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SUMMARY

This thesis discusses two independent experiments, a celestial
X-ray experiment that was flown on two Skylark rockets from Woomera,
South Australia, and a proportional counter flown on the United States

IMP-F satellite.

Two identical X-ray experiments were flown on Skylark rockets
from Woomera, South Australia, at O0h 32m, 4 April 1967 and 22h 36m,
20 April 1967. The X-rays were detected by proportional counters
which were caused to scan the sky by the motion of the rocket.

Sco XR-1 was observed on both flights and served as a reference to
compare the flux from a new source Cen XR-2. This source was found
to have a softer spectrum on the second flight and its intensity

(2 to 8 keV) had decreased by 33%. Several possible models of

/
gsources that could show this variability are presented.

An X-ray albedo from the earth was observed on both flights.
This flux peaked at the horizon closest to the sun and was due to the
scattering of the incident solar X-rays by the electrons in the
atmospheric gas molecules., Fluorescent K X-rays from Argon, were

excited by solar X-rays greater than 3.2 keV and also contributéd to



the albedo flux., The change in the countrate as the rocket passed
through the X-ray absorption layer of the atmosphere was used to

determine the diffuse celestial X-ray flux,

A small proportional counter was carried on the IMP-F satellite
and provided continuous temporal data on galactic and solar X-rays.
Data on the possible variability in the intensity of Sco XR-1 are
presented. The solar X-ray flux was composed of bursts with durations
between ten minutes and several hours that were superimposed on a
slowly varying flux with a time scale of many days. The intensity of
the X-ray bursts was found to have a maximum correlation with the
intensity of LOOO MHz radio bursts and to decrease away from this
frequency. Eighteen percent of the X-ray bursts occurred without
associated Hx flares, and these occurred at times of maximum Het
1imb activity. The results can be understood if the mean height of
the X-ray burst emission region was (4 % 2) x 10)4 km above the

photosphere, /
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PREFACE

This thesis contains no material that has been accepted for
the award of any other degrée or diploma in any University, and
to the best of the candidate's knowledge and belief contains no

material previously published or writtemn by another person,

except when due reference is made in the text of the thesis.
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CHAPTER 1
INTRODUCTION TO X-RAY ASTRONOMY

Solar X-rays were first observed in 19h8vwhen rockets began to
carry experiments above the atmosphere. Even before this, it was
suspected that solar X-ray emission played an important part in the
formation of the ionosphere., The solar X-ray flux is very variable,
changing over the sunspot cycle and showing short time scale bursts

associated with flares and will be ‘discussed in detail in Section 1.2,

1.1l Galactic X-rays

Although the solar X-ray flux can be very large during a flare, it
would be unobservable if the sun was at the distance of the nearest star.
Consequently no experiments were carried out to look for X-ray stars until
Giacconi et al, (1962) observed galactic X-rays during an experiment to
measure albedo X-rays from the moon. Since then the development of X-ray
astronomy has been very rapid., Numerous reviews of the field have been
written, the most important being those of Giacconi and Gursky (1965),
Hayakawa et al, (1966), Friedman (1967), Giacconi (1967), Gould (1967),

and Morrison (1967); theoretical reviews by Hayakawa and Matsuoka (196L),



Ginzburg and Syrovatsky (1965); and Burbidge (1966) and reviews by
Boyd (1965) and Giacconi et al. (1966) covering the experimental
techniques. In view of the number and quality of the review papers in
the literature, only the principle developments in the fiéid will be

discussed here.

In order to observe celestial X-rays it is necessary to carry the
experiments above the bulk of the earth's atmosphere which is an efficient
absorber of X-rays. Most of the results to date have been obtained by
rocket~borne proportional or geiger counters sensitive in the energy
ranée 2 to 8 keV, Balioon—borne experiments have made an iméortant
contribution to the field; they can only observe X-rays greater than
20 keV due to atmospheric attemuation, but compensate for this by their

very much longer observing times.

The celestial X-ray flux consists of discrete sources superimposed
on a diffuse background flux. At the present time almost 4O sources have
been named, but only about 20 can be considered to have been reliably
observed. Unfortunately different groups have tended to use a different
nomenclature for the sources. There are two main systems, the first
uses the form Sco XR-1 or Sco X-1 to denote the first X-ray source in
the constellation Scorpius and subsequently discovered sources are
denoted Sco XR—2,'S§0 XR-3 ete. Usually the position of X-ray sources

is not known very accurately and the error circle can include more than



one constellation, The second system avoids this problem and uses the
form GX9+1 where 9° is the galactic longitude and +1,0° is the galactic

latitude,

Most of the known sources are located close to the galactic plane
in two groups, one close to the galactic centre and the other in the
direction of Cygnus (Friedman et al., 1967a; Gursky et al, 1967; Bradt
et al. 1968; Fisher et al. 1968). The latter grouping is probably

associated with the Cygnus-Orion spiral arm of the galaxy.

The strongest source is Sco XR-1 and this 1lies well off the galactic
plane which is indicative of its relative proximity to the solar system.
Apart from the variable source Cen XR-2 which is the subject of part
of this thesis, all of the other sources are at least an order of
magnitude weaker than Sco XR-1. The location of Sco XRe-l has been
measured with a precision of about 1 arc min by Gursky et al. (1966)
and has been identified with a variable blue nova by Sandage et al,
(1966) and radio emission detected (Andrews and Purton 1968). Tau XR-1
has been identified with the Crab nebula by lunar occultation (Bowyer
et al, 196L) and by using slit collimators (Oda et al. 1967). Tentative
optical identifications have been made for Cyg XR-1 (Giacconi et al. 1967b)
GX3+1 (Blanco et al. 1968a), and two different identifications for
Cen XR-2 by Blanco et al. (1968b) and Eggen et al, (1968). In all cases

there were many objects in the error circles and one was picked out as



being the most likely candidate. It must be emphasised that these
identifications are tentative, and have been made on the basis of .
extrapolation of the X-ray spectrum to optical wavelengths or by
similarity to the Scb XR-1 object. The only extragalactic object that
appears to have been observed in X~-rays is M87 (Bradt et al. 1967;
Friedman et al. 1967b). Observations of X-rays from other unusual
astronomical objects have been claimed but they are not conclusive when
the quality of the attitude solution or pointing control of the rocket

is considered together with the statistical accuracy of the data.

Besides the discrete sources there is a large diffuse celestial
X-ray flux. It has been shown to be isotropic at 2 to 8 keV but becomes
anisotropic at lower energies (Seward et al. 1967; Bowyer et al. 1968;
Henry et al. 1968). It is not known at present if the flux is due to
unresolved 'extragalactic point sources or if it is produced in the
interstellar and intergalactic medium by the inverse compton effect
between energetic electrons and the universal blackbody radiation
photons (Bergamini et al. 1967; Brecher and Morrison 1967; Gould 1967;

Maraschi et al. 19683 Silk 1968; Verma 1968).

The possible variability of galactic X-ray sources has been postulated
by many of the theoretical models which associate the celestial X-ray
emission with novae, supernovae, and the accretion of matter between

the components of a binary system, -As might be expected for such a



young science different experiments have observed different fluxes from
the same source, however this might not necessarily imply a variable
source, it could be indicative of the errors inherent in the experimental

method.

The first source that was claimed to be variable was Cyg XR-1
(Byram et al. 1966). The geiger counter countrate from this source was
observed to have decreased by a factor of L between June 196L, and April
1965 while that due to Cyg XR-2 was constant. However, the counters
used on the two flights had very different characteristics, those on
the latter flight being more sensitive at higher energies., In addition
the sources were observed on very few scans, leading to difficulties in
correcting for the collimator response. A subsequent rocket experiment
in October 1966 showed that the sources had not changed significantly

in the 18 months since April 1965 (Gorenstein et al. 1967).

The possible variability- of Cyg XR-1 has been pursued at balloon
energies by Overbeck and Tananbaum (1968a;" b) who claim a significant
variation using the same instruments on different flights. However
their equipment was subject to some coronal discharges on the flight in
“which they observed the biggest variation., Chodil et al. (1968a) take
the opposite view, that the differences between the various experiments
and experimenters was an indication of the experimental accuracy and did

not represent a real variation.
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Friedman et al. (1967a) attempted to show vafiability of the
sources near the galactic centre using data from the'flights in June
196l and April 1965 as mentioned in the Cyg XR-1 discussion, In this
case, as well as the different detector responses on the two flights
some of the sources were only observed on one scan and the very complexity
of the region meant that 'subjective judgements' were necessary in order
to separate the responses due to the various sources and to interpolate
between scans. A more accurate survey of the galactic centre region by
Bradt et al. (1968) on July 7, 1967 with much narrower, crossed
collimators and using proportional counters, yielded 'no clear evidence
for time variations'! when the results were compared with earlier
experiments, It is worth noting the excellent agreement between their
source positions and those of Fisher et al. (1966) obtained in September
1965, Such positional agreement allows for the valid comparison of

source strengths,

Thé Sco XR-1 spectrum has been measured many times by proportional
counters. Experiments in June 1965 (Chodil et al. 1965),. July 1965
(Hayakawa et al. 1966b) and October 1965 (Grader et al. 1966) were
remarkably consistent; however results from later experiments in July
1966 and May 1967 indicated a decrease in flux by about 50% (Chodil et
al, 1967ab). Even though most of these experiments were performed by
the group at Lawrence Radiation Laboratory, the experimenters did not

.claim variability,which suggests that this change was perhaps instrumental.



The results presented in this thesis and those of Cooke et al (1967)

agreed with the later Chodil spectrum. Chodil et al. (1968) have attempted
to relate a change in spectral shape observed on two flights in 1967

with the optical variations of the source., The observed.change was not
large and although the IMP results discussed in Chapter 10 tend to support
the variation in the spectrum between their two flights the result is not
conclusive., Lewin et al. (1968b) claim to have seen an X-ray flare from
Sco XR~1 with a balloon experiment. Also in the balloon region Overbeck
and Tananbaum (1968b) have plotted the long term variations in:the

balloon flux from Sco XR-1l, but a constant strength source is only Jjust

outside their error bars.

Finally, there is one source for which variability has been proved,
and this is Cen XR-2. This source was observed on the Skylark experiments
and will be discussed in detail in the first part of this thesis, It was
observed by three different experimental groups, each experiment also
observed Sco XR-1 which could be used as a reference. The flux was
observed to change by more than an order of magnitude, and the source

was observed on many scans in each experiment.

Admittedly, this discussion has been written from a skeptical point
of view. Nevertheless, it is unfortunate that variability of X-ray
sources is fashionable and so discrepancies between experiments tend to

be explained in terms of variability rather than limitations in



experimental method. This is not to say that variationé in X-ray
emission have not occurred, but if so, they have only been of the order
of, or smaller than, the inherent accuracy of the experiments. The
conclusions the author would derive from this study of the literature
are that most sources have varied by less than 30% in two years; one
source, Sco XR-1, has shown a possible high energy flare, and one source,

Cen XR-2,has shown large variations over a time scale of about a month.

1,2 Solar X-rays

The solar X-ray emission can be divided into three components s
(1) X-rays from the quiet corona which are always present, (2) a slowly
varying component emitted from coronal condensations above long lived
active regions and (3) impulsive emission associated with solar flares.
One of the main characteristics of the solar X-ray emission is its
variability which becomes greater at higher photon energies and provides
a very sensitive measure of the solar activity, The X-ray flux above
1.5 keV (0 - 8 A) in the absence of flares decreased from about 10—3 erg
em~? sec™t at solar maximum to 5 X 107 erg em™? sec™t at solar minimum
whereas the flux at 0,25 keV (L - 60 A) only decreased from 5 X 1072 to
1072 erg em™2 sec™t (Mandelstam. 1965). In addition, flares can cause
the 0 - 8 A flux to increase by more than an order of magnitude within

ten minutes,



An excellent review of solar X-ray emission has been given by
Mandelstam (1965b); other good reviews of the subject are those by
Friedman (1963), de Jager (196L), Kundu (1965), Goldberg (1967), and
Underwood (1968), In view of these numerous reviews the present
discussion will be limited to a brief description of the types of
experiments performed, followed by a summary of the present knowledge

of solar X-rays.

1.2.1 Solar X-Ray Experiments

The solar X-ray flux up to L keV and its variation with time have
been measured by ionisation chambers and geiger counters on the NREL
SOLRAD satellites which have provided continuous data observations since
1960 (Kreplin et al., 1962; Acton et al. 1963; Thomas et al. 1965;

Kreplin and Gregory 1966; Gregory and Kreplin 1967; Landini et al. 1967ab;
Acton 1968). Similar experiments have been flown on 0S0-1 (White 196L),
the Vela satellite (Conner et al. 1965), Injun-1 (Van Allen et al. 1965),
and the Electron-II station (Mandelstam 1965b). These experiments have
enabled the variation of the slowly varying component of the solar X-rays
to be investigated, and correlated with other measures of solar activity.
Although they observed many X-ray bursts these experiments suffered from
very wide spectral channels leading to uncertainties in the spectral
shape. In addition, the short periods of data reception prevented the

observation of the complete time development of the bursts. Better



10

spectral resolution was obtained by the proportional counters on Ariel 1
(Bowen et al. 196L; Culhane et al. 196k; Pound 1965) and on sounding
rockets (Chubb et al. 1966). They showed a hardening of the X-ray

spectrum during the bursts.

Several experimenters have looked at the X-ray flux at higher photon
energies. A scintillator on 0S0-1 (Frost 1965) monitored the solar
X-rays in the energy interval 20 to 100 keV and although the quiet sun
flux was below the threshold of the instrument, eight energetic X-ray
flares were observed. Arnoldy et al. (1968) measured the 10 to 50 keV
X-ray flux using an ionisation chamber on 0GO-1 and 0GO-3, and observed
many flares., Cline et al. (1968) observed X-rays up to 500 keV from one
flare, and suggested a nonthermal bremsstrahlung origin. Hudson et al,
(1968) measured the spectra from 8 keV to 210 keV and showed the

softening of the spectrum as the burst decayed.

The best spectral data have been obtained by making use of the
wave like character of X-rays as opposed to the photon detectors already
discussed. Blake et al. (1965) used a Bragg cr&stal spectrometer over
the wavelength interval 25 to 13 A (0.5 to 1.0 keV) and showed that most
of the X-ray flux was concentrated in emission lines. This method has
been developed by Rugge and Walker (1968) and Evans and Pounds (1968),
and extended to 1.9 A (6.5 keV) by Fritz et al. (1967) and to 1.3 A

(9.5 keV) by a spectrometer on 0S0-3 (Neupert et al. 1967, 1968). The



11

latter instrument took a spectrum every 5 minutes with a resolution of
0.01 A and showed that most of the burst X-rays less than 6 keV were
emitted in line spectra, A grazing incidence spectrometer using a
diffraction grating has also been used to measure the spectrum down to

9.5 A by Zhitnik et al. (1967).

Most of the experiments discussed so far, observed the X-rays
from the whole disc., The spatial distribution of the X-ray emitting
regions was first determined by pinhole cameras flown on stabilised
rockets by a number of experimenters (Blake et al. 1963; Blake et al.
1965; Russell 1965; Pounds and Russell 1966; Russell and Pounds 1966;
Broadfoot 1967; Fritz et al. 1967; and Zhitnik et al. 1967). Various
thin filters over the pinhole enabied the camera sensitivity to be
adjusted to different energy intervals, Although this technique has
given valuable results, grazing incidence telescopes have a higher
sensitivity than the pinhole cameras and resolutions of 20 arc seconds
have been achieved (Giacconi et al, 1965; Underwood and Muney 1967;

and Reidy et al. 1968).

The spatial distribution of X-ray emitting areas has also been
obtained, although less accurately, from the width and position of the
emission lines in the Bragg spectrometers (Blake et al. 1965; Broadfoot
1967; and Fritz et al. 1967) and by slit collimator scans across the

solar disc (Blake et al. 1965). The size of the emitting regions has
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been determined by measuring the change in flux as the regions were
obscured by the moon during solar eclipses (Friedman 1963; Mandelstam

19653 and Landini et al., 1966).

1,2.2 X-rays from the Quiet Corona

The solar corona is a hot thin plasma above the chromosphere with

a temperature of about 106 °k. The electron density is about 109 cm-3

L 3

at 2 x 10° km above the solar limb and has decreased to 1.6 x 108 cm
by 5 x 1oh km, The corona is.obtically thin to X-rays and the total
flux is proportional to the integral of the square of the electron

> Jine of sight. This results in a 1limb brightening
with a latitude dependence that has been observed by Underwood and
Muney (1967) and Reidy et al. (1968). The theoretical thermal emission
of X-rays’'by the corona has been calculated by Elwert (1961) and his
results agree with the observed spectrum and limb brightening at solar

minimum. The emission processes that occur in a hot plasma are

discussed in Section 1.3,

In order to measure the spectrum of X-rays from the quiet coroﬁa
it is essential to be sure that there are no active regions contributing
as these produce a greatly enhanced X-ray emission. This is difficult
to achieve with whole sun instruments because it is extremely rare that

the sun 1is completely quiet.
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1.2.3 Emission from Active Regions

Most of the solar X-ray emission occurs from areas in the corona
overlying active regions on the photosphere. The magnetic fields
associated with the active regions result in an increased electron
density and temperature in the corona producing an enhancement of the
coronal X-ray emission. The thermal emission from such a hot, thin
plasma is discussed in more detail in Section 1.3. The early
calculations for the solar corona and the coronal condensations were
performed by Kawabata (1960) and Elwert (1961), however they omitted
the effects of dielectronic recombination which can be important.

This has been rectified and the caléulations extended to higher energies
by Mandelstam (1965a), Tucker and Gould (1966) and Tucker (1967a).

These calculabions have shown that the importance of the different
emission processes is very dependent on the relative abun@ances of the
elements and the electron temperature. They show for example that for
the interval 2 to 8 A, at 5 x 106 °K, and for the abundance of elements
observed in the photosphere emission occurs equally by radiative

recombination and by line emission,

The Bragg spectrometer results have shown that most of the
emission less than L keV consists of line spectra. Lines have been
observed from Si XIII indicating a temperature greater than 7 x 106 °k

(Fritz et al. 1967), however it would not be the same for all



condensations but would depend on the activity of the underlying
photospheric region. The intensity of the lines provided information
on the abundances of the elements in the X-ray emitting region and
showed that iron is much more common than in the photosphere (Evans

and Pounds 1968).

X-ray photographs of the sun have shown that at 0.2 keV X-ray
energies every active centre on the disk has an associated enhancement
in the X-ray emission of the overlying corona (Underwood and Muney
1967). At 1 keV the emission regions are small and located directly
above the most active plage regions. That is, all active regions
cause an enhancement of the coronal X-ray emission, but the highest
temperature and density occur immediately above the most active regions
to produce the highest intensity and hardest X-ray spectra. Emission
has been observed associated with a plage region around the limb,
enabling the height of emission to be estimated as (2,2 % 0.3) x 10“ km

(Broadfoot 1967).

Fritz et al. (1967) favoured a nonthermal source mechanism because
of variations that they observed in the line intensities during their
rocket flight. 1If this was a real vériation, it would be hard to

explain by thermal emission from long lived coronal condensations.

The total emission from all the active regions changes slowly as
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active regions develop and die away, and as they move across the visible
face of the sun. The slow variation of the X-ray flux greater than

1.5 keV shows a good correlation with the slowly varying component of
the 2800 Mz flux (White 196l; Mandelstam 1965b; Landini et al. 1967b).
The spatial distribution of the X-ray emitting regions agrees with the
map of the 9.1 centimeter emitting regions of the sun (Blake et al.
1963; Pounds and Russell 1966; and Underwood and Muney 1967). However
the difference in radio emission between active regions and the quiet

corona are not as marked as for X-rays.

'1,2.4L Solar X-ray Bursts

Many X-ray bursts have been observed but the precise mechanism by
which emission occurs is still not properly understood. The rise time,
decay time and duration of the bursts is variable, but on the average
at 2 keV the duration is about 10 minutes. The time scales can, however,
be much longer for a large flare while at higher photon energies the

bursts have shorter durations.

Proportional counter experiments have measured an increased
X-ray intensity and a hardening of the spectrum during flares (Pounds
1965; and Chubb et al, 1966). Neupert et al. (1967, 1968) have
measured the line spectra during a flare, and observed a strong line

at 6.5 keV corresponding to the 182 - 1s2p transition in Fe XXV, i.e.
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an iron nucleus with only two electrons and weaker lines corresponding
to other heavy elements, nickel, calcium and chromium. Their data was
consistent with the hypothesis that the initial ionisation was
predominantly Fe XXV and that subsequent recombination produced
successively lower stages of ionisation whose spectra could be excited
by electron collision, or alternatively, recombination into the excited
states was followed by a cascade into the ground state. The presence
of Fe XXV indicated very high energy electrons; in the laboratory a

19 kV arc was necessary to excite its spectrum (Feldman and Cohen 1968).

High energy X-rays have been observed up to 500 keV during an
importance 3 Ha flare (Cline et al. 1968). The duration of the burst
for energies greater than 80 keV was less than five minutes, whereas
the duration for X-rays greater than 1.5 keV from the same flare was
at least 90 minutes (Van Allen 1967). Hudson et al. (1968) have also
observed this effect, where the duration of the flare is much longer

at lower energies (< 10 keV) than at high photon energies.

The intensity of the X-ray bursts is not directly related to the
importance of an accompanying H« flare, and in fact some X~ray bursts
occur without an observed Ha flare (Culhane et al., 196L; White 196L;
Comnor et al. 1965). The results of Chapter 9 show that this is
probably due to flares occurring around the limb obscuring the H<

emission. Hence it is likely that all X-ray bursts are in fact
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accompanied by some H« activity. A good correlation exists between
the X-ray and the centimeter radio bursts, often even the subsidiary
peaks in the radio burst are related to peaks in the X-ray data
(Frost 1965; Kundu 1965; Pounds 1965; Kawabata 19663 Acton 1968;

Arnoldy et al. 1968; Cline et al. 1968; and Neupert 1968).

There are several theories for the emission of X-ray bursts
(Kundu 1965). 1In the first, high energy nonthermal electrons are
produced in the flare probably by a Fermi-type acceleration, The
electrons emit centimeter radiation by synchrotron emission and X-rays
by bremsstrahlung either in the corona or when they penetrate into the
chromosphere, Some X-rays would also be emitted by the synchrotron
and the inverse compton processes. In the second theory, (Chubb et al,
1966) the flare causes local heating of the corona to produce a small
volume high density, high temperature plasma which emits both X-ray
and centimeter radiation by thermal processes. In fact both processes
are likely to occur although the relative importance could vary from
flare to flare. Most of the high energy X-rays are emitted promptly
and are produced by nonthermal bremsstrahlung. On the other hand,
the low energy photons are predominantly produced by thermal processes
in a region of the corona and the change in intensity results from the
cooling of the plasma. The two processes would probably become

equally important in the range 2 to 8 keV, Acton (1968) has pointed
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out that even the variation in the low energy photon intensity might
be due to the variation in the energetic electron source, A real
understanding of the processes involved is likely to come from a
detailed study of the variation in the high resolution spectra from

many bursts.

1.3 Emission Mechanisms for X-Rays

Apart from the sun, the mechanisms of X-ray emission that occur
in celestial X-ray sources are not known. This section will briefly
review the processes which could produce X-rays in the celestial
environment, and the results of investigations to apply these processes

to the known X-ray sources.

1.3.1 Thermal Radiation from a Hot Thin Plasma

The most complete treatment of low density plasmas has been given
by Tucker and Gould (1966) and Tucker (1967a). A plasma is considered
in which the ionising radiation field is weak, so that ionisation is
only by electron collision and, in the equilibrium condition, is
balanced by radiative and dielectronic recombination, Since both the
jonisabion and recombination are proportional to the electron density,
the ionisation equilibrium is then independent of &ensity and only

depends on the temperature.
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Earlier calculations by Kawabata (1960), Elwert (1961), and
Mandelstam (1965) omitted the effects of dielectronic recombination
which can be important (Burgess 196L). In dielectronic recombination
an electron recombines with an ion, but instead of emitting a photon
which carries away the excess energy as in radiative recombination,
the energy is used to raise one of the already bound electrons to a
higher energy level. The resulting ion is hence doubly exciﬁed and
can either emit an Auger electron or one of the excited electrons
can undergo a radiative transition to a lower level, Since the
incident electron has to supply energy to the ion, the process is very
energy dependent, and is most important at about 106 or lO7 °k. Such

temperatures are conceivable in a celestial X-ray source.

A hot plasma emits photons by three distinct processes, (1)
bremsstrahlung, (2) radiative recombination and (3) line emission.
Bremsstrahlung or free-free radiation, occurs during the coulomb
scattering of the electrons by the ions in the plasma. For a
Maxwellian distribution of electrons at temperature T encountering ions

of charge Z the emission spectrum is given by

dN N _1
Javag -~ 1033 x 1071 ner S[Zavzznzg(Z,T,E)]exp(—’r*l/kT)/E

photons cm™3 sec~t kvl (1.1)

where g is the average Gaunt factor, E is in keV and T is in degrees

Kelvine.
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In radiative recombination an electron of energy Eg recombines
with an ion of atomic number Z in the state n and emits a photon of

energy

w = Bg + I, » (1.2)

where I, is the ionisation potential of state n. The resulting

sn
spectrum is a continuum but as photons with energies less than Iz,n
cannot be produced by recombination to the state n, there is an edge

in the emission spectrum whenever the energy is equal to the ionisation
potential of an atomic state. The resulting singly excited ion decays

by radiative transitions to the ground state, as does the doubly

excited ion produced by dielectronic recombination.

Iine emissions are excited by inelastic electron collisions. One
electron is raised to a higher level by the collision and then emits a

photon during the transitions to lower levels., “

For a hot gas exhibiting the cosmic abundances of the elements,
line emission‘dominates the cooling at temperatures of less than
5x 106 °K, but above this temperature bremsstrahlung is the most
important process. The total X-ray production in the interval 2 to 8 A
(1.5 to 6 keV) has been calculated by Tucker (1967a) and is mainly
radiative recombination below 8 x 106 9K, and then bremsstrahlung

sbove this.temperature. However the relative proportions were
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extremely dependent on the abundances, and he showed that line emission
caused the greatest emission in the 2 to 8 A range at 107 °k for the

abundances found in the outer shells of supernovae.

The corona of the sun is the best example of a thin hot plasma
that emits X-rays and is discussed in detail in Section 1,2. Tucker
(1967a) considered the possibility of observing the X-rays from the
coronas of other stars and concluded that the emission from some of
the bright, nearby stars could be within the present limit of detectability
during large flares. Bless et al. (1968) and Wallerstein (1968) have
suggested that as Wolf-Rayet stars are thought to have extensive hot
coronas they are very likely to be strong X-ray emitters. Their

distribution in the galaxy matches that of the observed X-ray sources.

Hot plasmas could also be produced by the shock heating of the
envelope afound novae or supernovae or might occur in the ejecta from
supernova (Tucker 1967a). Sartori and Morrison (1967) investigated
the possibility that the X-rays from the Crab nebula are produced by
thermal bremsstrahlung instead of the synchrotron emission that occurs

at radio and optical wavelengths.

Thermal bremsstrahlung from a thin hot plasma is consistent with
the observed X-ray spectrum from Sco XR-1 over the range 2 to 8 keV.
Johnson (1966, 1967) and ‘fucker (1967b) have propoéed models for the

optical and X-ray observations that require the coexistence of ‘a lO5 °k
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plasma with a much larger amount of 107 °K plasma. Shilovsky (1967)
suggested, alternatively, that Sco XR-1 might be a member of a close
binary which was rapidly accreting plasma from its companion. The
gravitational potential energy released would heat the plasma which
would then emit thermal X-rays. This accretion theory has been
investigated further by Cameron and Mock (1967), Sofia (1967), and

Prendergast and Burbidge (1968).

1.3.2 Neutron Stars

Significant X-rays can be produced by blackbody radiation if the
temperature is high enough, The flux emitted by blackbody at temperature
T is given by

N _ 31.2 -1
JtasSaE 9.88 x 10°°E [exp(E/kT) - g

2 1

sec™L eV~ (1.3)

photons cm™
where E is in keV,

To explain the galactic X-ray sources it is necessary to postulate
an object which is a strong emitter of Xwerays, but with negligible
emission at optical and radio wavelengths, Chiu and Salpeter (196L)
suggestedithat a neutron star with a radius of about 10 km and a surface
temperature about 107 °K would satisfy these requirements. A neutron

star is an end product of stellar evolution, and is proposed to be
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formed from the collapsing stellar core that triggers a supernova
(Colgate and White 1966). The density\of a neutron star would be
approximately nuclear density; the pro%ons and electrons having
combined to form neutrons which exist in a degenerate state. A neutron
star has a mass limit of about two solar masses (Tsuruta and Cameron
1966b, Cazzola et al. 1967); above this mass the close range repulsive
nuclear forces cannot support the gravitational attraction of the star.
It should be noted that these stars have been theoretically proposed

but have not been actually observed,

The average properties of a neutron star are expected to be
radius ~ 10 km
mass ~ 1My = 2x 1033 gms

1L

density ~ L x 10" gm cm™3 (1.L)

If the neutron star is formed in a catastrophic process, it will
initially have a high temperature. Bahcall and Wolf (1965), Finzi
(1965), Tsuruta and Cameron (1966a), and Wolf (1966), have calculated
the cooling rate due to neutrino emission and have shown that the

neutron star would cool very rapidly by the reaction

—

n+n —> n+p+e +V (1.5)

and its related muon producing and inverse reactions. The opacity of

the neutron star to the neutrinos is negligible, and so they very
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efficiently carry off energy. It must be assumed that there are no

' /
quasifree pions present otherwise the star would cool within a few
days to a temperature too low for X-ray emission (Bahcall and Wolf

1965). The rate of cooling by neutrino emission is
T = (6.7 x 10712) Y/181/6 oy (1.6)

where t seconds is the time for cooling from a very high temperature

10 o

(> 10~ %K) to T °K, (Wolf 1966).

Photon emission occurs from the surface of the star which is
considerably cooler than the interior. Morton (196L) and Tsuruta
and Cameron (1966a) have investigated the properties of the neutron
star atmosphere to obtain the surface temperature as a function of
the core temperature., L The ratio of the core temperature T to the

effective surface temperature T, was

/T~ 165 (1.7)

e

7

at Te = 10 OK and it was a slowly increasing function of temperature.

Table 1 shows the rate of cooling of the neutron star due to (1)

neutrino emission and (2) photon emission.

Neutrino cooling is very efficient at high temperatures and no

matter how hot the neutron star was when it was formed, it would cool

7 °K in less than a day. However, it takes th years

6 o,

for the star to cool down to Te = 2 x 107 "K and then photon emission

down to Te = 2 x 10

from the surface becomes the dominant means of cooling.
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AGE OF NEUTRON STAR

25

Te peak 2 =~ 8 keV T Age (seconds)
surface emission flux core !
‘o . o e neutrino photon
10”7 K (kev) ergs cm sec — 10 K emission - emission
20,0 8.6 5.9 x 1024 3800 L.3 x 1oh 5.2 x 10%°
10,0 b3 L.2 x 1023 1600 5.4 x 1o6 1.5 x 107
8.0 3. 1. x 102 1300 3.0 x 107 2.2 x 107
6.0 2.6 3.1 x 10% 950 1.8 x10° 3.9 x 10™
4.0 1.7 2.3 x 102 610 2.7x10° 8.1 x 100+
3.0 1.3 2.2 x 109 o 1.8 x 1000 1. x 10%°
2.0 0.86 3.0 x 10%° 280 2.5 x 1% 2.7 x 1002
1.0 0.43 9.1 x 10%° 110 8.0 x 1003 6.7 x 10%2
1 year = 3.15 x 107 seconds
1l day = 8.L6 x th seconds
1 keV = 1.602 x 10~ ergs

It must be emphasised that the cooling rate due to neutrino

emission is difficult to calculate since we have no experience of such

processes,

Meltzer and Thorne (1966) and Chiu (1966) have pointed out



26

uncertainties in the calculations, nevertheless, the ages calculated
above should be accurate to at least an order of magnitude (see also

Hansen and Tsuruta 1967).

The majority of galactic X-ray sources appear to be relaively time
invariant (age greater than two years) and hence are not neutron stars
because their X-ray spectrum cannot be fitted by a blackbody spectrum

6 °k, (i.e. age > 1 year).

for a surface temperature of less than 8 x 10
Clearly, however, the fact that none of the known sources are neutron
stars does not imply that neutron stars cannot be X-ray sources. Thus,

a neutron star model for Cen XR-2 will be discussed in Chapter 7.

1.3.3 Synchrotron Radiation

When relativistic electrons spiral in a magnetic field they emit
synchrotfon radiation (magnetic bremsstrahlung). Two difficulties
associated with this mechanism are (1) the extremely high energy
electrons required to produce X-rays in a magnetic field at 10—:':'3 gauss
and (2) the radiative lifetimes of these electrons is of the order of

a year.

A relativistic electron with energy Ee keV in a field H oersteds
produces a wide spectrum of photon energies but with a peak at photon
energies of

= = -17 2
E, 1.9x10 " H (E) (1.8)
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The spectrum of photons from a source will further depend on the
spectrum of the electrons, and the range of '~ magnetic fields within

the object.

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

power law spectrum in energy:

N, . kE-qélectrons cm_3 keV-1 (1.9)

dvdle

then the spectrum of photons emitted by the synchrotron process is

“17.A(P+ 1)/2
dN 21 6.6 x 10 'H
Wagas - % * 10 a(’f)k[ : > ]

photons em™ sec™t kev_l (1.10)

where H is ‘the magnetic field in oersteds, E is the photon energy in
keV and the function a(4") is approximately 0.1 for 9 between 1 and 5
(Ginzburg and Syrovatskii 1965b). Equation 1,10 is valid provided
that the electron spectrum satisfies equation 1.8 up to E ~'105 GeV,
Manley (1966) has considered the photon spectrum produced by a flat
electron spectrum with a high energy cutoff and found that it was

approximately exponential at high energieé.

In any X-ray source the electron spectrum would not stay constant

unless there was a continuous injection or acceleration of higher
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energy electrons., The synchrotron emission causes the electron to
lose energy at the rate

dE

2
-6 2| E
e 0.98 x 10 HJ(—% keV/sec (1.11)

mec
where H, is the magnetic field at right angles to the electron velocity
measured in oersteds., The time for the electron to lose half of its

energy is

8 2
e
7 = 2X10 ( L J seconds (1.12)

H® E

4

Synchrotron emission is very important at radio wavelengths in
the Crab nebula, Tau XR-1, and Tucker (1967a) has investigated the
possibility of synchrotron emission in the X-ray region. The Crab
nebula is the remnant from the supernova of 1054 A.D. and so the
biggest problem for the synéhrotron theory is the short lifetime of
high energy electrons due to synchrotron losses, Tucker was able to
fit the X-ray, optical and radio observations with several models
using different initial electron spectra and acceleration mechanisms.
Only one of these models did not require any acceleration or injection
of electrons since the initial outburst, but it required a very hard
electron spectrum extending to very high energies, and a low energy

3

cutoff at 10” GeV which is rather difficult.,

Manley (1966) proposed a synchrotron model for Sco XR-1 using an
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electron spectrum with a high energy cutoff. The radio flux from
this source observed by Andrewsand Purton (1968) is in good agreement
with Manley's predicted spectrum, The contribut ion of synchrotron
emission from galactic electrons to the diffuse X+ray flux has been

discussed by Verma (1968) but was found to be small.

1.3.L Compton Effect

One of the theories of the diffuse X-ray flux suggests that
compton interactions between high energy electrons and low energy
photons in interstellar and intergalactic space produce the X-rays.
The effect is often called an "inverse" compton effect as the energy
of the photon is increased in the interaction, An electron of energy
Ee colliding with thermal photons of average energy Ep(= 2.7 kT) will
produce scattered photons with an average energy E where (Ginzburg

and Syrovabskii 196L)

E = 1.33 B (Fy/ne®)’ (1.13)

Numerous calculations have been performed to determine the
diffuse X~ray flux produced by the interactions of the high energy
electrons with the photons of the 3° K universal blackbody radiation
(Fazio et al. 1966; Felten and Morrison 1966; Bergamini et al. 1967;
Brecker and Morrison.1967; Cheng 1967; Felten 1967; and Maraschi et al.

1968). The results are very dependént on the intensity and shape of
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the galactic and intergalactic electron spectra, but making the mostl
reasonable estimates, the X-ray flux produced is less than tﬁe
observed diffuse flux. The discrepancy would disappear if there were
more electrons than expected or if there were more electrons in the
past, both of which are possible. Alternatively, the major component

of the diffuse flux could be unresolved extragalactic sources (Silk

1968).



PART A

SKYLARK EXPERIMENT TO OBSERVE CELESTIAL X~RAYS

CHAPTER 2
DESCRIPTION OF THE EXPERIMENT

Two identical X-ray astronomy experiments were flown on Skylark
rockets from Woomera, South Australia: SLL26 (Flight I) at 0032 U.T.
on L April and SILL25 (Flight II) at 2236 U.T. on 20 April 1967,

(Figure 1). These experiments were conducted jointly by the
Universities of Adelaide and Tasmania (UAT) and were flown as ancillary
experiments on rockets carrying ionospheric experiments of the

University College of Wales, Aberystwyth, U.K.

The prime purpose of these experiments was to survey the southern
sky, in particular, the Magellanic clouds and the galactic disk south
of the galactic centre, for sources of X-rays in the energy range ’

2 to 8 keV, These X-rays can only be observed from a rocket or
satellite as they are absorbed in the atmosphere at about 80 km

altitude,

The Skylark rocket is a solid. fuel, unguided vehicle and on both

31



Figure 1. The launch of the Skylark rocket (Flight II)

from Woomera, South Australla.
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flights gave 350 seconds of observing time above 80 km. The head of
the rocket consists of a series of cylindrical sections called "rings"
which are mounted one above the other, culminating in the nose cone.
The standard skylark instrumentation includes three orthogonal

fluxgate magnetometers, three orthogonal accelerometers, two orthogonal
rate gyroscopes, and four pairs of crossed sunslits. The data from
these instruments enabled the attitude of the rocket to be determined

at all times through the flight.

The X-rays were detected by a set of four proportional counters
mounted in pairs around the circumference of the rocket, so that the
two pairs looked in opposite directions. Aluminium collimators in
front of the counters restricted the field of view to 700 x 20o (full
angles) with the long axis parallel with the spin axis of the rocket,
The motion of the rocket above the atmosphere consisted of a spin
about the longitudinal axis and precession of this axis around a cone.
The spin caused the counters to scan across the sky while the
precession motion varied the scan paths from one revolution to the
next. As a result, at the end of the flight the counters had scanned

most of the celestial sphere above the horizon in an orderly manner.

The output from each pair of detectors was analysed by a two
channel pulse height analyser with the channels set to accept pulses

corresponding to 2 to 5 keV and 5 to 8 keV deposited in the counter.
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The output from these channels was telemetered in real time to the

ground.

The experiments were housed in a multipurpose ring (B16-01-1005),
Figure 2, and holes were milled in the side for the proportional
counters. The electronics were mounted on a pressure bulkhead which
was attached to the base of the ring. The UCW experiment and the
sunslits were mounted above the UAT ring while the telemetry, battery
box, and other standard instrumentation was located below. This
necessitated interconnect cables passing through the UAT ring, and
these can be seen in Figure 2. The head was hermetically sealed so

that the electronics only needed to operate at one atmosphere pressure.

The experiment power was supplied by a set of silver-zinc batteries
in the rocket battery pack. The voltage from these batteries during a
normal flight was between 32 and 26 volts, although voltages up to 37
volts could be expected under light load conditions. Consequently,
the power converter had to be capable of operating over this range of
voltages and yet supply the various regulated voltages required for

the experiment. The input current to the power converter was 0.25 amp.

The block diagram, Figure 3, and the photograph of the ring,
Figure 2, show the relation between the various components of the
experiment. Where possible, connection was made via the master terminal

trip for ease in checking the operafion of the system, The interface
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Figure 2. The UAT experiment mounted in the cylindrical 'ring' of the

rocket. The sketch above shows the location of the various

components.,
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Figure 3. Block diagram of the UAT experiment showing the electrical

connection between the various components.
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with the rocket power supplies, telemetry and monitor lines was via

a 2L pin amphenol plug which for bench tests could be connected into

the ground checkout unit. There were two independent detection systems,
each consisting of:

(1) a Cockroft Walton voltage multiplier which supplied 2L,00 volts
for the proportional counters.

(2) Two proportional counters which detected the X-rays and
produced voltage pulses whose amplitude was proportional to
the X-ray photon energy.

(3) An amplifier which amplified the voltage pulses corresponding
to a photon energy of 6 keV to a pulse amplitude of 3 volts.

(L) A signal conditioner which analysed the spectrum of pulses
using a two chamnel pulse height analyser and generated two
(16 step) staircase voltages each corresponding to one channel,
and each step of the staircase corresponding to one count,

The staircase voltages were telemetered to the ground,

A set of four thermistors mounted at various points throughout
the experiment monitored the temperature during the flight. The
experiment was subjected to aerodynamic heating during launch and so
it was important to be able to determine whether the more temperature
sensitive items (counters, EHT supplies, etc.) were subject to
significant temperature changes. All of the electronics were constructed

from discrete components mounted on printed circuit boards.
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2,1 Proportional Counters .

The output pulse from a proportional counter is proportional
to the energy deposited in the counter gas. This, together with the
internal amplification of about 1000, and a high efficiency, (approx.
100%), means that a proportional counter is an ideal detector of

X~rays in the energy range 2 to 8 keV.,

Basically an X-ray is absorbed in the counter gas and produces a
number of ion pairs proportional to the energy deposited in the counter
(for xenon the mean energy per ion pair is 22 eV, Jesse and Sadaukis
1957). The counter configuration is usually cylindrical with an anode
wire down the axis of the counter so that the electric field becomes
intense close to the wire. IThe electrons are attracted towards the
anode; as they get close to the wire they gain sufficient energy in
one mean free path to cause ionisation, In this way an avalanche of
electrons is built up and provided the counter is properly designed
the amplification factor is independent of the initial number of
electrons or where they were formed. A full discussion of proportional
counters, and their mode of operation is given by Rossi and Staub
(1949), Wilkinson (1950), Williams and Sara (1962), Curran and Wilson

(1965), and Charles and Cooke (1968).

The proportional counters are shown in Figure 2 and were filled

with a xenon-methane gas-mixture (90% - 10% by volume) at one



36

atmosphere pressure. The entrance windows were beryllium foil and
their thicknesses were measured subsequent to the rocket flight and
found to average 1l mg/cm2 (effectively 0,003 inch)., The measurements
were made both with a micrometer calibrated with standard shims and
also by weighing known areas of foil. The effective window area of
each detector was 11 cm2 after the struts and collimators had been
taken into account. The counters and collimators were made of
aluminium which produces fluorescent X-rays of 1.5 keV, well below
the lower chamnel at 2 keV, The counters are shown in the photographs
of the experiment before launch, Figure 2, and after launch, Figure 8.
The counters were mamufactured by IND Inc,, Oceanside, N.Y., to

specifications drawn up for this experiment.

The experiment was initially designed to fit into a smaller
section of tthe rocket which placed tighter restrictions on the window
area and the length of the counter than the "multipurpose' ring that
the experiment was actually flown in. Since the counter window
occupied an appreciable part of the total length of the counter,
difficulties were experienced with end effécts. The gain decreased
and the resolution worsened for X-rays incident on the end windows
of the counter. The first set of counters ordered were flown on
Flight II and suitable corrections were made to the results. For the
second set of counters a grid of field forming electrodes corrected

the poor field configuration towards the end of the counter, Although
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this corrected for the gain variations along the length of the counter
the overall resolution was still rather poor. This was probably due
fo the proximity of the guard wires to the anode wire which made the
uniform’tensioning of all of the wires very critical. Any variation
in the distances between the wires through slackness of the wire

would produce large changes in the multiplication factor,

The counter anode voltage was 2L00 V which was regulated by a
corona tube, The field forming electrodes operated at 500 V.
Sufficient filtering was mounted at the detector to remove any transients
from the 2400 V line and a 1 Megohm load resistor was used between the
last capacitor and the anode., The current pulse from the proportional
counter caused a voltage drop across the load resistor and the
resulting voltage pulse was fed to the amplifiers through a coupling

capacitor and a short coaxial cable,

The resolution of the proportional couriters is defined as the
full width at half maximum (FWHM) of the distribution of pulses
produced by a monoenergetic source of X-rays, and is expressed
as a percentage of the pulse height. Most of the testing of these
counters was done with 5.9 keV manganese K X-rays from an iron 55
source. The theoretical resolution at this energy is about 16%
which is caused by the statistical processes involved in the
absorption of the photon and the amplification process. All of the
present counters were worse than this and ranged from 20% to 100%.

The characteristics of the counters when flown are shown on Table 2.
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TABLE 2

CONDITION OF PROPORTIONAL COUNTERS WHEN FLOWN

Flight Counter Position Resolution Voltage
in Expt., at 5.9 keV of Peak

1(L26) 3115 A 5% 3.0
3116 "B 81% 3.0
3114 ¢ 100% 2.8
3117 D 25% 2.0
II(L25) 2l20 A 3L 3.0
2009 B 28% 3.0
2025 c 100% 1.0
2027 D 20% 2.5

Xenon was used as the counter gas because it has a higher
cross section for the absorption of X-rays and causes a higher
ionisation energy loss by charged particles than any other noble gas.
Hence the counter has a greater efficiency for X-rays and at the same

time, chargea particles tend to deposit more than 8 keV in the counter
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and be excluded by the pulse height analyser. Minimum ionising charged
‘particles will deposit about 18 keV per inch (Barkas and Berger 196L)
and calculation showed that if minimum ionising charged particles are
incident from random directions about 75% of them would fe rejected,
The proportion will increase at lower energies as the energy loss
increases. Methane was necessary to absorb the ultraviolet photons
produced in the avalanche before they could eject electrons from the

counter walls.

The efficiency of the counter is the probability of detecting a
photon of a given energy that is incident on the counter window.
Tt is the product of two factors, the probability of transmission
of the photon through the window and the probability of absorption in

the gas, i.e.
E (8) = exp( px )1 - exp(m px )] (2.1)

where u is the mass absorption coefficient in grams cm-2,{9 is the
density, x the thickness, and the subscripts w and g refer to the
window material and the counter gas. The mass absﬁrption
coefficients for energies above the K edge are given by Victoreen
(1949), while at lower energies empirical relations (Compton and
Allison 1935) were used to extrapolate the Victoreen values. The
calculated efficiency is shown on Figure L. The low energy limit is
due to absorption in the beryllium ﬁindows while the high energy

limit is due to the lack of opacity of the xenon. The K absorption
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Figure 4. The X-ray efficiency of the Skylark proportional counter.
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edge of the xenon can be seen at 3L.6 keV and the I edge is at about

5 keV but has' a negligible effect,

Although a photon of energy E is absorbed in the counter, this
does not necessarily mean that all of the energy is deposited in the
counter. The photoelectric absorptions of the incident X-rays by the
xenon is followed in 87% of the cases for the K level and 21% for the
L level by the emission of a K or L X-ray (Fink et al, 1966). These
X-rays can then escape from the counter and carry away energy.. The
probability of escape for the K X-ray at 29.5 keV is about 90%,
hence if 36 keV X-rays were being detected most of them would produce
pulses corresponding to 6.5 keV deposited.in the counter. The -
probability of escape for the L X-ray is low but it is very dependent
on the proximity of the walls of the counter to the location of the
original absorption. For example, only 2.5% of normally incident
6 keV X-rays produce an escaping L X-ray of 4 keV. This means that
in the pulse height distribution of pulses from the counter, the
escape peak at 2 keV has only 2.5% of the counts that were observed

in the photopeak at 6 keV,

The detection system is relatively insensitive to low energy
charged particles as it only accepts particles with enough energy
to penetrate the beryllium window but which will at the same time
emerge with less than 8 keV. This requirement is equivalent to

specifying an energy interval of about 1 keV at about 90 keV for
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electrons, or less than 1 keV at 2.1 MeV for protons. The calculation
of the electron transmission coefficients will be discussed in Section

8.2.

2.2 The Power Converter

The various voltages required in the experiment were supplied by
the power converter which operated from the rocket batteries. The
voltage from these batteries was nominally 26 V but could be as high
as 37 V for short periods. The input voltage was series regulated
to provide a stable 25 V using a 9.1 V Zener diode as the voltage
reference.: The regulated voltage could be adjusted by means of a
potentiometer to compensate for changes in the load conditions.

This "voltage adjﬁst" potentiometer was set before launch so that
the "test voltage® from the power converter was -25 V with respect to

the positive battery input.

A 7.5 kKHz inverter generated square:waves with peak to peak
voltages close to 6 V, 12 V, and 500 V. The low voltages were
rectified by bridge circuits and series regulated to provide +6 V,

-6 V and +12 V, Three potentiometers, between ground and +6 V gave
the three bias voltages, necessary to define the pulse height analyser
window edges. A potentiometer between the +12 V and -6 V provided a

voltage used to make fine adjustments to the zero of the staircase
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voltages. All of the potentiometers were mounted on the front of the
power converter for ease of adjustment. The 500 V square wave was
supplied directly to the Cockroft Waltons via a coaxial cable and not
through the master terminal strip. On Flight I (SLL26) the counters
had field forming electrodes which used the rectified 500 V after

suitable filtering.

The operation of the power converter was monitored right up:to
launch by the priming unit, (discussed in Section 3.6) which had
provision to measure six voltages and six currents from the UAT
experiment. The six voltages monitored were the 6V, 6V, 412V,
Bias 1, Bias 2, and Bias 3. Only three currents were measured, and
these were used to monitor (1) the input current to the power
converter, (2) the -25 V test point and (3) the EHT test point that
indicated whether the high voltage was being~supplied to the Cockroft
Waltons. The current drawn by the meter circuit was only about
100 uA so as not to perturb the operation of the converter. Although
the lengths of cable and the numerous connectors caused the current
at the meter to be less than expected, the measurements were used to

indicate any change in the operating conditions during the countdowm,
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2.3 The Cockroft Walton Voltage Multiplier

The 2400 V DC required for the proportional counter anode volts
was supplied by a Cockroft Walton voltage multiplier. The 500 V
square wave was applied to one side of a diode capacitor Wl adder®,
causing the capacitors to be alternately 250 V above and below the
corresponding capacitor on the other side. The diodes allow positive
charge to accumulate up the chain until there is a 250 V increment
across each diode, i.e. 500 V across each capacitor. The net result
is that about 3000 V was generated at the top of the "ladder" which
was filtered and regulated to 2400 V by a corona tube, GVLS - 2L0O.
The current throﬁgh the corona tube was about 50 uA and its temperature

coefficient at this current was 0.13 V/OC.

The proportional counters draw very little current and so further
RC filtering circuits were employed to minimise the A.C., and transient
voltage variations, Each Cockroft Walton supplied a pair of counters
which were isolated by 10 Megohm, 0.0l uF filter. The load resistor,
a coupling capacitor and the filter were potted on the end of the
individual counters. The 500'V DC required for the field forming
electrodes of the counter on SLL26 (Flight I) were supplied by coaxial
cable directly from the power converter. A filter on this line was

also potted on the end of each counter,
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The pulses from two proportional counters were "equalised" by
feeding the output from the counter with the larger gain through a
series resistor and then the two outputs were fed into the same
amplifier. The input pulses were negative with an amplitude of about
5 mV, and were amplified to 3 V by the amplifier. The amplifier was
protected against large pulses, e.g. a discharge in the high voltage
line, by two diodes, while a field effect transistor provided a high
impedance; low noise input. The gain of the amplifier was constant
to within 5% for supply voltages over the range 7 to 15 volts,.- The
output pulses were positive and had a rise time of 8 usec and
saturated at 6 volts. The slow rise time was due to the long
integration time used to minimise electronic noise, The gain of the
two stages of the amplifier could be adjusted by changing the feed
back resistors of each stagé. For flight the gain was set so that
the 5.9 keV X-rays from an iron 55 sourcelin the counter produced

3 V output pulses from the amplifier,

2.5 Signal Conditioner

Pulses from each amplifier were analysed by a ‘two channel pulse
height analyser with channels set to' 2 to 5 keV and 5 to 8 keV. The

output from each channel was a 16 step staircase voltage with each
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step corresponding to one count in the channel.

The signal conditioner consisted of two printed circuit boards
each containing the electronics of one pulse height analyser and its
associated staircase generators. The logic is shown Figure 5, and
the time sequence of the various pulses is shown on Figure 6. The
output from the amplifier was fed into three discriminators which
gave an output, Q, if the pulse was above the respective bias level.
The three bias levels were obtained from the power converter and were
set to 1 V, 2.5 V and L V before launch. The lower channel of the
pulse height analyser consisted of all pulses that fired Disc-1 but
not Disc-2., Similarly, the upper channel corresponded to pulses that
fired Disc-2 but not Disc-3. In order to avoid any sneak pulses due
to the finite rise time of an input pulse firing one disériminator
before another, a strobe pulse was generated 7 usec after Disc-l
fired, Figure 6. The strobe pulse was a short positive pulse and
fixed the time when the NAND gates interrogated the discriminator
outputs to determine the amplitude of the input pulée. This was
timed to occur after the maximum of the pulse had been reached, i.e.
after all discriminators would have fired. The minimum length of the
discriminator output pulse was 12 usec so that there was no danger of
it ending before the strobe pulse. The gate NAND-1 only gave an
output when the peak amplitude of the input pulse was between Bias 1
and Bias 2; similarly a NAND-2 output occurred when the input pulse

was between Bias 2 and Bias 3.
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The output from each NAND gate was fed to a series of bistable
mltivibrators forming a four bit scaler. The outputs from all of
the stages were fed to a resistance network that generated a staircase
voltage with 16 steps between -3 V and +3 V corresponding to the 16
states of the scaler. A 'staircase set voltage' enabled small
adjustments to be made to the mean voltage of the staircase so that
it was in the correct range for the telemetry input. A 3 V Zener
diode would have been removed if the telemetry had required signals

in the range 0 to +6 V (as sometimes occurs in the Skylark programme).

The Skylark uses an FM/AM telemetry system with Time Division
Multiplexing to give 2L analogue channels, each of an accuracy of
about 2% and each channel being sampled 80 times per second. Each
of the four staircase voltages from the signal conditioner was
transmitted on a whole channel. The staircase voltage was an efficient
method of transmitting the digital information, i.e. the number of
counts observed in the 1/80 second, on the analogue telemetry channel.
The combination of the sampling rate and the 16 steps in the staircase
puts an effective upper limit of 1280 counts/sec that can be measured
from any pulse height analyser channel, Some of the telemetry
channels could be subswitched to produce quarter channels which were
sampled 20 times per second. The temperature measurements, to be

discussed next, each used two quarter channels,
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2.6 Thermistors

Four thermistors were located at various points through the
experiment to monitor the temperature changes during the flight. One
thermistor which was calibrated in the range O to 200 °¢ was mounted
in the wall of the ring near to the counters. The other three
thermistors operated over the range O to 100 °¢ and were located in
the power converter, in the signal conditioner box, and on the corona
tube of a Cockroft Walton respectively., Each thermistor had an
associated DC amplifier consisting of two temperature compensated
emitter followers., All of the thermistor circuits were mounted on
a printed circuit board located in the signal conditioner box.. As
mentioned previously, each temperature output was sampled LO times

per second by the telemetry sender.



CHAPTER 3

ENVIRONMENT, MECHANICAL CONSTRUCTION AND LAUNCH

The experiment was designed to operate over the range of
environmental conditions expected during the flight. These are

outlined below,

3.1 Temperature

The aerodynamic heating during launch prodﬁces temperatures up
to 200 0C on the outer skin of the parallel section of the payload.
However, due to the large'thermal capacity of the payload the maximum
ambient temperature in the UAT ring was not expected to exceed 60 °c.
The experiment was tested at temperatures over the range'lo °%C to
70 ° while the voltages and spectra were being monitored, For
temperatures less than 50 °c X~ray pulse heights and the channel
positions changed by less than S5%.over the whole temperature range,
The flight takes only seven minutes and the various components took much
longer than this to warm up, even though the skin of the rocket was
subjected to a 200 °c step increase in temperature. Notwithstanding,

four thermistors were mounted through the experiment to monitor the

L8
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TABLE 3

TEMPERATURES DURING FLIGHT II

Time (seconds)

0 100 200 300 1,00 500
Inside of wall 250 65°%c 7% 72°%  66°%  91°%
Power converter 350 36° 38° h2° u,° h8°
Signal conditioner 25° 26° 27° 28° 29° 32°
Cockroft Walton o7° 28° 29° 30° £l 3),°

temperatures during the flight, producing the results shown in Table 3.
Although all of the heating of the rocket skin occurred between zero and
50 seconds, most of the components did not have time to stabilise during
the duration of the flight. The heating after LOO seconds was due to
reentry. The thermistor in the Cockroft Walton was glued to the corona
tube, but the temperature rise recorded must be taken as an upper limit
as the thermistor could have been heated through its leads. In the
signal conditioner and the power converter the leads should be at the

same temperature as the thermistor,

The preflight temperature calibrations, plus the data indicated

in Table 3, indicate that the energy calibrations of the system were
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constant to within * 5% throughout the duration of the flight.

3,2 Vibration and Acceleration

The Skylark rocket is subject to considerable vibration and to a
sustained acceleration of 10 g longitudinally during launch, All
components and cables were securely fastened; all screws and
potentiometers were locked with "LOCK TIGHT"; electronic components
were mounted on the printed circuit board with short leads and were
conformal coated to prevent resonances. The assembled experiment
was tested by applying accelerations of 6 g longitudinally and 2 g
laterally with vibration frequencies over the range 30 Hz to 2000 Hz.
At the conclusion of the test the experiment was run and no adverse
effects or permanent changes could be detected., Although there was no
test to see if the experiment could withstand the sustained longitudinal
acceleration it had been tested to 6 g vibrations and all of the

components had been mounted so as to withstand such an acceleration.

3.3 Pressure

The UAT ring together with the rest of the head was pressure
sealed to a leak rate of less than 1 lb/sq. in. per hour, with one

atmosphere differential. It is normal practice for the Skylark
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vehicle to be sealed in the launcher, so that it maintained its
pressure at one atmosphere throughout the flight. Consequently the
electronics did not need to operate at low pressures during the
flight. Pressure equalising holes were cut in all bulkheads so that
even if a small leak did develop, the large volume of gas in the
payload would mean only a small pressure change during the seven
minute flight. Nevertheless, the~equipment was built to withstand low

pressure so that it would continue to operate even if the pressure

were to drop to zero.

The proportional éounters were mounted in solid aluminium collars
with an epoxy resin and attached to flat sections of the inner surface
of the ring., Neoprene gaskets between the collar and the flat provided
pressure sealing between the hole through which the counter looked

and the body of the round.

3.4 Compatibility in the Round

Although the experimént worked well by itself it was important
to ensure that it worked when integrated into the rocket and did not
interfere with the other experiments. Becausé the proportional counter
output consists of low level signals it was possible that interference

could occur from the telemetry signals, or the UCW experiment.
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Integration of the round was accomplished at British Aircraft
Corporation, Bristol, U.K., and Mr, R, J. Francey was present to watch
over the UAT interests. Subsequent tests were conducted at Weapons
Research Establishment, Salisbury, South Australia; and at Woomera.
The only interference occurred at the time of the activation of a
relay in the main experiment, but since this only happened twice in
the flight it was of no consequence. Some difficulty was experienced
with the very long leads (550 feet) from the launcher to the priming
unit causing the 7.5 kHz in the UAT power converter to interfere with
the UCW experiment. This disappeared on switching to internal rocket

supplies and so was not a problem during flight,

3.5 Mechanical Construction

The four proportional counters were mounted at holes cut in the
two flat sections of the ring so that the pairs of counters looked in
the ¥ 0Z directions. Rocket coordinates have +0X as the forward
direction and the +0Y direction is down-range at launch, Figures 2

and 8 are photographs showing the attachment of the counters.

The collimators in front of “:each counter were constructed of
0.009 inch aluminium slats and, as flown, defined a field of view
10.5° by 35° in the longitudinal axis (full width at half transmission),

Figure 7.
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The Cockroft Walbtons and the amplifiers were in individual brass
boxes to give the best RF shielding. The signal conditioner box
contained three printed circuit boards, two of which carried the two
pulse height analysers and staircase generators, and the third carried
the thermistor amplifiers. The signallconditioner box and the power
converter were mounted separately on the pressure bulkhead which was
attached to the base of the ring. The amplifier and Cockroft Walton
boxes for each system were mounted together on the bulkhead. Most of
the interconnections between the components were made via the master
terminal strip. Figure 2 is a photograph of the experiment showing
the po;itioning of the various components in the ring.

Power input to the experiment and also the telemetry and priming
unit output was through a plug on the side of the signal conditioner
box. The positioning and mounting of the components was done under the
following restrictions:

(a) Te centre of mass had to be close to the rocket axis.

(b) No obstruction of the connectors carrying lines fore or aft of

the rocket was permitted.

(¢) A1l holes had to avoid the structural webbing of the bulkhead,

(d) The length of the pulse lines was minimised.,

(e) The brass of the component boxes could not be in contact with

the magnesium alloy of the ring or bulkhead and so Neoprene
gaskets were used under thée boxXes,

(£) The components had to be securely attached.
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(g) The total weight of the ring had to be minimised.

3.6 Testing and Launch Procedure

All connections from the experiment were made via a 2L pin
amphenol plug mounted on the side of the signal conditioner box. In
the rocket, cables from this plug went to the telemetry sender, batteries
and priming unit lines, but for test purposes when the payload was
dismantled, the Ground Checkout Unit could be comnected to the plug to
simulate the rocket power and enable a complete test of the experiment's
operation to be made. The Ground Checkout Unit was built at the
University of Tasmania and provided the following facilities:
(a) 24 to 37 volts to power the experiment,
(b) Switching and a meter to measure all of the DC levels in the
ring,
(¢) A check on the telemetry chamnel outputs and interfacing to
enable the telemetry output to be measured by a scaler.
(d) Pulse shaping to make the amplifier pulses acceptable to a
RIDL LOO channel pulse height analyser. This involved a linear
gate to provide a pulse with a fast rise time but with an
amplitude proportional to that of the amplifier output pulses.
(e) A pulse generator to simulate the amplifier ouﬁput for checking

the signal conditioner logic.
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A test X-ray‘source of iron 55 was mounted a standard distance
in front of the counters to check the detection system, Iron 55
undergoes internal conversion to manganese 55 which emits a 5.9 keV K
X-ray. Pulse height spectra for each counter were taken using a RIDL
LLOO channel pulse height analyser. The positions of the discriminator-
thresholds were obtained with respect to the recognisable features of
the X-ray spectrum by gating the amplifier output pulses with the
output of the NAND gates (i.e. the chamnel defining gates). At Woomera
a multichannel pulse height analyser was not available and so a portable
method of checking the channels was required. This was achieved by
using a 'Philips' scaler PWLO32 to count the number of staircases from
the telemetry for the source in alstandard position. The countrate
observed from each staircase was calibrated by using it in conjunction
with the multichannel pulse height analyser before leaving for Woomera.
Other equipment taken to Woomera included a multimeter and a Tetronix

oscilliscope.

Before firing, the round was powered and controlled by a priming
unit which also monitored the operations and measured voltages and
currents abt various places within the round. The priming unit cables
were cormected to the round by two pairs of 2L way butting conmectors
which could be removed by hand, or by the ejector arms on the lsuncher,
The cables were 19 feet long in the laboratory, but 550 feet at the

launcher and so could only be used for DC measurements.
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The UAT experiment could be switched on and off from the priming
unit and’up to six voltages and six currents could be measured on two
0 - 100 uA meters with 160001 internal resistence, each with a six way
input switch. The voltage meter monitored the +12 V, +6 V, -6 V,
Bias 1, Bias 2, and Bias 3, while the current meter monitored the input
current, the high voltage and the 25 V test voltage of the power converter.
In addition to these monitoring facilities a telemetry receiver showed
if the staircase stepping rates were consistent with the background

countrate and the presence or absence of the X~-ray source.

A special counter test was undertaken during the countdown at 15
minutes before launch., The iron 55 source was held in front of each
counter in turn for 10 seconds and the resultant telemetry output was
recorded., This enabled an estimate to be made of the state of the
system immediately prior to launch, and provided a permanent record of

the complete system at the time of flight.,

At 0032 U& on L April, 1967, SLL26 (Flight I) was launched, reaching
an apogee of 219.9 km and provided 330 seconds of celestial X-ray data.
At 2236 UT on 20 April, 1967, the second flight SLL2S5 (Flight II) was |
launched, with an apogee of 218,6 km, and giving a similar period: of
X-ray data, Figure 1 is a photograph of the launch and Figures 7 and

8 are recovery photographs.,

The telemetry from the rocket was decommitated into the twemty four

channels of data and photographic records produced by using the amplitude



Figure 7., Recovery photograph of Flight I showling a

section of the ring containing the collimators.






Figure 8. An exploded view of the payload of Flight II,
Two proportional counters are mounted on the section
of the ring in front of the tree and the signal

conditioner box can be seen behind the tree.
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of the signal to deflect the beam of a cathode ray tube, The brightness
was controlled so that the signal from a given chamnel consists of a
series of dots separated by 1/80 second. All tubes displayed the
channel containing the 0%, 50%, 100% and the reference voltage of

+2.68 V from a Mallory cell to calibrate the record. Additional
calibration voltages of 10%, 30%, 70%, and 90% were transmitted and

displayed on some tubes.,

Two types of photographic record were generated. A slow speed
2L, inch long record containing all of the results for the whole flight
gave an overall view of the flight, For analysis a high speed record

of 2 inches/second, which easily resolved the individual dots, was used.

Four tubes display the attitude information, with one tube
assigned to each of the types of measurement. A sample of these records
is shown Figure 9, and they will be discussed in detail in the next
section, The‘tubes 5-to 8 display the UAT data and a sample is shown
Figure 10. Each of the four staircases is assigned to a separate tube.
In addition, a temperature channel is displayed on each of the tubes

5 and 6.



Figure 9. Telemetry records of the data from the attitude

instruments.
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Figure 10. An exémple of the staircase data received
during Flight I. Each channel was sampled 80
times per second and the individual dots can be
seen., The countrate increased when the
proportional counters responded to the sun,

Cen xﬁ-z and Sco XR-l. During this time no
significant sources were observed on the second

! /
detection system,
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CHAPTER U
ROCKET ATTITUDE

The motion of the rocket in the force free environment above the
atmosphere is a well known problem in the dynamics of rigid bodies.
The longitudinal OX axis of the rocket is an axis of symmetry. The
moments of inertia about the two lateral axes are equal and much longer
than the moment of inertia about the longitudinal axis. It can be
shown, e.g. Symon. (1960), that the motion of such a body consists of
a spin about the longitudinal axis and the precession of this axis

about a conej with both the spin and the precession in the same sense.

.1 Description of Attitude Sensors

The Skylark carries four types of instrument to enable the
attitude and motion of the rocket to be determined throughout the flight.
The output of this standard instrumentation is shown on Figure 9 for
Flight II.-‘The first tube (top record) displayed the output from the
two rate gyroscopes. The first measured the spin of the rocket; a
positive rising trace corresponding to a spin which rotates the +0Y
axis of the rocket towards the +0Z axis, i.e. clockwise when looking

forwards, full scale deflection being ¥ 200 degrees per second.,

58
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Initially as the rocket passed through the atmosphere the spin rate
varied, but after 70 seconds the gyroscope indicated a stable positive
spin of about 30 degrees per second. The pitch gyroscope measured the
rotation about the OY axis, positive pitch rotated the +07 axis towards
the +0X axis (the forward direction), and the instrument was calibrated
for a full scale deflection of * 20 degrees per second. The output of
this gyroscope after 70 seconds consisted of a sinusoidal oscillation
sbout a zero value., These oscillations were due to the instantaneous
spin axis being displaced from the +0X axis by the precession motion

of the rocket, The spin axis however precessed about the OX axis and

so its projection on the +0Y axis produced the simusoidal pitch response.

Three orthogonal accelerometer outputs were displayed on the
second tube, Figure 9. Positive accelerations produced rising telemetry
displays and full scale deflections corresponded to the range -3 g to
+15 g for the OX accelerometer and -1.8 g to +1.8 g for the OY and 0Z
axes. The OX accelerometer showed the resultant acceleration due to
first the Cuckoo boost motor which was jettisoned at +5 seconds, when
the Raven motor ignited producing a peak acceleration of 10 g and
finally dying out at +51 seconds. From 51 seconds.to L,28 seconds, when
the head and motor were separated prior to reentry, the accelerometers
indicated that the rocket underwent no acceleration and was in a
force free enviromment, A calibration trace verified that the voltage

supplied to the accelerometers did not change.
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Three flux gate magnetometers measured the components of the
geomagnetic field along the three rocket axes and their output was
displayed on tube 3, Figure 9., These were calibrated over the range
+0,7 to -0,7 oersteds (compared to the geomagnetic field strength of
about 0.6 oersteds). However, the ground calibration of the magnetometers
was of limited value because significant changes in the magnetisation of
the round occurred when the rocket left the launcher, and again when

the Cuckoo boost motor was jettisoned.

The MY and MZ outputs were identified by noting the order of 'dots!
on the high speed record and verified by using the direction of spin
obtained from the rate gyroscopes to determine whether MY or MZ would
reach a maximum first. The MY and MZ magnetometer results showed the
spin of the rocket while the slow change in MX was due to the motion
around the precession cone, A rising trace on the telemetry record
indicated that the geomagnetic field had a positive component along

the positive direction of the rocket axis.

There were four sets of crossed sunslits located at the +0Y, +0Z,
-0Y, -0Z axes of the rocket, each consisting of a vertical and a
diagonal slit backed by a photo-sensitive element. The diagonal slit
was inclined at LS degrees to the vertical slit, so that the time
difference between the output from the two slits was a function of the
angle that the sun was above or below the equatorial plane of the

rocket, This time displacement was measured from the high speed



61

records (2 inches per second) providing accurate information on the
angle between the sun and the OX axis., There were periods during both
flights when the sun was more than 4O degrees away from the OYZ plane
and it could not be observed by the diagonal slit. The output pulse
from each slit had a different amplitude, four positive and four
negative, and were all combined on one output line and transmitted on

four telemetry channels giving a sampling rate of 320 times per second.

L.2 Attitude Solution Method

Already, from the discussion of the magnetometers, sunslits and
rate gyroscopes a general idea of the motion has been presented. The
rate gyroscopes showed that on Flight I the rocket had a positive
spin while on Flight IT it had a negative spin. The Y and Z
magnetometers confirmed the spin motion, while the X magnetometer
indicated a slow precession cone which was not completed by the end of
the flight, and from the peak to peak amplitude, must have had a large
opening angle. The diagonal sunslit observed the sun for the two
periods during both flights, and showed that the sun was perpendicular
to the OX axis at some stage during these periods. By using the
additional fact that the OX axis was approxinately ten degrees west
of the zenith as the rocket came out of the atmosﬁhere, a preliminary
attitude solution can be obtained. This section will present the methods

used to obtain more accurate information on the attitude of the rocket
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and hence the direction of look of the counters throughout the flight,.

The rocket motion can be considered to be made up of two components,
the motion of the O0X axis around the precession cone, and the spin of
the 0Y, 0Z axes about the OX axis. Most of the following discussion
will be concerned w: ‘ocating the OX axis; the phase of the OY and
0Z axis can be easily found from the times of sun sighting by the

vertical sunslits,

Initially, the behaviour of the angle between the OX axis and a
fixed direction in space during the flight will be investigated. In
the sketch OA is a fixed direction in space, OP is the axis of the
precession cone about which OX moves.
The angle /POX is the half opening
angle of the precession cone and is a
constant pe Since OP .and OA remain

fixed in space, the angle POA is also

4

a constant. Angle /XPA monotonically
increases during the flight and can
be expressed as SLt + ¢, where S1 is

the precession rate. Hence by spherical trigonometry,

cos [X0A

cos pcos/POA + sinp sin/POA cos(at +¢)

A + B cos(@t +¢) . (L.1)

where A and B are constants during the flight. If A and B can be
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determined then

arcos(A - B)

pov 2

|p - Poal

arcos(A + B) (Lo2)

and values can be determined forlo and /POA although it is not possible

to say which is which.

L.2.1 Magnetometer Data

Equation L.l is immediately applicable to the X-magnetometer whose
output is of the form Mcds[&QM where M is the geomagnetic field strength.
Hence Mx should be sinusoidal with its maxima and minima determined by
P and angle/POM., It would pe possible:for Mx never to pass through
zero but in the present flights Mx showed a large variation and passed

through zero.

When the records early in the flight were exémined, the magnetometer
outputs were observed to have undergone sharp changes aé the rocket left
the launcher and again when the Cuckoo boost motor was jettisoned. It
was also possible that there could be a gradual change as the rocket
heated up in passing thmough the atmosphere. This meant that any ground
calibration of the magnetometers was of limited value in interpreting
the results. The two principle effects on the magnetometer readings
were first the permanent magnetismlof the rocket which was equivalent .

to a zero shift in the readings, and second the induced magnetism which
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had the effect of amplifying the geomagnetic field and was equivalent
to a change in sensitivity. It was assumed that these effects were

constant throughout the part of the flight above 70 km.

Corrections for both effects were made by using the My and Mz

magnetometers to determine the angle [XOM.

2 2

Mx? + My® + Mz M

My2 + Mz° MQSinZXOM (4.3)

The spin of the rocket caused the My and Mz magnetometers to alternately
have a positive and then a negative componehﬁ. At the maxima and

minima of My, Mz must be zero, hence

My = * M sin/XOM (L.L)

max

By using the peak to peak values any zero shift was eliminated. The
correction for the change in sensitivity was made by effectively
calibrating the magnetometers in flight. From equation L.L, if angle
[X0OM is 90 degrees, Mymax =M =¥ and this occurred at least once
in both flights. Hence sin[XOM was obtained by the ratio of the peak
to peak amplitude of the magnetometer output to its maximum for both

NIy and MZ.

There was however, one comp.icating factor, the geomagnetic field
changes appreciably with altitude, If the simple dipole approximation

is used the field strength can be expressed as
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w = u[(®+n)/m"
e M (- L.71 x 104 B) (L.5)

where Mo is the sea level intensity and h is the altitude in kilometers.

More accurate calculations for Woomera (Herbert 1967) give

M o= w (- L.97 x107h) (4.6)
Hence from equation L.l

SinfXOM = M MG - L97 X 107) L. 7)

This equation was used to determine the angle [XOM at each maximum of
the MY and MZ magnetometers. The general shape of the result was given
by equation (4.l enabling the angle to be determined at all times
during the flight., Although this defined the position of the 0X axis

relative to the geomagnetic field it has not defined the position of

the OX axis in space.

1.2.2 The Solar Sensors

The four sets of sunslits were located at +0¥, +0Z, =0Y, =0Z and
each set consisted of a vertical and a diagonal slit. Each slit had a
longitudinal field of view of about 120 degrees, and the diagonal slit
was inclined at LS degrees to the vertical. For positive spin (rotating

OY towards 0Z) and for the angle/X0S (where S is the sun) less than
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90O the diagonal slit observed the sun before the vertical slit., This
time difference enabled the angle between the rocket OX axis and the

sun to be determined.

On the accompanying sketch of the OY sunslits, the XY-X plane
represents the vertical slit and
the DY-D the diagonal slit. The
rocket was spinning about the OX

axis with a slow precession motion,

and so the sun followed a helical

path.on the sphere about the OX axis.

Suppose the diagonal slit saw the

-X

sun at S, a perpendicular SA is constructed to the YZ plane. Consider

the spherical triangle YAS, angle /[SYA is 15°, angle/YAS is 90°, hence

I
’

cos JYOA cos 90o

tan.[SOA
cot {SOX

sin [YOA cot/SOA - sin 90° cot LS°
sin /YOA '
sin |YOA (L.8)

The angle /SOX defined the position of the sun with respect to
the OX axis. The angle/YOA was found from the time displacement
between sighting the sun in the diagonal and the vertical slits 4T

and the total time before the vertical slit is again sighted, T.
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r

Since the sun followed
a helical path up or down the
sphere, the angle /SNR was

obtained by

[o® ot

360° T
but ANR = /YOA
., /80X == arcot [sin (360,1?'1‘)} - (h.9)

This was valid provided [SOX changed monotonically during one
revolution. This was a good approximation because of the small

distance that the 0X axis moved per spin period.

The angle [SOX was calculated for all diagonal sunslit ‘data, i.e.
whenever the sun was within L0 of the OYZ plane, This provided two

periods of data, one early and one late in the flightv.

L4.2.3 Obtaining the Position of the OX Axis

The angle that the OX axis makes with the geomagnetic field has
been determined throughout the flight while the angle that the OX
axis makes with the sun line has been determined for parts of the flight.
The position of the OX axis was ohtained by triangulating at times

when both types of data existed. The position of the sun in celestial
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coordinates (right ascension and declination) waé obtained from the
1967 Ephemeris. The geomagnetic field at Woomera was more uncertain,
the best experimental value located was 5° h?l E declination and-

63° 06" dip (Bureau Mineral Resources, Bulletin Number 98). Subsequent
calculations using the harmonic expansiqn of the geomagnetic field
(Hurwitz et al. 1966) gave the field as 6.2° E declination, 62.8° dip
at launch and 5.4° E declination, 62.4° dip at the end of the flight
(this subroutine was kindly lent by Mr. A. Beresford)., This computed
field direction changed by 0.6° during the flight aﬁd was in

reagsonable agreement with the experimental values which were used for

the attitude analysis,

The zenith and the geomagnetic field direction were converted to
celestial coordinates (Roy 1965) using the geographic coordinates of
the Woomera range ~30° Sél S and 136° 31' E. During the seven
minutes of flight the rotation of the earth caused the right ascension

of the zenith and the geomagnetic field to increase by 2°.

The positions of the sun and magnetic field, Table L, were marked
on a 12 inch celestial globe, and the position of the OX axis obtained
by swinging arcs corresponding to the angles SOX and MOX obtained from
the sunslit and the magnetometer data. The ambiguity, as to which
side of the sun-geomagnetic field line the OX axis was located, was
resolved by knowing the direction of spin from the rate gyroscopes and

the order of sighting of the sun and the magnetic field, In addition,
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the fact that the rocket should come out of the aﬁmosphere somewhat

west of the zenith was used as a check on the position.

TABIE U

CELESTIAL, COORDINATES AT THE TIME OF LAUNCH

Flight I Flight II

R A declination R A declination
Sun "0OhSOm 21 1hs52m 11° 301
Zenith 22h 2% m -30°571 21 h 38 m 30° 571
Magnetic Field 22 h 35 -1,° 10! 21h L6 m -1° 10t

This triangulation procedure produced two sections of the
precession cone which were completed assuming it was circular and that
the angular velocity of the OX axis around the cone was constant, For
Flight II the two sections were obviously part of a circle and so the
resultant precession cone was well defined. On Flight I the sun and
the magnetic field were only separated by 33 degrees and the OX axis
moved almost directly in line with them early in the flight,_hence
small errors in the sun or magnetic field angle produced large errors
in the position of the OX axis. Iﬁ this case the two parts of the cone

were not part of a circle, although a circle of best fit was drawn.
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L.2.4 Orientation of 0Y, OZ axes

The orientation of the spin axis of the rocket has now been
determined throughout the flight. .The phasing of the OY and OZ axes
was obtained from the times when the vertical sunslits observed the
sun., If the direction of look of the countérs at -0Z at time T was
required, and the preceding sun sighting by the -0Z vertical sunslit
was at Tl and the next sun sighting at T2, then the angle after the
sun was

° = B¢ x('lr1_'_?: ﬂ) | (4.10)

For the preliminary attitude solution a frame was constructed
that fitted over the celestial globe at the zenith and indicated the
plane of @he horizon, measuring it off in 360o of azimuth. Equally,
when placed on the position of the OX axis it indicated the OYZ plane

around which the angle from the sun sighting could be measured.

For greater accuracy on Flight II a program was written by
Mr, Francey to determine the OYZ plane and also the direction of look
of the counters in this plane, The attitude and size of the precession
cone was fed in as initial data. The times of sun sighting could not
be used as inpu% data because the OX axis passed very close to:the sun,
and so times of sighting the c?ntre of the precession EOne had to be

used. The times between these sightings should have been constant but



L

gradually decreased during the flight from 13 seconds soon after launch
to 12.5 seconds at the end of the flight (L%). The program then gave

the positions of the proportiocnal counters throughout the flight.

L.3 Attitude Solutions - Resulbs

The attitude solutions obtained for each flight by the methods
of the last section will be referred to as the UAT solutions. In
addition to these solutions the British Aircraft Corporation (BAC),
Bristol, U.K., used a least squares fit to the sun slits and magnetometef
outputs to determine the attitude through the flight (Herbert 1967).
Their method was supposedly considerably more rigorous than that used

for the UAT solution, but their results were not very satisfactory.

The different solutions were tested by their ability to predict
the time when the counters shoul@ observe Sco XR-1l, and when the counters
or the sunslits observed the sun, For Flight I, Cen XR-2 was observed
both at the beginning and near the end of the flight, so it was
necessary for the solution to give consistent positions for both

sightings.

The UAT solution for Flight I has already been mentioned as
somewhat suspect because of the lack of a circular precession cone.

The best fit circular cone failed to give consistent positions for the
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two sightings of Cen XR-2 although it gave a good position for Sco XR-1.
BAC supplied three solutions for Flight I, each:an improvement on the
one before. The final solution gave consistent positions for Cen XR-2
and a good position for the sun, but needed to be rotated 5 degrees
about the sun before it gave a position for Sco XR-1 accurate to

better than 1 degree. Such a rotation would imply an error of 2.5
degrees in the position of the magnetic field. Since the UAT solution
on this flight contained bigger uncertainties this rotated solution

was taken to represent the motion,

For Flight II, the UAT solution gave very satisfactory results
for Sco XR-1 and was selfconsistent., The BAC solution on the other
hand was not able to give accurate positions for the sun or for
Sco XR-1. Hence the UAT solution was used for this flight. The
parameters of the accepted solutions for both flights are listed

Table 5.
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TABLE 5

PARAMETERS OF THE MOTION

Flight I Flight IT
Spin Rate 33.6%/sec 28.2%/sec
Precession Rate 0.8?0/330 O.65°/sec
Half Opening Angle of Cone 66° 66.3°
Coordinates of Axis of 23,0 hr RA -79%ec 17.6 hr RA 22,8%ec

Precession Cone




CHAPTER 5
CELESTIAL X-RAY OBJECTS - SKYLARK RESULTS

The data received from the rocket consisted of a set of four
staircase voltages each sampled 80 times per second. A section of the
telemetry record is shown in Figure 10, The telemetry records S1 and
S2 are outputs from the 2 to 5 keV and 5 to 8 keV pulse height analyser
channels of one detection system and S3 and Sk are similar outputs of
the second detection system. Each step in the telemetry record
corresponds to one pulse in the pulse height analyser channel. The
detection systems look in opposite directions so that the observation
of a source in one -system was delayed by a time equal to half of the
spin period from the observation in the other detection system. For
analysis the number of counts per 0.l seconds was obtained from the
raw data and the resulting countrates for some representative scans

are shown in Figure 1l1.

During the initial part of the flight, there was an abnormally
high countrate, but bylthe time an altitude of 50 km had been attained,
all of the system was responding normally. Between 50 and 70 km the
countrate was due to high energy charged particles, gamma rays and

secondary particles produced by nuclear interactions in the rocket.

7L
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Figure 11. The countrate observed during several representative scans.

The increased countrate at the ends of some of the scans is due

to the detection of solar X-rays. :
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This countrate will be referred to as the ‘*high energy background®

and was present throughout the flight.

Between 70 and 100 km the countrate underwent a gradual increase
due to the detection of celestial X-rays which did not penetrate any
further into the atmosphere (see Section 5.2)." The magnitude of the
increases depended on the direction of look of the counter, whether
up or down, and are listed in Table 6. The increase observed when the
counters looked at the atmosphere was caused by reflected solar X-rays.
This albedo flux and the scattering processes which produce it are

discussed in Chapter 6.

TABLE 6

THE INCREASE IN COUNTRATE WITH ALTITUDE

. 50 - 70 k:m. Above 110 km

counts seo-%e UP DOWN
counts sec ™t counts sec-1

+ +
S1 5.2 = 0.5 17.4L - 0.8 16.L - 0.7

FLIGHT I . . .
82 Sal bt 005 706 . OO)-‘- 5.2 - 0'5
51 6.2 T 0.5 18.1 % 0.9 10.6 * 0.7

FLIGHT II . . .
S2 5.8 - 035 9.)4. - 0.7 S'l - 005
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Low energy charged particles, and in particular electrons, could
contribute to the increase observed between 70 and 90 km. However,
the detection systems were comparatively insensitive to low energy
charged particles as they only accepted particles which deposited
between 2 and 8 keV in the proportional counter. This means that a
charged particle must have enough energy to penetrate the beryllium
window of the counter and yet emerge with less than 8 keV residual
energy. This is equivalent to specifying an energy interval of less
than 1 keV at about 90 keV for the incident electrons. Electron fluxes
large enough to produce the observed countrate have sometimes been
observed (O'Brien 196lL). However, such an electron flux would give
more counts in the high energy chamnel due to the variation of the
rate of energy loss with total energy in the beryllium window, whereas
the obseryed countrate increase was much larger in the low energy

channel.

Above 100 km there was very little attenuation of the incoming
celestial X-rays by the atmosphere (Section 5.2) and the discrete X-ray
sources.were observed superimposed on a background countrate due to
the diffuse X-ray flux and the high energy particles, Figure 1ll. Both
flights observed X-rays from the sun but these saturated the telemetry
system even at the most glancing sighting and so only enabled a lower

limit of 2000 counts cm_2 sec_1

n

to be determined., A solar X-ray flux

of 9 x 10”7 photons cm-2 sec-l was required to produce the observed
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albedo X-ray -flux (Chapter 6).

The most important result of the Skylark flights was the discovery
of a strong source of X-rays in the constellation Centaurus, denoted
Centaurus XR-2 or Cen XR-2. When first observed, its intensity was
75% of that of Sco XR-1 but by the time of the second flight it had
decreased in intensity and its spectrum had become softer., This
variability has been confirmed by other experimenters (Chodil et al.
1967b; Cooke et al. 1967) and will be discussed in more detail in

Section 5.5,

X-rays were also observed from Sco XR-1 and the group of sources
near the galactic centre., The Sco XR-1 results, discussed further in
Section 5.l, provided a reference for the comparison of the Cen XR-2
results of the two flights and also with other experimenters. The
individual sources at the galactic centre could not be resolved,
nevertheless, the total flux from the region was consistent with the

intensities observed by Friedman et al. (1967a).

The spin axis precessed by about 10 degrees during each revolution
and so the counters covered the sky with scans which were, at most, 10
degrees apart. The slat collimators in front of the counters were
10.5° x 35° full angles at half transmission with the long axis
parallel to the spin axis. Any discrete source of X-rays would therefore

be observed on at least six consecutive scans.
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Along any givenscan a discrete source would give a triangular
response with the base equal to T x 21/360 seconds where T is the spin
period, i.e, 0.6l seconds for Flight I and 0,73 seconds for Ilight II.
The staircase outputs were divided into 0.1 second segments for andlysis
and the counts per 0.1 second were obtained for each chamnel throughout
the flight. Hence, for any source, there were about six countrate
data points which were fitted to the triangular response function by

the least squares method (Appendix A).

Each source was obseryved on at least six consecutive scans. In
order to determine the position of the source with respect to these
scans and also the flux corresponding to normal incidence, 1t was
necessary first to obtain the response function from scan to scan.

The attitude solution was used to determine the angulér separation
between the points on adjacent scans where the source was observed.
The collimator had triangular response with a 350 full angle at half
transmission in the direction normal to the scan paths., The countrate
data for the individual scans were fitted to the theoretical response,
derived from the collimator acceptance angle and the angular
separation between scans, by the least squares method. This
determined the position of the source normal to the scan direction and

also its flux for normal incidence on the counter, The least squares

procedure is discussed in more detail in Appendix A,



5.1 Positions of Cen XR-2 and Sco XR-1

19

The position of Sco XR-1 has been accurately measured by a

modulation collimator to an accuracy of 1 min of arc (Gursky et al.

1966). The position measured by the present experiment is, therefore,

a valuable check on the accuracy of the attitude solution and the

collimators. The resulting positions for Sco XR-1, Table 7, are in

error by an angle approximately equal to the least squares errors.

Unfortunately the errors in the attitude solution are not constant

through the flight so that the accuracy of the position for Cen XR-2

could be worse than that for Sco XR-1.

TABLE 7

POSITIONS OF SCO XR~1

Position Least Squares Error
RA declination | Error Circle (note 1)
Flight I 16 h 20 m -15,3° 1.0° 1°
Flight II 16 h 25 m -16.2° 1.5° 2°

note 1 : error is the displacement from the position obtained by

Gursky et al. (1966) 16 h 17 m, -15.5°,



TABLE 8

POSITIONS OF CEN XR-2

80

Date Group Position
R A Declination
April L UAT 208° *6°  _63° 7% 3°
April 10 IEIC 200° ¥ 1,° ~60° T 2° Cooke et al. 1967
April 20 UAT 210° ¥ 6°  -6L.5° T 3°
May 18 LRL 196° I g° ~62° T Chodil et al. 1967p
Oct. 15 It 196.5° £ 3% _eu® I 2° Tevin et al. 1968c
oct. 2l MIT 197° £ 6° -61.5° ¥ 3%  Lewin et al. 1968c
obtained by a balloon experiment. It

Note : the MIT positions were
mist be assumed that the source

is the same as that observed at

rocket energies ~ 3 keV,

they observed at energies > 20keV

The positions of Cen XR-2 are listed in Table 8 together with the

results of other experimenters.

There is a disturbing lack of agreement

between the different experiments which precludes making any good

optical identification.,

Nevertheless, optical searches of the reginn-

have been made by Blanco et al, (1968b) and Eggen et al. (1968) who

have suggested tentative optical identifications.

Not surprisingly,
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they have suggested different objects as being the optical counterpart
of Cen XR-2. Eggen and Lynga (1968) in another search have shown that
the region of the sky is wvery rich in unusual objects, further

emphasising that no conclusive optical identification will be possible

unless further X-ray results of greater angular precision can be

obtained,

5.2 The Absorption of X-rays in the Atmosphere

It is necessary to know the effect of the residual atmosphere
gvove the rocket on the incoming celestial X-rays. The absorption
of X-rays depends on thelr energy and on the zenith angle of their

arrival,

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

strength Io is given by

T =T exp (- f%dx) | (5.1}

where u is the mass absorption coefficient in gm—l cm?, and -[F dx is
the amount of matter traversed in gm cm—z. The mass of atmosphere
along the line of sight from various rocket attitudes and at various
zenith angles was calculated from the US Standard Atmosphere (1962)

and is shown in Figure 12, The mass absorption coefficient of air
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(Victoreen 1949) is shown in Figure 13. The joint use of these two

figures and Equation 5.1 allowed the attenuation of any given energy
X-rays to be determined for any altitude and zenith angle., Some

representative values are shown in Table 9.

Provided{%dx is less than 1O_LL there was negligible absorption

over the energy range 2 to 8 keV, and this was satisfied at altitudes

of greater than 120 km and zenith angles less than 80°., All of the

Cen XR-2 and the Sco XR-1 count rate data used in the analysis

satisfied this criterion,

TABLE 9

ATTENUATION OF X-RAYS

Transmission Coefficient
Mass of Air Altitude (1)

gm it km 2 keV 6 keV
-2
10 80 . .09 .79
107 93 6L .98
10'“ 108 .96 1.00

Note 1 : zenith angle = O degrees
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5.3 Spectral Analysis - Method

The pulses from the proportional counters were analysed by a
two channel pulse height analyser with the channels set to accept
photons with energies in the ranges 2 to 5 keV and 5 to 8 keV, This
section will discuss the methods used to reconstruct the incident

X-ray spectrum from the count rate data.

The problem was initially turned around, the incident X-rays were
assumed to have various two parameter spectra and the resulting
countrates in the pulse height analyser channels were calculated, The
three most likely mechanisms that could produce celestial X-rays are
bremsstrahlung from a thin hot plasma, synchrotron emission and
blackbody radiation (Section 1.3). BEach of these processes gives a
continuous spectrum of X-rays under conditions which might exist in
stellar objects. Electron bremsstrahlung from a thin hot plasma

(free-free transitions) produces an exponential spectrum of the form

%%(E) = Aeexp(-E/Te)/E photons keV L sec™l cn™ (5.2)

where Te is the effective plasma temperature in keV. A blackbody
emits radiation with a Planck distribution,

A E2

dN _ b -1 -1 =2
aE(E) " ep(E/T) T photons keV = sec ~ cm (5.3)
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The spectrum of X-rays resulting from synchrotron radiation depends
on the energy spectrum of the'electrons, but if the electrons are
assumed to have a power law spectrum then the X-ray. spectrum 1s also

power law (see Section 1.3), i.e.

%%(E) = ASE_‘xphotons kev L sec™t om™° (5.4)

Although each of these formulae apply to idealised situations,
they were assumed to represent the range of spectral types that could
be expected from a celestial X-ray source, Although the two channel
pulse height analyser results did not contain enough information to
differentiate between these three types of spectra, the value of A and
the spectral index (Te, Tb oro ) could be determined when the type of

spectrum was specified.

Inifially, the incident spectrum was assumed to be exponential, .
Equation 5.2; as Sco XR-1 had been reported to have this type of
spectrum over the range 2 to 8 keV. This spectrum of X-rays was
traced through the detection system to determine the resultant
countrates in the pulse height analyser channels. The transmission of
the photons through the beryllium window was calculated using the
analytical expression for the mass absorption coefficient given by’
Victoreen (1949). The absorption in the xenon-methane mixture was
greater than 99% for energies less than 6 keV and at most was 96% at

8 keV. Hence, it was assumed that all the photons transmitted by the
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beryllium window were absorbed in the gas. The spectrum of photons

in the counter gas was
Tw) = expfn(E)px] 4y op(E/T,) (5.5)

where u(E) is the mass absorption coefficient of beryllium, P is

the density and x is the window thickness.

Most of the proportional counters had poor resolutions, the best
exhibiting values of 20% full width at half maximum (FWHM) but others
were as great as 70 to 100%, Table 2. The theoretical resolution of
a proportional counter can be calculated from the statistical

processes which take place and is approximately

=

FWHM = LLE™2 % (5.6)

The worsened resolution of the present counters was probably due to
slackness in the anode wire producing variations in the multiplication
factor for different pulses. In this case the resolution can be
expressed as a combination of the theoretical resolution, which is
energy dependent, and an energy independent factor to bring the

resolution up to that observed at 5.9 keV with an iron 55 source, i.e.

1

FWEM = LLET? + [FWHM(.9 keV) - 18] # (5.7)

The spectrum of output pulses was then given by the convolution

integral
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ol
2
-(E - E)
dN _ 1 s -1
=&, = exp ————-2—-~J exp(-npx)A _exp(-E/T )E "dE  (5.8)
2w o pled
@
where O = FWHM / 2,355 E, The effect of the counter resolution

on the pulse height spectrum from the proportional counter is shown

on Figure 1k,

The counters flown on Flight II had significant end-effects and
the spectrum was.modified to simulate this, Observations with 5.9 keV
X-rays showed that the pulse distribution could be considered to
consist of two parts: a gaussian component containing two thirds of
the counts, and a rectangle from zero energy to the incident energy
containing one third of the counts. Equétion 5.8 was modified for

Flight II as follows

<0

(B - B )° -
daN 2 1 0 -1
EE) = 3 = expje—=—y explupx)A, exp(-E/T )E "dE .
T £ i bexp(upx)h, exp(-E/T,)E B (5.9)
0]

End-effects were avoided with the counters on Flight I by the use of

field forming electrodes.

The countrate in each channel was obtained by integrating the
pulse height spectrum over the ranges 2 to 5 keV and 5 to 8 keV. The

two counters of the second detection system on Flight I underwent a
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gain decrease before launch so that the 5.9 keV X-rays produced pulses

of approximately 2.2 V.

The calculations were performed for spectral temperatures (Te)
over the range 2 to 6 keV, The ratio of the counts in the two pulse
height analyser channels was a function of the temperature, enabling
the temperature corresponding to the observed countrate ratio to be
determined, Then, knowing the temperature, the sum of the observed
countrate in both channels determined the value of the constant A,
The earlier calculations were performed with A = 1, so that the real
value of A was simply the ratio of the total predicted countrate to

the observed countrate.

5.4 Sco XR-1 Spectra

The Sco XR-1 spectrum obtained by the method of the last section
from the results of Flight II agreed well with the spectrum observed
by other groups during April and May 1967 (Chodil et al. 1967b; Cooke
et al. 1967). But on Flight I, although the total countrate was in
agreement with the Flight II data, the ratio was very different and
could not be explained by any reasonable spectral temperature. Data
for Cen XR-2 obtained during Flight I also indicated an unreasonably
hard spectrum, Measurements on the recovered round indicated that

the second bias level of Flight I had changed since the preflight
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calibration and that the channels were in fact covering the energy
ranges 2 to 4.5 keV and L.5 to 8 keV. When this correction was
applied to the spectrum for Sco XR-1l the results for the two flights
were in excellent agreement. Of course, when the gain change of the
second detection system was allowed for, its bias levels now became

2.75 to 6.2 keV and 6.2 to 11.0 keV.

The resulting Sco XR-1 spectra agreed with the measurements of
Chodil et al. (1967b) on May 18, 1967, and Cooke et al. (1967) on
April 10, 1967, Figure 15. This Sco XR-1 spectrum is, however, about
half as intense as the spectrum obtained from earlier flights by the
Lawrence Radiation Laboratory group (IRL) (Chodil et al, 1965; Grader
et al. 1966). It is not certain whether this is an instrumental or a
real effect (see Section 1.1). However, the agreement between the
Sco XR-1 spectra measured by the various experiments in April-May 1967

establishes a reference for the comparison of the Cen XR-2 spectrum.

5.5 The Variability of Cen XR-2

The most significant result of the Skylark rocket experiments
was the observation of the variability of Cen XR-2. The UAT countrate
data were analysed on the assumptions of the three types of incident
spectra; exponential, power law and blackbody, and the results are
shown on Table 10. The source became less intense and the spectrum

became softer in the time between the two flights. A further flight
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TABLE 10

UAT CEN XR-2 FLUXES

Flight I Flight II

-1

Photons cm-2 sec Photons cm-2 sec_1

Exponential  (18.0 I .8)exp _?§$5:EE%§7 (12.5 = .7)exp ‘r@%%‘%égﬁj

-(2.15 = .iS) ~(2.75 T .25)
) )

Power Law (4.0 : .3)(% (2.5,t .é)(%

Blackpody (0.33 I .02)E pr<§ g) :4i] (0.21 I .02)E1§§§E§?¥% ~ %]

T =1.04 ¥ .06 T = 0,95 = .06

by the LRL group showed that this weakening and softening of the
spectrum continued at least to May 18, 1967 (Chodil et al. 1967b).
Over the LO days covered by these three flights the 2 to 8 keV flux
decreased by a factor of 5.4 and the spectral temperature decreased
by a factor of two, The results, from these three flights, are shown
on Figure 15. This figure also shows the excellent agreement obtained
for the Sco XR-1 spectrum for the three flights, enabling it to be

used as a reference for comparison .of the Cen XR-2 flux.
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There have been several experiments that have obtained data on
Cen XR-2 and these are all listed in Table 11. The early upper limibt
was obtained by the LRL group (Chodil et al. 1967a, 1968c) when their
detector scamned the region witﬁout observing the source., Tue
December 1966 experiment by Bowyer et al. (1968) had attitude problems,
but they reported a tstrong' source at a position within 10 degrees
of Cen XR-2. Then there was the UAT flight on April } followed by an
experiment by the University of Leicester (LEIC) (Cooke et al. 1967)
which noted that the Cen XR-2 spectrum was softer than that of Sco XR-1
but only reported the integrated 2 to 5 keV flux, The comparison of
their flux with the UAT results would suggest that the Cen XR-2 passed
through a maximum after April L. Iowever, it is doubtful if one can
compare the resulbs of different experimental groups this closely.
After the second UAT flight and the LRL flight on May 18, LRL had
another flight on September 28, 1967 (Chodil et al. 1968c) when they

found that the source was too weak to observe.

A1l of the results to the end of September indicated that Cen XR-2
was a transibory phenomena, howeyer Lewin et al. (1968a,c) have
reported observing a source in the vicinity of Cen XR-2 using
balloon-borne instrumentation on October 15 and 2L, 1967. Toey report
having observed a change in the flux of 35 4 17% between thelr two
flights. This measurement is at a higher energy than those employed

by UAT and LRL, and if the spectrum is extrapolated to lower energies,



TABLE 11

THE VARIABILITY OF CEN XR-2

Date

Group xponential Blackbody Power Law Flux

Temp. (keV) Temp..(keV) Index erg em © mee

Oct. 281965 LRL (1) <2 %1070 (2- 8 keV)
Dec. 13 1966 Bowyer (2) = A

April L 1967 UAT 5.6 % .5 1.21%.07 2.15% .15 (L.5%.1) x10 (2 - 8 keV)
#pril 10 1967 LEIC (3) 1.6 x 1077 (2 - :5 keV)
April 20 1967 UAT sl % . 1.10% .07 2.75# .25 (1.0 % .1) x107((2 - 8 keV)
May 18 1967 LRL (1) 1.5 .73 3.8 2,8 x 10'8 (2 - 8 keV)
Sept. 28 1967 IRL (1) <3 %1077 (2 - 5 keV)
Oct. 15 1967 MIT (L) 1.2 b x 1077 (20 - 52 keV)
Oct. 2L 1967 MIT (L) | 2.5 x 1077 (20 - 52 keV)
Feb. 29 1968 Buselli (5) (7.0 * 3) x 107930 » 1O ksV)

(1) Chodil et

al. 1967b, 1968c; (2) Bowyer et al. 1968; (3) Cooke et al. 19673

(L) Iewin et al. 1968a, c; (5) Buselli 1968.

)
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the energy intensity in the interval 2 to S keV is almost equal to the
upper limit obtained by ILRL on September 28. However, the rate of
cooling observed in the UAT and LRL flights would have suggested that
Cen XR-2 would be well below the limit of detectability by October.
Buselli (1968) had a tentative observation (at low statistical
precision) of high energy X-rays from Cen XR-2 during a balloon flight
on February 29, 1968, His fluxes are in agreement with the results of
the second balloon flight of Lewin et al. (1968c). This opens the
possibility that the source observed by the balloon experiments

could be a time invariant object which is in approximately the same
direction as the variable source observed by the rocket experiments.
This matter clearly requires resolution through the performance of
further surveys of this region of the sky, particular care being taken

to obtain directional determinations of high statistical precision.

Friedman et al, (1967a) surveyed the Centaurus region for X-ray
sources during an experiment on 25 April 1967. They dld mnot observe
a source at the position of Cen XR-?, but this could have been
obscured by the horizon, It is possible, however, that the source
Gen XR-1 at 217° R A and -63° declination with a flux of 0,17 counts
em~? gec™t (2 x 1077 erg o2 sec'l) might be the same source as Cen XR-2.
This would add further weight to the hypothesis of varlability of the

X-ray object. \
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The important results can be summarised as follow;: the 2 to 8 keV
flux of Cen XR-2 increased by at least two orders of magnitude between
October 1965 and April 1967. During April and May 1967 the intensity
was observed to decrease and the spectrum become softer. In the five
month period from April to September its 2 to 8 keV flux had decreased
by at least a factor of 50. In October, 1967, high energy X~rays were
observed which appeared to come from Cen XR-2., This high energy flux
showed a small decrease of 35% over 9 days but then was constant over '

the next four months,

Cen XR-2 is a unique source in X-ray astronomy in that it has
shown large scale variability and which has been observed by several
groups. The cooling rate of the source is very similar to the decay
rate of the light curves of supernovae and novae. Only further
experiments will be able to determine if Cen XR-2 was an unusual
phenomenon, or if it represents a transient stage in the life of most
X-ray stars. Some theoretical modes of Cen XR-2 are discussed in

Chapter 7.

5.6 Diffuse X-ray Background

The countrate due to the diffuse background was measured at a
time when the counter was not looking at, or near, any known sources.

The usual up-down difference could not be used because of the large
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albedo X-ray flux from the earth (Chapter 6). The high energy charged
particle component was assumed to be constant throughout the flight
and so the countrate observed below 70 km was subtracted. Many higher
energy measurements have shown that %he diffuse background was best
fitted by a power law spectrum (Seward et al. 1967; Gould, 1967).
Hence, an incident power law spectrum was assumed and fitted to the

1.7 . .
0.9 Was in agreement

data., The resulting spectral index o = 1.75 z
with other experimenters who have obtained values between 1.6 and 2.0
over much larger energy ranges. The results are plotted, Figure 16,

together with other measurements. The present results are slightly

high, but not significantly so.
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CHAPTER 6
THE X-RAY ALBEDO FROM THE EARTH

A.flux of X-rays was observed from the direction of the earth
during both flights. This albedo flux was comparable to the celestial
diffuse X-ray flux in the 2 to 5 keV energy chamnel but was not

observed in the 5 to 8 keV channel, showing that it had a soft spectrum.

The averaged countrates from four scans which passed close to the
zenith are shown on Figure 17. If there were no albedo flux present
the countrate should have decreased to the charged particle background
when the counters looked at the earth, On Flight I, the scans through
the zenith also passed through the sun and Cen XR-2, and the albedo
flux showed a distinct peak on the horizon closest to.the sun, Figure
17. The Flight II scans were normal to the sun-zenith line and did

not show a peak in the albedo flux.

The direct solar flux saturated the detection system and only
a lower limit of 2000 photons cm-2 sec_l could be determined, However,
the solar X-ray flux was expected to be considerably higher than this

Mandelstam 1965). |

Two processes contributed to the observed albedo: the scatbering

95
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of the solar X-rays by molecular electrons, and the generation of
fluorescent K X-rays by the solar X-rays absorbed in the atmospheric
argon. Most of the X-rays incident on the atmosphere were absorbed
by the photoelectric effect in oxygen and nitrogen. Although the
recombination of the ion pairs produced low energy X-rays, these were
at 0.53 keV for oxygen and 0.39 keV for nitrogen, both of which were

considerably less than the lower energy channel.

6,1 Scattered X-rays

X-rays are scattered by individual free electrons according to

the Thomson . cross section:

(=3

a
© . 3,976 x 10721 + cos’f) cm® ster™ (6.1

7]

where gf is the scattering angle. A 3 keV photon has a wavelength

of L, A, which is comparable with the diameter of the nitrogen atom,

and so the phasés of the photons scattered from the different electrons
in the same atom would be closely related. In the limit of long
wavelength the amplitudes of the scattering function must be added
coherently, i.e. for an atom with atomic number Z, the cross section
would be proportional to ZZ. At short wavelengths there is no phase

relation and the cross section would be proportional to Z.
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A theoretical treatment of the scattering process is given by
Compton and Allison (1935). They show that for a monotonic gas the

scattering cross section is

do: do .2 '
s e | 2 oo\ sin“@d/2 -3 2 2 -1
®™ - d—:z[F A S Ve an)] g " pter

(6.2)

where dO'-e/dﬂ. is given by equation 6.1, F is the atomic scattering
factor and Z ffl is the incoherent scattering function. Compton and
Allison give tables of F and Zfrzl which are calculated from the

electron wave functions of the atom., Both F and 2 fle are functions

of sin(¢/2)/)\ .

For diatomic gases interference occurs between the scattering

from the two atoms and the cross section for a molecule is given by

do do ; . 2
s _ e 2 sin x 2h» sin“@/2 -3 _ .2 ]
dn 2 Tn [F Q-+ = )+ 1+ me \e ) (2 - an)
em® ster T (6.3)

where x = Lws sin(g#/2)/N , and s is the interatomic distance
(1.09 A for nitrogen and 1.22 A for oxygen). The cross sections Br
nitrogen, oxygen and argon are shown on Figure 18, and are
considerably above the sum of the cross sections for the individual

electrons scattering incoherently (1 barn = 10_2)4 cmz).
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The photons can be absorbed by the photoelectric effect either
before or after the collision, Consider an element of volume 4V,
area da and thickness dh in the atwmosphere at an altitude h, The

intensity of solar X-rays at this element is

I(h) - Ioexpi:-— B f},;)(x)dx] (6.1)

where I0 is the intensity above the atmosphere, © is the zenith angle
of the sun, & is the mass absorption coefficient of air, and f>(x) is
the density at altitude x., The number of molecules n(h) in this

volume element is

n(h) = p(b)(W/A) dhda (6.5)

where N is Avogadro's number and A the molecular weight. The rumber

of scattered photons from these molecules is

dIs do-
To®) = I(8) ()3 (6.6)

These photons can &lso be absorbed in the atmosphere so the intensity

of X-rays finally reaching the rocket is

SIf

dI o=
= o(h) e:cp{- Sos3 f»(x)dX] (6.7)
h

where 3 is the zenith angle of the line from the scattering region
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to the rocket. Combining the equations 6.k, 6.5, 6.6 and 6.7 and

integrating over all values of h to get the scattered intensity gives

dI cosB cos % do
= (#Haa  (6.8)

=1 X dg
o A u(cos® + cosz) dn

Since 6 and 3 are measured at the point of scatter, their values
can be calculated for a curved atmosphere, Most of the scattering
and absorption in the atmosphere occurs in a layer about 20 km thick
at about 80 km altitude. The collimator defines the total area of
this layer that contributes to the albedo observed at the rocket.

This area is
. 2 .
a = 1l%w/cos (6.9)

where 1 is the slant distance to the region of scatter and w is the
solid angle of the collimator. The scattering must also be
integrated over the solid angle determined by the counter window

area o ,

A0 = «nf (6.10)

The resulting scattered X-ray flux observed by the counter is

' 21 -1
= 22 dw do cos 3
I(E) 2.08 x 10 IO(E)W o (;b)[l o ]

photons .=.;_ec-:L (6.11)
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6.2 Fluorescent X-rays

The production of fluorescent K X-rays from atmospheric argon
also contributes to the albedo flux in the 2 to 5 keV range. The
K-absorption edge for argon is at 3.2 keV, and above this energy
91% of the X-rays absorbed in argon will produce a K-shell vacancy.
The argon fluorescent yield is 0,12 (Fink et al. 1966), hence,’ in
12% of the cases a K X~-ray of 2.95 keV will be emitted as these
vacancies are filled, The fraction (p) of the incident solar X-rays

absorbed by argon (1.3% by weight in the atmosphere) is

(6.12)

p = 0.013pm /n

argon’  air

When the absorption of the fluorescent flux in the atmosphere and
the solid angle of the collimator are taken into account, as was done
for the scattered flux, the total fluorescent flux reaching the

proportional counters is

Ip(2.94) = 0.0012«xu[ I(E)[H;S%ﬁgh) +22:2}d}3
3.2 :

photon sec™™ (6.13)
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6,3 Tobtal Albedo

The total albedo flux was calculated from equations 6.11 and

6.13 for an exponential solar X-ray spectrum of the form
-2 -1 -1 -
I(E) = A exp(E/T)/E  photons cm ~ sec = keV (6,1L)

where T is the effective plasma temperature in keV. The predicted
countrate was obtained by correcting for the counter efficiency. -and
resolution, and by integrating the flux over. the 2 to 5 keV and the

5 to 8 keV channel.,

The predicted variation in the albedo flux with zenith angle
agreed very well with the observed flux, Figure 17. The theoretical
variation was almost independent of the value of T over the range

0.2 to 0.5 keV (2.3 x 100 6o

to 5.8 x 10° °K), with a value of O.L keV
giving a minimum least squares error, At 0.L keV the flux in the

5 to 8 keV channel was about two orders of magnitude less than that in
the 2 to 5 keV channel, while the albedo due to fluorescence was 20%
of that due to scattering. Both of these ratios depended on the

spectral temperature.

The solar X-ray flux required to produce the observed albedo was

N

9.5 x 10)'L hotons sec + cm™ 2 above 2 keV for Flight I and 8 x 10
P

photons sec-l cm—2 for Flight II, The difference in the magnitude of
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the albedo flux on the two flights is larger than the difference in
the solar flux, and is due to the solar zenith angle which was L9

degrees on Flight I and 7L degrees on Flight II.

These predicted solar X-ray fluxes agreed with that observed
by the NRL Solar Radiation Monitoring satellite and the McMath-Hulbert
X-ray ekperiment on 0S0-3 (Solar Geophysical Data, October and November
1967). The fluxes are shown on Figure 19, where they are plotted
agaiﬁst the threshold of the energy channel. Although upper limits
were quoted for some of the satellite energy chamnels, the flux was
decreasing so rapidly with energy that they could be considered to be
integral channels, The UAT flux value is plotted for a 2.2 keV
threshold since in this case the flux derived from the observed albedo
ﬁas almost independent of the.assumed effective plasma temperature.
The extremely good power law fit between the flux predicted here, and
that observed by other experimenters, must be somewhat fortuitous,
since at these energies most of the X-ray flux is concentrated in
emission lines. Even so, it does show that the flux predicted by the
albedo theory is of the correct order of magnitude, .The differential

solar X-ray spectrum satisfied the power law

%% = 1,08 x 1072 E',"'5 erg em~2 sec™t keV L (6,15)

and the effective plasma temperature at 2.2 keV was 0.5 keV.
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Unfortunately satellite data were not available during Flight II so a

similar check was not possible.

The albedo X-ray flux from the earth has been shown to be
principally produced by solar X-rays which are scattered in the
atmosphere. Grader et al. (1968) have recently reported the observation
of a low energy X-ray albedo flux at about 0.6 keV. They attribute this
flux to atmospheric nitrogen and oxygen Ko 1lines resulting from

fluorescent excitation by solar X-rays.

The presence of such an albedo flux has important consequences for
the measurement of the celestial diffuse background, This has usually
been determined by observing the 'up-down' difference in counting rate
under the assumptions that (1) there was a negligible X-ray flux from
the earth, and (2) the charged particle background would be the same
whether the counter was looking up or down, The present observations
show that assumption (1) is not valid below 5 keV during the daytime,
and it is probably questionable At higher energies at times of higher
solar activity. Fortunately, to date, most of the experiments that
have measured the diffuse flux have flown at night (Byram et al. 1966;

. Hayakawa et al., 1966bj Cooke et al. 19673 and Seward et al. 1967) so
that their results are not affected by the possibllity of any scattered

solar X-rays.



CHAPTER 7

THEORETICAL MODELS FOR CEN XR-2

This chapter will consider some of the possible theoretical models
of celestial objects which would give a variable X-ray flux similar

to that observed from Cen XR-2 by the rocket experiments,

7.1 An Expanding Thin Hot Plasma

The first model is an extremely idealised situation; an optically
thin hot plasma is created and allowed to expand (lManley, 1967; Chodil
et al. 1968c; Edwards, 1968). The plasma will be considered to consist
of only protons and electrons and no heavier ions, Then the X-rays

are emitted by bremsstrahlung, and the flux at the earth will be

n =i o =1 = B
- 8.22 x 10733 —5 T 2E Lexp(E/KT) photons sec L om? kvt

d
(7.1)

i
dEasdt

where V is the volume of the plasma and d its distance from the earth
(see equation 1.1). Equation 7.1 18 a good approximation to the flux
from a plasma with the cosmic abundances of elements provided T:»lO7 °k
(Tucker 1967). Table 12 shows the values of T and nQZV/d corresponding

to the observed data.

1oh_
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TABLE 12

CEN XR-2 AS A HOT PLASMA

Date T n’v

100 °k keV a®
), April 1967 UAT b2t .6 3.6 & .5 (L3 % .5) x 107
20 April 1967 UAT 2.8 % .5 2.t b (L3 & .6) x 1007
18 May 1967 LRL 1.7 1.5 2.3 x 104

If the mass of plasma is conserved, neV is a constant and niV/d2
is proportional to V-l. Hence between L April and 20 April, the
plasma cooled apparently with a cors tant volume, and then started to
expand, Albernate explanations for its behaviour could be that the
plasma was not opbically thin on April L, but had thinned out by May
18, or it could indicate that matter was still being injected into
the plasma when the first observation occurred.(April L), However,
the errors are rather 1arge and it -is possible that V was monotonically
increasing over the whole period of the observation. Without trying
to decide between these alternatives, the implications of a constant
mass plasma cooling from 3.L x lO7 %k to 1.7 % 107 %k in 35 days

while the nz\T/d2 decreases from L.3 x 107 to 2.3 x 107 will now be
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investigated.

The total power radiated by the bremsstrahlung process for

equation (1.1l) is

1 -
il 1.h3 x 10~27 nszv ergs sec 1 (7.2)

while the energy content of the plasma is

E

3nekTV

L.1L x 10-16neTV ergs (7.3)

An upper limit to ng can be obtained by assuming that the cooling of
the plasma over the 35 days was due only to the radiation. Then,

12

AE/E = 3.k x 107 neT_%At (7.L)

which imﬁlies

n, < 3x 108 om™> . (7.5)

The plasma can be considered to behave like an ideal gas, with
the one constraint, that the electron density distribution must be
almost identical to the proton density distribution from charge

considerations. The adiabatic expansion of a plasma is given by

‘¥~ 1 - constant (7.6)

where ¥y is the ratio of the specific heat at constant pressure to
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that at constant volume and for spherically symmetric particles
y = 1.67. If cooling from each of the UAT values in Table 12 to

the LRL value are considered, the experimental results give
y = 21%.h (7.7)

This indicates that 39 t %g% of the cooling is due to radiated
photons, When this result is combined with equation (7.l4) the

electron density becomes

n = (9.073:9) x 10" on” (7.8)

Now the velocity of expansion of our ideal plasma will be less
than the speed of sound in the plasma. Only the proton component

need be considered as this will be the limiting velocity.,

(1.67 2/p)?

v =
%
= (1.6 kI/ngn)
)4 1
= 1,2 x 10°T? (7.9)
and for T = 3 x 107 %K
v = 6L x 107 cm sec T (7.10)

This can be compared with the mean thermal velocities of the protons

and electrons at this temperature which are
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vy = 2.h x 109 cm sec'l

v = 7.1x100

5 o e (7.11)

Now if the plasma expands with the velocity of sound, the volume V

will be
7 ~ 9.1x1004> o’ (7.12)

where t is the time in seconds since the plasma was ejected. The

plasma doubled its volume in 35 days, hence its age in mid-April was
t ~ 1.1 x_lO7 gsec ~ L.l months (7.13)
with a volume
v o~ Lhx 10 o’ ' (7.1h)
The distance from the earth can be estimated from nEV/d2 to be
d ~ l.bx 10 e
~ <5 kpc (7.15)

These calculations indicate the order of magnitude of the
properties of a thin plasma which could have produced the Cen XRe2
X-rays. Chodil et al, (1968c) derived a distance of between 5 and
1, kpc by extrapolating the X-ray spectrum to optical wavelengths and
arguing on the basis of behaviour of the average novae, This method,

however, is very rough, although the assumption of an ®average™ novae
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is, perhaps, no more extreme than the assumption of an isothermal,

hydrogenic plasma.

The electron density, volume of emission and temperature of the
source are consistent with those obtained from optical observation
of recurrent novae (Walbrstein 1961) where the hot gas is produced by
shock heating of a circumstellar envelope. Edwards (1968) has
considered the type of radial dependence of the matter in the
envelope which would give the observed Cen XR-2 spectral variation.
He found that (niV/T) was a constant for an adiabatic strong shock
which propagates radially outwards through a nonuniform gas envelope

with the density

n o r-2 (7.16)

All of the X-ray emission occurs from a shell behind the shock
front, with an approximate volume of 2.5R3 and the temperature and
radius of the shock front, The observed twofold decrease in
temperature in 3 x 106 seconds implies that the shock was only two
weeks old when first observed, and the observed flux indicates a
distance of 300 pc, The lack of optical observation of the nova

could be due to obscuration by dust in the disc of the galaxy.

Novae outbursts could be more important as X-ray sources than

the recurrent novae because of the larger energy release, if they
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are surrounded by a circumstéllar envelope, The production of a hot
plasma by a supernova explosion has been considered by Tucker (1967a).
He finds that a Type II supernova could produce X-rays either by
shock wave heating or by the presence of a hot plasma in the ejected

supernova envelope.

Prendergast and Burbidge (1968) have suggested a plasma model
for Cen XR-2 in which the plasma is produced by the accretion of
matter onto a white dwarf from a close binary partner. Rapid
variations in the X-ray flux could be produced by variations in the
accretion rate,or by the eclipsing of the emitting region. In the
latter case the hottest part of the plasma could be obscured, leading
to a progressive decrease in the observed tempgrature and intensity

of the source.

7.2 Neutron Star

The theory of a neutron star has been presented in Section 1.3,
where it was shown to have a short lifetime as an X-ray emitter and
hence is a candidate as a model for Cen XR-2, It will be assumed
that no hot plasma was produced by the supernova which resulted in

the formation of the neutron star.

The neutron star has an extremely strong gravitational field and
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so it is necessary to allow for a gravitational redshift. General
relativity shows that the light emitted at a distance R from a sphere

of mass M is redshifted by an amount
2% :
E = Eo(l - 2GM/Rc“) 2 (7.20)

where E0 is the photon energy at radius R, E is the photon energy at
infinity, and G is the gravitational constant. For a neutron star
with one solar mass and radius 10 km, the change in photon energy

is
E/E, = 0.85 (7.21)

Hence the spectrum at the earth would correspond to a blackbody
whose temperature is 15% less than the surfaée of the neutron star’
(equation 1.3). The cooling rate was faund to agree with the
blackbody temperature observed on the two UAT flights, Figure 20,
However, the strong dependence of the cooling rate on temperature
meant that the star would not have cooled enough to fit either the

IRL measurement on May 18 or their upper limit on September 28, 1967.

The neutron star, if it exists, would be about 1 kpc from the
solar system (equation 1.3), and it should have been observed
optically if it was formed in a supernova during March 1967. In
view of all of these difficulties, the neutron star model must be

rejected.
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7.3 Synchrotron Models

In this section the Cen XR-2 emission will be considered to be
produced by synchrotron emission when electrons are injected into a

region of magnetic fields.

The electron spectrum is modified by two processes, the energy
loss in synchrotron emission, and the adiabatic expansion of the
plasma. An electron with an energy of 5x lOSH—% MeV produces
radiation with a maximum at L keV. The radiation lifetime of this
electron is 5 x 102 H_B/2 seconds (equation 1,12). After this time
the photon distribution will have moved to lower energies so that the
peak in the distribution will be at 1 keV. Evidently, by suitably
choosing the magnetic field the spectrum could be made to decrease
with a time constant of about one month, the variation observed for
Cen XR-2, Adiabatic expansion of the region occupied by the magnetic
field and the electrons modifies both the field and the. electron
spectrum, For a power law electron spectrum (equation 1.9) the
radiation flux varies with the dimension of the region according to
the law

dN s -2y

_zx
dvaEat L7 =<t (7.22)

where the last relation holds for'a constant radial velocity.
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Tucker (1967a) has considered these effects for a power law
electron spectrum and he found that there was a "break" in the photon

spectrum at

%473t =2 kev (7.23)

E = 4.5 x 10° o

The spectral shape and time dependence of the photon spectrum with
only synchrotron losses is

g=(¥ +1)/2 E & E (7.23a)

dvdEdt .
sy + 53 +1)/3 E> B (4 o

Suppose that in early April the 2 to 8 keV spectrum was given by
7.23a, i.e. Eb> 8 keV, but by May 18 the break in the spectrum moved

through the 2 to 8 keV energy interval and so the spectrum was given

by 7.23b. The spectrum was 78E'2'15 photons sec™t cm~%keV™T on
April L, which would imply a post break spectrum of 1).10E“3'6 photons
sec-1 cm-2 keV_l on May 18. This is extremely close to the observed

-308 1

LRL spectrum of 1L3E photons secL cm~2 kevL,

The age of the source and the magnetic field on April k, 1967

are given from equation 7.22 to be
t = 2x 106 sec

H = 5x 1073 gauss (7.24)
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The volume of the source, its distance and electron spectrum coefficient

are related by equation 1.10 so that
yk/a? = 1.5 x 102 (7.25)
where the electron spectrum is

-3.3

N - xe electrons cm > keV ™t (7.26)

dVdE
Hence the data can be fitted extremely well by a synchrotron
model in which' there is an impulsive injection of electrons into a
region of magnetic fields and the electrons then lose energy:by

synchrotron emission,

The principle problem associated with this model is that
equation}7.23 is strictly valid only at energies well away from the
break energy. Nevertheless the agreement between the model and the
cbserved results is very satisfactory. Again the model is extremely
jdealised and it is doubtful if any injection process would give a

strictly power law electron spectrum.

7.4 Summary

Several models have been proposed that would give a time

variation similar to that from Cen XR-2, It must be emphasised that
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each of the models considered represents an idealised situation, but
one which has some resemblance to a real astronomical situation.

The opacity of the gas to X-rays has been ignored and this can be an
important factor eariy in the life of the X-ray source. Consequently
some time after the initial injection, or the beginning of the blast
wave, the decrease in opacity will produce a maximum in the X-ray
emission before the flux decreases by the methods discussed in this
chapter. It is interesting to note that the novae, binary star and
synchrotron models suggest conditions that could reoccur, so that

Cen XR-2 caild be observed again in new outbursts..

The models presented in this chapter have only attempted to
explain the three rocket measurements of Cen XR-2 in April and May
1967. They can be readily expanded to include the possible observation
of Cen XR-2 in December 1966 by Bowyer et al., (1968), More difficult
to explain is the unexpected high energy component observed by Lewin
(1968a,c) in balloon borne experiments. If thls source is, in fact,
the samé as that observed at rocket energies one explanation could
be a dilute high temperature source co-existing with the low energy
source observed at rocket energies (Manley 1968). Further experiments
are needed to determine if the source exhibits a recurrent variation

and to increase the accuracy of the spectral information,



PART B

SOLAR AND CELESTIAL X-RAY OBSERVATIONS FROM IMP F

CHAPTER 8

THE PROPORTIONAL COUNTER EXPERIMENT

8.1 The Satellite and SCAS Experiment Organization

The IMP F satellite was launched at 1LO5 UT on 2L May, 1967, it
carried eleven scientific experiments, and was injected into an
eccentric orbit (e = 0.941, apogee = 211,000 km, perigee = 250 km)
perpendicular to the ecliptic. The period of the orbit was L.3 days
and, of this, 3.l days were spent at radial distances greater than
110,000 km, which is well beyond the radiation belts. The satellite
had a spin period of 2,6 seconds with the spin axis normal to the

ecliptic plane.

One of the experiments carried investigated the anisotropy of
the cosmic rays and its temporal and energy variation during solar
flares. This experimen£ was designed and built by the Southwest
Center for Advanced Studies, Dallas, Texas, (SCAS) and consisted of

(1) a scintillator and solid state detector combination to detect

116
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protons of energy 1 to 107 MeV, and electrons of energy 3 to 25 MeV,
and (2) a proportional counter to detect electrons greaﬁer than 80 keV
and X-rays greater than 3 keV, It is this proportional counter, its
modes of operation and its results that are the subject of this part
of the thesis, The candidate was responsible for the design and

calibration of this portion of the SCAS experiment,

The SCAS experiment was mounted on the octagonal platform of the
spacecraft and since the spin axis was positioned normal to the
ecliptic, the detectors scanned around the ecliptic plane every 2.6
seconds., In the basic mode of operation of the experiment, each spin
rotation was divided into eight sectorswof L5 degrees, and the counts
received in each sector were accumulated in different scalers. The
output from the proportional counter was 'Octant Divided ' in this
manner once every 81.92 seconds providing a contimous monitor on the
solar X-ray flux and a measure of the electron anisotropy during solar
flares. In addition, on the average of once every 20.4,8 seconds, the
azimuth of the spacecraft was measured to an accuracy of * 0.7° at the
instant of observation of a low energy pulse in the proportional
counter. This 'Azimuth Measurement' provided data on the positions

and spectra of celestial X-ray sources.

The data from the SCAS experiment were accumulated concurrently

into 10 separate scalers provided by the spacecraft, Nine of the
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scalers (SCA 1 to SCA 9) were ten bit 'ST! scalers; they accumulated
countrate data up to a maximum of 512 and then counted clock pulses

(50 Hz) for the rest of the accumulation period. Hence, a number

less than 512 was an actual count, while a number greater than 512
determined the period during which the 512 counts were accumiated.

This scheme extended the dynamic range and eliminated any overflow
problems. The tenth scaler (SCA 10) was six bits long and was used

for two units of housekeeping data, in particular, to provide information
on the start and stop octants during octant division. The total SCAS

data train consisted of 96 bits, divided into eleven units of infamation.

The spacecraft telemetry was organised into sequences of 20L8 bits,
and was transmitted at 100 bps. For convenience the sequence was
divided into sixteen frames, each of 128 bits, and each frame divided
into sixteen channels of 8 bits. The SCAS data was transmitted to
earth twice in each sequence, in channels L to 15 of frames 3 and 11
(counting O to 15). Hence, SCAS data was transmitted once every 10.2L

seconds.

The experiment cycled through eight different types of
measurements, (e.g. different logic or energy levels) with each
measurement lasting 9.28 seconds and the experiment changing to a new
measurement during the 0.96 seconds of telemetry readout, These eight

neasurements were identified by.the subscripts L = O through 7.
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Part of measurement L = 7 was further subcommtated, making a complete
subcommutation cycle of 6L measurements for the SCAS experiment,
however, this did not involve the proportional counter data. The
proportional counter data appeared in this cycle as follows: (1)

in measurement L = 5 thé proportional counter output was 'Octant
Divided! into SCA 1 through 8, and (2) in measurement L = L through 7
the azimuth data was transmitted in SCA 9. That is, a proportional
counter octant division measurement was made every 81.92 seconds while

an azimuth measurement was made on the average once every 20.48 seconds.

8,2 The Proportional Counter

The IMP F proportional counter was filled with a xenon-methane
(90%-10%) mixture at just over one atmosphere pressure and had a 0.002
inch beryllium window. Its window area was 3.1 cm2 but after allowing
for the thicknesses of the collimator slats the effective area was
S 2.2 cmz. The counter was constructed of aluminium and was 1.0 inch
deep, Figure 21. A second, similar counter but without a window was
constructed behind the first counter. It was intended to be used as
a guard counter, but space and power limitations precluded its use.
The counter was made by LND Inc,, Oceanside, Long Island, N.Y., and
was rigidly non-magnetic so that it would not interfere with the

L4

interplanetary magnetic field measurements also being made from the
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Figure 21, The proportional counter flown on the IMP-F satellite.
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satellite.

The anode wire was 0.006 inch diameter stainiess steel and was
supported diagonally across the counter 0.5 inch behind the window. .
This umisual configuration was found to minimise the end effects for (
such a small counter with a relatively large window. Point counters,
which have a point or a small sphere as the anode, were considered as
they can be made equally small, but they had the disadvantage of long
pulse collection times at low countrates. The gain of the counter
flown varied by less than 20% over the whole window and its overall
resolution for 5.9 keV X-rays was about 25%. The anode voltage
employed was 1350 volts which was passed through a 133 Megohm filter
potted on the back of the counter. The filter removed interference
from the high voltage line and protected the power supply in the

event of a counter breakdown. This voltage was also used as the anode

supply of one of the photorultipliers in the cosmic ray experiment.

Much of Section 2.1 on the operation of the Skylark proportional
counters is applicable to the counter flown on IMP F and so will not
be repeated here, The efficiency of the counter for normally incident
X-rays was calculated using equation 2,1, and the result is shown on
Figure 22. The energy ranges of interest in this experiment were
2.7 40 5.9 keV:and 6.0 to 8.6 keV for celestial X-rays observed in the

azimith measurement and greater than 2,7 keV for solar X~rays observed
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Figure 22, Efficiency of the IMP-F proportional counter to X-rays.
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in the octant division measurement. The efficiency for the detectin
of X-rays incident through the 0.0625 inch thick aluminium walls was

calculated and was a maximum of 26% at 3L.5 keV, Figure 22,

Protons and electrons were also detected by the counter. The
energy deposited in the counter by protons with different incident
energies was calculated from the range-energy relations (Barkas and
Berger 196L) and is shown in Figure 23. Only protons with a very
small range of incident energies will deposit between 2.7 keV and
8.6 keV in the counter., Above 20 MeV, the protons begin to enter
the caunter from all directions and some could deposit small amounts

of energy in the counter by passing across an edge,

The octant division measurement accepts all pulses that correspond
to more than 2.7 keV being deposited in the proportional counter (in
contrast to the azimuth measurement when only pulses in a narrow energy
interval are accepted). Hence, all protons with energy above 2,1 MeV

will be octant divided.

The range energy relations of electrons are not as well defined
as for protons because the electron can lose a significant amount
of its energy in each ionising collision. Chang et al. (1953)
measured the electron transmission coefficient for aluminium and
platinum foils and postulated a theoretical model to fit the results.

Somogyi and Body (1965) refined the theory and found a close agreement
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with the experimental results., Their method has been useq to calculate
the electron transmission coefficient for the beryllium window of the
counter, Figure 2, Due to the high degree of straggling it is not
possible to determine the residual energy o{ the.electrons as they
emerge from the window, Nevertheless, most of the transmitted
electrons have more than 3 keV residual energy and so the transmission
coefficient was used as the efficiency for detection of electrons in

the octant division measurement.

8.3 Collimator

The field of view of the counter was restricted by a collimator
made from 0,010 inch aluminium slats. The slats were semicircular
with a spacing of 0.022 inch, giving a full transmission angle of
5 degreesL Aluminium was used for the collimator, because it is
nommagnetic and the 1,5 keV fluorescent X-rays produced by charged
particles, or higher energy X-rays, caused pulses in the counter
that would be rejected by the lower discriminator. In addition,
spectral reflection was less from an aluminium surface than from any
other metal, (Compton and Allison 1935; Hendrick 1957; and Rieser
1957).

The satellite spin axis was normal to the ecliptic and so the

proportional counter scanned around the ecliptic plane. The
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semicircular design of the collimator compensated for the change in
effective area of the proportional counter for sources above and
below the ecliptic., This enabled the flux from the source to be
measured without requiring an accurate position. The width of the

response will depend on the ecliptic latitude of the source and so

provided a means of measuring the position.

Assume initially that the radius, r, of the collimator is large
compared with height, h, of the counter window, and that the window
extends along the centres of the semicircular slats, see diagram.
The full acceptance angle of the
collimator, # , is the same for
all sources regardless of their
latitude because of the

semicircular design, and is

given by

¢ = 2 arcsin (d/r) (8.1)
where d is the slat separatiom.

As the collimator rotates about the satellite spin axis, the
increment in azimuth, ¢ , that corresponds to the acceptance angle,

@ , for a source at latitude & is

¢ = ¢ [cose (8.2)
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Hence the full azimuth range for
the detection of a given source
depends on its ecliptic latitude.
The satellite spin rate,w, is

constant and so the total time

for observation of a source is

ot =;‘;P

= ¢ - (8.3)

w coso

This equation shows that a source at a higher latitude would be looked
at for a longer period than one at a lower latitude (# is independent
of 6). Equation 8.3 COuld.be used to caléulate the cosine of the. -
latitude of a source if a sufficiently accurate response peak was

obtained.

Suppose a source at a latitude © has an X-ray intensity of Jo

photons cm_2 sec-l, then the countrate observed at time t is

dN ‘ =1
[ = I cose(l - 2|t - t_|/at) photons sec o (8.L)
for 2[t = t_| L&t
0

where A is the area of the counter and to is the time when the counter

1looked directly at the azimuth corresponding to the source., The
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cosine term projects the area A onto the direction of arrival of the
photons and the time term arises from the triangular response of the
collimator., The total mumber of photond observed from the source

during one scan is

b+ At/2
N = %%Idt
t - ab/2
= %JOA cos@ at
- ﬂ photons (8.5)

2w

Hence the total rumber of counts observed depends directly on the

gource intensity and is independent of its latitude,

The collimator flown on IMP was not much larger than the window;
the height of the window being 0.6 inch while the radius of the slats
was 0.5 inch, Nevertheless, the response, Figure 25, was very close
to the results calculated ‘for the narrow window. At latitudes higher
than * 60° the collimator construction began to obscure the counter
window. One complicating factor was the increased thickness of the
beryllium window and the decreased depth of the counter a’g higher

latitudes. For a latitude of 60°. the window thickness was effectively



T T T = T T T
0.0437 inch spacing
14 sials
2.5 .l
—— DECLINATION ¢ =O
—— " ¢ =20
..... " ¢ 240
20F o weeee n ¢ =60 =
o~
E
=
o 15f .
[+ 4
- ¢
[a]
w
[
(8]
% 1.0- . .
(o]
x
a
0.5 o = .
.. J '\ ."
/ \,
7y N tea
ST x 7 Mo ™~y L
-5 -0 -5 0 5 10 i5

AZIMUTH OF DETECTOR FROM SOURCE (DEGREES)

Figure 25, Response of & semicircular collimator to sources

various declinations ($). This diagram refers to a

collimator of 5° full width at half transmission. The

actual collimator flown was 2.5° full width at half

transmission and its maximum area was 2.2 cm2.

at



126

doubled causing a loss of counter efficiency at lower energies.

L]

8.li Electronics

Much of the electronics involved with the proportional counter
was common with the rest of the SCAS experiment. The same power
supply supplied the anode voltages for the counter and the
photorultipliers; common octant division logic was used with a
variety of inputs including the proportional counter; and the output
scalers, which were part of the satellite and not the SCAS experiment,
had different inputs on each measurement. Consequently there was a
complex interrelation between the different parts of the experiment.
This section will describe the proportional counter electronics and
cover enough details of the associated electronics so that the results

can be properly understood.
{

A block diagram of the proportional counter electronics is shown
on Figure 26. The/pulses from the proportional counter were amplified
by a voltage sensitive amplifier so that 5.9 keV X-rays in the counter
gave positive pulses with an amplitude of 3 V. The amplifier was
mounted very close to the proportional counter and was completely
shielded, except for the feedback resistor which was accessible to

enable the gain to be changed.
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8.4.1 The Azimuth Measurement

The amplifier output pulses were fed to two discriminators, Figure
26, which set the lower and upper 1imits of the one window pulse height
analyser. Pulses were accepted for the azimuth measurement only if
they fired DISC-1 but not DISC-2. A strobe pulse was generated 8 usec
after the lower discriminator fired. If, after this delay, DISC-2
still had not fired, the pulse amplitude must have been between the
two discrimination levels. Hence the strobe pulse, the Q pulse from
DISC-1 and the Q pulse from DISC-2 were inputs to AND-l1. The strobe
pulse was also used in the octant measurement for the input to the
octant division logic, which will be discussed in the next section.
The discrimination levels were changed between measurements by
shorting out the last resistor on the registance chain, This caused
the discriminators to form an energy window of 1.7 to 3.6 V for

measurements L = 4 and 5 and 3,7 to 5.2 V for measurements L = 6 and 7.

Only the first suitable pulse after a telemetry readout was
analysed for direction of arrival in the azimuth measurement. The
Freeze pulse prevented any accumilation into the sealers duying tha
telemetry readout of the SCAS data. Tt also caused the experiment
logic to change ready for the next measurement. The end of the
Freeze pulse left the flipflop reset, which made Q positive and

opened AND-1. However, as soon as a pulse was transmitted by AND=-1,
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the Q of the flipflop went to zero to shut AND-1 and prevent any more
pulses being transmitted. The sun was known to be a copious emitter
of X-rays which could have occupied much of the azimuth measurement.
To avoid this situation the AND-1 gate was held closed during the
octant centred on the sun, hence the octant li input to AND-1. A

100 Hz squarewave was transmitted by AND-2 from the end of the Freeze
pulse until the first pulse which satisfied the conditions on the
gate AND-1. The output from AND-2 was fed to the output scaler 9 -

during measurements 1, = L through 7.

The number in scaler 9 gave the duration in units of 0,01 seconds
between the end of the Freeze pulse and the instant when a suitable
pulse was received. This data was converted to the azimuth with
respect to the sun by using the time from the beginning of a telemetry
sequence to the next sun pulse which was measured by the spacecraft
optical aspect system and was provided on the SCAS data tapes. By
integrating many days of this azimuth data the countrate could be

obtained as a function of azimuth (see Chapter 10).

8.l.2 Octant Division

During measurement L = 5, the strobe pulses were fed to the
octant division circuits where they were routed to one of the eight

scalers (SCA 1 throagh 8) depending on the spacecraft azimuth at that
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time. The azimuth was divided into eight equal sectors, and all
pulses }eceived while the counter azimuth was in the Nth octant were

fed into the Nth scaler,

The octants were defined relative to an aspect signal from the
spacecraft coﬁsisting of 65 pulses per spin period and a dead time
pulse. The first pulse of this pulse train was in coincidence with
a 'sun pulse' from the solar sensor, and the pulses thereafter
defined 6L accurately equal intervals., The time between the last
pulse and the next sun pulse was variable, but was within the range
0,625 to 5,57 msec. During this time a 'dead time' pulse inhibited
accurulation of the data. The system could adjust to any changes in
the spin period and also would insert a pseudo sun pulse after
5.625 msec if a sun pulse did not occur., The octant division circuits
took the 6l equal intervals and produced eight equal time intervals
which controlled the accumulation of data.into the eight scalers.
This aspect determining system is identical to one described by

Bartley et al. (1967).

The sun sensor was located on a different facet of the spacecraft
platform 135o in azimuth before the SCAS detectors., Hence, the dead
time pulse occurred 3T/8 seconds (where T is the spin period) before
the SCAS detectors would see the sun. The octants were displaced 22%°

with respect to the sun pulse so that the proportional counter would
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see the sun in the centre of an octant. The dead time pulse inhibited
accurulation for a period in the middle of octant 1. The directions
of view of.the octants are shown in Figure 27. Since the spin period
was 2.6 seconds and each measurement took 9,28 seconds, data were

accurmlated into each scaler from 3 or L octant sightings.

To avoid having a nonintegral number of octant sightings, data
were not accumulated at the beginning of a measurement until the
begiming of a new octant and accumulation.ended with an end of octant
before the initiation of the data readout. The octant number at
which accumulation began and ended were transmitted in SCA 10. From
this start-stop information and the spin period, the total numbet of

octants of data accumulated into each scaler could be determined.

8,5 Data Organization

Telemetry from the satellite was received by the GSFC STADAN
stations arcund the world and sent to the NASA-Goddard Space Flight
Center where the data from the different experiments were separated,
merged with orbit and spacecraft information, and some preliminary
data reduction carried out. One copy of the output magnetic tape
containing the SCAS daté for each orbit was sent to the Southwest

Center for Advanced Studies, Dallag, Texas, and one to the University
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of Adelaide.

The tape was organized around the 6l; measurement experiment
subcommutation cycle which took eleven minutes to complete, The data
from each measurement consisted of eleven units of information
transmitted from the spacecraft, one each from Scalers 1 through 9,
and two in Scaler 10, and will be referred to as DATA(M) where M = 1
to 11. Fifteen additional units of information DATA(12) to DATA(26)
were also supplied as follows:

DATA(12) total number of complete spin periods, !

DATA(13) experiment synchronization,

DATA(1L) to DATA(21) number of acquisitions for octanbs 1 through 8,

DATA(22) relative phase between sun and telemetry,

DATA(23) sequence counter,

DATA(2);) data condition indicator,

DATA(25) corrected value of DATA (10),

DATA(26) corrected value of DATA(11).

DATA(12) to DATA(21) were calculated from the raw data, while DATA(22)
to DATA(2)) were.obtained from other spacecraft systems., The sequence
counter assigned a unique number to every telemetry sequence from

launch and served to identify the data. The data condition indicator

was a measure of the quality of the received telemetry signal. DATA(22)
contained the time in milliseconds between the beginning of the

telemetry sequence and the first observed sun pulse.
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Each cycle on the tape was preceded by a block of summary data

and was followed by the orbital and performance parameters.



CHAPTER 9
SOLAR X-RAYS

Solar X-rays were observed when the proportional counter cutput
was octant divided, and appeared as an increased countrate in the
octamt centred on the sun compared with the adjacent octants. A
review of the theory and previous experimental results on solar X-rays

has been given in Section 1.2.

The octant division measurement has been discussed in Section 8.L.
If the scaler did not go into time mode, i.e. DATA(M) < 512, then the

counts per octant from the octant M is given by
,  BATE(M) = DATA(M) / DATA(M + 13) (9.1)

where the notation DATA(M) has been discussed in Section 8.5. The
solar X-ray flux was then calculated from the counts observed in octants

3, 4 and 5 using the relation

W oounts sec™ on™7)= 65,4 x {RATE(h) - 3[ramE(3) + mm(s)]}/q:
(9.2)
where T is the spin period, The normalising factor allowed for the

very short time during which golar X-rays were transmitted into the

133
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counter by the 2.5 degree full width at half transmission collimator.

If the scaler was in time mode the calculation of the countrate
was more complex, The total number of octants including the fraction
of an octant during which the 512 coynts were accumulated was
calculated from DATA(M) by using the optical aspect information DATA(22),
the start and stop information DATA(25) and DATA(26), and the spin
period of the spacecraft. As the sun was only observed for 0,03k
seconds in the centre of octant L the 50 couﬁts per second did not
accurately determine the time within a given sun acquisition when the
scaler went into the time mode. Nevertheless, the time mode could.
determine the mumber of sun sightings that were required to accumulate

the 512 counts. The maximum accurulation time of 9.28 seconds alawed
three or four sunsightings and, hence, three or four saturation levels
in the time mode, each corresponding to the range of flux values shown

in Table 13.

Most of the time the countrate in the other seven octants was
isotropic, the only exceptions to this were during charged particle
flare effects and while the spacecraft was in the radiation belts.

If these periods were excluded and if the countrates in the adjacent
octants were constant, then the excess countrate in octant L could
only be due to solar X-rays. Charged particles would be scattered by

the interplanetary magnetic field,.and so any increase due to charged
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TABLE 13

SOLAR X-RAY SATURATION LEVELS

No. of Sunsightings Counts cn™2 sec™
Lower Limit Upper Limit
1 12,900 N
2 6,450 | 12,900
3 L, 290 | 6,150
L 3,220 L4, 290

particles in octant L would be accompanied by an increase in the
adjacent octants. Also, the impulsive X-ray bursts usually occurred
at the same time as optical flares and radio bursts, whereas charged

particles would take longer to travel from the sun.

The solar X-ray flux could be divided into two components, a
slowly varying component which changed over several days, Figure 32,
and impulsive X-ray bursts with durations between 5 minutes and several
hours, Figures 28 and 29. On very active days up to 30 bursts were

observed but the average rate was about 10 bursts per day. The
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TABLE 1)

INTENSITY LEVELS

-2 -1
Intensity Level Counts cm ~ sec

Lower Limit Upper Limit

0 0 376
1 376 660
2 660 1,150
3 1,150 2,000
N 2,000 3,500
5 3,500 6,200
6 6,200 10,800
7 10,800

duration, rise time and decay times varied from burst to burst, but am
'average' low intensity burst had a rise time (10%-90%) of 3 mimutes,
and a decay time of 6 minutes, while an 'average' intense burst had a

rise time of 6 minutes and a decay time of 30 mimutes,



137

For analysis it was convenient to divide the maximum amplitude of
the X-ray bursts into the seven exponential intensity levels shown in
Table 1L, The divisions were chosen to fit in with the saturation
levels shown in Table 13. Provided the charged particle background
was less than about 60 counts sec-l,'which was true most of the time,
the highest saturation level would be intensity 7 and so on down.

Note that intensity O includés all countrates up to 376 counts mn-zsecék
and so could possibly contain small X-ray bursts. The X-ray flux
below this level was often very variable, and it could not be separated

into well defined bursts.

9.1 Correlation with Optical Flares

Solar flares are observed at optical wavelengths as sudden
brightenings in almost all of the Fraunhofer lines, particularly the
Hot l1line at 6563 A, The hydrogen in the chromosphere is optically
thick at this wavelength and normally produces an absorption line on
the optical photospheric emission. During a flare, the temperature

L

of a region in the chromosphere rises to about 10 % producing

increased emission at Ho . The mean altitude of the optical flare is

L

about 10 km above the photosphere, Although this emission mechanism

is very different from;that for X-rays, both occur at the same time as
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TABLE 15

Hot FLARE IMPORTANCE SCHEME

Area of Flare Optical Intensity

'corrected! sq, deg. Faint Normal Bright
2.0 -f -1 ~-b
2.1 - 5.1 1f 1n 1b
52 - 12.} of 2n 2b
12,5 - 24.7 3f 3n 3b-
2h.7 Lf ) lin Lb

a result of the sudden release of energy in a solar flare, and it is

worthwhile to investigate the relationship between the two effects.

The solar emission of Ho is continuously monitored by various
observatories around the world and the flares are listed in the ESSA
Solar Geophysical Data Bulletins (1967). The flare classification
used 1s shown in Table 15, The intensity is a qualitative figure that
each observatory assigns using its experience, The correlation between

the intensity of the Ha flare and its area is rather poor de Jager 1959).
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The IMP~F X-ray bursts for 52 days in June and July 1967 were
compared with the reported Ho flares. Data were used at all times for
which the following conditions held, (1) the satellite was beyond the
radiation belts, (2) the received data was of'good quality, as
determined by the tracking station, (3) no charged particle flare
effects were present, (L) the solar activity was not too high so it
was possible to associate a particular X-ray burst with a unique listed
Ho flare, and (5) there was cinematographic flare patrol coverage. For
80% of the time all of these conditions were satisfied, and yielded

472 X-ray ursts to be compared with 687 Ho flares.

Not many of the weaker Ho flares were associated with observable
X-ray bursts, but the association improved for the more intense flares,
Table 16. Unfortunately very few Ho flares with area importance 2 or

greater were observed during the analysis period.

Figure 30 shows the distribution of the intensity of the X-ray
bursts associated with a given importance Ha flare, The distribution
for 1b flares showed a peak at intensity 6 X-ray bursts, while the
distributions for the weaker and smaller flares did not show any such
peak., Theso distributions show that Ho flares of larger area and
greater intensity tended to produce the more intense X-ray bursts.
However, there was not a simple relationship, some small area faint

flares produced more intense X-ray bursts than larger area bright
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TABLE 16

FRACTION OF Hot FLARES THAT WERE ASSOCIATED WITH X-RAY BURSTS

Area Intensity
Importance Faint (f) Normal (n) Bright (b)
- 029 T 003 ‘ a57 T -03 059 T 008
1 .54+ ,08 .80 £ ,05 1.0 * ,08

flares. It would probably be necessary to compare the visual appearance
of the flare with the X-ray intensity to determine an accurate

relationship.

A surprisingly large fraction of the X-ray bﬁrsts were not
accompanied by listed HX flares. This fraction varied from 0.29 for
the lowest intensity X-ray bursts to 0.18 at highest intensities.
Although some of these could be caused by poor coverage in the Ha
flare patrol they all occurred at times when there was both visual and
cinematographic patrol coverage. There were two possible explanations,
either (1) X-ray bursts occurred without any significant associated
Hx emission or (2) the flare occuz:red close to or around the solar

limb., The probability of a flare occurring within 20° longitude of
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either 1limb on a given day was assumed to be proportional to the total
sum of the mumber of flares that occurred on the east limb on the day
and the two following days, and the number that occurred on the west
1imb on the day and the two preceeding days. For this-calculation,
1imb flares were defined to be those that occurred at radial distances
greater than 0.95 (i.e. at longitudes greater than 72° relative to the
centre of the solar disk) and only normal intensity and bright flares
were counted, The number of X-ray bursts observed on a given day was
normalised to 2l hours of observation. The results of the comparison
are shown on Figure 31, The majority of the X-ray bursts for which
there was no associated Hot flare occurred when there was maximum Llimb
activity, The effect was more marked when only X-ray bursts of
intensity 3 and greater were considered. Some of the smaller bursts
could have been associated with weak He activity on the disk that was

not reported.

The alternative explanation of X-ray bursts without Hx emission
from the whole of the solar disk can be shown to be very unlikely by
comparing the temporal distribution of these bursts with the total
mumber of Hx flares observed each day, Figure 31. There is virtually

no similarity between the two distributions.

The number of reported Ha flares per degree of solar longitude

did not change significantly out to the limb, showing that the
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probability of the flare patrol not observing a flare because of
foreshortening was small. This fact, and the similarity of the

- distributions in Figure 31 leads to the conclusion that the unassociated
bursts must have been caused by flares which occurred éround the 1limb
and that the optical Hx emission, which occurs low in the so}ar

atmosphere, was obscured by the limb.

The fraction of bursts without associated H& flares varied from
(29 # L)% at low intensities to (18 * 5)% at high intensities.
Eighteen percent of the bursts would correspond to 20° of longitude
around each 1limb if bursts were emitted uniformly at all solar
longitudes. There are two possible mechanisms whereby a flare this
far around the 1limb could produce X-rays observable from the earth.
Either the X-ray emission occurred high in the solar atmosphere or
else streams of electrons from the flare travelled to the near side of
the limb where they produced bremsstrahlung X-rays when they were

stopped in the chromosphere.

X-rays emitted high in the atmosphere around the 1imb will be
pr}ncipally attenuated by photoelectric absorption. Using the density
of the chromosphere given by de Jage (1959, p. 1Ll), significant
absorption would occur for X-rays that passed within about LOO km of
the photosphere, For (18 t 5)% of the bursts to occur around the limb

and still be observed at the earth, it is necessary that the emission
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region mst be (4L £2) x 10)'L km above this absorption level. The
errors are large compared with the height of the absorption level
above the photosphere, so this altitude can be equally considered to
be measured from the photosphere. This altitude is in agreement with

that inferred by Broadfoot (1967) and Acton (1968) for isolated bursts.

If a large flare occurred more than the 20° around the limb,
then the upper part of the X-ray emitting region might still be
observed from the earth. This effect would make the biggest
contribution to the lower intensity X-ray bursts and could explain the
larger fraction of low intensity bursts that were not associated with

b

He flares. This would imply an e-folding height of about 5 x 10
for the X-ray region., Alternatively, the extra X-ray bursts at low
intensity could have been associated with low level Ho activity on

the disk that was not reported.

The possibility of a high energy electron stream travelling some
distance before producing X-rays when it is stopped in the corona
does probably happen on occasions, however, because of the small
number of inverted Type III radio bursts associated with X-ray
emission (Kundu 1965) it is unlikely to occur often enough to explain

the present results.
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9,2 Correlation with Radio Emission

The solar radio emission can be divided up into three camponents
originating from the quiet sun, from bright regions, and from transient
disturbances (Kundu 1965)., Previous experimenters have shown that the
generation of solar radio waves at centimeter wave lengths was
associated with the production of X-rays and this is confirmed by the

present results.

The slowly varying component of the X-ray flux was determined by
taking sample periods of 10 minutes every four hours away from any
burst activity. The comparison between the slowly varying X-ray and
radio fluFes:B shown in Figufe 32 for various frequencies. The X-ray
background was found to be more variable than the radio emission, but
had the same general features as the emission at L995 or 2800 MHz.
This similarity in behaviour arises because both the radio and X-ray
slowly varying components are produced from coronal condensations

above active regions (see Section 1,2).

The solar X-ray bursts were compared with the radio bursts
recorded from several stations in the western hemisphere covering
frequencies from 486 to 10700 MHz, which were tabulated in the ESSA
Solar Geophysical Data Bulletins (1967), Table 17. Unfortunately no

information was provided on coverage so that the lack of observation
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TABLE 17

STATIONS' REPORTING OUTSTANDING RADIO OCCURRENCES

Frequency Station

486  Washington State University

606 Air Force Cambridge Research Laboratory - Sagamore Hill
115  Air Force Cambridge Research Laboratory - Sagamore Hill
2695 Air Force Cambridge Research Laboratory -~ Sagamore Hill
2700 ° Dominion Radio Astrophysical Observatory - Penticton, B. C.
2700 Pennsylvania State University

2800 Algonquin Radio Observatory - Ottawa
L1995 Adr Force Cambridge Research Laboratory - Sagamore Hill
8800 Air Force Cambridge Research Laboratory - Sagamore Hill

10700 Pernsylvania State Univeraity

by one station did not necessarily mean that a radio burst did not
occur; the station might not have been operating. In view of this
problem the radio and X-ray bursts were only compared when there was

radic data available.
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The correlation coefficient between the logarithm of the maximum
intensity of the X-ray burst and the logarithm of the maximmum intensity
of the radio burst was calculated. The correlation coefficient between

the two sets of values X5 ¥y is defined as

Z(xi - J-C)(Yi = i)
Sk, - 950, - D°JF

r =

= covariance (9 3)
product of variances *

Tt lies between -1 and +1; if all points lie on the regression line
then r = £ 1, but if the two variables are totally unrelated, then

r = 0, Logarithms were used to decrease the dependence of r on a few -
high intensity radio bursts and was equivalent to assuming a power law
relation between the two phenomena. Each station was considered
separately to avoid problems.of the calibration betweén the different

recelivers.

The correlation coefficient had a maximum in the range 3000 to
5000 MHz, i.e. 10 to 6 centimeters wavelength, Figure 33. The
correlation coefficient between the X-ray and the radio bursts observed
abt 2700 MHz by Pennsylvania State University is shown by the dotted
1ine since the result is probably invalid, This station observed many

bursts wihich were not associated with any X-ray bursts and, furthermore,
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which were not observed by any of the other three stations at

2695, 2700 and 2800 MHz.

9.3 Conclusions

The observed properties of the solar X-ray bursts can be

summarised as follows

(1) The X-ray bursts are associated with both Hx flares and
microwave radio bursts.

(2) The ‘more intense X-ray bursts tend to be associated with the
brighter, larger area Hx flares, and although there is no
simple relationship between the two phenomena, there is no
evidence that X-ray bursts occur without any associated Hu«
activity.

(3) The rise time and decay time vary from bufst to burst, but the
average rise time (10% to 90%) was about 3 minutes for low
intensity bursts and 6 minutes for intense bursts. The decay
time ranged from about 6 minutes for lower intensity bursts
to 30 minutes for higher intensity bursts., A few very large
bursts were observed that continued for up to 5 hours.

(4) The X-rays are emitted from a region (L * 2) x 1oh km above
the photosphere.

(5) The emission region probably extends upwards with a scale
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height of about 5 x 10h km,
(6) The intensity of the X-ray burst is correlated with the peak
intensity of microwave bursts in the range 3000 to 5000 MAz.

The correlation decreases away from this frequency range.

The intensity of the X-ray bursts observed ranged from L0OO to

Ly

10" counts cm_2 sec'l. A solar emission region with a total strength

of 1.4 x 1031 photons sec T would produce a flux of 5000 photons cmizsajl
at the earth., An upper limit to the emission measure Jrnezdv can be
determined by assuming that all of these pholons are produced by thermal

|
bremsstrahlung and that the temperature of the emission region is
0.3 keV (3.5 x 106 °(). This is the temperature observed for an active
region (Neupert 19673 Evans and Pounds 1968) and should be a lower

1imit to the temperature in a flare region. Equation 7.1 then gives

+
/

’(nezdv ~ 1.8 x 1050 cm_3 (9.4)

The electron density at L x 10h‘km in the quiet corona is only
about 2 x 108 cm'3, but above an active region it is increased by at
least an order of magnitude (Neupert 1967). Hence, an upper limit to
the volume of the emitting volume can be obtained by assuming that the
electron density in the flare region will be greater than the preflare

electron density (i.e. 2 x 109 cm‘B) then

vV < 5x 1031 em> © = 5x 1016 > (9.5)
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This volume is at least an order of magnitude greater than the volume
of a coronal active region (Neupert 1967) although the burst X-rays
would be expected to be emitted within the active region. This shows
that either the temperature or density of the flare region must be
greater than assumed, or that thermal bremsstrahlung plays a very small

part in the process.

Several processes have been suggested to account for the enhanced
X-ray emission during flares. Neupert et al. (1968) observed that most
of the radiation above L keV was from the emission lines of iron.
Neupert (1968) suggested that this X-ray emission originates in a hot
plasma produced by the thermalisation of the fast electrons probably
responsible for the impulsive radio burst. It was necessary for the
7

plasma to have a temperature of ~ 3 x 10 °K and an emission measure

of ~2x :LO)'LB cm-3 to account for the emission during one 3bHx flare.
This very high temperature could be avoided if the lonisation was
produced by a flux of nonthermal electrons. However, the difficulty
would then be to prevent nonthermal bremsstrahlung becoming the dominant

process, as this would not produce the observed emission lines.

Acton (1968) and Arnoldy et al. (1968) have suggested that the
intensity variations with time of the X-ray and the microwave bursts
reflect the time variations of the electron acceleration process. They

assume that the X-ray emission is by nonthermal bremsstrahlung and, as
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such, would appear to give an X-ray emission region considerably
below L x 10)'L km and would not produce the emission lines observed by
Neupert et al. (1968). Therefore, it is unlikely that this process is
dominant at about 3 keV although it could be important at higher

energies,

The actual processes involved in the solar X-ray burst emission _
are still very poorly known even though solar X-rays have been observed
for many years., This reflects both the lack of definitive data and the
complexity of the solar atmosphere. The processes will only be
understood when more accurate experiments, &t both X-ray and radio
wavelengths, can give concurrent information on the energy spectra

and the spatial distribution of the emission regionms.



CHAPTER 10
THE TEMPORAL STABILITY OF CELESTIAL X~RAY OBJECTS
- IMP RESULTS

The azimuth measurement of the proportional counter was designed

to determine the positions and strengths of galactic X-ray sources.

A single chamnel pulse height analyser selected a suitable pulse

from the proportional counter and the azimuth of the satellite was
determined at the instant when this pulse was detected. The single
chamnel of the pulse height analysex was varied between measurements
so that two different portions of the X-ray spectrum were measured, .
The method of measurement has been discussed in Section 8,L. One
azimuth measurement was performed each 20 seconds and consequently
data had to be accurulated over several days to obtain significanﬁ

results,

For measurement L = I and 5 the pulse height analyser channel
limits were set to 1.6 and 3,5 V and the data were treated separately
from those for L -‘6 and 7 when the channel was 3.55 to 5,1 V. These
voltages corresponded to the energy channels 2.7 to 5.9 keV and 6,0

to 8.6 keV, The effect of the single chamnel was to make the azimith

151
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measurement more sensitive to X-rays than charged particles, which

tended to deposit too much energy in the counter,

The optical aspect information transmitted with each telemetry
sequence enabled the azimuth of the spacecraft to be determined with
respect to the sun., An even coverage of all azimuths was obtained
by activating the azimuth logic after the telemetry readout. This
effectively randomised the start times of the scans over all
azimuths, It was necessary to define the zero of the spacecraft
azimuth scale with respect to the celestial sphere. For the first
month after launch the spin axis was less than 2° from the pole of
the ecliptic and to the end of 1967 it was never more than 6,5° away.
Hence, the zero of the azimuth scale could be set to the equinox by
subtracting the ecliptic longitude of the sun (the spacecraft was

spinning in the opposite sense to the ecliptic longitude).

DATA(9) was the length of time in units of 0.0l seconds for
which the system was activated ready to receive a pulse. That is,
DATA(9) determined both the azimuth when the pulse was received, and
also the range of azimuths that the counter scanned before observing
the pulse. Hence, it was possible to normalise the number of pulses
detected by the time of observation. For purposes of analysis, the
azimuth scale was divided into one degree intervals. The ratio of

the number of times a pulse was reoeived while the satellite azimuth
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was in one of these intervals to the mumber of times that the

- activated countér system looked in this direction was calculated.

At high countrates this ratio had to be corrected because the azimuth
measurement logic only accepts one pulse in a given measurement. More
than one pulse could have occurred in any 0.0l second interval, but
this would appear exactly the same as if only one pulse had been
observed., The countrate oorresponding to an observed ratio, R counts

degree-l, is from Polsson statistics
N = %100 1n[1.0 - (3,6/T)R] counts sec — (10.1)
where T is the spin period. Provided R is small,this reduces to
« N = R(360/T) counts sec (10,2)

The difference between equations 10.1 and 10.2 was less than 10% for
all the values of R observed from the experiment. The maximum ratio

was R = 0.12 which was obtained for the Sco XR-1 sighting.

The resultant distribmtion of the data from the orbits 2 through
13 (May 28 to July 19, 19675 for the range of azimuths including
Sco XR-1 and the galactic centre is shown in Figure 34. Data were
excluded whenever the countrates in the octant division mode were
high, because this indicatéd an increased charged particle flux
which would swamp the azimuth measurement. The longitude scale in
the figure has been adjusted by about one degree to put the Sco XR-1

at the correct ecliptic longitude of 245 degrees. An error of this
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magnitude could be expected due to the uncertainties in the phasing of
the 100 Hz signal used to time the szimuth. The full width of the
Sco XR-1 peak is consistent with the 50 full width collimator for 'a
source on the ecliptic after convolutions over the 0.0l second time

and the one degree angle intervals have been taken into account,

An increase in the countrate was also observed from the galactic
centre region, Figure 34. The region of the increase agrees with the
known source locations but none of the individual sources were
resolved. The countrate was isotropic over all other azimuths that
were scanned, The blanking out of the sun octant obscured Tau XR-1
which might have given a flux above the threshold of detectability.

Cen XR-2 was about 50° off the ecliptic plane and hence was scanned by
the detector, but was not observed, This means that it must be less
than about 0.1 Sco XR-1 which is in agreement with the extrapolation of

the rocket results, Table 11.

The countrate observed from Sco XR-1 was less by a factor of
2 or 3 than would be expected on the basis of results of other
experimenters (Chodil et al. 1968), This could be due to either a
partial obscﬁration of the counter window or to deterioration of the
counter characteristics., A bilas level shift or gain change would need
to be so large as to make the solar X-ray results unreasonable. The
most likely cause is deterioration of the counter between the time it

was last tested and when it was launched., This deteroration could
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manifest itself in a very poor counter resolution and perhaps & slow
pulse rise time due to the presence of electronegative gases. Both
of these effects would necessitate  the use of a different correction

factor to the two pulse height analyser chamnnels.

A fixed normalising factor was applied to all the IMP data so
that the results for orbit 30, September 26 to October 1, 1967, agreed
with the Sco XR-1 spectrum measured by Chodil et al. (1968b) on
September 28, 1967. A separate normalising factor was determined for
each of the two pulse height analyser channels, The resulting fluxes
for Sco XR-1 are shown in Figure 35, together with the Skylark
measurements reported in Section 5.4 of this thesis and the results of
Chodil et al. No data was obtained from orbit 1 due to the presence of
a large charged particle flare. The results from orbits 2 and 3 are
shown but they probably represent the effect of the vacuum on the
epoxy used in the counter construction and the assoclated partial

restoration of the counter characteristics.

Consider first the low energy channel, 2.7 to 5.9 keV, the flux
observed by Chodil et al. (1968b) on May 18, 1967, agrees with the
IMP results during June. Then, about July 10, the flux increased by
almost 50% to the level that Chodil et al. observed at the end of
September. Although one must be wary of reading too much into the

data because of the unknown counter condition and the size of the error



1) || | |} T l{ ] ‘ l L] T ll 1§ | § _I'
5 - -
:§ ¢ SCO XR-1 ]
5 ‘}',‘ 6.0 -8.6 keV 3
- B ' '-;-' .
o 0 '
()] a
Vs
O
v 30+ - e s e a5 s e s =
=
(@]
6 L -
= SCO XR-1 .
o 20} {__ _ i ~ -;”_ 2.7-5.9 keV )
-%— s ot IMP )
e o UAT
10 R -
: X CHODIL ET AL.(1968)
_ 1 -
0 L 1 | . s | ' ' 1 ' . - il ' 1 21 1 ' 1
APRIL MAY JUNE JULY AUGUST SEPTEMBER

Figqre 35. The variation in the Sco XR-1 flux. Each IMP data point

corresponds to one orbit of 4.3 days.



156

bars, the results tend to confirm the low energy increase observed by
Chodil et al. and to suggest that the change occurred abruptly over

less than four days.

The results for the higher energy channel ar; also shown on
Figure 35, again a constant normalising factor has been used, so tpat
the IMP results agree with the results of Chodil et al. (1968b) on
September 29, These results indicate a possible softening of the

spectrum prior to the increase observed in the lower energy channel.

These results suggest that the Sco XR-1 X-ray spectrum was steady
until the beginning of July, when the spectrum initially softened and
then the intensity increased with a constant spectral index. One
possible explanation of this behaviour could be the obscuration of a
high temperature region of the source a short time before the
appearance of another larger but cooler region. Obscuration could be
due to either occultation by a binary partner or even by rotation of
the source., However, it is hard to explain the close time relation
between the disappearance of one region and the appearance of amother.
It seems more likely that the observed variation must be due to changes
in the same emission region, i.e. the region initially cools and then
emission is increased, perhaps by isothermal compression, Alternatively,
if the emission occurs by synchrotron emission the electron acceleration

mechanism cauld be varied to fit the observed X-ray spectrum behaviour.



APPENDIX A
LEAST SQUARES FIT TO SKYLARK COUNTRATE DATA

The collimators employed on the Skylark experiment had a
triangular response function, 10.5o full width at half transmission
in rocket azimuth (i.e. along the scan direction) and 35% full width
at half transmission normal to the scan direction. The Least Squares
technique was used to fit the collimator response to the countrate
data observed from a point source first on the individual scans, and
then to the data observed on several consecutive scans. This enabled
the position of the source and also the countrate corresponding to

normal incidence to be determined.

The observed data consists of a series of countrates, X(ti),
observed at times, ti. If the collimator response is g(t), with
g(0) = 1, then the theoretical response from a point source will be
of the form Ag(t - to) where A is the strength of the source and t
is the time of maximum response. In the least squéres method the
parameters A and To are chosen so as to make the sum of the squares

of the deviations as small as possible, i.e.

E = Zi[x(ti) - hg(ty - to)] 2. (A.1)
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is minimised. Each point was weighted equally. At the minimum the

partial derivatives wlll be zero and so

g‘% = {[X(ti) - hg(ty - to)] 2g(t; - to)} ==

2 X(ty )g(ty - )

> (a.2)
2
Z[g(ti - to)}
The variance of A is given by
V(@A) = ZV[X(ti)][g(ti N to)]2
{2 [ty - )%}
For poisson statistics V[X(tiﬂ = X(ti)
2
va) = ZX() [e(ty -t (A.3)

)]
2y 2
{Z [etty - 2]}
Along a given scan the response function g(t) was a triangle with
a base equal to (21/360)T where T was the spin period. In the analysis
A, V(A) and E were computed for various values of t , the correct t
being that which minimised the error function, E. It was deemed
sufficient to determine to by this method rather than using the Taylor

expansion method (e.g. Deming 1943).
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The variance of to is determined by considering the Least Squares

fit of half of the triangle to the data, i.e.

glt, = t) = &[1- (5, - t,)/8] (A.L)

This expression is used in equation A,1 and the partial derivatlve

with respect to to is set to zero. This gives .
1 B '
t,o= § [ti - T 2X(ty) ] + B (A.5)
where N is the rumber of data points. Then

V(b)) = [-I?Kr?_v[x(ti)} (4.6)

where A is known from equation A.2, Since the triangular response is
effectively two straight lines, equation A.6 was sufficiently accurate

to give the variance of the trlangular fit directly.

Hence the maximum intensity, the variance in the intensity, the
time of the maximum on the scan, and the variance in the time have
been determined. The Least Squares fit of the data from consecutive
scans was performed in an almost identical manner. The times of
sightings of the source were used as the independent variable and the
calculated time of maximum response was used to interpolate between

the two nearest sightings, The response function from scan to scan



160

was determined from the attitude solution. It was found to be
triangular for the sightings of Sco XR-1 on Flight I and Cen XR-2 on
Flight II. However, for Sco XR-1 on Flight II and Cen XR-2 on Flight
T deviations from a triangular response became noticeable after the
maximim countrate. This was due to the phasing between the precession
and scan motion of the rocket. The deviation was approximated by
using a different width triangle after the maximum, The rest of the
analysis followed the procedure outlined for the Least Squares fit

to the data observed on one scan,



APPENDIX B
PUBLICATIONS

The following papers have been published on the work described in

this thesis:

A Strong X-ray Source in the Vicinity of the Constellation Crux,
J. R, Harries, K. G. McCracken, R. J. Francey, and A, G. Fenton,

Nature, 215, 38-L0, (1967).

Variability of Centaurus XR-2, R, J, Francey, A. G. Fenton, J. R, Harries

end K. G. McCracken, Nature, 216, 773-77L, (1967).

Thermal Models of Centaurus XR-2, P. J. Edwards and J. R. Harries,

Proc. Astron. Soc. Aust., 1, 109-111, (1968).

The X~ray Albedo from the Earth, J. R. Harries and R. J. Francey,

Proc. Astron, Soc. Aust., 1, 111-112, (1968).

Variability of Centaurus XR-2, R, J. Francey, A. G. Fenton, J. R. Harries,

and K. G. McCracken, Proc. Astron. Soc. Aust., 1, 108-109, (1968).

Observations of Cen XR-2, Sco XR-1 and Terrestrial X-rays, J. R. Harries,

and R, J. Francey, Aust, J. Phys., (in press),
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Impulsive X-ray Emission by the Sun, J. R. Harrles, Proc. Astron, Soc.

Aust., 1, 51-52, (1967).

Solar X-ray Bursts Observed on IMP-F, J. R. Harries, Proc. Astron. Soc.

Aust., (in press).
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