The above formulae
can be applied directly, for the determination of half cone
angle Spand precession axis, from the magnetic and X—ray or

optical sensorsainformalion.
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The sample chart record of the data.shown in figure 18‘is
sneufficient to show the modulation of the amplitude during
one complete precession cycle. The magnetic sensor meunted
parallel to the spin axis (vertical magnetometer) produces a
sinusoidal output of the form M Cos SSM with respect to the
local total magnetic vector M and will give the precession time
information. The horizontal magnetic sensor whose output is

also a sinusoid, registers a maximum amplitude equal to

A
MH = M Sin SOM. el 2.7

The peak to peak output amplitude of this sensoT recorded
during a spin period, will go through a complete cycle of
variation 1n one precession neriod, the amplitude of this cycle
being larger for largeT precession cone angles. The acquisit—
ion time difference, registered by the horizontal senéor when
it crosses the north or south direction, in spins correspondindg
to the same phase of two successive precessions has been used
to obtain (W * (up). Successive precession phases and
precessinns are used to obtain the time variation of ((ﬁs+(np)
for the duration of the flight. Figure 19 shows the variation
of the vertical magnetometer output and the peak to peak
amplitude of the horizontal senser during the two flights. The
sensitivity ~f the vertical sensor is deliberately increased

pecause of the magnetic field vector at Thumba is essentially

horizontal.
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The sensitivity measurements and zero level checks of the
magnetometers pefformed on the ground are of limited value due
to changes in the magnetic environment of the rocket which can-
not be evaluated reaaily. These changes are due to (i) change
in the permaneht magnetism of the roéket_which-is equivalent.to
a zero shift and (ii) the induced magnetism of the:rocket which
is equivalent to a change in sensitivity. These changes common-
ly occur during the jettisioning of stages or due to the heating

of the racket body,

The correction for the changes'in sensitivity was made by
effectively‘calibrating the magnetometer in flight, The detér-
mination of the magnetig field M is made possible,tfrom the peak
to peak amplitude of the horizontal sensor at precession phase
corresponding to SOM equal to 90° from the rocket re-entry time
data. In addition, the response or sensitivity of the two
maqnetometers relative to each other is also checked. The
.magnetlc flgld sensed in flight is to be corrected for ﬁhe
known ground value., If the simple dipole apvroximatién is used

the field strength can be expressed as
— -4
M=M, (1-5,5x 10" h) ... 2.8

where M, is the sea level intensity and h is the altitude in

kilometers,

Hence from equation 2.7 and 2.8

A H
Sin SOM MO (l - 5.5 X loy—4 h) L e e 2,- )

I
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The angle XSM duringvthe whole precession can be evaluated from
the peak to. peak amplitﬁde data of the horizontal sensor data
or from the vertical magnetié sensor response. From the nre-
cession respbnse of the vertical sensor and horizontal sensor
the Half cone angle and the angular distance of the magnetic
fieid direction is estimated within the allowed aécuracy. In
the above éstimates and calibration, the data of horizontal and
vertical magnetic fields, declination and inclination for the
particUlar day were obtained from the magnetic observatory at

Trivandrum,

Although the magnetic information defines the position of
the précession axis with respect to the geomagnetic field, this
by itself is not adequate to define the position of this axis
in space. Triangﬁlation methods for determining the poéition
of precession axis is achieved with known ontical or X-ray
objects. As no optical sensor was provided for, the well
established position of the intense X-ray star Sco XR—i was
used for determining the attitude invabsolufe terms. . The inte-
nsity mbdulation'for the known triancular response of the
collimatdr during a precession will be little, if the precess-
ion angle is small and the distance of the object from the
cdllimator normal falls in the insensitive part of the response

function.

Further refinement of the attitude parameters obtained
from the above mentioned amplitude-precession phase method

can be derived from the spin - precessinn. phase response of
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celestial stars and of magnetic field vector, as described in
detail by Wada et al. (1969). Referring to figure 20 let the
right ascension and declination of the precession axis, P, bek
andg; and let an object A be at an angular distance X from P
aﬁd at a precession azimuth APS (measured from AP) with the
spin axis S progressing along the precession cone with rédius
? and a phase ¢ . Let the angul?r distance SA be denoted by

{
@ and phase angle by %). Both t and € change with the prece-

-ssion phase. Two new parameters Lpﬂand %’are defined as follows

‘ KPD = LPl +O 4 T/ A ' 4 :
WP _ 1Vl + §;+ :% . eee 2,10
where qJD is called fhe bearing angie (Giacconi et al. 1966)
and'w)is called the spin ohase (Wada et al. 1969). The prece-
ssion phase starts when the spin axis is farthest from the
North Pole (N.P) of the celestial sphere and the s»nin phase
when the sensor passes through thé North Pole at the stérting

position of the precession nhase.

The precession - spin phase response diagram for an. object
at a distance X from the nrecession axis shows the variation
_ N
of’4/as a function of @i, with a parameter_y for precession

cone angle and will be described by:

Cos © = Cos Sj Cos X + Sin? . sinX . Cos (g? '
. 1 . L e
Sin @™ = Sin®. sinX -
: N RN | . 2.1l
1 _ CosX - Cosf.Cos@

and  Cos \Y Sin§. Sine
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Knowing gp,:) and X the phase Lyl can be determined and thus .

Now if we consider a magnetic vector or Sco XR-l object
for this analysis, the precession - spin phase diagram constru-
cted from their acquisition time in the data, can be matched
against a theoretiéal response for assumed attitude parameters.
In figure 21, a set of curves obtained theoretically for assumed
parameters is shown. The two quantities i'max’ the maximum

deviation of the spin phase from the average value andgi max
the corresponding precession nhase will help for accurate deter—
mination of §}and"X within an accuracy of better than one deqgree,
provided there is apprecisble precession or the objects are at

. shorter ancular distances from the preceséion axis. 'For smaller

' : - o . ' .
precession anales ff$_8 , we observed in our two flights, the

accuracy 1is limited.

As an additidnal check the information provided by the
radar tracking of the vehicle is also used in the analysis. It
is known that during the time of rocket motion under thrust,
the attitude and the velocity vector coincide; Once out of the
atmosphere; where air resistance encountered is negligible, the
velocity vectorAremainéd constant, until the nose cone opens.
The effect of the nose cone ejection in the two flights under
considefation was negligible with practically no change in the
position of the -precession axis. The determination of nrece-
ssipn axis, using radar data is accuraté to Within Q.OO arc

angle, in celestial coordinate sky, for the near equatorial
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Fig, 22« Theoretical vehicle trajectories for N,A,47,04 and
N.A,40,05. Dots indicate radar observations,
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position’of the Thumba launching station, In figure 22, the
radar track data and the theoretical vehicle trajectory for
N.A:40.04 and N.A.40.05 rockets are shown. The attitude solut-
ions, obtéined from methods described above, for the two flights

N.A.40.04 and N.A.40,05, are presented in the table 3.

. o o oo 1m0 o s it 70 i i e i G304 G S i T S o % i s " v o o L (i, Y it MM o s S B o St e 2en0 o Aine A o e e vome oo

N.A. 40.04 N.A.40.05
Date ' April 26, 1969 April'28, 1969
Flight time . 1700 UT 1704 UT
Precession Rate (Deg.Sec_l) 10.6 12.9
Spin Rate (Peg.Sec™l) 2337 , 3158
Half cone angle (Deg.) 6 + 2 | 3+2
Magnetic Elements:
Dip 0 _0° s9:¢ -0° 57"
Declination 2% B4y 2° 541y
Zenith Coordinatés: _
" Richt ascension | 12 26™ 12 39™
Declination 8° 33 : 8° 33!
Precession Axis:
Right ascension 177° + 20 182° + 2°
Declination 6° 301 + 20 8% 471 4+ 2°

2.22 X~ray Telescope Aspect
The determination of the path of. the X-ray telescope

normal in the celestial sky during the flight for the given
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parameters of the rocket motion will be briefly described here.
The basic astronomical formulae for the determination of the
siderial time and eonversion between several astronomical
coordinate systems are available in standard text books and

hence will not be dealt here.

It is convenient to consider a number of different frames
of reference for the detector aspect analysis, each defined by
mutually perpendicular X, Y, Z cartesian coordinates. Let Xk’

k and Zk be a fixed system of coordinates in the celestlal sky
and Xp, Yp and Zp be the precession system of coordinates
(Precession frame »f reference), with the precession axis
coincident with Z_, If X _ and Y_ make an anale & with respect

: P P P
ok any wstance
o’ $§ Firt—P
with respect to Xk’ K and Z k coordinates are given by the

to Xk and Yk then the coordinates X Yp and Zp

matrix equation

[ e : - . -

i Xp ; | Cos¢' Slné 0 | X
Yo | = | -Sin$ Cosd o Yk el 2012
. <
z 0 0 z
L P i . |k

‘The spin axis of the rocket is at an angle 9 to the OZp axis,

5 being the half apex angle of precession. Let Xgr Yg and

ZS be a new frame of reference (spin frame) whefe OZS is the

spin axis and Xs-lies in the Xp,

Yp plane. Then
X 1 0 0 X
| ~sinf’ Cos§| | z

N <
H
o O
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- The rocket spins about its axis (OZS = OZr) and if X, Y_ and

Zr is .a new frame of reference (rocket frame of reference) and

the anglé between X and X_ is &J; then
s T -

XL Cos ¢ : SlntP 0 X
Yr - -SlD\V Cos Y 0 Yo |, 2,14
- 1o 0 1 |z

The angles ¢Jand W vary smoothly with'time as
(5 _
]
\_\)

.where t is the time, and ﬁBO and'\Po are initial values at

i

<?o + Cdp (t - ty) and |
q)o +Q‘)S (t—to) '...2

.15

I

epoch t, . The relative configuration of these frames of refer-
ence are shown in figure 23 (Giacconi et al. 1965). 1In this
s

figure q)is designated as (?; and ' as (?Svand { as TD@ - %p.

If we assume that the detector axis forms an angle
%i :)\g with the (Xr’ Yr) plane of the rocket (in the present
experiments Clg = Q) then the elevation of the deteétor in the
precession frame of reference will oscillate between
%S + &'tobgkg - § during each spin. The detector axis will
describe a sinusoidal curve (on a rectangular grid of éﬁp and
kp) with an amplitude equal to ? and a phase that changes from
one spin to the next. Thus the region of the sky explored by
the detector becomes wider as the apex angle of precession

cone increases.
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Fig.23 « Relative configuration of different frames of
reference,
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Using the three coordinate conversions as described earlier

the following equation is obtained.

T My
| X, X [
“r %k

S e

where T is the product of the three matrices of the three con-
versions in sequencé. Since these matrices are orthogonal; it

can be written as

—_r ~ 7 3 ]
X, X,
Yy = T | Y | | .. 2,17
B Zk | i Zr_‘

where T is the inverse of the matrix T. For simplification

writing C and S as abbreviations for cosine and sine respect-

ively
X, co -s¢ 0ll1 o ol Tce sy oo x |
Kk ¢ = 0 | =Sy 0 XL
_ : oAl ' | ,
Y| = s¢ cd o! ‘o cf s',j sy cd o ! Yri
Z, 0 o‘l}(o ~s§cl[o 0 1‘ zrJ
- o ... 2.18

The rocket axes in the longitudinal and lateral directions are
coincident with X—réy telescope collimator surface and~a5 such-
the detector normal is given by Xd = Xr and Yr and Zr are

equal to zero.

Then the motion of OX . or OX4 axis is given by

el ircq5' Ch - Se oSy .
Vi =1 sp.cy - ch.cy sy c.. 2,19
2l | S5 sy o
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If a celestial frame of reference XC, Y and.ZC with ZC

c
aligned with the celestial north pole and XC coincident with
vernol ~equinox is considered, and if 0X) 1is aésigned the south-
ern direction fof'convenience, then Xk makes an angle R with

X, and Z, makes an angle (90%) with Z_ where R and S are the

right ascension and declination of the precession axis.

Now | X_ CR.SS -sR  cr | [ X
vl = | SR8} CcrR SR v, 2,20
|
< - |
1zl | -cd o0 so | 2|

The constants dﬁo and LPO at epoch ty are evaluated when
the spin axis in the precession cycle is southmost, making them
equal to 180° and QOO respectively, With the above transformat-
ions the trajectory of the detector axis can be Adescribed in the

celestial coordinates.

2.3 Analysis of X-Ray Data

Because of the small precession associated with both the
rockef experiments and also the large admittance angle of the
X~ray telescope, écorpious XR-1 was seen in every spin during
the oeriod when the rocket was above 60 Kms. The times of the
flighf and the collimator design were chosen keeping in mind
the main objective of the flight i.e. simultaneous measurement
of X-ray flux and optical B magnitude. Figure 24 shows the
detectors scan direction in celestial coordinates, along with
‘the local horizons at the time of launch from Thumba for

N.A.40.04 and N.A.;40.05. 1In these fliohts besides Sco XR-1,
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the cluster of sources in the galactic centre also came into
the field of view of the detectors even though their contri-
bution, ibecagggﬁgfrfbgw§mall_flbkési is comparatively small

and can be corrected for.

2.31 Data Processing

The data received from the rocket consisted of two ‘sets
of discrete pulses corresponding to the data from the two
counters. Each pulse in the telemetry record shoWn in figure i8
corresponds to one photon detected in the particular energy
range of PHA, and the corresponding nhoton arrival time can be
read to an accuracy of one millisecond. Pulses Al to A3
correspondAto the detéction system A and_Bl to BS are .outnuts
from counter B. As the two detectofs face in opposite direct-
ions, the observations by‘the two counters were out of phase by
a time equal to half of the spin period with respect to each
other. The sample chart shows clearly theldiscrete alternate

clustering of PHA information of Sco XR-1,

The counters were calibrated with'Fe55 radio active
sources both on the ground prior to the launch and also in
flight‘till 60 seconds after launch. The 6.0 KeV line With
22% FWHM resolution allowed an effective calibration of the
discriminator level to within an accuracy of 3 5%. The
counters were exposed to the celestial sky after ejection of nose
cone along with which the calibration source is also ejected.

Between 60 Kmsto 80 Kms the count rate was due to high energy
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charged particles, gamma rays and secondary particles produced
by nuclear interactions in the rockét; Between éO to 140 Kms
the count rate underwent a gradual'increése due to detection of
celestial X-rays which did not nenetrate any further into the
atmosphere. The magnitude of increases depend on the look
direction of the counter in azimuth and elevation, The rockets
collected useful data for nearly 200 seconds above 100 Kms

altitude after which they reentered the atmosphere.

Once out of the atmosphere the total angular momentum of
the rocket is conserved, and the spin period, above 80 Kms
remains essentially constant. The spin neriod was then divided
into 120 bins each 3% wide in azimuth in the rocket frame of
reference, and the entire data of PHA information was distri-
buted within the 120 bins. As the two rockets haa onlyu6o and
39 as hélf cone precession angles, the position of a source with
respect to collimator normal does not aoDreciably change in the
precéssion frame of reference for a gnod number of successive
spins. Accordingly each precession was divided into six phases.
The data or the count rate for all the precessions was approxi-
mately superposed in-the precession phase éequence. The data
for the two ildentical cOunths in each flicht was found to be
well within the allowed variation and consequently they have

been added in the spin phase to improve statistics.

The count rate for the two flights N.A.40,04 and N.,A.40.05,
in each energy channel above 100 Km, for all spins and precess-

ions summed up is exhibited in figures 25 and 26 respectively.
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Above 100 Kms there was little attenuation of the incoming
celestial X-rays of energy above 2 KeV, The figure clearly
shows the omnidirectional and secondary 5ackgr0und superimposed
on which discrete sources show up as distinctive peaks, The
spin phase starting from North showsa clear peak in the count
rate due to Sco XR~1 and other galactic centre sources, As

tﬁe precession axis of»th@ rockets is nearly lOo'dUe west, the
counters dip more towards the horizon in the west. Thus the
diffuse background X-rays are detected more on the eastern

azimuth phase than the western.

The counting rate of any discrete X-ray. source is seen as
an anisotropic signal superimposed on nearly isotropic back-
ground. The X-ray background consists of thfee narts, (1) the
isotropic diffuse Cosmic'X—ray background of cosmic origin,

(2) atmospheric X-rays agenerated by cosmic rays through electron-
photon cascades in the atmosphere and (3) induced X-ray back-
ground produced by the interactions of charged particles and
neutral radiation (¥ rays and neutrons) in and around thé
vicinity of the detector, It is obvious that for improved‘
signal to noise ratio, the background has to be minimised.
Whereas the cosmic diffuse X-ray radiation is independent of
the location where the expériment is Conducted, the cosmic
ray . induced X—ray tlux is strongly dépendent on the latitude.
The very high geomagnetic cut off prevailing over equatorial
regions has a decided advantage over'other locations in this

regard.
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(1971) (Hawai ) A
Chodil et al awat S
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Present 5 Thumba  17.5 32x10 0,104 26
Present A Hyderabad 17.5 14 . 0.05 . 12.5 5.0
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- Reigler et al. {1 Palestine _
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Welz)ling;oé)i Reinert .135 " 4.0 gm0 _ o5, 3
~ Lewin et al.(1967) X Mildura 4,0 13 . - - = 3
‘Bleeker & Aire-Sur A : :
Deerenberg(1970) B L'Adour - 5.0 3> 0.4 .12"5 4
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The background count rates registered at various latitudes
by different experimenters using rocket and balloon borne
payloads are plotted in figgre 27 with the necessary detaills.
The analysis is a.simple comparison_and islnot a rigorous, aé
no attempt is made to normalise the different factors 6f
importance like detector geometry, floét altitude, etc. In the
cése of r0ckét experiments, the flux of X-rays registered whén
the detector looks/%gairgrtﬁgszarth is cénéidered as the cosmic
induced background. The figure clearly shows that the rbckef
background.(l—lo KeV) at Thumba (8.50N) situated on geomagnetic
.equator is lower by factors 63 compared to those at high

: 0
latitude stations like Woomera (32 S), Australia or Kauai (22.5N),

Hawaii.

In the balloon exneriments which register hich energy
X-ray flux @D-100 KeV) the cosmic ray induced backaround becomes
a major noise source. Thé'experiments of Bleeker and Deerenberg
(1970) have clearly shown the variation in intensity of atmos—
pheric X-rays due to the different latitudes, the count rate
decreasing with increase in cut off rigidity. The count rates
registered at Hyderabad by the different Indian groups as shown in
the figure clearly show that the cosmic ray induced backaround
over Hyderabad is less by a factor of v'3 comnared to that
observed at middle and higher latitudes. The bbserved'back_
ground at Hyderabad even with the simplest detector is compa-
‘rable to the most sophisticated detector employed by Webber &

Reinert (1970). It is therefore obvious that meaninaful
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experiments can be done at equatorial latitudes even with much
simplef detectors due to the enormous reduction in the back-

ground,

2.32 Evaluation of Position and Count Rate from Sco XR-1

~The response of the counters for the rectanagular geometry
of the collimators due to a discrete source along any gilven scan
has a triangular step with a base equal to T x 5%%2 seconds;
where T is the spin period (0.156 sec. for flight N,A. 40,04 and
- 0.119 sec. for flight N.A.40.05). As the two rockets had high
spin frequencies the product of the counter effective area and
time for each azimuthal bin is small, . For improved statistical
accuracy we have considered each precession phase as a unit of
time. For each given precessionvphase, there were about seven
count rate data points at different ehergies for the.ZlO base

angle response, which were used for the positional determinat-

ion of the source.

The presence of galactic sources, near to Sco XR-1, dé

- contaminate by contributing to the observed flux from that
direction, It is imperative to estimate the contributions from
these sources to the observed count rate to establish the flux
level of the Sco XR-1 source. Fortunately many of these sources
 were sightéd in earlier experiments.performed by the NRL;
Lockheed and ASE/MIT scientists, from which results, the flux,
positional information of these sources is known sufficiently
accurate to enable us to make adequate correction for the

contamination duec to these sources. Using the catalogue
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prepared by Matsuoka and Oda (1971) the contribution of the
galactic sources to the observed count rate of Sco XR-1 is

estimated for the various aspect parameters of the telesco pe.

The count rate due to Sco XR-1, in any azimuthal bin,vin
‘a given precession phase for each energy channel, is obtained
by SUbstracting the general background count rate and the
galactic sources count rate from the total count rate. ‘These
count rates have been used for the determination of absolute
count rate due td Sco XR-1 for normal incidence. A least
square technique has been used to fit the collimator response
to the count rate data first dn the individual precession

phases and then to the data observed in different phases,

‘The observed data consisted of a serics of count rates,
Xp(Ai) for a precession phase, in an azimuth bin centered at Ai.
Let the triahgular collimator response function be g (Ap - Ai)
with g.(O) = 1, then the theoretical response from a point
source will be of the form S, (Ap - A;) where S, 1s the source
strength incident for the particular precession phase. and Ap is
the azimuth where'thg response -is maximum, If Sp and Ap are so

chosen as to make the sum of the squares of the deviations as

small as possible, i,e,

-

E =2 [ X (A) - s N— AL ) e 2,22
e T [ p (A1) = Sy 9 (A 1)J

is minimised. Each count‘rate point is weighted equally. A%
the minimum the partial derivates will be zero and Sp‘isvgiven

by



S ) = ’ T {- ] 2 ‘_ ¢ 2. 23
4:21‘:-_. Lg (1"\p el t"&i)

The variance of Sp’ for poisson statistics can be written as

_ 2
2. X (A:) { glA_ - Ay)
V(s )= 4 P L7 LD l] el 2.24

p T - 5
( = i\g(/\p - a0 | ’ w

Along a given precession phase the response functlon g(A) was

triangular with 21° base width B. In the analysis Sp and V(Sp)
were computed for various values of Ap, the correct Ap beinag
that which minimised error function Ep. The variance in Ap is

given by

(A-),,i - .. 2,05

where Sp is known from equation 2.23 and N is the number of
data bins. Thus the intensity, the response maximum in azimuth
and the variance in each is determined for all the precession

phases.

':For a favourable poéition of the source and large precess-
ion angle; the ihfensity and the azimuth anale vary in
different precession ﬁhases as mentioﬁed in the earlier section.
Figure 28 is a three dimensional plot of count rate for
N.A.40.04 and N,A,40.05 showing the count rate and azimuthal
distribution,against precession phaée. The 12° and 6° variat-
ionsin elevation of Sco XR-1 in a preceséioh, cover only a
part of 65° basec width of the collimator longitudinal response

angle. As such there is count rate modulation during a
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precession,‘especially so in the case of.N,A.A0.04 data. In
both the flights, the transit in azimuth did not show deviation
by more than one 3° azimuthal_bin in the different phases.
These éspects were consistent with the orecession axis position
in sky and the half cone angle determined by radar track data
and magnetic sensor information. The.aVerage elevation of

Sco XR-1 with reépect to-the detector normal is n 19° and 24°
in the precession frame of reference for N.A,40,04 and N,A,40.05
respectively. Using a similar least square fit to the data of
the different phases, the elevation respdnse is‘evaluated‘with
the known attitude parameterS and the absolute count rate of
Sco XR-1 for normal incidence 1s determined for each energy

channel.

- 2.33 The Absorption of X—RaYs in the Atmosphere

- It is necessary to know the effect of the residual atmos-
phere above the rocket on the incoming celestial X-rays. The
absorption of X-rays depend on their energy and on the zenith

angle of their arrival direction,

The intensity of X-rays reaching the detector from a source

of strength Io is given by
I = I, exp (_&gﬁ‘ dx ) | ee. 2,26

where ﬁ‘is the mass absorption coefficient of air in gm—l.ch
andgfjdx is the amount of matter traversed in gm.cm_2. The
mass of atmosphere along the line of sight from various rocket

altitudes at various zenith angles was calculated from the Uu.s,
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Standard Atmosphere (1962) and is shown in figure 29, The mass

| absorption coefficient of air (Victoreen 1948) is shown in
figure 30, The joint use of these two figures and equation 2.26
allowed the attenuation of any giveh energy X-rays fo be deter-
mined for any attitude and zenith éngle. Providedﬁ? dx is less
vthah 10_4,‘there was neéligible absorption over the energy

range 2 to 20 KaV, Sco XR-1 had a maximum of 65° zenith angle

‘ in these experimeﬁts énd'th@ data used was from heights above

110 Km, the attenuation is negligible.

2.34 Spectral Analysis and Results

The problem was initially turned around, the incident
X-rays were assumed to havé various two parameter spectra,.and
the:expected count rates in each energy channel is estimated.
Sco XR—l spectrum is guite Well known and is found to follow an
exponential function, Electfdn bremsstrahlung from a thin hot

plasma in the X-ray range oroduces

-1

-1 ) photons e ? sec KeV

AN ey = ke

dE exp (-

'—]irrl

e
where Te is the effective temperature of the plasma in KeV and

K is a constant.

This spectrum of X-rays was traced through the detection
system to determine the resultant count rates in the pulse
height analyser channels. The spectrum of photons in the

counter can be written as

N () = KE™! exp (- %—;) AE) € (E) - ~ eee2.28
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where A(E) is the atmospheric attenuation and & (E) is the

efficiency of the counter system.

This spectrum will be distorted by the finite resolution
of the counter. The theoretical resolution of a proportional
counter can be calculated from the statistical'brocesses which

‘take place and is approximated by

L - ’
FWHM = 44E77 . | co. 2,29

However, in the two flights the proportional counters had

approximately 22% and 16% resolutions (FWHM) at 6 KeV (Fe55)

and 22 KeV(Cdlog)

respectively. The FWHM at any energy 1is
obtained by a linear relation between these observed values.
The spectrum of output pulses was then given by the convolut-

ion integral

e - 2

: E - E_)
dN 1 ( 0 ;
- (E = —_— —_— €(E)-A(E).
i (Eo) Ve exp\ o2 } (E)-A(E)
. © KE*lw E .

exp (- Tﬁ) <. 2,30
‘ e

' where G = gﬂ%% E. The effect of the counter resolution on the

pulse height spetctrum from the proportional counter is shown in

figure 31.

Assuming for physical parameters K and Te certain values,
the convolution as stated by equation 2.30 is carried over the
discrete eneray channels, The true values are those which .
match the convolution infegral output with the observed count

rate in the PHA channels. The analysis'have excluded channel
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five, as the count rate in this channel is not satisfactory.
From the two flights the exponential spectrum of Scornious XR-1

can be described as

%g ( E) = 65 exp (Ei%_§) E"lphotons.cm"Z.sec—; KeV™L
- oo 2,31
on April 26, 1969 at 1700 U.T, and
%g (E) = 47 exp (6 éEO 9) gl phofons.cm2-sec'% KeV™L
- co. 2,32

on April 28, 1969 at 1705 UT. The above spectral results have
been plotted in figure 32. The points represent the average
flux velue in the particular energy channel and the errors

represent statistical 19 limits.

Thus these ekperiments have measured Sco XR-1 to emit
50.5 * 8.2 and 41 + 7.5 photons.cm™2 sec™t in the 2-15 KeV
range. The two different temperatures, 58 and 80 million
4degrees and the different flux values, when compared along with
the results of other experimenters, clearly establish real

time variations, inherent with the source as discussed in

Chapter IV,

As the thesis in part deals with the simultaneous obser-
vations attempted by PRL - ISAS groups during April - August
1969 the results along with the observations of other experi-

menters is discussed in detail in Chapter IV,
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CHAPTER TITL

X-RAY BALLOON EXPERIMENT

| Investigation of SconRel in the high enerqgy X-ray regiﬁn
v(E > 20 KéV) was conducted using balloon borne payloads from
Hyderabad, India (17° 25t N and 78° 551 E). Due to the very
high geomagnetic cut off ( »17 GeV) over Hyderabad, the second-
ary cosmic. ray produced background is relatively small and con-
sequently Hyderabad offers an excellent site for conducting
balloon borne X-ray astronomy experiments. Two identical X-ray
telescopes were flown on = oriented platformswith the help of
3 mcft., balloons on November 17, 1970 and Vovember 15, 11971 to.
measure X—ray flux from Sco XR-1 in the 20-120 KeV energy range.-

In this chapter we describe these experiments.

3.1 Bélloon Borne X-Ray Telescope

The X-ray telescope consists of a Na I (T1) crystal of six
1inches diameter as a primary defector, The erystal Bas an
entrance window of 0,032 inch aluminium foil. The 0.5 inch
thick crystal was viewed by an optically coupled RCA 8055
photomultiplier, A set of hexagonal fubes, made up of iead
and. brass placed above the radiation window of the crystal
defined the field of view of the detector to 11,2° (FWHM) in
vthe forward direction for X-rays in the 20-120 KeV range. The
entire detector assembly was enclosed within an active shield

- which itself was surrounded by a passive shield..
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The passive shield consisted of graded shielding system
comprising lead, tin and brass cylinders arranged concentrically
in descending order of their atomic weights. High energy photons
are absorbed in the outermost shield of Pb and the subsequent
flourescent X-rays, after successive absorption in inner shields
are degraded below the threshold of the lowest energy channel
of interest. The shield had an opacity of 95% for 150 KeV

X~-rays coming from sides.

The active shield is a 1 cm thick plastic scintillator of
cylindrical shape. This cylinder was viewed by three RCA 6199
photémultipliers opticaliy coupled to the scintillator as shown
in figure 33. Relativistic muons or protons deposit nearly
2.5 MeV in the 1 cm thick plastic. Using an - Am° L source,
which emits alpha particles of 5.5 MeV energy, the detection
threshold of the plastic anticoincidence scintillator was set

at 200 KeV for electrons. The system had about 60« 70% effic-

iency for charged particle rejection.

A block diagram of the exmerimental system is shown in
figure 34. The output pulses from RCA 8055 ophotomultiplier
coupled to the Nal (Tl) crystal were suitably amplified and
analysed by an eight channel pulse height analyser. The energy
channels in the pulse height analyser were adjusted to accept
X—ray§ in the energy ranges 17-25, 25-32, 32-42, 42-53, 53-67

and 67 to 107 KeV., The same events were further independently

monitored in two sum channels 17-42 KeV and 42—107 KeV, to
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provide independent check of the entire circuitary. An Am24l
source was placed in the system for calibration once in every

five minutes,

- The telescone was mounted on an orientation platform and
fixed to servocontrolled gimbals to point along preprogrammed
azimuthal directions, at a fixed inclination with respect to
local zenith., The azimuth aspect was derived from a pair of
flux gate magnetic sensors and a sun sensor to an accuracy of
better than ~1.5°, The pulse height analyser information as
well as the aspect information were continuously telemetered

to ground using standard IRIG FM/FM telemetry system.

An onboard aneroid element provided continuous recording
of pressure, The balloon was tracked by radar to provide
additional altitude information. A thermistor temperature
sensor recorded the temperature within the payload throuchout

the flight.,

3.11 Response of the NaI (T1) Crystal Assembly to X-Ray Photons

The three main processes by which the energy of a photon
is deposited in a scintillation counter are phétoelectric
absorption, compton scattering and pair production., Upto few
hundred KeV, photoelectric absorption dominates while at
energies above a few MeV pair production becomes more import-

ant, At the intermediate energies, compton effect is important,
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In the case of photoelectric absorption the entire photon
energy is deposited in the crystal apd the energy estimation
is Qnambiguoﬁs. The attenuation coefficient for the photoele-
ctric effect is strongly dependent on the atomic number Z of
the material, therefore in order to achieve a high detection
officiency a high 7 detector is essential. Sodium iodide
doped in Thallium gives very large scintillation pulses.due to
the high photoelectric absorption of the iodine constituents,
these crystals are very suitable for X-ray spectrometry. The
absorption coefficients for various interaction processes 1in
the Sodium crvstal are shown in figure 35. It may be seen from
the figure that the photoelectric absorption praocess is the
only dominant process upto about 200 KeV while compton scatter—
ino starts dominating above 250 KeV upto an enerqgy of several
MeV. The response of the Sodium iodide crystal is quite
linear from QQEKeV to 200 KeV for the 0.5 inch crystal. About
19% of the energy dissipated in the NaI (T1) crystal is conver-
ted into visible licht. Thus an absorption of 170 KeV photon
in the crystal results in the production of 30D optical photons
The emitted photons have a distribution with a maximum around
the wavelength 4200 X, and decay with a time constant 259 nano-
~seconds. The photons are collected at the photocathode ~f the
photomultiplier; RCA 8055 photomultinlier tube has a 5 inch
cathode surface with S-11 response i.e. having a peak response
for photons around 44003. The quantum efficiency »f the photn-

cathode is about 10%. The typical multiplicatinon factor of

\
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this tube according to manufacturers is 1.5 x 106 at an operat-

ing voltage of 1000 volts,

The efficiency of the detection system for a collimated

beam is defined as

€ (E) = exp /J (E) d,, j‘l - exp (-~ f% (E) dCXJ .. 3.1

where d is the thickness in qchm_Z, ﬂA(E) is mass absofotion
coefficient in cm2,gm"l; and subscripts w and c¢ represent
window material and crystal, The computed values of the effic-
iency for the detector assembly, 0.5 inch sodium crystal with
0.032 inch aluminium window, at various energies is plotted in
figure 36. At lower energies the entrance window limits the
transparency of photons for detection in thé crystal. On the
other hand the efficiency is 100% for higher energies of inter-
est upto 150 KeV. The X-ray edges, at E; = 28.6 KeV and

Eﬁ’ = 32.5 KeV, for the 0.5 inch thickness of the crystal,

have negligible effect on the efficiency,

The various processes that occur starting from the enerqgy
loss in the crystél to the final output at the photomultiplier
anode are‘subject to statistical fluctuatinns., The quantitative
theory of the nature of these fluctuations have been treated by
Breitenberger (1955). Because of this effect even if the
incident ophotons are monoenergetic, the gputput pulse height
at the anode exhibits considerable distribution, The Nal
crystal was calibrated using-Cd‘lO9 (22, 88 KeV) and Am2 L

(16,5, 69 KeV) radio active sources. The pulse heioht distri-
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bution curves are shown in figure 37, The detector system had
energy resolution of about 40-50% at 22 KeV and 22 to 33% at

60 KeV,

3.12 Pulse Processing Circuitgry

The block diagram of the pulse processing circult is shown
in figure 38, Pulses from the anode of the photomultipiier
were amplified and shapéd in a charge sensitivé preamplifier,
The positive pulses from the preamplifier attached to the main
crystal, NaIl (Tl), were amplified by a set of three amplifiers,
which use high gain negative feed back for stable linear ampli-
fication.. The gains were so adjusted to give for the 22 KeV
and 88 KeV X-rays of Cdt%? 0.75 volts and 3.0 volts at the

and saturation
second stage, and 2,2 volts at the final stage/. The outputs of
the three preamplifiers belonging to the plastic scintillétor,
were suitably mixed and the combined output is amplified to

generate an Inhibit anticoincidence pulse for charged perticle

rejection.

Two independént high voltage power units suoplied the nece-
ssary volfag@sto the NaI (Tl) detector system and to the three
photo-tubes coupled to the anticoincidence plastic scintillator.
The voltages were generated from a +12V regulated supnly using
conventinnal Cockroft - Walton voltage multiplier technique,

The regulation of the high voltage was achieved by corona
discharge tubes and sufficient filtering was provided for

ripple suppression,
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The output pulses from the main detector were pulse height
analysed by a set of discriminators and coincidence oastes, The
count rates from each pulse height channel were prescaled with
appropriate scaling factors. Two or three channels were mixed
énd. fed to voltage controlled oscillators to modulate the

subcarrier frequencies.

3,13 Orientation System

The need for locking the detector look directions in space
is achieved by an orientation system, which uses the earth's
magnetic field for reference. In order to achieve this, a
servo system and magnetic sensors were employed (Seshadri et 'aly
1970), The telescope and the magnetic sensors were mounted on
a circular platfofmx The inclination of the axis of the teles-
cope with respect to local zenith, needed for the experimént
was fixed before the flight.. This circular platform was
mounted through a thrust bearing on to an outer platform of
square shape which was tied to the balloon. The detector plat-
form is rotated with respect to the outer platform with frict-
ion drive by a D.C. motor fixed to it. The D.C. motor controll-
ed by a servo system is suitably geared to roll the detector

at 10 R.P.A,

The servo system is activated by an error signal generated
by the magnetic sensor which senses the earth's magnetic field.
Figure 39 shows the block diagram of the orientation system,

The sensina element of the maonetic sensor consists of an
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exciting coil and a pickup coil wound over it. An oscillator
at 4 kHz excites the exciting c¢oil which consists of two
parallel coilé wound in opposite direcfions on a square loop
hysteresis core (Mu metal). Inly in the nresence of an éxter“
nal magnetic field, a signal at twice the exciting frequency
is hreseﬁt at the output of the sensing element, This signal
after amplification is compared in a phase sensitive defector,
against a reference signal generated from the oscillator, to
sense the direction and.intensity of magnetic field. This
signal is then amplified in a variable gain amplifier to activ-

ate the D,C. Motor.-

An East-West aligned magnetic sensor coil, for small
perturbation of the ballnon produces an error signal at the
output of the phase sensitive detector. The variable gain
amplifier, operating on the principle of nulse width modulat-
ion rotates the motor faster for greater deviations and controls

the hunting normally associated with the correction,

An on board programmer, a Duncan timer motor, forms part
of the circuitary as shown in figure 39, controls the look
directions of the~d@tector once in every five minutes during
the flight. The programmer locks the detector, in the direct-
ion of South for 3,5 minutes, for 1.5 minutes due North and a
few rdtations in azimuth for 40 seconds in that order. During
the rotation period the detector system and the magnetic
sensors were calibrated. 1In éddition the sun sensor comes to

life during this period to provide attitude information,
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This system allowéd us to control the look direction of the
detector to better than 1.5° in azimuth. Information regarding
deviations greater than 1.5% in the South was obtained from two
crossed horizontal sensors. This sector infomrmation, in the
form of step voltage function, modulated the VCO'S provided for

X—réy information,

3.14 Telemetry

The X-ray pulse height information as well as the attitude
information was telemetered to ground through standard FM/FM
telemetry technique. The aspect sector informati on, sun sensor
information and X-ray pulse height information.modulated the
2.4 KHz, 3.9 KHz and 2.3 KHz VCO channels. The continuous
analogue magnetic information is separately telemetered using
the subcarrier at 960 Hz. The outnut of the individual VCO'S
were fed to a mixer amplifier, the output of which mndulated
the 108 MAz transmitter. A quarter-widve antenna was used for

transmitting the output of the transmitter to the ground,

3.15 Construction and Envirsnmental Testing

The mechanical design of the payload as shown in figure 40,
consisted of a circular platform, free to rotate about the
centre, and was sdpported by cross bars with respect to a
square shaped outer platform., The telescope assembly'was
enclosed in an aluminium box, with an open top and was‘mOJnted
on the circular platform through an universal joint. The

detector assembly was supported with the help nf gimbals so as



Figure 40 : Photograph of the Balloon bornc X-ray payload flown on Nov. 15, 1971.
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to enable the assembly to freely rotate ébout both azimuth and
belevation. The magnetié sensor elements and the assoclated
electronic packages were mount@dvon the circular platform. The
sun sensor was placed inside the centre tube of the collimator
system with its axis accurately aligned with the normal of the

telescope.

The square shaped outer platform alono with all the‘assoc—
iated mechanical structures was tied to the balloon with strono
tensile ropes. The electrical contacts between this outer
platform containing battery packs, pulse heicht analyser system
and telemetry packages and the inner platform was achieved
through slip ring contacts. The antenna was mounted underneath
this square platform at the centre. A wobden crash pad was

provided for safe landing.

Extensive laboratory fests were performed on all the indi-
vidual electronic units and detector system\to test the ability
of the detector system to withstand both low pressure and tempe-
rature environhents. The photomultiolier base and high voltage
units were potted'with RTV6N, silicone rubber compound, to
prevent coronal effects. The individual modules were therma-
11y insulated with 'Thermocole'. The entire payload was
covered with 'Thermocole' sheets and was enclosed in a polythene
bag ) provide further thermal insulation; The performance of
the detector shows that at no time the inside temperature went

below 5°C Auring the flight.
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3.16 Launch and Recording

Sco XR;l»in its diUrnai traversal, subtends a minimum
zenith angle of 33° at Hyderabad., The detector elevation
accnrdingly was adjusted prior to the flicht and the magnetic
sensors were properly aligned with respect to the earth's field,
The launch was flawless and took place around 40 minutes after
Sun rise in both the cases, The balloons remained over head

till 1 p.m., after which they drifted.east-wards to about 150 Km.

The ground receiving station for the experiments, consisted
of an 8 element yagl antenna, FM receiver, compatible sub-
carrier discriminators, D.C. amplifiers and a fast four channel
recorder as shown in figure 41. Data was received continﬁously
in real time, nearly till the touch down of the payloads.

Ficure 42 shows the sample record of the flight of'November'lf,
1971, The data also records 1 minute time marks, for easy

identification of time.

3.2 Method of Analysis and Results

In this sectinan we present the analysis and resulfs of the
flight conducted on November 15, 1971, The time-altitude curve,
showing the performance of the 3 million cu,ft. stfatospheric
balloon with the 95.7 kg.X-ray payload launched at 0718 hrs. IST
(0148 UT) is presented in figure 43, where the atmospheric
depth in millibars and height in kilometers are plotted as a

function of time. The balloon reached a float altitude of
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35.6 Kms. at about 1000 hrs. IST and floated for about 4 hrs. at
altitudes~varying betweeh 5.2 to 5.6 gms.cm”Q. The pavload
which functioned well throughout the flight was parachuted
down to earth after cut off, Extensive calibrations were done
after reéovery to check the changes in the performance level

of the detector in flight,

3.21 Data Processing

The X-~ray data from the balloon as shown in figure 42,
consisted of events for which the energy loss in the X-ray
detector liés in the prese® energy ranges. The X-ray detector
was programmed to scan the sky at 33° zenith angle alohg the
transit path of the Sco XR-1 source. The time profile of the
data consisted of events recorded by the detector which was
programmed to look in the direction due South for approximately
3.5 mts, and in the exactly opposite direction namely due North
for 1.4 mts. The data recorded when the detector in motion
changing from one direction to the other has been neglected for
the analysis. The counting rates of the various energy channels
in both directions are read and finally expressed as counts per
minute as a function of time for the two médes of detector look

directions separately.

The major contribution to the detector counting rate on
the ground comes from the naturel radio activity. As the de-
tector ascends above the ground, the counting rate at first

* registers a sharp fall and then starts increasing due to the
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increase in cosmic radiation intensity till it reaches a maximum
at around a depth of about 150 gms.cm—z, generally referred to :
as pfotzer maximum. Above the pfotzer maximUm the detector
counting rate starts dropping till it reaches a minimum at a
depth of lO—lS_gm.cm"2 of residual atmosphere and in fact should
continue to further decrease, i1f there were no contribution from
extra terrestrial sources. Inspite of the atmospheric absorpt-
ion, the celestial X-rays can penetrafe upto 10-15 gm.cm‘"2
depending on their energy, the degree of benetration being less
at greater depths. Consequently from the upturn and the observ-
ed progressive increase in count rate at altitudes greater thah

10 gm.cm’Q, the contribution due to the celestial X-rays can be

evaluated,

Any X-ray telescope pointed in the direction of an X-ray
source registers count rate due to two components., A small
fraction of the total counting rate arises due to the X-ray
emission from the source and the rest of it is contributed by
the'géneral diffuse X-ray background and secondary cosmic ray
induced events. The balloon altitude data indicates an almost
uniform depth of floating from 1115 to 1320 IST. In figure 44,
the count rate obtained when the telescope looks due South,
averaged over 10 mts interval for improved statistics, 1is
plotted as a function of time in various energy channels. The
average countinag rate obtained during this time when the
telescope looks due North and which registers only the back-

ground i1s also plotted for evaluating the source count rate.
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The back ground being omnidirectional, can be subtracted from

the observed count rate to obtain counts due to the source.

3,22 Exposure Efficiency of the Detector

In order to evaluate the absolute flux from any point
source it is necessary to compute the exposure efficiency of
the detector as a function of time., The exposure efficiency
of the detector depends on the collimation response of the
| telescope and the elevation of the telescope axis with respect
to the source, which continuously changes as the source moves

with respect to the stationary telescope axis.

A beam incident parallel to the detector axis, illuminates
the full'érea of the detector. As the angle © between the
source beam and the detector increases, the illuminated area
progressively decreases till itvbecomes zero at an angle Emax.
The value of the limiting angle éémax is given by

- S
tan C%ax = % ea 3.2

where r and h are the radius and height of the collimator. The

area exposed to the parallel beam at an angle @is given by

A(®B) = 77' A, Cos® [ﬂCos m?i?!fhmx+kﬁﬁléﬂ

- Cot @fnax -tan& /J_ - (cot (::) -’,'ta‘n 9)2
X e 3.3

where A, is the area of the detector. Figure 45 represents
the telescopic collimator response used in the flight. The
full width at half maximum (FWHM) for the system is 11.6

dogrees, For the 11.,6° FWHM, the telescopé traces two
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bands in the celestial sky in North and South directions with
average declinations +50.5° and ~15.5°'respectively. In

figure 46 we have plofted the trajectory of the varisus sources
including Sco XR-1 on Nov.,15, 1971, as they drift in time into

the field of view of the telescope.

The angle & between the source amd telescope axis can be

calculated from the relation

Cos & = C(Cos (AT - AS) Sin Zy Sin Z_ + Cos Z_ Cos 2y
.o 3.4
where Ag and Z, refer to the Azimuth and Zenith angle of the
source and AT and ZT are the respective angles defining fhe
direction of the telescope axis. Combining equations 3.3 and
3.4, the exposure efficiency M (t) of the telescope for any

source at time 't'!' can be written as

M (1) = &LE) L. a5

A * e
The total exposure E,(ch—sec) for a source during its obser-
vation by the telescope can be computed, by integration over n

equal intervals of time At, and is given by

| : N

E=n = My (0.8 .. 3.6
The total exposure time T, = f:,/Ab corresponds to time durat-

ion for normsl incidence of X-rays from the source during the

totaivobservational period,
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3.23 Evaluation of the Count Rate Flux of Sco XR~1 for Normal
Inc1dence

Referring to the trajectory diagram it is observed that
Sco XR-1 has a meridional transit at 1255 hours IST on Nov.l5;
1971. The Sun was in the field of view of the detector till
1220 hours. The éluster of sources in the galactic centre
" region start drifting into view after 1315 hours. Consequently
the count rate observed betweén 1220 to 1310 hours will have
contribution only from SCO'XR—l source superimposed over the
general background. The excess flux due to Sco XR-1 is evaluat-.
ed, by subtracting the count rate recorded when the telescope
looked 180° away in azimuyth i,e. due North, from the count_réte
observed when Sco NP1 is in the field of view. For the purposes
of ca;culations the total excess couﬁts in each channel during-
the period of time 1235-1310 IST, where the collimation admitt-
ance efficiencyvis greater than 60%, has been used: The diff-
erential count rate Cj due to the source at the depﬁh:of'obser—

vation is
S.
C. (E) =g—brm coum:s.cmg.sec"l.Ke\/"l ve 3.7
-yl g_AEj _

where Sj represents the ‘total excess flux in the jth channel -

of average energy Ej_and width LSEj‘for the duration of timej% ..

3.24 Absorption of X-Rays in the Atmosphere

A beam of X-rays passing through the atmosphere, undergoes
attenuation by photoelectric and compton processes, the amount

of attenuation varying with the energy of the incident X-rays, .
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2 of atmosphere, about

At typical balloon altitudes of 5 gm.cm”
97% of 20 KeV X-rays and 85% of 30 KeV X-rays are absorbed. At
higher energies the attenuation becomes less being 67% at

50 KeV and 53% at 100 KeV.

- Considering the interaction of X-rays in the atmosphere,
below 30 KeV, photoelectric process dominates while for X-rays
above 40 KeV, the compton scattering becomes thelimportant
mode of interaction. In the calculation of diffuse background
it has now been shown by Kasturirangan and Rao (1971) that
‘consideration of multiple compton scattering is vefy important
to arrive at the spectral shape and flux of X—rays. In tbe
case of point sources the effect is relatively insignificant
even though compton scattering of X-rays generaily tend to
slightly broaden the angular size of the source. The atmosphe-
ric atténuation factor for X-rays due to absorption can be
written as

~ UE:Xé 

A (E) = e .. 3.8

where 5%(E} is the mass absorption coefficient for X-rays of
energy E and Xa refers to the thickness of the atmosphere in
gms.c:m"2 along the line of sight, 1In figufe 47 the ffansmission
faétor versus energy is plotted for various gfammages of atmos-
phere traversed. As the zenitﬁ angle of the source practically
remained constant during the period employed-for our calculat-
ion of flux, the variation of attenuation factor with zenith

angle, is negligible.
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3.25 Spectral Analysis

Any form of incident spectra underon distortions in propa-
gation through the overlying atmosphere and in the detector.
The flux F' (E5 at energnyi for a spectral form J(E) of the

incident spectrum can be written as
’ (S

\ ‘ 0
F(E') = S.J(E) A(E) €(E) R(E, Et) dE .. 3.9
where A(E) represents the absorpotion in the air and € (E) the

efficiency of the detector system given by expressions 3.8 and
. . ¥ '
- 3.1 respectively. The resolution soread, R(E, E ) due to

statistical process has the gaussian form

¥ 2
Rie ) = | E=E)? .30

ffxm’ 267

where @ = gwg;5 E. The flux F' (E\) is integrated between
energy bands Elj and E2j of the jth channel to give the average
count rate flux CB andEis
Cﬁ = TE%EQT S > F‘ (E‘) dE‘ counts.S(—:-c"l.c:m"g.Ke’\/—l
’ Ey; .. 3.11

where [gEj is the channel width in KeV.

.The'functions representing absorption. in the atmosphere
and the efficiency of the detection systemAexhibit steep linear
variations below 30 KeV, but are practically constant above
this energy. The effect of limited resolution, which flattens
the spectrum is small especially at higher energies. So to a
first approximatiaﬁ, the incident spectrum can be directly

inferred from the observed count rate oF (expression 3.10) by
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taking average values for A(E) and & (E) and neglecting the
effect of R(E). Later this spectral form is substituted in the
convolution integral 3.9 and by successive iterations the funct-

ional form for the incident spectrum can be obtained, )

In our calculations we assumed two different spectral forms -
a power law and an exponential form for the energy spectra. The
photon power law spectrum representing the synchrotron emission
mechaniém

A

J(E) dE = K E~ dE pho’cons.cnn_Q..sec"l -1

,KeV oo 3.12

and the thermel bremsstrahlung emission

“J(E) GE = K.E”lexp (-E/Q!) dE photons.crn'"z.sec"l.'Kev"l

. 3.13
where ¥ and T, represent the electron spectra responsible for
the X-ray emission and K is the intensity constant, have been

considered,

3.26 Sco XR-1 Spectrum

In figure 48, we have plotted the energy spectrum of
Sco XR-1 on a log-linear scale. The count rate in the first
two channels are significant at 3 & level. Only upper limits
could be provided'for the 53-67 KeV channel as no positive
flux.is observed (figure 43). The other channels including
tﬁe sum channel have~2&level significance. The figure 48
shows the energy spectrum above about 40-50 KeV becoming flat.

The energy flux in the first three channels was fitted to an
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exponential spectrum, as no»single temperature can represent
the entire spectrum upto 100 KeV. ' The characteristic temperat-
ure associated with bremsstrahlung emission from a hot thin

7OK, a value which agrees with

plasma was found to be » 9 x 10
the observations obtained at energies below 20 KeV. Along

side are plotted the results of other experimenters and.are in
general agreement with the results obtained by us, The power
law fit for all the channels show a good fit with a photon |
exponent of 3,6 + 0.5, In figure 49 we have plotted the photon
flux against energy with this power law spectral fit. The
spectrum, if it represents a synchrotron emission mechanism,
has a slope much steeper than Tau XR-1 or Cyg XR-1l. The dis-

cussion of these results alono with other similar observations

are presented in the next chapter.

-----



CHAPTER IV

DISCUSSION ON SCO XR-1 RESULTS

In this chapter we discuss the results pfesented previously
and determine the spectral characteristics as well as the
phHysical parameters of the star Sco XR-1. We attempt to formu-
late a self consistent model from the observatibnal features
and discuss them in terms of the model proposed. In this proce-
ss we examine not only X-ray observations but also the observaf—

ions in the other regions of the source and their interrelations.,

4,1 Low Energy X-Ray Observations

The differential X-ray flux measurements repdrted earlier

have been fitted to a simple exponential spectrum

~E/kT 4

I (E) dE = A ¢ eee 4.1

which represents the radiation emitted from a hot thin plasma,
to a f%rst degree approximation. In the above equation I(E)
represents ths differential energy spectrum and k is Boltzman's
constant. In this expression the gaunt factor that occurs in
the bremsstrahlung collision cross section is assumed to be
constant, and its variatibn with electron energy (Ee) and photon
energy‘(E) is neglected. For a more exact expression, we use
the non-relativistic brémsstrahlung collision cross section
without ﬁucl@ar screening (Koéh & Motz 1965) which can be

expressed as



2 2 v 1
de" _ .J;éo( .‘g_.__i@ L 1n)“{1)+ﬁ -
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B | e FZEED | |
where of is the fine structure constantL_re is the classical
2E 1 2(Ee‘; EY
electron radius,l3 (=) —=) and B= o are the
J 2 )

velocities of the electron before and after collision, In this
expression the term 'wmvtimes the last term is the Elert
factor. At low frequencies (E € kT) fhe Elwert factor is unity.
At high frequencies (E) kT) this factor departs from unity,
however, for low Z materials this correction is not large.
Setting this factor at unity, the intensity can be obtained by
folding this bremsstrahlung crosssection with the maxwellian
electron energy distribution and can be expressed for all photon
energies as |

—
e-.E/kT eE/QkT

_ . E }
I(E) dE = Ay K, (EET) dE e.. 4.3

-

where KO(X) is a modified Bessel .function of the second kind.
The function KO(X) has the form for E<£ kT

E

o (E_y _ 4kT :
Ko (zip) = In (Fg~) - 0.577
and for E? kT . aef
e '
E _ v -E/2kT -
o (g7 = |7 - AT (/2

v
Thus the intensity spectrum I(E), due to bremsstrahlung process
will have a form which is not a simple exponential functisn but

depends on the form as expressed by equations 4.3 and 4.4,
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"TABLE IV

Comparison of Intensity Functions Describing Bremsstrahlung

rogor frersy Motiries tereel | Singte Bt
0.01 | 7.2 1.87
0.1 | 4,72 - 1.82
1.0 2.19 1.52
3.0 1,02 1.02
5.0 | | 0.56 | 0.68
3.0 - 0,95 0.37
10.0 0.15 0.25
' 15.0 | 0.048 0.093
20.0 | 0.015 0.051
30.0 1.7 x 1073 4,5 x 1072
40.0 2.0 x 100% 6.2 x 1074
50.0 2.5 x 107° 8.4 x 107°
80.0 4.8 x 1078 2.1 x 107/
100.0 8.0 x 10710 3.8 x 1077

Table showing the intensities derived using simple exponential
formulation and using gaunt factor variation expression., Both
these intensities have been computed for Z = 1, kT = 5 KeV and
normalised at photon energy = 3 KeV.
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In Table IV we present a comparison between the results
obtained using this modified Bessel formulation and the simple
exponential which has been often used in X-ray astronomy liter-
ature. These expressions have been computed fér Z£=1 and
kT = 5 KeV and have been normalised at the X-ray photon energy,
E = 3 KeV. It is clear from the table that at very low photon
energies (£.2 KeV), the estimates from equation (4.3) are higher
than the simple exponential functioﬁ and vice versa - in the
higher X-ray energy range(»15 KeV). In the X-ray region 2-15 KeV

they are nearly equal.

Using this modified exoression the spectrum of Sco XR-1
has been derived for each of the four rocket flights N,A.40,04,
N.A.40,05, K-9M-27 and S-210, observations. Figure B9ashows
the spéctral fit for the energy flux in the case of experiments
conducted on 26th and 28th April from TERLS and figure 50bfor
the two experiments performed on August 7th and Stﬁ from KSC,
The‘temberatures derived by including.the gaunt factor calculat-
ions are shown in.the respective figures. It is seen that the
derived tempgratures (7 KeV and 9 KeV) with the exact express-
ions for the N,A,40.04 and N.A,40.05 observations are signifi-
Eantly higher than the simple exponential fit values (5 KeV

and 7 KeV).

In Table VI are listed the temperatures obtained for the
epoch corresponding to each of the rocket flights conducted
by us. An examination of table clearly indicates that the

temperature of the source varies from epoch to epoch in a



- 141 -

(A D3 T WO CAD)  ALISNALNI

LB 1 lsin,[T T LR 2
a; i ’
N, Lo
o ixs
...»':. x )-~v+~--—q Jw
~ *. o -
< o l
F o Ty Y
X
g . LY “Hm
w};,{'
B - <
s d I basaa by 4 Laivga by s |
SR O e
(@] s} o 9 0 o @ o (:‘3
- - (@] [}
(=]
LB LA )
A &~
Y]
»
»u;‘ 2
o
d
o
- o o
«f
A o
a <r
Jllllv 4 4 ,tlllvlL i i ilj«]l’l ! o)
() 0 Q- o 0 ~ Lo I o
o Ts} o™ - - &) [»)

nergy specirs of X-ravs fr

The &
TERLS,

I

2 5C0 XRe

s

¥

a

FigS50a=-



142 -

rwiysodey we 3 pIAISSqO T-HYYX 09F woi}

(A3X) ADYINT

.ww_wa@o aoceds
shex~y Jo 2I32ads Abisus syl -q0s*Hig

L

-

L 69618 1SN
— .

any -’
]

=

-

696142 15090V

e
-
-

sz 02 &l 0l s o sz o0z s o 0
T T r T ! SR I ,

. . - - -

- m,.z/ VoL e

1 1 001 l |

Gl

o
U}

Q0!

WO 'AIX)  ALISNILNI

2

(_363”, 103S .

i



- 143 -

significant manner. The existencevof such variations in the
energy fiux and spectrum has been oEseryed by other workers as
the table indicates (Burginyon et al, 1970), Since it is now
recognised that the low energy X-ray flux from Sco XR-1l is
representative of thermal bremsstrahlung emission from hot thin
plasma, the observed variation'in temperature of the plasma and
the flux of X—ray}emission have been utilised to understand the

physical parameters of the source.

We assume a simple model for the source namely a spherical
cloud of hot plasma at a uniform temperature. Even fhough such
simple models are not completely realistic;'neveffheless {hey
help us in gaining a quantitative insight into the physical
mechanism responsible for X-ray emission of the source. The
free~free emission flux at a distance d from a source conslstlng
of a spherical cloud/hgt plasma of radius r at a uniform tcmoo—
rature T and having uniform particle density n, can be repre-
sented by

2 .3

: _ . =15 n° r ~E -
Ieg (E) = 3 x 107°. e g. exp (ET).(kT)

N

1 . 4.5
KeV.sec™ .cm ©.KeV

. . . . -3
where g is the gaunt factor, r and d are in cms, n is in cm

o)

and the photon energy E and kT are in KeV. If the cloud is

fully transparent to X-rays, the, X-ray emission measure n2 r3

can be evaluated for the observed temperature T, assuming a

reasonable value for the distance d. The emission parameter

2 .3
E-§m of Sco XR-1 is evaluated for each observation, utilising

3d
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the intensity observations at 6 KeV, where the efficiency for
the observation in general is maximum and is also tabulated in
table VI,

2 .3
Figure 51, presents a plot of L g versus temperature kT
3d
for many observations both from our group and LRL group. - The
2 .3

2
_ 3d
temperature as represented by the dashed line. The emission

plot indicates a definite unique relationship between and
measure is inversely proportional to kT. Thé relationships
between kT and individual parameters n and r cannot be obtained
from X-ray data alone and therefore we have used data from the
simultaneous optical observatios fdr deducing the magnitudes
of individual physical parameters n ani r and their interrélat-

ionship with kT,

4,2 High Enerqgy X-Ray Region

Before proceeding with a discussion of the behaviohr of
Sco XR-1, X-ray source at high energies, we will compare our
resulté obtained from balloon flight over Hyderabad with similar
results obtained by other workers. In figure 52 we have
plotted most.of the available world data on the energy spectrum
of Sco XR-1 together with our observations. Above 20 KeV we
have shown practically all the available data points from
varion balloon flight experimenfs. At low energies below
20 KeV we have included the results from our rocket flights and
these represent adequately the average flux generally observed.

In addition two rocket experiments of Grader et al. (1966) and
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line emission. A similar feature, though less significant, was
observed'by'Réigler et al. in the 40-50 KeV band. However,
since this feature is not confirmed by other workers we shall

disregard this observation for the present.

Comparing the various observations above 50 KeV, it is
apparent that even though most of the values reported are
significant at only 1-2 o level, and‘inspite of many disagree-
ments between different observations, the obsefvations clearly
indicate the existence of positive high energy X-ray flux from
the source. However, the large statistical errors associated
with the observations preclude us from deriving definite conclu-
sions regarding these flux variations. In spite of the large
stetistical errors, it is noticeable tbat there are definite
instances, like that renorted by Matsuoka et al. at 90 KeV and
Agrawal et al. at 120 KeV where fhe observedffluxes have been
significantly higher than most of the other observations which
clearly indicate the existence bf strong time variations, even

at higher energies.

4.22 Spectrum

Even though a simpole expOnentlal fit can adequately repre-
sent the flux below 20 KeV, the Sltuatlon becomes entirely
different when rocket and balloon results are considered to-
gether. In figure 52, where both the observations at low and
high energies are plotted, two theorctical fits one describing

a simple exponential and another incorporating the gaunt factor
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variation are considered. These fifs are normalised at 5 KeV
to adequately'describe the low energy results, It is evident
from the figure that the theoretical flt which employs a 51mple
exponential fails to describe the high energy observations,
Whereas the theoretical expression using the exact expression
is better fit upto 40 KeV, it is still evident that thelobser—
vation points in the 20-40 KeV fall below the theoretical curve.
In other words the observed results in the limited range of
2-40 KeV are not consistent with a hot thin plasma at a single

temperature,

As in the case of coomic diffuse X-ray background, it can
be suggested that the discrepancy or apparent break in the
spectrum could be due to the dlfference in techniques viz.
rockets and balloons. In the case of diffusé X-ray.
backaround, when multiple compton scattering of X-rays in
residual atmosphere is taken into consideration, the discrepancy
between rocket and balloon obsorvations can be resolved satis-
factorily. However, for a point source this correction is
negligible and aslsuch is not applicable. In order to avoid
this ambiouity, we have closely examined the rocket observations
of Grader et al. and Toor et al. which covers the entire 2-40 KeV
energy range. Even though both these experimenters claim that
their data can be fitted to a single exponential spectrum, a
closer scrutiny of the observations between 15 to 40 KeV
indicate a steeper slope than the 2-1% KeV range. Further, in

view of the fact that the fluxes quoted by these authors are
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different we believe, it is not possible to reconcile with a

single spectfal fit for the entire 2-40 KeV range.

At energies above 40 KeV (ref.fig.52) it is evident that
an exponential fit is completely inadequate. The observations
very:clearly indicate a flattening.of the energy spectrum. Many
attempts have been made to fit both exponehtial and power law
functions upto 100 KeV. Table V provides power law exponent
and temperature kT for each of the observations. In order to
verify the energy dependenece of intensity we have performed T
test. T>2,5 indicates that the intensity is a function of
energy. The ‘observations,e,g.Agrawal et al.;show that, -at
higher energies, the intensity is practically independent of -
~energy indicating a flattening of the spectrum. In most of
other cases, the intensity shows a falling off with energy.
Assuming that the anomalous behaviour observed occasionally
is due to time variations, we have attempted to fit both power
law and exponential spectrum to the rest of the data. The
goodness fit of the observations in each case for both paNerl
law and exponential fits is determined by the regression coefo
icient befWeen the relevant parameters. Hae Table V indicates
that the regression coefficient for flux above 20 KeV with the
power law fit is generélly better than the regression coeffic-
ients.obtained'by using exponential fit even though the diffe-
rence is statistically not significant. In other words our
analysis show that thé observations can be better fitted to a

power law spectrum with an index @~ 3.0 +. 0.5. However, the



- 152 -

poor statistics of observations above 20 KeV makes it difficult

to conclusively prove this.

4.3 _Simultaneous Optical and X-Ray Observations

Since the discovery of Sco XR-1 emission not only in X-ray
region but also in optical, radio and infrared regions all of
which seem to be time dependent, many attempts'have heen made
to measure and correlate simultaneous cbanges in X-ray, optical
and radio regions. During the period 1967-69, Lawrence Radiation
Laboratory group at Livermore have made nearly eicht observations
with proportional counters and halide crystals. The X-ray
observations were conducted for a range of optical luminosity

varying between 12.4 to 13.2 magnitudes.

Under the collaborative programme between Prof. Oda's
group at the University of Tokyo and ours, we have attempted
vto conduc£ simultaneous optical and X-ray observations. The
X~ray observations were carried out when the star was on the
Thumba.Horizon. Since at this time the star had an elevation
‘-“35O to 40° as seen from Ok ayama Obsérvatory (Tokyo), it was

: : photographic '
only suitable to carry out/optical observations from Okayama, Also
the moon set during this period occured nearly one hour after
the launchings ffom Thumba, Photographic obhservations at
Okayama were conducted with 20 cm refractor mounted on the
91 cm reflector. Extensive communication lines were set up to
successfully conduct the simultaneous X-ray and optical obser-

vations under clear sky conditions and tn decide, in advance,

on the 15 mt window for both optical and:X-ray observations.
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For the. rocket flights from Kag&shima,a temporary station
at Taniyama, Kagoshima (Japan),was set up for observing Sco XR-1
during the launchings. A 10.4 cm cameré (F/4.8) with a combi-
nation of blue sensitive plate and ultraviolet blocking
filter was used. The error is estimated at + 0.3 mag. In spite
of all the extensive arfangements, due to bad weather patches
and other mishaps it was possible to make simultaneous observat-
ions during only one flight. This occuﬁed when Sco XR-1 was in

its darkest phase.

TABLE VI

Simultaneous X-Ray and Optical Observations

‘Date © Group ?i?piiaéz€§ ngégxio_ls (ﬁag)
(cm™)

1967, May 18 LRL 7+ 1 37 + 6 12.8
1967, Sept. 29 " 4+ 0.7 80 + 29 12.5
1968, May 9 " 7+ 1 28 + 6 13.15
1968, May 19 " 5.5 + 1 38 + 6 13.2
1969, April 26  PRL-ISAS 6.8 + 1 31 + 6 -
1969, April 28 " 8.6 + 1.2 25 + 5 -
1969, Aug 7 i 12 + 2 30 + 7 13.4
1969, Aug. 8 i 9+ 1 28 + 8 -
1969, May 17 LRL 8 23 + 5 13,19
1969, May 24 " 6,5 + 1.5 50 + 5 12,56

Rocket observations of Sco XR-l. LRL : Observations by
Lawrence Radiation Laboratory (Livermore). PRL - ISAS :
Physical Research Laboratory (Ahmedabad) and Institute of _
Space & Aeronautical Science (Tokyo). Effective temperatures
have been determined in the energy range 2-20 KeV taking the
gaunt factor into account.
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Fig. 53~ The relatisn between optical blue magnitude
B and the temperature KT of Seco XR«1 complled
from results obtalned by rocket observations,
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In Table VI we have presentea the various X-ray and
optical obsérvations that have been éonducted. The temperature
Sbtained from ¥-ray data and»the emission measure along with the
optical luminosity in terms of blue magﬁitude are gilven in the
tablé. In figure 33 the relati5nship 5etween blue magnitude
and temperature observed during the various flights are plott-
"ed, It is seen from the figure (excluding the result of May 15,
1968 which coincided with a flare observation) Sco XR-1 tends
to be brightest when its temperature is lowest, inspite of large
scatter. A best fit curve defining the relationship between B
and kT is also shown in the figufe. The relationships plotted
in figures 51 and 53 indicate a definite relationship between
X-ray and optical flux through kT. On the basis of the emperi-
cal relationships between B and kT and the volume emission
measure 52 ;3

)
and blue magnitude for a set of kT values and are tabulated in

and kT, we have determined the emission measure

Table VII. This will be used for further analysis.

TABLE VIL

Compilation of Physical Parameters of Sco XR-1

>
KT (KeV) noL- (em™3) B (mag)
34
4 8 x 100 12.5
16
6 4 x 10 12.9
16
8 3 x 10 13.1
10 3 x 10%© 13.3
3 x 106 13.4

e M o s it oo e s e S e SR sk R T e P e S TS S e ot P g St et S oy e o om A5 s e TR ey e St e et Y it o St ot At P P it S A Sy P v o Nt i 12

This compilation is based on the relationships shown in figures
51 and 53,
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4.4 Hot Plasma Cloud Model for Sco XR-1l

The inter-relationship between the optical brightness and
temperature derived from X-ray data implies a common emission
mechanism for X-ray and optical flux in the spherical cloud.of
hot plasma; On the basis of thermal bremsstraﬁlung emission
from a hot thin plasmé, the expected flux in the optical region
is calculated for the parameters listed in Table VII using the
energy dependent gaunt factor equation (4.3). As the optical
observations of Sco XP~1 have shown the color excess to be
essentially constant or B-V = 0.2 + 0,05, we have obtained the
corresponding V magnitude for each set. These apparent optical
magnitudes were converted into energy flux values F(V) and F(B)
using the table given by Mathews and Sandage (1965). The obser-
Qed energy flux values at V (5500 X) wavelength are mucH below

the extrapolated estimates IfEV) as shown in Table VIII.

TABLE VIII

Optical Data of Sco XR-1

M e i o e S vty e v P ey (e VIR St B0 Y iy Pk oot Ain ey et B 0o WA Sk At St e Sy e G MWW oy Mt i M b e e T ot W S e s Mok 908 e in e et e s

kT B F(B) ______F(V)____ _IcdV)
(Kev) (mag) (KeV/cm 2 sec. KeV)

4 12,5 62,5 69,1 600

6 12.9 43,2 47,8 2472

8 13,1 32.8 . 39.8 159
10 13.3 29.9 33.1 143
12 13.4 27.3 30.2 130

o i e S e ot T e o TS e it s (i S Gt oot T 3200 it St i MO fie St L i ey St oy ey T e m e St r e e St T Py e Y et ey e oo VS Fee A . VTR S Wt T v T e h

For the kT and B values of Table VII, the optical flux in Blue
and Visual has been obtained using table provided by Mathews
and Sandage (1963). The theoretical value in Visual Iféy}has
been obtained by extrapolating from X-ray data. :
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The attenuation factor necessary to explain the optical
observations as an extension of thermal bremsstrahlung emission
from thin plasma cannot be understood in terms of theé inter-
stellar absorption of optical photons. The interstellar absor-
ption\is stronger in Blue than in Visible region. From the
strength of interstellar Ca II lines the extinction in V,20.75 mag.
observed in the case of near by stars (Wallerstein 1967), is
believed to be a reasonable value for Sco-XR—l which, however,
is less than what is needed to expléin the optical continuum
from X-ray data, Besidesjthe optical spectrum cannot be
éxplained by interstellar reddening alone and needs less steeper
extinction than observed in the near by stars. Thué the data
requires an additional attenuation in the source material to
expiain the observed spectrum and intensity in the optical
region. We have assumed free-free absorption in the source
material which has more absorption in Visible than in Blue.
Using the free-free absor»ntion coupled with interstellar
absorption, simultaneous observations can be used to determine
the source parameters T, n and r and the reiationships between

them.

The energy spectrum of the free-free emission generated by
a semi-opaque plasma can be expressed by the approximate relat-
ion

HE) = 1 - exp (=)

S T.. (E) ... 4.6
(pg £f
where ?%f is the optical depth for free-free absorption and is

expressed as :
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?%f = 7.7 x 10‘4, g (kT)'a/z. E‘Q. n° e 4,7

The interstellar absorption'AV can be represented by an extin-
ction curve with R = 3, where R is the total to selective

absorption and is written as

A

v
— * o 8 4.8
Ag = Ay

R =

Assuming different values for the extinction AV and the optical

Vdepth Z.r, we have corrected the observed optical data of
Tt >t 1%

Table VIII through equations4.8 and 4.6. The best values of

Ay and Zep for which the convergence of the optical data and
the extrapolated values occurs is computed for the combinations

of n? r3, B and kT of Table VII. The optical depth so obtained,

for any particular temperature allows evaluation of the para-
meter n2 r using the expression 4,7. From the parameters n2 r3

and n? r, 1t is possible to determine the density n and radius

of the plasma.

TABLE IX

Physical Parameters of Sco XR-1 on the Basis of
Isothermal Hot Plasma Cloud.

e e s o £ e S e i e =t o i Al Fe S P W e e W SR g T e Gt i e S £oY i i S o S ot S N iy Y et oS S S M i S 4SS i i 8 e S

kT (KeV) Ay (mag) r(cm) n(cm>) Tos
4 . 2,9 x 10° 9.1 x 10%° 17.6
0,2 x 108 9.7 x 101° 14.3
8 . 1.4 x 108 1.6 x 107 15.2
10 1.0 1.2 x 10° 2.1 x 10t 16.8
12 1.0 1.0 x 10% 2,7 x 10t 18.1

e e s £ e = o R e e ot iod oA F S e b By et P Ty oy oy et Aot W 2 Mot it e Gt T B VMY S St S o o e e S S M MR o S T e S By S e S S e e S

Distance 'd'!' is assumed to be 300 pc.
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In Table IX we present the value éf AV,/gngngaga?ggé%ﬁe
cloud, for each set of observation of table VII.for the assumed
distance of 300 pc for Sco XR-1. These observations show that
the size and density of the source are of the order of about

lO8 - 109 cm and lOl6

- lOl7 atoms cm‘3 respectively. Thése
values are in essential agreement with the previous investigat-
ions of Chodil et al. (1968) and Nageaubauef et al. (1968), The
resultant Av values are some what larger than are expected for
the assumed distance of 300 p& (Sahdage et al. 1966). The
difference may be due to the fact that the distance is little

larger than is assumed or that part of the extinction is due to

circumstellar dust cloud.

The attenuation depth for electron scattering may be

“expressed as

'Zés = <3T n.r e.e. 4.9

where 5T is the Thomson scattering cross section (=6.65 x 10"25
cmﬁz)} In the earlier estimates photons are considered to
exchange enerqgy withvthe plasma by free-free absorntion,
However, the optical scattering depths‘ZeS obtained, for the
values of n and r obtained, are quite high as shown in Table IX.
As such, the photons produced in the cloud are scattered many
times before they cbme to surface which may result in distor-
tion of the emergent photon spectrum. Chodil et al. (1968)
used a conventional diffusion theory to take this into account,

Loh and Garmire (1971) have considered the effects of electron.

scattering on the photon spectrum.
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| Loh and Garmire treated the probiem by means of Monte-
Carlo.caléulétions to estimate the distortion of the spectrum
from X-ray to infrared regions. The energy shifting mechanism
indicates thermalisation of photons. The electron scattering
therefore increases the X-ray emissivity for a given temperat-
ure. This makes the electron temperature of the source T, less
by as much as a factor of two or three than the observed.radiat—
ion temperature T, which increases with increasing optical
depth for a given T . In addition the spectral shape at small
optical depth although can be characterised by a single tempe- .
rature, at larger optical depths, zés;blo, the emitted spectrum
show deviétions,'so that a single temperature is not Valid-over
the entire spectrum and at higher optica; depths the source

behaves like a black body.

The results of Loh and Garmire (1971) obtained for a

limited number of computations are simulated by the approximate

formulae
_ . ’ .. 2.5
T = fo (1 + ?'Q§4;5 < es )
- exp (=
I = . = If (T) and ees 4,10
Za i

_ f
v (e ]2,
T T3 | ff(To)J es/
Assuming that these expressions are valid for wider ranges of
T, n and T we: have extrapolated Loh and Garmire calculations
and produced modified model spectra for various combinations
of the parameters. We have fitted the modified spectrum to

the observed spectrum in the X-ray range and the optical range.
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TABLE X

Physical Parameters of Sco XR-1 Calculated as
an Isothermal Hot Plasma Cloud
(Including Electron Scattering)

.—-..-.-._..-_..._—u-....—--—-.a-.-,.._,—u-—.-._..—w——-._-.w._m.-—_m_.—.—._-....‘-.——_——_-——_—-.——-—.—.——.—«-

KT(KeV)  Ay(mag) kT (KeV) r (cm) n(cm3) e
4 1.1 03 x 108 1.6 x 10 9.9
6 0.9 5.6 x 105 2.4 x 101° 9.1
8 0.9 3.7 43 x 108 3.1 x 10 8.9
10 0.9 4.4 3.8 x 108 3.7 x 100 9.4
12 1.0 4.8 3.5 x 10° x 1010

The results from these modified calculations are tabulated in
Table X. We obfain lower temperatures compared to those obtain-
ed by néglecting electron»scattering; k TO = 2 to 5 KeV while

LT = 4 to 12 KeV. The cloud will be little larger, by a

.factor of about three to four and less dense apprOXimately by

a factor of six than those of the previous estimates. Essen—
tially the free-free emission estimates are valid except for
small numerical factors and clearly any further calculations
require detailed understanding of the electron scattering

effects,

Examination of Tables IX and X, indicates that Sco XR-1
is a compact objecf with dimensions comparable to or lower
than a white dwarf. This suggests a possible generic relation-
ship between the X-ray source and a white dwarf or perhaps
oven a neutron star. The size is consistent with the distance
at which a gas of this temperature 1s confined by a gravitat-

jonal force of a central body of a solar:.mass as oiven by



r = ceB om el 4011

where G is the gravitatiOnalVconstant)mp 1s proton mass and MC
represents the mass of the central star and € is the efficiency
of conversion of gravitational energy into thermal energy. The
vari ation of the size of the cloud with temperature is consis-
tent with the gravitational confinement of plasma. In addition
the change in density is not proportional to r'3 thus indicating
accretion of matter in the bright phase. All these features
support the binary'hypothesis for Sco XR-1 where in the gravika-
tional infall of material from an extended component on to a

compact central star supplies the ens=rgy for radiation.

In the above discussion we have considered the observat-
ions of the LRL grouDvwhich are similar to our exveriments.
Satellite measurements -of the X-ray intensity of Sco XR-1 by
Vela 5 satellite have been reported for two periods of approxi-
mately 4 hours each (Evans et al. 1970). In one of the periods
simultaneous optical observations were made and an optical flare
was observed. The other period contained large and rapid
changes in the X-ray intensity. Assuming that the thin hot
cloud model is applicable in flare period, we estimated the
“2553 and kKT for the pre-~optical flare perlod of August 2nd,

and for the period of sudden X-ray increases or X-ray flares

of October 17th, from the published data. We have plotted
2 .3

the results on the diagrams EWM%“ Vs, kT and B Vs kT and are
3d

shown in figures54 and 55. For the X-ray flare period of

October 17, as optical data is lacking we assumed an optical
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flare to coincide with the X-ray flare and as the optical flare
in general'appears when Sco XR~-1 ig in its brightest phase
(B 2z 12.4), we obtain the square renresenting a flare on the B
Vs, kT diagram. Similarly, the OSO III satellite observatiéng
of Hudson et al. (1970) during flare and quiet period are also

plotted in the same figures.

The satellite 0SO III observations show relatively high
intensities compared to other observations., The two channel
spectral informationsfrom the Vela satellite are inadequate to
determine the kT values to good degree of accuracy. From the
figures it is clear that the observations related to flare
cdnditions,fall in a separate category compared to all the
quiet fime variations, From the observations we have, we can
only conclude that the flare type variations are completely
different from the normal quiet type variations exhibited by
the source and unlike the quiet time variations, the flare type
variations cannot be understood in terms of the simple theore-

tical model oresented above.

4.5 Theoretical Models for Sco XR-1

Before proceeding with the discussion of an appropriate
theoretical model for explaining the observed X-ray emission,
we first summarise the various observed features which have been

discussed earlier.

1. Assuming the star to be at a distance of 300 pc

(Hiltner & Mook 1971), the observed intensity at earth
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indicates that the total luminosity of the star is in excess

of 5 x 10°0

ergs/sec. The assumed distance of the object is in
good agreement with other estimates such as by Wallerstein

et al. (1967) from Ca II line'absorptions ( »270 pc), by

Sofia et al. (1969) from proper motion data (v 200 pc) and by

Oda et al. (1971) using interstellar reddening (300 pc).

5.  The emission spectrum in the X-ray range (2-15 KeV) can be
adequately described by an exponential with an tet folding
energy of 4-10 KeV. The high energy flux »>20 KeV can be
considered as an extension of the low energy spectrum upto

V4% KeV. Alternatively, the flux in the range 20-100 KeV

can be considered to follow a power law with an exponent‘&‘
»w3,0 + 0.5. The flux at all energies above 2 KeV show both

irregular variation as well as flare like enhancements.

3. Below 1 KeV, different X-ray flux observations show
mutually inconsistent results. The results of Fritz et al.
(1968) and Rappapartet al.(1970) indicate that the observed
flux at these energies is consistent with the extensipn of the
exponential spectrum implying a neutral hydrogen density
wv0,2 X 1021 cm™2. This means that the value of Ny is much
smaller than expected or alternately the source is an intense
emitter in the soft X-ray region. ©On the other hand the flux
values reported by Grader et al. (1971) are very much below
compared to Fritz et al. and Rappaport etal. These values

21 _ -2

require an absorption due to matter greater than 10 cm

atoms,‘if the low energy X-ray flux is assumed to be a
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continuation of 2-10 KeV flux observations.

4, The visible counter part is -~12.5 mag. blue star, whose
luminosity seems to vary from 12.2 to 13.4 mag. and exhibits
features similar to old novae, Below 12.4 mag. it exhibits‘

flare like enhancements.

5. Emission lines in the visible portion of the spectrum
indicate electrpn temperatures j§105 O with volume emission
measurefnlo55 ci™> for a distance +300 pc (Johnson et al, l§69).
The emission lines apparently do not change in intensity and

it is the continuum that changes and hence they are decoupled

(Johnson and Golson 1968).

6. A weak radio source has been identified with Sco XR-1 at
cm wavelengths with spectra characteristic of non-thermal

emission,

7. There is no evidence of polarisation in X-ray and optical
bands, No positive.evidence for the existence of X-ray line

emission has yet been discovered.

The flux density from Sco XR-1 as a function of frequency
in various bands of observations is shown in the figure 10. The
dashed line represents the thermal bremsstrahlung emission
from an optically thin plasma at temperature kT = 5 KeV, As
already mentioned the observed flux values in the optical,
infrared and radio regions are clearly below that derived from

the extrapolation of the thin plasma approximation valid at
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X-ray energies. On the bhasis of the éarlier mentioned hot thin
plasma model we try to explaih the observed features in all the

various wavelength regions.

The hot plasma cloud model for the Sco XR-1 source assumes

a spherical volume Ln1025 - 1028 cm 3 for containing the plasma

16 _ 1ol7 Cm—S)

at a uniform density (n ~ 10 and a uniform

temperature (varying between 4-10 KeV), Even if the 20-40 KeV
X-ray flux is considered as an extension of the low energy
(2-20 KeV) flux and to have a common origin from this source,
the higher energy flux above 40 KeV needs the presence of
electrons with high energy tail. On the other hand if the
whole 20-100 KeV region is assumed to follow a power law fitj
typical of synchrotron mechanism, it needs the presence of hiagh
energy electrons with power law distribution in the presence of
magnetic field, the intensity of field dependent on the elect-
ron energy. On the other hand one can explain this power law
2s due to bremsstrahlung if there are temperature gradients
inside the source. Clearly the origin of high energy X-ray
flux >» 20 KeV cannot be the éame as that of low énergy X—rays
and will require either the presence of higher energy electrons
or of thermal gradients. On the other hand it is difficult to
regoncile the observed flux features in the soft X-ray region
(<’l‘KeV) in terms of this model basically because of the

inconsistency in the flux values reported.

The large optical depths preseht in the hot plasma cloud

model will broaden the emission lines and detection may be
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difficult. The upper limit obtained for X-ray polarisation is

within the>eétimates expected because of the electron scatter-

ing.

The semi-opaque hot plasma model based on the simuitaneous
optical and X-ray flux changes, cannot explain the optical emi-
ssion lines and consequently have a different origin. In view of e
.observation that the optical emission intensity is constant
relative to the continuum and it is the confinuum that varies,
this is justified. Besides, the emission lines}reqUire tempe-
ratures£;105 %k compared to the X-ray emission which is much

greater ( 210? OK) and have a volume emission measure of

1055 cm'3,which is low compared to X-ray region estimates,

The semi opaque plasma model which explains the observed
optical flux, by self absorption and interstellar reddening
predicts a decrease of intensity as wavelength increases into
the infrared. The infrared observations of Naugebauer et al.
1969 indeed show that at longer waveleﬁgths the plasma is

optically thick and radiates like a blackbody.

The radio emission of nonthermal character cannot have
origin in this plasma of NlOl6 atoms cm"3 because of the plasma
effects and synchrotron reabsorption and as such the emission

would decrease sharply below 1014

and cannot have a common
origin with the X-ray emission. As proposed by Reigler and
Ramatty (1969) the radio emission may arise due to gyrosynchro-

tron of electrons enveloping the dense plasma. Taking a power
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9 Hz

law energy distribution for electrons and assumihg 5 x 10
as the peak frequency of self synchrotron source, they computed
the various radiation parameters for Sco XR-1 for a range of
source rTadii. From the stability consideratioﬁsa Qalue of

\ﬂlOl2

cm is obtained for the radius which corresponds to a
plasma density of l09 (:m—3 and a magnetic field of 5 gauss.
A similar valuefor RCwlOl3 cm)was deduced by Hjellming and

Wade (1970) from radio flare data.

Thus the radio flux may have origin from a circumstellar

plasma of dimension R4§1013 cm, However, the life time assoc-

iated with synchrotron losses is lO5~/‘lO6

secs, because the
électrons of energy 15 MeV loose quickly their energy in the
presence of magnetic fields of w5 gauss, The suggestion that
these same electrons responsible for radio radiation may be
responsible for hard X-ray emission is not vélid. First the
spectral indices in both the cases differ being 1.5 and 3.0

respectively. Secondly the volume emission measure 3 X 1055

cn™® in the radio region is approximately two to three orders
of magnitudes lower than that required for X-rays, and as such

significant X-ray flux cannot be produced.

Thus no single mechanism can account for all the obsérved
flux and spectral features as wel; as the time variations in
the different wavelength bands. The hot semi-opaque plasma
cloud model with peripheral electrons can account for the

observed X-ray, optical, infrared and radio features.
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The above»discussed hot plasma éonfiguratiom for Sco XR-1
has a thermal content comparéble to the energy emission
(\ﬂlO36 ergs/sec.). This means the soufce needs continuous
heating of the plasma. Among the various models sugoested for
Sco XR-1 for this energy supply are the conversion of gravitat-
ional energy in binary systems and conversion of rotational
energy in neutron stars. From the variation of the sourée
parameters our model study favours.accretiOn'mechanism.
Further, the optical data of Sco XR-1 sugge§t$an assoclation
of old nova with the star and it is generally known that old
novae are close binaries. Our study favours a hot plasma cloud
for Sco XR-1 coupled with a binary system in which accretion of
matter of about 2 x 10~ 6 solar mass per year occurs. The
binary system may have a central star of a solar mass with
dimensions of a white dwarf with the circumstellar plasma
surrounding it. In the next section we briefly discuss various

binary and neutron star models suggested for Sco XR-1.

4,51 Binary Models for Sco XR-l

Based on the apparent binary nature of Sco XR-1 Prendergast
and Burbidge (1968) and Shklovsky (1967) have proposed models
for Sco XR-1. _Thetho models differ in details of the compact
star in binary being cither a neutron star or a white dwarf
and the manner of accretion, We describé below these models

briefly. '
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(a) Model by Prendergast and Burbidge

The accretion of matter as gas streams from a secondary
on to a primary in the binary system méy produce X-rays, with

the corresponding temperature T, approximately given by

_ 7 M E&Q
T = 10 ‘(M@ (R)K vl 4012
are . . .
where M and R/the mass and radius of the primary. Thus if

T = 107 to lOSK, M/R in solar units must be 1 to 10, provided

that the bulk of gravitational energy released can be converted

into photons which are emitted in an optically thin region.

The matﬁer from the secondary cennot, however, fall
directly on to the pfimary because of the large angular momen-
tum typical of the binary orbit., This difficulty is overcbme
in the model'by assuming that the incoming gas streams go into
orbital motion about the X-ray source. This leads to the-for-
mation of a gaseous disk surrounding the primary. Because of
viscosity, the matter losses its centrifugal support and
gradually falls on to the primary. A crude estimate indicates
that roughly half the mass leaving the secondary terminates
at the primary, A number of detailed models of the gaseous
disk have been constructed for efficient transformation of the

gravitational energy into KeVl X~rays. -

The geometrical configuration in which the flow near the
primary is axisymmetric is considered, so as to avoid compli-
cations because of the presence of the secondary. A steady

state is assumed wherein the disk is supported by its rotation
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againét the gravitational field byvthe primary, énd that radial
and tangential‘velocities«are independent of the distance from
the central plahe with negligible longitudinal velocities.
Under these conditions the hydrodynamic and radiati&e transfer
equations are set up aﬂd.SOlVed, for the assumed initial
parameters like temperature, density and tangential velocity
along with the flux of mass. The authors considered a white

19

dwarf of R = 0.2 Ry, M = 0.5 My and flux of mass -2 x 1077 gms/

€]
sec. With initial temperatures -3 x lO4K,associated with
spectrotopic binaries, they have examined the dependence of the

physical parameters of the disk on the distance from the centre

of star.

The study showed a temperature of about 1-2 Xx 106 K near

36

the surface of the primary with total flux of 4 x 10 ergs/sec..

This temperature is too low compared to the observed temperat-
ures. If the friction between the orbiting disk and the
stellar surface is taken into account it is probably possible
to achieve higher kinetic temperatures. The decrease in the
radius of the central star can also increase the gravitational

release per unit mass of accretion,

In this model the optical lines will be emitted from the
outer part of ths disk where there is a large amount of gas
outflow at tGMperatureé of 104 - 105 K while X-rays will be
producad from the inner part near the hot stellar surface.
Variability of the optical and X-ray flux can be understood

as due to variations in accretion rate. The presence of cool

matter near the source requires the thin disk approximation



~to have no absorption in the direction of the observer.

(b) Shklovsky Model

From the analysis of the observational data a three laver
model for Sco XB-1 was proposed with accretion of matter on to
a neutron star. The model associates soft X-ray flux (£ 1 KeV)
aﬁd optical radiation with the outer most layer and two concen-

tric plasma regions for X-raysy 1 KeV.

The dimension R, of the outer most region, with temperat-

ure

2x105rfiTl<,2x106 K .. 4,13

has an upper limit to explain the occurence of soft X-ray flux
and optical flux from this region and a lower limit set to
explain the transparency of this region to X-rays » 1 KeV from
the inner layers, and 1s given py

8

3 x 10 9 (=5

T . r_
zoo) < Ry < 10 200) cms ... 414

. where r is the distance of the source in parsecs. For r = 200

the dimension of the soft X-ray emitting source 1s-3 X 108 cm

and with a mean density,~2 x 1017/cm3

for the plasma ~ 3 X 1020 gms.

, will have a total mass

pc

The lower X-ray energy region with temperature of«5 x 10"k

deriVed from X-ray data in a similar fashion has 1limits for Ré

2 X lO6<;R2 Z, 1.5 x 108 cms eer 4,10

(555)
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Assuming the region with T+ 5 x lO7K has a dimension

‘R vle7 cm, we obtain NewxlOlQ/cm3 and a. total massnlel7 gms.

2
X-rays with energies » 35 KeV can come from the inner most
region(R3~*106 cms), The binary system with the components

10 101! cms supposes the optical emission lines

separated by 10
“to occur from gas streams. From the observed intensities
of the emission lines, the volume emission measure of the

comparatively cold plasma in the Stream\ﬂ1055 cm'? we estimate

‘the electron concentration to be about 1013 cm's.

The emission
in H lines originate in the remotest part of the stream from
the neutron star where TNlO4 K, the C III - N III lines in the
part of the stream nearer to the neutron star and the He lines
from regions still nearer. From the density of the stream

QZ X lOﬁllgm/cmz)and for an essumed veloclty oleO8 cm/sec, the

mass flow is 1018 _ 1017 gm/sec. As the energy release in the

20 ergs/gm the

gravitational system of the neutron star is ~10
radiated power for the X-ray source is-MlO36 ergs/sec in agree-

ment with the observed energy emission.

In the above binary model the detalls of accrétion me chani-
sm are not diScuésed. Prendergast and Burbidge have shown that
the calculation of fhe efficiency of transformation of gravitat-
ional energy into radiation is very complicated. In addition
Sofia (l968).has also cast doubt on the survival of a secondary
in a binary system composed of a neutron star as the explosion

of a superhova is likely to completely disrupt it. The lack

of definite identification of Sco XR-1 with a binary to date



ff 175 -

makes these binary models less plausible.

4.52 Pulsar Models for Sco XR-1

Pulsars in which the signature of pulsations is possibly
destroyed by absorption in the thi ck gaseoué cloud surrounding
the plasma, may account for sources like Sco XR-1. Hjelliming
and Wade (1970) point out that the time scalesof irregular
variations in radio flux from Sco XRB-1 are similar to those
observed by them iﬁ pulsar PSR 0329 + 54 when the data is
averaged over times much greater than the pulsar period. There-
fore it may be a rotating neutron star or a white dwarf whose
rotational kinetic energy is converted into a source of radiat-
ion. Cocbpn pulsar models on these lines have been proposed
by Davidson et 2l. (1971) Coori and Treves (1970), Apparao

(1971), etc.

In their model Davidson et 2l1. assume a rapidly rotating
neutron star surrounded by a dense shell of gas as the X-ray
source. They assume that this gas is somehow supported at

7 cms, which is larger than the speed of-

a radial distance 10
light circle. The gaseous envelope is assumed to be thick as

required by the observed optical and infrared data.

The rotational energy of the bulsar, through a modified
fomm of magnetic dipole radiation ( Pacini 1968), is assumed
to accelerate particles. These semi-relativistic protons of
several hundred MeV move inside the cloud and heat up the thick

envelope. They consider a sm~ll amount of gas near the
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“equitorial plane at a distance r» R_ from the pulsar, where

R, = C/il,.is the radius of the speed of light circle, and $1

is the angular rotation frequency. The gas cloud absorbs a

part A L of the pulsar energy loss rate and in turn transfers

a torque AL/, to the gas. This torque induces the gas cloud
to revolve around the axis of rotation of the pulsar. The
observed energy is then thermally radiated isotropically in

the rest frame of the gas and thus preferentially in the_forward
direction seen from the revolving frame. They find that the

gaseous shell moving in the gravitational field of the star has

and & 1is

a stable orbit at & distance r = R, where ROV:§§RC’

a dimensionless parameter which is always j»{ for any pulsar,

and is given by

Pt

?,'.." — A .
: RC/RG v.. 4,16

where Rg = 9% , being the Schwarzschild radius, equal to
c“ _
1.5 x 105 cms for M = My, In the potential of the system, the

hydrostatic equilibrium of the gas with typical sound velocity

W, has scale heights:fj: RN £ o AuL7
RO S
or in terms of temperature attained
T=10% (165 $2 « o, 4,18

<

~

It 1s supposed that there is a sufficient turbulent motion in
the gas to stabilise the rotating toroidal c0nfiguration. In
that cése there will be an equipartitinon between thermal and
kinetic energies. If the total energy output in the form of
semiralativistic particles is L and if o is the cross-section

for abéorption in the gas with electron density n, the total
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energy providing heat in a column length AT is given by

L.oon.ar., The cooling due to X-ray emission for conventional

abundances is estimated as Cnngw.4TfR§.£\r, where C = 1.6 x 10_3l

ergs-ucm2 (Cox and Tucker, 1969). The equation for thermal

balance 1is

—kes @0 =y e. 4,19
471 R
o) .
Under these conditions of stability the gas fills the potential

well and ZLR/RO w2 1,  For the observed temperatures T 57108 K

the value of § 2 100.

2 9

Now ROI( = & is v10” cm and from the X-ray data

>
= 1016 cm“a. The energy loss by protons 153¢10‘25 cm 2

n
(Ginzburg 1967) and hence L4 x 1037}ergs/sec which is few

times L the observed X-ray luminosity. The value ofig = 100

Y
corresponds to angular rotation frequency,31= 2000/sec or a
pulsar period of 3 m. sec ( tp). Using the values of £ and L,

the surface magnetic field B of the pulsar i1s estimated to be

~ 5 X 109 gauss which is much smaller than that expected for

the pulsar and therefore the pulsar can rotate at this high
frequency for several million years, The period of rotation

of the gas is gz tpwn3o sec and the cooling time téoolv~o.3 sec.
Since tcool > tp‘the thermally radiated phétons will not show
periodic pulsation. The time scale for dynamic equilibrium is

t =22 t_ ) =50 mts. In order that the mass loss from the
gaseous shell be small, the life time of ions against escape

should be > t. This life time requires accretion of gas from

interstellar matter at a rate of ~ 1077 MG/Yr.
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The ‘Cocoon. pulsar model described above is consistent

with physical characterlstlcs of Sco XR-1. However, the short
tlme variationst £ 1 hour are difficult to explain. Ih addit-
ion the formation of the gas cloud around the pulsar and its
equilibrium stability will be difficult as the radiation press-
- ure of the pulsar will tend to disperse the gaseous envelope.
The proton energies needed to heat the plasma are dlfflcult to
achieve and besides the presence of these are doubted as
?—rays which arise out of T€ decéy are not observed from

Sco XR-~1.

The model of Apparao considers a white dwarf for the X-ray

source. The oblique rotating white dwarf with a period of

10 sec., magnetic field of ~108 gauss, radius ofwlo9 cm, and

mass about one half solar mass was considered for Sco XR-1.
The low fr@quency electromagnetic radlatlon correspondlng to the
rotation period of the dwarf was considered to heat the plasma

situated at dlstance beyond the velocity of light circle,

~5 X lOlO cm. It is estimated that the energy is radiated at

38

5 rate of 10°° ergs/sec. If the input energy due to the low

frequency radiation is shared by the electrons with densities
~3 X lOla/cm3, then the energy of each electron is~4-X 1077
ergs and corresponds to an electron kinetic temperature of
~3 X 107 I<;.which is close to the observed température of
the plasma. No periodicity will be observed as the cooling

time of the plasma is longer than the rotation period.
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This model also has similar difficulties as in the model
of Davidson>et al. (1971) like the origin of the plaéma, the
short period flaring, etc. The density assumed in this model
is rather low compared to the hot plasma X-ray estimates and
the temperature will become smaller if higher densities are
assumed. Both the models do not explain the radio and high

energy X-ray emission.

From the discussion of the various models, outlined above,
we can conclude that at presént there is no single model which
can satisfactorily explain all the obsefved features of Sco XR-1.
The binary models however look promising as there are some: X-ray
sources like Cyg X-1, Cen XR-3 where binary nature is identi- |

fied.
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ABSTRACT

X-rays in the range 2-18 Kev--, i
1 sources observed during two.

ERS TR

.. The results on the flux of low energy
from Sco-X1, Tau-X1and Cen-X2 celestia
. rocket flights, flown from the Thumba Equatorial Rocket Launching
~ Station (TERLS), Trivandrum, India, are presented. The absolute flux
‘and the emergy spectrum obtained for these sources are compared with
other ‘similar observations. The tesults indicate a long-term exponential
decréase ih the energy flux of X-rays from Sco-X1 over -the period
1965-1968, The X-ray source. Cen-X2, .which showed . a remarkable
outburst of X-rays in April 1967, had ceased to be active after May 1967.
We present here the first evidence of the rediscovery of the low energy,
X-ray flux from Cen-X2 since May 1967. These short-lived X-ray out-
bursts may be attributed to a shock wave from the nova outburst expand-

ing into the circumstellar medium.

INTRODUCTION

ray source Sco-X1 by Giacconi et all in
been performed by different groups

or determining ‘the absolute flux and the energy spectrum of -yarious galactic
as»well:'.-as-;extra-galactic"X—*ray'-sdurces. After the optical identification of
Sco-X1 by Sandage et al.,? alarge number of® photometric observations have
been conducted by Hiltner and. Mook?® and others. :Such studies have
clearly revealed that the’ optical 'intensity of Sco-X1 undergoes very rtapid
variations ‘between 12-2 and 132 magnitudes, large flare type enhance-
menits occurring during nearly 50% of the time when Sco-X1 is brighter than
12-6 magnitude. - A search by Rao ef al4 for hidden periodicities has shown

‘- that, besides rapid-ﬂuctuation’s‘-,wSco-XlW optical intensity varies by about a
Recent radio observa-

\ factor: of two ‘with,a periodicity ‘of ‘about 3. houts.
257

INCE the discovery of stellar - X-
962, a number of experiments have
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tions by Andrew and Purtons

and Ablegs have algo sh
similar variations in the radi SSi

own the eXistence bfﬁ;,.3
The possibility of
Same object is truly exciting ap
different radiations. The obser
altitudes by ‘Lewin ef al:” and t
Cen-X2 by Harrieg et ai.8
measurements of the apso
nosity from different celes

tial sources:

out from the Thymby Equatorial F
Trivandrum (Geogr. Latitude 8° 32" N;
Two identical X-ray payloads were lau
0319 UT 'dn‘No‘V'ember'S, 1968 and th
at 0305 UT ‘on em '

that the X-ray detector mounted with
of the rocket scained the rocket ho

ALy’ (85° elevation) such
ts axis Perpendiculay

| ! horizon. The launch time was chosen
when the Sco-X1, Cen-X2 and Tay : '

e Sc _ X1 were all in the rocket horizon, The .
present €xperiments were conducted 'with fhe‘-fo]lc':),wi_ng objectives:

" (@) To'theasure the absolute ﬂ'ux"arfld the eneigy spectrum’ of Sco-X1,
Tau-X1 and Cen-X2 jni- the energy range 2-20 Key, “ o

(6) To-measure the time variability of the X-ray flyx from these sources
in the above'e'l'lérgy‘l‘auge. oo e n T AR

(c) To conduct 3 Survey -of the southern sky with a view to detect
hitherto undiscovered X-ray sources. . ..
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nter as a .function of X-ray quantum:energy. The. efficiency of the .
nter &(A) is calculated using the well-known equation . : :

8 () = epaxe (1 — g-hoxry

“hefe_ b and pg are the :ébso_rption coefficients; of the window and the gas
nd Xy and Xg are the respective path lengths. ' = -

EFFICIENCY

0 T2 4 6 8 10 2 PR
. WAVE LENGTH (“A)

FIG 2. Efﬁmency of the propomonal counter filled w1th Xenon (90%) and Methane )
(10%) at 1 atmospherlc pressure and havmg a 2 mil, thick Beryhum wmdow '

[

.The pulses from the proportlonal counte1 were amphﬁed shaped and,
pulse.;height analysed.in  the energy range. 2-18 Kev into four consecutive
energy: windows. A redundant analogue. signal giving the actual pulse.
height . of . each . pulse ‘was. also. telemetered . separately.: . The entire informa-
tion was. telemetered .by: FM/FM telemetry system.: :Monitoring., of . the
6:0-Kev line from the Fe% radioactive. source mounted on the: split nose--
icone; provided. the inflight cahbra’uon upto. 70 Km., at' which altltude the;
source.and the' nosecone were exploswely e_;ected T

i The attltude of the 1ocket Was detemnned by ‘two suxtdbly mountedf
-geomagnetlc aspect sensors, one along the spin axis and another pe1pend1—'
cular to it. The alignment of the detector and the geomagnetic aspect sen~"
‘sors were made to! an angular accuracy better than 0-1° :Both the Centaure
(and lee Apache rockets reached: an.‘apogee’ of about. 160 Km. - Out.of .

% _
i
o8
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the total flight time of about 420 seconds, useful X-

ray data above 9q Km:,
altitude were obtainédv-fqr about 200 seconds, - S -

SN

ASPECT ANALYSIS

Assuming the rocket to behave like a rigid body, one can estimate the:
half apex-angle of the precession core a, using ‘the well-known formula

ws I

where wg and wp are the angular velocities of spin and precession reg-

pectively and I, and I, are the moments of jnertia relative to the spin axis -
and a direction perpendicular to it. The above serves as

a crude estimate
of the precession cone angle.

After deriving the approximate spin and precession periods from the
horizontal and vertical magnetic sensors, a spin precession diagram is drawn
showing the time dependence of the phase of the magnetic field in each spin -
during. each precession. Adjustment of the spin period to achieve synchro- -
nization of the phase of the magnetic‘record will yield the right spin and

precession periods which can be normally represented-as a power series
in time ¢ as ' o

Ws + wp = W, —{—At—]—Bt»%-+-~-i

where W,, A and B are Constants. In practice, only the first two terms
are of importance, - o S e _
The peak-to-peak amplitude of the horizonta] magnetic sensor (2M) |
is equal to 2M,,_ sin 8 where 0 is the angle between the spin axis ‘and
the -magnetic vectot; - The equation ‘sin~1 9 — 2M/2M,,,,.is used to deter-:
mine ¢ ateach- maximum of the magnetometer, ‘taking intoxaccount_’the;‘
variation of M, - with altitude ‘using the ‘Finth and - Leaton expansion of
the geomagnetic field. - Knowing 6 for each spin,. one-can: censtruct the:
precession circle which is correct to probably within a few ‘degrees. It must-
be 'noted that 0 will vary between the two' limits of « + 8 and a — § where
a is the half-cone precession angle and:8:is the inclination ‘of the precession*

ordinates calculated using the well-
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of X-ray source Sco-X1,. the average spin phase d1fference between Sco-X1
nd the magnetic direction which was about 118° and the variation of X-ray-
ntensity in each precessmn cycle has been employed to refine the precession
xis of the rocket to better thzm 1° usmg the method described by Wada

et al®
TABLE I

Celestial Co-or dmates czt the sze of Launchzng

Flight_ I ‘ Flight TI
R.A. Dechnatlon . R.A, Declmatlon
Sun .. 14033 —15° 11 1449 —16° 14’
Zenith S L 8°3% 11t 16’ - 8°3%
‘Magnetic field L ohay ©og10 54 ob 40’ 81° 54'

The spin stabilized Centaure rocket ﬂown on November 3, 1968, with
- a spin rate of about 8 RPS, had its axis centered at 10® 18 Right Ascension
and 15:0° N. declination ‘on the celestial' sphere. Consequently, the X-ray
detector was able to look at Sco-X1 and Cen-X2 . sources during the entire
. duration of the flight (about 200 seconds: from 90 Km. altitude to the time
- of entry into the atmosphere). The lee Apache rocket launched on
" November 7, 1968, however, got into, precession after the ejection of the
" nosecone at 70 Km. and its spin rate ‘which was' initially about 9 RPS,
changed to about 2- 8 RPS. after the nosecone CJCCtIOIl The precession
.axis- of the rocket, as derived from the attltude sensor analysis described

above and Sco-X1 sighting, is 10" 8’ R.A. and 36° N. declination..with
the half-cone “precession angle being 54°. 1In the 7 precessions containing
- 93 spins each, Sco-X1, Tau-X1 and' Cen-X2 sources were all scanned for
~ about. 8-9 consecutive spins. Figure 3 shows the relevant trajectories of
“the detector axis in the celestlal sphere for both the ﬂlghts R

" The data from all ‘the spins from the Centaure: rocket launched on

- November 3, 1968 have been: summed up. Figure 4 shows the observed
X-ray counting rates in the energy range 2-6 Kev, as a function of the rocket
azimuth. For the flight of November 7, 1968 (Nike-Apache), the data for
all consecutive scans during which each source could be observed are summed

" up and presented in Fig. 5. . The relevant scan numbers are  also indicated
in the figure, In both the figures, the position of Sco-X1, Tau-Xl and
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-Cen-X 2 sources are ‘marked. Tﬁe ':Iobserved data in each
fitted to ‘a-theoretical response function’ of the type A.g. (

a base equy]

to 17/360 x +, where Ts i the spin period. A and lo are chosen foy ileast

square fitting, i.e., when

EZR@-Asi-mp

i Y " RO e g ", L -': o A N . Ty
... FiG. 3. Ttajccto:ics of sky scans for the two flights of Novem_b_er 3, 1968 Number
Novémber 7, 1968 (Numbers 2,3 and 4). The Thuiiba horizon at the tinie of launching is ‘also
icated, SI;"S2' indicate positions of sun on November3 and ‘November 7 respectively... - .

!

- ABSOLUTE FLUX oOF ‘TAU-X1 .SoURCE iy
~ Figure 6 shows the energy spectrum- of Tau-X1 in 'tlié'."‘.féhge'z—ls Kev. .
The observations by Chodil ez /.19 and Boldt ¢t al. ' are glso plotted in “the
same: figure. Our results show ;an.. excellent agreement., with - the obsex- :
-vations: made by other. workers and. are consistent: with a -power law .
energy. spectrym .of the. type- - DL : -

f(E) 2180 E_00i02 dE - . ;;,vr; . - ::!;w:f | ) -
fThe_“v ux in the edergy range 2-5'Kevis found ."to'*bq'»'(lﬂ-6'i 0:3):x 1078

‘ergs/cm.? sec.:

'
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The recent d1scovery of an:X- -ray pulm by Fritz et al.'?:in the general
- direction of the crab nebula and its tentatlve 1dent1ﬁcat10n w1th the: ophcql

2500 - y
Lo ’NOV-'S,',JQGB.'
S 2000/ ot e 660 K- =
b : e i
©
<
E _— oo SR -
k1500 o , o
« .o :
NS
'U_) 1000
z |
=2
(o}
O
500
) 1 l | 1

0 60 120 180 240 300 0
RGCKET AZIMUTH (oecﬁees)

FIG 4, Observed X-ray countmg rates in the energy range 2-6 Kev asa fun:tion of rocket
azimuth for the flight of November' 3, 1968. ;
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w
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"FIG..5. Observed X-ray counting ‘rates in-the energy . range 2-6 Kev as a function of rocket
aznmuth for the flight of November 7, 1968, '
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e

N pulsar NP 0532 has ‘increased the Vi_mpo:rtance .of the study of this;

X

~source.- The frequency ofthe X-ray pulsations in the crab nebula is ip, clo
agreement with the frequency of radio and optical pulsations, However:
since only 5 per cent of the total X-ray power of the nebula appears in ﬂthé?'“
pulsed component, the absolute flux of X-ray from Tau-X[ is Practically
constant-which is also borne out from our observations which are in close:
agreement with other observations made at different times,

2 L RN LI B |
o NOV 7 1968

° ) © CHODIL ETAL, 1967
* X BOLDT ETAL, 1968.7]. :
0 ;

I B |

-
. >
*®

" FLUX (pHoToNs /cmz.sec.xev)
ol ‘

T TTTT]
Lt il

s <] I-— —~'—f--—~' Liris '. e 1 ).
\IO | R 10 50
o ENERGY (KEv)

Fia. 6. Enérgy spectrum of Tau-X1 X-ray source in the range 2-18 Kev.

ABSOLUTE FLUX AND TIME VARIATION OF Sco-X1

Figure 7 showsthe observed counting rate as a function of the rocket
azimuth for different energy windows ‘of nominal value 2-4 Kev; 4-6 Kev;.
~-12 Kev and 12118 Kev for both flights of November 3, 1968 and

November 7, 1968 respectively. The data have been fitted to an energy
spectrum of the type : C

S (E) =K exp ¥/, dE‘

The value of E, for both the flights has been found to b 4-44-0-2 Kev
- corresponding to a temperature of a het thin plasma of 5+1x 107 °K. ' The -
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energy spectrum- beyond 12 Kev, however, is consistent with only E, a 18
Kev in agreement with the observations of Busseli ef gl.1®

of the spectrum at higher energies has been explained in term
-layer complex model for Sco-X1 proposed by Shklovsky,

The flattening
s of the mult-

4 the higher ener-

gies: being emitted from the higher temperature plasma in the core of the

object.

_ 1800 NoV.3,1968] !

COUNTS ( ARBITRARY )
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Fra. 7. X-ray count rate of Sco-X1 source for different differential energy windows.

In Fig. 8 are plotted the observational data on the 'intensity of low
energy X-ray flux in different windows observed during the two flights. The
‘observations of Chodil et al.»® Hill et all6 and Overbeck ef al.l? are also

‘plotted in the 'same figure.

'ment with the observations by other workers.

" Our observations are in quite a good agree-

- Investigation of the time variation of the absolute flux of Sco-X1 is of
-great importance in understanding the nature of the source. The large
:number- of observations in the visible, in the near ultraviolet by Hiltner and
'8 in’ the near infrared by Neugebauer erall® andin

. Mook and by Stepien,
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the radio. region by -Andrew and Purton have all pointed out to. the ;
“variability of Sco-X1. - Simultaneous optical and X-ray meaSllreméﬁts‘
Chodil et al.’5 has shown'that the- brighter. optical intensity is accompa
by a lower temperature and a bluer emission spectrum. The measurery,
seem to be. consistent with the 'model of “both :the X-ray and optical coT
nuum being produced by thermal bremsstrahlung from the same hot
plasma. Observations of X-ray flares from Sco-X1 at balloon altitudes
Lewin ez al. and Agarwal et al.® seem to add . strength to the aboye hy
thesis, even though a large number of - simultaneous optical and X-
observations of Sco-X1 are needed to make any positive conclusion rega
ing the nature of the source. :

8o é PRESENT EKPT; NOV._S. 1968

Y A eresent EXPT, HOV.7, 968 ~f
_ ~Jcnoni er AL, i956
§ HiLL €T aLuisgs

. .*:. OVERBECK ET AL, 1968

1

=)

]

. 1 Kl’ll!l.’

INTERSITY ( KEV/ eMszckev) .

1
J

THERGY (KEV )

Fia. 8. Energy spectrum of Sco-X1 X-ray source in. the energy window 2~18 Kev:

... - Taking reasonable numbers for the distance of :Sco-X1 and the total :
energy flux as 1000 light-years and 6 x 103 ergs/sec. respectively, the radius
~of Sco-X1 has been estimated to be  between .3 x:10% and 10 em. o I
order to keep the X-ray source going, the cooling time of the cloud, whichis
variously estimated between 10 and 105 seconds, should be of the same order £
as the heating time. This would indicate the possible existence of time varia- - -
“tions in the X-ray flux from Sco-X1, having & time scale of 10 to 105 seconds.
‘We do not observe any statistically significant variation ‘between the abso-
Nute flux ofSco-X1 measured on November 3,'1968 and November 7, 1968.
. Addition over shorter periods of time haye also been intercompaied to make

-~
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sure that statistically significant variations of Sco-X1 flux over periods of
about 4 minutes do not exist. We may, however, point out that Overbeck
et al. have reported significant time variations over. time scales of about a
‘month for X-rays in the energy range 16-30 Kev at balloon altitudes. Even
though such large yariations in the high energy flux can result from very
¢mall changes in temperature, nevertheless, the evidence together with the
flare-like increases of X-ray flux strongly indicate the time variability of
Sco-X1 X-ray source. ~ _

In Fig. 9 is shown the measurements of absolute flux of X-rays from
Sco-X1 since 1965. Since many of the observations in the past did not
have their sensor and attitude well calibrated, only those measurements
from which reasonably accurate measurements can be derived are plotted
in the figure. Table II gives the flux at 4-0 Kev, 6-0 Kev and the energy
in the range 2-5 Kev as well as the temperature. It is evident from the
figure as well as the table that the absolute flux of Sco-X1 has undergone
significant time variations. The most conspicuous result from Fig. 9
is that the flux and the energy of Sco-X1 has stéadily decreased over the
period 1965-1968. Sporadic short time variations are superimposed upon
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. PG, 9. Time variation of the flyx and energy spectrum of Sco-X1' X-ray source during
. 1964-1968. T :
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this general deéreeiSe in flux. The dbservatiqns indicate that the generi
pattern of the time variation of Sco-X1 is consistent with an €Xponentiy
decay of X-ray luminosity With a time constant of about 4-1 yeaps whigh
would mean that the flux of Sco-X1 would decrease by two orders
magnitude in a period of about 20 years, ‘ g

. TABLE IT
Time variation of Sco-x1
. » ) Flux | -, Flux ] Energ)%
Experimenter | ‘FJ;gtgt‘ 4 (I)ffev 6 (])écev (3;5119}:()5‘, Tf(n;xasr %t[l(l‘r e.
) photons/cm, 2 Photons/em.? | x10~7 ergs/ -
A sec. Kev " | sec, Key. em.® sec, )
Fisher ef q7,21 «| © 1 October 1964 o 4-0 o KR R B
Chodilerai® || 19 June 1965 11-25 406 5:540-4 | 2.6540.25 | PO
Hayakawa e a8 26 July 1965 ol e Seokreg | e 88
‘Graderetab® | 98 October 1965 10°3 04 | 3.8+0.3 2:2840.22 | 4.5
Gusky er a2 || g March 1966 88 £0:5 | 3.740.4 1-93+0.21 50
Chodil ef 7,26 28 my 1566 10-5 £0+5 | 8.140.4 ' { 58
Gursky et a/ 27 11 October 1966 71 £0:9 | 3.0%0.¢ 1-49:’:0517!" 4-8
Matsuoka ez 2228 ||| ¢ February 1967 ‘7-0 +0:8 | 3.240.3 1-644:0-20 ” 5.0
Cooke ez g2,% 10 April 1967 1-30+0.15 }l .
Chodil et a/,15 18 May 1967 5:2 04| 2.640.2 1-08+0.14 1 81
Fritz e a/,80 8 September 1967 4:0 £04 | 1.91¢.3 1,()-5I5:l:0_-11 ( 104
Chodil ef g2,% 29 September 1967 | 6.3 4q.g 2:640.6 (1-41j:0-17 4.6
Hill ¢ 4,36 2 October 1967 | f.4 +06 | 2.940.4 1:12+0-15 10+4
Rao ¢ a2, (preser.t 3 November 19g8 49 +0.8 2:14+0.9 1407490-15 / 5.1

experiment)

7 November 1968 | §.2 4q.;

Different theoretical models give different estimateg ranging from
10-50 years for the lifetime of Sco-X1. For example, if we _consider
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equired: to supply energy to electrons. The. experiﬁlental observation of
ibout 20 years for the lifetime of Sco-X1 obtained from the long-term varia-
ion of the absolute X-ray flux of Sco-X1 is consistent with the theoretical

odels. - S - -

ABSOLUTE FLUX AND TIME VARIATION OF CEN-X?.

, Thc 1edlscovery of low energy X-ray flux in the range 2-18 Kev from
. Cen-X2 source is the most important result of these flights. The presence
f low energy flux from Cen-X2 is unambiguously proved in both the
ights as may be seen from Figs. 4 and 5. The level of detection of
- Cen-X2 on November 3, 1968 flight is more than 10 standard deviation
level and on November 7, 1968 flight at about 6 standard deviation level.
" The best estimate of the position of Cen-X2 as determined from our ex-
periment is 201 4 2° R.A. and —62-5 4 2° declination, which is consis-
-tent with the position of Cen-X2 observed by Harries ef al. and Chodil
et al.

In Fig. 10 is plotted the energy spectrum of the X-ray intensity from
Cen-X2 observed during both the flights. Even though the data from
both the flights can be adequately represented by an expomnential spectrum
with a characteristic temperature of about 5-4 Kev (T =63 x 10 K),
a power law spectrum fits the data better. The X-ray flux on November 3,
1968 can be represented by the spectrum

f(B) =58 B-1-240-2 4R

and that on November 7, 1968 by the spectrum
F(E) = 5-1 E-0-0£0-2 4E,

We conclude that the energy spectrum of the X-ray flux measured on
November 3, 1968 and November 7, 1968 are same within the statistical
' error. In the same figure, the observations -of high energy flux observed
at balloon altitudes by Lewin et al.32 on October 15, 1967 are also plotted.
" The low:and high energy observations taken one year apart seem to fit a
s1ng1e power law spectrum w1th an exponent of 1-2.

Flgule 11 summarizes the remarkable tlme Vauauon of the X-ray flux
from Cen-X2, the. numerical data being glven in Table III. It was not
detected in October 1965, was observed as a time-varying object in April-
| May 1967 and again could not be detected in September 1967. The
. decreases in the X-ray flux durmg the penod April-May 1967 was found
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to be exponential, with a time constant of 23-4 days. ~This decrease wag.
also accompanied by a softening of the spectrum. Even though Censxy.
was again sighted in the high energy range in October 1967, no low energy
flux from the same source was detected in June 1968, by Pounds: et

energy range 2-5 Kev, which is more than an order of magtiitude beloy -
the low energy flux that has been detected in our experiments in November
1968. . Our observations are the first evidence for the existence of the lowi
energy X-ray flux from Cen-X2 in the range 2-20 Kev since May 1967.
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- Fig. 10. Energy spectfum of Cen-X2 X-ray source in the range 2-18 Kev..:

The remarkable time variability of Cen-X2 makes this extar a wnique
object of interest. The spectacular outburst in April-May 1967 was fol-
lowed by the outbursts in October 1967 as observed by Lewin ef al,, and
in November 1968 as observed in the two rocket flights conducted by us
from India. The totality of observations made so far clearly indicaté that
Cen-X2 is a nova-like source giving rise to recurring X-ray outbursts,-each-
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Time variation iof | X-ray Intensity fro'm Cen-X2

TABLE II1

——

Experimenter

Flight
date

Energy flux
in 2-56 Kev range
108 erg_:/cm sec,

Grader ¢t al,*

Hames o al“ R
: Cooke et al, 2

Francey ¢ al.38

Chodil e @i, .
Chodil & a2,

Lewin ¢ al,3® .
Pounds e? «l.35 e

Rao et o, ( present experiment)

LE)

28 October 1905
"4 April 1967
10 Apiil 1967 |

20 April 1967

18 May 1967

28 September 1967
15 October 1967
12 J’L‘l.ne 1968

3 November 1968
7 November 1968

<025

1140 E140
1640 1.0
7.5 2140
2.6 £0-4
<03
N
< 0.1
0-68:£0+08
0-83:0-14

outburst lasting probably a short period of time. In order to expiain this
behaviour, Manley proposed ar expanding” constant’ mass plasma model
for the source, according to which a dense plasma cloud of radius ~ 104
cm. was heated at constant volume to neatly 2 x 107 °K. which then pro-
ceeded to expand -isothermally and cool off. The recurring short-lived
outbursts like the one observed by Lewin ef al. and more recently our low
energy observations can be attributed to a shock wave from the nova
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outburst expandmg into the circumstellar medium. Such a shock could ac-
celerate and heat the gas to a high temperature as it pr opagates into a
medium of decreasing density.
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Fig. 1. Rocket-borne X-ray payload to measure extra-terrestrial X-rays.



DIFFUSE X-RAY BACKGROUND MEASUREMENTS
IN THE ENERGY RANGE 2-18 keV

A.S. PRAKASARAO, D.P. SHARMA, U. B. JAYANTHI, and U,R.RAO
Physical Research Laboratory, Navrangpura, Ahmedabad, Indiq

(Received 7 August, 1970)

Abstract. Rocket measurements, of the diffuse X-ray background in the energy range 2-18 key,
conducted from Thumba Equatorial Rocket Launching Station (TERLS), India, are presented,
The estimates of the cosmic background are derived by the method which employs the Barth and its
atmosphere as a shutter to intercept the celestial X-rays. The results are shown to be consistent with
a power law photon spectrum,

13.6F ;‘;f E-1.73 £0.15 photons/cm?-seckeV-ster the spectrum being much flatter than that ob-

served at higher energies,
1. Introduction

Precise estimation of the énergy spectrum and the anisotropy of the celestial diffuse
X-ray background over a large energy range is of vital importance in the understanding
of its production mechanism, and its cosmological implications (Setti and Rees, 1969).
In this paper, we report the results obtained from the analysis of data over the energy
range 2-18 keV from two spin stabilised, Centaure rocket flj ghts, conducted on
November 3, 1968 (35.01) and December 7, 1969 (45.03), from the Thumba Equatorial

Rocket Launching Station (TERLS), Trivandrum, India. Reliable estimation of |

cosmic background is rendered difficult due to contamination of secondary X-rays
of terrestrial origin. Therefore experiments done at equator have a great special value
since the contribution from the secondary X-rays at these latitudes is least due to the
high geomagnetic cut-off rigidity. Besides, to derive the cosmic background, we have
employed a new powerful method of analysis which uses the Earth and its atmosphere
as an effective shutter,

2. Experimental Details

The detector systems used in both the rocket experiments, consisted of proportional
counters filled with xenon and methane and having thin beryllium entrance windows.
The physical details of the counters are described elsewhere (Rao et al., 1969; Rao
et al., 1970). The counters having an effective area of about 60 cm?, had an energy
resolution of about 15% FWHM for 6keV X-rays from Fe’S radioactive source.
The detectors, mounted perpendicular to the spin axis of the rocket, scanned in the
direction of the rocket horizon during each spin. Slat type collimators with full
width half maximum transmission angles of 8.7° x 17.2° and 7°x 15°, defined the
geometrical apertures of the detectors in the two flights. The X-ray data were anal}‘/sed
into four contiguous discrete energy channels 2-4, 4-6, 6-12, 1218 keV in the flight
35.01 4and into eight equal energy windows over 2-10 keV in the flight 45.03. The

Astrophysics-and Space Science 10 (1971) 150-155. A4/ Rights Reserved
Copyright ® 1971 by D. Reidel Publishing Company, Dordrecht - Holland
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alibration of the detectors and the associated electronics were checked during a part
1{ the flight, by using an Fe’® radioactive source mounted on the nose cone in front
f the counter, the nose cone portion being explosively ejected at about 60 km
thitude. The attitudes of the rockets were derived from suitably located Sun sensor
nd crossed magnetic sensors, using standard techniques, details of which are
}ublished elsewhere (Rao et al., 1969; Rao et al., 1970). The regions of celestial sky
anned by the detector in each of these two flights are shown in Figure 1.

| 3. Method of Analysis
|
\ number of methods have been used in the past for estimating the cosmic X-ray
lix, which are summarised by Matsuoka et al. (1969). One of these is to use the Earth
'nd its atmosphere as a shutter to intercept the celestial X-rays, when the counter
fh’ews the Earth during some parts of the spin of the rocket, The detector registers
oth the secondary background and the diffuse cosmic X-rays, when it views the
tlestial sky. When the detector faces the Earth completely, the counts it registers are
mly due to the secondary charged particle background. The difference in count
ate, when the counter field of view is intercepted by the Earth and other periods can
jprovide a reliable estimate of the diffuse X-ray background.

. The above simple situation exists only for low rocket elevations and small opening

| ‘mgles of the telescope. In practice, when the elevation of the rocket is not very far

fom 90° and the detectors have a fairly large opening angle, intermediate situations
sist, and even in the best case a small portion of the solid angle of the detector will be

,}looking at the celestial sky. The elevation of the two rockets in the present experiment

e T NOV. 3 '968} ‘DETECTOR NORMALS
: —e—e— DEC.7, 1969

{fFig. 1. Regions of celestial sky scanned by the detector during the two rocket flights. A and D are

! local horizons, CC and BB are belts scanned during November 1968 and
December 1969 flights respectively.
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HEIGHT 100 K M

FWHM 17-2"
152 KEV (VERTICAL)

FACTOR

TRANSMISSION
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ZENITH ANGLE OF DETECTOR NORMAL ( DEGREES)

Fig. 2. Effective transmission factor of the detector with a field of view with FWHM of 15° along
the spin axis, at four specific energies, for an altitude of 100 km.

being 73° and 64° respectively, effective solid angles have to be evaluated for different
portions of the spin azimuths to estimate the background flux.

The geometrical sensitivity (as a fraction of total geometrical aperture) of an element
of the detector, between zenith angle 0 and 0+d6 is given by

G(0)=(1 —M>ﬂ’

tan F F
whete Z is the zenith angle of the detector normal and Fis the half angle of opening
of the collimator along the spin axis of the rocket. The effective transmission factor

E

of the detector at a zenith Z is given by
Z+F
TR(Z,E) = f G(0) exp(— u(E) m(0)) do),
Z-F

where p(E) is the mass absorption coefficient of air for X-rays of energy £, and m(0)
is the mass of air in the line of sight along the zenith angle Z. These factors, for four
different energies for the detector at 100 km altitude have been calculated and %}1'6
shown in Figure 2. Weighted means of these transmission factors for different energies
have been computed for each flight, taking into account the time spent by the detector
at different altitudes. )
Figure 3 shows the plot of count rate in the energy range 2-10 keV as a function
of spin azimuth for the rocket experiment 45.03. The absolute photon flux il_l each
differential energy channel was derived by deconvoluting the count rate data with the
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The count rate in the energy range 2-10 keV, plotted versus spin azimuth of rocket, for

fg. 3.
i the flight 45.03.

i

ktector efficiency &(E), and the computed transmission factors TR(E), using the

xpression
E>

C(E,, E,) = TBG + f P(E) ¢(E) TR(E) dE,
E;
where C(E;, E,) are the observed counts in an energy interval E; to E, keV, TBG is
fe contribution from terrestrial background and P(E) is the true photon flux at
nergy E.
4. Results

The results of the diffuse X-ray background from the two rocket flights are shown in
Figure 4, along with the spectral fits given by Gorenstein et al. (1969) and Baxter et al.
{1969). Since the results obtained in the two rocket flights agree within the experimental
irors, data from both the flights have been combined to obtain the best fit power law

spectrum ‘given by

(3.6%4:3 E~173+015 photons/cm®-sec-keV-ster .

The spectral behaviour of the cosmic X-ray flux obtained in our experiment is
consistent, with the results obtained by other workers (Gorenstein et al., 1969;
Baxter et al., 1969) for the low energy cosmic X-ray flux but much flatter than the
spectral exponent of 2.45 reported by Bleeker and Deerenberg (1970) for energies

ggreater than 20 keV.
5. Discussion

\‘The results, besides establishing the effectiveness of the method which uses the Earth
s a shutter, clearly confirm that the spectrum of diffuse X-ray background in the
tnergy range 2-18 keV is flatter than at higher energies (Rao et al., 1967 and Bleeker
ind Deerenberg, 1970). The existence of such a break in the spectrum at about
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20-40 keV has also been reported by other workers and consequently any theoretical
model proposed must be able to explain this feature of the spectrum. The models
proposed till now can generally be classed under two categories (a) those which inter-
pret X-ray background as the effect of superposition of discrete sources and (b) those
which invoke emission mechanisms that operate over extended diffuse regions, possibly
throughout the intergalactic space. Both these categories of models fail from the
intensity considerations when the cosmological evolutionary effects are not considered.
The discrete source model (Silk, 1969) which takes into account cosmological effe_cts,
though capable of explaining the observed magnitude of the flux by appropriate
choice of evolutionary Parameters, fail to satisfactorily explain the change of sPeCtrE.11
exponent, as the contribution from the distant galaxies would be integrated even if
objects having power law spectra with different exponents are assumed. The model
based on inverse Compton scattering of blackbody photons by relativistic electrons
from radio sources at large red shifts (Setti and Rees, 1969) seems to give the most
satisfactory explanation of the diffuse background. Change in this spectral exponent
can be explained (Rees and Setti, 1968) by invoking additional adiabatic energy
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wses, such that the Compton life time for the relevant electrons is equal to the time
;gquired for the radio source to expand to twice its radius. However, for this process
o be effective one needs to assume that the X-ray emission is mainly from a region
fsmall window of redshift, so that the break is not smeared out.
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X-ray Observation of Cen XR-4
and Nor XR-2

WE wish to present the results of an X-ray astronomy experi-
ment conducted from a Centaure rocket launched from Thumba
Equatorial Rocket Launching Station (TERLS), India, at
0035 ut on December 7, 1969. The detector consisted of a
xenon-methane proportional counter of useful area of 55 cm?
with a 18 mg cm~2 thick beryllium window and a slat collimator
with a field of view of 7°x 15°. It had a resolution of 20% for
6 keV X-rays from a 55Fe radioactive source. The rocket
aspect’ determined from onboard magnetic and Sun sensors
showed that it had a spin rate of 5.5 r.p.s. and a precession
with a half cone angle of about 3° around an axis centred at
R.A. 8h 56 m +4 m and declination 3°+1° The X-ay data
were pulse height analysed into three contiguous energy
channels in the energy range 2-18 keV,

Fig. 1 shows the plot of count rate in the 2-9 keV range as a
function of spin azimuth. Various sources within the scan
region of the detector are marked in the figure, the source
positions having been obtained from earlier observations2—+,
As the figure shows, the fluxes from Cen XR-1, Cen XR-2 and
Cen XR-4 are much below the limit of detectability and hence
only upper limits of flux for these sources are derived (Table 1).

All available observations of Cen XR -4 at different epochs?3:5:6
are plotted in Fig, 2. Data from Vela satellites used in this
diagram have been corrected for transmission efficiency of the

Table 1 Upper Limits for the X-ray Flux from Cen XR-1, Cen XR-2 and
Cen XR-4 in the Energy Range 2-18 keV (2 ¢ level)

Energy range Flux in photons cm—2 s—! keV-!
(keV) Cen XR-1 Cen XR-2 Cen XR-4
2-5 14x10-2 3.6x10"2 1.5x10-2
5-9 0.95x 102 24%x10-2 1.0x 102

9-18 0.52x 10~ 1.3x10-2 0.55x 102




T y T Y T —————
40 + N T oo - b -1
\ b \ 3
@ o a o« a«
X X x x x
Z 2 o z =
u W o =1 u je=
30 © o =z i © [

Counts/0.45s
[
(=]
T

180 170 160 150 140 130 120 110
Spin Azimuth (degrees)

Fig. 1 Total counts in 2-9 keV range for 0.45 s plotted as a
function of spin azimuth. |

detector window. Cen XR-4, which erupted suddenly as an
X-tay star in July 1969, decayed to less than 0.5 of its peak
intensity by September 24, 1969 (ref. 6). Our observation on
December 7, 1969, yields an upper limit of 0.13 photons ¢cm—2
s~ for the flux from this source in the energy range 2-18 keV,
The similarity between the concentration of X-ray sources
and that of novae along the galactic plane has already been
pointed out by L. Gratton (at the IAU Symposium on non-solar
Y and X-ray astronomy in Rome in 1969). The spectacular
time varijation, shown by X-ray sources like Cen XR-2 and
Cen XR-4%, is very much like the optical luminosity variation
of novae. Arp? has established a definitive relationship
between the maximum magnitude attained by novae and their
total duration, the lesser magnitude novae corresponding to
lesser duration. Novae with a duration similar to Cen XR-4
will have a typical apparent magnitude of about 17, Since the
novae in the galaxy M31 have the same characteristics as our
galactic novae, we have plotted in Fig. 2 the light curves for
No. 13 nova in M31 which has an apparent magnitude of
about 17. The similarity between the light intensity of a
typical fast nova and the X-ray flux of Cen XR-4 is very
striking, indicating that Cen XR-4 is a nova-like object.
Considering the triangular response of the collimator, the
main peak in the count rate (Fig. 1) can be attributed entirely
to Nor XR-2 at R.A. 234° 30’ + 2° and declination — 56°

2
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22’ + 2° consistent with the position coordinates given by
Friedman ez al.2. : ) :

Even though-Chodil ef al. observed a flux of ~ 1.6 photong
cm~2 s~ (2-10 keV) for Lup XR-1 in 1967, subsequent low
energy observations by Peterson (reported in Rome) apg
MacGregor er al.® have failed to confirm this. Further, the
high energy balloon observation of Lewin et al.® has indicated
the absence of this source. In spite of the reported location of
Lup XR-1 only 3° away from collimator normal as compared
with 8° for Nor XR-2, we do not observe a significant flux
(at 20 level) from the direction of Lup XR-1, which taken
with Chodil et al’s* observation indicates that Lup XR-]
is also a time varying X-ray source. )

The counts in different energy channels 2-5, 5-9, 9_18 kev
for Nor XR-2 source were obtained by subtracting the back-
ground, which was derived from the mean counts on both
sides of the source position. The absolute flux N, (E) was
derived from the count rates by folding the efficiency ¢ (E) of
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Fig. 3 The differential photon spectrum of the Nor XR-2
source.
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" the-detector and the atmospheric transmission along the line
of sight Tr(E) as v ’ )

E, ’ .
N(E,, E3) =g N, (E) THE)e(E)dE

and considering the geometrical response of the detector
system. In the energy range 2-10 keV, we observe a flux of
2.0+ 0.3 photons cm~2 s~* for the Nor XR-2 source, which can
be compared with the value of ~ 2.6 photons cm~? s~ obtained
by MacGregor et al. .

Fig. 3 shows the plot of the differential photon flux for Nor
XR-2 which can be fitted to either an exponential spectrum
N, (E)=0.75 ¢~E/5:25%0:25 photons cm~2 s=* keV~! corres-
ponding to a hot thin plasma at 6x 107 K or to a power law
spectrum N,(E)=2.1 E-13%%2 photons cm~ s~* kevV~1.

Even though a power law spectrum is generally considered as
indicative of the synchrotron mechanism for X-ray production,
Manley!® has shown that consideration of a sharp high energy
cut off in the relativistic electron spectrum can modify the power
law spectrum for X-rays into an exponential one. It is
extremely interesting to note that a supernova remnant*!
P 1548-55 at R.A. 237° 15’ and decln —55° 59’ and a pulsar'?
MP 1530-53 at R.A. 232° 35 457 +30” and decln —53°
+1° are located within the uncertainty circle of Nor XR-2
coordinates. Since Poveda and Woltjer!! first suggested the
possibility that all supernova remnants were X-ray emitters,
only two X-ray sources have been definitely identified with
supernova remnants. The likelihood of Nor XR-2 being also
associated with a supernova remnant, coupled with the possi-
bility of its X-ray spectrum favouring a synchrotron emission,
makes this a source of great astrophysical interest.
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