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ABSTRACT
Title of Thesis: An X-Ray Survey of the Sky From Balloon Altitudes
i Giinter R, Riegler, Doctor of Phiiosophy, 1969

Thesis directed by: Irank B. McDonald, Visiting Professor

A series of balloon-borne X-ray experiments was carried out between
December 1965 and July 1967. X-radiation in the energy band from 12 to 60 keV
was detected with a combination of proportional and scintillation counters.

A clear relation between the background counting rate at a residual at-
mospheric depth of 3 g/cm2 and the geomagnetic latitude was found, The

secondary atmospheric X-~ray background is assumed to be a component of at-

mospheric electromagnetic cascades which originate in the collisions of high-

energy cosmic-ray particles with atmospheric nuclei; other X-ray production s_

processes near the top of the atmosphere are shown to be insufficient to explain

the observed secondary background. The correct prediction of the geomagnetic- /
;

latitude effect is shown to constitute a stringent test for models of atmospheric |

X-ray production.

Two observations of the Crab Nebula (Tau XR~-1) resulted in net source

spectra which can be described by a power-law photon spectrum with a spectral

+0.13

0.09° A comparison with the results of measurements by

> index of n = 1. 93
other experimenters at lower and higher energies indicates that the X-ray spec-

trum of Tau XR-1 is a power-law of index n ~ 2,0 at energies between 2 and

400 keV.




A measurement of Tau XR-1 with good statistical accuracy was used to
demonstrate two distinctly different methods of data analysis. Although the
spectral parameters remained stable, the statistical uncertainty in the indices
showed some dependence on the analysis method.

Three obscrvations were made of the source Cyg XR-1, which has been
reported by other observers to have variable irtensity. The measurement with
the highest statistical significance yields a spectrum similar to that obtained
from Tau XR-1 and a flux level that is consistent with the results of an observa-
tion by another group of experimenters, conducted three weeks prior to the
measurement reported here.

An experiment on 15 December 1966 showed that the spectrum of Sco X-1
between 15 and 35 keV is consistent with thin-so;u'ce bremsstrahlung from a

7 °K. However, the photon

plasma at a temperature of approximately 5 + 10
flux at energies between 35 and 60 keV was found to be distinctly above the ex-
trapolation of the lower-energy spectrum and was significantly higher than that
observed a few months later by other groups. Similar high-energy deviations
from a simple exponential spectrum have been observed by other experimental
groups on two occasions. The existence of this high-energy feature and the
variability of the X-ray spectrum are discussed in terms of two models for
Sco X-1 which have been proposed recently.

An observation of the vicinity of the galactic center on 18 December 1966
detected a significant flux of hard X-radiation. Subsequert experiments Ly other

groups have confirmed this finding, but to date a clear identification of the source

or sources of this hard X-radiation has not been given.
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Three observations of the vicinity of the north galactic pole brought
contradictory result4. An increase in the counting rate during the first experi-
ment on 5 December 1965 was interpreted as'the X-ray flux from a source in
the direction of the Coma cluster of galaxies, which is near th: direction of
the nortk galactic pole. Subsequent observations failed to detect a similar

3 feature and set upper limits to the photon flux from sources in the vicinity of

the north galactic pole.
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CHAPTER I
INTRODUCTION

Within the past 6 years, X-rays have become an important new tool for the
astronomer. X- and gamma-radiation have extended the observed energy range
of electromagnetic radiation from discrete celestial objects to encompass more
than 12 orders of magnitude. Observations of the diffuse cosmic photon back-
ground have been carried out over a total ene‘rgy interval of 15 orders of magni-
tude.

The experimental methods of X-ray astronomy are characteristic of both
cosmic-ray measurements and optical and radio astronomy. On one hand,
X-rays are treated like corpuscular particles which are cciinted and energy-
analyzed; however, unlike charged particles, X-rays traverse magnetic fields
without deflection so that the source position may be deduced from the direction
of their arrival at the earth,

X-ray astronomy is expected to furnish new information for our under-
standing of high-energy processes in stellar atmospheres as well as in inter-
stellar space. We will briefly review some processes which are involved in the
production of photons in stellar atmospheres. The following mechanisms are of
greatest interest:

(a) atomic and molecular processes

(b) Coulomb scattering

(c) interaction between a charged particle and the magnetic field

e A kAR B RS SN A 8 4 i i
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(d) collisions between photons and electrons

(e) nuclear reactions

(a) Atomic and molecular processes result in the absorption and emission

of both lines and the continuum, Line spectra, which have been studied most
thoroughly at optical wavelengths, are generated in stellar atmospheres and
provide information on ion abundances, temperature, velocity, and the atmo-
spheric pressure. For example, the observed optical lines may be members of
the Balmer series for hydrogen and, similarly, of differing series for other
atoms, molecules, and ions. Recent refinements in radio engineering tech~
niques have made it possible to observe recombination lines from atomic levels
with very high total quantum numbers, e.g., H 109, H 158, and He 158a.
A hyperfine transition in the ground level of neutral hydrogen gives rise to the
21 cm line. Radio observations of this line allow the determination of the spin
temperature and the integral number of neutral hydrogen atoms along the line of
sight. Emission lines in the low-energy X-ray region of the spectrum are
expected to be generated in hot plasmas at temperatures of more than 107°K.
The most prominent X-ray lines from a Maxwellian gas with cosmic abundance
distribution at a temperature of approximately 107 °K are emitted at energies up
to 7.15 keV (line emission of Fe+25). However, detection of such lines in the
X-ray spectrum has not been successful to date.

Edges in the continuum spectrum are caused by photoelectric absorption

and by radiative recombination. They are produced in the source of electro-

magnetic radiation or in the medium between the source and the observer. The




emission spectrum of a Maxwellian gas of the type described above has recom-
bination edges at energies up to 9,1 keV (the ionization energy of Fe+25).

(b) Coulomb scattering of one charge in the field of another charge with

accompanying emission or absorption of photons is called bremsstrahlung or
free-free emission, respectively. Although the terms are sometimes inter-
changed, these processes are the inverse of each other and their cross-sections
are related. Electron bremsstrahlung is an important emission mechanism for
hot ionized gases. The shape of the spectrum depends on the optical depth, the
temperature, the elemental abundance distribution, and the degree of ionization
of the emitting plasma. Thermal bremsstrahlung emission has been detected
from a variety of sources and over the full range of the observable photon
spectrum, for example from interstellar HII regicns at radio frequencies and
from some sources of low-energy X-radiation. If the plasma is at a uniform
temperature, then this temperature can be derived from the form of the observed
spectrum. The aiaplitude can be related to the product of the electron and ion
densities multiplied by the source volume. /
The collision of a non-relativistic proton with a low-energy electron can

also give rise to bremsstrahlung at X-ray energies. A simple transformation

. converts this process to the more familiar case of electron scattering in the
field of a stationary proton. If the electron is initially bound, then one speaks
of "internal bremsstrahlung. "

(c) Interaction between a charged particle and the magnetic field. Mag-

netic bremsstrahlung is caused by the interaction of charged particles with




magnetic fields, At a given velocity, the emitted power is inversely proportional
to the square of the mass of the particle so that emission by electrons is much
more important than emission by protons.

Synchrotron radiation is generated by relativistic particles and is assumed
to be the source of non-thermal optical and radio emission from the Crab Nebula,
This hypothesis is supported by the detection of polarization which is a necessary
feature of synchrotron radiation from ordered magnetic fields. Non-relativistic
magnetic bremsstrahlung from electrons, called cyclotron radiation, has been
observed at radio frequencies from Jupiter and the sun.

(d) Collisions between photons and electrons. Elastic collisions between

photons and free electrons are called Compton collisions. When an energetic
electron transfers some of its energy to a photon, then one speaks of the
"inverse Compton effect.

The single observation thai is perhaps most intimately correlated with
the study of galactic and extragalactic cosmic rays is an observation of the
diffuse cosmic X~ and gamma-ray background. Recent measurements have
indicated that this background is-approximately isotropic. It has been suggested
(Hoyle, 1965; Gould, 1965a; Felten and Morrison, 1966a) that this diffuse X-ray
flux is generated by inverse Compton scattering of electrons by the universal
3 °K black-body spectrum. If the Compton effect is assumed to dominate, the
appropriate part of the electron spectrum can be deduced from the spectra of
the low~- and high-energy photon distributions. However, the real situation is
considerably more complicated because other energy loss mechanisms influence

the equilibrium electron spectrum. Felten and Morrison (1966a) have proposed
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the existence of an extragalactic electron component in addition to the more

intense galactic component. At present there is no consistent theoretical model

which also agrees with the results of measurements on high~energy electrons.

(e) Nuclear reactions generate gamma radiation either directly, or

indirectly through positron and neutron formation. Among the more important
reactions that produce line emission are the neutron capture by Hl, deuteron
production in proton-proton collisions with subsequent pair annihilation, and
tritium production. Of course, the positron in the pair-annihilation reaction
above can also be supplied by many other reactions.

Proton-proton collisions produce high-energy gamma rays via pair
annihilation or 7% -decay. The subsequent electromagnetic cascade involves
pair-production and -annihilation, bremsstrahlung, and Compton scattering and
will produce a substantial flux of lower-energy gamma radiation.

The r-process of nuclear synthesis (Burbidge et al., 1957) produces
several heavy radioactive isotopes. The lowest-energy emission line with high /
intensity is generated at 60 keV by Am-241 (Jacobson, 1968). Decay via internal
conversion gives rise to the emission of characteristic K-shell radiation from
various heavy isotopes at energies between 100 and 130 keV.

It is apparent that the observation of high-energy photons provides
valuable information about the astrophysical processes and the energy balance ‘
in the source. For example, the total luminosity in the X-ray region is larger
than that in the optical region by a factor of about 3 for a power-law energy

spectrum of index 1. A spectrum of this form is assumed to ~ ern the optical =

¢

i
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and X-ray emission of the Crab Nehula, On the other hand, a thin-source
. 3 r~ 7 Oy '3
thermal spectrum at a temperature of 5¢10° °K can explain some of the obser-
rations of Sco X-1 (see Chodil et al., 1968). In this case the luminosity ratio
. 2
hecomes approximately 10,
(411 3 : 4 Pa : 2
I'he attenuation length in air for photons of 30 §nV energy is 3 g/cm”,
which muakes it necessary to conduct measurements of cosmic X-radiation near
the top of the atmosphere. At 3 keV the attenuation length is reduced to
, 2
0.005 g/em - so that cosmic X-rays of this energy cannot he measured at
balloon altitudes. The first evidence for the arrival of X-radiation from heyond
the solar system was obtained in June 1962 (Giacconi et al,, 1962), with a set
of rocket-borne uncollimated Geiger counters which were sensitive to X-rays
from 2 to 8 A, The experimental objective was the detection of fluorescence
sadiation produced on the surface of the moon by solar X-radiation; instead,
radiation from a direction near the galactic center was observed. The existence
of this source in the constellation Scorpius was later verified (Gursky et al.,
1963; Bowyer et al.. 196+ta). In addition, these later flight records indicated

the arrival of X-rays from the constellations Cygnus and Taurus.

In July 1964 a rocket measurement was performed at the moment when
the moon occulted the central region of the Crab Nebula (Bowyer et al., 1964b).
This experiment demonstrated that the Crab Nebula was the source of the
X-radiation from Taurus. The angular width of the X-ray source was deter-

mined to be about 1 minute of arc. The finite angular extent provided a strong

argument against the neutron-star hypothesis for the source Tau XR-1. Another
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resui »f these rocket experiments was the evidence for the existence of a
diffuse cosmic X-ray background. This cosmic background flux is roughly
isotropic (Grader et al., 1966), and has been measured at energices up to
approximately 1 MeV (Metzger et al., 1964).

The first X-ray astronomy experiments used small-area detectors withi
poor angular resolution, In subseéquent observations the effective detector
area was increased and the angular resolution and rocket pcinting accuracy
were improved, It became possible to resolve the X-radiaticn from the con-
stellations Cygnus, Sagittarius, and Scorpius into discrete X-ray sources.
Early in 1967, a list of 3C cosmic X-ray sources was published by Friedman
et al. (1967h), but the typical uncertainty in the source position was still of the
crder of a few degrees. Independent surveys by other groups (Gursky et al.
1967; Fisher et al., 1968; Bradt et al., 1968a) showed only partial agreement
with the source locations giver by Friedman et al. (1967b). At present 22
cosmic X-ray sources (Webber, 1968) have been confirmed by various rocket
experiments,..

Very few of these 22 sources of X-radiation have heen identified with
celestial objects. Almost 2 years after the identification of Tau XR-1, an
inge.f-;;;s: collimator made it possible to measure the location of Sco X-1 to
within 30 seconds of arc (Gursky et al., 1966). The search fér the correspond-
ing optical object was guided by an’extrapolation of the observed X-ray spectrum
into'the optical region. Sco X-1 was then identified with a flickering blue object

of magnitude V = 12.6 (Sandage et al., 19é~6). Similar methods were applied to
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sources in the constellation Cygnus. The X-ray source Cyg X-2 was tentatively
identified with a starlike object (Giacconi et al., 1967b), which was later shown
to be a binary system (Kraft and Demoulin, 1967)., Cyg XR~-1 could not be
identified with an optical object because of the heavy obscuration in the direction
of that particular region of the galaxy (Giacconi et al., 1967h).

Low-energy X-ray measurements from rockets are restricted by the
absorption of X-radiation in interstellar hydrogen. The lower energy limit for
rocket observations of nearby galactic X-ray sources is at approximately
0.2 keV. The upper limit is imposed by the short exposure time in rocket
experiments since vne statistical significance of the observed high-energy
pboton flux is redwiced for a steep photon spectrum. Consequently, measure-
ments from rockets are usually carried out in the energy interval from
approximately 1 to 20 keV.

The attenuation of X-radiation in zir restricts experiments at balloon
altitudes to energies above approximately 15 keV. ©: addition to the attenuated
cosmic diffuse background, there is a diffuse background of atmospheric
X-radiation at all altitudes. This background and the attenuation of X-radiation
in the residual atmosphere limit the photon flux from cosmic sources that can
be measured at a given altitude. Practical detectors also have a certain
counting-rate background that is internally gznerated and further restricts the
- smallest photon flux that can he measured ~rwi'thka given field of view. The great
advantage of balloon observations lies in the possibility of long expésure times
{:o cosmic X-ray sources. Exposure times of a few hours are feasible, in

- conirast to rocket experiments which have durations of a few minutes.




Balloon observations of cosmic X~ray sources began in 1964, 2 years
after the first rocket measurements, Clark (1965) observed X~radiation from
Tau XR-~1 up tc energies of 62 keV. This result furnished new evidence against
the hypothesis that X-radiation from the Crab Nebula is produced by black-body
emission from the surface of a neutron star. Subsequent experiments from

balloon altitudes, for example by Peterson et al. (1968), resulted in refined

measurements of the emission spectra of Tau XR-1 and of other X-ray sources.

Long exposure times made it possible to extend the observed spectrum up to
energies of a few hundred keV. Together with the results of rocket measure-
ments, the X-ray spectrum for certain sources has been determined over more
than two decades in energy.

The present series of experiments sought to study cosmic X-radiation
at balloon altitudes. Deteqtors were designed for photon measurements at
energies between 10 and approximately 100 keV. The two-fold purpose of the
survey was to find sources of hard X-radiation and to measure their spectra.
This aim dictated the choice of the angular resolution and the number of
channels for the pulse-height analysis.

Various sectors of the northern and southern sky were scanned in a
series of balloon flights. Some regions were selected because they were
already known to contain sources of hard X-radiation. The vicinity of the
galactic center was studied because the detection of soft X-rays from several
sources suggested that a flux of high~ene‘fgy radiation might be observable.

In the absence of discrete source‘s, anisotrophy of the diffuse radiation in the

direction of the galactic center seemed to be physically possible.




Some of the more prominent production mechanisnis for X-radiation will
be reviewed in the following chapter. Chapter 3, "Detectors," contains a
descriptiion of the proportional and scintillation detectors as well as the
properties of the shield and the methods of data kandling. In chapter IV,
"Summary of Experiments, ' we discuss relevant information for all bailoon
experiments and the detector orientation systems which were used in the
observations. The numerical and statistical handling of the data is described
in the chapter on the "Methods of Data Analysis.! The chapter entitled
"Results' contains details of the various X-ray source observations, the
results of the final data analysis and a discussion of each source or source
region.

A review of topics relatecd to the production of X-radiation at balloon

altitudes is given in appendix B.
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CHAPTER II

X-RAY PRODUCTION MECHANISMS

Several reviews of cosmic X-ray production mechanisms have been
written (Morrison, 1958; Hayakawa et al., 1964a; Hayakawa and Matsuoka, 1964b;
Ginzburg and Syrovatskii, 1965; Oda, 1965; Hayakawa et al., 1966; Gould and
Burbidge, 1967b; and Gould, 1967a). The basic processes are well understood
and can be grouped into two classes: electron-photon processes (synchrotron
radiation, bremsstrahlung, and Compton scattering) and nuclear and atomic
processes (gamma-ray line emission by radioactive or fissionable isotopes
produced in r-process synthesis, internal conversion radiation from excited
nuclei following radioactive decay, atomic recombination lines, etc.).

Line emission will not be discussed here because the energy resolu:ion of
the present series of experiments is insufficient to detect any of the lines that ;
might be expected. Also, we do not expect emission lines of high intensity
within the energy region that we are considering (sections III B and Il C). For
example, lines from hot plasmas with universal abundance occur at energies
below 10 keV (Tucker, 1967). The most important lines from the decay of
radioactive isotopes which were synthesized in the r-process have photon
energies above 60 keV (Jacobson, 1968).

The identification of a source spectrum as an exponential or power-law
function of energy does not unambiguously define the source mechanism. Just as

in the case of the optical continuum spectra, which are not well described by a

11
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simple black-body function but, rather, by solutions of the radiative transfer
equation, an interpretation of X-ray spectra is not straightforward. Sartori
and Morrison (1967a) have proposed a model where a non-thermal radio source
emits thermal bremsstrahlung from plasmas at two different temperatures.
Klimas (1968, private communication) has studied the emission spectra cf
plasmas with given distributions of temperature and electron density. The type
of spectrum emitted from such sources was found to depend strongly on the
spatial distribution of temperature and density. Manley (1966) has shown that
the synchrotron-emission spectrum of electrons with a flat energy distribution
is nearly exponential.

With these considerations in mind, we will proceed to review the basic

X-ray production mechanisms.
A. Synchrotron Radiation

The synchrotron process appears to be the principal mechanism for
photon production in some radio sources. For example, the polarization of the
radio and optical radiation from the Crab Nebula can best be explained as due to
thé synchrotron mechanism. An electron of energy E(3 = Ym c2, moving in a
magnetic field H emits a synchrotron emission spectrum which has a maximum at

— 9 -
E =1.16- 100" v2=4.47.10°%g £ 2 | 1)
m 1 L e

where the electron and photon energies are measured in eV, H is measured in

Gauss, and H L= Hcos 6 is the strength of the magnetic field perpendicular to

the electron orbit (Hayakawa et al., 1964a).

AN,
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The synchrotron spectrum is usually approximated by a delta function
spectrum at Em' The power radiated by an electron of energy Ee is

-3 .2 2 2
P (E, Ee)-0.98- 10 H*(Ee/mc)

S(E-E ) , (2)
- where P is in units of eV/sec. If the electron spectrum can be described by a

power-law of the form

NE )dE =KET dE |, (3)
e e e e '

then the observed synchrotron spectrum in the case of a homogeneous magnetic

field becomes

I (B) =—=f P(E, E)NE)dE do = AK()E 3B 5,
'S( )"4.”. ( ’ e)N( e) e Q = l(r) T 1 ’ ()
where A is a constant and K, is a function of the spectral index I The emitted

1

photon spectrum is a power-law in energy with an index that is related to the
index of the electron spectrum.
In the presence of a random magnetic field, equation 4 is still applicable,
provided K1 (T) is replaced by a slightly different function of I', and H, is re-
placed by |H| (Ginzburg and Syrovatskii, 1964).
For an electron which loses its energy E only by the synchrotron pro-
) cess, we can define a lifetime T such that the rate of energy loss is equal to

E/T. The lifetime is then equal to

9 mc2

. . 5
T=0.513 - 10 E Hg_(sec) (5)
e 1
13
(Hayakawa et al. , 1964a). For example, an electron of energy Ee =2,7-10
4

eV will originally produce radiation at Em = 30 keV in a field of H =3- 10

Gauss. Such an eléctron has a lifetime of 108 sec =~ 3 years.




14

A magnetic field of the order of 10-4 Gauss is assumed to be present in
the Crab Nebula, If high-energy electrons have been generated in the original
supernova explosion with a spectrum which produces the observed radio emis~-
sion, then they cannot generate the measured X-ray spectrum because of the 1
high rate of synchrotron loss (Tucker, 1967). If the X-ray flux is produced by |
synchrotron emission, then it must be assumed that continuous production of
high-energy electrons takes place in the Crab Nebula, The detection of polari-

zation of X-ray emission would support the synchrotron hypothesis.
B. Inverse Comption Scattering

We consider an electron of total energy E‘e =Ym cz, in the rest frame S
of the observer (Felten and Morrison, 1966a). The electron collides with a
photon of energy E which is incident at an angle a. It is easiest to perform the
calculations in the rest frame S' of the electron, where the outgoing photon angle
is @' and the electron scattering angle is 6'. In this rest frame the interaction
is just the standard Compton scattering. After transformation .back to the frame
S, one obtains the energy E 1 of the scattered photon (Felten and Morrison, 1966a

_ V2 E (L+ Bcos a)(l-p cos ')

El "1+ (YE/me2) (1 + 8 cos @) (1-cox 6" ° (6)

2

As long as the photon energy is small, YE<«m c¢“, in the rest frame of the

electron, equation 6 can be approximated by

Elz 'YZE . (7)

In this case classical Thomson scattering prevails in the electron rest frame.
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The power scattered by one electron moving through a photon distribution of

energy density p (in eV/cma) is

OThomson P
E

-1 2
—2.10 % v% | (8)

PC ('Y, P) = El

where Pc is measured in eV/sec. For an isotropic distribution of photons,
equation 8 can be integrated over all angles; this results in an additional factor

of 4/3 for the scattered power.

As in the discussion of synchrotron radiation, it is customary to approxi-
mate the spectral power ch/ dE (E, 7, p) by a delta function at a characteristi
energy E c

dp
c

(E, 7, p)=P_(V,p) 6(E-E) . (9)

The average energy of a black-body distribution of photons is

<E>=a¢KT , (10)
where @ =~ 2.7. The characteristic energy of the emitted photons becomes

4 2

Ec~ 3 v akT (11)
(Ginzburg and Syrovatskii, 1964). With a power-law energy spectrum for the
electron,

N(Ee) dEe = Ko E dE_, (12)

we obtain the power scattered per unit energy in the electron source volume in

the presence of an ambient black-body distribution of photons at temperature T:

_ pap ) N(E _Pc (vE, p) N(EE)
Ic (E) "-{) dE (E’ Ee9 P) N(Ee) dEe —‘2_'%?-),}3 @ KT ’ - (13)

where 'YE is given by (equation 11)

= Ec
Yg % e (14)
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We finally have a power-law photon spectrum with the same index as the

synchrotron spectrum

-4 3 3-I' I3 -I-1 i
I (E) = 10 pNo(:ﬁ) T2 E 2 (15) |

The Compton-synchrotron process. A magnetic field and high-energy
electrons in the presence of photons having, for example, a black-body » j
distribution, give rise to both inverse Compton and synchrotron emission. The
peak in the synchrotron photon spectrum, Em is related to that of the Compton-

process photon spectrum, Ec. When equations 1 and 11 are solved for 7V,

we obtain
8 kT
Dc =1,15. 10 T Em , (16)

where Ec, Em’ and kT are measured in units of eV, H is in Gauss, and = 2.7,
For most astrophysical applications, the ratio Ec/Em is very large compared
to ong. If a power-law spectrum of electrons is assumed as before (equation 3)
then the ratio of the emitted intensities for the synchrotron and Compton

processes is

3-T

4 | — .
I, s ®® f1.8.10°T\"Z a7
I, 28\ ®H )

where p is again the photon energy density, T is in °K, and H is in Gauss.

Felten and Morrison (1963) have suggested that a power-law energy

MR b oyt i

distribution of electrons in the galactic halo produces both the synchrotron- =
radiation background observed at radio wavelengths and the X- and gamma-ray
'backgrouhd via the Compton process. However, detailed calculations (Felten

and Morrison, 1966a) show that the predicted Compton spectrum in the presence
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of a cosmic 3 °K black~body distribution of photons (Dicke et al,, 1965; Penzias

and Wilson, 1966) falls short of explaining the observed cosmic X-ray background

spectrum by about two orders of magnitude. The spectral shape of the predicted
X-radiation background is compatible with the observed one. An extragalactic
electron component would be required to match the observed X~ and gamma-ray
spectrum.,

Similar models have been forwarded for discrete sources. Gould (1965b)
attempted to explain the Crab Nebula X-radiation by a Compton spectrum caused
by the electron distribution that produced the observed radio spectrum via the
synchrotron process. A discrepancy of approximately five orders of magnitude

between the observed and the calculated X-ray intensities was obtained.

C. Bremsstrahlung

We assume that electrons of density n, have a Maxwellian energy distri-
bution around an energy kT and interact with ions of charge Z and density n..
The equation for the bremsstrahlung spectrum as given by Allen (1963) can be
modified to give the number of photons emitted per unit time, volume, and

frequency:

1 ,
=47 \/— _\/kT n_n, gthv, kT) exp( v (18)

where dN/dv is measured in units of photons/ cm3r-—sec~Hz, and the Gaunt
factor g(hv, kT) will be defined below. In an exact treatment one must fold a

Maxwellian electron distribution with the bremsstrahlung formula in the

I N
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nonrelativistic Born approximation including the Sommerfeld factor. The

Sommerfeld factor can be set equal to 1 if

217 277
a7 <1 wdgmm <1, (19)

where § and B! are equal to v/c for the initial and final electrons, respectively.
This is a reasonable approximation for electron energies above 100 keV and for
Z=1,

A comparison of the final result (Wharton, 1961) with equation.18 yields

the Gaunt factor for any value of hv/KkT:

gy, kT) =‘/% K0 (-zh_ll{)—’.l:‘) exp (2—;—,1-,) , (20)

where Ko(x) is the zero-order modified Bessel function of the second kind. With

the asymptotic expansions of K0 (Abramowitz and Stegun, 1964), we obtain

3 4kT hy
| 7 lln ( o ) -0. 577] exp (*-215) for hy < kT,
v, K1) =1 (21)
3 T 2KT T
o _ = —_ >>
& ,[2 = =0, 9772\/11‘: for hy > KT,
Equation 21 shows that the limiting value of the Gaunt factor for Z = 1 and for /

large photorr energies is not equal to one, but is approximately equal to VKT /hv.
The observed spectra of several X-ray sources can be interpreted as due
to bremsstrahlung of electrons with a Maxwellian distribution at a temperature
between 107 and 108 °K. I the electron gas contains a wide range of kinetic
t;amperatures; then the main contribution to the overall spectrum of the brems-

strahlung curve for a temperature T comes from energies around kT. Both

arguments show that the full Gaunt factor must be used in the formula for the

bremsstrahlung spectrum.
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For photon energies above 10 keV which are comparable to or greater
than kT, the contribution from electron-electron bremsstrahlung becomes sig-
nificant. Electron-ion (Z = 1) bremsstrahlung is dipole in nature while
electron-electron bremsstrahlung is quadrupole in nature; one expects their ratios
to be ‘mcz/kT. Maxon and Corman (1967) have calculated electron-electron
bremsstrahlung from a Maxwellian hydrogen plasma in the non-relativistic Born
approximation. The ratio of quadrupole to dipole emission at a particular photon

energy, B (hv/kT), can be approximated by

Ll!) _ hy \ kT > KT ~
B(kT = (2+0.64kT> .9 » for hw 2 kT =~ 10 keV. (22)

For example, in a kot Z = 1 gas at KT = 10 keV, the electron-electron contribution
is 7% of the electron-ion emission at a photon energy of hv = 25 keV. The dif-
ferential bremsstrabtung spectrum for Z = 1 is therefore best represented in the

energy region considered bere by a function of the form

1 hy hy
P (hy, kKT) = A = oxp (-2 ____>
( )= A &T ”’p( 2kT)Ko(2kT

‘ hy \ kT ] 1
t{2+0.64 = | =5 | = .
[1 (2 0.64 kT ) me hy - (23

This equation will be used later in the data analysis.
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CHAPTER III
THE DEZTECTORS

A. Introduction

The X-ray sensing equipment consists of three elements; a gas propor-
tional counter, an alkali-halide scintillation crystal, and a combination of active
and passive shields which also acts as a collimator. X-radiation from a well-
defined aperture is deiected by this counter arrangement, so that we may speak
of it as an X-ray telescope.

Figure 1 shows a schematic diagram of the X-ray telescope. A krypton
gas proportional counter is located in front of a CsI(T1) scintillation crystal,
and both are located inside a plastic scintillator cup. The light ocutput pulses
of the CsI crystal and the plastic guard counter are distinguished by their
rise times. The proportional counter is alen connected in anticoincidence
with the scintillators. The plastic cup is the innermost part of a three-element

graded shield which consists of tin on the outside and copper in the middle.

B. The Proportional Counter
The X-ray transmission of a layer of air withd=px =3 g/c:m2 exceeds
Q. 01 at 15 keV and exceeds 0.1 at 20 keV. Krypton gas at 1 atm. pressure was
selected for a proportional counter of 5. 08 cm depth so that the absorption of
this gas exceeds 0.5 at all photon energies between the K absorption edge at
14. 323 keV and approximately 24 keV. The absorption curve of 0.0188 g/ cmz

krypton as a function of photon energy is drawn in Figure 2 as a solid line.

20
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The broken line shows the product of this absorption function times the trans-
mission functions of a film of aluminized mylar (0.00254 cm polyester, 0.00381
cm Al), of the beryllium plate at the top of the pressurized detector housing
{0.3175 cm Be), and of the beryllium entrance window of the proportional
counter (0.0127 cm Be).

The proportional counter has the shape of a right cylinder, its inner
dimensions being 5. 08 cm diam. x 5.08 cm length. The original version had a
button-type anode; the supporting grids for the entrance and exit beryllium
windows (0. 0127 cm Be) and the side walls were made of Monel. Later counters
had a wire electrode, and the wall material was aluminum. The full-width at
half maximum (FWHM) of the response to a 25 keV line (main peak of the
response to Sn-119 m, see below) was 20% for the earlier counters and 32. 5%
for the later models,

The energies of emission lines from some radioactive sources which
were use’; in: the energy calibration of the proportional and scintillation
counters are listed in Table I. The relative line intensit;es have been adopted
from the measurements of Holt (1967a). The "effective energy" is the peak
energy for the superposition of several Gaussian response curves with in-
tensities and mean energies as given in the table. The widths of the Gaussian
curves were adjusted to correspond to the energy resolution of the proportional
counter and the scintillation crystal, respectively. Also shown in Table I is
the line broadening due to the composition of each calibration line.

A typical energy calibration curve of the proportional counter is shown in

Figure 3. The solid line connects the effective line energies of radioactive
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sources plotted as a function of the channel number. The curve is not linear,

but it never deviates more than 1 keV from the linear approximation (broken
line). This nonlinearity is caused by the detector itself; independent tests with
calibrated pulses of the same shape as the signals from the proportional counter
showed that the pulse-height analyzer was linear. The highest energy calibration
peint shown in Figure 3 (31.5 keV', channel 54) would be expected to fall into
channel 59, but the upper cutoff at channel 56 distorts the line response so that

it appears to be peaked at a lower channel number.

With the known energy calibration, one can convert the observed response
to radioactive calibration sources into an energy spectrum. This is done in
Figure 4 for Sn-119 m, using the nonlinear (sclid line) and the linear (broken
line) energy calibration curves. The half-width energy intervals at half
maximum for the main and the escape peck are 4.3 and 3. 63 keV, respectively.

It is apparent from Figure 4 that the escape peak is not symmetrical; this
fact is only partially explained by the influence of the lower threshold. As will
be discussed in more detail later, escaping characteristic krypton K radiation
can be absorbed in the CsI crystal. The K-line energy (12. 6 keV) is below the
threshold of the crystal, but a voltage equivalent to two channels is added to the
combined proportional counter/scintillator output which therefore shifts the
simultaneous escape signal for the proportional counter. According to the
krypton counter calibration, this channel increment corresponds to approxi-

mately 1 KeV. Including the line broadening, we finally arrive at a relative

resolution of 32. 5% FWHM at 25 keV and 54% FWHM at 12 keV. The full-width

g nirels
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energy resolution at half maximum can be represented by

AE = /19 +1-9E , (24)
where energies are measured in keV.

In an ideal proportional counter, a finite resolution is due to: (a) the
number of ion pairs %ormed by an incident photon, and (b) the subsequent multi-
plication process, both of which are subject to statistics on finite numbers,
The multiplication factor of our counters is of the order of 104 for 2000V
operating potential at the proportional counter anode. Depending on the choice
of the Fano function (Fano, 1947; Curran and Wilson, 1965; Aitken, 1968),
one arrives at a theoretical resolution of typically 8% at 25 keV. The main
contribution is caused by fluctuations in the number of ion pairs formed so that
the variance is proportional to the energy. In other words, the full width at
half maximum is proportional to the square root of the energy.

The strong energy-independent contribution in addition to the linear term
under the square root in equation 24, indicates that the second step (b), above,
is responsikle for the large energy dispersion. Since the electrode and
detector configurations are unfavorable, charge amplification, charge col-
lection, and dead regions introduce a constant term into the variance of the
energy dispersion.

When a photon of energy E is absorbed in a given material, fluorescence
X-radiation from K, L, and other shells can be emitted by the material, pro-
vided that E is above the absorption edge for these shells (Appendix A). The

escape factor, m (E), is defined as the probability of emission of a fluorescence

X-ray for every photon that has been absorbed in the detector. There is no
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simple analytical way of calculating 7 for the proportional counter because the
calculation would have to take full account of the detector configuration. We can
estimate the value of the escape factor in the following manner. The K-shell
fluorescence yield for krypton is BK= 0.66 (Bergstrom and Nordling, 1965;
Fink et al., 1966). The probability of creating a K-shell vacancy is taken to be
(Grodstein, 1957)

1 8
aK= =0,86 .

1+ (-SZL)?’ + (-1:;-)3 (25)

The product Qe _BK must be multiplied by the average attenuation of the K-shell
fluorescence photons. If the average path length of these photons is assumed to
be about 1/3 of the characteristic detector length, s = 5. 08 cm, one arrives
at an escape factor
n =~ 0.48. (26)

The escape factor was also determined experimentally by a comparison of
the source-response curves with calculated response curves. The energy reso-
lution as a function of energy must be accurately known in order to obtain
reasonable precision in the determination of 1. Observations of fhe}primary
and escape peaks in the response to Sn-119 m in different proportional counters
resulted in escape factors of |

N=0.50 - 0,52, 1)

C. The CsI(Tl) Scintillation Crystal
When tﬁe present series of experiments began, two alkali halide scintil-

lators were in general use: Nal(T1) and CsI(T1). CsI(T1) has an efficiency for
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the conversion of absorbed energy into light equal to approximately 30% of that
of NaI(T1) (Aitken, 1968), and a rise time of 1.8 psec compared with approxi-
mately 1 psec for NaI(T1). CsI(T1) is therefore more useful for the Phoswitch
technique of pulse-shap;a discrimination; in addition, the mechanical properties
of the CsI crystal are more favorable, allowing easier handling of the crystal.

The scintillation crystal has the shape of a right cylinder, 0.2 cm in height
and 5. 08 cm in diameter. The counter is optically thick in the energy region
from 20 to approximately 100 keV.

The "effective'" line energies for groups of closely spaced lines from
radioactive sources have been computed with a reasonable estimate for the
scintillator resolution. They are listed in Table I under the heading ""Effective
Energy, Csl." A typical energy calibration curve is drawn in Figure 5. The
lowest-energy points (Sn-119 m at 24,7 keV and Cd-109 at 22. 5 keV) do not
fall on the calibration curve since the lower cutoff distorts the source-response
curve and effectively shifts the observed peaks.

With the known energy calibration, we can measure the energy resolution
of the scintillation counter with all processing electronics in operation. The
half-width at half maximum for the 86. 5 keV line of Eu-155 is 14. 5 keV; the
upper half of the response is distorted by the high-energy cutoff. This value
corresponds to a relative FWHM of 33.5%. The effective line energy of
Ba-133 is 31. 5 keV, a spreading of 0. 6 keV is caused by the line composition
(Table I). At this energy the resolution is 5 keV HWHM, corresponding to a

value of 29% FWHM.
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The Phoswitch rejection efficiency was reduced at energies above approxi-
mately 60 keV. We have therefore restricted the data analysis to energies
below 60 keV.
The calculation of the escape factor 7 is discussed in appendix A. A *

graphical representation of 7 as a function of energy is given in Figure 6.

D. The Electronic Circuitry
In this section we summarize the detector pulse-selection criteria and
the method of data recording (Doong and Noordzy, 1966). For simplicity we
introduce the following labels for pulses from the three detectors: '"A'" events
occur in the proportional counter; ""B" events are pulses originating in the
CslI scintillation crystal; and '"C" events originate in the plastic scintillator
cup. A block diagram of the pulse logical analysis is given in Figure 7.

1. Proportional counter events (A counts). When an X-ray photon

interacts in the krypton proportional counter, a charge Q, proportional to the
amount of energy deposited in the detector, is produced. This charge is con-

verted inte a voltage signal by a charge-sensitive amplifier. I this signal

corresponds to an energy between 10 and 30 keV, then it is analyzed and

A

recorded 'as a mode 1 event, provided all other requiremsnts (Table II) are met
and the system is not busy. Whether the system is busy processing some other
event or not, the event is stored as an A count in the prescaled A accumulator.

This bit-rate signal is read out every 5 seconds (mode 2, see Table II).

2. CsI scintillation crystal events (B counts). Signals from either or

both the CsI crystal and the plastic scintillator can be received in the
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photomultiplier. The procedure by which a signal from the plastic scintillator
is identified as a C event will be discussed below. At present we assume that
B signals have been extracted. They are first amplified and shaped. . A valid
’ B signal must fulfill a pulse-height criterion equivalent to 20 keV = E =< 100 keV.

The subsequent analysis and recording as a mode 0 event proceeds like that for
an A event, provided the other requirements (Table II) are met and the system is
not busy. All B events are stored in a prescaled accumulator. The B bit rate
is read out together with the A bit rate every 5 sec (mode 2).

During the 100 msec period immediately preceding the mode 3 command
pulse, B events with E > 100 keV are accepted and stored in a B overload
accumulator. This information is read out during the mode 3 readout sequence.

[5)

3. Plastic scintillator events (C counts). C events are distinguished

from B events by their shorter rise time. The signal from the preamplifier

is simultaneously applied to a 40 nsec shaper with a threshold detector (equiva-
lent to E > 10 keV) and to a peaking circuit. Plastic events of typically 30 nsec
rise-time and E > 10 keV will cause the two outputs to coincide and are
accepted as valid C pulses. A stop gate is then activated which prevents the
preamplifier signal from being processed in the pulse-height analyzer and which
blocks the B bit-rate accumulator.

CsI events with a rise-time between 0.5 and 1.8 psec will be analyzed

in both the B and the C systems. These B pulses are analyzed by four C
threshold detectors which are set at 10, 20, 40, and 100 keV. An indication of

- the number of C threshold detectors that have fired is recorded along with the

pulse-height analysis information for every B event (mode 0). B events with
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simultaneous indications that one or more C threshold detectors have fired
were not used in the subsequent data analysis. Valid C events with E > 100 keV
are counted during a 100 msec interval preceding a mode 3 command pulse and
recorded in the C overload accumulator. Both the B and C overload rates are
read out every minute (mode 3).

4. Mode 2. As previously mentioned, the A and B bit rates are recorded
every 5 seconds. The rate was first scaled by a factor of 12 (Experiments
1 - 5), and later by a factor of 8 (Experiments 6 - 11). In the latter case, a
maximum recording capacity of 64 x 8 = 512 counts per 5 sec in each of the
A and B channels was available. The mode 2 information serves as a check on
the deadtime correction.

5. Mode 3. Mode 3 occurs every 12 mode-2 readouts, i.e. every
minute. For a duration of 100 msec, the number of B(E > 100 keV, C with
E > 10 keV) and the number of C (E > 100 keV) events are recorded.

6. Mode 7. Mode 7 is a time mark which is recorded on tape every 12
occurrences of mode 3 (every 12 minutes). The count of the number of times
mode 7 has occurred since the system was last turned on is recorded in 64
channels. After 64 X 12 = 768 minutes, this count recycles.

7. Modes 4, 5, and 6. For detector telescopes which were rotated in

azimuth angle and programmed in elevation angle, magnetometer pulses were
recorded on tape as hcusekegping information. The data recorded in mode 4,
5, and 6 are identical o th\ose in mpde 0, 1, and 2, respectively. The only

difference is an additional m;'afk w,hlch is added in the third of the three mode-

symbol tracks on the recording"tépe with binary values of 20, 21, and 22.
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A signal from the magnetometer will cause addition of 22 = 4 to the mode symbol
of the next data record, for example mode 0, 1, or 2, The addition is maintained

until the next occurrence of mode 2, after which the addition is inhibited for at

least 10 sec.

E. Interaction Between the Proportional Counter and the Scintillation Crystal

Because of the proximity of the proportional counter and the CsI crystal,
and the criteria for event analysis (Table II, section III D), some interaction
between the counters is possible. For example, (a) K fluorescence radiation
of the proportional counter can be absorbed in the crystal, and (b) K fluorescence
radiation of the CsI crystal can be absorbed in the proportional counter.

(a) The K fluorescence radiation (section III B) of krypton can escape
from the proportional counter and may be absorbed in the scintillator. There
the event is too low in energy to be accepted as a valid CsI event; therefore,
the anti-coincidence requirements are not fulfilled. It is apparent from section
III D and from Figure 7 that a voltage equivalent to 12. 6 keV is added to the
voltage output for the escape peak in the proportional counter. Therefore, the
escape peak is shifted in energy by an amount which equals two channels in the
system used here, i.e., approximately 1 keV equivalent photon energy in the
proportional counter,

In order to obtain an estimate of the relative probability € of this inter-
action, we multiply the escape factor of the proportional counte;f by the proba-

bility of escape into the CsI crystal. The latter will be of the order of the solid

Ao
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angle Q0 sI of the CsI cxrystal seen from the center of the proportional counter,

divided by 4m:
0
- . Dost
€=Mk k™ T (28)

The escape peak will be shifted by an amount of enexgy AE ~ 1 keV, where AE

is subject to resolution spreading. For E = 25 keV, the probability € is .
o ] 1 —
€ =0.52 v’y =0,13 . (29)

(b) The K fluorescence radiation of CsI can escape from the entrance
surface (appendix A) and may be absorbed in the proportional counter. If the
primary photon energy was between 35 and 50 keV, then the energy deposited in
the crystal is between 5 and 20 keV, and again the pulse will not be accepted as
a valid CsI crystai event. The 30 keV escape photon can be accepted as a valid
event in the proportional counter even though it stems from a primary photon with
an energy between 35 and 50 keV.

In order to estimate the magnitude of this effect, one must consider the
response of both detectors to a common source. We assume a power-law
spectrum ificident at the top of the atmosphere. Then we compute the attenuation
in 3 g/cm2 of air as well as in the beryllium covers, etc., and determine the
response to the remaining spectrum in the proportional and scintillation counters. -
The total flux of escaping photons for escape through the entrance surface of the

crystal and for primary energies between 35 and 50 keV is given by
50 keV

Iescape= / - n (E) IreSp (E)-dE . (30)

35 keV %
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Iresp (E) is the attenuated source photon flux which is absorbed in the CsI
crystal. As the next step we determine the absorption probability and the count-
ing rate distribution in the proportional counter for the line at E = 30 keV. For
exposure of both detectors to a power-law source spectrum of index 2, we find
that the contribution of escape from the CsI crystal into the proportional counter
amounts to 6.2 percent at 17.5 keV, 2.5 percent at 24 keV, and 8. 8 percent at

30 keV. This small contribution is shifted by an amount equivalent to

0 = E =<1 keV and is again subject to resclution spreading.

F. Geometric Factors

Figure 1 shows that the Sn - Cu - Foam - CH

1.2 shield arrangement

also acts as the collimator for the proportional and scintillation counters. The

geometric factor for the scintillation crystal is defined as

0o
GF = <AQ> =21rj A (6) a(6) sing do (31)
()
where A (8) is the detector area for a parallel beam of photons incident on the {

detector rvithout modulation. The cut-off angle eo is defined by the collimator

geometry. The factor o« (9) accounts for other moduiation effects, notably the

ring and disk placed in front of the X-ray telescope.
| Figure 8 shows the effective exposure areii A (9) of the scintillation - }

crystal as a function of the angle 6 from the detector axis. This quantity was ,

found experimentally by placing a point X-ray source at a large distance com-

,pareﬁ to the detector and collimator dimensions and at irarious a‘jngles 6. The
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observed counting rate was multiplied by a normalization factor to give the 3

calcuiated value at zero angle
2
A(e= 0°) = 1!'1': =20 cm . (32)

The solid line in Figure 8 represents the effective exposure area for the un-
obstructed detector. It is very close to the calculated curve for the same
detector geometry. The broken line shows A (g) for the detector with modu- f
lation ring and disk.
A characteristic of the response curve is the angle at which the effective |
area drops to half its maximum value. The FWHM angle is given in Table III.

The geometric factor is then simply calculated by evaluating the integral

T
GF =27 fA (6) sing do . (33)
6]

The curves in Figure 8 were obtained with an emitter of X-rays at an energy

of E =25 keV (Sn-119 m). The effective exposure area for high photon energies
is larger than that for lower energies since the collimator is less effective in
the former case., Edgz effects and an increased contribution from Compton
scattering off the inside walls increase the effective exposure area. A summary
of geometric factors at 25 keV and at approximately 75 keV (Bi-109) is pre- b
sented in Table III for the proportional and scintillation counters with and without

medulation. The value for the scintillation crystal response at 75 keV in the

presence of the modulation assembly has been inferred from the other three | ]
distributions for this detector. The appropriate exposure factor is therefore

shown 1n parentﬁeses.
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The definition of the geometric factor for the proporticnal counter is

analogous to that of the scintillation crystal, but now the detector is not thin
compared to the collimator length. One has to consider several thin layers
each with a different absorption probability for incoming X-rays, and then
evaluate the geometric factor of each layer of krypton gas. The variation in
the charge-collection efficiency at different points in the counter also plays
a role.

The effective area as a function of angle § from the detector axis has
been evaluated experimentally. The resulting curves are similar to those for
the scintillation detector. The full-width angle at half-maximum effective area
is 27.6°. The geometric factors for the unmodulated and modulated counters

are given in Table TIi,

G. Response of the X~Ray Telescope to Gamma Radiation

The telescope shield consists of one active layer and several passive
layers. The active part of the shield is a plastic scintillator cup (Pilot B,
equivalent chemical formula CH 1. 2) which is a part of a graded shield con-
sisting of tin on the outside, copper, Ecco Foam, plastic, and aluminum on
the inside.

This shield loses some of its effectiveness at higher energies; it is
therefore necessary to investigate the quality of the shield for electromagnetic
radiation of energy withir the range of interes? ii¢ '-’ 100 keV) and ‘gbove. A
suitable parameter is the transfer function PE O, }'*’:1 ) 1‘*32) for the CslI crystal.

It is defined as the effective geometri@'factor of the CsI crystal (with
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dimensions cmz ster) for photons of energy E = E_ which deposit an energy E'

2

in t. e crystal, provided that E' lies between E 1 and E2. In other words, we

consider the X-ray telescope immersed in an isotropic flux of photons of energy

E greater than E_ and define the transfer function TF (E, E_, E 2) as the ef-

2 1’

fective geometry factor for photon measurements at energies between E 1 and

E 9° The quantity consists of two components: a contribution from photons E

which enter through the aperture, TF, , and one due to photons which first

Ap

traverse the shield before interacting in the crystal, TFS:

TFap (E, E,, E;)= J.J F (o, E, E,, E;)dQ, (34)
Aperture

TFs (E, E = F (a, E, El’ Ez)

Shield (35)

1 2)

exp [— (Exiui (E)/sin a]' 27d (cos @),

The definition of F («, E, E EZ) is similar to the definition of TF (E, E

1’ 1’ 2)’

except that it refers to photons which are incident at an angle o from the
detector axfs. The depth of the ifth layer of the shield is X, and ey (E) is the
total absorption cdefficient of this layer material.

We will now consider the experimental evaluation of the transfer function
TF. For this purpose we éannot make use of equations 34 and 35 in theﬁ*

present form. We define n__ (E, E,, E_) as the probability that a photon of
. ap 2

1

energy E, which interacts in the crystal after entering, through the aperture,

deposits an amount of energy E' between E_ and E

1 - The definition of 7 _ is

2"

similar: a photon of energy E, that would interact in the crystal in the
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absence of a shield, must traverse the shield and deposit energy between E1

and E2 in the crystal.

n ap and ng can be found experimentally. We first determine the total

counting rate at all energies for the bare crystal caused by a source of photons
of energy E. Then, with the same relative source-detector configuration plus
the shield in the case of N We measure the counting rate at energies between

E_. and E_. The ratio of the latter to the former rate is

1 2 Nap 20d 7 in

absence or presence of the shield, respectively. The transfer functions are
given by

p (B Eju Byl = m, (B, B, By)) <F@>,  [1-ex (-1(E) xo)](%)

1’ 72

and TFS (E, El’ Ez') = nS(E, El’ E2) <FQ>s [1 - exp (- (E) <x>s) ] (37)

where X is the crystal thickness and <FQ > ap = 3 cmzster (section III F). For

an isotropic photon distribution we have L

1 , |
f F cosa * 21d cosa=21 F_ ~ <FQ> (38)

0 s
1
ﬁ

x
A cosa -——& 21 d cosa

<FQ>

and <Xx> = =2X =~ <X>_ . (39)
o s

Acosa+ 2m dcosa

Pt s | |-='~—+-

Experiments verified that Mg (E, E, E 2) is a weak function in «, and n, Was

1,

therefore assumed to be constant.

Figure 9 shows the total transfer function TF

TF (E, E, E,)) =TF, (E, E;, E)) +TF_ (E, E, E,) , (40)

ap 7 71 T2 s 172 s.
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for E1 = 20 keV and E2 = 60 keV. Four values of the energy E were used in the

experiments: 122 keV (Co-57), 357 keV (Ba-133), 622 keV (Cs-137), and 1.3

MeV (1.17 and 1. 33 MeV of Co-60).

e v e e 3 s e s 4

We can use the transfer function TF and the geometric factor GF '
(previous section) to estimate the counting rate due to the atmospheric back-
ground flux at balloon altitudes. We assume the atmospheric X~ and gamma-
ray flux to be isotropic and use the spectrum measured by Peterson et al.
(1967a) atd = 3.5 g/ em? and at a local vertical cutoff rigidity R = 5.1 GV.

The transfer function and the geometric factor as a function of energy are then
folded with the atmospheric photon spectrum, and the resulting counting rate

is adjusted to a residual atmospheric depiiz of d = 3.0 g/ cmz. The counting
rate at this depth caused by the atmospheric and detector-generated background

is shown in Figure 10 (section III J). For the CsI crystal of an X-ray telescope

without modulaticn ring and disk, we find the following counting rates:
1. 8 counts/sec is the total counting rate caused by the atmospheric and
the detector-generated background (the contribution from the cosmic
X-ray background, approximately 0.8 counts/sec, is not included). ?
Of this rate:
1.1 counts/sec are caused by the atmospheric background photons
with energies between 22 and 60 keV, and -=

0. 5 counts/sec are caused by the atmospheric background gamma 5

rays with energies above 60 keV. Therefore, the remainder, ’\g
0.2 counts/sec, are generated in the telescope by other effects, e.g., R
by charged particles because of incomplete rejection by the Phoswitch. 5
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It is difficult to est!mate the possible error in each of the numbers quoted

above. Therefore, a large error may be attached to the last-mentioned counting

2

rate which cannot be accounted for. Nevertheless, these numbers show that a

SRR/ AN

’ reduction of the solid angle of the field of view would lower the counting rate

produced by atmospheric and cosmic X-rays and would therefore reduce the total
counting rate. These considerations also show that it is not useful to reduce the x
aperture angle below a certain value without simultaneously reducing the, count-

ing rate background due to gamma rays and other effects.

H. The Atmospheric Transition Curve
Figure 11 shows typical atmospheric transition profiles for the. scintil-

lation and proportional counters. The CsI crystal data in the 22 - 60 keV

interval are shown as double bars, and the krypton prOportional counter data
between 12 and 2¢& keV are represented by single bars. The measurements

were taken by detector E during Experiment 10 (chapter IV).

In order to find the contribution of the attenuated coémi_c diffuse X-ray
background to the counting rate at ceiling altitude, it is necessary to extrapolate
the transition curve to that altitude. Such an extrapolation pfedicts the dependence

of the sum of the detector-generated and the true atmospheric backgrounds.

We will study the atmospheric transition profile for altitudes above those
corresponding to the maximum in the counting rate. This maximum is the
equivalent to the ""Pfotzer maximum'" and will be referred to as the '"peak' in the

transition curve. Several analytical functions have been employed to approxi-

mate this section of the atmospheric transition curve, for example
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I (p) =a-bexp (-p/c) (41)
(Anderson, 1961; Brini et al., 1965a),

Ip=a+bp (42)
(Peterson, 1967b), and

Tp)=ap (43)
(Bleeker et al., 1968).

The sum of the primary and secondary cosmic-ray intensities as a
function of pressure can be described in lowest-order approximation by a
function of the type

I(p) = a exp (-p/b) - ¢ exp (-p/d), (44)
(Ghielmetti et al., 1964b),
where b represents the absorption length, of the order of 160 g/ cmz, and d is
the mean interaction length, of the order of 86 g/ cmz. The observed atmos-
pheric transition curves for X-radiation can be fitted by functions of the same
type. By means of computer calculations, least-equare fits for the parameters
a, b, ¢, and d were found for the transition curves of the various data sets.
For example, the (6.7 - 68.0) g/ cm2 section of the proportional counter data
of Exper’iment 10, detector E, can be best described by

I(p) @ 3976 exp (-p/143) - 3617 exp (-p/75) . (45)
The appropriate curve is given in Figure 11 as a solid line. "

It is apparent that the calculated lines present a good fit to the atmos-
pheric transition profilesr, but it is not suggested that the observed counting rate

is simply due to the primary and secondary atmospheric cosmic ray intensity.

A brief discussion will illuminate this point.
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(a) Atmospheric X-radiation at high altitudes is assumed to be primarily
caused by the soft component of secondary cosmic radiation in the atmosphere.
Some contributions to the atmospheric production of X-radiation and their
relation to the cosmic-ray flux will be discussed in appendix B.

(b) A study of the Phoswitch properties showed that the rejection threshold
shifts at high counting rates, so that an increased number of plastic pulses are
accepted as valid CsI crystal events. If we define a peak-to-ceiling ratio (PCR)
as the ratio of counting rates at the peak of the atmospheric transition curve,
e.g., at 90 g/ cmz, to that extrapolated to ceiling altitude, e.g., at 3 g/ cmz,
then the effect just described will increase the PCR for the scintillation crystal.
The PCR for the proportional counter will, of course, not be affected.

(c) Observations have shown that the PCR increases between 20 and approx-
imately 180 keV, and then gradually decreases again up to a few MeV (Peterson
et al., 1966a; Peterson et al., 1967a; Peterson, 1967b). If this trend can be
extrapolated to lower energies, a lower PCR will be expected for the proportional
counter data than for the scintillator data.

(d) Some CsI crystal events are due to higher-energy photons that have f
undergone Compton scattering (see section III G). The considerations of (c)
apply in this case.

We can now extrapolate the atmospheric transition curves to ceiling altitude
and then use the calculated contribution of the diffuse cosmic X-ray background
to infer the expected counting rate at ceiling altitude. Considering the effects

discussed above, no great emphasis should be pléced on the extrapolation or on

the results derived from this procedure.
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Table IV lists the extrapolated and the observed counting rates at ceiling
altitude (in counts/ sec-cmz-ster) for various detectors and several experiments.
For each case, Table IV also shows the calculated contribution from the diffuse
cosmic X-ray background. According to a summary given by Gould (1967), an
average of several observations was used to define a two-component photon
spectrum of the diffuse cosmic X-ray background:

1.5

J(E)=10 E for E < 23 keV

(46)

and J (E) = 100 E2-23

for E > 23 keV ,
where J is the photon flux in units of photons/ cmz-sec—ster-kev and E is
measured in keV. Appropriate adjustments for absorption above the detecter
as well as the detector efficiency and the geometry factor have been included.
The counting rate at ceiling altitude is approximately 10% higher than
the rate predicted from the extrapolation plus the computed contribution from
the cosmic diffuse X-ray background. This difference can be understood as
caused by the shape of the atmospheric transition curve. The ""peak section

is too high compared with the higher-altitude section, thereby producing an

extrapolated ceiling rate which is too low.

J. Latitude Dependence of the Detector-Generated and the
Atmospheric X-ray Backgrounds |
The following procedure was carried out for several experiments: The
contribution of the diffuse cosmic X-ray background R q Vvas subtracted from the

counting rate at ceiling which was observed when no discrete cosmic X-ray

sources were within the field of view. The resulting net counting rate was

TIN5 IR, bbb o

s
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V 2
adjusted to a common atmospheric depth of 3.0 g/cm”™ and was divided by the
geometry factor GF (section III F). Figure 10 shows the net adjusted event rates
(in counts/cmzusec-—ster) for the scintillation exystai,

r=(R, ~Ry) / GF=a+D/GF , (47)

obs
caused by the atmospheric (a) and the detector background (D/GF), as a function
of the local vertical cutoff rigidity (in GF). Data from several experiments
(Experiments 4, 9, 10 and 11) and several detectors (A, E, G and W) have been
used. The points 4 A, 10 G, 4 A, 11 G, and 11 G define a curve of decreasing
rate r with increasing local cutoff rigidity, The points 4 W, 9 E, 10 E, 4 W,
11 E, and 11 E show more scattering around another curve, not shown in Figure
190, which is roughly equidistant from the first one. The detectors E and W were
partially occulted by a modulation disk and ring, while A and G were not so
occulted. The geometry factors GF (section III F) were applied to the net event
rater * GF = Robs -] Q’ which is derived from the true atmospheric (a + GF)
and detector-produced events (D) (a and D can be assumed to be independent of
the geometric factor of the detector). The net rate r is therefore larger for
the occulted detectors which have a smaller geometry factor. This explains
the shift between the two sets of data points shown in Figure 10 and the resulting
background-versus-rigidity curves.

The corresponding curve for the proportional counter could not bé
derived because some of the data points contradict each other. In general, the
curve of proportional counter event rate versus rigidity is expected to reflect

only the change of the atmospheric X-ray background with rigidity.
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The shape of the curve of background versus rigidity shown in Figure 10
can be expected for any observation which is related to the charged-particle
flux in the earth's magnetic field. A comparison of the latitude dependence of
the X-ray flux at ceiling altitude with the latitude dependences of other particle
fluxes might give a clue as to the production mechanisms for the observed flux.

Clearly, a much wider range in latitude would be required to inake any definitive

statements, Some aspects of this problem are discussed in appendix B.
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CHAPTER IV
SUMMARY OF THE BALLOON FLIGHTS

A. Summary of Flight Data

Between December 1965 and July 1967, 11 balloon-borne X-ray
experiments were conducted. The flights have been labelled in chronological
order,

Table V lists the relevant information for eight of the flights. Launch data
and the times for beginning and end of ceiling coverage are given, as well as
the range of residual atmospheric depths and the range in local vertical cutoff
rigidities that were encountered during the main portion of each experiment.
The Kp indices are also presented to indicate geomagnetic activity during the
period of ceiling coverage. The names of the detectors that were flown in each
experiment together with the scanning method that was used for each detector
are also listed. vThe following rows in Table V summarize information on
celestial objects that are relevant to each experiment. Solar flare information
is given in the first row: the universal time of the maximum phase and the
importance of each flare are quoted (ESSA, 1966, 1967). Finally, the names
of known X-ray sources or of prominent directions in the celestial sphere are
stated along with the times of their meridian transits. All abbreviations used

are explained at the bottom of Table V.,

43
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B. The Balloon Gondola

Three scanning mechanisms were used in the present series of experi-
ments: the vertical, the oriented, and the rotating schemes (Table V).

A vertical detector experiment, with or without modulation assembly (see
section III F), performs a simple meridian-transit observation of an X-ray
source. A necessary restriction is that the source must be within a band of
width =~ 25° centered at the declination of the detector axis. A misalignment
of the detector axis or of the modulation assembly is averaged out for free-
rotating gondolas or for gondolas rotating with constant azimuthal velocity.

Optical observations during Experiment 1 showed that a free balloon
gondola rotates with changing direction and angular velocities of between
0.06 and 0.2 rpm. The upper limit to the pendulum motion of a free balloon
gondola was found to be approximately 0.5°.

The oriented detection scheine changes the effective latitude of the
detector by tilting it to a certain fixed zenith angle. A band of the sky can be
scanned by the meridian transit method; this band is then centered at the
declination given by the new direction of the detector axis. Of course, the
azimuth angle must be kept constant. We have aligned the detector axis in the
plane of the meridian and have used the local direction of the magnetic field as
a reference direction. Upon a deviation from the correct alignment with respect
to the magnetic field, a magnetometer generated an error signal which controlled
the release of an appropriate amount of gas through a jet nozzle and the resulting

torque brought the gondola back to its proper azimuthal attitude. The correct
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alignment of the detector axis and the modulation assembly is very important

in this detection scheme.

The rotating scanning method uses the magnetic field as a reference to
adjust the otherwise continuous rate of change of the azimuth angle. The gondola
rotates through 360° over a period of 10 minutes; a reaction wheel serves as a
reservoir of angular momentum. A signal is recorded on magnetic tape
(section IIT D) whenever the magnetometer senses the direction of magnetic
east or magnetic west; another pulse is generated when the detector points
toward north. These three marks provide the directional information necessary
for the data analysis,

In addition to the rotational motion, the zenith angle of the detector can
be programmed so that the axis scans through a celestial point or tangentially
along a celestial curve once during every rotation. Thus the projection of the
detector axis executes a spiralling motion on the celestial sphere. Inaccurate

alignment of the detector axis is not critical with this scanning method.
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CHAPTER V

METHODS OF DATA ANALYSIS
Two different procedures have been used in the analysis of the data and
the extraction of the most probable source spectra. Procedure 1 was used when
a channel-by-channel analysis of the data was warranted. Procedure 2 was
used for all observations of cosmic X-ray sources.
A. Data Analysis Procedure 1
In each of the present series of measurements, an observed spectrum is
divided into a number of discrete energy intervals of finite width, corresponding
to the 64 channels of the pulse-height analyzer. The number of counts ob-
served in each channel versus the energy-equivalent of the clannel number may
be represented by a vector VO. The source function can be approximated by a
similar vector VS Various media and devices act as operators on the source
function. In our representation we can describe these operators by matrices M.
The matrix which describes the influence of a layer of air of thickness
d above the detector is simply given by

air _ _ _
M = exp[ s (E) d] 48)

and Ma1 t
1]

0 ifi=j,
where By is the scattering coefficient of air without coherent scattering
(Grodstein, 1957). Similar matrices describe the attenuation in the various

layers of aluminized mylar, beryllium, etc., and in the krypton proportional

counter gas in the case of the CsI crystal data analysis. All matrices are sym-

metric and the off-diagonal elements are equ.é.l to zero.
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The matrix MEsc describes the escape effect in the proportional counter
and in the scintillation crystal. MESc has the same shape in each case, but the
numerical values are differant. The probabhility of escape is assumed to be
described by 71 (E) (sections III B and III C and appendix A). For simplicity we
combine all the characteristic line energies into one line energy EK’ i.e.,

EK =12, 6 keV for the proporticnal counter and EK = 30. 0 keV for the Csl
crystal. If the subscript i denotes the rows of a matrix and j denotes the columns,

then MEsc is described by

Esc

AP +
i 0 1ij¢(Ei Ek).

M. = 1-7 (E), f
M€ = n ) ifE =(E +E,) (49)

ij j 7 i k"’ 1

and MEsc =

The resolution matrix MRes is not symmetric, but each row is symmetric
with respect to the element of this row which lies along the diagonal of the
matrix. The resolution is agsumed to follow a Gaussian distribution with ;

standard deviation o(E), The matrix MRes is defined as

The detector efficiency is described by a diagonal matrix MEff
MiEiff =1-exp[-0.0188 uKr(E.)]
' (51)
and IVIi:Ej:ff =0 ifi#j,

for the proportional counter, and by
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Mﬁﬁ = ¢ (Ei)
(52)
Eff
and Mij = 0 ifi#j;

for the scintillation counter. Tests on some scintillation detectors showed that

the efficiency was equal to € =0, 7 and was independent of energy.

The relation hetween the source vector and that for the expected counting-

rate spectral function VE is

VE _ MEff MRes MEsc (MKr) 1\,‘Be MAlr ' VS _ 69
Mtotal . VS .

For an assumed source spectral function VS, we compute the expected counting-

rate distribution as a function of the channel number i:

[ E] E _ ]
A \Y (El)
E E -
Vi - Vz = VE (Lz) (54)
A 'E
L n 3 LV (En)_

This spectrum is now compared with the experimentally observed spectrum V

which is the distribution of observed counting rate versus the channel number i:

- o1 [.o )
\'21 Vv (El)
0) O O
VO VO(E )
5 n | B n

We might also take a different approach and invert the matrices M,

es . £ o
MR , ete., in order to find an expected source vector. A numierical
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application of this method was investigated with the help of fast, large-core
computers, but the results were disappointing, and the method was dropped.
The main reason for this failure seems to be that a larger interval in energy is
required for the matrix-inversion analysis. In this study, only 9.5 decade of
energy for the scintillation crystal and 0, 37 decade for the proportional counter
were used.

In order to compare the sets of numbers VE and VO, a meaningful
quantity must be introduced as a figure of merit. Following Pearson's sug-
gestion (1900), this quantity is defined as the sum of the squares of the differ-
ences between the observed set and the expected set of numbers, weighted by

the inverse variance of the expected set of numbers,

¥ - vF)’
po= 5 L1 (56)
1 <V>>

i
In our experiments, the observed spectrum VO is always found by sub-

+
tracting a background spectrum SB from another spectrum SB S, which is as-
sumed to be the sum of the background spectrum plus that of the X-ray source.
The variance of the net observed counting rate in a particular channeli is

+
«v95=sB + 875, (57)
1 1 1

The "expected'' variance < Vf: >in equation 56 must be derived by a similar
procedure in order to be applicable in our data analysis. It is therefore a

reasonable approximation to replace <ViE >in 56 by < ViO >, giving

[O E]Z
fop i Vil (58)
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As a next step we determine the probability P that, upon repetition of the
experiment, a larger value of f would be encountered. For this purpose one
uses a probability distribution function for the number of degrees of freedom N
which exists in the problem considered. In particular, for N S 30 the "chi-

square distribution" is used:

t N-1
dp 02
TN = = : (59)
N
271*(-2—

Pearson's chi-square test then consists of evaluating a normalized least-squares
sum according to equation 58 and of computing the probability Q of exceeding
this value upon repetition of the experiment;

ey = T ) at, (60)
f

where N is again the number of degrees of freedom. This function Q has been
extensively tabulated (Abramowitz and Stegun, 1964). An approximation is
available as a subroutine in the IBM system/360 Scientific Subroutine Package,
In the practical analysis a given set of data VO was compared with
several ""expected'' data sets VE. Each set VE, for a given spectral function and
a particular set of two parameters, was obtained in the manner described above.
One parameter, A, described the amplitude; the other, n, stood for the spec-
tral index. The index n could be the exponent in a power-law spectrum or the
value of kT for a thermal spectrum. Both parameters were varied until the

corresponding value of f (eq. 58) reached an absolute minimum £ The cor-

0

responding probability Q therefore has the maximum possible value for the

N
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given data set and the functional form fitted to it, The appropriate parameters
will be called AO and n. From the computation of f for varying A and n we
obtain two functions,
- A = A(f,n)
(61)
and n = n(f,A) .

We must now define the statistical errors of the 'best' parameters AO

and n,- The mean value of a variable t which follows the chi~square distribu-
tion (59) is tm = N. The variance for this distribution is equal to 2N (Abramo-
| witz and Stegun, 1964, see below), We adopt

o= \aN | (62)
as the '"'standard deviation' of a chi-square distribution with N degrees of
freedom. The equivalent standard deviation in the parameters A and n is then
; the variation in these parameters that is generated when fO is varied hy
o =/2N. This is in contrast with the definition of Gorenstein et al. (1968) in
which £, is varied by 1, independent of the number of degrees of freedom.

0

In general, the variation will not be syminetric so that two values, e.g., o

nl
. and T o must be stated. For example, for a fixed A = AO, we have ;
ng =n (£, Ag) (63)
" and the two values of o _are olitained from
n0+0n = n(fo +o, AO) . (64)

The function n(f, A O) is double-valued for f>f0 and single-valued for f = fO.
The analogous equations apply to the calculation of o A for a fixed n = ng.

This procedure for the determination of o A and o, is lent support by a

_ - ; i
comparison with the more familiar situation in which a variable follows a g
;
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normal distribution. If the variavle of the chi-square dittribution is /é_t*
rather than t, then the mean of the distribution is (Abramowitz and Stegun,

1964)

VZN-1 - '[1 +—'—-1-——-]+ o &%, (65)

16 W (N-1)

and the variance becomes

I T |
4N 8N<

1 + 0 N9, (66)

The following table suimmarizes the mean and variance of the chi-square

distributions for two variables,

1
Variable Mean Variance
t N 2N
§5 e 1 1 1
"-l - +—_— + RN - T - + aaaaa
vat VN1 [+ ) - N w2

For N 2 30 the chi-square distribution as a function of\/é-f resembles a normal
distribution of a variable s = \/2—5_, with unit variance and a mean S, =\/§N—:-I .
In particular, for large N we can approximate the integral Q¢|N) under the
chi-square distribution by the integral under a unit normal distribution of the
variable |

st=/2t -JaN-1 . 67)
Indeed, one-haif of the distance in t-space between the points which correspond
to s' = +1 and s' = -1 is equal to m , in close agreement with the value
o= \/Z—N', used above.

‘The reproduqtive law of the chi-square distribution (Alexander, 1961)
states that if x and y are independent values from the chi-square distribti;fafnms

for M and N degrees of freedom, then x +y is distributed according to the
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chi-square distribution for M + N degrees of freedom. This theorem can be

used to combine indenendent sets of f-values for certain parameter combinativnsg,

For example, the f-values for the proportional and scintillation counter‘v expo-
sure to a source were added for identical parameter sets and compared with
the chi-square distribution for the total number of degrees of freedom. )

B. Data Analysis Procedure 2

In this section we describe the method of data analysis which was used
for all cosmic X-ray source observations.

The observed counting~-rate distribution as a function of channel number
was grouped into a small number of bins j; for example, 2 bins for the pro-
portional counter and 3 or 4 bins for the scintillation crystal. Iach bin com-~
bined m channels. With a reasonable first assumption of the source spectrum
VS, we computed V]‘.f (equation 54) by the procedure described in section A.

Then a reduced vector V}f was found by averaging V? over all m channels

which make up the larger bin j. Thus the extrapolation factors:

v

i
F, = —/, (68)
j V?

account for the influence of the atmosphere and other absorbing materials and
the physical processes within the detector. The factors Fj were used to -con-

| vert the observed counting rate in the bin j to a photon-flux spectrum at the top
of the atmosphure. With a method to be described below, a best fit to these
"extrapolagéd" data points was determined. As has been pointed out by other

observers (Stein and Lewin, 1967), the extrapolatidn factors Fj are relatively




insensitive to the detailed form of the input spectrum because of the approxi-
mations made in théirhcalculation.

The result of this procedure was a set of photon-flux values y'(Ej) with
their statistical uncertainties Gy'(Ej). The flux values are averages over energy
intervals AEJ., centered at Ej' Although the width of the energy intervals was
not small in this analysis, its effect on the best-fit spectrum has nevertheless
been ignored.

A transformation was applied to the data points in order to be able to fit
a straight line to the transformed points [ (v]. +6 yj), x]. ]. For a power-law

spectrum;

)
il

In [Y'(Ej) I,

»”

Il
[
=
B

(69)

where éyj denotes the statistical error of the transformed photon flux yj. For

a thin-source thermal spectrum;

. =In[E, - y'(E.

.yJ [ j Y( ]) 1’ b

X, = E, , (70)
Y y'(Ej)

The parameters a and b for the best straight line y =a + bx were calculated by
means of a weighted least-squares method discussed by Beacon (1953). The
relative weights have been defined with respect to the uncertainty ayl in the

first point of the spectrum:

2 2 :
o =6y, = Wyley,) = Wyl6y)” = ...... =W 6yp) . (D)
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The average X is equal to

_ Ix ’
* " Tow 2

where the summation indices have been suppressed for the sake of brevity.

The values a and b for the best straight lines are then given by

a = Iwy waz - TWX ZWXY

Zw Zw (x-'i)z

&

(73)

Iw ZWXy - TWX IWY

and b = )
Iw IwW (x - X)

The variances of a and b are

2 - wa2 0'2

6,)

2 swiwx-%)° - 1)

o2

and ((fsb)2 B =
W (X - X)




CHAPTER VI
RESULTS OF THE OBSERVATIONS

During the present series of eight balloon flights, four of the five cosmic
X-ray sources which have been unambiguously measured by other workers at
energies above approximately 15 keV have been observed. The fifth source,

Cen XR-2, is located in a region of the celestial sphere which was not surveyed
in this study.

Two sources, the Crab Nebula (Tau XR-1) and Cyg XR-1, have been
observed in this series as well as by several other experimenters. The Crab
Nebula has become a calibration standard for X-ray experiments, while the
absolute intensity of Cyg XR~1 was reported to be varying in time. Sco X-1
was also observed during one of our experiments, and in a small number of
balloon observations by other experimenters; again, the absolut: intensity as
well as the spectral shape of this source appears to change with time.

We have detected hard X-radiation from a source or source distribution in
the vicinity of the galactic center. Two other bailoon observations have con-
firmed these findings, but this source region is not yet clearly resolved at high
X-ray energies. Finally, we have conducted three.observations of the region
near the north galactic pole. The detector respons« during the first of these
observations can be interpreted as being due to a source near the direction of the
north galactic poie, but subsequent measurements have failed to detect a signifi-

tant flux of hard X-radiation from this region of the celesti}al sphere.
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A. The Crab Nebula i

1. Experiment 4. Two vertical detectors, designated W and A, were 1
used in Experiment 4 on 27 April 1966. A modulation disk and ring were
mounted in front of telescope W; the detector A was not modulated.

Figure 12 shcws the counting-rate profile for the scintillation crystal

(22 - 60 keV) of detector W. The modulated exposure curves to Cyg XR-1 and
to the Crab Nebula are shown in the lower part of the figure. It is gvident that
the CsI crystal counting rate increased prior to the exposure to the Crab
Nebula, Between 1420 UT and 2020 UT, no known X-ray source was within i
the field of view, and the available information indicates that the floating altifude
remained constant at 2.8 g/cmz, to within 0.2 g/ cmz. Between 1630 UT and
2230 UT, the balloon drifted in geomagnetic latitude from a local vertical cutoff
rigidity of about 4.7 GV (Shea et al., 1968) to a rigidity of 3.3 GV. We inter-
pret the change in the background counting rate in the CsI crystal as a geo- 1
magnetic latitude effect. Data points for 4.7 and 4.0 GV, together with data
points from other experiments at 4.3, 4.8, and 5.3 GV (Figure 10), were used (

to find a curve of CsI crystal background rate versus the cutoff rigidity

RSN B B A

(section III J). In the absence of a proven model, a simple straight line

through the low-rigidity data points was used to extrapolate the background
flux to lower values of the cutoff rigidity. The background flux during the time

of exposure to the Crab Nebula was inferred from this extrapolation. The

source contribution was obtained as the difference between the observed
counting rate and the computed background rate. The resulting net spectrum

for exposure of the detector A to the Crab Nebula is shown in Figure 13
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together with the best-fitting lines to the data of Peterson et al. (1968), and the

summary given by Gould (1967). Although the statistical accuracy of the scin~

tillation crystal points of Figure 13 is relatively poor, the results demonstrate
that the background-determination method is, in principle, correct.

The geomagnetic latitude effect for the proportional counter is small and
somewhat uncertain over the rigidity range considered here. Without any .
correction for this effect, a net spectrum was cbtained which is also shown in
Figure 13.

2. Experiment 11. Experiment 11 had a three-fcid purpose: First, a

measurement of the Crab Nebula with higher total exposure than in Experiment
4 was desired; second, a calibration of the detectors and the modulation mecha-
nisms was needed in view of the new results concerning hard X-radiation from
the vicinity of the galactic center (section VI D, Exp. 10); and finally, upper

limits to the X~ray flux from the sun were sought in order to strengthen argu-

ments against the sun as the source of the observed X-radiation in Experiment
10.

Two detectors were flown in Experiment 11 on 15 July 1967. The detector
E was vertical at all times and had a modulation ring and disk mounted in front
of the telescope. The balloon gondola rotated continuously at the rate of one
revolution per 10 minutes. The zenith a}ngl-e of detector G was programmed so
that the telescope axis travérsed the Crab Nebula once in every rotation. In an
effort to calibrate our Scorpius and Sagittarius measurements on a well-known
source, :the detectors G and E were flown without any changes in the pulse-

height analyzer or the data recording subsystem.

|
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The detector E performed a meridian transit of the Crab Nebula with

additional modulation during this experiment. A clear signal was observed by

the CsI scintillation crystal (Figure 14), while the observation by the proportional
counter had a lower statistical significance. A plot of the observed counting

rate in the crystal over the energy interval from 22 to 60 keV followed the
predicted exposure curve (center curve in Figure 14) quite well.

The occultation disk and ring of detector E were designed to provide a
structured response patfern in the observation of discrete sources. The accu-
racy with which a source position may be determined by this procedure was
tested with the data from this experiment,

During the meridian-transit of a source, the occultation disk and ring
produce a certain counting-rate curve, the shape of which depends on the
difference in latitude (declination) of the telescope axis and the source. The
position of the pattern is determined by the right ascension of the source and
the instantaneous longitude of the detector. The observed counting rate
dN/dt(t) of the proportional counter, can be folded with the response function
F(t,a,5) of the detector. The function F at any time t is equal to the effective

exposure area of the counter to a source at right ascension a and declination §.

We must now construct a correlation function R(w, t), which has a maximum. for

the counting-rate profile dN/dt(t) caused by a source at (, §), if this profile is

identical to that expected from a source at (@, §). A suitable normalized folded

counting rate is
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t At to+ At
(8] ~ (o]
f QL (t) Pt 0) at / AN (1) at
R (a9 6) = to - to
toT At (75)
f F (t,a,6) dt At
tO

Using data from the present observation, we scan in declination for
sources at a fixed right ascension a = 5h31m. The folded rate, shown in the
upper part of Figure 15, is necessarily symmetrical about the declination of the
detector axis (approximately 31°). Two maxima of the curve are seen at decli-
nations 6 ~ 21.5° and 6 ~40. 5°, but because of the known positions of cosmic
X-ray sources in this region of the sky, the second peak may be ignored. As a
test of the method, an artificial counting-rate pattern for a point source at the
position of Tau XR-1 was generated, and the above-mentioned procedure was then
applied to this idealized pattern. The resultant curve is shown in the lower part
of Figure 15 and indicates close agreement with the correlation function of the
observed pattern.

Errors in the determination of the detector exposure area as a function of
the zenith angle and the geographical position of the balloon gondola limit the ac-
curacy of this method to approximately +2° in declination and right ascension.,
Errors caused by a possible misalignment of the detector axis and the modulation
gear are not important in this experiment because of the continuous rotation of
the gondola.

The net counting rate due to the Crab Nebula was analyzed with the help of
procedures 1 and 2 (chapter V). The results of an extrapolation according to the
second method are shown in Figure 16. ‘Diamonds represent the proportional

counter data, and double-bar rcrosses show the scintillation crystal data of
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detector E. Single-bar crosses represent the scintillation crystal data of
detector G.

The scanning method of the detector G was described in chapter IV.
Because of some minor difficulties in the data handling for certain rotations,
only 21 rotations with unambiguous azimuth information were used for the
analysis. Thea zenith angle during each of these 21 rotations was such that the
detector aiternatingly viewed the Crab Nebula and regions of the sky which are
void of any known emitters of X-radiation. During certain periods the sun was
within the field of view. However, sun exposure and exposure to the Crab
Nebula were clearly separated in azimuth angle and were therefore easily
distinguished in viewing time.

The data from each rotation were grouped into 10 1-minute bins, each
corresponding to an azimuth angle interval of 36°, and superposed so that bins
from successive rotations with maximum exposure to the Crab Nebula were
added. Then the bins with 18°-54° azimuth angle with respect to the Crab Nebula
were added, then the 54°-90° bins, etc, The resulting curves of observed count-
ing rate versus azimuth angle with respect to the X-ray source are given in Fig-
ure 17 for the scintillation crystal and in Figure 18 for the proportional counter.
In each figure the top two curves (A and B) refer to Experiment 10, and the next
4 curves (C, D, E, and F) are relevant to the Crab Nebula observations of
Experiment 11. The exposure to the source was calculated from the instanta-
neous detector positions; the resulting curves (B, D, and F) are drawn below
the counting-rate superpositions (A, C, and E). Crab Nebula data from a group

of seven rotations (C) are shown for this experiment in order to allow a
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comparison with the seven-rotation exposure to the vicinity of the galactic
center (Experiment 10)., The full Crab Nebula data set for 21 rotations is
represented by curves E in Figures 17 and 18.

The proportional counter »esults indicate that, although the background
level was higher, there was a clear signal in Experiment 10 (curve A in
Figure 18) and no significant signal in the present experiment (curves C and E
in Figure 18). The absence of a signal is statistically significant, i.e., the
observed number of counts in seven rotations within 54° azimuth angle from the
direction to the Crab Nebula is approximately 40 below the value which is
expected from an extrapolation of the CsI scintillation crystal spectrum.

Data from the scintillation crystal of detector G were again analyzed
according to both procedures 1 and 2. The extrapolated spectrum at the top
of the atmosphere is given in Figure 16, together with the results from
detector E.

The observed counting-rate distribution is due to one specific source
spectrum. However, different methods of data analysis result in different
numerical values for the spectral parameters, for the statistical uncertainty,
and for the relative probability of a particular spectral shape (chapter I). An
intrinsic property of the analysis procedure 2 (section V B) is that the statistical .
-significance is lower than in procedure 1 because of the smaller number of
degrees of freedom. Analytic methods of procedure 2 can be used for power-
law and exponential fits to the data, in contrast to those of procedure 1, where
a figure of merit is used to determine the best fif. On the other hand, the

tatistical error for transformed straight-line fits is calculable with standard




63
procedures, and in the absence of a known method for the determination of the
statistical error for chi~-square tests, we P ave used the method described in
section V A,

We have analyzed data from three independent detectors: the proportional
counter in E and the scintillation crystals in E and G. The f-values for the
same parameter combination were added according to the reproductive law of
the chi-square distribution. ‘ The parameters of the best fits, their statistical
uncertainties and relative probabilities (where applicable), are summarized in
TableVI. Whenever procedure 1 resulted in equally high values of Q for several
combinations of the parameters A and n, then a value of A close to the ""best"
vaiue for the amplitude A from procedure 2 was adopted. We have tabulated
the results for one data set, from the CsI crystal of detector G, and the results
for the sum of all three data sets. The table illustrates that the resulting
parameters and their statistical uncertainties are relatively stable when two
distinctly different analysis procedures are applied.

None of the three model spectra can be recognized as the correct one on
the basis of this analysis alone. However, a thermal spectrum with the Gaunt
factor for hydrogen-like atoms and with a correction for electron-electron
collisions (chapter II), seems to be favored by a few percentage points. The
same observation was made by Jacobson (1968) in his analysis of a high-energy
measurement of the Crab Nebula, We have come to a similar conclusion in the

analysis of our observations of the vicinity of the galactic centzr (section VI D),

The present measurements and observations by other experimenters at

energies between 1 and approximately 500 keV indicate that the spectrum can be

i
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explained by a single power-law with an index n = 2,0, In particular, a recent
rocket observation of the spectrum of the Crab Nebula between 2 and 20 keV by
Boldt et al. (1968b) resulted in a spectral index n = 1,93 * 0,05, The fact that
the Crab Nebula spectrum between 2 and 60 keV is consistent with a power-law
of index n = 1. 93 appears to rule out a two-component thermal model as proposed
by Sartori and Morrison (1967a). In a recent study (Holt et al,, 1968), it has
been shown that the expected line emission from such a thermal source should
be evident. Data from the above-mentioned rocket eéxperiment were used to
exhibit that, at a statistical level exceeding 1o, there is no evidence of such
line emission for any relevant model of elemental abundances. The sum of all
f- available information on X-radiation from the Crab Nebula indicates that the

observed power-law spectrum is caused by synchrotron radiation.

B. Cyg XR-1

5 1. Experiment 3. Experiment 3 was launched on 13 Jan. 1966. One

X-ray telescope with modulation gear was suspended vertically so that it exe-

cuted a meridian-transit scan of Cyg XR-1. The observed counting-rate
distribution has been folded with the pattern expected from a source at the v

position of Cyg XR-1 (compare section VI A). The results showed that the most

probable source location of the observed X-radiation is indeed consistent with

,, i N the reported position of Cyg XR-1 (Bowyer et al., 1965; Giacconi et al., 1967a).

___ The net spectrum of Cyg XR~1 was determined from the prcportional and

scintillation gounter data. The net flux at 25 keV, where the spectra of the two
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‘detectors overlap, was extrapolated to the top of the atmosphere. The resulting

primary photon flux is J(E = 25 keV) =~ 0. 01 photons/cmz—sec-kev.

2. Experiment 4, Altitude information was not available during the

exposure to Cyg XR~1 in Experiment 4, but the pressure profile prior to

12:30 UT, indicates that floating altitude was reached near the beginning of

. this period.
- The response of the scintillation detector of the modulated telescope W

to Cyg XR-1 is shown in Figure 12. The observed counting-rate pattern (upper
curve) follows the predicted response (lower curve) quite well. The decrease
in the background rate between the end of the exposure to Cyg XR-1 and approx-
imately 1630 UT cannot be accounted for. A reduction of the event rate would
be expected to be caused by the change in the geomagnetic latitude which
occurred during that period, but the observed decrease is too strong to be ex- |

; plained in this way. Altitude changes may have caused the observed pattern;

however, the lack of altitude information precludes confirmation of any explana- |

tion of this type. -

Data analysis procedure 2 was employed for the evaluation of the Cyg XR-1
data. Because of the lower exposure factor of detector W for the Cygnus ob-
servation, the results from this detector have a lower statistical significance.
The extrapolated spectruln from dete;:tor A is shown in Figure 19. It is
apparent that the ;propo’rtional counter information below 20 keV is not con-
sistent with the remaining poinfs of the extrapolated spectrum, and it has

b  therefore been omitted in the following analysis.
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A weighted least-squares fit of a power-law spectrum,
JE) = AE ", (76)
(J in photons/cmz—sec—ke’v, E in keV) yields A = 7.47 and n=2,0 = 0.3, The
best fit of an exponential spectrum,

J(E) = A'-exp (-E/KT) / E , (77)

+12.4 KkeV

was obtained for A' = 0. 53 and kT = 34. 2 7.9 .

These parameters may be compared with the results of other observers:
for example A = 3.58, n =1.93 = 0. 20 (Peterson et al., 1968, experiment on
13 Sept. 1966); A =‘16, n=2,2+0.8, kT = 35 (Bleeker et al., 1967, experi-
ment on 5 April 1966); n= 1.6 + 0.2, kT = 60 + 20 (Clark et al., 1968, experi-
ment on 19 July 1966); and A = 3.4, n = 1.8, kT = 94 (Haymes et al., 1968,
experiment on 29 Aug. 1967%). Haymes et al. (1968) have observed a steepen-
ing of the spectrum of Cyg XR-1 above 140 keV; below this energy a power-law
spectrum is consistent with the available observations. Thus, the X-ray
source Cyg XR-1 may be of the same type as Tau XR-1.

The intensity of Cyg XR-1 is reported to vary in time (Overbeck and
Tananbaum, 1968). While the statistical accuracy of our firét observations of
Cyg XR-1 is insuificient to make a clear comparison, we can say that the
intensity at 30 keV bbserved in the present experiment (27, April 1966) is

congsistent with the spectrum measured by Bleeker et al. (1967) on 5 Apxil 1966.
C. Sco X-1

1. Experiment 9. The purpose of Experiment 9 was to measure X-

radiation from Sco X-1. The experiment was coxi'”';""';:ted over Mildura,
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Australia, on 15 Dec. 1966, The detector E, with modulation disk and ring,
was mounted on the balloon gondola so that the telescope axis formed an angle
O of 20° with the vertical. The gas-jet orientation system was used to align
and maintain the horizontal projection of the detector axis at a fixed angle B
with respect to the local direction of the horizontal projection of the geo-

. magnetic field lines. According to the information given on aeronautical maps

of the region, the angle B was set at +8.7°, i.e., the local magnetic field line
is shifted by B with respect to the meridian line, and magnetic north appears

to be 8.7° east of geographical north. Subsequent siudies of satellite data

indicated that B is actually equal to +7.6°, thus producing an error, AB'=1,1°,
in the magnetometer setting. However, the effective error Ap at zenith angle
©is considerably smaller than AB':

cos AB= cosz O+ sinz © cos AB'. (78)
4 small compass, which was photographed together with the barograph at ;
intervals of 2. 5 minutes during the flight, indicated that the gonauia was
oriented properly throughout the experiment.

This particular balloon flight had an unusually slow ascent rate with the
result that floating altitude was reached after the meridian transit of Sco X-~1,
and the changing altitude during the exposure to the source consequently made

the background subtraction more uncertain than in siner experiments. We have

used the altitude profiles of other experiments to infer the background counting

rate during the last part of the balloon ascent.

,”Flgure 20 shows the difference between the observed counting rate and
N : |
: 13 L " }) R . .

\\ | the ussumed b\a:”ckground. _The histograms represent the net rate for
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10-minute intervals without any adjustment for the varying altitude. The relation
between the residual atmospheric depth and Universal Time is shown on the
scale at the bottom of Figure 20. Data from the CsI crystal (22;‘— 60 keV) are
shown by the top curve, and data from the proportional counter are represented
by the second curve. The statistical uncertainty for each 10-minute interval
is typically 55 counts/10 min for the CsI crystal data and 30 counts/10 min for
the proportional counter data. The continuous line (third curve) represents the
exposure area (cmz) for Sco X-1. It was derived from the instantaneous
detector-source configuration under the assumption that the detector axis was
in the plane of the meridian under a zenith angle of 20°. This curve is valid
for the proportional counter at 25 keV, and the appropriate curves for the
scintillation crysfal at other energies are similar,

There is apparently a shift of about 15 minutes between the predicted
profile and the observed histograms. This difference must be interpreted as an
error of approximately 4° in the detector alignment with respect to the magne-
tometer axis. With this interpretation we can now shift the curve of exposure
area by the proper amount and compute the net source spectrum from Sco X-1.
Data analysis procedure 2 was used to correct the net counting rate for the
detector efficiency, and to extrapolate it to the top of the atmosphere. The
correction factors (chapter V) were determined under the assumption of
thermal emission from an optically thin gas at T =5 - 1O7° K. the resulting
energy spectrum is plotted in Figure 21. The proportio,nal counter results
are represented by diamonds, and the CsI crystal data a»ii'e drawn as crosses.

It must again be pointed out that the absolute values of the spectrum points

R
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in Figure 21 are somewhat uncertain because of the uncertainty in the in-

stantaneous background flux during the exposure to Sco X-1. The shape

of the resulting spectrum, however, as well as the relative positions of pro-

portional and scintillation counter results in the spectrum are more positive.
The broken line in Figure 21 represents the energy flux due to thin-source

bremsstrahlung of a gas at T = 5° 107 °K. Tﬁermal spectra of this type can

explain several of the lower-energy observations of Sco X-1 (Chodil et al.,

1965; Grader et al., 1966; Gorenstein et al. , 1967; Chodil et al., 1968; and
Gorenstein et al., 1968). Figure 21 shows that our measurement is also con-
sistent with a thermal spectrum at energies below approximately 35 keV. At
higher energies, the observed flux is definitely above the extrapolation of the
low-energy spectrum.

A similar high-energy feature was measured by Peterson and Jacobson
(1966b) in a balloon experiment on 18 June 1965. The reported spectrum is
drawn schematically in Figure 21. From 20 to approximately 35 keV, the data
fit an exponential law corresponding to T = 5- 10'7 °K. Above 35 keV, in
particular around 45 keV, the energy flux appears to be significantly higher
than the extrapolation of the thermal spectrum would indicate. Our results are
in substantial agreement with the observations of Peterson and Jacobson (1966b).
Whether this feature is a flat high-energy tail or a single line at approximately
45 keV cannot be decided upon from these two observations. Both spectra ére,

however, not consistent with power-law spectra, so that we can rule out

synchrotrbh emission from Sco X-1. This statement is suhprjrted by the fact
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that the optical polarization of Sco X-1 (Hiltner et al., 1967) can be explained
as due to the interstellar material alone.

Experimenters at the University of Adelaide also have observed an

apparent high-energy tail in the Scorpius spectrum during an experiment which

was conducted on 29 Feb, 1968 (Buselli et al., 1968). The best fit to
their data is provided by the power-law spectrum:

I(E) = 925- g2 (79)
‘where I is the energy flux in keV/ cmz-sec-keV and E is measured in keV. This
function is drawn in Figure 21 as a dashed-dotted line. The data may also be

8

fitted to a thermal spectrum for T ~1.7-10 °K. In either case, the observed

7 °K thermal

high-energy flux is definitely above that corresponding to the 5° 10
spectrum which can be inferred from measurements at lower energies (between
1 and 30 keV). In fact, the average energy fluxes (in keV/cmz—sec—keV) in

the energy interval between 40 and 50 keV were 0. 06 as observed by Peterson
and Jacobson (1966b); 0. 07 in the present experiment; and 0. 03 as observed

by Buselli et al. (1968). In contrast, the measurement by Lewin et al. (1967)
on 13 Feb. 1967 yielded a 1g-upper limit of 0. 011, while the observation by
Overbeck and Tananbaum (1968) yielded an upper limit of 0. 008 keV/cmz-sec-

keV. The upper limit to the energy flux prior to the X-ray flare on 15 Oct.

1967 was given by Lewin et al, (1968c) as approximately 0. 01 keV/ cmz-sec-
keV.,

2. The stellar accretion model for Sco X-1. Several authors (Shklovsky,

1967; Cameron and Mock, 1967; Prendergast and Burbidge, 1968; and Westphal

et al. , 1968) have built models for the optical and X-ray emission from Sco X-1.
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From energy-balance arguments they show that energy must be supplied con-
tinuously, for example by infalling matter through a conversion of gravitational

potential energy into kinetic energy.

Shklovsky (1967) has proposed a model for Sco X-1 in which gas streams
from the secondary component of a close binary system toward a compact
(primary) star. The latter might be a neutron star, a white dwarf, or any
other massive star with suitable parameters (Cameron and Mock, 1967;
Prendergast and Burbidge, 1968). During the masé accretion of the primary
star, gravitational potential energy of the incoming matter is released and
converted into kinetic energy. The coronal plasma is thus heated to a high
temperature, and thin-source bremsstrahlung can occur. Some of the
resultant X-ray emission can leave without significant absorption (the overlaying
material is optically thin) while another part may be absorbed in the photo-
sphere and reradiated in a black-body spectrum corresponding to a lower

temperature.

In Shklovsky's model, a high-energy tail in the Sco X-1 spectrum, as
observed by Peterson and Jacobson (1966b) and in the present experiment, may
be explained readily as the thermal emission of a still hotter plasma, e.g., at
a temperature of the order of 5. 108 °K.

The maximum coronal temperature that can be rea«;hed through the
release of gravitational energy by the infalligg gas is given by

3/2NkT=GM u/R , | o (80)

~ where the mean molecular weight is p=2/3. With the stellar mass M and

the radius R measured in solar units, we obtain
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T=1,02:10" —1‘1%- (—%;) (81)

As Cameron and Mock (1967) and Prendergast and Burbidge (1968) have
7

pointed out, temperatures of T ~10' - 108 °K will be obtained from binary
systems where the normalized value of M/R is between 1 and 10, such as in
white dwarfs. For a neutron star, however, M/R (R,/ M) ~ 104, and T can

11 °K. The observation of temperatures of the order of 5 108 °K )

be as high as 10
would then extend the range of possible values for the normalized ratio M/R of
the accreting star. !
As we have stated above, no high-energy tail was observed on 13 Feb.
1967 by Lewin et al. (1967). If all the observations are correct, then we must
assume that the influx of mass to the primary star decreased between the time
of our measurement, 15 Dec. 1966, and the next observation, 13 Feb. 1967.
This change over a period of two months must have been sufficient to decrease
the flux of high-energy X-radiation by a factor of 6 or more. Between 15 Oct,
1967 and 29 Feb. 1968, the high-energy X-ray flux apparently increased again
by a factor of 3 or more. In this connection, it may be interesting to noté that
the energy flux at 25 keV on 13 Feb, 1967 (Lewin et al., 1967) was approxi-
mately one-half of the flux that was measured on 18 June 1965 by Peterson

and Jacobson (1966b). »

Such fluctuations in the observed spectrum of Sco X-1 are not surprising

i i

in view of the fact that an intensity change by a factor of 2 over a period of one

month was measured by Overbeck and Tananbaum (1968). ‘Changes in the

absolute flux level of low-energy X-radiation as well as in the spectral shape

have been reported by other observers (Chodil et al., 1968; Gorenstein et al.,
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1968; and Hill et al., 1968). Several observations of fluctuations in the optical

spectrum of Sco X-1 have also been reported (Chodil et al., 1968).,

3. Bremsstrahlung from an isovelocity plasma. Bless et al, (1968) and
Wallerstein (1968) have suggested that Wolf-Rayet and Of stars may be sources
of X-radiation,

Wolf-Rayet stars are an interesting type of objects whose line~emission
spectra show some features which are also observed in O stars. However,
they deviate markedly from typical O spectra in that the He lines are stronger.
Some objects, called "WC stars, " show C, O and strong He lines, while the

"WN stars' show strong N and He lines and weak C and O lines.

UV observations of Wolf-Rayet and Of stars have shown that these objects
lose mass with velocities up to 2000 km/sec. Although it is not clear whether
these velocities are associated with gas streams in a binary system or with the
symmetrical expansion of a hot corona; coronal temperatures of the order of a
few . 107 °K have been inferred. The high temperatures may aléo be generated
through interaction between the outflowing gas and the interstellar medium.

It has been attempted te compare the distribution of X-ray sources with
that of associations (O'Dell, 1967), but such a correlation does not account for
the absence of X-ray sources in the region 1I[ =120° - 260° (we exclude the
Crab Nebula in this argument). Wolf-Rayet stars show a better correlation
since they are very scarce in the above-mentioned interval of galactic longi-
tude; however, a detailed statistical analysis has not been carried out.

Two X-ray sources have been tentatively correlated with Wolf-Rayet

stars. The optical spectrum of GX 3+1 (see section VI D 3) is similar to that

RS
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of a WC star, while the Wolf-Rayet star 'yz Vel was recently observed in soft
X~radiation (Grader et al. 1968).

Fischel and Stecher (1968) have suggested that the observed X-radiation
may be due to bremsstrahlung from an isovelocity plasma which interacts with
a stationary medium. The heavier ions have greater kinetic energy and there-
fore produce more energetic photons during their thermalization. In such
a model, the abundance distribution as well as the degree of ionization play a
crucial role. For any reasonable abundance model, helium is the main con-
tributor to the spectrum at typically 3 keV while heavier ions at velocities of a
few hundred km/sec produce the bulk of the observed radiation at energies around

50 keV.

The mathematical formalism of Fischel and Stecher (1968) was used to
find the total X-ray flux emitted during the thermalization of an isovelocity
plasma with a universal abundance distribution (Aller, 1961) for the 10 most
abundant elements up to iron. Fischel and Stecher (1968) found that this
plasma, with degrees of ionization as derived from optical and UV observa-
tions of hot stars, provides the best agreement with the spectral shape of
Sco X-1 as determined by Grader et al. (1968), and by Buselli et al. (1968),
for a velocity of 380 km/sec. On the other hand, we find that an isovelocity
plasma at v = 200 km/sec provides good agreement with the data of Goren-
stein et al. (1968), Chodil et al. (1968), and the results of the present ex-
periment (Figure 21a). Sample calculations for other model plasmas, for
example with enhanced helium and heavier-element abundances, result in
spectral shapes which are not consistent with the experimental spectrum

shown in Figure 21a.




75

We have attempted to understand the observed fluctuation in the optical
and X-ray spectrum of Sco X-1 within the framework of this model., An
increase in the available energy may increase the degree of ionization and
therefore increase the intensity of high-energy bremsstrahlung by shifting
the spectral contribution of each element to higher energies. Calculations for
the model plasma which.was discussed above (curve 3 in Figure 21a) show that
upon an increase of 2 in the degree of ionization for the riore abundant ele-
ments from magnesium to iron, the photon flux at 3 keV increases by 14%
while the flux at 50 keV increases by a factor of 2,25 (curve 4 in Figure 21a),

Such a difference in the photon flux at high X-ray energies is apparent from a

comparison of the results of the present experiment with the data of

Lewin et al. (1967). We are not aware of any low-energy X-ray measure-
ments which were taken during the times when the two sets of high-energy
X-ray observations were carried out. We have, however, plotted in
Figure 21a the results of observations made on 11 Oct. 1966 (Gorenstein
et al., 1968, curve 2), and on 29 Sept. 1967 (Chodil et al., 1968, curve 1),

The photon flux at optical wavelengths is not affected by the nartial
change of the state of ionization in the particular model plasma used here,
but may increase somewhat if the relative abundances of helium and the
heavier elements is i.ncreased.‘

It is apparent that the presently available data are not sufficiently
accurate to confirm or rule out the validity‘ of the present model. Complete
spectra in the optiéal, low- and high-energy X-ray region are needed in
order tafauild consistent modeis for the chemical composition, the state of

ionization #nd the velocity of the streaming plasma.




D. The Vicinity of the Galactic Center

1. Experiment 10, The purpose of Experiment 10 was to scan the

vicinity of the galactic center in hard X-radiation, This region of the sky
was chosen for balloon observations because stiveral sources of low-energy
X-radiation had previously been detected there in rocket experiments,

The experiment was conducted over Australia on 18 Dec, 1966, The
orientation system for the detector G, and the mcdulation disk and ring for
detector E were described in the discussion of Experiment 11 (section VI A).
The zenith angle of detector G was programmed so that the detector axis passed
approximately tangentially through the galactic plane once upon each rotation of
the balloon gondola.

Six passes from galactic north as well as a group of six passes from
galactic south are drawn. schematically in Figure 22. A few relevant sources
of low-energy X-radiation are alsc given there. In the manner described in
section VI A 2, the raw counting rate was grouped and superposed into 10 bins
of equal azimuth angle with respect to a fixed point in the celestial sphere.

This point was assumed to be the X-ray source Sgr XR-1, which was detected

by Friedman et al, '(1967) (a= .17h55m, 6=-29,2°), The results of the

superpositions for two groups of 6 rotations are shown in Figure 23. Both

the passes from the galactic north and south exhibit a minimum in the counting
rate for azimuthal angles near 180°. The dominant feature of the superposition
of passes from the galactic north was fhe signal detected from Sco X-1 by the

krypton proportional counter. In contrast, the dominant feature of the super-

L e T R

e




77

position of passes from the galactic south was the signal from the vicinity of
Sgr ¥R-1, detected by the sci:tillation crystal. This is a strong qualitative ‘
indication of the relative hardness of the two spectra. In both cases, we %
derived the positional information from the azimuth angles with respect to the i
i
“direction to Sgr XR-1.

A total of seven passes from the galactic south was used for the evaluation

of the X-ray flux from the vicinity of the source Sgr XR-1. The appropriate

data superpositions and a comparison with measurements of the Crab Nebula

are presented in Figures 17 and 18 (section VI A 2). Two different procedures

(chapter V) were used for the data analysis. The results of procedure 2 are
given in Figure 24, in which diamonds represent the proportional counter data,
and crosses symbolize the scintillator crystal data. A power-law of index

n = 2,69 + 0,92 (dotted line) provides the best of such a spectrum. The best

fit for a bremsstrahlung spectrum from an optically thin, hot plasma is

+4,7

obtained for a temperature corresponding to kT = 16.0 _ 3.0

keV (solid line in
Figure 24). The numerical results of both analysis procedures are summarized
in Table VII. The thermal spectrum for Z =1, including electron-elzctron

collisions (chapter II), appears to provide‘the best overall fit to the data from

the vicinity of the galactic center.
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2. The sun as source of the observed X-radiation (Experiment 10). It is

apparent from Figure 22 that the sun (a= 1741, §=-23°22") was within
the field of view during exposure to the vicinity of the galactic center. How-
ever, it is believed that the sun's contribution to the observed counting rate
was negligible. The following arguments support this belief;
(a) The response of detector E was used to determine the locaticn of ~
the source, or the center of the source distribution, which gave rise to the

observed radiation. The shape of the modulated response depends strongly
on the difference in declination between the detector axis and the X-ray source.

We have therefore computed the folded rates F (¢, 6 ) for a fixed right ascension

of o= 17h55m. A scan in declinatior with the data froimn this experiment is

shown in the upper part of Figure 25. Counting-rate distributions were gene-~
rated for hypothetical sources at the positions of Sgr XR-1 and the sun. The
folded rates for the expected profiles are given in the lower part of Figure 25
for a sourcc;, at the position of Sgr XR-1 (solid line), and for one at the location
of the sun (broken line). The left peak of the solid line can be ignored because
of the absence of reported sources in the vicinity of -39° declination and at
this right ascension. Figure 25 indicates that the declination of the source or

the center of the source distribution is closer to -29° than to -23°. A single

source or & source distribution centered at the position of the sun seems to

be ruled out.
(b) At one time during Experiment 11, the detector G had full exposure

to the sun. The response in the 22 to 60 keV band deviated from background

by less than 10 during exposure to the sun. t This deviation would account for
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approximately 10% of the observed response from the vicinity of the galactic
center over the same energy interval. Indirect evidence supporting the
validity of this correlation is supplied by the fact that the daily average of the
9400 MHz solar radio emission (Nagoya University, 1967), which usually
shows strong correlation with long-time changes in the soft X-ray emission,
was constant to within 5% on the days on which Experiments 10 and 11 were

conducted.

(c) An importance 1-flare (GRP 2160) was reported (ESSA, 1967) towards
the end of the one-hour data-collection interval of Experiment 10 which was
used in the analysis. No change in the counting-rate pattern followed this flare.
The planetary magnetic index, Kp, was 2- during exposure to the vicinity of the

galactic center. The experiment was conducted on a geomagnetically quiet day.

3. Discussion of the data from the vicinity of the galactic center. The
vicinity of the galactic center-has been scanned from rocket altitudes by
several experimenters. The most recent publications of four research groups
(Bradt et al., 1968a; Gursky et al., 1967; Fisher et al., 1968; and Friedman
et al., 1967b), as well as the results of a recent balloon observation by Buselii
et al. (1968) have been used in the analysis. Figure 26 shows the relevant
reported positions of X-ray sources which emit at photon energies of typically
2 - 6 keV. Except for the thin-slit observations of the ASE group (Gursky et
al., 1967), the unceftainty in the source position is not shown in this graph.

~The broken lines represent the trajectories of the axis of the detector G during

the first and the last of the seven rotations which were used in this analysis.
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In Figure 26, considerable confusion as to the true positions of X-ray
sources exists. The situation is relatively clear, however, at galactic lati-

tudes between 1II= 0° and III

~ 20°, where we have adopted the positions of .

5 sources as reported by the MIT group (Bradt et al., 1968a). For galactic
longitudes between 340° and 3606°, three source positions were, perhaps some-
what arbitrarily, selected so that they show maximum correlation with the
reported positions. These sources lie on the '"position lines' reported by the
ASE group and will possibly have to be revised as more reliable observations
become available. For source number 2 (Table VIII), we have adopted the coordi-
nates of GX 354-5 (Buselli et al., 1968). Table VIII lists the eight sources thus
selected. The source designations of the various experim_ental groups are given,
along with an estimate for the source flux density, J SO , in photons/ cmz—sec-
keV at a photon energy of E = 4 keV. For the source GX 3+1, we have adopted
the position of an intense ultraviolet object of magnitude V = 13.4 (Blanco et al.,
1968a, and Blanco et al., 1968b). The optical spectrum of this star is consistent
with a Wolf-Rayet type spectrum (Freeman et al., 1968), (Compare section
VIC 3).

We can now attempt to compare the observations reported here with the
results from rocket-borne instruments. Because of the relatively large angle
of view of our X-ray detectors, direct comparison of the results with the
spectra or flux-values for individual sources is not possible.

Let us consider a hypothetical detector which is suitable for low-energy
X-ray measurements and has the same angular response as our detector. We

can compute the photon flux which this detector would have observed if it had

TR UL A
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followed the same trajectory as our detector. Obviously, the hypothetical

low-energy detector would have to be located above the atmosphere.

We compute the angles ¢s i between the source s and the direction of
)

the detector axis during the half-minute interval i for M = 8 sources and N = 56
data accumulation points. With the relative ¢xposure factors F (¢S i), we
’

determine the flux

o
JS,]-.~JS'F(¢S, i)! (82)

where the estimated source flux density at 4 keV, J Z, is taken from Table VIII,
The net flux due to each source,

J =23z J_ ., (83)

is listed in Table VIII. The total net flux from all sources is then

M F
J=2Z . J =0.78 photons/cm™ -sec-keV. (84) =
s= |

periment 10. A thin-source bremsstriahlung spectrum with kT = 11 keV pro-

vides the best fit to the data measured by Lewin et al. (1968b), in a balloon-borne E

experiment. The appropriate curve is also shown in Figure 24 as a broken

line. Experimenters at the University of Adelaide (Buselli et al., 1968)
measured the spectra of GX 3+1 and GX 354-5 on 29 Feb. 1968, and their data

from GX 3+1 can be fitted either to a power-law spectrum of index 2.0 (dash-

dotted line in Figure 24) or to a thermal spectrum with AkT = 55 keV. The

photon flux of GX 3+1 is lower than that observed in this experiment, for

example, by a factor of 2 at 25 keV. The spectrum of GX 354;5 is also lower
than that measured here, except for a narrow interval of energy around 20 keV

where the flux from GX 354-5 would be sufficient to explain the flux observed
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here. Buselli et al. (1968) have not speculated on the spectrum of this source;
if the 20 keV-data point is real, then the X-ray spectrum might be almost flat
between 2 and 20 keV.

Comparisons between the observed spectra or their line representations
in Figure 24 suggest that a solid-angle effect exists in the various measare-
ments. Our detector telescope had the largest opening angle and observed the

highest photon flux; the detector of the University of Adelaide group was most

strongly collimated and thus observed single-source spectra of lower intensity;
the obsevvations of Lewin et al, (1968b) are intermediate in both respects.

This seems to support the suggestion that we observed hard X-radiation from
several sources in the vicinity of the galactic center having, perhaps, different
degrees of spectral hardness. Of course, we cannot rule out the hypothesis that
only one source with variable hard X-ray emission was cbserved. Freeman

et al. (1968) have given evidence for the short- and long-term stability of

the optical counterpart of GX 3 + 1, which was the most intense X-ray emit-

ter during the survey of the vicinity of the galactic center by Buselli et al.
(1968).

If it is assumed that the observed hard X-ray flux is due to the set of
sources whose soft X-ray contribution has just been evaluated, then Figure 24
demonstrates that it is not possible to decide between synchrotron radiation
and bremsstrahlung as the dominant emission process for the total source
spectrum.

The ASE and Lockheed groups have repbrtéd}appareht termperatures for

some ,soin*ces in the vicinity of the galactic center which emit bremsstrahlung
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from an optically thin, hot plasma. The apparent temperatures range from

kT = 2.1 keV to kT = 4.3 keV (Gursky et al., 1967) and from kT = 6.0 keV to

kT = 13.8 keV (Fisher et al., 1968), for the sources 1, 5, 6, 7 and 8 (Table VII).
A wide spread of apparent temperatures can be expected when the emitting gas

has a temperature distribution rather than one definite temperature.

E. The Vicinity of the North Galactic Pole

1. Experiment 1. Experiment 1 was conducted on 6 Dec. 1965 with one

vertical X-ray telescope, equipped with a modulation ring and disk. The

a

detector axis scanned a band of the celestial sphere at declinations between

h26m, i.e. clearly

31° and 28° and at right ascensions between 10"12™ and 18
above the galactic plane. The pulse-height analysis system for the scintillation
detector malfunctioned during this flight so that the analysis had to be restricted
to data from the proportional counter.

An increase in the counting rate was observed between 1400 and approxi-
mately 1500 UT, corresponding to a celestial position in the vicinity of the north
galactic pole. Possible altitude changes as the cause for this feature can be
ruled out, since the floating altitude was stable at 2.9 g/ cm2 to within less than
0.1¢g/ cm2, during the main part of the experiment.

According to radar information, the balloon drifted in a northeastern
direction between 1340 and 1410 UT, corresponding to a change in the local

geomagnetic rigidity cutoff from 4.95 GV to 4.5 GV (Shea et al., 1968). Before

1340 UT and after approximately 1600 UT, the local geomagnetic rigidity cutoff

~ was approximately 4.9 GV. The shape of the observed counting rate pattern
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differs from the background rate pattern as deduced from the change of the

local cutoff rigidity. A definite cutoff-dependence of the atmospheric and

detector background was established for the scintillation crystal from several |

experiments. The corresponding data for the proportional counter contradict

each other somewhat, and the dependence on the rigidity cutoff is unclear
(section III J).

The identification of the actual source position makes use of the particular
geometrical features of the X-ray telescope and the modulation disk and ring. i
This method was tested in Experiment 11 and found to be quite accurate in
determining the right ascension and declination of an X-ray source.

The definition of the folded rate R (w, §) was discussed in section VI A.
Figure 27 shows the functions R («,6 ) computed with the counting-rate patterns
observed in Experiment 1. The upper part shows the curve R (a= 13 OOm, 5)
as a function of declination. The lower section of Figure 27 represents the
curves R (a, 6 = +28°) (solid line) and R (@, 6 = +31°) (broken line) as a function
of right ascension.

An intrinsic feature of this type of analysis is that the function R (¢, 6 )

for a fixed @ is symmetric in declination with respect tc the declination of the
detector axis. The broad structured peak in the upper part of Figure 27 indi- .

cates that the source of the observed radiation is located at a declination of

either 26° or 36°. For a point source we would then expect a dip in the cor-
relation function R at the symmetry axis, i.e. at 6 = 31°. However, Figure 27

indicates a broad central peak rather than a dip at 6 = 31°.
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The scan in right ascension yields the curves shown in the lower half of
Figure 27. The correlation function for = +28 shows a broad central peak
at = 13h00m. The appropriate curve for & = +31° also exhibits a narrow
peak at the same right ascension, indicating that some X-radiation may come
from this direction of the celestial sphere.

We have previously suggested (Boldt et al., 1966) that X-radiation was
observed in Experiment 1 from an extended region centered at a right ascension
of approximately 13hOOm and a declination of approximately 28°, The Coma
cluster of galaxies is an extended object at right ascension a= 121156md:8m and
at declination 6=-+28 % 2° (Abell, 1965). The direction to the center of the
Coma cluster of galaxies is approximately 3° away from the direotion to the
north galactic pole.

The positional evidence presented above and in Figure 28 allows several
interpretations: (a) The observed feature in the counting-rate profile of
Experiment 1 is due to an extended source of X-radiation in the vicinity of the
north galactic pole. (b) We have observed radiation from a point source with
varying intensity of X-ray emission. (c) The observed feature is due to a
slowly varying point X-ray source together with a changing background counting
rate, due to the variation in the local rigidity cutoff.

The available information is insufficient for é discussion of the thifd
suggestion. The fact that subsequent obsexfjvations (see below) failed to 'defect
a significant flux of X—radiation from the vicinity of the north galactic pole is

relevant to the first two models. It is improbable that a strong flux of X-

radiation could have been generated in an extended region of the sky with

NI
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dimensions of a few degrees, over a period of time of the oxder of one year or
less (see Table V). This argument would rule out model (a) and leave us with
the second interpretation of our observations. However, a correlation of our
observations with possible models for the time dependence of the X-ray emission
from a point source does not seem to be warranted because of the lack of suf-
ficient statistics for such a detailed hypothesis,

From the proportional counter data during the 30-minute period of
maximum exposure to the north galactic pole we determine the net spectrum
of events in several energy intervals. TFigure 28 shows the observed spec-
trum for a total exposure of 9000 cmz-sec; the width of each energy inter-

vul is 5.5 keV. An extrapolation to the top of the atmosphere according to

the data analysis procedure 2 (chapter V) results in a net photon flux
J(E = 25 keV) = 0. 014 photons/cmz-sec-keV. This result, together with
those of other experiments, will be discussed in section VI E 5.

2. Experiment 6. Experiment 6 was launched on 2 Sept. 1966. Six

importance 1-flares (ESSA, 1967) occurred while the balloon floated at a
residual atmospheric depth of 2.9 g/ cm2. This experiment used the ""rotating"
scanning method to examine the vicinity of the north galactic pole. The X-ray
telescope was programined to change its zenith angle continuously so that it
scanned the north galactic pole during every rotation,

Figure 29 shows a _supérposition of epochs phased in azimuth angle
relative to the direction to the north galactic pole. The upper curve shows a
superposition of the CsI scintillation crystal daté from 22 fo 60 keV for 30

rotations of the gondola. The center curve represents the proportional counter
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data in the energy interval from 12 to 28 keV during the same exposure. The
lowest curve is proportional to the exposure to a point source along the
direction of the noxth galactic pole.

The mean counting rate for the half rotations opposite in azimuth to the
north galactic pole was used as the background level in the determination of
the standard deviation . The 30 level was assumed to be an indication of the
limiting signal for exposure to the vicinity of the galactic pole. Figure 30
shows the results of the determination of the 3¢ limiting signals for several
energy bands in both counters. In each of the 7 energy intervals, the observed
rate of events at azimuth angles corresponding to the vicinity of the north

galactic pole deviated from the background rate by less than 2¢. The

extrapolation to the top of the atmosphere yields an upper limit to the photon
flux of J(E = 25 keV) $ 0.0072 photons/cm2-sec—keV . This upper limit applies
to point sources at celestial positions near the direction to the north galactic
pole, for example, to the Coma cluster of galaxies.

3. Experiment 7. Experiment 7 was intended to duplicate Experiment 1.

Due to a shift of the Phoswitch 'threshold an excessively high number of events
were accepted as valid scintillation crystal counts. Because of this, the
dead-time correction for the proportional counter amounted to 60 to 77% during
this observation, in contrast to approximately 15% during most of the other
experiments described here, thus reducing the statistical significance of the
observations from the proportional counter. The CsI crystal data were

not analyzed.

Figure 31 shows the counting-rate profile of the kryptdn proportional

counter as a function of time, including the dead-time correction. Events in
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the energy region from 12 to 28 keV are represented by the upper curve. The
center curve shows events from a sub-sample of energy for the band 22-28 keV.
The lower curve is proportional to the exposure to a point source at the 1
direction of the north galactic pole.

The balloon reached ceiling altitude at approximately 1230 UT. The
counting-rate profile was essentially flat from 1300 to 1900 UT. The observed .
rate was somewhat lower after the meridian transit of the galactic pole, but
this feature can be accounted for by a loss of altitude which occurred at that
time. The average background before the transit of the galactic pole was

used to construct the 30 lines shown in Figure 31. The total counting rate for

the 12-28 keV band shows no statistically significant deviation from the back-
ground. The largest deviation for a sub-sample occurs in the 22-28 keV band in
which one half-hour interval exhibited a deviation from the background of almost
3 o while the galactic pole was still approximately half an hour away. Since this
feature was not followed by further periods of increased counting rate, it must
be assumed that it was not the response to a source in the vicinity of the north
galactic pole.

During the period from 1600 to 1630 UT, the counting rate could not be
determined due to difficulties experienced in the retrieval of data from the
magnetic recording tape.

Figure 32 shows the 3 0 upper limits for three energy bands. The energy
intervals were chosen to be identical to those used in the published analysis of
Experiment 1 (Boldt et al., 1966). We assume that the 30 level determines

 the upper limit to the photon flux from point sources in the vicinity of the north’
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galactic pole at the time of maximum exposure. Except for a single energy
interval which is centered at 20 keV the upper limits are below the net values
found in Experiment 1. The extrapolation to the top of the atmosohere results
in a photon flux of J(E = 25 keV) S 0. 005 photons/ cmz—sec—keV. g
Towards the end of this experiment the detector's field of view included 5
the constellation Cygnus. The extraction of a net spectrum for the X-ray
source Cyg XR-1 was made difficult by the large dead-time correction and by
a change in the background counting rate. However, the resulting spectrum of
Cyg XR-1 showed sufficient agreement with the spectra of Experiment 4 and
with the results of other observers to lend support to the validity of the upper

limits establ.shed in this experiment for the vicinity of the galactic

pole.

4. Summary of experimental information. In addition to the results of

Experiments 1, 6 and 7, upper limits to the photon flux from the vicinity of :
the north galactic pole have been given by other observers. During a rocket i

experiment on 25 Nov. 1964, Friedman and Byram (1967a) found that no sig-

B e Ty

nal with an intensity as great as 7.4% of that from the Crab Nebula was ob-
~served in the 1 - 10A wavelength interval from point objects near the north
galactic pole, e.g. at the position of the Coma cluster of galaxies. If the

spectra of the objects are assumed to follow power-laws with the same index

as that of the Crab Nebuls,

J(E) aE’z, (85)

NN b 2 e NI N S 50

then the extrapolated upper limit to the photon flux at the top of the atmosphere

. LA “ ’ - B
is J(E = 25'’keV) < 9-10 photons/cmz-fsec-‘keV. In an observation on 13 Feb.
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1967, Lewin et al. (1968a) placed an upper limit to the flux from the same
region of the celestial sphere. From the reported information we deduce that
J(E =25keV) S 15~ 107% photons/cmz—sec—keV.

The available experimental information on the photon flux from the
vicinity of the north galactic pole, for example from the direction of the
Coma cluster of galaxies, is summarized in Table IX.

5. Discussion. The observation of the Coma cluster as an extended

scuarce of X-rays could be relevant to the interpretation of the measured diffuse
cosmic X-ray background dj/d. Several models have been proposed for this
background; one of them assumes that the observed flux is due to the sum

of many unresolved galaxies. If<Jg> is the mean emission from a galaxy,
then the observed flux due to all unresolved galaxies up to a radius

~ i df
R RHubble can be estimated from

di n J R ‘
- S (86)
d< 4T

where ng is the mean density of galaxies (ng ~ 10 75 cm_3). When <J > is

set equal to the observed emission of our galaxy, then the resulting value

of dj/dQ is about two orders of magnitude lower than the measured diffuse
X-ray flux (Oda, 1965; and Gould and Burbidge, 1967). However, the assump-
tion that our galaxy is typical with respect to its X;ray emission is somewhat
arbitrary. If we assume that X-radiation from the Comaycluster of galaxies
was observed in éxperiment 1, then we obtain a better estimate for <J >
~since the Conia cluster contains about 1500 galaxies at a mean distance of

90 Mpc (Abell, 1965). Felten et al. (1966b) bave, however, pointed out that

the resulting diffuse X-ray flux would be too high by a factor of 30 to account

for the observed background spectrum.




91

The fact that subsequent observations failed to detect comparable X~ 1
radiation from the Coma cluster of galaxies has somewhat removed this dis-

crepancy, but has not solved the problem. The upper limits of Friedman and ;

Byram (1967a) and Lewin et al. (1968a) reduce the discrepancy factor from
30 to approximately 3. Considering the uncertainty in the number of galaxies

in the Coma cluster, the various parameters may actually combine to yield

the observed diffuse X-ray flux. In this case the "unresolved galaxies''—
model for the cosmic X-ray background is not yet rl;.led ouf by the limits
on the X-ray emission from galaxies of the Coma cluster. The conclusion
would then be that the mean emission per galaxy is approximately two
orders of magnitude higher than that of our own galaxy. In this connection
it is interesting to note that, according to recent measurements (Bradt

et al., 1967), the X-ray luminosity of the radio galaxy M 87 is two to
three orders of magnitude higher than that of our galaxy (Friedman et al.,
1967b).

In view of the fact that other experiments failed to observe a
significant photon flux from the vicinity of the north galactic pole, we may
tentatively attribute the observations of 6 December 1965 to a transient
phenomenon associated with a discrete object.

No information from optical observations during the time of our first
experiment is available. Any unusual activity in the vicinity of the north
galactic pole would probably have remained undetected since this region of the

celestial sphere was in a very unfavorable position for reliable optical

‘observations.
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Four flare stars were observed during 1964 and 1965 in a region in Coma
Berenices, approximately 6° away from the direction of the north galactic pole
(Haro, 1966). The number of flares that were observed per hour in that region
was 0.05. We are not aware of flare obsérvations during the time when Ex-
periment 1 was conducted.

Pencil-beam radio observations of the Coma cluster of galaxies (Bozyan,
1968) have recently resolved a small-diameter source, Coma A, which is
centered at o= 12751. 8™, 5=27°53.8'. The energy spectrum of Coma A
has an index of I'=0.6. An extrapolation of the power-law radio spectrum
can account for the opiical luminosity (Matthews and Sandage, 1963; Schmidt,

1965; Wyndham, 1966) and yields a photon flux of 2.5 . 10-4 photons/cmz-sec—

keV at E = 25 keV. Table IX shows that this flux is approximately two orders of

magnitude below the previously reported value (Boldt et al., 1966) and about

one order of magnitude below the upper limits found in otker experiments.

It is of interest to discuss the hypothesis that the observed feature in
Experiment 1 was due to a supernova explosion in the Coma cluster of galaxies.

The duration of X-ray emission during a supernova outburst has not yet
been established. Colgate's hydrodynamic model (Colgate, 1968) suggests a
time~span for X-ray emission of the order of 10_3 sec. The fluorescence
theory of optical emission from a supernova (Sartori and Morrison, 1967b)
assumes that the explosion takes place within a few seconds. If the
above hypothesis were correct, the observations on 6 Dec. 1965 would in-

dicate a period of at least one hour. The photographic light curve for a

type I supernova suggests a time-scale of dbout 20 days for the main phase.
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The absence of a significant flux of soft X-ray emission within about 30 days
after a supernova explosion (Bradt et al., 1968b) indicates that an upper
limit of about 30 days can be set on the duration of X-ray emission. The
nova-like behavior of the low-energy X-ray emission from the variable
source Cen XR-2 (Harries et al., 1967; Cooke et al., 1967; and Chodil et

al., 1967) indicates an e-folding iime of about 30 days.

With the assumption that the Coma cluster contains 1500 galaxies, about
4 supernova explosions per year are expected when a rate of 1 event per 400
years per galaxy is adopted. Considering the uncertainty of the observations,

this estimate is supported by the fact that 12 supernovae have been observed

in the Coma cluster during a recent 10 year period (Zwicky, 1967). The
probability of observing the main phase of a supernova explosion during a
one-hour observation is therefore 20% if the main phace lasts 20 days, and
is 0.04% if it is assumed to last 1 hour.

We can also estimate the energy output in order to evaluate the piausibility
of the supernova hypothesis. We assume a power-law photon spectrum of index
2 and compute the energy flux in the X-ray interval from 1 to 100 keV. If

the distance to the source is 90 Mpc, then we arrive at a total X-ray energy

. 5
output of g =8 - 10 1 ergs emitted over a period of 20 days. This is not

unreasonably high. In fact, the fluorescence model (Sartori and Morrison,
1967b) requires an output of 1052 ergs in the ultraviolet band. If the
emission is assumed to last only one hour, however, then we find an output
ofq=2-. 1049 ergs. ‘The X-ray energy output increases by an order of

7
magnitude if thin-source bremsstrahlung at T =5 - 10 °K is assumed.
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Colgate's model (Colgate, 1968) predicts an X-ray pulse with a total energy

output of only q ~ 5 ° 104"7 ergs within a fraction of a second and can there-

fore not be invoked to explain the observation of experiment 1.




CHAPTER VII
SUMMARY

A series of balloon-borne X-ray experiments was carried out between
December 1965 and July 1967. The sensing elements of the X~ray telescope con-
sisted of a Krypton proportional counter and a CsI(T1) scinfillatiou crystal with
an effective energy range from 12 to 60 keV. The full-width angle of the detector
aperture at half maximum was approximately 24°, In the course of the balloon
observations, a broad band of the celestial sphere about a declination of +30°,
the vicinity of the galactic center, and the Constellation Scorpius were surveyed.

A study of the data from several balloon flights. showed that there exists
a definite relation between the background counting rate and the geomagnetic
latitude. After subtracting the contribution from the diffuse cosmic X-ray back-
grouhd, we are left with a counting rate which is largely caused by the atmos-
pheric X- and gamma-ray background. It is assumed that most of this photon
flux is a component of the atmospheric electromagnetic cascade and is therefore
linked to the flux of charged particles incident at the top of the atmosphere; how-
ever, a complete calculation of this process has not been carried out to date. A
correct prediction of the geomagnetic-latitude dependence of this flux rate con-
stitutes a stringent test for any model of the p-roduction of atmospheric X- ‘ ‘
radiation.

Two observations of the Crab Nebula (Tau XR-1) and three observations of

the X-ray source Cyg XR-1 resulted in net source spectra in substantial

95




96

agreement with the results of other experimenters. Our results and the observa-

tions of other experimenters at lower and higher energies are consistent with a

power-law spectrum of index n = 2. 0 for the photon flux from Tau XR-1. One

exposure to Tau XR-1 with high statistical accuracy was used to demonstrate two

distinctly different methods of c{ata analysis and to show that the resulting sets

of spectral parameters are mutually consistent, although one of the methods is
superior because it involves fewer approximations.

The measurement of Cyg XR-1 with the highest statistical significance
yields a spectrum that is similar to that of Tau XR-1 in shape and in the absolute
flux level. With regard to the reported variability of Cyg XR-1, we find that our
results are consistent with the spectrum derived by Bleeker et al. (1967) from an
experiment that was conducted three weeks prior to the measurement reported
here.

A meridian-transit scan of Sco X-1 was carried out during a balloon experi-
ment over Australia. The data analysis for this flight was somewhat difficult
because of the variation of the residual atmospheric depth during the exposure to
Sco X-1. At energies between 15 and 35 keV, the resulting source spectrum
was consistent with thin-source bremsstrahlung at a temperature of approxi-
mately 5 - 107 °K. However, the photon flux at higher energies was found to
be distinctly above the extrapolation of the low-energy spectrum. A similar
spectrum was observed in June 1965 by Peterson and Jacobson (1966). The
comparison with the "Zr‘e‘éults of other balloon experiments shows that both the

shape of the spectrum and the absolute flux above approximatel y 15 keV vary in
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time. The high-energy feature that was observed in this experiment can be
understood qualitatively in terms of both Shklovsky's (1967) stellar accretion
hypothesis and the bremsstrahlung from an isovelocity plas.na as suggested by
Fischel and Stecher (1968). Any detailed model of Sco X-1 must take into
account the existence of a variable high-energy component,

An observation of the vicinity of the galactic center detected a significant
flux of hard X-radiation. The resulting spectrum appears to be somewhat
softer than that of the Crab Nebula. Subsequent experiments confir:ned our
finding, but they cannot be directly compared with our observation be zause of
the difference in the solid angles of the various detector apertures. We conclude
from these observations and from a calculation of the expected equivalent flux
for rocket-borne measurements that we have observed X-radiation from raore
than one source in the vicinity of the galactic center, perhaps with different
degrees of spectral hardness. Further detailed balloon-borne observations will
be required in order to resolve the hard X-radiation from the many sources in
the vicinity of the galactic center.

Three observations of the vicinity of the north galactic pole brought con-
tradictory results. An increase in the counting rate during the first experiment
was interpreted as the X-ray flux from an extended source in the direction of the
Coma cluster of galaxies, which is a few degrees away from the direction of the
north galactic pole. However, subsequent observations failed to detect a simi-
lar feature and set upper limits to the photon flux from celestial objects near

the direction of the north galactic pole, including the Coma cluster of galaxies.
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It is concluded that if the observed response was caused by a cosmic source of
X-radiation, then the source intensity must have varied in fime., The hypothesis
that a supernova explosion at the distance of the Coma cluster of galaxies caused
the signal detected in the first experiment is shown to lead to an energy output in
the X~ray region which is not excessively large for such a phenomenon.

In the present series of experiments, we have measured four of the "
five cosmic X-ray sources or source regions which have to date heen clearly
observed from balloons (the fifth source is located in Centaurus, a region
which was not scanned). The detector that was used for the measurements
was designed for an exploratory survey of the celestial sphere. The telescope
aperture had a rather large opening angle so that a considerable counting rate
was produced by the atmospheric and cosmic diffuse X-ray background. This
contribution amounted to approximately two-thirds of the ceiling counting rate,
so that only about one-third of this rate represented the inherent detector
background. The major portion of the detector bhackground is caused by Compton
interactions of gamma radiation in the detector and the surrounding material.
The remaining event rate, a small fraction of the total counting rate, is proba-
bly caused by an incomplete rejection of charged particles and other effects.
Closing the detector aperture without increasing the inherent background counting
rate would have reduced the total event rate at ceiling by a factor of 3 to approxi-
mately 13 - 10_4 counts/cmz-sec-kev. This is in contrast t‘o the best presently

available scintiliation crystal detector telescope which has an inherent detector

background level of 3 - 10—['l counts/cmz-seé-kev (Peterson et al., 1968a) at a
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residual atmospheric depth of 3.4 g/c::nrm2 and a geomagnetic latitude of 40°, The
gamma-ray induced inherent background can be reduced by a factor of 2 to 3 if
the experiment is conducted near the geomagnetic equator.

It appeaxs to be feasible to build a proportional chamber with the same
background event rate (3 * 10-4 counts/cmz—-sec-keV), an efficiency of typically
60 percent, and an exposure area of the order of 1000 cmz. With net exposure
times during balloon experiments of approximately 3 hours, it will then be pos-
sible to detect hard X-radiation from several other sources which have been ob-
served in rocket-borne experiments, provided the low-energy spectra can be
extrapolated to higher energies. The available pointing accuracy for balloon-
borne experiments is already sufficient to allow the reduction of the field of
view to a value where the resulting counting rate caused by the diffuse atmos-
pheric and cosmic background is comparable to the lowest attainable inherent
detector background. The inherent and diffuse-background counting rates of the
above-mentioned scintillation detector are equal for a sciid angle of the field of
view of approximately 2 - 10~2 ster, which corresponds to a circular aperture
with 6° full width opening angle at half maximum. This demonstrates that the
total counting rate cannot be significantly reduced by making the aperture angle
smalle_r than about 4°.

It is expected that X-ray astronomy measurements will evolve along two
somewhat overlapping lines of development. In the first, one will try to obtain

information on the spatial distribution and the types of continuum spectra of

X-ray sources and their correlation with optical and radio objects. Surveys of
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the celestial sphere with improved sensitivity and precise positicn determina-
tions are best carried out at low X-ray energies at the top of the atmosphere.
Balloon or higher-energy satellite observations with high angular resulution and
good pointing accuracy during extended exposure times can then be used to
determine the high-energy continuum spectra of these X-ray sources.

In a second line of development, one may attumpt to resolve lines in the
X-ray spectrum. The most prominent low-energy lines are generated in
stellar atmospheres and may expand our knowledge of the physical processes
occurring there., However, a unique aspect of X-ray astronomy lies in the fact
that some intense emission lines in this energy range can be produced in nu-
clear processes and could provide first-hand information on energy-releasing
mechanisms. For example, the 60 keV line of Am 241 is expected to be gener-
ated during the decay of isotopes that were produced via the r-process in super-
nova explosions. The intensity of this line has been estimated for the case of
the Crab Nebula (Jacobscn, 1968). The above-mentioned proportional chamber
could detect a 3o0-line signal above the continuum in a 5 keV-bin if its energy
resolution is 10 percent at 60 keV, and if we assume a 30-hour exposuré to the
Crab Nebula from the top of the atmosphere. This would require that satellites

be pointed accurately for extended periods of time instead of used for sky .

patrols at X-ray energies. Such a shift in the mode of operation of X-ray

satellite experiments would aid both wide-band continuum and line measurements.

Balloon-borne experiments will continue to play an important role in the

s ol

field of X-ray astronomy. While rocket-borne experiments are restricted both

el g
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in exposure time and maximum available detector area, and satellite experi-
ments are limited in weight and availability, balloon observations are more
favorable in all of these respects.

The continuing development of new detectors is expected to reduce the
inherent detector background and improve the energy resolution. However, for
a given detector system, optimum results can be obtained through a detailed
study of the behavior of the detector in the radiation environment near the top of
the atmosphere. Knowledge of the detector event rate as a function of atmos-
pheric depth, geomagnetic latitude, and energy will reduce systematic ervors
in the extraction of net source counting rates, parficularly for exposures to
variable sources. It will also make it possible to use a large fraction of the
flight time at ceiling for the exyosure to a source or source region.

Variable sources require simultaneous observations over a large energy
region. As the recent studies of Sco X-1 have indicated, programs for optical,
ultraviolet, and low- and high-energy X-ray measurements must be set up

with the emphasis on both line and continuum observations. It is hoped that the

resuiting data will supply the faformation necessary for the construction of con-

sistent models for discrete X-ray sources.
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APPENDIX A

THE ESCAPE FACTOR

A photon of energy E incident on a detector material can be absorbed

through the photoelectric effect. The emitted electron will come from the K

shell with probability «,,., from the L shell with probability ay etc. If . he

K,
1 My, etc. shells or subshells are related to .+
the azimuthal quantum numbers 1 as 1/13, i.e. (1, 1/23, 1/33, etc.), then

relative probabilities for K, L

OAK = 0. 86, OZL1= 0. 106, 01M1= 0.031 , etc.
L ;

(Grodstein, 1957; Lay, 1934). The remaining atom can be de-excited via the
Auger effect or by fluorescence. The latter occurs with probability 5(Z)

which is a strong function of Z. The fluorescence radiation (in practice only
the characteristic K-, L-, etc. radiations with energies EK’

to be considered) can escape from the detector; in this case the amount of v

EL, etc. need 1

energy deposited in the detector is equalto E - EK (L )and forms the

1

"escape peak."

The escape iactor 7(1i) is defined as the fraction of the absorbed number
of photons which escapes in the form of fluorescence photons. For an infinite
plane-parallel siab of thickness X and escape of characteristic radiation Ec

- from both surfaces, we have
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x
o !
 exp(- pEX) p(E) 0 g
n (E, xo) = X
4m fOeXp(~u(E)X)u(E)dX (87)
2r 1
K(E)x (ER) (x0-X)
. of 6f[exp(-—;((;5)—b—)+exp(— cosoo ] d cos 6 dgdx ,
Xo
4 [ exp(- u(E)x) p (E) dx
0

where we have assumed that the incident photon arrives normal to the

entrance surface.

With the definition for the exponential integral (Abramowitz and Stegun, 1964)

El(y) = 7" exp(-yz) dz , (88)
1

72

the escape factor can be re~-written as
X
0 | ‘
[ exp(-p(E)X) [E (U(E )x) + E, (h(E )X -x) ] dx
n(E, x)=1/2apf 2 2 ,

1- exp (- B(E)X,) (89)

The equation for escape from the entrance surface only is

*o

n (E, X ) = 1/2 ap (j)'exP(‘ N(E)X) E]_(I“‘ (EC)X) dx

1 - exp(- p(E)x,)

(90)

o T e 2

Both equations require numerical evaluation. For a semi-infinite medium, f

X~ equation 87 can be integrated directly:

— ' - ———t—— L ’ s
n (E,=)=1/2a8 [1 M"(E) ln (1 + ﬁ(ge)) . (91)

We apply these equations to t;é:aé cane of OsI(T1)., Table X shows the 2

characteristic line energies (Blokhi., £87) sud relative intensities
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(interpolated and extrapolated from data given by Williams, 1933) for Cs, I,
ind Kr. Only the K shell is considered in table X.

In order to simplify the calculations, the CsI(T1) crystal is assumed to

emit only one fluorescence line at E_, = 30 keV; the mean line energy, weighted

K

with the relative intensities, is 30.5 keV. The K-fluorescence yield is taken

to be BK = 0. 88 (Bergstrom and Nordling, 1965; Fink et al., 1966). The ' .

probability of creating an L-shell vacancy and the fluorescence yield for the

L shell (f; = 0.1) are considerably smaller than those for the K shell
a B
( ('J,L BL = 0.014); this justifies the neglect of L shell fluorescence.
K™K

Figure 6 shows 7(E, x;) as a function of E for x =0.1 g/cm_z, x, =0.4 g/cm2
and X~ The escape factors for both surfaces are drawn as solid lines
(compare Stein and Lewin (1.967) for Nal). A broken line represents the func-
tion 7 (E) for escape from the entrance surface only for a crystal of thickness
X, 0.1g/ cmz. The latter type of function for a crystal depth of X = 0.4 g/ cm?
is almost identical with nfor the semi-infinite detector, where both cases ob-
viously result in the same escape factor. Escape from the enfrance surface is
important since thz principle K X-radiation of Cs and I can contribute to the
energy region of interest in the proportional counter (section Il E).

The curves for escape through one or both surfaces of the CslI crystals -
which were used in our experiments (2 mm CsI or 0.92 g/‘cm2 CsI) are prac-

tically identical to the curve for a semi-infinite medium (xo—> ). The cor-

rection for the finite Iateral extent of the crystals is negligible.

|




APPENDIX B
PRODUCTION OF X-RADIATION NEAR THE TOP OF THE ATMOSPHERE

Figure 10 shows the sum of the detector-generated, plus the atmospheric,
X-ray background as a function of the local vertical cutoff rigidity, Most of the
events shown here are due to the atmospheric X- and gamma radiation; a small
fraction is due to corpuscular radiation and other effects (section III G). (

It is tempting to draw a curve showing the ''pure atmospheric X-ray
background" versus the cutoff rigidity, and to compare it with other particle
intensity curves, for example, for the proton, neutral pion and neutron fluxes.
However, in the rigidity interval from 4 GV to approximately 5.3 GV the slopes
of the appropriate curves for energetic neutrons, protons, and pions are roughly
equal to each other and to such a ""background X-radiatior'' curve, so that no f
definite statement as to the origin of atmospheric X-radiation could be made
on the basis of such a correlation alone.

We will now present a short discussion of some mechanisms for the

production of atmospheric X-radiation. It is assumed that the bulk of the i
observed photon flux is caused by the electromagnetic cascade in the atmos-
phere. Other mechanisms, discussed below, can perhaps account for as much

. as 20% of the observed X-ray flux at balloon altitudes and at A ~40°. Gamma-

i

ray emission froin thermal-reutron capture in O16 and N14 is assumed to make %
' %

a negligible contribution to the atmospheric X-, and gamma-ray flux

(Peterson, 1963). Bremsstrahlung from re-entrant electrons has not been

considered here because o. the lack of relevant experimental information.

105 i
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Internal or "inverse'' bremsstrahlung (Hayakawa and Matsuoka, 1964b;
Boldt and Serlemitsos, 1968a), during collisions of primary and secondary
cosmic rays with atomic electrons, makes a small contribution to the at-
mospheric X-radiation. At approximately 30 keV the inverse bremsstrahlung
flux at balloon altitudes, A '~‘:40°, is less than 5 - 10—4 of the observed atmos-
pheric X-ray flux (Peterson et al., 1967a).

Unless otherwise stated, the spectral flux J will, in this appendix, be
measured in particles /mz-sec-'MeV; the differential flux per unit solid angle,

_ds
N = do (92)

2 . .
will be measured in particles/m -sec-sisr-MeV, and energies are measured
in MeV. The production flux

dN _ d%J
dz dz dQ

Q = (93)
has the dimension particles/mz-sec—ster-MeV-g/cm2, unless otherwise noted.
I. Compton-Scattered Photons from Primary X-rays

The spectrum of the primary cosmic X-ray background has been measured
by several observers (Klarman, 1962; Metzger et al., 1964; Garmire and
Kraushaar, 1965; Brini et al., 1965b; Rothenflug et al., 1966; Kohn et al.,
1966; Peterson et al., 1967a; Petefson, 1967b; Bleeker et al., 1968) in balloon,
rocket, and satellite‘experiments. Balloon-borne observations in the 10 - 100

keV energy range must be extrapolated to the top of the atmosphere; the re-

sulting spectra fit rea‘sonablyrt}irell with other observations at lower and highe_ifv
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encrgies, where this extrapolation is not necessary (cf. the summary given
by Gould, 1967a). Thus, we may assume the spectrum of the primary cosmic

X-ray background to be known.

We are interested in the spectrum of secondary photons created through

Compton scattering of the primary cosmic X-rays by atmospheric atomic elec-

trons. If we limit ourselves to one interaction into an angle within 1 ster
of the forward direction, then the differential production spectrum Q(Ex’ z),
deriving from a primnary spectrum N(Ex, z) is

E (E,6 )

I / max"’ X' ~max de
QE_, z) = Ny % Bf N(E_, z) g (B, E)AE.  (94)
X
For small-angle scattering and E< 100 keV, the interval [E , E_ (E ,'e)]
~ x’ Tmax" x
becomes very small, so that ive car. approximate
E (E,6 ) -
e/ max’ X’ “max dg¢
QE,, 2) ~No % N(E,, z) j £ (B, E ) dE
Ex
(95)

= NE, z2)p (E, 0 )

max
The differential equation for the depth-dependence of the secondary radiation,

s, in a one-dimensional model is

d
a.:? = Q- (K-p)s = u N@E=0)exp (- 2) - (B -4 )s, (96)

where My is the total (photoelectric and Compton) absorption coefficient. The
solution
3() = N(=0) [exp (- b)) -exp (-1t 2) ©

has a maximum at

In

v 1
Zmax ~ B
1 ; c

Bop=- By’ (98)

T P T PO | 2 A
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For example, at E = 30 keV, Z xS 27 g/ cm2 we obtain the maximum
secondary flux
2
S(z, o) = 0. 0013 photons/cm” -sec-ster-keV. (99)
This is to be compared with an experimental observation of the atmospheric

X-ray background flux at z = 3,5 g/cmz, A = 40° (Peterson et al., 1967a):

N(E = 30 keV) =0, 01 photons/ cmz-sec—ster-keV. (100) .

This production mechanism is independent of latitude, provided the primary
cosmic X-ray background is isotropic. An upper limit to the anisotropy of
the diffuse X-ray background was set by Seward et al. (1967), at approximately
10%.

II. Bremsstrahlung from Précipitating Electrons in the Atmosphere

Energetic electrons can be trapped in the earth's magnetic field. At-
mospheric absorption of electrons (Cladis and Dessler, 1961; Walt, 1964) is
an important loss mechanism; we are here interested in the bremsstrahlung
produced in this process.

Cladis and Dessler (1961) have evaluated the precipitation flux of elec-
trons over the Capetown region. With an experimentally determined pitch-angle
and energy distriliution of radiation-belt electrons, they determined the elec-
tron flux entering the atmosphere over the Capetown anomaly, where the mirror
altitude of electrons is very low. We can compute the bremsstrahlung spectrum
in a production layer which is a‘séumed to be thin compared to the atmospheric
depths at which balloon-borne detectors float. The resulting photon flux which
would arrive at a residual depth of 3.5 g/ cmz over the Capetown anomaly was

compared with one-half of the integral fiux into 47 which was measurs:l by
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Peterson et al. (1967a) at this atmospheric depth and A =40°. The ratio
of these values is 0. 02 at 30 keV and has a maximum of 0,034 at approxi-
mately 100 keV.

During magnetic disturbances the field lines can be altered so that the

mirrow points are lowered deeper into the atmosphere; an increased flux of
bremsstrahlung radiation would then be expected. Ghielmetti et al. (1964a),
reported the observation of an enhancement of the X~ray intensity at balloon
altitudes over the South American anomaly, However, as Hudson et al. (1966),
have pointed out, the X-ray intensity observed in this experiment can be ex-
plained as being due to the diffuse cosmic X-radiation. Therefore, ~.: ex-
istence of X-radiation from prewipitating trapped electrons to a degree
comparable with the observed atmospheric X-radiation is not confirmed.

II. Bremsstrahlung from Electrons

The electron bremsstrahlung cross-section can be approximated by the

function
—.?—- 1 . 4" :
T (Ee , E) AEe E ", (101)

where E is the electron energy and Ex is the photon energy. If we assume a

power-law spectrum for the electrons,

-C .
7 = {
J,(E) = BE_" | (102) ;

then the resulting photon spectrum is

|
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I (E) = | 3.(®3 (& £)dE
XX E © dE_ < ;
x (102)
/2, o 4o , F 292 & & )ar
= [3,® gk (B EJAE+ [ I (B)gE (B, B)AE,

where the energy El /2 will be that which makes the two integrals on the right

side of the last equation equal to each other. In other words, one~half of

the photon flux at a particular energy Ex is due to electrons with Ee < Iy /2 )
and one-half is due to electrons with Ee > E1 /2" The ratio

B

E
X

1/2 In 2
= exp ( c-a-1

) (104)

is then a good indication as to which part of the electron spectrum is relevant
for the bremsstrahlung flux. The equation holds only for c-a~1 > 0.

A study of the bremsstrahlung cross-section as given by Bethe and Ashkin
{1953), including screening, shows that for example, for Ex = 0.04 MeV and

0.16 < Ee < 40 MeV, the exponent, a, becomes =0.2. Forc=1.5, E_, /

1/2
Ex =10, and for ¢ = 2. 5, El/z/ EX = 1.7, This demonstrates that electrons of
energies below a few MeV are of greatest importance in the production of X-
radiation, provided tle electron spectrum is of the steepness indicated above.
There exist only a few measurements of the atmospheric electron compo-
nent below 10 MeV; they are a!mmmaz'i;aed in Figure 33. The data points of
Brunstein (1967) and of Cline and Brunstein (1966) have been obtained at at-
mospheric depths of 5.5 and 4 g/ cmz, respectively. The data points of

2]
Beedle and Webber (1968) are the result of an extrapolation to 1 g/cm”.

These measurements were made at the latitudes of Minnesota and further north.
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The atmospheric electron flux is related to the cosmic-ray flux, and the lati~
tude dependence is assumed to depend roughly on the integral cosmic-ray flux,
It is therefore necessary to compute the atmospheric electron spectrum at the
latitudes where measurements are available, and to compare the calculations
with the experimental results, The spectrum can then be extrapolated to or
re-calculated for other latitudes.

The calculation can be divided into four sections:

1. The electron production spectrum

2, The electron equilibriuin spectrum

3. Bremsstrahlung of electrons (with the calculated or experimental
spectrum)

4, The equilibrium photon spectrum (e.g., at balloon altitudes).

1. The electron production spectrum. Low-energy electrons are pro-

duced in the atmosphere hy several processes, We will discuss the four most
important mechanisms (compare Beedle, 1966).

(a) Compton collisions of primary and secondary photowns with atmospheric
atomic electrons. For this and for the next two processes we need to know the
spectrum of primary and secondary photons as a function of the residual at-
mospheric depth, d, and the geomagnetic latitude. From 0, 05 MeV to approxi-
mately 10 MeV we use the measurements of Petefson, et al. (1967a) at
A =40° andadepthd=3.5g/ cm2 to define the secondary photon spectrum

N(E,) =600 B~ (105)
The cosmic X-ray background between 0. 03 and 1 1;;IeV at the top of the

atmosphere is assumed to be represented by (Gould, 1967; Bleeker et al., 1968)




| ko =2, .
N(E,) = 150 E_ (106)

The electron production spectrum is
ee)= f %L &,®) NE)dE
k e dEe e’ X X x’ (

min o

1M L . 2m
== - |0 4 o ——
E =5 [Le +B_, [1 B, ] (107)

v 2 2
where Q has the dimensions particles/m"—sec—ster-MeV~g/ em , and

=

%1%— (Ee, Ex) is the cross-section per g of air per unit electron energy for the
proeduction of an electron of energy between Ee and Ee + dEe by an incident
photon of energy Ex' The relevant curves for electron production due to the
secondary and primary photon spectra are shown in Figure 34 as curves
number 2 and 3, respectively. It is apparent that the secondary photons

(at 3.5 g/cmz) are more effective than the primary photons (at 0 g/ 01n2). The
altitude dependence of the photon spectra and the resulting electron spectra is g
rather complicated; however, we can make the qualitative statement that the
relative contributions of the two components remain the same over the first

few g/ cm2 near the top of the atmosphere.

() Production of photoelectrons due to the primary and secondary photon *;

spectrum in air. The cross~section for the production of electrons via the

photoclectric effect has been given by Evans (1955). We adopt the approxima-

tion ‘ a

9(E, E)=1.9" 1065 3 (cmz/g) E < 0.7 MeV
e X X X
-6 . -1.5, 2 (108)
=3.83- 10 2 " (cm /g) E_>0.7 MeV
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With the approximation that a2 photon of energy Ex produces an electron of

energy Ee == Ex we obtain the production spectrum
QE) = 9 (E, EJN(E) . (109)

The results are shown in Figure 34 as curves 6 and 7.
(c) Pair production of electrons and positrons in air. The cross-section

for pair production was adopted from Evans (1955)

do 0.53 Ex - 0.6
—L - . < <
G Fer By = 00012 - g 1.5 SE_<5MeV
,._..Ex (110)
= 0. 0012 T - 2m Ex > 5 MeV
x
The resulting electron production spectrum is
QE ) = 7 dg (E,E) N (E)dE (111)
e dE e’ "x © “Ex |
Ee + 2m e

The production spectra due to the primary and secondary phcton flux are drawn
schematically in Figure 34 as the curves 5 and 4, respectively.

(d) Production of electrons by collisions of primary_‘and secondary
cosmic rays with atmospheric atoms.

The primary cosmic-ray spectrum was assumed to follow the analytical

-expression given by Balasubrahmanyan et al., (1967), adjusted to fit the sum-

‘mary spectrum given by Gloeckler and Jokipii, (1967), for measurements near

the solar minimum m 1965;

8 1.5 -4 ,
NE) =210 E E + 500 112
( p) - (»Qp ) ‘_ (112)

(N in particles/m -sec-ster-MeV, Ep in MeV).
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Measurements of the secondary cosmic ray spectrum have been carried out i

by Ormes (1967; at 3 g/cmz, Ft. Churchill, 1965) and by Teegarden (1967; at

4 g/cmz, Sioux Falls, S. Dak., 1961 and Fairibault, Minn., 1964). In order

to simplify the calculation we have approximated the secondary cosmic-ray

spectrum with the following function:

NE_ ) = 0.65 E_< 80 MeV -
p p |

NE) = 52/Ep 80 MeV $E < 200 MeV (113) i’

N(E ) = 10400/E 200 MeV < E_.
P p P t

At the geomagnetic latitudes of Palestine, Texas the secondary cosmic ray
spectrum was assumed to be half as intense as at the latitudes of Sioux Falls

and further north (Teegarden, 1967). The dependence of the secondary proton

intensity on atmospheric depth was taken from the measurements of Teegarden
(1967).

The proton-electron knock-on cross-section is well known (Evans, 1955;

Rossi, 1952):

dfcol zZ 2 1 1
— = —-_— T i
dEe ‘{Ee, Ep) 2T NA e M Ez -7 M .
e (E_+ M)2 .
p (114)
27 2
[1_{1—(~£)2 Ee{ZmEp +(M+m)}+Ee : ] i
E +M 2m E (E_+2 2(E_+ *
p p (B, +2M) (B, + M)

where M is the proton mass and m represents the electron mass. Kinetical

considerations show that a minimura proton energy E

. ired
b, min (Ee) is require
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to produce an electron of energy Ee:

()
L1 \/ 1 1.2 1. M M
o, min ) =3 Be - M+ M2+2Eem+4Ee+2;Eem ~7=E_  (115)

The production spectra of electrons at different geomagnetic latitudes A

and atmospheric depths d are obtained from

E Q-2 7 2 col E,E)N(E, A, ddE 116
Q ( e’ A, ) - ﬂ— JE ( e’ p) ( p' ’ ) p ’ ( )
e El e

where Qp denotes the effective solid angle of the primary and secondary cosmic
rays and Qe represents the solid angle into which knock-on electrons are
emitted. We have assumed a sharp geomagnetic cutoff at EC(A); E1 is the

larger of the two energies Ec(A) and E (Ee). Primary particles heavier

p, min
.~an protons were included under the usual assumption (Abrahawu et al., 1966)
that these nuclei behave like "'A' nucleons in an interaction, where A is the
number of nucleons in the primary particle.

At this point, some comments are in place regarding the relative contri-
bution of secondary cosmic rays énd the effect of multiple collisions.

A study of equation 114 shows that the knock-on cross-section for fixed
electron energies of typically 0‘.‘1 - 1 MeV does not vary significantly between
Ep’ min a.nd proton ehergies of a few GeV. This means that primary cosmic
rays are the dominant producers of knock-on electrons. The primary cosmic-
ray spectrum is not attenuated signiﬁcantly within the first 10 g/ cm2 near the

top of the atmosphere (the collision length for protons in air is 86 g/ cm2), 80

that the total production flux of electrons near the top of the atmosphere 1s, to

a first approximation, independent of the atmospheric depth.
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The effect of multiple collisions can be evaluated by considering the next

step, electron-electron collisions. An estimate of the production spectrum Q'
due to electron-electron collisions showed that Q' ~ 0.4 Q at Ee = 0.1 MeV and
is less at higher energies.

The east-west effect has not been evaluated, but it is not assumed to
change the results significantly,

In Figure 34 we show the calculated production spectrum (curve 1) at an
atmospheric depthd =1 g/cm2 for a proton kinetic-energy ciitoff E = 3600 MeV,
corresponding to the geomagnetic latitude of Palestine, Texas. It is apparent
that the cosmic-ray collisions provide the largest contribution to the electron
flux at energies below a few MeV. In Figure 34 we have also plotted (curve 8)
the electron spectrum which‘is produced by pion decay atd = 1 g/cm2 and at a
cutoff energy'Ec = 3600 MeV (Verma, 1966).

2, The electron equilibrium spectrum. We must now calculate the

equilibrium spectrum since the range of low-energy electrons is very small
compared with the atmospheric depths considered. In a one-dimensional model

one solves a transport equation

5 | E . (E)de

2 (€ 2)=QE, 9-IE " o @ ©
117
d¢c (117)

+f3@E+E, 2) =" E+E, E)dE
o) ’ dE =y )

and the solution leads to a straggling equation

0 d
JE,d= [ 4B [ dz Q(E, 2) G(E, 2), (118)
e .

g S AN :
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where the Green's function (Rossi, 1952) is

2
—_— exp[- (B, = Ep ]
V27rp2z 2pzz

G(E, 2z) =

EazE-k(d-z)

B d (119)
__col }
k@@= [ E' 3 (B, E)dE
o
o0
PZ(E)= / E? ‘ifcol (E + E', E') dE'
o dE

The resulting equilibrium spectra are shown in Figure 35 for a cutoff energy
E_ =20 MeV (curve 1) and for Ec = 3600 MeV (curve 2). We also give the data
points of Cline and Brunstein (1966) and of Brunstein (1967). The straight

line (curve 3), at energies between 0. 05 MeV and 5 MeV, represents a fit to
the measurements of Beedle (1966), in an experiment at Ft. Churchill. There
appears to be a discrepancy of about one order of magnitude between the
curves 1 and 3 and the measurements of Ciine and Brunstein. In the following
considerations we will use the latitude dependence as previously calculated
and normalize to the measurements of Cline and Brunstein (1966).

3. Bremsstrahlung of electrons. The energy range considered here is

between the energy intervals where the non-relativistic or the extreme
relativistic limits of the bremsstrahlung cross-section are valid. We have
used an approximation (Holt and Cline, 1967b) which assumes the appropriate
values in the high- and low-energy limits.

4, The observable X-ray flux. The observable X-ray spectrum was

calculated according to the equation

R L L s e

St Al i W i
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d © '

max iﬁ

JE, A, d =27 [ [ @ (B, A, 2 !
0 0 ;

d-2z .
exp [- air ) -(—6;5—%-] F (©) sin© do dz , (120)

where £(6) represents the detector angular response function. TFigure 36 shows
the resulting atmospheric photon spectra for Ec = 400 MeV and Ec = 3600 MeV,
using the electron spectrum of Cline and Brunstein (1966) as the correct
spectrum at a proton cutoff energy of 400 MeV, We have also shown the result
of a measurement of the atmospheric photon spectrum hy Peterson et al.

(1967a), at Ec = 3600 MeV.

It is apparent that there is a difference of more than an order of magnitude
between the observed and calculated values of the photon flux at energies above
30 keV. The difference in the slopes of the observed and predicted spectra may
actually be more significant as an indication that bremsstrahlung from knock-on
and Compton-accelerated electrons in the atmosphere does not account for the

observed atmospheric X-radiation. " (

IV. The Photon Component of the Electromagnetic Cascade

Before considering the electromagnetic cascade itself we will briefly -

summarize the available information on the angular distribution of atmospheric
X- and gamma radiation rear the top of the atmosphere.

Above 70 MeV the downward photon flux is approximately twice as intense

as the upward flux (Svensson, 1958; Cline, 1961). A 'horizon brightening' was
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observed (Svensson, 1958), where the horizontal photon flux is approximately
6 times stronger than the downward flux, X-ray observations {Frost et al.,
1966; Frost, 1968, private communication) indiciute that the upward flux is
larger than the downwars flux by about 50% at energies of approximately

300 keV. If the contribution of the cosmic diffuse background is subtracted,
then the upward flux at approximately 30 keV is still larger than the downward
flux by 20 -~ 20%. The same measurements indicate that a horizon brightening
is not observed at X-ray energies; the photon flux at 90° zenith angle is close
to that of the upward going photons.

Measurements by Kniffen (1967) showed that the atmospheric gamma
spectrum above approximately 60 MeV is comparable to the spectrum which is
observed from the decay of neutral pions (Perola and Scarsi, 1966), but appears
to be higher in intensity by a factor of 2.

Several authors (Anderson, 1961: Peterson, 1963; Brini et al., 1967)
have suggested that the large flux of low~energy photons is in equilibrium
with high-energy photons in the electromagnetic cascade. The great abundance
of soft photons is explained by the fact that a photon, once it has dropped below
the pair threshold, will interact by the Compton process, which scatters
photons many times be,fore,ﬁtheirv energy is significantly reduced.

Figure 37 shows thei__‘,:}transition curve for photons of energy E =1 MeV.
This curve was adapted from 1 - 3 MeV measurements (Peterson et al., 1967a;
Peterson, 196:7b)vs[1ff1 an omnidirectional detector and normalized to the

1 MeV-photon flux at d = 3.5 g/ cmz.
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The second curve in Figure 37 represents a numerical solution to a one- (

dimensional transport equation for the photon component of the electromagnetic

cascade:

g d‘»br ,
‘= . ' ' '
i Ep B=Q + f 1 (B, E) g (B, 2) dE
E
E pl
x .
E E)
max ® x do
+ com (E', E )J (E', z) dE' (121)
&.]5 X X
Ex
E
* dQ)com
- . ] M
J(E, 2) / @ & (E,, E" dE
min" x

The source function for photons from pion decay, Q" , was adapted from the

calculations of Perola and Scarsi (1966). The altitude dependence of this

function was scaled according to the integral flux of particles with 8 2 0. 83, 7
1 corresponding to proton kinetic energies above 750 MeV (McDonald and Webber, {
‘ 1959). In the calculation we have assumed the spectrum of atmospheric elecirons
to be known as a function of depth z {Beedle and Webber, 1968). The limits - é
E in (Ex) and E max By aTe defined by the kinematics of Compton interactions. %

Figure 37 shows that a one-dimensional photon transport equation does not
reproduée the observed transitior curve for 1 MeV photons. The observed
anisotropy of X-radiation near the top of the atmospherz indicates that the con-
tribution from cascades at all zenith angles must be considered. Also, a one-
dimensional model clearly breaks down at energies of the order of a few

MeV and lower.

T A
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Ii is evident that a three~dimensional calculation of the¢ electron and phaoton
components of the electromagnetic cascade will be required,

Alsmiller (1968) has followed electromagnetic cascades due fo an isotropic
flux of 100 MeV gamma radiation incident at the top of the atmosphere. The shape
of the resulting photon spectrum at d = 5 g‘/cm2 between 0, 01 MeV and a few
MeV showed qualitative agreement with the observed spectrum (Chapman et al.,
1968). However, a discrepancy was found between the relative intensities of

the 511 keV annihilation line in the observed and the predicted photon spectra.

4
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TABLE 1. line enexrgies for radioactive sources. The line energies
and relative intensities have been given by Holt (1967a).

Effective | Effective | Resolution | Resolution

Relative | energy energy | spreading | spreading !
Energy| line Kr Csl Kr Csl
.. Source T}Q (keV) jintensity | (keV) (keV) (keV) (keV) ‘
Co-57 [267d. |14.4
;y
: Ccd-109{470d. | 22,2 1.0 }
35, 0 o1 22.41 22, 38 0.26
87.5 0. 048
Sn-119 |250d. | 24.0 1.0 |
25.3 0.82 24, 66 24, 61 0.3 0.3 %
28.5 0.1 s
Ba-133 |7.2y. | 30.6 0.12
31.0 0.70
25. 0 0 17 31.45 31,44 0.8 0.6
35. 8 0.05
81.0 0. 55
Eu-155 [1.81y.|39.5 | 0.08
42.3 0.12
43,0 0.26
45.0 o 026 (| 430 42.85 1.2
48.7 0.074
50. 0 0.017
86.5 1.0 /
Au-195 [192d. |65.1 0.20
) 66. 8 0. 55
757 0. 20 66.5 67.17 1.7
77.9 0.05
| Bi-207 [304d. |72.8 | 0.38
75.0 1.0 |
24 B 0. 35 14.5 75.85 1.9
87.3 0. 09
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TABLE II, Pulse-heéight analysis, logical requirements
and data recording scheme,

Mode Function Criteria Recorded information
0 CsI analysis | B (20 keV < E = 100 keV) | PHA of B in 64 channels
A (no E >10 keV) indication of C threshold
fired (4 levels)
1 Kr analysis | A (10 keV= E =30 keV) PHA of A in 64 channels
B (noE >20keV)
C ( no E >10 keV)
2 Aand B scaled number of A events
bitrate in preceding 5 sec interval
in 64 channels
scaled number of B events
in preceding 5 sec intexrval
in 64 channels
3 B ax;il gd B (E >100 keV) gurrfberlgg these eizzegqtts
overlo € ( no E > 10 keV) uring msec
' channels
number of these events
C (E > 100 keV) during 100 msec in 64
channels
4 CsI analysis | same as mode 0, but with magnetometer indication
5 Kr analysis same as mode 1, but with magnetometer indication
6 A and B same as mode 2, but with magr.etometer indication
bitrate
7 Timekeeping number of occurrences of

mode 7 (every 12 min) in
64 channels
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TABLE III, Geometric factor and full-width angle at half-maximum
of the effective exposure area,

Scintill, erystal

Proportional counter

with mod, | without mod. |with mod. | without mod.
E~ 25 keV GF (cm’ster) 2.1 2.9 3.0 4,0
FWHM 22° 27.6°
E =~ 75 keV GF (cmZster) (3.0) 3.8
FWHM 27°
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TABLE V, Summary of flight information.

Exporiment
1 3 4 6 7 ] 10 i1
Flight Dato 6 Dec, 66 13 Jan, 66 |27 Apr, 66 | 2 Sept, 66 |18 Nov, #6| 15 Dec, 66 18 Dec, 66 | 15 Jul, 67
Launch plnce1 HAFB HAFD HHAFB NAFB HAYB MILDURA MILDURA | PALEST,
Beginning of ceiling | 1200 1747 1220 1607 1300 0130 0050 1400
coverage (UT)
End of celling 1910 2313 2230 25608 2230 0338 0413 2004
ooverage (UT)
Residual ctmospherlo 2,6-2,8 2,4-2,6 2,7-3.3 2.9 3.0-3,4 3,6-3.1 3,1-3.6 3.2-3.4
depth @/om?)
Rigidity cutoff (GV) 4.9-4,5 4,8-3,2 4,7-3,4 4,9-5,1 4,8-3,4 4,2-4,4 4,3-4,16 4,7-5.5
Planetary magnetic | 0+to 1- loto 0+ |Ooto I- 6 to 9- 3-to4 5403+ 14 toR- 2+ to 4~
index K
P
Detector aymbol 1 1 w p° D E E E
Scamning method2 VERT+MOD | VERT+MOD| VERT+MOD | VERT+MOD| VERT OR+MOD VERT+MOD| VERT+MOD
Datector symbol A w G G
Scanning lriethnt;‘d2 VERT ROTATING ROTATING | ROTATING
Solar flares? 1846 (1-} 1926 (-B) |2116 (-F) 1649 (1-) |1308 (1) | NONE 0136 (1-) 11531 (-N)
2200 (1N) 1758 (1-)  }131C (14 0352 (1-) | 1612 (-N)
1825 (1-) | 1808 (1-) 1801 (~F)
2137 (1-)  |2054 (1-)
2236 (1<)  |2130 (1-)
2306 (1-)  |2201 (1-)
2233 (1-)
Celestial object NGP Cyg XR-1 |Cyg XR=1 NGP NGP Sco X-1 Gal, ¢en. [Tau XR-1
or feature
UT of meridikn 1418 1858 1239 2120 1537 0116 0231 1636
transit
Celestial object Tau XR-1 Cyg XR-1
UT of meridian 2149 2166
transit

ll-lAI-‘B = Holloman AFB, Alamogordo, N, M,, 1~ -105.9°, b = +33,(*; MILDURA, Asstralia, 1 =+142,1°, b = -34,2°%

2

PALEST. =Palestine, Texas, 1 =~95,7°,
VEART = vertical detector, no modulatien, VERT-+MOD = vertical detector with modutation diek and ring.

b =31,7°

OR“MOD = oriented (aligned for due nerth, fixed zenith angle) with modulation diek and ring, ROTATING = rotlting

detector with varying xénith angle,

Detector malfunction, not analyzed.

6
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Universal time of maximum phase is shown. The importance of the flare is shown in purenthesis,
NGP = North galactic pole; Gal, sen. = Galactic cenber,
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TABLE VII, Spectral parameters for the vicinity of the galactic center.
Results of Experiment 10, detector G.

Procedure 1 Procedure 2
Power-law spectrum#* A =85.0 A =187.0
J(E) = A E™ n =261 fg:g n = 2,60£0.92
Q =20.11
Exponential spectrum* A =24 . A =232
J(E) = A exp (-E/n)/E n = 15,0 fﬁg n = 16.0 j:g
Q = 0.043
Full thermal spectruri* A =0.012
J(E) = J% exp(- %)KO(E%) n = 40 fﬁ
[1 + (2 +0. 64 %)E%]% Q = 0.22
*J in units of photons/cmz—sec-keV, e ..rgies in keV.
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TABLE IX. Photon flux from the Coma cluster of galaxies. Balloon-borne
measurements at 25 keV, extrapolated to the top of the atmosphere.

Photon flux
Observation date |photons/ cm2-sec-keV Reference
25 Nov. 1964 <9.4 + 105 Friedman and Byram (1967a)
6 Dec. 1965 (140 = 42) . 107 Experiment 1 (Boldt et al., 1966)
2 Sept. 1966 <72 - 10-4 Experiment 6
18 Nov. 1966 <50 - 107% Experiment 7
13 Feb. 1967 <15 - 107 Lewin et al. (1968a)

*extrapolation from lower-energy rocket measurements assuming a power-law

of index -2.
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TABLE X. Characteristic line energies and relative intengities of

cih 3 kiesnd me ey VIR Bl g TR

Cs, I and Kr.
Material Kal Kaz Kﬁl Kﬁz Average

{energy (keV) 30.970 30.623 34.984¢ 35.819 31,72

relative intensity 100 50 30 8

energy (keV) 28.610 28.315 32.292 33.016 29,297
relative intensity 100 50 30 7.5
{energy (keV) 12.648 12.597 14.112  14.313  12.867
relative intensity 100 50 25 3
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Figure 3— Energy calibration for the proportional counter of de-
tector G. Arrows indicate the lower and upper cutoffs.
The solid line connects the calibration points. The
broken line represents a linear approximation to the
curve,
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Figure 5— Energy calibration for the scintillation crystal
of detector E. Arrows indicate the upper and
lower cutoffs
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Figure 7— Block diagram for the X-ray telescope
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Figure 8- Effective exposure area of the scintillation
cry:*al as a function of the angle from the
detector axis. Solid line: unobstructed de-
tector. Broken line: detector with modula-
~ tion disk and ring
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Figure 12— Observed counting rate in the scintillation
crystal of detector W (22 ~ 60 keV) in exper-
iment 4. The exposure to Cyg XR-1 and to
the Crab Nebula is indicated
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Figure 13— Net photon spectrum of the Crab Nebula (de-
tector A, experiment 4). Diamonds: pro-
portional counter. Crosses: scintillation
crystal. Solid line: measurement by Peter-
son et al. (1968). Broken line: summary by
Gould (1967) |
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Figure 15— Determination of the dominant source declina-

tion based on the counting rate of detector E in
experiment 11. Upper curyve: CsI crystal data,
22 - 60 keV, Lower curve: with simulated data
assuming a source at the position of Tau XR~1
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Figure 17— Superposition of epochs for the CsI crystal
data (22 - 60 keV) for experiment 10 (A) and
experiment 11 (C, E).
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Figure 19— Net photon spectrum of Cyg XR-1 (detector A, ex-
periment 4), Diamonds: proportional counter.
Crosses: Csl crystal. Solid line: measurements
by Bleeker et al. (1967). Broken line: measure~
- ments by Peterson et al. (1968) ‘
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Figure 21— Net energy spectrum of Sco X-1. Diamonds: pro-

portional counter results of experiment 9. Crosses:
Csl crystal results of experiment 9. Solid line:
schematic representation of the results of Peterson
and Jacobson (1966b), 18 June 1965. Broken line:
thermal spectrum for T =5 - 107 °K. Dash-dotted
line: best-fit power-law to the data of Buselli et al.
(1968), 29 February 1968
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| F1gure 21a— The X-ray spectrum of Sco X-1. Crosses: this

experiment (15 Dec. 1966). Double-bar crosses:

Lewin et al. (1967) (13 Feb. 1967). Curve 1:

Chodil et al. (1968) (2 Sept. 1967). Curve 2:
Gorenstein et al. (1968) (11 Oct. 1966). Curve 3:
bremsstrahlung from isovelocity plasma. Curve 4:

. bremsstrahlung from isovelocity plasma with

higher lavel of ionization.
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Figure 22— Trajectory of the axis of detector G on the celestial
sphere during experiment 10. Six passes from
galactic north and 6 passes from galactic south are
drawn. Some relevant sources of low-energy X-
radiation are shown
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Figure 23— Superposition of epochs for 6 passes from galactic
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side) during experiment 10. The azimuth angles of
Sgr XR-1 and Sco X-1 are indicated. Upper curves:
CsI crystal, 22 - 60 keV. Lower curves: propor-
tional counter, 12 - 28 keV.
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Figure 29— Superposition of epochs phased in azimuth angle relative
to the direction of the north galactic pole (experiment 6).
Top curve: Csl crystal, 22 - 60 keV. Middle curve:
proporti¢omal counter, 12 - 28 keV. Bottom curve: ex-
posure io a point source at the position of the north
galactic pole

170




bt o e SRS, N asEt

I33unod Teuonxodoxd :sxeq oiqno ‘Telshio
IsO :saeqoydulg (g jusrizedxa) atod orjoeres Yraou 9yjy
Jo Ayuio1A s13 woay xnfy uojoyd oy) 0 sTeuBis Suyrwi-og —og eanSiy

(A=) A9¥IN3

| 08 0z 09 05 or 0c 0z ol 0
| ) _ _ _ _ _ [ ] ]°
B . * } % J. % .P : * i “1
: - ’ 2| .I»I. 4 »4 - g0l « 1 m
4 - e— N
ﬂ 7
b - ~N
— p \ﬂlu.l
p— =0l « 2 N
— - Q—.
. - o -
1 [N
p— ol _~ 1
[
- o s 1, .,.3
. e AV—v m — m.o— . m
‘ - () oe ¢ -
L _ — _ _ — i—r _ - Av




e A R e AR T T o s o ey

- s e e e s . e T e o S T S T g T et e e AR e

soul] uaoxq Aq pojeoIput oxe s[eudis Suyruif-og “‘otod ongoered

Y3I0U 9Y3 JO UOTIO9IIP 9} J& 90anos jurod & 07 aansodxa :9AINd wropog

"ASY 8% - 3Z :9AINO SIPPIN A9 82 — ZT :0Aamo doy, °) juowrizadxo Uy
JI93umo0d jeuollrodoxd ay3 Jo aryoxd ajex Suijunoo padaII0d owI)-pea(g —1g 9andiLy

(SYNOH) IWIL TVYSYIAINN

| T
N 1 1 I § I | 1 ) | ! >
- F]
(-}
- - =
— w
NSO4X3 - z -
- m
< . L
A ANNOYONOVE | 00E o
Lo 4 _ :
T 1%
Fo— - ==t~ poy -2z — o
3 o¢ | -400z Q
- ~Joost Z
p— s
- 1. .3
~Jooz1 S
=) - 2
4
_ — o061 *
- — 001z
| | 7] |
00€Z




U9AL3 OS[e 9a® T Judwlredxso Jo SJUNOO “
JoU poAIasqo YL ‘(1 juowrtandxs) ajod 0130B[ES YlLIOU 9Y3
'Jo AJUIOTA 9Y) Woy xn[y uojoyd 9y} 03 sTeusSls SuNIWi[-0¢ —g¢ 9andig
i
(A®1) AD¥INT
0s or ot (174 ol 0
T T w
N { | | .. ox1- |
p— . —
= ]
- - —— |
F . —Jo 9 b
ﬁ L - Z
p— - u
- —1 o Y v
- et b - 3
o lﬁl ] M.w '
- 1
N - -3
e Ll P ﬂlo_. X —, M
— - —t—t -
- 9961 *AON 8l ‘of _». —— ]
” G961 °D23A 9 1 -
_ 3104 DI1DVIVO ]
| HLYION 3HL 3O ALINIDIA =
B JHL WOJ¥4 XN1d4 13N -
- i i | - 1 ] e-0l X2




00z

PQONUEY “[I1YOINYD 34 ‘,uio/8 | 03 pajerodeaixe ‘(gagT)
19q9PM PaE o[pody :spuowielq ‘( 'S ‘S[[ed XnoIg ‘FH0/3¢g
‘(196T) ureysunag :sessoxy uumy ‘STIed [euolyeurajuy

nmﬁo\w ¥ ‘(996T) masunag pue oun) :saeg -axaydsowre ayj Jo

doj ayj aeou winxjoads 010919 A319ua-MO] 9y JO sjuoWaINSBIW —g¢ 9and1 g

(ASW) A9¥IN3
00l 05 0z ol S r4 1 S0 Z0 1'0 SO0

20°0

10°0

Ty T 11 LLLLE B [T T T 0 MITT 7T 1

<
<
A

Pr——

Pm——

hoee b 4 beee by g Litad | ISR

_

z0l

—1 0t

60l

(ASW=1is- 285~ yu /suoydaje) X174 NOULDTTI

174




W B R T e S

< g T, CR S A R R ,3; . P

T T .«

(9961 ‘euriop) Leosp uold UIOI} SUCIIOSTT

xnyy uojoyd Lxewrad oY) 03 onp SUOIJOI[9030UJ

xn[3 uojoyd orxsydsourje 91 0} anp SUOIFOI[90I0YJ
xnfy uojoyd Arewrrxd oY} 0} 9np SUOIJPOIO I18d

xnyy uojoyd orreydsowije 9y 03 anp SUOIIO9TS ITed
xnfy wojoyd Axeurtd 9Yj 03 enp suoxjoare uopduion)
xnyy uojoyd orxaydsourie ayj o3 anp suog}oa[e uoduwon
79 /8 T 1B SUOAJOS[® UWO-O0UIf

“

ol O e~ o

*ASI 009 = 27 1e wo/3 Jad SUOIPID JO UOIIONPOIT —Fg 9INSLI

(4

(ASW) A9¥IN3
00l S (174 ol S z L G0 Z0o 10 600

20°0

100

2-01

i —.O_.

I

Q
[=]
r—

D

-
(=4
—

|
N

o

—

( zWo/B = ABW = 1845 - 095 - zW3/suonosa)

|
(t]
o
—

1]

XN1d NOILONANYd NOILOI13

175

i



- - i

LS 0% = °F ‘ZW0/3 ¥ = p 38 (996T) 2[Po9d JO JUOWSINSBIW

9U} 03 Y i€ 9AIND “ASI 009€ = °F ‘,W0/8 § = P I0J UOIFR[NOTEO

:Z BAIND “ASIN 0Z = om .Nﬁo\w ¥ = P J0J UOTIBINOTBD : T 2AIN)

(AW 007 = %7 ‘,u0/3 G G =P ‘L96T) UIOISUNIG :S9SSOID

"(ASIN 00% = °F ‘zwo/8 3 =D ‘996T) UIAISUNIG Pur oUI[) :Sieg
"oxzqdsowrje 9y3 30 doi 8yl areu wnrjoads wNxqIImbs WoX0TH —Ge 9anSiy

(AW) AO¥IN3

ol S 4 0L 50 0 1’0 50°0 2000 10°0
TTT T 1T T T 1 [TTTT T T T 1 [TTTT T T T 1 WOt
— — 0!
o =
— A v
-
P
4,00
z
ey
—f r
o
x
4 =
]
— NO—. m -
_ N
3
[
.
— 8
- 2]
«
—{ Ol &
i
94 3
=
—| 401

¢ol

T T e oy Lo g




2

S

ATMOSPHERIC X -RAY SPECTRUM 4
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C (1) PETERSON et al, E, = 3600 MeV, 3.5 g/cm?
= (2) CALCULATED, E, = 400 MeV, 4 g /cm?
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Figure 36— The atmospheric X-ray spectrum. Curve 1: Peterson
et al. (1967a), E, = 3600 MeV, d = 3.5 g/cm2. Curve 2: ;
calculated for E; =400 MeV, d =4 g/cm”. Curve 3: g
calculated for E, = 3600 MeV, d =4 g/ cmzﬁ
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