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Outline of the X-ray detector. FWHM of the detector with
this shield configuration 1s~22 deqrees,

Relative 11ght collection efficiency in the liquid scintillator
chamber, a- a function of distance vertically above the
phototube :ce, for several angles around the periphery

of the chamoer using only cne phototube. Also shown is the
response expected for three such tubes, spaced symmetrically
around the periphery of the chamber.

Block diagram of the flight electronics,

The X-ray attenuation and absorption coefficients for
various processes in Nal(T2). From Evans, R., The Atomic

Nucleus (McGraw-H{i11, 1955).

The X-ray spectrum of Cd'®% (22, 88 Kev) as seen by the flight
crystal and photomultipiier system, Pulse height analysis
by a 200 channel multichannel analyzer.

The X-ray spectrum of cd'99 as viewed by the flight electronics
using the flight crystal and photomultiplier tube. The peak

in channels 2 and 3 corresponds to 22 Kev, that centered in
channel 8 to 88 Kev, Channel width is approximately 1i.7 Kev,

The angular response of the detector-shield configuration
at 22, 88 and 130 Kev,

Averaged counting rates for two energy channels for the period
of observation of the four sources. Shown at the bottom of the
figure are the Eff(t) curves for the four sources.

A map of the Cygnus region showina the locations of the four
sources; superimposed is the FWHM of the angular response

of the experiment. The dotted circle represents the locus
of the central axis of the teiescope due to rotation by the
1ine twister, As time increases, the detector moves across
the map from left to right.

A scattergram of detector counting rate R(t) versus the
efficiency Eff(t) of the detector, The vertical error bars
constitute a standard deviation for the approximately

100 events represented by each data point.

Convergence of the weighted least squares fit as a function of
the number of iterations. The rate of convergence was not
significantly affected by the signal to noise ratio of the
particular channel, The "AX + B" fits and "AX + known
background" fits converged at comparable rates.
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Background counting rates for several enaergy channels. The
dotted 1ines bridging the interval where no background rates
are available represent the "interpolated" background value
used to compute the flux from Cygnus X=1, the sing'e data
points near the middle of theinterval represent the backgroun
calcuiated via a weighted least squares fit, Transit for
Cyanus X«1 occurred at 1112 hours UT, near the center of the
interval .

The spectrum of Cygnus A<l as measured at the detector.

The anqular distribution for photons scattered o“t eiactrons
by the Compton procesgc Curves shown are for a-.], and

as .4, where °5hvo/"§c o thus for 50 and 200 Kev. The radial
distance 1s proportional to the probability per unit solid
angle that the photon will scatter at a given an~le 9

The photon spectrum of Cygnus Xe1 extrapclated to the top of
the atmosphere, as measured by this experiment. The horizontal
error bars represent the width of the anerqy channel,; vertical
error bars are principally due to the uncertainty in the
background rate and are conservatively equivaient to a standard
deviation.

The photon spectrum of Cygnus X=1, extrapolated to the top of
the atmosphere, as measured by this experiment and by other
workers.

The energy spectrum of Cyqgnus Xe1 extrapolated to the top of
the atmosphere, as measured by this experiment.

The energy snectrum of Cygnus X«1 extrapolated to the top of
the atmosphere, as measured by this exneriment and by other
workers .

Fluxes measured for Lygnus by various workers, in several
energy intervals.

The spectrum of Cyanus Xe2/X-4 extrapalated to the top of the
atmosphere as measured by this experiment and by other workers.

The spectrum of Cygnus X«2/Xe4 shown over an extended energy
range to include flux from the optical counterpart of X«2.
Two possible exponential fits are shown.

The flux of Cygnus X«1/X=3 as measured at the detector as a
function of time, assuming that all flux comes from Xel.

Error bars shown represent the uncertainty due to the background
rate.
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The spectrum of Cyanus X3, extrapolated to the top of the
atmosphere as measured by this detector and by other workers,

The countina rate for a representative low enerqy channel as

a function of pressure durinag the ascent of the balloon, The
counting rate above 10 mb is assumed to be principallv due

to the atmospheric backaround, and the line fitted to the data
between 10 and 40 mb is used to extrapolate the “"atmosnheric"
countina rate 58 lower pressures, after the technique of
Bleeker et al, The extra-terrestrial contribution is
represented by the arrows.

The photon spectrum of the diffuse extra-terrestrial X-ray
flux, as measured by this experiment and by other workers.
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I. INTRODUCTION

Localized celestial sources of X-rays were first discovered by
Glacconi et al] during a rocket flight in 1963 to search for X-ravs from
the moon, and confirmation was obtained on later flights, ClarkZ in 1964
observed significant increases in his balloon borne X-ray detector whenever
the Crab Nebula was in the field of view of the detector., In the past 7
years, more than 20 sources have been cataloged, Most of the sources
discovered thus far are more readily observable by rocket flights (low
energies, 1 = 10 Kev and altitudes ~100 Km) thah by balloon borne
instruments (>20 Kev, 25 Km altitude) since the source spectra are
fairly steep, and the fluxes are low enough so that "backaround" fluxes
from cosmic ray produced secondaries rapidly become greater than those
from the celestial sources as one descends to thicker atmospheric depths.
Further difficulty in the observation of celestial Xerays by a balloon
borne detector is caused by Compton and photoelectric absorption processes
as the photons pass through the residual atmoéphere. The principal
advantage of balloon borne detectors is their greater time aloft
(several hours) compared to the few minutes of observation time afforded
by rocket flights, and this has made possible statistically significant
measurements of the fluxes of the celestial sources out to 100 Kev and
beyond, despite the lower fluxes at the higher energies. Flux
measurements over as broad an energy range as possible are highly
desirable from an astrophysical point of view, since few of these sources
huve been optically identified, and the energy generation mechanisms

remain questions of considerable interest,
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Sourcers in the constellation Cygnus have bzen observed by several
: . 3,4,5,6,7 s . e
investigators. The positions of the four known sources in tnis

3 ancd

region are believed to have been given most accurately by Giacconi
workers and are listed in Table 1 together with the fluxes measured at
low energies. Cygnus X-1 has been observed as the strongest of the
four in the range 1-10 Kev and also at balloon energies (>20 Kev)
although balloon borme detectors usually have difficultv resolving X-1
from X=3 because of their proximity on the celestial sphere. Only one
gro 1{512 hasg reﬁorted of n‘eas:'-‘ring fluxes from X-1 bevond 100 Kev, and
their data imply a steepening of the spectrum beyund appro:imatels

100 kev, The data from ihe exmeriment described in the present work
serve tc substantially confirm these high energy results, and tc shed

further light on the nature of the energy generation mechanism for

Cygnus X=1,

II, OESCRIPTION OF THE EXPERIMENT

A. The X=-ray detector. The essential features of the X-rav

detection system are shown in Figure 1. The central detector is
composed of a 100 am? area by 3 cm. 'thick NaI(T1l) crystal optically
coupled to a 5" EMI type 9530 photomultiplier tube, It is mounted

down inside a cylindrical well of graded shielding material, consisting
of appropriate thicknesses of Pb, Sn and Cu, plus 6 cm. of Nuclear
Enterprises Type NE211l liquid scintillator used as an anticoincidence
element, The full width at half raximm (FWHM) response of the central
detector in this shield configuration is approximately 22 degrees.

One of the fundamental observational problems of balloon borne

X-ra:* astronomy is the inevitable presence of a background




composed of cosrmic ray produced secondary Xe-ravs, and electrons and
other charged particles. Even when constant in time, this tackarcuni
irmposes an effective lower 1imit to the fiux which can be cobserved tv
a balloon borne instrument in a flight time of a few hours, and when
tire varying, can make flux measurements from an extra-terrestrial
source rather uncertain, This flux is almost isotropic

as viewed by the instrument, znd the best that ore can do is to trv to

minimize the detection of this backgreund via suitable shieldinn,

A second backrround source is due to interaction of coesmic ravs with th2

shielding material of the instrument itself. For this reason rerelwv
passive shieldina (e.g. Pb) is not as effective as an “"active™ shicld
(e.g. NaI(T!)). However, inorganic crystal scintillators such as
Nai{T1) become verv exnensive and verv susceptible to therral and
mechanical shock in geometries suitabie for shielding a 100 et

detector area. Shieldina acainst the backqround wes therefore done
semi-actively via passive shields of Pb, Sn and Cu, in conjunction
witnh the liquid scintillatar, as shown in Fiqure 1, The Pb on ths
outside is effectively opaque {<10% transmission) to X-ravs of enerqgy
E < 230 Kev., lowever, bombardment by cosmic rays and hiah enernv
X-rays will cause the “characteristic" X-ray spectrum of Pb to be
eritted, with X-ray emission near 38 Kev, Since the Pb is somewhat
transparent to its charantaristic emission, an eighth inch layer of
Sn is used beneath the Pb, Since the atomic numbers of Pb and Sn are
different, the X-ray emission linec are at different enerqies, and we
find the characteristic emission of Sn at 25,2 Kev and iower enerjies.

Thus Sn acts as a rather good absorber of the X-ray emission spectrum




of Pb, but in turn has its own emission spectrum, at lower enernies, ‘o
then further line the barrel of the telescope with ,J342" of Cu, which
has emission lines at 8,27 Kev and lower enercies (below our rance »f
analysis) and absorbs the emission spectrum of the Sn, The lijuii
scintillator NE211 chiefly gives protection against charced narticles,
since the average atomic number of its constituents {chiefly teiuene)

is of the order of -7, and interactfons by Xe-rays are therefcre rostly
due to the Corpton process, Tne~6 cm, thickness of NE211 can detect
90% of Xerays of eneraqv 23 Kev and belew, but onlyv 63% at 80 Kev, On the
nther hand, the liquid scintillator should be essentially 100% effeztive
in charged particie detection, limited principally by the efficiencs of
light collection, Fiqure 2 shows the collection efficiency for ligat ‘rnr
a photodiode as a function of the distance vertically above the bottonm
of the chamber, using only one photormultiplier tube, for a sourca
position directly above the tube, .nd for other anqular positions.

Also shown {5 the expected response from the sum of three tubes,

spaced 120°, The relatively constant response with increasing distance
{s attributed both to the use of a high qualfty specular finish aluminum
reflector on the inner walls of the scintillator chamber, and to the
fact that liquid scintillators are, as a class, quite transparent ts
their own light emissions, This feature favored the choice of ligquid
scintillator over the use of plastic scintillator, which has an
absorption iength of the order of 50 cm, for its emission, compared

to several meters for the liquid, The NE211 has also a somewhat

higher light output than most plastics, provided 1t 1s purqged of

[ b pmtmaimmprs ittt e




dissolved oxvaen, A smecial "bubble tube" was built into the tank for
this nurnose, and drv nitrcren was Subbled throuch the liquid for
30 minutes nrior tec sealinen,

B. Llectronics and orientation svstems, The electronics used for

the experiment is shown in Hlock diagram in Fiqure 3, The essontial
functions are straightforward. If the heiocht nof a aiven nulse

corresnonds to an enerav 15 < E < 330 Kev denosited in the central Nal
crvstal and if an anticoincidence nulse from the HE211 liquid scintillator
"quard” channel does not occur within a resolvinn time of 257 nancseconds
of the qiven nulse, the nulse heiaht is digitized and telemetercd, I[=n
addition, the occurrence of the nulse is registered and telemetered as ar
event in the "low level sinqgles" rate, If a aquard nulse does cccur witnin
250 #s, tne nulse is not nulse heiadht analvzed and is reqistered onlv in
ine low level sinqgles rate. In this wav, the difference between the low
level sinales rate and the rate of PHA events measures the effectiveness o€
the anticoincidence svstem, (it was found durine flight that the
anticeincidence svsten lowered the total PHA rate bv nearlv a facter

of 2.) If E > 35) Kev, the nulse is not digitized and is telemeteres
onlv in tne "nigh level sinnles” rate, and finallv, i L < Loy 100

egvert is comnletelv reiected, The diqitizinn nrocess consists of
convertinn the nylse heioht to a nulse of fixed heiaqt but o 2 =i
fenats nronortional 6 the initial nulse heinht, The nulse is then

used to qate the outnut of a 1 *egahertz quartz oscillator circuit,

thus aqivira a strina of 1 leqgahertz nulses, the lenath of the strinn

(and thus the number of nulses) beina nronortional to the oriainal oulse

height. The number of sulses is then counted by annronriate reaisters




and formed into a Sinmarv word, comnrosed of a svnc bit nlus 5 data
bits, and ther telemetered to a around station at a bit rate of 1581 vert -,
Twentv seven crhinnels were used to cover the enerav ranae 15-33) hev,
cerresnonding to a width ¢f <11,7 Kev ner channel.

In addition to tne low level and hich level sinales rate, the
quard event rate {all events for which more than ~32 Kev of »nerav
was left in the liquid scintillator) was menitored, for use in correctinn
for dead time due to accidental coincidences, Each was scaled down to
a rate of a few ner second and samnled sequentiallv so that all three couic
be telemetered on a sinale subcarrier,

Auxiliary electronics included that for two "crossed" magnetometers
(one digitized and one analonue), a gravitv “zenith" sensor in the
form of a low frictien notentiometer (dioitized) and a dinitized
temnerature sensor. The two maqnetometers served to uniquely determine
the nrientation of the exneriment with respect to the local mametic
field, while tne zenith and termerature sensors nrovided checks on

exneriment attitude and thermal behavior,

III. THEORETICAL BASIS OF THE DETECTOR

In order to reqgister an X-rav event in an exnerimental svster, it is
necessarv that the X-rav interact in some manner with the svstem, 0One
nust then know the response of the system to this interaction, and the
details of its eventual conversion to usable data.

A. Fundamental interactions of ohotons (10-500 Kev) with matter.

There are two princinal tvnes of interactions with matter which are of
interest for X-rays of eneraies 13-500 Kev. These are Comnton

scattering and nhotoabsorntion, The relative imnortance of these




orocesses at a given eneray is chiefly a function of the atomic nurber cf
tne material in which the interaction occurs,

The attenuation 0 a bea~ 0f Xeravs due tn chotoabsorption is a
truly exponential process, siice photoabsorption is catastrophic, i.e.

the shoton doas not survive the interaction. ‘'le can then write

i/ = -hp(E) dx and hence 4 = '  exp (=up(E) x).
uD(E) is called the photoabsorption coefficient and is stronqly enerqy
dependent. In the case of Compton scatterinqg, we may also consider
the attenuation to be exponential if we consider an initially well -
coliimated beam of ierays. Then, although the photon does not
catastrophically disappear due to the interaction, its direction of
propagation changes, and it is still removed from a collimated bean,
Therefore, at least for thicknesses x such that aN/N is fairly small,
we can also consider Compton scatterina as an exponential process,
since the probability of multiple scatterina is small in such cases,
We therefore may define an attenuation coefficient €or Compton
scattering, “C(E)' thus dN/N = - uc(E) dx and N = No exp (-uc{E)x).
The total attenuation coefficient for both processes is then qiven by
Hp(E) = <u (E) + u(E).
We now consider the details cf these two mechanisms,
In the process of photoelectric absorption, the X-ray interacts
with the atom as a whole, The total enerqy of the photon is abdbsorbed
by the atom, and an inner orbital electron ¢s ejected from the atom,
The atom rebounds, ccnservina momentum, and the ejected electron carries

away most of the available kinetic enerqgy. Other electrons "fall in" to

fil1l the vacancy of the inner orbit, and radiate a line spectrum of lower




enerqgy photons as they chanqe energy states. Assuming the eneray of

the ejected electron is then progressively absorbed by the detector
material in ionization and radiation Tosses, and assuming the line spectrun
of photons emitted as above is absorbed by the material via

other similar photoelectric processes, then the total initial energy

of the X-ray is absorbed by the detector material, (There is, in qeneral,
some small probability that some of the line spectrum of “"secondary"
photons will escape the detector, and corrections must be applied
accordingly.) The attenuation coefficient for the photoelectric

effect is strongly dependent upon the atomic number Z of the material

o

as well as upon the photon enerqy hv, and to a very crude aporoximation”,
A
wo(E) = 2%/mv3

In the Compton scatterina process, one can consider that the photon
interacts with one of the orbital electrons in a two body collision
process. Both the electron and the photon rebound, conserving both
enerqgy and momentum, and the photon energy decreases in the process,

One may use classical (relativistic) physics to describe the interactior,
and may show that the energy hv' of the photon after collision is related

to the enerqy hv, before the collision by
hv' = hvo/(l + a (lacos 9)) (1)

where a = h¥o , the ratio of the initial photon eneray to the rest

MaC
mass energy of the electron, and cos 6 is the angle between the

directions of the initial and final photon momenta, The maximum lass

of energy to the detector of a single Compton interaction occurs for a




rebound angle of 180°, and is Shv .. = hvg [ %‘{ ] which value is often
called the "Compton £dqe"”. Thus a sinale Compton scatterina process
cannot cause the entire photon eneray to be absorbed in the detecter
material as is the case with photoabsorption. Since the photon "survives”,
one can speak of both an attenuation coefficient for removal of the
photon from a beam, and an "eneray absorption” ccefficient characterizinz
removal of energy from the photon beam, via the energy agiven to the
electron with each Compton scatterina process. The former is often
called the “attenuation coefficient”, and the latter the "absorntion
coefficient". The attenuation coefficient becomas identical with that
for Thomson scattering at hvo << mecao and decreases slowly with
increasing eneray, while the absorption coefficient rises to a maxirmum
near nv, = mec2 and then decreases, as miaht be expected from purely
classical collision calculations, Since the Compton process involves
interaction of the photon with a single electron, and does not really
involve the binding energy of the electron (so lona as hv, >> bindine
enerav), the coefficients for Compton processes depend upon the number
of electrons n per am cm'z. n (am cm'z) qoes as Z/A, and Z/A ~ 1/2
for all elements excent hydroaen, for which Z/A 1, Thus the Compton
attenuation and absorption coefficients at a given energy are neariy
independent of the material.

There are a number of other possible interactions of X-rays
with matter, nearly all of which are believed unimnortant
with respect to photoabsorption and Compton scatterina at the energies
beina considered. One which may be significant is Rayleiqh scatterina,
which is of course effective for photons of a few ev as well as several

Kev. In this process, the orbital electrons respond to the varying
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electric field of the nheton, and as a consenuence, accelerate and
re-radiate some of the incident energv. At 10 Kev, the wavelenath of
the nhoton is of the order of an Angstrom, which is characteristic of
the size of the atom, Hence the electrons "feel the same field" as

a function of time, and radiate coherentlv, As with Comnton scattering,
the full eneray of the nhoton is not lost in the collision.

B. The Resnonse of Nal(71) to nhotons of 10 to 500 Kev, In view

of the above interaction orocesses, it annears desirable to have the
photoelectric nrocess nredominate in a detector, since the entire

photon eneray can be absorbed makina nossible a more nearlv unambiauous
determination of the energv. In order for this to occur, a hign

Z detector is necessarv. Thallium activated crvstals of sodium iodide
(principal absorber-lodine, 7Z=53) are widelv used for X-rav

detection, both due to the hiah cross-section for photoabsorntion for
X-ravs of energies uo to several hundred Kev, and because it is a rather
efficient scintillator, i,e., the material emits visible light when
struck by ohotons and other narticles, The absorntion coefficients

for the interaction vrocesses discussed are shown in Fiqure 4, It mav
be seen that the photoabsorntion process is dominant below 313 Kev,
whereas Comoton scattering is more important from 330 Kev un to several
ev. The light emission from sodium iodide crvstals has a characteristic
decay time of anproximatelv 259 nanoseconds, with neak outout at

4150 Angstroms. The outnut in visible pnotons ner Kev of incident
enerqy is of the order of 36, Linearity of the crystal is quite qoodg.

the light output ner Kev being about 15 percent higher near 20 Kev than
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at 300 Kev, and changing slowly between these two values. The change in
output with temperature chanqes is believed small,

Measurements in the ranqe 30 to 460 Kev must be corrected for the
"lodine Escane" effect, i.e, the crystal is somewhat transnarent to the
K X-ravs emitted when orbital electrons radiate and fall in to fill the
vacancy created by the ejected electron during a nhotoabsorntion,

110

Axe and others have investigated this problem, and Axel qives the

escape probability for good geometry

0 + 1
P = (.875) (.84) 1 + r(cos &) 2an ( r—;g%f,-;r—) (2)

escape
where r is the ratioof the photoabsorption coefficients in NaI(T1) at
the "K edge" of 28.4 Kev, to that of the energy considered, and (7-%)
js the angle of incidence with respect to the vertical. Meyerhoff and West
have found experimental results which are in essential agreement with the
above formula, The escape probability is the laraest for low energies,
since photoabsorotion is Tikely to occur closer to the surface in this
case, Tre probabilitv of escape at 30 Kev is ~30% for "good"
geometry (i.e. X-rays incident at a point several absorotion lenqths
from other edges) with near vertical incidence, and drons to 15% at
60 Kev. The photoabsorntion lenqth XD = l/up at 28,4 Kev isA,5
millimeter, hence our crystal should satisfy the "good" geometrvy condition
at all points more than a millimeter from the edges, or atA97% of
its area., The escaoe process then dictates that nrimary X-ravs lesina

28.4 Kev of energy then register as events in lower
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energy bins, thus there are actually two corrections for some of the
channels, the first a correction for X-rays lost to a lower energy

bin by the escape process, and the second a correction for X-rays ending
up in the given bin due to escape processes at a higher enerjy. The total
correction therefore depends upon the shape of the spectrum as measured
at the detector.

C. The conversion of visible light into a usable electronic signal.

In order to quantitatively measure the light output from a NaI(T1)
crystal, it is convenient to optically couple a photomultiplier tube

to the crystal in order to utilize the high gain-low characteristic noise
features of a photomultiplier tube. In the absence of saturation effects,
the charge collected on the anode is then in principle closely proportional
to the initial X-ray energy. Because of the relatively inefficient
conversion of photons of X-ray energy to "visible" photons in even the
best of scintillators, however, significant "bruadening” ultimately occurs
in the conversion to an electronic signal, In a well designed experiment,
this broadening 1s chiefly due to statistics, and it is of some interest
to consider the losses at each step. The visible photons produced in

the crystal ultimately must pass from the crystal (refractive index - 1,67)
through the optical windows of the ¢rystal and the phototube, If the
latter are glass, (refractive index is ~1,5) some 65% may be lost due

to internal trapping in the crystal?zi,e. rays whose angle of incidence

at the Nal-glass interface is greater than the critical anqle,
(approximately 64 degrees), Assuming an initial crystal efficiency

of 30 ev/visible photon only 9 photons/Kev reach the photocathode, A
further reduction results from the low efficiency of the photocathode

of the tube, typically 15-20%., Thus only about 1.5 photoelectrons are
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obtained per Kev of incident energy. If one takes a 22 Kev X-ray
emission line, incident on the crystal, the number of photoelectrons
emitted per X-ray is of the order of 30, *+ 30, assuming Poissonian
statistics. Thus the energy measured by the PM tube will not appear
to be a well defined 1ine, but a broad peak, whose width is some 40 to
50% of that of the position of the peak in this case. This effect is
quite well understood, however, since the width of the peak is very
nearly proportioral to the square root of the enerqy, and corrections

can be applied if a few calibrations have been made. Figure 5 shows the

spectrum of Cd'09 incident on the 11,4 cm diameter by 3 cm thick Nal(T1)
crystal used in the experiment, viewed by a 5" PM tube with the PHA
performed by a 200 channel multichannel analyzer, The two peaks
correspond to the two emission lines of this isotope, at 22 and 87 Kev.
The "resolutions”, i.e. the width of the peak at half its maximum,
divided by the position of the peak, X 100%, are 50% and 25% respectively
for the 22 Kev and 87 Kev lines with the crystal-phototube combination

used in the experiment,

IV. SUMMARY OF FLIGHT

A. Preflight calibration, Preflight calibration of the experiment

consisted of establishing the precise relationship between channel

number and X-ray energy, and of determining the angular response of

the detecter. Energy calibration is quite straightforward, oné need

only position various microcurie strength sources in front of the detector.

Figure 6 shows one such calibration, using a cd199 source, as viewed by

the flight electronics.

e o = R T W B N s o i i R
e
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Determination of the anaular response of the telescone to X~ravs
incident through the forward anerture was done by settina up millicurie
strenqgth sources at distances of several meters from the detector, and
measuring the flux received as a function of the anale between the
source direction and the telescone central axis., Anaular measurement
was provided by a very accurately calibrated 30 inch diameter aluminum
nrotractor in conjunction with a simnle sighting device, Although
it was somewhat difficult to onticallv ascertain the position of the
telescone for zero angle, relative anales were measured to within a quarter
degree, with errors non-cumulative. Figure 7 shows the anqular resnonse
determined for the energies 22, 87 and 125 Kev, It can be seen that they
are essentially identical, as expected from the thicknesses of Pb and
Sn which define the anale through their hich opacity to X-rays of energies
below 300 Kev,

B. The flight, The flight was launched at 0430 UT (2230 (ST},

2 May 1967, from the balloon base of the National Center for Atmospheric
Research near Palestine, Texas. The telescope was positioned at a fixed
angle of 5°, and was rotated in azimuth by a line twister with period of
anproximately 11 minutes. The balloon reached a float altitude of

~A4,6 gm/cm2 about 2-1/2 hours later, Figure 8 chows averaned countine

rates for two representative enerqy channels, 3 and 5, covering 23,4-35,1 Kev
and 46,8-58,5 Kev respectively, for several interestina hours of the flight,
The period during which the sources in the Cygnus region were to be

expected was from 0900 through 1400 UT, as is suggestive by the increase

in counting rate during part of that time, The instrument was recovered
from a nasture near Albany, Georgia; the nost-flight calibration aqreed with
the preflight calibration within the statistical Timitations. Temperature
changes during the flight were less tha: °C, due to containment of the

experiment within a heated oressurized gondola,

- - —— s
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V. ANALYSIS JUf Tut DATA

A, txnected resnonse of the detector to a noint source on the

celestial snhere, In order to ascerta:n the true rate of source lux ‘o

a particular source given the countina rate as a function o time, one

must first determine the "resnonse" of the insirument in the direction of
the source as a function of time, i.e., the question is asked, "Wwhat fraction
of the total area of the detector can be seen from the source ascsition at

a agiven time?" This involves some straightforward solid gqeometrv and

is treated in Apnendix B, Briefly, the innuts to the resoonse function

are the following:

1. Universal time, This was determined via the simul taneous
recording of WYV on the second channel of the audio tane
recorders recording the telemetry,

2. Hagnetic azimuth, Two crossed mammetometers were on board,

The continuous transmission of their outnuts (one diaital, one
analoque) nrovided a unique determination of the azimuth with
resnect to the direction of the horizental comnonent of the
local maanetic field, The direction of the local maanetic
field was provided from aircraft navigational mans of the
trajectorv area.

3. Balloon latitude and longitude, This information was furnished
bv the NCAR staff, based on aircraft-renorted nositions througno.®
the flight, The latitude chanaed by less than one dearee
throughout the entire flicht, Lonaitude chanaged from 96 degrees
to 84 degrees.

{n order to facilitate computations of the response function bv comnuter,

the fiight trajectory was divided into 27 zone,, each zone having its

T e e i i e
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own characteristic average latitude, magnetic correction figure, and
balioon exit time, A few examples are given in Table 2., It 15 clear
from the table that the changes in the three quantities are small
between adjacent zones, Since the chanaes in longitude tended to be
somewhat Iar;ér from zone to zone, and since & one degree change in
longitude is capable of changing the positions of the peaks of the
response function bv nearly 4 minutes, the computer program used a
“continucusly chanaing® lonaitude, i.e. each succeeding calculation

of the respense function {at 12 second intervals) used a new lgngitude
value, estimated by linear interpolation betweesn known positions at
known times, a- per the NCAR data., Figure 8 shows Eff(t) for tne 4 sources.

B. Separation of sources from the background, Fiagure 9 shows a mac

¢t the Cyanus region, showina the positions of the four sources X-i,
X-2, X-3 and X-4 as determined by rocket measurements. Also shown

is the FWH'l of the detector as projected on the celestial sohere,

It is evident that the FWHM is comparable to the angular separation of
the scurces, ani there is thus ar inherent difficuity in resoiving them,
This difficulty is almost a fundamental one in ballaoon<borne X-rav
detectors, due to the requirement of a large area detecter, for
reasonable statistics, together with a shield of reasonable cost,
weignt and effectiveness. The detector of Haymles]2 has a comparable
FWHM (-24°); the FWHM of the Dverbeck det:ector']3 is somewhat better
(-8.4°). In our particular experiment, we can, however, eliminate

the contributions of x-2 and X-4 from the picture by ccnsiaering the
time interval 0920 to 1120. In this interval, the contribution of

X-2 ana X-4 are negligible, whereas half the total exposure to X-1

occurs during this time interval. In a later section, we shall estimate

e A TR e e e e a ae W®
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the contribtution of X-3 tc the counting rate by 3 perturdation technijue,
and will find that the upner limits to the flux from X-3 are a factor
of 8 to 10 down from X=1 in essential agreement with Overbeck., We
therefore shall ignore any contiributions from X-3, X-2 and X-4 in the
analysis to follow.,

In situations where one has a reaily good sianal to noise ratio,

the extraction of the sianal can be quite straightforward, For exarple,

in the case of an idealized moon based X-ray telescope, the only backaround

vould presumably be due to a small primary cosmic ray flux, and a small
diffuse X-ray background. Rather good S/N ratios could then be exrectec
and by suitably small opening apertures, one could presurably neclect
the background completely., The flux could be very simply determined
by, for example, takinc only data for those times when the respcnse
function was, say greater than 90%, and callinc tnis the source flux,
However, in tha case at hand, the "signal" is at best oniy half the
"noise", and it is only this good for a few of the lower enerav channels,
At higher enerqgies, the signal rapidly drops to a few percent of the
noise. Again, this situation is common in greater cr lesser deqree to
all balloon-borne detectors, althouah as the technique of shieldinrc
becomes better understosd, the "backqround" is beina reduced. A very
useful technique for dealinag with the poor siagnal to noise ratio is the
following, due in part to Overbeck, 'e assume that the source and

background are constant in irtensity for the period of observation, and

then write the following simple equation:

(R

Protar(t) = Rl /EFF(L) = Rep e (3)

Rigtal(t) represents the actual measured counting rate, Rgg is the

-
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background rate, R is the source rate, and Eff(t) represents the

source
fraction of the detector area which is "illuminated” bv the source,
Rtotal(t) and Eff{t) are o€ course time dependent, as indicated. A

simple re-arrangement gives

Rtotal(t) * Rsource * EFF(t) + RBG (4)

which is a simple linear equation in Rtota](t) and Eff(t) of the form

Y = AX + 3,

Thus, if one piots the counting rate versus the response function,
the result should be a strafaht line, whose slope is the source flux,
and whose "y" intercept is the background, Figure 10 shows a typical
result of such a plot for channel 5 (46.8 - 58.5 Kev); only pcints such
that Eff(t) > .1 have been used in this case. A few error bars are
indicated in Fiqure 10 representing one standard deviation for the
rav counting rates, Each plotted data point represents 100 to 150 events,
and only corrections for electronics dead tir “nave been mace to the data
shown,

In view of the statistical scatter of the points in Fiaqure 10, it
_is not at once clear how to best draw a straight line through the data.

One possibility which has been used in this case by other workers]4

involves a least squares fit to the data. In this case, the criterion
for best fit is the followinc. Suppose the "best" line to be
represented by R(t) = A-Eff(t) + B, Then if we write a similar

expression for each set of points (R, Eff;)e we have ry = Ry-A.Ef;-B
where rj is usually called the residual. A simple least square fit

requires that &L ry = 0, further, that § rj2 be a minimum, The
J
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derivation43 then qgives the result that

U Ug = Uz Ug
Rgg = 5 (5)
and
Ug = R U
Rsource * : 2Lz (6)
5

where U] is the number of data points N considered in the analvsis,

N N N 2
= . = Eff.
U2 - 'z Effj 'Y U3 E RJ, US ‘/.: J
j=1 i=1 j=l
and
N
' a2 - -
L6 .E EffJ RJ .
j=1

Figure 10 shows a "best fit" line obtained in this matter. Evidentally,
because of the requirement that I rj2 = minimum, a simple least squares
fit weighs points with large residuals more heavily than points with

small residuals. However, if we assume that the distribution of points

in Figure 10 is largely statistical (the distribution does anproximately
obey Poissonian statistics), then points with iarge residuals are
actually statistically less likely than points with small residuals, and
therefore snould be weighed less heavily than points with small residuals.
A technique which will accomplish this is a weighted least squares fit,

where we now require the condition

W rjz be a minimum,

[ LI St I
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The statistical scatter of the points in Figure 10 suqggests that

perhaps w; should be the probability of having a deviation ry» if the
"true” value lies on the best fit line, If we assume that the counting

8

rate obeys Poissonian statistics, one may show” that the probability

P, of observina a rate X is

where m is the mean rata, For large m, this distribution is well

approximated for our purposes by the “normal"distribution,

2 2
e-(x-m) /20 ) dx (7)

1
L
where ¢ is the standard deviation and equal tn /m, This expression
facilitates somewhat the necessary machine programming, If, then,
we observe a mean rate R; then for a given measurement Ri' with a
residual s the probability of observing that residual is evidentally

proportional to

2,,2
%- e” (rj /25")  witho = YR, For the purposes of computineg

the probability, the raw 30 second counting rates are used, before any
dead time or other corrections are made, The technique then involves

letting s
W. = l e'rJ /20
J c

thus we require
2 e-rj2/202 be a minimum,

)
R
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In order to pronerly evaluate the exponential, one rust know the true value,
which in fact is the quantity in question. A technique which works verv
nicely in this case is to first determine a simple least squares fit

(i.e. Nj = 1 for all j), then use this line to calculate the residuals.
These residuals are then used to calculate the Nj for the expression
above. A new best fit line is then computed using the weightino
technique, new residuals computed, and the process repeated as often

as necessary, Hopefully this process will converqge, i€ the initial
aporoximation is aqood enough, and in fact it does converge, Fiqure 1]
shows the results at various stages of a 20 cycle iteration. It is
believed that this technique is somewhat superior to a simpie least
squares fit of the data, since it does not weiah points with larqge
residuals (statistically less likelv) as heavilyv as those with small
residuals (statisticallv more likely), whereas the reverse appears to

be true for a simple least squares fit, as discussed above, The eauations

which finally result are as follows43:

2
B= (U3 U5 - U3 Up)/ (VU5 -Up ) " Reg ()
and
A=(Y¢ -BUS) /UL = Rsource (9)
where
N N N
Up - ¥ ¥y, U5 = TEFf M., Uy = [ R.Y
ja1 i j=1 i 3 j=1 i o
! re !
ur = 2 (EFF.) W, UL =) Eff, R, Y.
5 j=1 A i 6 j=1 1 1 J

On Fiqure 10 is drawn a line correspondinag to a fit usina the above

technique,
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Recallina that the signal to nofse ratio is really not verv qood
for the data, it is of some imnortance to ask how well we reallv know
the "noise" or background, The AX+B" technique gives a unique value
for the background, for examnle, but one can also learn somethinc of
the background by observing the counting rate of the detector for times
when there are no known sources in the field of view., If these two
determinations agree within error limits, then it is likelv that we
know the background rather well, Fiqure 12 shows the time nrofile for
several channels of the 5 minute averaged countina rates for periods
when Eff(t) for Cvgnus X=-1 is less than 7%, (The veriod where no
backqround data is shown renresents times when Eff(t) for Cvgnus X-1 does
not drop below 7%), Shown for each channel is a dotted Tine bridaina
the "blank" space and which resresents the backaround value used for the
Cvanus X-1 determination. Also shown is the backarourd value obtained fronm
the "AX+B" technique. In general, it was found that the backaround values
from the "AX+B" technique were somewhat higher than one would exnect from
looking at the rates before and after passaqe of X-1, esneciallv for the
lower channels., Higher eneray channels, with poorer signal to noise ratios,
tended to give "AX+B" backgrounds which were in better aareement with
the rates obtained bv internalation nerhans because the sianal flux
itself was actuaily smaller. The cause of the disaareement for the
lower channels is not clear, but due to the uncertaintv, it was
dacided to use the backaround obtained bv manual internolation between
the levels observed before and after nassage of the source. This choice
would seem to have better statistical sunnort, since some 2-1/2 hours
of background data was recorded before and after the nassage of the sources,
whereas, by definition, backqround data (data at low efficiences) is not used

in the AX+8 fit. In this case we assume in the calculation that "B" is known,
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and determine the scurce rate "A" via Equation 9,

In comment on the technique of fittina a straiaht line to the plot
of count rate versus the response function, it is believed that this
technique uses a maximun 0 the available data for the source considered.
In practice, however, the data used in -hese determinations has been
restricted to points for which Eff(t) is areater than 10%, Inasmuch as
the source rate is seen by Equation 3 to be inversely proportional to
the value of Eff(t), a small error in the countinag rate for 10% response
tends to multiply the percentage error by a factor of -'-10 as far as the
“surce flux is concerned. Also, small values of Eff(t) were more
d*7ficult to measure, even with miilicurie strenath sources, and Eff(t)
dropns rapidly with small increases of angle for large anales, Hence
values of Eff(t) less than 10% are not regarded as as trustworthv as
the larqger values, Eff(t) tends to be of the order of 40 to 100% for
most of the duration of the observation period, fortunatelv.

The fluxes as measured at the detector, for a source at the p-sition
of Cyanus X-1 (as qiven by Giacconi et a13) are ﬁhown or each cnannel
in Figure 13, The weiqhted least squares fit plus "known" backaround
was used to obtain these values. Only corrections for electronics
dead time have been made for tha data shown in the fiqure. The decrease
in the measured countina rates below 40 Kev is attributed to the stronq
atmospheric absorption occurring in the low eneray region, as will be
discussed in the followinng sections.,

C. Corrections for instrumental dead times, and for atmospheric

and gondola absorptions, The total counting rate of the detector in

the analysis region was of the order of 100 events per second, pulse

height analyzed, which was ~50% of the maximum rate which the electronics

T
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was capable of telemeterina, hence corrections for "dead" or "busy"
times of the electronics were necessary. These were of the order of
20% and the relevant formulae are derived in Appendix C.
After instrumental dead times have been taken care of, one can beqgin

to make corrections for the absorption by the approximately 4.5 gm/cm2

of atmosphere above the balloon, by the 1 gm/cm2 of qondola insulation,

and the .1 gm/cm2 of aluminum comprising the gondola window. In making
these corrections, one must bear in mind that ettenuation of an X-ray
tlux by an absorber is strongly energy dependent., Thus, since the
widths of the energy bins used for analysis cover a range of from

12 Kev (at lower energies) to 48 Kev (at the high energy end), the
total absorption for a given bin will somewhat depend upon the X-ray
spectrum incident at the top of the atmosphere. In principle, this

is a circular arqument, for the spectrum in space is the object of the
investigation, However, in practice, the "absorption factor" for each
charnel (i.e. the ratio of the flux at the top of the atmosphere to
that at the Nal crystal) is really not very sensitive to the exact
shape of the spectrum which one might choose, especially at energies
above 40 Kev, Table 3 shows the absorption factors obtained for two
power law fits and twe exponential fits, whose parameters have been
chosen to be somewhere near those which have been reported by other
workers, It can be seen that the higher energies are really quite
insensitive to the shape chosen, principally because most of the
absorption in air above 40 Kev is done by Compton scattering
processes, and attenuation( i.,e. removal from a beam) by Comnton
processes is a slowly varying function of energy as may be seen

in Fiqure 4, (Although the data in Figure 4 is for sodium iodide,
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the attenuation bv the Compton nrocess is nearlv the same ner gm cm”
for all materials, as has heen noted earlier,)

It is of some importance at this point to ask whether a celestial
"point" source will still lodk like a noint source when viewed throuagh
several gm/cm2 of air, or whather the Comoton scatterina will anpear
to broaden the anqular dimensions of the source, If the source should
appear to be several degrees wide at talloon altitucdes, for exannle,
significant corrections to the Eff(t) values could become necessary,

The importance of the "halo" effect is fundamentally denendent unon
the angular distributicn of photons scattered bv the Comnton nrocess.
Figure 14 shows the anqular distribution for photons of initial enernies
of 50 and 200 Kev. The FWHM fc: the scattered flux is seen to be
nearly 180 deqrees at 50 Kev, and more than 130 dearees at 200 Kev.
To a first anproximation, one may therefore consider the flux which
is Comnton scattered from a thin atmospheric laver to be uniformlv
scattered over a solid angle of A2n7 steradians for 50 Kev, and

<2 steradians at 200 Kev. The fraction intercented by the detector
is of the order of QD/4n for 50 Kev, and QDf4 at 200 Kev, where 2

is the FWHM of the detector (~.1 steradian), Since only 10-20% of
the incident flux is actually Comptorn scattered, and considerina the
small fraction of this scattered flux which is intercented by the
detector, any "halo" of Comnton scattered photons is sufficiently dim
that it need not concern us,

The corrections for attenuation of X-rays in the ~1 qm/cm2 of
Ethofoam insulation and ~,15 ancn? aluminum qondola window are straight-
forward except for a nossible worrv concerninag significant collection
or amplification of the Compton scattered flux by the telescone barrel,

If we bear in mind aqgain the near isotropic scattering of the Compton
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process at the energies of interest for this experiment, tlien~half
of the flux is absorbed by the barrel walls at every scattering,
Simple estimates then predict that the additional flux collected due
to "barrel" scattering is +1% at 50 Kev, and - 2% at 300 Kev, aqain
small with respect to other sources of error,

The final absorption factors for each enerqy channel are given in
Table 4, These factors include corrections for atmospheric and aondole
absorption, a correction for increasing transparency of the crystal at
higher energies, an lodine escape correction as discussed earlier, ard
finally, a small correction due to the energy resolution of the
detector. The finite resolution for each X-ray energy leads to
"spillover" into adjacent "bins" when the X-ray energy is naear the
edge of a bin, If the actual spectrum were constant with increasinag
energy, the spillovers would cancel since approximately an equal
number of events would spill over from both directions. Howaver,
the spectrum for Cygnus X-1 measured at the detector was not flat
as has been shown in Fiqure 13, An estimate of the corrections
indicate they are small, (0 to 20%) thus correction was made only
to first order, by assuming a rectanaular peak shane of width equail
to the FWHM, instead of the usual nearly gaussian shape, The correction
for a given channel is then the difference between what spilis over
from that channel into adjacent channels, and what spills into that
channel from adjacent channels, The effect is to make high count

rates higher and low count rates lower.
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VI, ODISCUSSION Or RESULTS

A, The spectrum of Cya X-1/X=3, The spectrum obtained for

Cyg X-1/X-3 corrected to the top of the atmosphere is giver in

Fiqure 15, For 20 < E ¢ 100 Kev, the data can be fit by

- ]
.71 z.m photons/cm® sec Kev.,

dh/dE = 3,45 E
For energies above ~100 Kav, the spectrum appears to Ssteepen:

dN/dE = 950 E’(3‘1 i.]:g) photons/cm2 sec Kev,
Figure 15 shows the same data together witn the data of other workers
whose flights occurred on dates near May 3, 1967, It can be seen that

there is relativeiy ¢ood aqreement between the results of tnis work,

those of Bingham]4, and those of Overbeck and Tananbaum.]3 The data
of Haymes et a'll2 seem to be consistently lower below 100 Kev and
may be an indication of source variability, as will be discussed later,
As with the present work, the spectrum of Hayrnes et al also becomes
steeper above 100 Kev, by about a power in the exponent, The oniy
other measurements above 100 Kev which are known to the author at
this time are by Rocchia et alls who report measurements to 135 Kev,
This data fs ﬁot inconsistent with a steepeninag of the spectrum bevond
165 Kev,

While the data as described above can be fit by two power laws,
it can alternatively be well fit by a sinqle exponential, Fiqure 17
shows a plot of the differential enerqy flux as a function of enerqgy
for this experiment, and for other workers, The data of this work
appears to fit & single expvonential rather well over the energy range

20-=200 Kev:
dI/dE = .46 axp (-E/[78 * 10]) Kev/en® sec Kev, (10)
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The e-folding energy of 76 Kev, if interpreted as KT, corresponds to a
temperature of 9.1 x ]08 “X. Haymes et al, obtain an e-folding value

of 94 + 1 Kev as an alternate fit to two power laws; however, their data coos
not appear to fit an exponential as well as does the data of this experimenti;
their + 1 Kev uncertainty is clearly underestimated (e.a. Fi~ure 17b).

Since their fluxes below 100 Kev seem to be consistently lower than those
of Overbeck and Tananbaum, Bingham, and this work, there is a suaqestion
that the spectrur of Cvq X-1/X-3 may be rore exponential wher the source

is intense as was the case in May and less so when “dim",

B. On the variabiiity of Cyg X-1, The guestion of the variabilizv
13,16,17

of Cvgnus X-1 has been considered by various authors. Inspiration

for such a question is amply supplied by differences in the reported

fluxes. Whether the variations are real can perhaps be inferred by

a temporal plot of the fluxes in varicus eneray intervals reported bv
various workers, as seen in Fiqure 18, The pivesent uncertainty

concerning the variability is suggested by the widths of the error bars
compared to the differences in fluxes for various dates. Absolute
measurements of X-ray fluxes are difficult to make with present instruments,
since the signal is not large compared to the backaround for balloon bome
instruments, and differences in analysis techniques can easily make a

25% difference in the flux. In this light, the reported measurements

of Overbeck and Tananbaum!3 are particularly interestinag, since the same
detector and analysis techniques were apparently used on four consecutive
flights, Their data reports a factor of+2 increase in the flux from
September 1966 to May 1967, followed by a decrease of a factor of.«2
measured in June of 1967, The results of the present work agree rather
well with the high fluxes of Overbeck and Tananbaum for May 1967, as well

as agreeing quite well with the data of Bingham whose instrument flew
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on the same balloon as this exneriment, It is felt, therefore, that tne

flux was definitelvy high in Mav 1967, and that nrobablv the flux mav

indeed have been iower *n Sentember 1966 and June 1967 as suaaested

bv Overbeck, The other renorted fluxes are sujgestive of variations,

but the analvsis techniaues presumablv are somewhat different for each

experimenter so that less importance must be attached to these differences.
Also shown in Fiqure 18 are the fluxes measured below 17 Kev bv

rocket exneriments., There are few data noints in this reqion, and so

the apoarent lack of correlation between these low ererav fluxes and

the balloon borne measurements mav not be meaninaful,

€. The snectra of Cvaonus X=2/X=4 and X«3, Since the exnosure of

the detector to Cvanus X-2/X-4 has been shown to be well sepnarated
from that due to X-1/X-3 (e.u, see Fiqure 8}, one can use the nreviouslv
described weighted least squares techniques to determine the flux from

the nair X/2-X/4, Determination of the backaround flux for Tranus X="/sa

is sonewnhat more difficult than for X-1, since nc backaround data is aveilizle

before the nair comes into view (die to the stronn nresonce of Jvanus {=1 =120,

vackgqround data after transit of X-2/X-2 has therefore been used in the
least squares fit, Fiaqure 19 shows the fluxes measured for X-2/X-£, alona
with other available data on the pair, The error bars are much laracer than
for the measurements of X1 by this exoeriment, reflectina the increased
importance of the backqround uncertaintv with the much weaker fluxes,

it can be seen that the results from this work are not inconsistent with

the estimates of Overbeck and Tananbaum]3 and the data of Rocchia.l® The

spectrum is evidentally quite steen at these enerqies.
The ootical counterpart of Cvanus X-2 anpears to be a faint blue

binary]S of magnitude m, ~~14,5, The snectrum of Cvanus X-2 over a
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wide freauencv snectrum is shown in Fiaura 20 where it nas been assumed
that the balloon sorne <ata {above 21 Kev) r.fers to a “lux rrincinellv
from X-2, 740 nossible exnonential fits are shown in the ¥icure; neitna-
annears entirely satisfactorv., A nower law fit would be a strairht line

on this nlot, anmarentlv not all comnatible with the ontical identification,

As with Cvanus X-2, verv little data exists for tne source Cvanus x-3,

15

The ASE nrnun35 measu. 2d fluxes at 2 to 19 Kev, and Pocchia et al =~ nas
nublisned fluxes for enernies above 20 Kev. With the excertion of

Roccnia et al, most workers have found onlv unner limits for this source
above 29 Kev; the absolute flux is difficult to reasure due to its nroxiriyy
cn the celestial sohere to the stronager squrce X-1. In the rresent wor., tn=
flux from X-3 is estimated bv lookina at the time bahavior of the scurce < ux
(computed Lv the techniques alreadv discussed), usina an EfF(t) for

Cvanus X-1 enlv, Since X=3 comes into view about a half hou- “ater

{e.r. Fiaure 8), a sianificant contribution bv X-=3 should cause the

corinuted source fiux for X-1 tc increase as X-3 comes into view., Fiaure 1
snows the source fluxes for X-1 + X-3 as a function of time determined v

the nreviouslv discussed cormuter techniques, usina an [ff(t; for Cvenus -1 ;
onlv and a background determined from Fiqure 12. There mav be a small
increase toward the end of the time interval in one channel, consistert «ith
a small contribution from X-3; however, a lower enerav channel actuallv s9ous
a decrease, In view 0f the size of the error bars, these variations can be

internreted as only unner limits for contribution from X-3, Fiaure 22 shoas

the unper limits from this work, tnaether with the results of other ~xorkers, §

The data is clearlv quite scantv, and more work needs to be done bv telescanes f

of laraer area, lower backaround, and smaller anerture anales, |

In comment on the data »nresent in Fiqure 21, there is a suonaestion ;

of an increase in the flux from X-1 during the earlv nart of the ciservation, %
;-n
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The calculated flux (measured at the detector) between 23.,4-35.1 hev

is 154 C/min in the time interval 1015-1044, and then drors tn 87 C/min

in the succeedina time interval, The difference is 5 times the exnecteg
uncertainty due to lack of knowledne of the backaround, which is the
larnest source of uncertaintv in the source flux, The decrease corresnonds
to more than 3 standard deviat. if the variations in the backaround

and source flux are Poissonian, Channel 4 shows no evidence of this

“short term variabilitv", nowever, so the snectrum of the annarent
fluctuation mav be fairlv steen,

J. The diffuse X-rav backaround. In addition to the now well

established nresence of numerous disrrete celestial X-rav sources, there
has accumulated much evidence for the existence of a brnad a:ffuse

13,20,21 Recent results

cormonent of extra-terrestrial X-radiation,
bv Gorenstein et a]lg in the eneray ranae 1-10 Kev indicate near

isotronicitv at these eneraies, and a nhoton number snectrum which qoes as

di/de x gmte7 22
In the interval 20-199 Kev, Bleeker et a12? finds a snectral index of
~e2,4 + .2, while the data of Seward et a122 fits a nower law with a
spectral index -1,6 between 4 and 40 Kev, The data of Metzaer et alls
sugaests a nower law with an index ofa-2,5 (Ranaer 3, detector extended)
in the interval 130 Kev to 1 Mev, and the upper limits measured bv
Clark et a1?4 are consistent with an index of~<2 for £ > 130 Mev, In
summarv, the nurber snectrum for enarcies above 100 Kev seems noorly
known, but mav become s.eener above 20-50 Kev, This steenenina, if real,
could have innortant bearina unan the nature of the aeneration mechanisn

for the diffuse backaround, It is therefore extremelv imnortant to attemnt

to reasure the diffuse comnonent in the reqgion of this break, that is,

Gonmitd el o iniet
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dalloon Larne reasurements of the diffuse X-rav backaround are 1767 7~
ty navn, for, as is tae case 4itn Flux rieasurerents o€ discrete sources,
neasurenents of the diffuse X-rav flux are fundamentallv Timited bv the
backaround nroduced bv cosmic rays in the atmosrhere and in the instrument
itsel€, In tne case of discrete sources, one need onlv require that this
backqground remain constant while the source is beina viewed, However,
the near isotronicitv of the diffuse extra-terrestrial flux makes onbservarion
of this flux fror a balloon difficult, since the atmosnheric backeround
is also nearlv isotronic, Several techninues have been used in an attamnt

to senarate tue extra-terrestrial! comnonent at balloon altitudes, and neariv

a1l denend unon the behavior of the countina rate as the exmeriment reaches

altitude, Bleeker et 3120 have carried out two balloon fliohts at
substantiallv different qeomaanetic latitudes (53°N and 25°N) in order

to try to distinauish anv flux due to bremsstrahlung bv electrons
nrecivitatina from the radiation belts., A rotatina disk alternatelv
closed and onened the anerture of the telescone in an attemnt to

senarate the "forward" Xe-ravs from the total measured flux, The

flux with "closed" anerture is subtracted from that with “onen" anerture,
and the remainder is internreted as beina due to an extra-terrestriajl
component nlus an atmosoheric comnonent. For nressures of between

20 and 100 qm/cr’, where the contribution from the extra-terrestrial
cornonent would nresumably be neqligible, they found that the lon of the
counting rate (orincipailv atmosoheric) decreases linearlv with the loa of
the nressure, The assumntion is then made that t-~2 atmosnheric comnonent

will continue to decrease in this manner for nressures less than 20 am/cr?.

This technique then nredicts the contribution of the atmospheric comnonent

e i o e
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to the difference batween countinn rates of the "onen” and "closed"
confiauratons, and tho extra-terrestriail contribution is taken as
the remainder of this 4if*erence,

21 used the difference in countinn

Hudson, Primbccl an. Anderson
rates from two identical ae 2ctors, one nointed unward and one downward,
flown simul taneously, to senarate the forward comnonent, The flux
measured with the "un" decector was about a factor of 2 areater then
that of the "down" detector near 30 Kev.

Brini et a125 us2d a technique similar to that of Hudson et al
and emoloyed one "un" detector, one "down" detector, and one detector
with the aperture "closed". In contrast to Hudson et al, however,
these workers found a flux from the "un" detector which was smaller
than that from the "down" detector, vet their results aaree with
those of Hudson et al to within a factor of two! This relativelv
anod aqreement of the finished data in snite of an annarentlv verv
serious disagreement in the raw data mav be indicative of the
immaturity of measurements of the diffuse comnonent,

Fiqure 23 shows the counting rate as a function of pressure for a {
renresentative enerqv channel for this exneriment, To a first annroximation, »
there is a linear reqion on these loa log nlots of rate versus altitude
similar to the linear reaqion on the log log nlots of Bleeker et al, If we
assume that in the absence of an extra-terrestrial comoonent, the
counting rate would continue to decrease with nressure in such a man-
ner; we mav estimate the contribution of the extra-terrestrial cormonent ;
as the difforence between the actual countina rate and the rate which
one would obtain bv extranolatina the straincht 1ine reaion te lcver

nressures, Firure 24 shows the resultant fluxes, in comparison with
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3leeker et al and other workers, The diata of the nresant wora can e

crudelvy fit by a nower law:

dn/dE o gT2eB 2143
which is consistent with the index of -2,4 + ,2 found bv Bleeker,
but also scarcelv inconsistent with the =1,7 + ,2 obtained bv Gorenstein et al
at lower eneraies. [f there is a steenenina of the snectrum accurrine
near 20-60 kKev, much more accurate measurements than those nresentlv
available will need to be made to establish the enerav at which the

steenening occurs.,

VII. MONELS FOR X-RAY AENERATION BY LOCALIZED SOURCES.

We now review the fundamental X-rav qeneration mechanisms which
are considered likelv for localized stellar sources of X-ravs. feneration
of X-rays is continaent uoon the acceleration of charged narticies, and in
this case only electrons are imnortant, Since the radiated sower P by

an accelerated charged narticle qoes as

e2 > 2 -
P=2/3 % (8)¢ for 8 = V/C << 1

and
P=2/3 T v [(B) - (8 x8)7] ()
for relativistic velocities26, where Y = —me== , the nower radiated is

"I-BE 3

orooorticnal to the square of the acceleration 8, The electromaanetic forces
on electrons and other charqed narticles are onlv dependent unon charce and
velocity; however, the much smaller rest mass of the electron results in
acceleration +2000 times that of nrotons, for equal electromaanetic forces,

For electrons and nrotons of equal kinetic energv,y for electrons is A 20)9)

times that for nrotons (acain duc to the difference in rest masses) so that the

b
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denendence on v in Eaquation 11 3bove further enhances the electron contribution
for relativistic energies, In the first case below, we consider acceleration
of an electron due to a magnetic field, either a field of spatial extent
(synchrotron radiation) or that due to the electromagnetic field of a
collidina photon (inverse Compton radiation), The second case considers

the radiation produced due to acceleration of the electron in the field

of an atomic nucleus, A third case considered is that of “"black body"
radiation, which is the thermal radiation emitted by a body when the

body is optically thick for photons of the energy considered.

A, Synchrotron radiation, sSynchrotron radiation,caused by the

acceleration of electrons in a magnetic field is thought to be responsible
for much of the emission observed from celestial point sources in the
radio range, First observed in synchrotrons, the radiation is
characterized by a high degree of polarization since the direction of

the electron acceleration is always perpendicular to its velocity and

to B, Thus the radiation viewed perpendicular to B is linearly polarized
(electric field vector perpendicular to the existing B field), Viewed
parallel to B, the radiation is circularly polarized and it is thus
elliptically polarized between these two extremes. For V/C << 1, the

emission is at Ves the cyclotron frequency:

e B
v, = 2 where m is the rest mass of the electron, while for

¢ Z7mme

V/c -1, the emission pattern becomes very pronounced in the forward

direction, and higher harmonics are introduced. Schwinger27has

28

investigated this theoretically, and Corson“” and others have verified

the results on synchrotrons, The average power emitted per unit frequency




for an electron of total enerqy E 1s found to be

2
O (-:Tc—z-)l%r(g—m). (12)
where
v 32 (E/mc2)° v, (13)

R = ﬂlgl is the instantaneous radius of the orbit, and F (¥ ) is a slowly
e Vm
varying function, The maximum en..sSion per frequency interval occurs

near y = ;ﬂ » with the half power points near 10'2 Vi ? and Vm®
Schwinger shows that fcr a circular orbit,

1/6 2,2 2
(4) (3'/°) r(2/3) e° v, (P2 ) n1/3 for v << v, (14)

Ph =

B C

while for v >> Vm the spectrum decreases exporientially:

372 372 2,2 .1/2 _en/n
3 " v ©n e m
Py = < (15)

Z8ac "m3/2

where Pn is the power radiated per unit frequency in the nth harmonic

of Voo and T is the "gamma" function, The total nower radiated is qiven bv

2 2
2
PlE) »2/3 o6 [ (£ . (16)
4 n2 ¢ mc2

MorrisonZ) gives the half-1ife for energy loss by synchrotron radiation as
Ty ,» 5.1 x 108/8% v seconds a7

where B, 1s in gauss.

Although synchrotron radiation is believed important at radio
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frequencies, the mechanism requires rather high enerqy electrons for
emission of X-rays, For example in a 10 microgauss field, for
hv. = 1 Kev, electron eneraies of~10'3 ev are required, The half
life is seen by Equation 17 to qo inversely as v, thus problems of
electron lifetimes may arise in connection with Xeray fluxes at higher
energies, If one assumes a power law spectrum of electrons
(e.q. cosmic rays), dN/dE = K E*® and assumes that all synchrotron
radiation for an electron of energy E occurs at vV = v, then the X-ray
number spectrum is also a power law:

an/de =k, £ (*TV2,
Thus a power law is expected for X-rays if the generating electron

spectrum is a power law,

B. Inverse Compton radiation, An electron will also radiate due

to interaction with an electromagnetic field, such as that due to a

starlight photon, If the electron is relativistic, and tha photon

of energy hv << mecz’ the interaction is often called an "inverse"

Compton process. Although in this case, the electron transfers

energy to the photon, instead of vice versa, the interaction can be
treated simply as a Compton scattering process, merely by a transformation
to the rest system of the electron, The photon enerqy in this system is

then given by the expressicn:

(hV); = Y(hV]; (3+8) for a headon collision, where Y,B refer to the
velocity of the electron in the “lab" system, After the collision, the

photon energy is given by the usual expression (Equation 1):

(h\))' (h\))'
(hv}! = L where a = i and
f y—
1 + alacos 8') myC
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cos O 1s the scattering anqgle, as discussed earlier in this work. If
we suppose y > 103, then o << 1 and (hv)%‘:‘(hv)i with merely a reverse
in the momentum direction for a headon collision. Then the final energy

of the photon in the lab system is given by

()g = y(w): (148) T¥2 (w) (148)2

for a headon collision, where the sign in the parenthesis is asain
positive because of the change in the direction of the photon momentum
in the rest system of the electron. We thus see that the ffna] energy
is approximately YZ times the initial enerqy, which i< analoqgous to the
energy dependence discussed earlier for synchrotron radiation (Equation 13)
viz:

L2

= 2 . =
Uy = 3/2 (E/mc%); Vef Vei

As is the case fo. synchrotron radiation, inverse Compton scattering aqives
a distribution of photon energies, since all collision angles are of course
possible. Other expressions for the inverse Compton and synchrotron

processes are rather similar also. Felton and Morrison30 show that the
radiated power is given by the expression

Pc(Y,P) = 2,66 x 10-14 sz eV/sec where p is the enerqy density in
eV/cm3 due to photons, Like the corresponding expression for synchrotron
radiation, the power radiated goes as Yz. The ratio of the power radiated

due to each process qoes directly as the ratio of the energy densities:

P.(YeB) 8% /8y | i
S - S / 2 _ !
o7 B A : (18)

For generation of photons of several Kev from starlight photons (~1 ev), Y's

of - 50 for the electrons are sufficient. For the 3 degree universal radiation,
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Y's ofrk]03 are necessarv,

C. Thermal Bremsstrahlung, A mechanism which doas rot require such

high enerqyv electrons for emission of a given eneray X-rav is the

thermal radiation or "bremsstrahlung” occurrina due to acceleration of
tharmal energv electrons in the Coulomb field of the nucleus. If a nlasma
is ontically thin at X-rav energies, that is, the absorntion length

Xo 2 1/u for the enerav considered is comparable to (or greater than)

the thickness of the nlasma, then the continuum radiation from this

nrocess is gqiven by3]

- - h
P(v) = 5.44 x 10739 F (y,T) exo ( ) TV
| (13)

Iy
» L ne n, Z2 erqs/cm3 Ster sec c/sec,
Z

where n,, n, are the number densities of electrons and of ions with
charce Ze, and g is the effective Gaunt factor, g aopproaches unitv

for hv >> KT, and aoproaches€§ n [%éé;] at low frequencies, fNote

that the shane of P{v) is nearly flat out to an enerqv hv = KT and

then drons off exnonentiailv for hv > KT, As KT is typicai of the
electron energv in the nlasma, we see that this can be a fairlv efficient
generation mechanism--electrons of energy E can oroduce ohotons of enerqv
hv < E, The total isotropic emission by this mechanism is aiven bv

P=1,48 x 10727 1V/? 53 ng M, Z eras/em® sec, (20)

We can estimate the half-life of the nlasma for coolirq bv bremsstrahluna

in the followina manner, Sunnose ne’g’nz‘g“n. the total narticle densitv,

then T~ 94 % (1.44 x 10°27) T n2 /7, where u = thermal eneray densitv
3
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of the plasma. But u = 3/2 n KT by classical kinetic theory, hence

du 3/1.48 x 10 - A 10
u 32 /T > ng dt ~dt/ t 1/2 whence T2 /T in

seconds, Thus the higher the number density, the faster is the cooling
time by bremsstrahlung.

D. " Black body radiation. When the number density in a plasma

becomes so high that the plasma is no long2r optically thin for photons
of a given energy, the radiation approaches “"black body" for that energy.
The bremsstrahlung formulae no longer apply and the emission now goes

as the surface area of the body and is given by the Planck function:

P(v) = 2meyct (exp ( E; ) -1)photons/cnfsec C/sec (21)

The total pcwer radiated is the integral of the above expression:

-4
F=o T4, where g = 5,67 x 10‘5 ergs/cm2 sec dea ',

VIII, COMPARISON OF DATA WIT“ THECRETICAL MCDELS

A. Cygnus X-1, 7The spectrum obtained for Cygnus X-1 has been
shown in Figures 15, 16 and 17, We now consider thz shape of the
spectrum in the light of the generation mechanisms which have bean
discuss~d,

As has already been considered, the spe<trum does not appear to
be well fit by a single power law, Below 100 Kev, a power law with
spectral index ~1,7 seems to fit adequately, vhi‘e abeve 100 Kev, %
the spectral index steepens by about a power, This c<teepenina of A
the spectrum above 100 Kev has also been observed by Haymes et al

so {5 believed to be real,
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At least one other source shows a spectrum somewhat similar to that
of Cyanus X-1, The Crab Nebula (Tau Xe1) is also a powerful Xe-ray emitter
at enerqgies up to 100 Kev and its overail enerqy spectrum also shows a

break, although the break is from an exponent 1 to 2 and occurs at a much
lower frequency32 of v 3 x 10'3 C/sec in contrast to the steepening
of the Cygnus X-1 spectrum atv 2 x 10]9 C/sec. Since the lifetime
of an energetic electron is known to go inversely as its enerqy
(e.q. Equation 17) under synchrotron loss, the steepening of these
spectra is suggestive of the gradual loss of electrons energetic
enough to produce radiation above the "break" energy. Kardashev33
discusses the chanaes in an electron spectrum due to synchrotron radiaticn,
ana for . particularly simple case in which an electron spectrum of
the form
No(E) = K E7Y

is initially injected (and no further injection occurs thereafter) and
the electron velocities are isotropic (i.e. all angles with respect to B),
then the electron spectrum evolves with uvime and steepens at an energy

Ebl'veak * —lz__ (22)

bBct

where b » .98 x 10'3/(mc2)2. B #s in gauss, t is in seconds and
E is in ev., The corresponding break in the synchrotron emission

break
spectrun from these electrons occurs at

v, = 3.4 x 108783 ¢2, (23)
whare t is in years and Yy is in C/sec. The synchrotron spectrum at

time t after the initial injection of the electrons is determined to be

(24)

(G5 - (%
Vv

I(v) B8
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'i{s thus required, There may therefore be difficulties in the synchrotron

“lend support to the hypothesis of a voung source and a synchrotron mechanism,

a2

for v << v, where I(v) is the enerqy snectrum, and
YAl Y+5
I(v) a 3'2 ) (+) t” (T ) for v > Vi e \25)

For the Crab, the photon eneraqv snectrum for £ < E has an indax of

break
+. 25 corresnonding to a v -~1,5, The value of the nhoton snectral index

nredicied for £ > Eypaak Via Equation 2% is then (2—-?—]-) = 1,3, which is
close to the 1.2 actually found for the Crab. A break frequency of
3 x 1013 C/sec nredicts B~ 2 x 1974 nauss, considering the known age
of ~900 years for the Crab,
For Cvanus X-1, a photon eneray soectral index of 0,7 for v << vy,

(i.e. nv < 100 Kev) qives a y of 2,4 via Equation 24. tLquation 25 then

predicts a photon spectral index of (y*5)/3 = 2.5 for v >> vy
1.5
.6
index measured bv this experiment for E > 100 Kev, If this mechanism applies,

(i.e, hv > 100 Kev), which is consistent with the 3,1 * enerqy speciral
an estimation of the aqe of the source Cyaius X-1 can be made bv assumin~t a
magnetic field value of, sav that calculated for the Crab, If we assume

B ~ 104 gauss, Equation 23 predicis an age of t -3 years, almost certainiy
too short, If we try B 10°" gauss, verhans more reasonable, we find

t ~ 10 vears, again rather short but nerhans not entirely unreasonable, since
the first observations of Cya X«1 were made less than seven years aqo.
However, an ontical unper 1imit (to be discussed later) has been measures

for Cvgnus X=1 which {s clearly not comnatible with the snectral indeax of ! 7

measured for energies of less than 100 Kev, Another "break" at lower enrrging

hypothesis for Cygnus X<1, Nonetheless the model is attractive for its simmii{citv

and a later observation of a shift of the break to a lower energy would annear tn

ol WA st M M L e
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Another altermative to be considered for the internretation of the
spectrum of Cyqnus X1 {s that thermal bremsstrahlunq may be the emission
mechanism, This is somewhat more attractive from an enerav point of
view, at least, since Xerays of tens of Kev mav be nroduced bv thermal
electrons with comnarable eneraies as has been nreviouslv considered,

The source Sco X-1, for examle, is believed to be nroducina X-ravs

bv a bremsstrahluna mechanism in the X-rav reaion since its enerav
spectrum appears to be an exnonential and in fact an "accentable" ontical
counternart has been found by extranolating the X-rav spectrum back to
visidle wave]engt,hs,34 It is therefore worthwhile to investinate this
possibility for Cygnus X-1, As has been shown in fiqure 17, the data

of this exneriment annears to fit an exnonential rather well, Fiqure 17
also shows most of the rocket data known at this time, There annears to
be considerable “"scatter" of the rocket data, nerhans due to time
variations of the source as discussed earlier in this work. However,
the low eneray data is not inconsistent with an extranolation o€ the
exponential fit to the data of this exneriment, Little is known of

this source at still lower Xeray eneraies: aowever, an imnortant unner limit

worgnd by R et o

of m, 4~ 15 has been found for the visible flux from the ontical
counternart of Cvgnus X-l46. Fiqure 25 cshows some of the nresentlv
available data for Cvgnus Xe1 over an extended rance., Alsc shawn is an
exponential "fit* of T ~-107 °Kk which is compatible both with the ootical

uoper 1imit and with the data of the present work,

FORCE GTIRITTIL. TET ™ B 1 TONIY Ot S NN R U RN

A bremsstrahlung hvnothesis 1s attractive considerina the evidence
for variability of Cvanus X-1 as well, Overbeck and Tananbau1]3 and
Ledin et a1 have reoorted observing time variations in Sco X-1,whose snectrum

in the Xerav reqion is annarently exnonential; the ontical counternart34annaars
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to show definite variability, and tne correspondin~ radio obiject also
may be variable.37 Cvgnus X1 and Sco X-1 might therefore be similar
objects. If so, Cyonus X-1 appears to be much notter than Sco Xel
(*109 °K as campared to 5 x 107 °K), and also apparently much hotter
than Cygnus X=2 (<5 x 107 °K) although a sinnle temperature for X2
does not seem to fit both the optical and X-ray data, Cyanus X-1
may therefore be the hottest object yet discovered in the universe.
A1l evidence consicered, it is believed somewhat more likely that
the spectrum of Cyqgnus X-1 is more naturally fit by an exponential
enerqy spectrum than by a power law number specirum, One cannot at
this date rule out the synchrotron mechanism, since it may well be
that the source is a very younq one, and that the break is indicative
of a ‘epletion of high energy electrons,

B. Cygnus X-2/X-4 and X-3, The energy spectrum for Cyanus X2/X~4

measured in this experiment has been given in Fiaure 19, Fiqure 20 shows
the flux over an extended range of energies, including the optical
counterpart of X-2 measured by &ristian.la Also shown in Fiaure 20
are two possible exponential fits to the data; reither appears to fit bo’"-
the X-ray flux and the fiux from the optical object. There may therefore
be difficulities in understanding the flux of X-2/X-4 as due to a s ple
single temperature bremsstrahlw.1 mechanism over a large eneray ranqe.
X=ray measurements are very scanty and subject to large errors for
energies above 10 Kev, since the flux is rather low, In addition, there
is a lack of sufficient data below 10 Kev, Clearly much more experimenta)
work nceds to be done on the X«2/Xe4 question,

In contrast to Cyanus X-2, the optical counterpart for the source

Cyanus X3 has not baeen found, as far as as known at this date and

A Pasdde, ¥
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the balloon borne measurements are quite uncertain as has been shown in

fiqure 22. Gorenstein et a13 has examined bremsstrahlunc (T=7,4 x 107 “n)

and black body fits (Ts2 x io? °K) and concluded that either is an
accentable fit at low Xerav energies, However, the same paner bv Gorens:toin
et al oresents a spectrum for Cyanus X-i which is quite similar to tnat of
X«3, and the shaoe of this snectruﬁ fof,x-l doeg‘notréabear compatibie witn
fluxes measured above 20 Rev {e.ﬁ. Fiaure 16} for Xel. It must therefore

be concluded that the snectrym fo: Cygnus Xe3 is rath ingefinite at this

time and there sserc 1{tile ‘usiffication tc wumcicer arauments favoring

a nower lav, exnchential-or other fit to the scantv data.

C. Acreement cf the diffuse x-ra§ backaround with theoreticsl ﬂDdeTS{

The measuremants of this work concerning th. diftuse Xorav backﬂrdund

have been orésented 2arifer (Fiuu?e 24), Finure 26 shaws’fibxés ﬁér'a

more extensiva range of Qnerﬁies;:aé reported by Gorenstein et al'? and

by other wurkers.2Ce21e2H ¥  Gorenciatn et al renart a stoctral fudex

ef «1.7 % .2 frem 1 to 10 Kev, The conglomerate of data from Bleeker et al,
Hudscn et al,, Bowver et‘é‘ and:tnét of‘this'wark seems5£o be adenuatelv
fit by a spectral index of «2,5 + ,3 in the éGQIOO Kev range, There thus
anpears to be a suqgestion of 2 Steeneninq of the snectrum samewhere

in the neiqghborhcod of 50 Kev, snd if real.may help to sort out the nossible
theoretical models which nave buen suacasted fo: the generation of the
diffuse X=ray flux, The diffuse Xeray flux anrears to be roughly

isotronic in nature; Gomnstein'9 renorts no anisotropy areater than 8%

in 30 x 30 deqree samnling areas, cver galactic cocrdinates ranaina from
«90° to +90° in"longitude, and «70° to +90° in latitude, This stronaly

sungests the nossibility of an extragalactic oriqin for the flux,
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Several models have been considered as nroduction nechanisms for
the diffuse X-rav dackaround, fould and Burbidqe38 suanested a
sunerposition of unresolved nalaxies, each with discrete sources
such as those in our own ngaxy, but the siXstion remains as to whether
our galaxy is nsrmai/orrunusual regarding its Xerav emission, Onlv one
external galaxy (M-87) has definitelv been observed to be an Xerav emitter
at nresent detection levels, 511k has sugaested that a sufficient
increase in the Xerav luminositv of normal galaxies (due to discrete
sources) arisina from evolutionarv effects could account for the observed
flux, and that perhans an abundant oresence of sources whose Xerav
spectra steepen {as with Cvanus X-1) mav account for the acnarent
steepening in the observed spectrum, The inverse Comnton mechanism

has been considered by Felton and Morrison30 as a qeneration mecharism for

the diffuse backaround, using cosmic ray electrons collidina with both
starliaht ohotons and with the 3 deqree "u 3rsal” radiation, Fo: the
qalactic hale only, the shape of the calculated snectrum (photon snectral
index of 1,7 below 100 Kev, and -2,2 above 100 Kev) is in essential
aqraement with the observed shane; however, the flux is too low bv a
factor of at least 20, assuming the nrincinal nhoton densitv is that due
to the 3 deqree radiation, The contribution from the halos from all
extermal galaxies are calculated to be even smaller than the contribution
of our own halo, unless the tynical external galaxy is much brighter in

the Xeray region than oyr own, Brecher and Morrison40 renort that if

evolutionary effects are included, a large nortion of the observed diffuse
X=ray flux may be explained by the “inverse" Comoton scattering of the 3°K
radiation off elactrons in the interqalactic region, but onlv if the
sources for injection of electrons into the reqion were much stronger

in the past than at oresent,
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The essence of thc argumerts abcve appears to be that ad?eement bf
theary with the overatl spectral shape of the diffuse X-ray flux is not
terribly difficult; however, models which predict a steepening near
10-100 Kev are rare and may have difficulties, Further, theoretical models
whirh agree with the vbserved flux seem only to be obtainable by inrarporating
evolutionary effects, and the necessary assumptions for these evolutionary
effects seem somawhat uncertain, The balloon borme measurements of the
diffuse flux seem almost equally uncertain, as discussad earlier, and
much work, both theoretical and experimental, needs to be done in crder

to understand this component of the extra-terrestrial Xeray flux,
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APPENDIX A, DISCUSSIONS OF ERRORS

There are several possible sources of error in the computations for
the flux values made in this analysis, They are itemized below, with
estimates of the uncertainty introduced due to each effect.

A, Error in ingtrument azimuth, This can be due to alignment
or'/or magnetic deviation errors. The total angular error due to
these effects 1s estimated at 1 degree or less, The absclute change
in Eff(t) can be 15-20% per degree; however, the constant rotation of
the instrument almost cancels this cut due to the symmetry of Eff(t)
about its maximum. The change in the source flux Ry is therefore estimated
to be ~3% or less due to azimuthal errors,

B, Error in zenith anqle. The error in instrumntal zenith angle
is estimated at one degree or less, due to the rigid gondola frame and
the carefully made aliqnment measurements. The error which this
introduces in Eff(t) depends on whether the zenith angle of the source
{s greater or less than the telescopy zenith angle of 5°, If we assume
that the zenith angle of the telescope is actually, say 51/2°, then for
timas vhen the zenith angle of the source 1s greater than 5-1/2°, the effect
1s to increase the peaks of Eff(t) and decrease the valleys so that the
apparent source flux appears greater, Conversely, for times when the zeni.i
angle of the source 13 lass tﬁan 5«1/2°, the peaks of Eff(t) are decreaged and
vallays increased, thus decreasing the apparent source flux, There {gs therefore
partial cancellation since the minimum zenith anqle for Cygnus X-1 i3 3° for
the latitude at which transit occurred during the fiight, A similar situation of
course would prevall for a telescope zenith angle of iess than 5 degrees, The
absolute changa in Eff(t) 1s ~10% for a one degree shift; partial cancsliation

allows us to astimate Ak, ..o &8 ! 5%, arising from this eftfect,
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C. The uncertainty in the absorption factors is dependent upon
the spectral shape assumed for the calculation of atmospheric absorption
vor each channel, and upon the exact altitude of the instrument package.
The effect of the former gives a ~10% uncertainty for channel 2, 8%
for channel 3 and a negligible amount for ayaher channels. The
uncertainty in altitude is + .2 gn/cn® which gives errors of . 143
for channal 2, 6% for channel 3 and <4% ior higher channels.

D. There are other possible sources of errors <5%, but the most
significant uncertainty in this experiment stems from an imperfect
knowledge of the bLackground flux. Although the backqround was observed
for +2 hours before and after pasicuge of all four sources, there is
evidence that the background changed slowly durir.g observation of the
sources, Figure 12 has shown the 1° minutc averaged counting rate in
selected channels before and arter transit of Cygnus Xe1, for times when
Eff(t) of Cygnus X1 is <7% and that of Cyqnus X=2 <50%, It can be seen
that there is a limited but critical period of 75 minutes when no
background data is available, and one must attempt to interpolate within
this hour, It {s herein that the uacertainty arises. The magnitude of
the uncertainty in the backgwound is of the order of 5 to 10 C/minute
in each channel and the resuiting uncertainties in the source fluxes
are of the order of 5 to 30% depending on the value of the source
flux measured for a particular cianrel.

The best estimates of the effects of the above errors are
represented by the error bars in Figure 15, Since the background
variations are apparently not Poissonian (statistical variations are
+ ¥ 5 C/minute), it is difficult to assoss a probability for these error
bars, but thay are believed to repretent the equivalent of a stardard

deviation,

<k
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APPENDIX B- DERIVATION OF THE RESPONSE FUNCTION EFF(t),

In order to compute the angle between a telescope rotating ai
approximatel, constant azimuth, and the direction to a parti.ular
celestial object, it is convenient to first calculate the azimuth
and altitude for the direction in which the telescope is pointing,
and the same quantities for the stellar objebt. then to determine
the angle between the two directions given these quantities, For the
telescope in this experiment, the altitude is constant at 5 degrees
from the vertical, and we only need to calculate the azimuth. ATQ
The azimuthal angle with respect to local magnetic narth comes directly
from the magnetometer data; if the probe is in the plane of the 5 degree
tilt, then a maximum in the magnetometer output corresponds to magnetic north,
a minimum to magnetic south, Assumotion of a sinusoidal variation aives
angles in between these extremes, and monitoring of the output of a
magnetometer probe at right anqles to the first resolves any ambiguity
in East and West, (The variation is closely sinusoidal 1f drifts in
telemetry voltage are small compared to the amplitude of the variations,
over a period of a cycle)., The azimuth with respect to celestial north
requires knowledge of the deviation from north of the horizontal
component of the local magnetic field, which is a fairly slowly varying
function (changes by only - 6 degrees fro. Texas to Georgia) and can be
determined to a sufficient accuracy from aircraft navigational mans
of the area,

The azimuth of a celesiial object can be determined hy reference

to a spharical triangle (below), SO
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and by use of the law of sincs for spherical triangles:

sin a . sin b . sin ¢
SINK ~sinB  sin ¢ ‘

McLaughl1n4] shows that the following quantities form a spherical

triangle:
90°. ¢ H.A, 90°h
A or
. 360°=A
| 90°- 5.
where
¢ = astronomical latitude
h = altitude of the attronomical obiect
§ e deciination of the object
H.A. = local hour anqle of the cbject
A = local azimuth of the obiect

Use of the law of sines qives
sin 490°-61 « Sin (90°-h
sin sin (H,A,

whence

sin(90-3) sin H.A,
sin(A) or sin (360°-A) = "‘“';q,"iﬂﬂ':ﬁ'}"""

If the star §s east of the qreat circle passina overhead of the
observer, cne uses sin A, whereas for anqles west, one uses

sin (360°=A), The hour anale H.,A, fs aiven by the relation

(H.A.) = ”s1d « RA) <15

degrees
where
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Ts!d = sidereal time at the nasition of observation, and
RA = right ascension of the obiect,

To a very qood approximation, T“d 1s given by the expression

" g
Tega = {1+ 1%35 }(Tow + %éuu ]+ [RAQ = Teph trangie] = 12

where RAQ is the apparent right ascension of the sun at transit of
the prime meridian on the day corisidered, and ‘rEnh transit fs the
Ephemeris time at the transit, Ephemeris time differs onlv by

37 seconds from universal time in 1967; conversion for other years

fs convenfently avatlable?, as are RAg and TEph transite Finally

TGM is the Universal time in hours, and £ is the lonaitude in dearees.
The input of magnetorzter voitage, balloon latitude and
tongftude, magnetic correction and Universal time then anfves the
aziruth and altitude, both for the telescope direction and for a aiven
source at that time, We now can dastermine the anqle between the
telescope direction and that of the astronomical object by treatina
these directions as vectors, and taking a scalar product between the
vectors. Fiqure 27 shows the coordinate system and a representative vector. We

have:Ry = Ry 1+ Ryy J ¢ Ry, k, where
Ry, = lﬁtl cos My cos A
Ry * IRy] cos hy sin A,
Ry, IRyl sinomy

whare R1 points parallal to the telescope axis, We can write similar

conditions for RZ' the vector toward the astronomical object, and




then take the scalar product, Tne result fis:

Ry« & = |7y |R)| cose = |Ry| |R2] (cos hy cos hy cos Ay cos A;

4 cos hy cos hy sin Ay sin A; + sin hy sin h3)

» ->
whera 6 is the angle desired. Ry, Ry are arbitrary and may be considered
as unit vectors, A1l of the exnressfons above are believed to be exact,
with the exception of that of Tsid' which 1s a linear anproximation to

the actual variation of sidereal time with Universal Time,

S T TP KIS e, p T T R ek :MM
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APPENDIX C » DERIVATION OF THE CORRECTION FOR DEAD TIME IN THF FLIGHT
ELECTRONICS,

The decd time correction for a "simple" situation such as a Geiner-
Miller tube asks the question, "What is the probabflity that after the
occurrence of 8 qfven pulse, a second pulse will occur within & time
T of the firsti" T here {s the characteristic "busy” or dead time
occurring after each puise, If the average reqistered countina rate

fs Ry, then the total busy time each second is qgiven by 4T = Ry <.

The measurea rate is related to the "true" rate by the expression

« Fm
Rtrue - Rtrue « AT = Rm' or RT T-:TR; .

In contrast, the dead time correction for the fliaht electronics

for this a<periment must ask the question, "What {is the probability
that after one event has been registered, two more events occur within
a time v after the first?" That is, the logic 1s capable of storfna a
second event while reading ocut the first event, and sfanificant live
time i1s lost only when a third event comes alonq too soon, Thus for
svery situatfon in which two pulses are analyvzed which fall within &
time 1 of each other, the electronics 1s "busy" for a time 1 after the

first pulse, The number of such events per second is N = Rm(RmT)-
The average position of the second such measured pulse is t/2 after

the first, thus the average dead time per second is qgiven by

T =(R, 1)%/2
and we find
-Rm

15(Ry T)%/2

Ry

o PG TR i e T D S T AR
e




Actually there is a smali but finfte inherent dead time A& after each
renistered event, durina which time no second nuise is accented, & is
the time duration of a sinale binary bit, whereas T is the time duration
of an entire word of lenath 7 hits, thus 8 << t, [f we consider the

inherent dead time &, then analvsis similar to the above aives

R
RT = 2 2 o
Ry 1 T s 772 821 = 45
l- ;——T— [ —(T.X) ]

For the given exneriment, T = 5,7 mi11iseconds, and &6 = 8 milliseconds,
thus Ry * 1.2 R, for Rm = 100/second, a rate tynical of that at altitude-~
a correction of 20%, In contrast, the "GeM" tube tvne of correction would

nredict a correction of more than a factor of 2 for a 5.7 ms dead time anc

a rate of 100 C/second so trere is a verv sianificant difference between the

“true" rates predicted bv the two formulae, even though the maximum rates

that can be measured arc¢ corparable;

R max = L for the "6-M" exnression
T

vz
R o T

m max for the loaic of the flight electronics.
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Positinns »nd Intensitias of the Cvanus Snurces]9

nSE dec,
Cesimation R, A, (1950) (1950) Intensit 4
Cvit Xl 19" 567 345 35° G A6
Cva Ael 21N a2M ags 38° 11 NE
Cyn Xe3 20" 3™ 128 40" 56" RE
Cun Ked 21M 9™ 118 33° 33 05

* Cnunts/cmznsec. 2 < E < 5 Kev,

L

TABLE 2

Representative Parameters for Traiectnry Innes

Ballaon
Jone No. Latitude Maanetic Correcticn Exit Tinme
1 31,75° 5,0°E JA59 U7
2 31,75° 7.3°E nsen us
3 31.75° 7.5°E 1547 U7
4 32.00° 7.25°E 2638 UT
5 32.00° 7.00°E 0722 uT
6 32,00 6,82°E 0755 UT
7 32,13 6,65°E 0842 UT
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TABLE 3
Atmospheric Absorption Factors at 4,5 mb

for Several Spectral Indices

Power Law Exponential
Enerqgy Interval ~y=],65 -ys1,8 KT=60 Kev KT=80 Kev
11,7-23.4 Kev 31.0 33.0 27.8 27.0
23,4-35,1 Kev 5.13 ‘ 5,38 5,08 5.05
35,1-46,8 Kev 2,91 2.9 2,89 2,89
46,8-58,5 Kev 2,36 2.36 2,38 2,38
58.5270,2 Kev 2,20 2,20 2,20 2,20

Agreement 1s better than 1% for energies above 70 Kev,
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TABLE 4

Total Absorption Factors*

Channe) Energy Interval,Kev |3 Total Absorption Factar
2 11,7-23,4 19 49,6
3 23,4-35,1 28 9,2
4 35,146,8 40 4,80
5 46,8+58,5 52 3.37
6 53,5-70,2 64 2,78
7 70,2+81,9 76 2,58

8+9 81,9105,3 93 2,38
10«11 105,3-128,7 17 2,25
12=13 128,7+152,1 140 2,10
14=15 152,1175,5 164 2.10
16-19 175,5-222,3 198 1,94
20«23 222,3«269,1 245 2.4

* For atmospheric depth of 4,5 mb, including 1" of Ethafoam insulation
plus ,020" of aluminum for power law spectrum, index evy=1,7, inciuding
corrections due to resolution, fodine escape and increasing crystal

transmission at high energies.

T
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A SALLOCN BORNE X-RAY SURVEY OF THE CYGNUS REGfON
ERRATA
Page 38, line 12 should be:
Yy = %'(;57) Ve TY Ve
Page 41, line 5 should be:
13

..v¥ 3 x 107 ¢fsec...

and line 6 should be:

19

">

2 x 107 c¢/sec...
Page 42, line 17 should be:
...If we try B~ 1072 qauss,...
Page 52, line 9 should be:
...1s conveniently avaiiable,44...
Page 53, line 4 should be:
...1s the angle desired. [E]I' |E2| are...
Page 54, line 9 should be:
Rp = Rp Ry & T =R, or Ry =yl

Page 62, line 6 should be:

Dvoracek,...
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