
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



_. s



0 1000W.

,_ b

t 1

AN X-RAY SURVEY OF THE SKY FROM BALLOON ALTITUDES*

by

Wnter Rudolf Riegler

January 1969

Dissertation submitted to the Faculty of the Graduate School
of the University of Maryland in partial fulfi 'l;lment

of the requirements for the degree of
Doctor of ,Philosophy

1^69

*This' research was supported by the National Leronautics and Space
Administration Grant NGL-21 -002-033.

F:

f	 n•'

a

t?

Utz- A



l

i

E

ABSTRACT

Title of Thesis; An X-Ray Survey of the Sky from Balloon Altitudes

Gunter R, Riegler, Doctor of Philosophy, 1969
IP

Thesis directed by: Frank B. McDonald, Visiting Professor

1
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/cm 2 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

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

the observed secondary background. The correct prediction of theg eomagnetic-

latitude effect is show:i 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

r'	

r

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

+0.13
index of n 1.93	 A comparison with the results of measurements by-0.09

other experimenters at lower and higher energies indicates that the X-ray spec-

	

	 a
e

trum of Tau XR-1 is a power-law of index n 2.0 at energies between 2 and

400 keV.
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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 observations were made of the source Cyg XR-1, which has been

reported by other observers to have variable i.rtctensity. 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-source bremsstrahlung from a

plasma at a temperature of approximately 5 • 10  °K. However, the photon

#Lux 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. Subsequent experiments by other

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



F

y

Three observations of the vicinity of the north galactic pole brought

contradictory resultti. 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 north galactic pole. Subsequent observations failed to detect a similar

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

the north galactic pole.
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	 1 '(

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
;, r

than 12 orders of magnitude. Observations of the diffuse cosmic photon back-
1

	
E

ground have been carried out over a total energy 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 co'Anted and energy-

analyzed; however, unlike charged particles, X-rays trw7erse 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

arrasa+Aac+ in+arnc+-



(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 109x, H '158x, and He 158a.

A hyperfine transition in the ground level of neutral hydrogen gives rise to the

21 cm line. Radio observation's 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 10 7 ° K.

2

a

PThe 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
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emission spectrum of a Maxwellian gas of the type described above has recom-

bination edges at energies up to J.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 HIl regions 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 a^.;iplitude 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. 11

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

netic bremsstrahlung is caused by the interaction of charged particles with
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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 import2nt 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.
Y

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."
4

{4

The single observation that is perhaps most intimately correlated with
1

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	 x

(Hoyle, 1965; Gould, 1965a; Felten and Morrison, 1966a) that this diffuse X-ray	 j

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

-_-..
Y

Iii
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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 H 1 , 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 parr

annihilation or 7' o -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 	 M

The r-process of nuclear synthesis (Burbidge et al.. 1957) produces	 i

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 	 rn the optical

x:
i
i
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and X-ray emission of the Crab Nebula. On the other hand, a thin-source

thermal spectru11 at a temperature of 5-10 7  o   can explain. some of the obser-

vations of Sco X-1 (see Chodil at ail. , 196,S). in this case the luminosity ratio

2
becomes approximately 10",

`l'he attenuation length in air for photons of 30 R tW energy is 3 g/cm2,

which makes it necessary to conduct measurements of cosmic X-radiation near

the tol) of the atmospliere. At 3 keV the attenuation length is reduced to
9

0.00 g cm- so that cosmic X-ray's of this energy cannot l)e measured at

balloon altitudes. The first evidence for the arrival of 1-radiation from beyond

the Solar system was obtained in June 1962 (C;iacconi at al. , 1962), Nvith a set

of reelect-l,)orne uncollimated Geiger counters which were sensitive to X-rays

from 2 to 8 A. `Phe experimental objective was the detection of fluorescence

radiation produced oil the surface of the moon by solar X-radiation; instead,

radiation from a direction near the galactic center « vas observed. The existence

of this source in the constellation Scorpius was later verified (Gursky at al. ,

196:3; Bowyer at al.. 1964a). In addition, these later flight records indicated

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

In July 196.1 a rocket measurement was performed at the moment when

the moon occulted the central region of the Crab Nebula (Bowyer et al. , 1964h).

This experiment demonstrated that the Crab Nebula was the source of the

X-radiation from Taurus. Tile angular width of the X-ray source was deter-

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

argument against the neutron-star h3j)othesis for the source Tau XR-1. Another
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resuiL f these rocket ex 	 was the evidence for the existence, of a

diffuse cosmic X-ray backgrowld. This cosmic background flux is roughly

isotropic (Grader et al. , 1966), and has been measured at energies up to
1*

approximately 1 MeV (Metzger e1. al . , 1964),

Tile first X-ray astronomy experiments used small-area detectors with
M

poor angular resolution. In subsequent observations the effective detector

area was increased and the angular resolution and rocket painting accuracy

were improved. It became possible to resolve the X-radiation from the con-

stellations Cygnus, Sagittarius, and Scorpius into' discrete X- vay sources.

Early in 1967, a list of 30 cosmic X-ray sources was published by Friedman

et al. (196710, but the typical uncertainty in the source position was still of the

order of a few degrees. Independent surveys by other groups (iGursky et al.

1967; Fisher et al. , 1968; Bradt et al. , 1968a) showed only partial agreement

with the source locations given by Friedman et al. (19671)). At present 22

cosmic X-ray sources (Webber, 1968) have been confirmed by various rocket 	
J

experiments.	 I

Very few of these 22 sources of X-radiation-have been identified with

celestial objects. ,Almost 2 years after the identification of Tau XR-1, an
I

inge ___;_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 for the correspond- y

ing optical object was guided by an extrapolation of the observed X-ray spectrum
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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., 1967b).

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

exleriments since ,ire statistical significance of the observed high-energy

photon flux is reduced 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 air restricts experiments at balloon

altitudes to energies above approximately 15 keV. Ii 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 generated  and further restricts the

smallest photon flux that can be measured with a given field of view. The great

advantage of balloon observations lies in the possibility of long exposure times

to cosmic X-ray sources. Exposure times of a few hours are feasible, in

i`

Y
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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. Detectors 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

a

channels for the pulse-height analysis.

Various sectors of the northern and southern slay 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
3
i

galactic center was studied because the detection of soft X-rays from several

sources suggested that a flux of high-energy radiation might be observable.

In the absence of discrete sources, anisotrophy of the diffuse radiation in the

direction of the galactic center seemed to be physically possible.
f 1

.x
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Some of the more prominent production mechanisms for X-radiation will

be reviewed in the following chapter. Chapter 3, "Detectors, " contains a

description of the proportional and scintillation detectors as well as the

s
properties of the shield and the methods of data handling. In chapter N,

?? Summary of Experiments, 1 ' we discuss relevant information for all balloon

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 related to the production of X-radiation at balloon

altitudes is given in appendix B.



CHAPTER II

X-RAY PRODUCTION MECHANISMS
i
a

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
m

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^ on 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 III 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

1L..,...43 .« ..1 ..«.. a....... Ate. ..^ «_4 	 :7-1G—.. LL.	 'r".t .._
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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 of

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

the synchrotron mechanism. An electron of energy E  = '/M c2 , moving in a

magnetic field H emits a synchrotron emission spectrum which has a maximum at

Em = 1.16 . 10-8 H1 To = 4.47 • 10-20 H E 2	 (1)
L e

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

Gauss, and Hl = H .cos 9 is the strength, of the magnetic field perpendicular to

the electron orbit (Hayakawa et al., 1964a).
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The synchrotron spectrum is usually approximated by a delta function

spectrum at E m . The power radiated by an electron of energy E  is

P (E, E e ) = 0.98 • 10-3 H2 (Ee / mc2) 2 6(E-E
m

  ) ,	 (2)

where P is in units of eV/sec. If the electron spectrum can be described by a

power-law of the form

N(Ee) dEe = K Eer dEe , (3)

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

field becomes

I (E) = 
1 

ff P(E, E) N(E ) dE dSE = A • Ki (r) E -T- H . r±4	
1- , (4)

s	 ^r	 e	 e	 e 
r

where A is a constant and K1 is a function of the spectral index r. The emitted
j [

photon spectrum is a power-law in energy with an index that is related to the

index of the electron spectrum.

In the presenceof a random magnetic field, equation 4 is still applicable,

provided K1 (r) is replaced by a slightly different function of r, and Hi is re-

placed by IHI (Ginzburg and ayrovatsk i, 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	 f
a

2	
5T = 0. 513 10	 O

9 mc2 (sec)

EeHl

1

	

(Hayakawa et al. , 1964a). For example, an electron of energy E e = 2.7 101 'l 	?
f

-	 ?

eV will originally produce radiation at Em = 30 keV in a field of H1 3 10 4
t

i
Gauss:, Such an electron has a lifetime of 10 sec 3 years. 	 '

.
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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

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 Compton Scattering

We consider an -electron of total energy E  = 'Y m c 2, 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 t of the electron, where the outgoing photon angle

is a  and the electron scattering angle is 0 1 . In this rest frame the interaction

is just the stan(la-rd Compton scattering. After transformation back to the frame

S, one obtains the energy E 1 of the scattered photon (Felten and Morrison, 1966a;

E _72 E('1+a cos a ) (1-P cos a')	 61 1 + (y /mc2) (1 + Q cos a) (1 - cox 9')

As long as the photon energy is small, 'YE<<m c2, in the rest frame of the

electron, equation 6 can be approximated by

E 1 -_ 7 2E	 (7)

In this case classical Thomson scattering prevails in the electron rest frame.

y

M
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The power scattered by one electron moving through a photon distribution of

energy density p (in eV/cm3) is

P	 cThomson eP = 2.10 14 'Y 2p ,
C (0y ' P) ^1	 E	 (8)

where P is measured in eV/sec. For an isotropic distribution of photons,
C

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-

t	 mate the spectral power dPc/dE (E, 'Y, p) by a delta function at a characteristi

energy Ec

dPc (E r  Y , p) P (y, p) 6 (E-Ec)	
(g)

dE

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

<E> = a K T ,	 (10)

where a 2.7. The characteristic energy of the emitted photons becomes

Ec 3 y2 a kT	 (11)

(Ginzburg and Syrovatskii, 1964). With a power-law energy spectrum for the

electron,	 h

-EN(Ee) dEe = Ko Ee dEe 	( 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:

oo
I (E) 

j dI? (
E, E p) N(E ) dE = PC ('YE' ) N(E	 (13)c	 o dE	 e	 e	 e 2 .

3 
. Y a kT

i	 +

where 7  is given by (equation, ].1)

T =
	 3	 E^ -,	 (14)

—r--E	 4 akT

^r
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We finally have a power-law photon spe ctrum with the same index as the

synchrotron spectrum

Ic (E) 10-4 P Ne14 1 2 T 2 E 2	 (15) a
k

t

The Compton-synchrotron process. A magnetic field and high-energy

electrons in the presence of photons having, for example, a black-body

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, E c . When equations 1 and 11 are solved for Y,

we obtain

Ec =1.15. 108a H Em	 (16)

where Eb , Ems, and kT are measured in units of eV, H is in Gauss, and a= 2.7.

For most astrophysical applications ;, the ratio Ecf Em is very large compared

to one. 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-r

3 H . 1.8 . 10^ T2	 (17)
Ic	 P-_ 2 81r ^	 H

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

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

distribution of electrons in the galactic halo produces both the synchrotron-

radiation background observed at radio wavelengths and the X- and gamma-ray

background via the Compton process. However, detailed calculations (Felten
Y
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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

r

^t

by the electron distribution that produced the observed radio spectrum via ,the

syr;chrotron 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 ni.

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
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nonrelativ stir Born approximation including the Sommerfeld factor. The

Sommerfeld factor can be set equal to 1 if

137P
« 1 and 271 << 1 ,	 (19)

where Q and al 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-l$ yields

the Gaunt factor for any value of h v/kT;

` ,,/3	 ((hv	 by
g (hv, kT) °	 Ko 12kT exp 2kT^ '	 (20)

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

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

7' [ In 4hT -0.577 1 exp !	 " for by << kT^
T

g(h v, M_	 (21)

,FNC
2kT = 0.977	 T for by >> M

	

2 by	 by

Equation 21 'shows that the limiting value of the Gaunt factor for Z = 1 and for	
JJ

large photorr energies is not equal to one, but is approximately equal to VkTlhv. t

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. If the electron gas contains a wide range of kinetic

temperatures, then the main contribution to the overall spectrum of the brems

strahlung curve for a temperature T comes from energies around M Both
4

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

bremsstrahlung spectrum.
t
t
t

M
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For photon energies above 10 keV which are comparable to or greater

than kT, the cr)ntribution 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 mc 2AT. Maxon and Corman (1967) have calculated electron-electron

bremsstrahlung from a Manveilian 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

B (!Lv ) _ (2 + 0. 64 h v ) k 2	 for h v ? kT ;::e10 keV. 	 (22)

For example, in a loot Z = 1 gas at kT -= 10 keV, the electron-electron contribution

is 7% of the electron-ion emission at a photon energy of by = 25 keV. The dif-

ferential bremsstrahlung spectrum for Z = 1 is therefore best represented in the

energy region considered sere by a function of the form

Ph v, kT) = A	 r-,"x, -	 Kby	 by
(	 ^ r ( 2kT o \ 2kT

Cl+ ((2 +0.64kT kTmc by

This equation will be used later in the data analysis.

(23/
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THE DETECTORS

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 detected 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 output pulses

of the CsI crystal and the plastic guard counter are distinguished by their
i

r

j	

rise times. The proportional counter- is aLc,. connected i n aiiti%o itcidence

with the scintillators. The plastic cup is the innermost part of a three-Element

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

B. The, Proportional Counter

The X-ray transmission of a layer of air with d p x = 3 g /cm2 exceeds

0.01 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 U. 0188 g/cm2	{,

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

1
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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 em 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 9, 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 (FWHAl) 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-,4" lye the energy calibration of the proportional and scintillation

counters are listed in Table I. The relative line intensities 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

I 

L
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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

point 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 (solid line) and the linear (broken

line) energy calibration curves. The half-width energy intervals at half

maximum for the main and the escape pezk are 4.3 and.3.603 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 charnels 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
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energy resolution at half maximum can be represented by

DE= V19+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 formed by an incident photon, and (b) the subsequent multi-

placation process, both of which are subject to statistics on finite numbers.

The multiplication factor of our counters is of the order of 104 for 2000'V

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 responsible 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, 71 (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

i
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simple analytical way of calculating q for the proportional counter because the
4

calculation would have to take full account of the detector configuration. 	 We can
f`

estimate the value of the escape factor in the following manner. 	 The K-shell
r

fluorescence yield for krypton is 	 flK = 0.66 (Bergstrom and Nordling, 1965;
CF

Fink et al., 1966).	 The probability of creating a K-shell vacancy is taken to be

(Grodstein, 1957)
1

a	 0.86K=	 3	 1 3	
' =	 .	

(25)+(2)	 + {3)

The product aK PK 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

77	 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 4,I

reasonable precision in the determination of 77. 	 Observations of the primary

and escape peaks in the response to Sn-119 m in different proportional counters r

resulted in escape factors of

=0.50-0.52."
,

C.	 The CsI(T1) Scintillation Crystal

When the present series of experiments began, two alkali halide scintl- r

`	 lators were in general use:	 NaI(TI) 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(TI) (Aitken, 1968), and a rise time of 1.8 µsec compared with approxi-

mately 1 µsec for NaI(T1). CsI(T1) is therefore more useful for the Phoswitch

technique of pulse-shape 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, CsI. " 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
_I

half-width at half maximum for the 86.5 keV line of Eu-155 is 14. 5 keV; the l

upper half of the response is distorted by the high-energy cutoff. This value
Y

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. w

t
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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 ke`r.

The calculation of the escape factor 7 is discussed in appendix A. A

graphical representation of -1 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 ll events

occur in the proportional counter; II B' I events are pulses originating in the

CsI 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 into a voltage signal by a charge-sensitive amplifier. If this signal

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

recorded'as a mode 1 event, provided all other requirements (Table II) are met
t

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 III).

2. CsI scintillation crystal events (B counts). Signals from either or
4

both the CsI crystal and the plastic scintillator can be received in the

-	 _ ^ ^;.,-._,. _	 _	 . , ._ _..^ _ _	 ^	 -	 ^	 LL^ __. -	 = _
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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 5 E s 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. Ties information is read out during the mode 3 readout sequence.

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 arise-time between 0.5 and 1.8 µsec 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

f
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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, a 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 housekeeping information. The data recorded in mode 4,

5, and 6 are identical to ttos_^,a i_n mF4,e 0, 1, and 2, respectively. The only

difference is an additional mark which is added in the third of the three mode-

0 1	 2symbol tracks on the recording,'tape with binary values of 2, 2, and 2.
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e

.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.

f

E. Interaction Between the Proportional Counter and the Scintillation Crystal	 s

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 (sectionIII B) of krypton can escape
x:

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, 	 r

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, f. e. approximately 1 keV equivalent photon energy in the

proportional counter.

In order to obtain an estimate of the relative probability E of this inter-

action, we multiply the escape factor of the proportional counter by the proba-

bility of escape into the CsI crystal. The latter will be of the order of the solid	
i
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angle S2CsI of the CsI crystal seen from the center of the proportional counter,

divided by 47r:

UCSI	 (28)

	

K, Kr	 4 it

The escape peak will be shifted by an amount of energy AE ; :zs 1 keV, where AE

is subject to resolution spreading. For E 25 keV, the probability c is

	

e = 0. 52 ' 4	 0.13	 (29)

(b) The K fluorescence radiation of CA 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 crystal 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
w

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
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resp (E) is the attenuated source photon flue 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 resole lon 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

00

GF = <AQ> = 2v	 Ao (0) a (0) sin g d9
	

(31)
0

where A ( e) is. the detector area for a parallel beam of photons incident on the

r detector without modulation. The cut-off angle Bo is defined by the collimator

geometry. The factor a (0) accounts for other modulation effects, notably the

ring and disk placed in front of the X-ray telescope.

Figure 8 shows the effective exposure area A (0) of the scintillation

crystal as a function of the angle 0 from the detector axis. This quantity was

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

pared to the detector and collimator dimensions and at various angles 0. The
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observed counting rate was multiplied by a normalization factor to give the

calculated value ,at zero angle

A ( E == 0 1) = r o = 20 em2.

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 :x

detector geometry. The broken line shows A (0) for the detector with modu-

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 VIII.

The geometric factor is then simply calculated by evaluating the integral

GF = 27r fA  (0) sin 8 d 0
	

(33)
0

The curves in Figure 8 were obtained vr`̀ th 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. Edgy 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-

sentedin Table. III for the proportional and scintillation counters with and without

modulation. 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 m parentheses.
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The definition of the geometric factor for the proportional counter is

analogous to that of the scintillation crystal, but now the detector is not thin
x.

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 o 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

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 CH1.2 ) 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 within the range of interest A t ^, I00 keV) turd above. A

suitable parameter is the transfer function tart' cs' Ii"^ F,2) for the CsI crystal.

It is defined as the effective geometric factor of the OsI crystal (with

k
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dimensions cm  ster) for photons of energy E > E 2 which deposit an energy E'

in Ce 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 2 and define the transfer function TF (E, E 1 , E 2) as the ef-

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

E2. The quantity consists of two components: a contribution from photons E

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

traverse the shield before interacting in the crystal, TFs:

TF ap (E, E1 , E2 ) = ff F (a, E, E1, E2 )dO,	 (34)

Aperture

TF (E , E 1 , E2) = f	 F (a, E , El f E2)

Shield	 (35)

exp I- (Zx pi (E)/sin a, • 27rd (cos d)

The definition of F (a, E, E 1 , E2) is similar to tlae definition of TF (E, E1 , E2),

except that it refers to photons which are incident at an angle a from the

detector axis. The de pth of the i-th layer of the shield .s xi , and µL (E) is the

total absorption coefficient of this layer material.

We will now consider the experimental evaluation of the transfer function

TF. For this purpose we cannot make use of equations 34 and 35 in their

present form. We define re ap (E, El , E2) as the probability that a photon of

f

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

deposits an amount of energy E between EZ and E 2. The definition of 7 is

similar: a photon of energy E, =that would interact in the crystal in the

 ` s
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absence of a shield, must traverse the shield and deposit energy between E1

and E 2 in the crystal.

71 ap and 7s 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 rl s; we measure the counting rate at energies between

E1 and E2 . The ratio of the latter to the former rate is re ap and q s in

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

given by

TF	 (E,(E, E 1 , E2;	
dap 

(E, E1 , EZ) < F n >ap	 ( 1 exp (- µ.(E) xo)1(36)

	

and T F s (E, E 1, E2)	 s(E, E1 , E2) <FSZ>s (1 - exp (-µ(E) <x> 6 ) , (37)

where x  is the crystal thickness and < F 0 > ap = 3- cm2ster (section III F). For

an isotropic photon distribution we have

< F n>	 f F cos a 27r d cos a= 2 7r F	 < F n>	 (38)

	

J O	 O	 s

	

1	 R
fA cos a -= 2 7r d cos a

J	 cos a

and <X> _	 =2xo ^ <x >s1 i
A cos a - 2 7r d cos a }

-f1
Experiments verified that q (E, E 1, E2) is a weak function in a, and q s was

therefore assumed tO be constant.

Figure 9 shows the total transfer function TF

T' (E, E 1 2 E) = TF (E, E E ) + TF (E, E^ , E)	 (40) It2	 ap	 1 2	 s	 2

7
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for E 1 = 20 keV and E 2 = 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 Meer of Co-60).

We can use the transfer function TF and the geometric factor GF	 t

(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) at d = 3. 5 g/cm2 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 depth, of d = 3.0 g /cm2. The counting

rate at this depth caused by the atmospheric and detector-generated background

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

without modulation 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

rays with energies above 60 keV. Therefore, the remainder,

0.2 counts/see, are generated in the telescope by other effects, e.g.,
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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

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

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

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 €t keV are represented by single bars. The measurements

were taken by detector E dur;ng Experiment 10 (chapter IV).

In order to find the contribution of the attenuated cosmic diffuse X-ray

y
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f
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background to the counting rate at ceiling altitude, it is necessary to extrapolate

the transition curve to that altitude. Such an extrapolation predicts 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.T 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

z

4

t.
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I (p) = a b exp (-p/c)	 (41)

(Anderson, 1961; Brini et al., 1965a),

I (p) = a + b p	 (42)

(Peterson, 1967b), and

I (p) = a p 	 (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) - c exp (-p/d) ,	 (44)

(Ghielmetti et al., 1964b),

where b represents the absorption length, of the order of 160 g/cm2 , and d is

the mean interaction length, of the order of 86 g/cm 2 . The observed atmos-

pheric transition curves for X-radiation can be fitted by functions of the same

type. By means of computer calculations, least-square fits for the parameters

a, b, c, 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

f	 eriment 10 detector E can b b st da sc "b d b_ o ^^xp	 .,	 ,	 e e	 r^, e	 y

I (p) a 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 profiles, 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.
p

1
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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/cm 2 , to that extrapolated to ceiling altitude, e. g. , at 3 g/cm2,

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

undergone Compi.on 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 placed on the extrapolation or on

the results derived from this procedure.

t
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Table IV lists the extrapolated and the observed counting rates at ceiling

altitude (in counts/sec-cm2-ster) for various detectors and several exper iments.

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

J (E) = 10 E -1. 5
	

for E < 23 keV
(40)

and J (E) = 100 E-2.23 
for E >_ 23 keV ,

where J is the photon flux in units of photons /cm2-sec-ster-keV and E is

measured in keV. Appropriate adjustments for absorption above the detector

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 Rd was 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 __et counting rate was

}f
i
i
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adjusted to a common atmospheric depth of 3.0 g/cm2 and was divided by the

geometry factor GF (section III F). Figure 10 shows the net adjusted event rates

(in counts/cm 2-sec-ster) for the scintillation crystal,

r _ (Robs Rd) / GF = a + D/GF ,	 (47)

Ok

V,

caused by the atmospheric (a) and the detector background (D/GF), as a fiuiction

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

10, 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

rate r . GF = Robs Rd, 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 setk of data points shown in Figure 10 and the _resulting

background-versus-rigidity curves.

The corresponding curve for the proportional counter could not be

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.

.	 w
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The shape of the curve of background versus, rigidit^r shown in Figure 10

can be expected for any observation which is related to the charged-particle

flux in the earths magnetic field. A comparison of the latitude dependence of

the X-ray flux at ceiling attitude 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 snake 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 chronokogical

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 H
P 

indices are also presented to indicate geomagnetic activity during the

period of ceiling coverage. The names of the detectors that were flown in each 	 ^A:

experiment together with the scanning method that was used for each detector

are also listed. The 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.
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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 (Tablev).

A vertical detector experiment, with or without modulation assembly (see 	 V

section III T), 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 scheme changes the effective latitude of the

detector by tilting it to a certain fixed zenith angle. A band of the sky cars be

scanned by the meridian transit method; this band is then centered at the

J

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 meridianand 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

,xr
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alignment of the detector axis and the modulation assembly is very important

in this detection scheme.

The -rotates 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 III D) whenever the magnetometer senses the direction of magnetic

east or magnetic w::°t; another pulse is generated when the detector points

toward north. These three marks provide the directional information necessary

for tine 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.

i



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 channel 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

airMi _ exp [- µair (Ei) • dl	 (48)

air	 JJand	 M..	 0	 if i ;A- j

4

r

where pair 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 equal to zero.

46
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The matrix MT,sc 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 different. The probability of escape is assumed to be

described by q (E) (sections III B and III C and appendix A). For simplicity we

combine all the characteristic line energies into one line energy E K, i. e.

EK = 12. G keV for the proportional counter and EK = 30. 0 keV for the C,sI

crystal. If the subscript i denotes the rows of a matrix and j denotes the columns,

then MEse is described by

MEsc 
= 1-71(E))

EscM 	 ^ 71 (E.) if E. _ (Ei + Ek ) ,	 (49)
J	 J	 J

and	 MEse	 0 if E. (E. + Ek ) .	
1

ij	 J	 1	 f	 ^I

M -ResThe resolution matrix M " is not symmetric, but each row is symmetric z
with respect to the element of this row which lies along the diagonal of the

t
matrix. The resolution is assumed to follow a Gaussian distribution with 	 1

 ^	 I
standard deviation a• (E). The matrix Mlles is defined as	 fl

2Mlle	 1/2	 (50)s T

	

F2 7r exp -	 EE	
1E1	 7	 [	 Q	 )	 ]	 or (I

	

J	 F

The detector efficiency is described by a diagonal matrix MEff

MEff _ 1 - exp [ 0. 0138 p (E.)]
xi	 Kr a	 (81)

Effand	 M 	 - 0 if i ^ j
11	 i



(54)V 	 V 

VE
n

V  (E2)

VE(En).

i
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MEff _ E (E.)
ii	 i

Eff
and	 M.	 - 0 if i o jj

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

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

The relation between the source vector and that for the expected cozwting-

rate spectral function V J is

V  = MEff MRes 
MEse (M

Kr) A'-Be .... MAir . ,VS _
(53)

Mtotal , ,VS

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

rate distribution as a function of the channel number is

VE	 r VE(EI11

(52)

,z
,x

This spectrum is now compared with the experimentally observed spectrum Vo

	

which is the distribution of observed counting rate versus the channel number is 	 }
^r

	

VO	 V0 (E)
1

	

V0 _ [Vol
 - V0 (E)	 (55)

	

2	
_	

2	 '

	

O	 ,O

	

V	 V (En)

We might also take a different approach and invert the matrices MEff

MRes etc., in order to find an expected source vector. A numerical

,. i	 .... a. ^..._.,,	 ,_ •",:...:sa.,r ..... ;..:,.	 ._®. nom, gm-r:e a	 t.. ..,...:. . 1. _:._ _,..,.,.^-assmzc__. 	 ,: 	 _.
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^Tapplication of this method was investigated with the help of fast, large-core

computers, but the results were disappointing, and the method was dropped.

The iiiain reason for this failure seems to be that a larger interval in energy is

required for the matrix-inversion analysis. In this study, only 0.5 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 V  and V , 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,
ko	 E12

i	 Jf'	 E	
Vi	 (56)

i	 < VE >
i

In our experiments, the observed spectrum V0 is always found by sub-

tracting a background spectrum S  from another spectrum. S B+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 channel i is

<V0> = SB + SB+S
i	 x	 1

The "expected" variance < VEi > 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 ,:V E > in 56 by < V? >, giving

O E 2

f _ = El
1 i Vi ]	 (58)

<V i >i

(57)

{

''	 M
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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 N 30 the "chi-

square distribution" is used:

t N-1
2

aP (N)	 N
2
 (59)

27r( 2

Pearson's chi-square test then consists of evaluating a normalized least-squares

sum according to equation 53 and of computing the probability Q of exceeding

this value upon repetition of the experiment

Q(f IN) = f d (N) dt,
f

where N is again the number of degrees of freedom. This function Q has been

extensively tabulated (Abramowitz and Stegun, 1.964). An approximation is

available as a subroutine in the IBM system/360 Scientific Subroutine Package.

In the practical analysis a given set of data V^ was compared with

several "expected" data sets V F, Each set VE, for a given spectra], function and

a particular set of two parameters, was obtained in the manner described above.

One parameters 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 f0. The cor-

responding probability Q therefore has the maximum possible value for the

(60)

ji
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given data set and the functional form fined to it, The appropriate parameters

will be called A0 and n0 , From the computation of f for varying A and n we

obtain two functions,

A - A(fn)
(61)

and	 n = n (f, A)

We must now define the statistical errors of the "best" parameters A 0

and n0 . The mean value of a variable t which follows the chi-square distribu-

tion  (59) is t  = N. The variance for this distribution is equal to 2N (Abramo-

witz and Stegun, 1964, see below). We adopt

or = 2N	 (62)

L	
..

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 f- is varied by

a ^ 2N. This is in contrast with the definition of Gorenstein et al. (1968) in

which f0 is varied by 1, independent of the number of degrees of freedom.

In general, the variation will not be syrmnetric "so that two values, e. g., an1

and n2, must be stated. For example, for a fixed A = A0 , we have

no = n (fop A0) ,	 (63)

and the two values of a are o4cained fromn

n0 + an	 n (f0 + a t A0) .	 (64)

The function n(f, A D ) is double-valued for f>f0 and single-valued for f f0.

The analogous equations apply to the calculation of vA for a fixed n = n0.

This procedure for the determination of a  and n is lent support by a

comparison with the more familiar situation in which a variable follows a
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normal distribution. If the variable of the chi-square di g tribution is )t

rather than t, then the mean of the distribution is (Abramou4tz and Stegun,

1964)

2 N 1	 11 + ,,,....1...._ F.	 (N 7/2)	 (65)16 N (N- 1) 
1, 

1

and the variance becomes

1 - 4N - 8=N+4 (N- ) 	 (G6)

The follow-ing table summarizes the mean and variance of the chi-square

distributions for two variables,

Variable Mean Variance

t N 2N

2t N- 1 Cl + 16N	 ^	 ..... 1-	 Ns +, .,

For N Z' 30  the chi.-square distribution as a function of 2 t resembles a normal

distribution of a variable s = 2 t, with unit variance and a mean s m = 2N-1 .

In particular, for large N we can approximate the integral Q0  N) under the

chi-square distribution by the integral under a unit normal distribution of the

variable

Indeed, one-1-Aa f of the distance in t-space between the points which correspond

to s _ +1 and s -1 is equal to ,Fr, 2—N-- 1 , in close agreement with the value

2 N , used above.

The reproductive law of the chi-square distribution (Alexander, 1961)

states that if x and y are independent values from the chi-square distribvtdof,as

for M and N degrees of freedom, then x + y is distributed according to the

j.

i
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chi-square distribution for M + N degrees of freedom. This theorem can be

used to combine independent sets of f-values for certain parameter combinativ;-R,.
r

For example, the f-values for the proportional and scintillation counter 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. Mach bin com-

bined m channels. With a reasonable first assumption of the source spectrum

VS, we computed V  (equation 54) by the procedure described in section A.

Then a reduced vector V  was found by averaging V  over all m channels
J	 ^

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

VS
J

F  = E

V,
J

account for the influence of the atmosphere and other absorbing materials and

the physical processes within the detector. The factors 
J 

were used to con-

vert the observed counting rate in the bin j to a photon-flux spectrum at the top

of the atmosphere. With a method to be described below, a best fit to these

"extrapolated" data points was determined. As has been pointed out by other

observers (Stein and Lewin, 1967), the extrapolation factors F. are relatively
J

(68)
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insensitive to the detailed form of the input spectrum because of the app' ,.,oxi-

mations made in their calculation.

The result of this procedure was a set of photon-flux values y' (E
i
) with

their statistical uncertainties 8y'(E] ). The flux values are averages over energy

intervals AEA , centered at E . 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 [ (y
j
 + 6 y 

j
), x  ]. For a power-law

spectrum;

y	 In [ y '(E^) l ,

x^ = In (E
i 

) ,	 (69)

8 y•	 6r (E•)
and	 6 y . _	 —^ s y' (E)

J	 ay (EJ)	 J	 y'(EJ)
where b y  denotes the statistical error of the transformed photon flux y^ For

a thin-source thermal spectrum;

y] = In [ E^ y' (E^) l ,

x
3
	 Ej ,	 (70)

and	
Sy = $V^(E.

y' (E j )

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 6 y 1 in the



The average x is equal to

X = 1W	 (72)

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 = Ewy Ewx2 Ewx Ewxy

Ew Ew (x - X) 2	
(73)

and b = Ew Ewxy - Ewx Ewy

I	 Ew Ew (x - x) 
2

The variances of a and b are

(6)2=Ewx2a2
a	 E W Ew (x - x) 2	 (74)

2
and (8b) 2
	

_ 2
Ew (x x)

5P



CHANTER VI

RESULTS OF THE Oj3SERVATIONS

During the present series of eight balloon flights, four of the five cosrnic

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 balloon 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 response during the first of these

observations- can be interpreted as being due to a source near the direction of the

north galactic pale, but subsequent measurements have failed to detect a signifi

Y



67

A. The Crab Nebula

1. Experiment 4. Two vertical detectors, designated W and A, were

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 shows the counting-rate profile for the scintillation crystal

(22 - 60 keV) of detector W. The modulated exposure curves to Cyg XIl-1 and-

to the Crab Nebula are shown in the lower part of the figure. It is ;evident 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

the field of view, and the available information indicates that the floating altitude

remained constant at 2.8 g/em2 , to within 0.2 g/cm2 . 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-

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

(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	 i
l

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

r

I	 .

I

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), acid 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 -,btained which is also shown in

Figure 13.

2. Experiment 11. Experiment 11 had a three-fold 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 V[ 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 dish mounted in front

of the telescope. The balloon gondola rotated continuously at the rate of one

revolution per 10 minutes. The zenith angle of detector G was programmed so

that the telescope axis traversed 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 pattern 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, g) 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 S.

)We must now construct a correlation function I^ (cx, t), which has a maximum, for

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

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

counting rate is

;0 lfth

f

t
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Using data from the present, observation, we scan in declination for

sources at a fixed right ascension a = 5h 31M. The folded rate, shown in the

upper part of Figure 15, is necessarily symmetrical about the declination of the

detector axis (approximately 31('). Two max Myna of the curve are seen at decli-

nations d ^ 21. 5 ° and 6 ^ 40. 5 0 , 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 crosses show the scintillation crvstal data of

60
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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. Thn 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 1.0, 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
t
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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 results 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 4a 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 Ii). An

intrinsic property of she analysis procedure 2 (section V B) is that the statistical

significance is lower than in procedure 1 because of the smaller number of

It

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 fit. On the other hand, the

tatistical error for transformed straight-line fits is calculable with standard
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procedures, and in the absence of a Mown method for the determination of the

statistical error for chi-square tests, we la gave 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 B and G. The f-values for the

k	 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"

value for the amplitude A from procedure 2 was adopted. We have tabulated

the results for one data set, from the CsT 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 I4, seems to be favored by a few percentage points. The 	 1g

i

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 center (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 -
i4



64

explained by a single power-law with an index n *12.0. 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 (molt 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 experiment were used to

exhibit that, at a statistical level exceeding lo-, there is no evidence of such

line emission for any relevant model of elemental abundances. The sum of all

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. 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

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

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

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 proportional and

scintillation ,counter data. The net flux at 25 keV, where the spectra of the two

x	 =^E

ZW 1  1
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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/cm 2-sec-keV.

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

exposure to Cyg XR-1 in Experiment 4, but the pressure profile prier 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 spectrum from detector .A is shown in Figure 19. It is
1

apparent that the proportional counter information below 20 keV is not con-
it	

fi4

€	 eistent with the remaining points of the extrapolated spectrum, and it has

therefore been omitted in the following analysis.

1

N .'	 .	 ry	 ::	

n	

BFI	
_.	 _.._
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A weighted least-squares fit of a power-law spectrum,

J(E) = A • E-n ,	 (76)

(J in photons/cm 
2
-sec-keV, 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)

was obtained for A' = 0.53 and kT = 34.2+17.2 keV.

These parameters may be compared with the results of other observers:

for example A = 3. 58, n = 1. 93 0.20 (Peterson et al. , 1908, experiment on

13 Sept. 1966); A = 16, n = 2.2 ± 0. 8 1 kT = 35 (73eeker 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 first observations of

Cyg XR-1 is insufficient to make a clear comparison, we can say that the

intensity at 30 keV observed in the present experiment (27, April 1966) is

consistent with the spectrum measured by Bleeker et al. (1967) on 5 April 1966.

C. Sete X-1 w
er

1
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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

8 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 a

with respect to the local direction of the horizontal projection of the geo-

P

	

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

of the region, the angle g was set at +8.7 °, i. e. , the local magnetic field line

is shifted by P with respect to the meridian line, and magnetic north appears

to be 8.7 east of geographical north. Subsequent studies of satellite data

indicated that P is actually equal to +7.6 ° , thus producing an error, A P' = 1.1° ,

in the magnetometer setting. However, the effective error A p at zenith angle

6 is considerably smaller than oa'

cos A a = cos2 6 + sin  a cos AP 1 .	 (78)

A 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-i.

and the changing altitude during the exposure to the source consequently made

the background subtraction more uncertain than in o,.ner'experiments. We have

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

rate during the last part of the balloon ascent.

Figure, 20 shows the 'difference between the observed counting rate and

the",aasumed background. The histograms represent the net rate for

FT_r
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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 (cm 2) 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 crystal 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 0 in the detector alignment with respect to the magne-

tomet,r 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 	
Y

detector efficiency, and to extrapolate it to the top of the atmosphere. T.h._e
0.

correction factors (chapter V) were determined under the assumption of i

4 thermal emission from an optically thin gas at T 5 • 107 K. the resulting

energy spectrum is plotted. in Figure 21. The proportional counter results

are represented by diamonds, and the CsI crystal data a-re drawn as crosses.

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

o' 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. Thermal spectra of this type can

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

	

	 F
c

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- J

sistent with a thermal spectrum at energies below approximately 35 keV. At	 c

higher energies, the observed flux is definitely above the extrapolation of the r
4

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 ke'V, the data

fit an exponential law corresponding to T 5 . 107 °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

I 45 keV cannot be decided upon from these two observations. Both spectra are,
7

}	 however, not consistent with power-law spectra, so that we can rule outI
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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• E-2.79
	

(79)

where I is the energy flux in keV/cm 2-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

fitted to a thermal spectrum for T se 1.7 . 10 8 °K. In either case; the observed

high-energy flux is definitely above that corresponding to the 5 . 107 ° K thermal

spectrum which can be inferred from measurements at lower energies (between

1 and 30 keV). In fact, the average energy fluxes (in keV/cm 2-see-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 1Q-upper limit of 0.011, while the observation by

Overbeck and Tananbaum (1968) yielded an upper limit of 0.008 keV/cm 2-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/cm 2-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 shoe 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 mass 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 reached through the	 i

release of gravitational energy by the infalling gas is given by

3/2 N k T= G M µ/ R	 (80)	 si
where the mean molecular weight is µ = 2/3. With the stellar mass M and

the radius R measured in solar units, we obtain

l
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T = 1.02 . 107 ^ ^ 	̂ (81)

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

pointed out, temperatures of T ste 10 7 - 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 (Re/me) ^Ze 104, and T can

be as high as 101'1 - K. The observation of temperatures of the order of 5. 10 8 4 K

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, than 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 note 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

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
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1968; and Hill et al , 1968). Several observations of fluctuations in the optical

spectrum of Sco X-I 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 II WC stars, t ' show C, O and strong He lines, while the

"WN stars it 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

4i

lose mass with velocities up to 2000 km/sec. Although it is not clear whether

these velocities are associated with gas streams i_n 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 also be generated

through interaction between the outflowing gas and the interstellar medium.

It has been attempted to compare the distribution of X-ray sources with

that of associations (O'Dell, 196,7), but such a correlation does not account for

the absence of X-ray sources in the region 1 H 120° - 260 0 (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
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of a WC star, while the Wolf-Rayet star y2 Vel was recently observed in soft

X-radiation (Grader et al. 1968).

Fischel and Stecher (1998) 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 }MV 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 therznalization 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 TJV 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,	 R

^J
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We have attempted to understand the observed fluctuation in the optical.

and X-ray spectrum of Sco X-I 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

I	 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 n ore abundant ele-

ments from magnesium to iron, the photon flux at 3 keV increases by 147Q

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 partial

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 increased.

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 optical, low- and high-energy X-ray region are needed in

order to build consistent models for the chemical composition, the state of

ionization tend the velocity of the streaming plasma.



D. The Vicin'ty of the Galactic Center

1.ccp riment 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 several 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 modulation 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
fi

of low-energy X-radiation are also given there. In the manner described in

section VI A 2, the raw counting rate was grouped and superposed into 10 bins 	 r

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= 17 h55m, 6 -29.2°). The results of the	 j
a

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

the passes from the galactic north and south exhibit a minimum in the counting

rate for azimuthal angles near 180 0 . The dominant feature of the superposition

of passes from the galactic north was the signal detected from Sco X-1 by the

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

7S

f
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position of passes from the galactic south was the signal from the vicinity of

Sgr XR-1, detected by the sci4illation 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

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 1S (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

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
r,

in Table VII. The thermal spectrum. for Z 1, including electron-electron
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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= 17h41m 2 S = -23° 22') was within

the field of view during exposure to the vicinity of the galactic center. How-

ever, it is believed that the sums 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 location 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 (a, 6) for a fixed right ascension

of a = 17h 55m. A scan in decl nation with the data from 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 XIS-1 and the sun. The

folded rates for the expected profiles are given in the lower part of Figure 25

for a source at the position of Sgr XR-1 (solid line), and for one at the location

of the sun (broken line). The left pear of the solid line can be ignored because

;r
t

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 0 than to -23	 A single

source or a source distribution centered .at the position of the sun seems to

be ruled nut.

(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 1a during exposure to the sun. '; 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, 1.967), which usually
8

shows strong correlation with long-,time changes in the soft X-ray emission,

a	 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.

V

It

The planetary magnetic 'index, p, 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 Friedm^^,n

et al., 1967b), as well as the results of a recent balloon observation by Busel i

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 uncertainty in the source position is not shown in this graph.

The broken lines represent the trajectories of the axis of the detectorG during

Vkn fiv'o+ n"A +'kn Ino+ of Vkm ena ynn r^fafinna cvhinh ,vn y.n „one? in +1,ic,nr»l,roi^



In Figure 26, considerable confusion as to the true positions of X-ray

80

sources exists. The situation is relatively clear, however, at galactic lati-

tudes between III= 0 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 360° , three source positions were, perhaps some-

what arbitrarily, selected so that they show maximum correlation with the 	 A

reported positions. These sources lie on the "position lines" reported by the 	 jf

ASE group and will possibly have to be revised as more reliable observations 9

t
i

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 experimental groups are given,

along with an estimate for the source flux density, JS in photons/cm2-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

VI C 3).

We can now attempt to compare the observations reported here with the
3

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
s,

r;

_ __.	 _
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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 exposure factors F ( 0s i), we

determine the flux

0
Js,i=Js.F(0S,i),

where the estimated source flux density at 4 keV, J s , is taken from Table VIII.

The net flux due to each source,

N
1 OJs = N 1 E 1 Js,	 83

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

J = E J = 0.78 photons /cm2-sec-keV. 	 (84)
s=1 s

This photon flux is shown_ in Figure 24, together with the results of Ex-

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

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

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
I
i

dotted line in ,Figure 24) or to a thermal spectrum with kT = 55 keV. The _t r

`	 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

r

^^r

(82)
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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 measure-

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 observations 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
	

i

only one source with variable hard X-ray emission was observed. 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 	
K 

c	
1

demonstrates that it is not possible to decide between synchrotron radiation
F

and bremsstrahlung as the dominant emission process for the total source
i

spectrum.	 JJ1
1

The ASE and Lockheed groups have reported apparent temperatures for 	 u

some sources in the vicinity of the galactic center which emit bremsstrahlung
5
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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 VIII).

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
I

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

31 0 and 28 0 and at right ascensions between 10h12m and 18h26m , i. e. clearly

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 . hape of the observed counting rate pattern

s
--	 u
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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.

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 (a, a) was discussed in section VI A

Fig7.ire 27 shows the functions R (a, 6 ) computed with the counting-rate patterns

observed in Experiment 1. The upper part shows the curve R (a  13h00m7 6)

as a function of declination. The lower section of Figure 27 represents the

curves R (a, a = +280 ) (solid line) and R (a, 6 +31° ) (broken line) as a function

of right ascension.

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

G

for a fixed a is symmetric in declination with respect to 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 a = 310.

..	 _	 ..^,.
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The scan in right ascension yields the curves shown in the lower half of

Figure 27. The correlation function for 6 = +28 shows a broad central peak

at a 13h00m . The appropriate curve for d +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 13h00m and a declination of approximately 28'. The Coma

cluster of galaxies is an extended object at right ascension. a = 12h56 f 8m and

at declination 6 = +28 ° t 2 0 (Abell, 1965). The direction to the center of the

Coma cluster of galaxies is approximately 3 ° away from the direction 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
p

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 a discussion of the third

suggestion. The fact that subsequent observations (see below) failed to detect

a significant flex 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

V+.ani. fi^n nn»lri lkairn hnnn trnnnr,atnA in an nv+nnrinri rocriem r%f +lkm ,c'(rvr txri+li:'	 YKMYK VYVil Yyl YLiY iLK ♦ V NV Vii bVYLVi KYVM iiiKLL V+1WaaMV ^ sv^iYVaa Vi bi+v. V^:1 • 1l iVil.
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dimensions of a few degrees, over a period of time of the order 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 seen to be warranted because of the lack of suf-

ficient statistics for such a detailed hypothesis.

Fr()m 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. Figure 28 shows the observed spec-

trum for a total exposure of 9000 cm 2-sec; the width of each energy inter-

vwi 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) ;:tl 0. 014 photons/cm 2-sec-keV. This result, together with

those of other experiments, will be discussed in section VI E S.

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 tfrotatingil

scanning method to examine the vicinity of the north galactic pole. The X-ray

telescope was programmed to change its zenith angle continuously so that it

scanned the north galactic pole during every rotation.

Figure 29 shows a superposition 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 data from 22 to 60 keV for 30

rotations of the gondola. The center curve- represents the proportional counter

P
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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 north galactic pole.

The mean counting rate for -the half rotations opposite iri azimuth to the

north galactic pole was used as the background level in the determination of

the standard deviation a. The 3 a' 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 a limiting signals for several

energy bands in both counters. In each of the 7 energy intervals, the observed

rate of events at azimuth anglos corresponding to the vicinity of the north

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

extrapolation to the top of the atmosphere yields an upper limit to the photon

flux of J(E = 25 keV) N 0.0072 photons/cm 2-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 x.

Due to a shift of the Phoswitch threshold an excessively high number of events

wore 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

4

observations from the proportional counter. The CsI crystal data were

not analyzed.

Figure 31 shows the counting-rate profile of the krypton 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

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 UTT. 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 3 Q 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 Q 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 1,600 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 a 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 3 a level determines

the upper lima to the photon flux from point sources in tne, vicinity of the north*

1t

F;

k
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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 `.	 I

found in Experiment 1.	 The extrapolation to the top of the atmosphere results

in a photon flux of J(E = 25 keV) N 0.005 photons/cm2-sec-keV.

Towards the end of this experiment the detector's field of view included

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 ,4i3fficient agreement with the spectra of .Experiment 4 and

with the results of other observers to lend support to the validity= of the upper

limits estabil'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 M

the north galactic pole have been given by other observers. 	 During a rocket

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

nal with an intensity as great as 7.4 % of t:"t from the Crab Nebula was cab-
a°

;	 F

served in the 1 - 10A wavelength interval from point objects near the north
is

 k

J

galactic pole, e. g. at the position of the Coma cluster of galaxies. 	 If the
i

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

as that of the Crab Nebula,
l^

J(E) a E 2 ,	 (85)

then the extrapolated upper limit to the photon flux at the top of the atmosphere
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1967, Lewin et al. (i 968a) placed an upper limit to the flux from the same

region of the celestial sphere. From the reported information we deduce that

J(E = 25 keV) N 15 . 10-4 photons/cm 2-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

scarce of X-rays could be relevant to the interpretation of the measured diffuse

cosmic X-ray background dj/dQ. 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 <J g> is the mean emission from a galax^,r,

then the observed flux due to all unresolved galaxies up to a radius

I

R = RHubble can be estimated from

dj n < J > II

	

_	 g	 g	 (86)

	

d St	 4r
where n  is the mean density of galaxies (ng 10-75 cm 3). When <Jg> s

set equal to the observed emission of our galaxy, then the resuh;ing value

of dj /dSZ 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 Coma cluster of galaxies

was observed in experiment 1, then we obtain a better estimate for <J >
g	

k

since the Coma cluster contains about 1500 galaxies at a mean distance of

90 Mpc (Abell, 1965). Felten et al. (1966b) have, 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.

i
.. _,ri5n R. _ _.._ . .. 	 , z _ r .	 uLlae9%'Y ^ `	 =5tua^s..	 ' .vaEiYl+ I^IIAI
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The fact that subsequent observations failed to detect comparable X-

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. Iii this case the "unresolved galaxies "--

model for the cosmic X-ray background is not yet ruled out 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.,
	 i

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
	 i

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 	 j
x

experiment is available. Any unusual activity in the vicinity of the north

galactic pole would probably have remained undetected since this region of the
A

celestial sphere was in a very unfavorable position for reliable optical

observations,

..__.._

i ^^e	 ,_ rye
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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
4€
3

r

was 0.05. We are not aware of flare observations during the time Nvhen 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 a = 12h51. 8m, 6=27  ° 53.8'. The energy spectrum of Coma A

has an index of r= 0.6. An extrapolation of the power-law radio spectrum

can account for the optical luminosity (Matthews and Sandage, 1963; Schmidt,

1965; Wyndham, 1966) and yields a photon flux of 2. 5 . 10 -4 photons/cm 2-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 magnitudes "below the upper limits found in other experments .

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)
r

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

type I supernova suggests a time-scale of about 20 days for the main phase.

t:^. .65lL.S^..NW&,a--^ /mow.
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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 'Ume of about 30 days.

With the assumption that the Coma cluster contains 1500 galaxies, about
3

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
^G

in the Coma cluster during a recent 10 year period (Zwicky, 1967). The 	 x

probability of observing the main phase of a supernova explosion during a

one-hour observation is therefore 20% if the main phase lasts 20 days, and

is 0.04% if it is assumed to last 1 hour.

r'
Y

We can also estimate the energy output in order to evaluate the plausibility

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

output of q = 8 • 1051 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 10.
52

 ergs in the ultraviolet band. If the

emission is assumed to last only one hour however then we find an output

of q 2 • 1049 ergs. The X-ray energy output increases by an order of

magnitude if thin-source bremsstrahlung at T = 5 107 °K is assumed.
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Colgate's model (Colgate, 1968) predicts an X-ray pulse with a total energy
^i

output of only q 5 • 1047^ 	 ergs within a fraction of a second and can there-

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

SUMMAfiX

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-

listed of a Krypton proportional counter and a CsI(T1) scintillation 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 0 . 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-

ground, 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 production of atmospheric X-

radiation.

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

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

95
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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 data 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 durilig 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 • 10  ° K. However, the photon flux at higher energies was found to 1,
^r

be distinctly above the extrapolation of the low-energy spectrum. A similar
r

spectrum was observed in June 1965 by Peterson and Jacobson (1966). The

comparison with the results of other balloon experiments shows that both the

shape of the spectrum and the absolute flux above a roxim ttel 15 keV va ry inP	 P	 s	 PP	 y	 y	 :--

I
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tinge. The high-energy feature that was observed in this experiment car, be

understood qualitatively in terms of both Shklovsky ts (1967) stellar accretion

hypothesis and the bremsstrahlung from an isovelocity plasAna as suggested by 	 t
F

Fischel and Stecher (1968) . Any detailed model of Sco X-1 must take i1 to

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 Muse 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 more

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-

PP	 P	 Jgar 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.

s.
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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 time. 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

Iive cosmic X-ray sources or source regions which have to date been 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 background 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 seduced the total event rate at ceiling by a factor of 3 to approxi-

mately 13 • 10-4 counts/c 2_
 sec-keV. This is in contrast to the best presently

available scintillation crystal detector telescope which has an inherent detector

background level of 3 10-4 counts/cm2-sec-keV (Peterson Ft al., 1968a) at a
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residual atmospheric depth of 3.4 g/cm. 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 appears to be feasible to build a proportional chamber with the same

background event rate (3 10-4 counts/cm 2-sec-keV), an efficiency of typically

60 percent, and an exposure area of the order of 1000 cm
2

. 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

,t
extrapolated to higher energies. The availablepointing accurac y for balloon- t	 i'

borne experiments is already sufficient to allow the reduction of the field of 	 't

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 s(A d angle of the field of

	

	 {
^i

view of approximately Z • 10 '2 ster, which corresponds to a circular aperture

with G c full width opening angle at half maximum. This demonstrates that the
x

total counting to cannot e^ significantlyd ce 	ak'ota c _ xng ra	 b 	 reducedd by making the aperture .angle 	 ,I
c

_ 
	 thansmaller than bout 4#

fi

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	 4A	 ..

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

t
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the celestial. sphere with improved sensitivity and precise positio n 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 resolution 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 lime of development, one may att^anpt to resolve lines in the

X-ray spectrum. The most prominent low-energy lines are gE:terated 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 eotimated for the case of

the Crab Nebula (Jacobson, 1968). The above-mentioned proportional chamber

could detect a 3a-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 exposure 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

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

.J

l

Y	 }
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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
4

inherent detector background and improve the energy resolution. However, for

s
a given detector system, optimum results can be obtained through a detailed r

4

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 errors

in the extraction of net source, counting rates, particularly for exposures to

variable sources. It will. also make it possible to use a large fraction of the

flight time at ceiling for the exf-2sure to a source or source region.

Variable sources require simultaneous observations. over a large energy

region. As the recer t studies of Sco X-1 have indicated, programs for optical,

;J,.raTiolet, and low- and high-energy X-ray measurements must be set up
F

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

resulting data will supply the information necessary for the construction of con-
0

sistent models for discrete X-ray sources.

4



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 aK, from the L shell with probability aL , etc. If he

relative probabilities for K, Li, Nil , etc. shells or subshells are related to

the azimuthal quantum numbers 1 as 1/1 3 , . e. (1, 1/23 , 1/33, etc.), then

aK = 0. 86, «L = 0.1.06, aM 0.031 , etc.
1	 1

(Grodstein, 1957; Lay, 1934). The remaining atom can be de-excited via the

Auger effect or by fluorescence. The latter occurs with probability 9(Z)

which is a strong function of Z. The fluorescence radiation (in practice only

the characteristic K-, L-, etc. radiations with energies F K, EL, etc. need

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

energy deposited in the detector is equal to E 
EK, 

(L ) and forms the

"escape peak.

The escape f:,q,.ctor ?1(1) is defined as the fraction of the absorbed number

of photons which escapes in, the form of fluorescence photons. For an infinite

plane-parallel slab of thickness x , and escape of characteristic radiation Eo	 c

r



x
0

f exp(- µ(E)x) µ (E) a

	

(E, xo)	 xo
4 7 f exp (- µ (E)x) µ (E) dx

O
21r 1

µf f [ exp (- Ex ) + exp (- (EK) (xo-x) ] d cos 8 d 9 d

	

0 0	 cos 0	 cos 0

xo
4 7r f exp (- µ (E)x) µ (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 8tegun, 1964)

E1(3') = f ex -2z	 dz
1	 z
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(87)

(88)

the escape factor can be re-written as
X0

f exp (- µ (E)x) I E1 (µ(Ec)x) + E1 (IA (Ec) ( 0-x ) J dx
77 (E , xo) 1/2 ap o	

--
1 - exp (- µ(E)xo)	 (89)

The equation for escape from the entrance surface only isx
O

=	 o exp(- µ(E)x) E1 (µ (E )X) dx71 (E, x.) 1/2 a(3	 c	 (90)
1 - exp4- µ(E)xo)

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

xo  	 equation 87 can be integrated directly:

(E, oo) = 1/2 o! ,B (' 1- µ(E c )
In (1 +	 )	 (91)

µ(E)	 I(c)

IVe apply these equations to Che sa y ' ; s (I). Table X shows the

u,
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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(Tl) crystal is assumed to

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

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

to begK = 0.88 (Bergstrom and Nordling, 1965 Fink et al. , 1.966). The

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

L shell (aL = 0.1) are considerably smaller than those for the K shell

( q PL	 0.014); this justifies the neglect of L shell fluorescence.
K K

Figure 6 shows q (E, xo) as a function of E for x  = 0.1 g/cm2 , x  = 0.4 g/cm2

and xo -. o . The escape factors for both surfaces are drawn as solid lines

(compare Stein and Lewin (1.967) for NaI). A, broken line represents the func-

tion 71(E) for escape from the entrance surface only for _a crystal of thickness

x  - 0.1 g/cm2 . The latter type of function for a crystal depth of o = 0.4 g/cm2

is almost identical with TTfr,)r the semi-infinite detector, where both cases ob-

viously result in the same escape factor. Escape from the entrance surface is

important since tb. principle K X-radiation of Cs and I can contribute to the

energy region of interest in the proportional counter (section III E).

The curves for escape through one or both surfaces of the CsI crystals

which were used in our experiments (2 mm CsI or 0.92 g/cm CsI) are prac-

tically identical to the curve for a semi-infinite medium (x o— oo ). The cor.-

rection for the finite lateral 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 11background X-radiation" curve, so that no

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

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-

ray emission from thermal-neutron capture in 016 and N14 is assumed to make j

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

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

considered here because ol.' the lack of relevant experimental information.
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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. w 40o , 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/m2-sec- 'vleV; the differential flux per unit solid angle,

N. _ dJ
dS2

2will be measured in particles /m -sec-st,Yr,-Me V, and energies are measured

in Me V. The production flux

= dN _ d2J
dz dz &2

has the dimension particles /m2-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 (Klayman, 1962; Metzger et al., 1964; Garmire and

Kraushaar, 1965; Brini at al. , 1965b; Rothenflug et al., 1966; Kohn et al.,

1966; Peterson et al. , 1967a; Peterson, 1967b; Bleeker et al. , 1968) in balloon,
f

rocket, and satellite experiments. Balloon-borne observations in the 10 - 100
E

1

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

sulting spectra fit reasonably viell with other observations at lower and highej

F

r

¢¢y

(92)

(93)



1.0 7

energies, where this ex*rapolation is not necessary (of. 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(E x , z),

deriving from a primary spectrum N(Ex, z) is

E	 (E ,@	 )dOQ (Ex , z) = No A 
J max x max N(Ex, z) dE (E, Ex)dE.	 (94)

Ex

For small-angle scattering and E N 100 keV the interval [Ex) E	 (E ,'6 max x J

becomes very small, so that we car, approximate

E__ (E , e	 ?
@(Ex, 

z) NNo 

A 
N(E x, z) 

f 
max x max a (E, X) dE

J EX	 (95)

N (Ex' z) µ c (x 6 max)

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

s, in a one-dimensional model is

dsdz	 Q - ( AT- Ac )  s = µ C  (z = 0) exp (-p 
T z) - (AT - P C )S ,	 (96)

where 
AT 

is the total (photoelectric and Compton) absorption coefficient. The

solution

s (z) N (z = 0) [exp (-( A T - AC )z) - exp (- AT z)]	 (9
r

has a maximum at

_ _	 T
(98)zmax µc In 	T -

 At c	
98

m
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For example, at E 30 keV; zma.x = 3.27 g/cm2 we obtain the maximum

secondary flux

s (z max = 0. 0013 photons/cm 2-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/cm2 , A = 40 0 (Peterson et al. , 1967a):

i

	

	 N(T = 30 keV) --0. 01 photons/cm -sec-ster-keV. 	 (100)
	

4

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%.

H. Bremsstrahlung from Precipitating Electrons in the Atmosphere

Energetic electrons can be trapped in the earths 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 distribution of radiation-belt electrons, they determined the elec-

tron flux entering the atmosphere over the Capetown anomaly, where the mirror
f

altitude of electrons is very low. We can compute the bremsstrahlung spectrum

in a production layer which is assumed to be thin compared to the atmospheric
E

depths at which balloon-borne detectors float. The resulting photon flux which 	 i

would arrive at a residual depth of 3.5 g/cm2 over the Capetown anomaly was

compared with one-half of the integral flux into 47r which was measured by 	 4

s

{ t
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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

mirro,;l 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. (1969),

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 pre y pitating trapped electrons to a degree

comparable with the observed atmospheric X-radiation is not confirmed.

TH. Bremsstrahlung from Electrons

The electron bremsstrahlung cross-section can be approximated by the

function

dO
dE (Ee ' Ex)	 AE e EX	 (101)

x

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

power-law spectrum for the electrons,

Je (Ee) = BE e
-C 	 (102)

then the resulting photon spectrum is

f
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00

J  (Ex)	 f 
Je 

(E) dE (E, EX) dEx
Ex,	 (103)

,., 
EI/ s

(E) a (E, E) dE + t	 (E) T (E, E) dEe dEx 	x	 E	 e dEx 	x
Ex,	 ' 1./2

where the energy E1/2 
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 E  < E1/2,

and one-half is due to electrons with E  > El/,. The ratio

F

A

E1/2 = exp ( In 2 )
E	 c-a-1
x

(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

(1950, inc luding scrceni n^ shV(170 that for example, for B = 0.0A MeV andx

0.16 < E  < 40 MeV, the exponent, a, becomes =0.2. For c = 1. 5, E1/2 /

Ex =10, and for c = 2. 5, E1/2/ Ex = 1, 7. This demonstrates that electrons of

energies below a few MeV are of greatest importance in the production of X-

radiation, provided the elect ,,on spectrum is of the steepness indicated above.

There exist only a few measurements of the atmospheric electron corapo

vent below 10 MeV; they are stim.marized 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/cm2, respectively, The data points of

Beedle and Webber (1963) are the result of an extrapolation to .1 g/cm!2

These measurements were made at the latitudes of Minnesota and further north.

r



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.

I. The electron production spectrum

2. The electron equilibrim-n 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 by several processes, We will di,sctzss the four most

important mechanisms (compare Beed.le, 1966).

(a) Compton collisions of primary and secondary photons with atmospheric

atomic electrons, For this and for the next two processes we need to know the

R
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 Peterson, et al. (1967a) at

A =40 10 and a depth d 3.5 g/crn2 to define the secondary photon spectrum

N(Ex) = 600 x -1, 75 (105)

The cosmic X-ray background between 0.03 and 1 i9eV at the top of the

atmosphere is assumed to be represented by (Gould, 1967; Bleeker et al. 1968)

Y
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The electron production spectrum is

00

Q(Ee)	 f	 d	 (Ee' ''x N (E c^ d ^'
E	 emin

].
E	

^	 ^	 2
(1.07)

mn 2 1'e Ee 
1	

me

n
where Q has the dimensions particles/m G-sec-ster-MeV-g /e.m and

d
d (Ee , x ^s the truss-section per g of air per unit electron energy for the.e

production of an electron of energy between E
e 

and E 
e 

+ dE e 
by an incident

photon of energy EX , The relevant curve s for electron production due to the
G

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/cm2) are more effective than the primary photons (at 0 g/cm 2). The

altitude dependence of the photon spectra and the resulting electron spectra is
K

rather complicated; however, we can mare the qualitative statement that the

relative contributions of the two components remain the same over the first
I

few g/cm2 near the top of the atmosphere', 	 r
x

(b) Production of photoelectrons due to the primary and secondary photon

spectrum in air. The cross-section for the production of electrons via the 	 r

photoelectric effect has been given by Evans (1955). We adopt the approxima-

tion .	 4.

0 (E , EX) = 1.9 • 10_6 x 3 (cm2/g)	 x < 0.7 MeVe
(1 08)-

3.3 10 
6 X1. (cm2/g) 	E > 0.7 MeV.

--. -	 .. _ d	 wed 	 ..	 _
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With the approximation that a photon of energy Epp	 p	 gy x produces an electron of

energy Ee Ex we obtain the production spectrum

Q(Ee) 0 (Ee , Ex) N (Ex)	 (109)

The results are shown in Figure 34 as curves 6 and 7.

(e) 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

dE (Ee , Ex)	 0.0012 E - 2 m	 1.5 <#W EX < 5 MeV
e	 x	

(110)Ex
0.0012	 E > 5 MeV	 ^r

Ex 2 m	 x

r

The resulting electron production spectrum is
T=

Q(Ee) f	 dE (Ee' Ex) N (E^ dEX	 (111)
Ee + 2m e

The production spectra due to the primary and secondary photon 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

Yexpression 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 in 196€;

N(E) = 2	 108 E 1.5 (E + 500)-4	(112)
p	 P	 p

(N in particles/m -sec-ster-MeV, E in MeV).
p

meow	 Ili	 Man M-WXMM%"

F.

4
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Measurements of the secondary cosmic ray spectrum have been carried out

by Qrmes (1967; at 3 g/cm 2 , Ft. Churchill, 1965) and by Teegarden (1967; at

4 g/cm 2 , Sioux Falls, S. Dak. , 1951 and Fairibault, Minn., 1964). In order

to simplify the calculation we have approximated the secondary cosmic-ray

spectrum with the following function:

N(Ep) = 0.65

N(Ep) = 52/Ep

N(Ep) = 10400/Ep

Ep < 80 MeV

80 MeV < Ep < 200 MeV

200 MeV < E .
P

(113)

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):

a

	

'col JE E}	 2 zr N Z r 2 m 1	 1

dE e	 e p	 A e	
E2	 1-	 M

2

	

e	 (Ep + A	 (114)

Z Ee {2m E + (M +m)2	 Ee
M	 p

{E P + M)	
PPP

} 2m E (E + 2M)	 +2 (E + Nl)2

n7hnro TUT i o +ha nrnfnn m a ctc and m rPnrP.gP.n 4 the P prtfrnn rnasr, _ Kinetieal

1

J



115

to produce an electron of energy E e :

2
E	 () ) 1 E - M a- M+ 1 E m+ 14 Z ^t. 1 E M`. ,M E	 (115)p, min ' e 2 e	 2 e	 4 e g e m m e

The production spectra of electrons at different geomagnetic latitudes A

and atmospheric depths d are obtained from

e
dO(E, A 00e 	 , d) _ ^p ^ d.L col 

(E• E ) N (E , A , d) dE ,	 (116)
^e E	 e	 p	 p	 p

1

where n  denotes the effective solid angle of the primary and secondary cosmic

rays and n  represents the solid angle into which knock-on electrons are

emitted. We have assumed a sharp geomagnetic cutoff at E c(A ); E1 is the

larger of the two energies E(A) and E	 . (E e). Primary particles heavierC p, 
m

-.an protons were included under the usual assumption (Abraha-m 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 contr i-

bution of secondary cosmic rays and 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

EPA min and proton energies 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

tou of the atmosphere (the collision lenoth for protons in air is 86 Lr/cm21. so

that the total production flux of electrons near the top of the atmosphere Ys, to

a first approximation, independent pf the atmospheric depth.
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The effect of mul___ tiple 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 E e = 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 depth d = 1 g/cm for a proton kinetic-energy cutoff E = 3600 MeV,
c

corresponding to the geomagnetic latitude of Palestine, Texas. It is apparent
i

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 at d = 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
F

one solves a transport equation

aJ E	 E z J E	 nrnax(E) a_col	 t d

00

E + E f , Z ao	
(117)

+	 E + E' EIo J (	 ) dE 
col (
	 ) dE'

r`

u	 {^

fi
3.

o
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where the Green's function (Rossi, 1952) is

1	
- E 2

G (E, z) =	 __	 exp _ (E e	 a)

2V 7r p 
2 

z	 I	 2p 2 z

Ea=E - k(d z)

(119)

k (E) = f E a–col (E, E') dE^
0

dE	 F

0pP u(E) = o E' 2 —do col (E + E', E') dE'
dE

The resulting equilibrium spectra are shown in Figure 35 for a cutoff energy

E  = 20 MeV' (curve 1) and for E  = 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-

carves 1 and 3 and the measurements of Cline 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;

{
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d	 6 max

	

J (EX, A , d) = 2 at f	 QX (Ex$ A , z)

	

0	 0

exp -Pair (Ex cos) d 
z	 F (A) sW0 d6 dz , 	 (x,20)

	C 	6

where f(8) represent s the detector angular response function. Figure 36 shows

the resulting atmospheric photon spectra for E  = 400 MeV and E  = 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 by Peterson et al.

(1967a), at E  = 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
a

actually be more significant as an indication that bremsstrahlung from knock-on

and Compton-accelerated electrons in the atmosphere does not account for the	 i

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 near the top of the atmosphere.

	

Above 70 MeV the downward photon flux is approximately twice as intense	 JJ^
1

as the upward flux (Svensson, 1958; Cline, 1961). A "horizon brightening" was

_ f
x

q
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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, privrate communication) indicate that the upward flux is

larger than the downward 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 30%. 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 tha,,t 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

w

with high-energy photons in the electromagnetic cascade. The great abundance

of soft photons is explained by the fact that a i,,jhoton, once it has dropped below

the pair threshold, will interact by the Compton process, which scatters

photons many times before, their energy is significantly reduced.

Figure 37 shows the ,;transition curve for photons of energy E = 1 MeV.

This curve was adapted fr6m 1 - 3 MeV measurements (Peterson et al., 1967a;

Peterson, 1967b) yvitfi an omnidirectional detector and normalized to the

1 MeV-photon flux at d 3. 5 g/cM2
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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:

^, d 0	
1

d	
^(EX' z) ^ Q +f	 ____ br (E' , EX) Je l (E ' , z) dE I

E dE
x

(Emax x) d o
j	 corn (E I , EX) JX (E', z) dE f 	(121)

dE
EX

E
x	

d
- J (E 

^ z) j
	 0 com (E , E r) CIE^

x	 E
min. (Ex)	 dE	 x

The source function for photons from pion decay, Qr , was adapted from the

calculations of Perola and Sca.rsi (1966). The altitude dependence of this

function was scaled according to the integral flux of particles with R > 0. 83,	 r
	 i

corresponding to proton kinetic energies above 750 MeV (McDonald and Webber,

1959). In the calculation we have assumed the spectrum of atmospheric electrons
f

to be known as a function of depth z (Beedle and Webber, 1968). The limits 	 K

Em. (Ex) and EmaX (E^ are defined by the kinematics of Compton interactions.

Figure 37 shows that a one -dimensional photon transport equation does not

reproduce the observed transition curve for 1 MeV photons. The observed

anisotropy of X-radiation near the top of the atmosphere- indicates that the con-

tribution from cascades at all zenith angles roust be considered. Also, a_one-

dimensional model clearly breaks down at energies of the order of a few

MeV and lower.

v
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It is evident that a three-dimensional calculation of the electron and photon

components of the electromagnetic cascade will be required.
F

Alsmiller (1968) has followed electromagnetic cascades due to are isotropic

flux of 100 MeV gamma radiation incident at the top of the atmosphere. The shape
m

of the resulting photon spectrum at d = 5 g/cm 2 between: 0, 01 MeV and a few

MeV showed qualitative agreement with the observed spectrum (Chapman et al.,
E

1968), However, a discrepancy was found between the relative intensities of

;f:t

the 511 keV annihilation lane in the observed ,and the predicted photon spectra.

a
i

r

i,

i
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Source Ty
Energy
(keV)

Relative
line

intensity

Effective
energy

Kr
(keV)

Effective
energy

CSI
(keV)

Resolution
spreading

Kr
(keV)

Resolution
spreading

CSI
(keV)

Co-57 267d. 14.4

Cd-109 470d. 22.2 1.0
22.41 22.38 0.26

25.0 0.1
87.5 0.048

Sn-119 250d. 24.0 1.0
26.3 0.82 24.66 24.61 0.3 0.3
28.5 0.1

Ba-133 7.2y. 30.6 0.12
31.0 0.70 31.45 31.44 0.8 0.6
35.0 0.17
35.8 0.05
81.0 0.55

Eu-155 1.81y. 39.5 0.08
42.3 0.12
43. ,,,f) 0.26

43.0 42.85 1.245.0 0.026
48.7 0.074
50.0 0.017
86.5 1.0

Au-195 192d. 65.1 0.20
66.8 0.55

66.5 67.7 1.7
75.7 0.20
77.9 0.05

Bi-207 304d. 72.8 0.38
75.0 1.0
.84.9 0.35..

74.5 75.85 1.9

87.3 0.09

K

4

r

F

TABLE I. Rine energies for radioactive sources. The line energies
and relative intensities have been given by Holt (1967a).

101



Mode Function Criteria Recorded information

0 CsI analysis B (20 keV :5 E 5 100 keV)	 FHA of B in 64 channels
A (no E > 10 keV)	 indication of C threshold

fired (4 levels)

1 Kr analysis A (10 keV :5 E < 30 keV)	 PHA of A in 64 channels
B ( no E >20  keV)
C(noE>1.0keV)

2 A and B scaled number of A events
bitrate in preceding 5 sec interval

jr. 64 channels

scaled number of B events
in preceding 5 sec interval
in 64 channels

3 B and C number of these eventsB (E > 100 keV')overload during 100 cosec in 64C (no E > 10 keV)
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 magnetometer indication
bitrate

7 Timekeeping number of occurrences of
mode 7 (every 12 min) in
64 channels

TABLE II. Pulse-height analysis, logical requirements
and data recording scheme.
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FABLE II, Geometric factor and full-width angle at half-maximum
of the effective exposure area.

Scintill. crystal Proportional counter

with mod. without mod. with mod. without mod.

E;-- 25 keV GF (cm 2ster) 2.1 2.9 3.0 4.0

FWHM 22° 27.60

E ^ 75 ke''S7' GF (cm 2ster) (3.0) 3.8

i~ WHM
I

1	 27`
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TABLE V. Summary of flight information.

F;+cperin'w*t

1 3 4 6 7 9 10 11

Flight Date 6 Dec, 66 13 Jan. 66 27 Apr. 66 2 Sept, 66 18 Nov. 06 15 Dec. 06 18 Dec, 66 15 Jul, 67

Launch place l ifAFI1 IIAFB HAFB HAYD IIAFB MLDURA MILDURA PALEST.

Beginning of ceiling 1200 1747 1220 1607 1300 0130 0050 1400
coverage (UT)

End of ceiling 1910 2213 2230 2508 2230 0338 0413 2004
coverage (UT)

Residual atmospheric 2.6-2.8 2.4-2.6 2,7-3.3 2.9 3.0-3.4 3.6-3..1 311-3.6 3.2-3.4
depth (g/om21

Rigidity cutoff (QV) 4.0-4,5 4,8-3.2 4.7-3,4 4.0-5.1 4.8-3,4 4,2-4,4 4,3-4.16 4.7-5.5

Planetary magnetic 0+ to, 1- 10 to 0+ Oo to 1- 6 to 9- 9- to 4 560 3 + 1+ to*- 2+ to 4-

index K,p

Detector symbol i 1 W D D E E E

Scanning method VERT+MOD VERT+MOD VERT+MOD VERT+MOD VERT OR+MOD VERT+MOD VERT+MOD

^etector symbol A W G G

Seaming method VERT ROTATING ROTATING ROTATING

Solar flares4 1840 (1-) 1925 (-B) 2116 (-F) 1649 (1-) 1309 (1.) NONE 0135 (1-) 1631 (-N)
2200 (1N) 1758 (1-) 1310 (1-# 0352 (1-) 1612 (-N)

1825 (1-) 1PM (1-) 1801 (-F)
217 (1-) 2054(1-)
2235 (1-) 2130 (1-)
2336 (1-) 2201 (1-)

2233 (1-)

Celestial obcot NGP Cyg XR-1 Cyg Ian=1 NGP NGP Sec X-1 Gal. ren. Tau XR-1
or feature

UT of meridian 1418 1858 1233 2120 1537 0116 0231 1636

transit

Celestial object Tau XR-1 Cyg XR-1

UT of meridian 2140 2156
transit

1 HAFB = Holloman AFB, Alamogordo, N, M. , 1 m -105.9°, b = +33.0° ; MIIZURA, Australia, 1 +142, 1° , b = - , 2 01
PALEST. =Palestine, Texas, 1 = -95.7 0 , b = 3't,. 70.

2 YZAT = vertical detector, no modulation. VERT+MOD = vertical detector with modWMSWw dirk and ring,
OR,t-MOD = oriented (aligned for due north, flxad zenith angle) with modulation disk and ring, ROTATING rotating
detector with varying neMth angle,

4 
jetector malfunction, not analyzed.
Universal time of maximum phase is shown. TI* importance of On flare to obown in parenthesis,

5 NGP = North ¢alaetle nolet Gal. non. = Galactic ceeier_
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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	 87.0

J(E)	 A E -n +0.19n	 2. 61 n	 2. 60:k 0.92

Q	 0.11

Exponential spectrum* A	 2.4 A	 2.32

J(E) = A exp, (-E/n)/E n	 ±4.015.0 n16.0 +47-3.0

Q	 0.043

Full thermal spectrur& A	 0.012

A	 ( E	 EJ(E)	 7- exp T Kn	 O(T
n)	 n)

+13n	 40

+	 2 +0.64n  	
DZ] E1

Q	 0.22

*J in units of photons/cm, 2_sec-keV, e-. ;-,;rgies in keV.
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TABLE M. Photon flux from the Coma cluster of galaxies. Balloon-borne
measurements at 25 keV, extrapolated to the top of the atmosphere.

Observation date
Photon flux

photons/ cm2-sec-keV Reference

25 Nov. 1964 <9.4	 10-4* Friedman and Byram (1967a)

6 Dec. 1965 (140	 42)	 •	 10-4
Experiment 1 (Boldt et al. , 1966)

2 Sept. 1966 <72	 10-4 Experiment 6

18 Nov. 1966 < 50	 10-4 Experiment 7

13 Feb. 1967 <15	 10
-4 Lewin et al. (1968a)

*F.:xtrapolation from lower-energy rocket measurements assuming a power-law
of index -2.

a.



TABLE X. Characteristic line energies and relative intensities of
C s, I and Kr.

Material Kul
K«2 K91

K92 Average

Cs	 f
energy (keV) 30.970 30.623 34.984 35.819 31.72
relative intensity 100 50 30 8

I	 energy (keV) 28.610 28.315 32.292 33.016 29.297
relative intensity 100 50 30 7.5

energy (ke'V) 12.648 12.597 14.112 14.313 12.867Kr {relative intensity 100 50 25 3

M



GRADED
SHIELD
(Sn -Cu )

FOAM SLEEVE

CH 1.2 SCINTILLATOR

211

Be WINDOW
(5 mil)

Kr TRANSMISSION
PROPORTIONAL

COUNTER

i
j

Be WINDOW (5 mil)

-'s I SCINTILLATOR



to

U
„ N O

p o

in
C 

bfbA-+

p 00
r ,0

rn
p

;

n^
Cd

4
° b
0 coo

M
Lo

0
Ct3	 VI

Gd

N .^C

UUt -^ rlO ^

W
b 00

N w
° O

w0
^1 p O
Q-0 ° ++

.'a L14
CII0 'a4 cw0

Cd

p oq

*O	 OC!	 10•.iN	 C)r
k

CI	 O	 Q	 O t

NOIldNOSOV

142 

f;r

-W -_



35

C	
30

fr

25

20

i

i

i
i

i

i

0	 10	 20	 30	 40	 50	 60

CHANNEL NUMBER
I
{

Figure 3— Energy calibration for the proportional counter of de-
tector G. Arrows indicate the lower and upper cutoffs. 	 k
The solid line connects the calibration points. The
broken line represents a Linear approximation to the
curare.

143'

f

-._.a^^. ... ..	 .._. c.:	 _. 1̂ 	 ate;-"	 •=.tm^ -ws,::^_-^^. J.s^ft" ai ^J:c :"."'.^^ti.	 ..-.. ,... _...^..	 '°' -.#.a r:a. ..-	 "t._x....	 _ .. _..-	 .	 ...	 ...	 .,i\
v

0

}

0
cc
LWZW

15

10

5

0



p

O

y ^

Vf

cd

C

O
a

Q
QI^)

W id

uj 4-3̂
{

Cd

04r^- 0
Cd

.a
►—^	 ^.

4
4.4

4

0

h7

n P

.PA

W

1

Z1001,1000'..-//

unM

''d

0	 1	 ^



i10

100

90

80

70

j 60

v

OL
W 

CC^^
W 50

40
t

30

20



g

s!

i

5

y

,SO1:)dd 3ad:)s3

14

O 4)

W

Goo to
O

O
^

bfi

O O

O
v

^

Itd)
O

H

o^c U
cl

pO
W

LU

W 40
r^

d

0
0
V
Cd

LO

4-4 44

w
L

s4

6
•pw

rzq

CO)

I	 1



INHIBIT

Jz

C

I1	 An :1_ _.

5
O0
W



^	 1

1	 %

20

4

18

14

12
C4
E

l oLU
CC

f8

2



G

0
ca

0N

O

e^

T
w^

v`	 ty

W	 {^

W	 Q

Gb
C?
b

b

t	 i

J^,	
1'b'All

A

^nS

W

8

S
M

SN

S
Op.

O
co
O

O

I



!	 1.4

+4 W

4A	 9E	 +4W
t 

10 E

10 G

4 Ao +11 E	 +11 E

11 G o

11 G {
f
t,

i

3.5	 4.0	 4.5	 5.0	 5.5

LOCAL CUTOFF RIGIDITY (GV)

Figure 10- Rigidity dependence of the- atmospheric and de-
tector background for the scintillation crystal,	 1
22 - 60 keV. Circles: unobstructed detectors.
Crosses: detectors with occultation disk and
ring. The line connects data points for unob-
structed detectors

150 _

}N
U
N
N
E
U

C 1.2
3
O
U

a^

0
SO
a

N 1.0

J

N

U

N
U

LU 
0.8

z
W
N

(7
z
z 0.6
M
OU
0
W
CG
WNm
O
04



O
in

W
4

C/]	
M

,a

p .fl to	 ,,,^

+^'^
vO

o r
N E

O O
O

W w

I I 4
V ^ ,".S î	^..
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âW

DG J
H U
m N
Ce
Q

r ^	 1	 r -^

Z
Sgr X R-I

1700
VICINITY OF THEN̂,, 1600

A GALACTIC CENTER

Z 1500 7 ROTATIONS

1400U

}
Ce

^Q
0

r
cc

EXPOSURE
ce
Q

a	 Z 1400 Tau XR-1
1300 +

1200
Ia

C

1100 Tau XR-1
O 1000 

L
7 ROTATIONS

cc U
jv
co N
ce
Q

Z_ 4000

3000 R

3600

3400

OU 3200

D
_r/zzzzzzj_	 EXPOSURE

Tau XR-1i
Io

E

Tau XR-1
21 ROTATIONS

180	 270	 0	 90	 180

RELATIVE AZIMUTH (DEGREES)

Figure 17 Superposition, of epochs for the Cs1 crystal
data (22 60 keV) for experiment 10 (A) and
PxnPriment 11 10 F1 _ ThP t-a.1t-1i1af:Pr1 Pxnn-



EXPOSURE

180	 270	 0	 90	 180
RELATIVE AZIMUTH ('DEGREES

Quig
'= u
aD N
GL
Q

1	 1	 f	 1	 1

	

Z 600	 Sur XR-I

h t

	

F	 A	 sv	 VICINITY OF THE

	

Z 400	 GALACTIC CENTER
7 ROTATIONS

300 

B
EXPOSURE'

	

•	 Tau XR-I

	

400	
C

	

 ^	 Tau XR-I

	

300	 ^~	 7 ROTATIONS

Z. 200

3 100U

D ,.	 EXPOSURE

	

2i	 Tau XR-I
1000 r-	 i

	

400	 I=	 r"	 Ia	 Tau XR-1

Z

	

800	
r—	

21 ROTATIONS

O 700U

nc

m
cca

	Figure 18— Superposition of epochs for the proportional counter 	 u

	data (12 28 keV) for experiment 10 (A) and experi-	 f¢

ment 11 (C o E), The calculated exposures corre-
sponding to A, C, and E are shown in B, D, and F,
respectively. The brackets indicate 1Q-levels

158

14

t
.y 00 1

i

^, •Y.:v-^R	
.... r...	 ': _ ^^.	 +^—wee...... ^.	 a........ _	 __.



a

4 . 1V

d 10'2i
`^	 9

N
E
	

E

Q	 ^as
a	 f
v

X

i

Z

0

0	 ^

3

2



Si
+I

RS+ 3 {

^

1 n•^

7n

V

Q

1^

co '

\AA4
^	

JJ LQ t1	 ^'^ A 7

N

N ^{

O
I	

O

O
a^t

N

N
N O Q 

O
i^

c^ w ^ b0 P4

uj
G. C-4

LnO U Q Q

Ln
Q

X _.i I— r-1	 V c^Q
i

W Q CL.

0
Q	 Q

^^`)	 Qn

LLJ
ce Q

rn Q (.t

O
:2 =1	

Cd
o

4) t*	
Q

J
Q O	 O I

N ( J

W

F4 44J
d^

+jam

O 'r7	 d-)

r

M

V cq

It

ym

O
gg7i

't
O

Q

€

O

^kC9[
Cl

-,

M F

O	 ^	
Cl

O	 O

N

N	
—

N 31d:)S P

NIVY Ol/S1Nno:) AWN11M

pp



10 

5

2

10 

a^
^c

U

i 5
N
E

91
Y

XD
__j	 ,Z
U_

W
W

Z
W

0-1

ENERGY (keV)
is

Figure 21-- Net energy spectrum of Sco X-1. Diamonds: pro-
portional counter results of experiment 9. Cro,ses:
CsI 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 0K. Dash-dotted
line: best-fit power-law to the data of Buselli et 'al.
(1968), 29 February 1968

161



r

10 

1 0'

10°

Ud
t0*

N
E
U

c0
sa
X
1w
O 10'

V
0.

10'

10'

in,

o^

o

2

-i

0

O

2

51	 '

1	 2	 5	 10	 20	 50	 100	 x

ENERGY (keV)

x_

Figure 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:

6
Gorenstein et al. (1960 (11 Oct. 1966). Curve 3:
L.remsstrahlung from isovelocity plasma,. Curve 4: 1

bremsstrahlung from i:sovelocity plasma with
higher level of ionization.g	

^
162

}

re

,N...un__	 _	 w.ut_..	
ea a..'a...'.i,.	

_ _ _	 ..m ,._..,g	 a n, - •.̀.^.`r:snnn,..^..L	 .a, yam_ .g _ pau'.1.,r..n,..,. 	
:..	

ry	

_	 _	 '



Sgr XR-2

SUN (18 DEC. 1966)

30

15

0

-15

as
rn
W

- 30
Z
O
Q
Z
u

- 45
UJ
0

Sco X- 1

NORTH
GALACTIC
PASSES

MILD URA,
AUSTRALIA

GALACTIC
PLANE

i—S gr XR- 1

-60

- 75

-90

Sco X-2-J	 L GX 354-5 '	 SOUTH
GALACTIC
PASSES

f-i

i^

1 }.

j

f	 1

R

t.14	 15	 16	 17	 18	 19	 20	 21
RIGHT ASCENSION (HOURS)

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

163
>



1300

1200

N
W
F-
Z 1100

`O
1000

IN
N
F-ZD
O
U

500
WN
CO
O

400

Kr

(19 -781

Sgr XR -I

Sco X-1
I
i

I

j	 CSI

-60 1

1500

1400

300 
I	 I

	

200—I
	 ;

1	 3

t	
°t

	

100—I	
I

x
I ?

?

180	 270	 0	 90	 180	 180	 270	 0	 90	 180

RELATIVE AZIMUTH (DEGREES) 	 {

Figure 23— Superposition of epochs for 6 passes from galactic 	 '"	 I
north (left side) and from galactic south (right	 .x
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.

164	

s

^w



10

5

2

10'1

a,

U
vN

N
E

C

OX.v

J
U_

Q
I-

O
M
CL.

5

2

10 
'2

5

2

10'3

%1

r^t

Tt

o:.

t

0

i

`r

^	 1

11

1

5

2 x 
10-4

ENERGY (keV)

Figure 24-- Net photon flux from the vicinity of the galactic center
(experiment 10, detector G). Diamonds: proportional
counter. Crosses: scintillation detector: Dotted line:
best-fit power-law, n 2. 69. Solid line: best -fit ex
ponential law, kT = 16 keV. Broken line: best-fit ex -
ponential spectrum with kT`= 11 keV for the data of
Lewin et al. (1968b). Dash-dotted line: best-fit Dower-



W
J

N

}

Q
r

W

W
J
O
W

't
k
h

10

5
i
_Z

Ln 0,..
W

d

w -5
0
J

O
11

10

E,

- 50	 -40	 -30	 -20

DECLINATION (DEGREES)
kr

Figure 25-- Determination of the dominant source declination
based on the counting rate of detector E in experi-
ment 10. Upper curve: CsI crystal data, 22 - 60	 }
keV. Lower part: with simulated data assuming a
source at the position of Sgr XR-1 (solid line and	 v

the sun) (broken line)

166

t k,



-10

-15

-20

va^
rna^
-o - 25
Z
O

Z

U - 30
LU
0

-35

-40

GX- 2.5

/ GX-5 
e 
6

A
L7

GX- 10.7

GX- 12.9

GX- 14.4',

Q
Sco XR- 4

GURSKY et al.
Q FRIEDMAN et al.
o BRADT et al.

GX + 16.7	 p FISHER et al.
SerXR-2	 + BUSELLI et al.

GX 17 +2	 O SOURCE POSITIONS ADOPTED HERE
`21 A	 GX + 13.5

GX 13+1	 0 G 9+9
0 ` SgrXR- 2	 GX+9.1

L20	 *,,
GX 9+1\

^,	 OphX R 1L19 ^ \
1. Sgr XR-3 N\ GX^ +5.2

GX 5-1	 ,\	 GX+2.6

Llb	
O L14 p L13\

Sgr XR 1

L12 A

L10

Sco XR-6	
L9

GX 354-5
/	 I

Sco XR- 50
L5

A
L8

Sco XR- 2
0

L6

f	 ^

-45

18
 "
h40 ►n

Sco XR- 3
L3

18 h 20 m 	 18h OO M	17h 40m	.17h20m	 17 hoom	 1040m	 16h 20m
RIGHT ASCENSION

Figure 26 Map of the sky in the vicinity of the galactic center.
Broken lines: trajectory of the detector axis of
telescope G during the first and last rotation of data
accumulation in experiment 10. Source positions
solid lines: Gursky et al. (1967), diamonds: Fried-
man et al. (1967b), small circles: Bradt et al. (1968a) ,
triangles: Fisher et al (1968), crosses Buselli et al.
(1968), large circles: source positions adopted here

167 r



Ẑ
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(1) PETERSON et a1, EC = 3600 MeV', 3.5 9 /cm2
(2) CALCULATED, E(' 400 MeV, 4 g /cm2
(3) CALCULATED, E0 = 3600 MeV, 4 g /cm2

i

i

(1

(2)

a

105

a^

a}̂
W

U
W

cli

E
N 104
c
0
0s
L

X
D
J
U.

ATMOSPHERIC X-RAY SPECTRUM

s10

103

102

z
O

O

a

4

10-3	 10.2	 10-1	 100
E (MeV)

Figure _36-- The atmospheric X-ray spectrum. Curve 1: Peterson
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