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ABSTRACT 

Centaurus A (NGC 5128) was observed in the low-energy 

gamma-ray region (0.033 MeV-12.25 MeV) on 1974 April 2 U.T. 

by a balloon-borne detector. The detector is an actively 

collimated scintillation counter with a sensitive area of 

182 cm^ and a 13° FWHM (0.04 steradians) field-of-view. The 

instrumental field-of-view encompassed the entire extent of 

the Cen A radio lobes without contamination from other dis¬ 

crete X-ray sources. The detector was launched from Rio 

Cuarto, Argentina, and the observations were made at an 
2 

atmospheric depth of 4 gm/cm . To measure the background 

flux the detector was periodically rotated ^180° in azimuth 

from the Cen A orientation. 

To derive the source spectrum the background fluxes 

were subtracted from the fluxes observed when the detector 

was pointed towards Cen A. The residual flux was then cor¬ 

rected for instrumental effects and atmospheric absorption. 

Pointing difficulties during the experiment required 

incorporation of off-axis attenuation correction factors. 

Occasional, random telemetry-saturating count rates 

were observed. These anomalous counts are probably due to 

impact of high-energy particles on the detector. To avoid 

distortion by these counts, they were deleted from the data. 



Statistical anomalies in the data required a variance 

analysis of the data and modifications of the data reduc¬ 

tion. The anomalies were isolated to the breakdown of the 

statistical methods used when working with few counts per 

channel. 

The computed Cen A spectrum shows a ten-fold increase 

since 1971 in hard X-ray flux. The best fit to the intensi¬ 

fied continuum detected in the 1974 observation is 

(0.86 +_ 0.17)E[keV] 1*90+0.04 photons-cm ^-sec ^-keV ^. 

Gamma-ray spectral lines were also detected. These are the 

first nuclear lines detected from what is apparently an 

extragalactic source. The lines are at 1.6 MeV and 4.5 MeV. 

The 1.6 MeV line is 3.3a above the continuum and is 24.51 

FWHM broadened. The 4.5 MeV line is also 3.3o above the 

continuum but is not broadened. The lines are most likely 

from nuclear deexcitation of 24Mg*(1.37 MeV), 20Ne*(1.63 MeV), 

2 ft 
and Si*(1.78 MeV) for the broad 1.6 MeV feature and 

deexcitation of ^2C*(4.43 MeV) for the 4.5 MeV line. No 

positron annihilation line (0.511 MeV) was detected. The 

nuclear lines may be due to low-energy cosmic rays inter¬ 

acting with interstellar gas in Cen A, from nucleosynthesis 

in the galaxy NGC 5128, or, possibly, from line-of-sight 

contamination by low-energy cosmic rays within our Galaxy. 
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I. INTRODUCTION 

In a decade the astronomy of high-energy photons has 

been born and has ushered astrophysics into an exciting time 

of numerous and often unexpected discoveries. The celestial 

X and gamma radiation provides a reservoir of information 

on many astrophysical problems. Current investigations 

through high-energy astronomy involve: 

- the particle dynamics of stellar flares and novae, 

- cosmological synthesis of the elements, 

- the source and energizer of cosmic rays, 

- the dynamics of pulsars and supernovae remnants, 

- a search for superdense stars (e.g., "black holes") 

in binary systems, 

- the dynamics and energy source of active galaxies 

such as radiogalaxies, quasars, and Seyfert galaxies, 

- a study of apparently quiescent galaxies such as our 

own, 

- and even the pretentious study of the birth and 

evolution of the universe. 

The list is not complete and is evolving with the discovery 

of new cosmological phenomena. For instance, the recently 

discovered cosmic gamma-ray bursts are enigmas yet to be 

explained. 

1 
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Just as radioastronomy, X-ray astronomy was born by an 

unexpected detection of celestial X-rays. The discovery was 

made by Giaconni et al. (1962) as they were attempting to 

measure fluorescent X-rays from the Moon. The X-ray source 

they did detect was not the Moon but a source in the con¬ 

stellation Scorpius, later named Sco X-l. The discovery 

initiated a rush to explore the X-ray sky and to build 

detectors to observe celestial gamma rays. 

The realms of X- and gamma-ray regions have been 

divided up according to the photon energy ranges of the 

various detector systems. Soft X-rays (<10 keV) are measured 

by proportional counters. Scintillation counters allow 

detection of photons from hard X-rays (10-500 keV) to low- 

energy gamma rays (0.5-10 MeV). The high-energy gamma rays 

(above 10 MeV) are measured with spark chambers. Finally, 

ultra-high-energy gamma rays (>10^eV) are detected by the 

Cerenkov radiation emitted in the atmospheric interaction. 

The detector used in the experiment described in this 

dissertation is an actively-collimated Nal scintillation 

detector. The instrument’s range of photon detection is 

approximately 30 keV to 12 MeV. Atmospheric attenuation of 

the photons requires the detector to be flown at high alti¬ 

tudes. This is accomplished by large balloons inflated 

with hydrogen or helium. 

The photon window from 30 keV to 12 MeV provides infor¬ 

mation on the extension of spectral continua from the X-ray 
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energies, and very importantly, it includes the region of 

nuclear spectral lines. The spectral continua at X- and 

gamma-ray energies are usually the result of interactions 

involving high-energy electrons. On the other hand, a unique 

opportunity to study nucleosynthesis and low-energy cosmic 

nuclei is afforded by the nuclear lines. 

The source selected in this experiment is Centaurus A, 

the closest radiogalaxy. Centaurus A is associated with the 

optical galaxy NGC 5128. Because of its proximity, Cen A 

provides the ideal "laboratory" for studying the phenomenon 

of active galaxies. The high rate of energy emission by 

active galaxies is not understood. Perhaps the solution 

lies in the discovery and explanation of large scale physical 

phenomena not yet realized. 

This experiment is the first detection of photons from 

Cen A in the low-energy gamma-ray region. A continuum of a 

power-law spectrum with superposed nuclear lines was detected. 

Because a detector may distort the incident photon 

spectrum, it is important to understand how the detector 

works and what the background spectrum is. With this knowl¬ 

edge, one can determine how the incident spectrum is distorted. 

The data, then, may be corrected to give an accurate repre¬ 

sentation of the incident photon flux. Since knowledge of 

the detector and background is crucial, I have discussed in 

Chapter II the detector and instrumentation of this experi¬ 

ment in some depth. 
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The core of the dissertation is concerned with the data 

reduction and the statistical problems inherent in extract¬ 

ing the source spectrum. Initially in finding the source 

flux, the background counts have to be subtracted. The 

background count rate is estimated by measuring the count 

rate in a direction away from the direction of Cen A. After 

subtracting the background component, the Cen A count rate 

has to be corrected for instrumental effects and atmospheric 

absorption. The correction for the source spectrum was 

complicated by pointing deviations from Cen A of up to 6°. 

To compensate for attenuation of the source flux due to the 

off-axis orientation, a triangular attenuation correction 

factor was included in obtaining the final corrected spectrum 

from Cen A. 

During the data analysis short bursts (<1 sec) of 

telemetry-saturating count rates were discovered. These 

counts were isolated through the statistical method of 

S-fold analysis and removed from the data. The probable 

source of these counts is delayed scintillations induced 

by the impact of high-energy particles on the scintillator 

crystal. 

At the final stage of data reduction several anoma¬ 

lously large negative count rates appeared in the Cen A 

spectrum. The large negatives are not consistent with the 

expected statistical variation. To study the problem the 

data were wrung through a variance analysis. As a result 
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of the analysis, insufficiencies in the method of data 

reduction were found. The data reduction was correspondingly 

modified, and the result was the disappearance of the aber¬ 

rant negative count rates. 

The remainder of the dissertation is concerned with the 

balloon flight, the source, Centaurus A, and the results of 

the experiment. The flight history of the experiment is 

discussed in Chapter III including instrumental calibration 

and the flight record of the housekeeping data. Chapter V 

provides a composite description of Centaurus A over all of 

the other wavelengths in which it has been observed. 

Finally, in Chapter VI the experimental results are presented 

with a brief discussion of the possible sources of the 

detected radiation. 

The emphasis of this dissertation lies in the study and 

modification of the data-reduction process. 



II. INSTRUMENTATION 

A. The Gamma Ray Detector: GAMMASCOPE VI 

Over any portion of the electromagnetic spectrum, it is 

of paramount importance that the detecting device gives an 

accurate and precise measurement of the incident radiation. 

However, the ideal is seldom approachable, and one has to use 

instruments which inherently distort the input spectrum. 

In these cases thorough understanding of the instrument’s 

effect upon the input spectrum is necessary such that one may 

be able to compensate for spectral distortion in the inter¬ 

pretation of the instrumental output. I, therefore, will 

divest some time on a discussion of the measurement of low- 

energy gamma rays. (Whenever I refer to gamma rays, I 

specifically mean gamma rays of energy 20 keV s E < 10 MeV, 

unless otherwise stated.) To properly interpret the data 

from the Nal detector, as used in this experiment, it is 

necessary to know how the gamma rays interact in this 

medium. 

1. Gamma Ray Interactions 

The gamma rays of interest undergo 3 types of interaction 

with atomic material: photoelectric interaction (PE), 

Compton scatter (CS), and pair production (PP). The only 

other significant interaction is Rayleigh scattering (elastic 

6 
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coherent scattering by bound electrons) which yields only 

small photon deflections with no energy loss, that is, small 

momentum transfers. PE, CS, and PP are then left as the 

processes of energy deposition by gamma photons with which 

to contend (Evans 1955). 

In PE, tightly bound electrons are ejected by the collid¬ 

ing photon. Of the electrons those in the K-shell have the 

largest cross-section for interaction (since they have the 

highest binding energy). The photon's energy is completely 

absorbed by the K (or L)-shell electron. The electron is 

then ejected with a kinetic energy equal to the photon's 

energy minus the K (or L)-shell binding energy. Through 

inelastic scatter the expelled electron distributes its 

energy about the interaction site. The electron vacancy in 

the K shell results either in a K X-ray, as a L-shell electron 

jumps to the K shell, or in an Auger electron in which the 

cascading electron transfers its energy into ejecting another 

L-shell electron. 

The PE cross-sections go as Z^ t0 ^/Ey^(Evans, 1955), 

where Z is the atomic number of the detection material and 

Ey is the energy of the impinging photon. In Nal, PE is 

dominant below 250 keV (see Figure 1) and usually results in 

total energy deposition of the incident gamma ray. However, 

if the secondary K X-ray escapes from the detector without 

interaction, the total energy of the incident photon is not 

deposited in the crystal. 
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FIGURE 1 

Gamma-ray attenuation cross-sections in Nal. 
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If the gamma photon strikes an electron loosely bound with 

respect to the photon's energy, an inelastic, "billiard-ball," 

collision occurs resulting in a scattered, secondary photon 

and the scattered electron. This is Compton scattering. The 

secondary photon may undergo another CS or PE, or escape. 

Thus in the case of Compton interactions, a significant number 

of secondary photons may escape the detecting crystal and 

result in only partial energy deposition by the primary pho¬ 

ton. The CS attenuation cross-section is proportional to Z 

and may be calculated from the Klein-Nishina equation. 

The third type of interaction, pair production, is the 

creation of an electron-and-positron pair out of a gamma-ray 

photon. For PP to occur, the gamma ray must be in the 

presence of a Coulomb field, and it must have an energy 

greater than the mass energy of the electron and position, 

that is Ey > 1.02 MeV. The kinetic energy of the pair is 

equal to the photon’s energy minus the mass energy of the 

pair, 1.02 MeV. The positron will quickly annihilate in the 

singlet state yielding two 0.511 MeV photons. Like other 

photons, the annihilation photons may possibly escape from 

the detector. Also, particularly at the higher photon 

energies, the secondary electron may have sufficient kinetic 

energy to emit bremsstrahlung radiation and to possibly 

escape from the detector. Thus in PP a high portion of the 

primary photon energy may escape from the detector. The 

individual PE, CS, and PP attenuation cross-sections for 
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Nal are presented in Figure 1. 

The material selected by RUGRAG ("Rice University Gamma 

Ray Astronomy Group”) for the detection of gamma rays is a 

crystal scintillator, Nal(Tl). The reasons behind the choice 

of Nal are presented in Appendix A-l. Further, in Appendix 

A-2 the pulse height analysis of Nal scintillations is 

discussed. 

2. The Anticoincidence System 

The problem of partial energy deposition in the central 

crystal by the incident photons is of concern for it can 

significantly distort the spectrum. Therefore, it is neces¬ 

sary to know the degree of distortion and how it may be 

corrected. The derivation of the correction factors will be 

discussed later with reference to the 1974 flight. 

A way to ameliorate the problem of escaping secondaries 

is to make the collimator of the detector into an anticoin¬ 

cidence system to delete counts which occur simultaneously 

in the detector and collimating material. With respect to 

the detector, the anticoincidence collimator has a two-fold 

purpose : 

1) To reject photons (or energetic particles) 

which may penetrate the detector from out¬ 

side of the detector's field-of-view, 

2) To veto those photons impinging on the 

detector which have escaping secondaries. 

The detector used by RUGRAG in the 1973 and 1974 flights 
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is a cylindrical Nal(Tl) crystal 2" thick by 6" diameter. 

The anticoincidence collimator material is also Nal(Tl). 

RUGRAG refers to this gamma-ray detector assembly as 

"Gammascope VI.” Figure 2 illustrates the basic structure 

of Gammascope VI. The anticoincidence system is made of two 

sets of large Nal(Tl) crystals called the "guard" and the 

"collimator." The guard crystals cover the side and back 

of the central detector crystal; the collimator crystals 

extend to from the collimator well. The guard is viewed by 

9 photomultiplier tubes (PMTs), the collimator by 6 PMTs. 

From the perspective of the central detector crystal, the 

minimum thickness of the anticoincidence crystals is ^ 12 cm. 

The minimum total attentuation cross-section (see Figure 1) 

is at 'v 5 MeV and has a value 0.13 cm ^. Therefore, the 

minimum number of mean free paths provided by the outer 

crystals is ^ 1.6 mfp. Clearly, some photons outside the 

field-of-view may scintillate in the central detector without 

interacting in the anticoindence crystals. This "leakage" 

then contributes to the background counts in the detector. 

Impinging energetic particles also cause scintillations 

in Nal(Tl) by leaving a trail of excited electrons. Those 

particles outside the detector's field-of-view are intercepted 

by the guard and collimator crystals. But what of the ener¬ 

getic particles approaching the detector crystal through 

the field-of-view? To rid of this problem, Gammascope VI 

has a plastic scintillator (NE 102; 1/4" thick) viewed by 
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FIGURE 2 

Schematic diagram of Gammascope VI: a Nal(Tl) scin¬ 

tillation detector system. The 13° beam width is the mean 

FWHM field-of-view of the detector. 
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4 PMTs in anticoincidence with the central detector. The 

low density of the plastic causes little gamma-ray attenua¬ 

tion while still being sensitive to traversing energetic 

particles. Hence, the detector has 4ir steradian rejection 

of incident energetic particles. 

3. Energy Resolution 

An important parameter in the instrumental effect on the 

output spectrum is the energy resolution, R, which is 

defined by 

R [%] = FWHM(E) x 100. 
E 

E is the photon energy and FWHM (E) is the full-width-at- 

half-maximum of a monoenergetic line at energy E. The 

gaussian-broadened peak in a monoenergetic pulse-height spec¬ 

trum is called the photopeak. The magnitude of R is due to 

statistical fluctuations and instrumental deficiencies. On 

the average in Nal(Tl), the energy deposited by a gamma ray 

is transferred to optical photons by the ratio of 1 photon 

per 300 eV of the energy deposited. Thus by Poisson statis¬ 

tics, the standard deviation of optical photons, a , 

produced by monoenergetic gamma rays is a = (E/300 eV) ' . 

1/2 So aQp 
œ E ' . Ideally, the pulse-height-analyzer (PHA) 

output is linearly proportional to the number of optical 

photons produced, and likewise, the standard deviation of 

the pulse height, Gp^» is proportional to a . Consequently, 

1/2 
aph “ aop Œ E • F°r a gaussian distribution the 

FWHM = 2.355 a; therefore, the FWHM « E 1/2 The energy 
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dependence of the resolution should then be 

D pi/2 p-1/2 R oc E « E ' . 
E 

This relation is indeed found in the resolution calibrations 

of most Nal detectors. 

To make the energy resolution as small as possible, the 

collection efficiency of the optical photons produced has to 

be high and consistent. The collection efficiency is a 

function of the reflective efficiency of the specular material 

about the crystal, of cracks or other inhomogeneities in the 

crystal, of the transfer efficiency of the optical photons to 

the photocathode of the PMT, and of the photocathode effi¬ 

ciency in ejecting an electron when stuck by a photon. The 

resolution at 0.662 MeV realized in the 1974 flight was 11%, 

a respectable value considering the dimensions of the crystal 

scintillator. Theoretically, the best possible resolution at 

0.662 MeV for Nal(Tl) is 5 to 6% (Managan 1962). 

The detector crystal is clad by 3/32" of MgO and 3/32" A1 

except for the front face. The MgO reflects scintillations 

back into the crystal eventually to be scattered towards the 

PMT. The PMT is a 3" diameter tube (RCA 8054) with a S-ll 

spectral response and is coupled to the crystal by a quartz 

window (1/16") and a light pipe. The anticoincidence Nal(Tl) 

crystals about the central-detector crystal are, likewise, 

clad with 3/32" MgO and 3/32" A1 except for the PMT windows. 

(The plastic scintillator is wrapped with thin foil.) 
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4. Time Resolution 

Because the resolving time of each pulse is finite, it is 

important to design the detector so that it will not be 

saturated at count rates expected in the experiment. The 

telemetry limit of about 500 counts per sec from the central 

detector sets the resolving time for the pulses at ^ 2 

milliseconds. On the other hand, the guard and collimator 

have a much faster time resolution of about 2 usee ; the 

faster time resolution is because the scintillations detected 

in the anticoincidence crystals are not pulse-height analyzed 

The only information garnered from the outer crystals is 

count rate. Therefore, no spectral data are available from 

the collimator and guard crystals. Looking ahead, for 

Flight 74-1 the typical count rates at float altitude by the 

collimator and guard were, respectively 4000 cps and 5500 cps 

The detection thresholds of the guard and collimator are 

usually set at 30 to 40 keV. This means those secondary 

photons and electrons which escape from the central detector 

with an energy less than the threshold energy and scintillate 

in the outer crystals are not rejected. Johnson (1972) found 

that the range of the detection threshold (from 32 keV to 

64 keV) of the anticoincidence PMTs had little effect on the 

pulse-height spectrum of the central detector. 

The scintillation-resolving time of the instrument is 2 p 

sec. Thus if a pulse from the outer crystals or plastic 

scintillator is detected by the PMTs within 2 psec of a 
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pulse from the central detector, the count from the central 

detector is rejected. The rate at which the central detector 

counts are deleted is, therefore, referred to as the "reject 

rate. " 

An important consideration is the dead time of the experi¬ 

ment. That fraction of time in which the electronics is 

occupied with a pulse and will not register another pulse is 

called the "dead time." If the count rate saturates the 

electronics, the dead time is 100%. The dead time can be 

calculated from the count rate, N, and resolution time, t, 

of the instrument. For Gammascope VI during Flight 74-1 the 

dead time, d, of the central detector was 

d = NRtR + N^t^ - -07 or 1% 

where subscript R refers to the rejected counts and A to the 

accepted counts from the central detector. The dead time, in 

this case, is dominated by the time required for the tele¬ 

metry to transmit the accepted pulses (t^ = 2 msec). 

5. Response to a Discrete Source 

The incident radiation from a distant source is essen¬ 

tially a parallel beam of photons. The "gathering power" of 

the source photons is the area of the detector sensitive to 

the incident parallel beam. In the case of Gammascope VI, 

the sensitive area, S, is the surface area of the central 

detector crystal exposed to the field-of-view, that is, 

182 cm2. 

An indicator of a detector's response to an isotropic 
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flux, I, is the geometrical factor, G. G is defined by 

2 2 
F[counts/sec] = G[cm -ster] • I[photons/cm -sec-ster] where 

F is the resultant count rate of the detector. Using 

Sullivan's development (Sullivan 1971) and assuming detec¬ 

tion of only those photons entering through the field-of- 

view, the geometrical factor for Gammascope VI is 

2 
G = 16 cm -ster. 

To reduce the isotropic background counts which con¬ 

taminate a discrete source spectrum, a large S/G ratio is 

desirable. However, the increase of dead time with increas¬ 

ing crystal volume and surface area puts an upper limit on 

the useful dimensions of the detector and collimator. In a 

balloon flight the scintillations are due to internal and 

external sources of excitation. The internal sources are the 

natural and cosmic-ray induced radioactivity within the 

crystal. The external sources are the outside gamma rays and 

charged particles impinging upon the crystals. Roughly, the 

internal-source count rate is proportional to the crystal 

volume, while the external-source count rate is proportional 

to the exposed surface area of the crystals. Therefore, a 

compromise must be made between the sensitive area and 

collimation of a detector, and its dead time. With regards 

to Gammascope VI the dead time 71) illustrates an 

adequate compromise. 

A convenient means of analyzing the collimation of a 

detector is the effective geometrical aperture. "The 
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amount of radiation passing through the collimator is 

expressed in terms of an equivalent area or aperture located 

at the center of the collimator hole which would pass the 

same amount of radiation" (Shafroth 1967). Referring to 

Figure 3, the effective aperture lies in the plane normal 

to the detector axis at point C. The angle of the point 

source from the detector axis is V, and assuming perfect 

collimation, the maximum angle at which a source may be 

detected is V .As developed by Shafroth, the resultant 

effective geometrical aperture for an infinitely-distant 

point source is a triangular function as is shown in Figure 

4. For nearby point sources in the field-of-view, the 

triangular function becomes trapezoidal as when viewing 

nearby calibration sources. Extended sources have bell¬ 

shaped functions for the effective aperture. The off-axis 

character of the effective aperture has been used in deter¬ 

mining the pointing axis of Gammascope VI and in analyzing 

the Cen A gamma-ray source. These points will be discussed 

in the detector calibration and data analysis discourses 

later. 

From Figure 4, note that the half-width-at-half-maximum 

(HWHM) of the effective aperture for a distant point source 

occurs at V = 0.4 VmQ . For Gammascope VI, V is 

geometrically 15°. Thus if Gammascope VI had a perfect 

collimator and detector, the FWHM of the off-axis attenua¬ 

tion of a distant point source would be 2(0.4)(15°) = 12°. 
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FIGURE 3 

Diagram of an ideal collimator. The effective aperture 

of the collimator is the equivalent area at the collimator 

midpoint, point C, which will pass the same amount of 

radiation as the collimator. Z is the distance of the 

source from C projected on the detector axis. V is the 

off-axis angle of the source, and V is the maximum off- 

axis angle at which a source may be detected. 
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FIGURE 4 

Effective geometrical aperture as a function of the 

off-axis angle, V. (Adapted from Shafroth 1967, Figure 

34.) The effective aperture is in units of the on-axis 

aperture for an infinitely distant point source; V is in 

units of V , the maximum off-axis angle at which a 

source may be detected. The distance from point C of the 

source projected along the detector axis, Z, is in units 

of the collimator depth, b. (Refer to Figure 3.) 
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FIGURE 4 
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The pointing accuracy of Gammascope VI is estimated to be 

+1°. If a point source is off-axis by 1°, the triangular 

function yields an aperture which is 92% of the on-axis 

effective aperture. 

6. The Background and its Measurement 

A major problem to be dealt with in balloon altitude 

observations is extracting the gamma-ray spectrum of a dis¬ 

crete extraterrestrial source from the background. (Here 

"background" refers to all of the detector counts not 

directly from the discrete source being observed.) In our 

energy interval (0.03-10 MeV), the source-to-background ratio 

of the detector is on the order of 0.1 or less for typical 

bright celestial sources. To reduce the background, it is 

expedient to know the origins and character of the back¬ 

ground radiation. 

The background may be external from extraterrestrial 

and atmospheric sources, or it may be internal radiation 

from the natural radioactivity of the detector crystal and 

the induced radioactivity of the crystal caused by energetic 

particles. 

The character of the diffuse extraterrestrial gamma-ray 

background from 20 keV to 10 MeV is uncertain. Pal (1972) 

cites a "compromise" diffuse cosmic gamma spectrum of 

F(E) = (25xl03)E(keV)'2*1 [photons/cm2-sec-keV]. 

Though,an apparent bulge in the spectrum may exist from 

2-20 MeV (Schônfelder and Lichti 1974). But precisely 
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because of the problem of correctly extracting the back¬ 

ground counts, the actual cosmic photon spectrum is still 

much in doubt. 

Superposed on the cosmic flux is the atmospheric flux of 

gamma rays. Several mechanisms may possible contribute to 

the atmospheric gamma photons, such as electron bremsstrah- 

lung, synchrotron radiation, inverse Compton scatter, posi¬ 

tron annihilation, nuclear deexcitation, and pion decay. 

Cosmic rays collide with the atmospheric atoms producing 

secondary particles which yield among other things splash 

and reentrant albedo electrons. The energetic electrons then 

radiate energy through the electromagnetic mechanisms of 

bremsstrahlung, synchrotron, or inverse Compton. Of the 

secondary particles, the ir— in their disintegrations will 

yield electrons and positrons, the energized neutrons (of 

about 10 MeV) will cause excitation of, or neutron absorption 

by, 160 and ^N, and, in its frame, the ir° will decay into 

two 68 MeV photons. 

At float altitudes, electron bremsstrahlung is generally 

accepted as the dominant source of atmospheric photons below 

1 MeV with substantial contribution from positron annihila¬ 

tion in the 0.3 to 0.511 MeV region (Puskin 1970, Bui-Van 

1973, Imhof e_t al. 1973) . Above 1 MeV, ir° decay apparently 

is the major contributor to the atmospheric flux (Daniel 

and Stephens 1974, Peterson eit aJ. 1973). Considering 

the magnetic field, photon density, and particle density 
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in the atmosphere, the synchrotron and inverse-Compton 

generated gamma photons will be miniscule (Puskin 1970). 

For our detector at float altitudes, the background, at 

the lowest energies of our bandwidth, clearly exhibits a 

zenith-angle dependence. But the azimuthal dependence of 

the gamma-ray flux remains uncertain. At low gamma-ray 

energies Shelton (1975) found a possible 1% azimuthal 

dependence, but the statistical variance precludes any firm 

conclusion. At present there is no adequate experimental 

analysis or theoretical development of the zenith and 

azimuthal dependences of the gamma fluxes at float alti¬ 

tudes . 

Internally, Nal crystals have long-life radioactive 

contaminants which will be essentially a permanent source of 

background. And when encountering the energetic particles at 

high altitudes, radioactive products are produced in the 

detector. These internal components then add to the back¬ 

ground of exterior gamma rays. The spectra from the natural 

and induced radioactivity are discussed in Appendix A-3. 

In an effort to bypass the problems of determining the 

background flux, RUGRAG measures the background by swinging 

the detector from the discrete source direction about the 

azimuthal axis approximately 180°. And then the discrete 

source spectrum or "residual" is the difference of the 

source pointing observations from the background observa¬ 

tions. Two assumptions are implicit in this procedure: 
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that the atmospheric background flux is independent of 

azimuthal orientation, and that the diffuse cosmic back¬ 

ground is isotropic. Experience justifies these assumptions 

for relatively strong sources; yet, in attempting to discern 

weak, discrete gamma-ray sources, even very small percentage 

dependences on azimuth and looking direction may significantly 

distort the derived residual source spectrum. When tracking 

a discrete source in the sky, the zenith angle of the tele¬ 

scope is continually changing with time. Thus, the durations 

of the source and background observations should be kept 

reasonably short to avoid coupling the zenith-angle flux 

dependence into the residual spectrum. Yet, the time seg¬ 

ments of source and background should be long enough to allow 

sufficient collection of counts for reasonable statistics. 

The compromise is a cyclic pattern of a 10 minute source 

observation, then a 10 minute background observation. 

B. The Gondola 

The detector is supported by the gondola shown in 

Figure 5. The inner gondola acts as an equatorial mount for 

the detector. It also holds the pulse height analyzers, 

altimeter, magnetometers, levelometer, telemetry electronics, 

and antenna. Resting in the inner gondola cradle, the 

detector has the three axes of rotation: azimuth, hour 

angle, and declination. The inclination of the polar axis 

is adjusted for the latitude of the balloon launch. 

The declination rotation is driven by a DC torque motor. 
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FIGURE 5 

The gondola: a balloon-borne detector system. The 

gamma-ray detector, Gammascope VI, is mounted on the inner 

gondola, and the inner gondola is free to rotate about the 

azimuth axis. The swivel joint couples the gondola to 

the parachute. 
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Digital stepping motors are used to drive the hour angle 

and azimuth rotations because of their advantages of small 

power consumption. Rotation about the declination axis is 

used only when changing the pointing direction to look at 

a different celestial source. 

The inner gondola is free to rotate with respect to the 

outer gondola about the azimuth axis. The outer gondola 

then is a supporting frame for the equatorial mount and 

detector. The entire gondola is suspended from a swivel 

joint in an effort to de-couple the gondola from the slow 

balloon rotation during a flight. This matter will be dis¬ 

cussed in more detail in the data analysis. The gondola is 

suspended from an unfurled parachute (24.1 m). The top of 

the parachute is in turn attached to the balloon. 

Power for the payload is supplied by seven 12-volt heavy- 

duty car batteries. These batteries are in pressurized 

boxes fastened to the outer gondola. Current is transferred 

from the batteries to the inner gondola through copper slip 

rings on the azimuth-axis shaft. 

Heater strips are wrapped about the detector, electronics 

box, and the stepping motors. Thermostats (set to 80° +_ 1°F) 

are placed on the same. Before the flight the detector, 

electronics box, stepping motors, and transmitter are 

wrapped with styrofoam insulation to maintain a warm tempera¬ 

ture for these components. The temperature and heater-monitor 

data are telemetered to the ground as housekeeping. 
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Canisters cover all of the PMTs and the electronics 

box. The canisters are air tight, thereby maintaining 

approximately sea level air pressure about the PMTs and 

electronics during the flight. The constant temperature is 

to help prevent crystal cracking, PMT drift, and electronics 

failure. The one-atmosphere pressure prevents high voltage 

arcing across the PMT leads or in the electronics box. 

1. Magnetometers 

The azimuth orientation is measured by three horizontal 

flux-gate magnetometers encased in a plastic mold. The magne¬ 

tometers (Heliflux Magnetic Aspect Sensors Type Ram-5C) 

produce an output voltage proportional to the component of a 

magnetic field in the direction of the sensor probe axis. 

The magnetometers are referred to as ’’parallel mag" or 

"perpendicular mag." The two parallel mags are the magne¬ 

tometers aligned parallel to the horizontal component of the 

earth's magnetic field when calibrating the 0° azimuth 

orientation. The perpendicular mag is then at right angles 

to the horizontal vector of the earth's field. To isolate 

the magnetometers from close metal contact, they are sus¬ 

pended on a plastic boom of 1 foot from the detector cradle. 

Also to minimize ferromagnetic effects, the gondola is 

constructed with aluminum beams, and the hour-angle yoke of 

the detector is magnesium. 

The voltages of one of the parallel mags and of the 

perpendicular mag are telemetered to the ground station 
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giving the azimuthal orientation. The second parallel mag 

acts as the servomechanism to drive the azimuth. From 1973 

and 1974 flight calibrations, the two parallel mags are 

mutually consistent and null at the same azimuth orienta¬ 

tions . 

Thomas and Davison (1972) analyzed the use of magnetome¬ 

ters such as ours on a balloon-borne system. They found 

negligible temperature effects in the range they checked: 

-20°C to +20°C. Also, they showed surface magnetic 

anomalies and quiet-day solar variations have no discernible 

affect on the magnetic field at float altitude (130,000 ft). 

However, geomagnetic storms may appreciably change the 

orientation of the horizontal magnetic vector, H. They noted 

no change in H as their balloon ascended to float altitude, 

but, of course, H changed with the longitude drift (at the 

rate of 1/3° H per longitude). Their estimate of their 

azimuthal accuracy using the magnetometers is about +1.Z0. 

2. Altimeters 

The altimeter used at float altitudes is a thermal guage 

which measures the thermal conductivity of the ambient gas. 

At air pressures below 100,000 ft, the heat conductivity of 

the gas is independent of the pressure. However, at about 

14 mbars the heat conductivity begins to become proportional 

to the gas pressure (Lion 1959). A standard atmosphere 

altitude of about 100,000 ft corresponds to 14 mbars. 

Therefore, the altimeter is useful for the altitudes of 
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120,000 ft to 130,000 ft normally flown by the balloon- 

borne payloads. 

The NCAR-supplied altimeter, a Rosemount, works through 

the effect of air pressure on a bellows. The Rosemount has 

a pair of capacitor plates within the bellows. So, as the 

pressure decreases with altitude, the separation of the 

plates increases and the capacitance decreases proportionally. 

The capacitance is compared within the Rosemount to that of 

a completely evacuated bellows to reduce temperature effects. 

The comparison value is telemetered. The Rosemount is 

adequate for altitude indication during the balloon ascent; 

however, at float altitudes the thermal-gauge altimeter is 

more accurate. 

3. Levelometer 

The levelometer is a metal pendulum free to swing in one 

plane. At the bottom of the pendulum is a thin metal contact 

to a potentiometer below it. Thus the pendulum acts as a 

plumb bob with its orientation registered by the potentio¬ 

meter voltage. The levelometer is placed at the base of the 

detector cradle near the azimuth shaft. In Flight 74-1 only 

one levelometer was used, it being oriented in the east- 

west direction for the azimuth angle equal to 0°. 

An accurate indication of the horizontal plane, that is 

the zenith axis, of the inner gondola is essential to know 

the pointing direction of the detector. It is also important 

to keep the inner gondola as level as possible to keep the 
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magnetometers horizontal. If the magnetometers are not kept 

horizontal, they can give incorrect azimuth orientations. 

To prevent this, the maximum error of the horizontal orienta¬ 

tion should not exceed 1/2° (Thomas and Davison 1972). 

C. The Electronics 

The system, illustrated in the block diagram Figure 6, 

uses two 256 channel pulse height analyzers, called the "A" 

and the MBM analyzers. Roughly, the A analyzer covers the 

photon energy range of 30 keV to 1 MeV, and the B that of 

1 MeV to 10 MeV. Two analyzers are utilized because of the 

broad spectral range. 

As mentioned in Appendix A-2, the decay time of a charged 

capacitor is linearly proportional to the pulse height. The 

two PHAs each have a 4.5 MHz oscillator which acts as the 

clock to measure the decay time. The number of completed 

cycles of the 4.5 MHz oscillator in the decay time corresponds 

to the channel number in which the pulse will be registered. 

The number of cycles is then pulse code modulated as a 9- 

bit word. The resultant PCM word corresponds to the pulse 

height channel of that pulse. 

Before the flight, the gains and detection thresholds of 

the analyzers are adjusted for optimum PHA linearity and 

for the desired energy domain. If a count has an energy 

greater than the last channel (no. 256) of the A analyzer, 

the B analyzer is freed to register the count. If the 

energy is also greater than the energy corresponding to 
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FIGURE 6 

Block diagram of the system electronics. (For Flight 

74-1 the azimuth motor had been changed to a digital 

stepping motor.) 
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channel 256 of the B analyzer, the count is registered in 

the "overflow” channel. (The first channel of the B analyzer 

is reserved as the "overflow" channel.) 

When a count has been assigned to one of the 512 channels, 

that channel is pulse code modulated as a 9-bit word. These 

pulse words are telemetered by a PCM/FM/FM system to the 

ground station at the rate of 5 kilobits/sec on a 165 kHz FM 

signal. The telemetry-limited maximum counting rate of the 

detector is then approximately 500 counts per sec. 

The other data telemetered to the ground station is 

referred to as the houskeeping. Housekeeping data includes 

the pointing direction of the detector; the balloon altitude; 

voltage and ground monitors; temperature, heater, and pressure 

monitors; the anticoincidence reject rate; the "collimator" 

and "guard" count rates and their thresholds. Table 1 lists 

the 36 housekeeping words used in Flight 74-1. Each house¬ 

keeping voltage is digitized into a 10-bit word yielding 

integral values from -511 to +511. The housekeeping is 

telemetered to the ground station via PCM/FM/FM at 14.4 

kilobits/sec. A commutator reads in sequence 62 works each 

cycle; however, in the 1974 flight only 36 of the positions 

were used. At the beginning of each cycle two synchronization 

words are tacked on, yielding 64 works per frame. Hence, 

the time interval between successive readings of the same 

housekeeping word is 0.0446 seconds. At the ground station 

(refer to Figure 7), the housekeeping data is recorded in 
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TABLE 1 

LISTING OF FLIGHT 74-1 HOUSEKEEPING WORDS 

WORD WORD 
NO. 

0 Sync Word 

1 Sun Sensor (Not Used) 

2 Central H.V. Monitor 

3 Parallel Magnetometer 

4 +12 V. Elect. Box Monitor 

5 -6 V. Elect. Box Monitor 

6 Therm.-Cond. Altimeter 

7 Slow HA Pot 

8 Fast HA Pot 

9 Slow Dec Pot 

10 Fast Dec Pot 

11 E-W Level 

12 Sun Sensor Pot (Not Used) 

13 Az. Pulse Monitor 

14 Detector Temp. 

15 Central H.V. Monitor 

16 Detector Pressure Switch 

17 Reject (256 Per Cycle) 

18 Collimator Ratemeter 

19 Guard Ratemeter 

20 R.A. Frequency 

NO. 

21 Perpendicular Magnetometer 

22 +28 V. Regulated Monitor 

23 +36 V. Battery Monitor 

24 +5 V. Regulated Monitor 

25 +12 V. Battery Monitor 

26 Elect. Box Pres. Sw. § Temp. 

27 Guard Rate (40,960 Per Cyc.) 

28 Coll. Rate (40,960 Per Cyc) 

29 Collimator Threshold 

30 Guard Threshold 

31 Front Heater Monitor 

32 Rear Heater Monitor 

33 Command Receiver Test 

34 NCAR Rosemount 

35 Elect. Box § R.A. Motor Htr. 

36 Ground 
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FIGURE 7 

Block diagram of the telemetry ground station. The 

gamma-ray count data and housekeeping data are received 

and stored on an analog tape. The minicomputer and 

decommutator facilitate real-time monitoring of the data. 
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real time on analog magnetic tape and also is relayed to a 

decommutator where selected housekeeping words may be dis¬ 

played and monitored. 

The PHA 165 kHz FM signal and the housekeeping 20 kHz 

FM signal are multiplexed before transmission to the ground 

station. The multiplexed FM signal is transmitted on a 

250 MHz FM signal. On the ground the separated signals are 

placed on different tracks of the analog tape. Simulta¬ 

neously, two other tape channels are recorded: WWV and a 

time-code-generator signal (36 bit NASA code). A minicom¬ 

puter (TI980A) allows automatic monitoring of the gamma-ray 

data and of the housekeeping, in particular the pointing of 

the detector in real time during the flight. 

At the ground station the detector pointing and the 

thresholds of the collimator and guard are controlled through 

commands transmitted to the payload. The commands used in 

Flight 74-1 are listed in Table 2. To facilitate control of 

the hour angle drive, several right ascension drive-mode 

commands are available (refer to Table 3). Because of the 

longitudinal drift at float altitudes, different rates of 

RA sidereal drive are required. In cases where a fast RA 

drive is needed to "catch up" to a source, the "double- 

quick" mode is used. On board the gondola is a command 

receiver decoder which receives the signal and performs the 

appropriate function. Commands are transmitted as PCM words 

on a 138 MHz FM signal. The command transmitter and receiver 

used in the 1974 flight were supplied by NCAR. 
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TABLE 2 

FLIGHT 74-1 TELEMETRY COMMAND ASSIGNMENTS 

MOMENTARY LATCHING 

1. POWER AMP #1 

2. POWER AMP #2 

3. RA MODE CHANGE 

4. POINT BACKGND 

5. POINT SOURCE 

6. DEC DOWN (-) - ON 

7. DEC UP (+) - ON 

8. DEC OFF 

9. AZIMUTH ON 

10. AZIMUTH OFF 

11. MANUAL TIMER 
21. AUTO TIMER 

12. COLL. ON 
22. COLL. OFF 

13. PLASTIC ON 
23. PLASTIC OFF 

14. TRANSMITTER ON 
24. TRANSMITTER OFF 

15. COLLIMATOR THRESH 
25. COLLIMATOR THRESH 

16. GUARD THRESH - ON 
26. GUARD THRESH - OFF 

17. RA FAST 
27. RA SLOW 

18. COMM. ON 
28. COMM. OFF 

19. RA REV. (EAST) 
29. RA FWD. (WEST) 

ON 
OFF 
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TABLE 3 

RIGHT ASCENSION DRIVE MODES 

MODE PERIOD 
milliseconds 

DRIFT SPEED 
mph 

1 (DOUBLE) 67.32 890.4 East 

2 (SIDEREAL) 134.63 0.0 East 

3 131.94 18.2 East 

4 129.25 37.1 East 

5 126.66 56.8 East 

6 123.86 77.4 East 

7 121.17 98.9 East 

8 118.48 121.4 East 

9 115.78 145.0 East 

10 STOP 890.4 West 

RA FAST MODE should be run from RA Modes 1, 2, 3, or 4 

RA FAST MODE drives at approximately 6.07°/min. 



III. FLIGHT 74-1 

A. Flight History 

In Flight 74-1 RUGRAG observed Centaurus A and the 

galactic center region (GX 1+4). The launch site was Rio 

Cuarto, Argentina (longitude: 64.3° W; latitude: 33.1° S), 

and the time of launch was 2207 UT (2007 Argentine time), 

1974 April 2. The balloon had a capacity of 441,800 m^ 

(Winzen Research Inc.)* It was prepared and the payload 

launched by personnel of the National Scientific Balloon 

Facility. At float altitude (about 125,000 ft) three hours 

after launch, observation of Cen A was begun. Cen A was 

observed for about four hours (0059 - 0447 UT, April 2), 

after which GX 1+4 was observed for 8 hours (0507 - 1307 UT). 

Since half of the observation times were spent in the back¬ 

ground pointing mode, only about two hours were actually 

spent looking at Centaurus A. 

Two problems occurred during the flight; one was a 

sticky hour-angle drive and the other the failure of the 

5-volt power supply at 1310 UT. The sticky drive was 

compensated for by sending intermittent "double-quick” 

RA-drive commands. Nevertheless, the problem resulted in 

pointing deviations from Cen A of up to 6°. The battery 

failure effectively terminated the experiment. 

45 
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The flight was terminated at 1645 UT and the gondola, 

impacted (1730 UT) at Ortiz Basuldo, Argentina (longitude: 

60.7° W; latitude: 34.0° S) . Unfortunately, the parachute- 

release command did not work on impact, and the gondola was 

dragged some distance, in the process snapping the azimuth 

shaft. The detector itself survived in good condition, 

however, both the inner and outer gondolas suffered struc¬ 

tured damage. We had hoped for a second flight, but the 

damage was not repairable in the short time at our disposal. 

During the Cen A observations, the balloon drifted in 

longitude from 63.7° to 63.0° W; the latitude drift was 

from 33.2° to 32.9° S. The change in magnetic declination 

from the launch site to the balloon position at the end of 

the Cen A observation was about 1° W (Valley 1965). 

The instrument used in the experiment, Gammascope VI, 

is essentially the same as that used in Flight 73-2. 

Modifications included a new azimuth drive with a chain 

drive and stepping motor. While preparing Gammascope for 

the flight, the central-detector PMT was intermittently 

noisy. In installing a new PMT, it was noticed that the 

light guide needed adjusting. The replacement and light 

guide adjustment resulted in improved energy resolution. 

B. Pre-Flight Calibrations 

Prior to the flight, several calibrations were necessary 

to define the response characteristics of the detector 

and to define the housekeeping parameters as a function 
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of voltage. A list of the calibrations needed for the 

flight is below: 

TABLE 4 

Preflight Calibrations 

Detector Calibrations Housekeeping Calibrations 

Hour Angle Potentiometers 

Declination Potentiometers 

Magnetometers 

Altimeter 

E-W Level 

Guard 5 Collimator Thresholds 

Guard 5 Collimator Ratemeters 

Voltage Monitors 

Detector § Electronics Box Temp. 

The instrumental calibrations and the most important 

housekeeping calibrations will be discussed. 

For the energy calibration of the pulse height analyzers, 

several gamma-ray sources were used. Table 5 lists the 

sources used for the preliminary and launch-pad calibrations 

just prior to the flight. The linear fits to the calibration 

points for the A and B analyzers give: 

EA(N) = 0.020 MeV + (0.00363 MeV)(N-l) 

Eg(N) = 0.757 MeV + (0.045 MeV)(N-257). 

N is the channel number and E the corresponding photon energy 

in MeV. For the A analyzer, N is from 1 to 256, and for the 

Energy 

Resolution 

Detector Axis 
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TABLE 5 

GAMMA-RAY CALIBRATION SOURCES 

Photon Energy Peak FWHM* Resolution* 
Source (MeV) Channel (Channels) (Percent) 

22XT Na .511 135.8 17.2 12.2 
1.275 269.4 2.2 7.76 

54Mn .835 222. 21. 9.1 

60CO 1.173 267. — — 

1.332 270.2 - - 

133Ba .0308 6.2 4. 42.4 
.080 18.4 6.2 28.1 
.356 94.1 14. 14.3 

226Ra .088 16.1 6.6 27.2 
.352 95. - - 

.609 162.2 19. 11.3 
1.12 266. 2.2 8.84 
1.76 279.9 2.6 6.65 
2.20 289 . 3.2 6.55 

241Am .060 12. 5.1 30.8 

241Pu-Be 2.23 290. 3.2 6.46 
4.43 339.1 4.5 4.57 

*If a photopeak is not completely resolved from neighboring 
photopeaks, the peak width is not measured. 



49 

FIGURE 8 

Energy calibration: "A" Analyzer. The points mark 

the photopeaks of the calibration sources. The calibration 

was just prior to the flight. For channel N the linear 

fit gives the energy E = 0.020 MeV + (0.00363 MeV)(N-l). 

FIGURE 9 

Energy calibration: "BM Analyzer. The calibration 

was shortly before the launch. The points mark the photo¬ 

peak of the calibration sources. For channel N the linear 

fit yields E = 0.757 MeV + (0.045 MeV)(N-257). 
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B, N is from 257 to 512. 

Figures 8 and 9 illustrate the linearity of the calibra¬ 

tions. From the photopeak widths of the gamma-ray calibra¬ 

tion sources (refer to Table 5), the energy resolutions, 

and Rg, were close to the E power law expected from 

statistical considerations alone: 

Ra[%] = (8.81)E[MeV]"0,458 

Rfi [%] = (8.98)E[MeV]-0•446 

The points plotted on Figure 10 indicate the degree of 

precision of the measurement. Yet, care has to be exercised, 

particularly in measuring the FWHM of the photopeaks in the 

B analyzer. At the lower energy portion of B, a photopeak 

FWHM is only two channels. The narrow channel width and 

incomplete separation of some of the calibration gamma-ray 

lines make the line widths difficult to measure with pre¬ 

cision, especially around one to two MeV. 

To find the axis of the detector, a small telescope was 

mounted on the Gammascope VI frame. Then for various angular 

57 displacements from the axis, the count rate of a Co 

calibration source was recorded. The distance of the source 

from the central crystal was 4.2 m. The axis was found by 

extrapolating the triangular off-axis attenuation (refer to 

Figure 4). The attached optical telescope was then aligned 

to the detector axis. 

To calibrate the magnetometers the following procedure 

was used. First, through the transit times of various stars, 
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FIGURE 10 

Flight 74-1 energy resolutions. The resolution is a 

measure of the photopeak line width. The FWHM of the 

photopeak divided by the peak energy of the photopeak 

gives the energy resolution. The resolutions are roughly 

proportional to E 
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the south-cardinal direction was determined. Afterwards, 

with the gondola removed from the proximity of large metallic 

objects, the detector axis was lined up to the south direc¬ 

tion. The three magnetometers extending from the inner 

gondola were rotated in the horizontal plane until the house¬ 

keeping voltage of the parallel magnetometers nulled. In 

that position, the magnetometers were tightly secured. This 

orientation gave the source pointing azimuth direction 

(Az = 180°) for the detector. After the south alignment, 

the inner gondola was rotated in azimuth by 360° in incre¬ 

ments of 10°. The azimuth angles were calibrated to the 

housekeeping voltages of the parallel and perpendicular 

magnetometers. Figure 11 is the magnetometer calibration 

for 74-1. 

To attain the desired angular sensitivity, the hour angle 

was recorded by two potentiometers, the "slow potM and the 

"fast pot," coupled to the polar axis. The gear ratios of 

the two are different such that the fast pot undergoes sev¬ 

eral revolutions per one revolution by the slow pot. The 

particular cycle of the fast pot is then determined by the 

slow pot voltage. Before the flight the fast and slow pot 

voltages were calibrated with hour angle by using a mechanical 

levelometer. The declination axis is, likewise, coupled to 

its slow and fast pots. And the declination angle was 

calibrated in the same way as the hour angle. From the gear¬ 

wheel slack the precision of the potentiometers is about 

+1/4°. 
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FIGURE 11 

Flight 74-1 magnetometer calibration. The azimuth 

orientation for source observation in the southern hemi¬ 

sphere is 180°. Any azimuth orientation may be determined 

through comparison of the parallel and perpendicular 

magnetometer housekeeping voltages. 
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The thermal-conductivity altimeter, discussed in Chapter 

II, was calibrated in a vacuum chamber. The pressure in the 

chamber was measured with an oil manometer, and the values 

were recorded with the corresponding altimeter voltage 

output. The nonlinear response to pressure of the altimeter 

is shown in Figure 12. 

C. Flight Record of Housekeeping 

The atmospheric depth, during most of the Cen A observa- 
2 

tions, varied from 3.7 to 4.0 gm/cm . That is, the range 

of the float altitude was approximately 125,000 ft to 123,000 

ft (U. S. Standard Atmosphere, 1962). The gondola, however, 

had not reached float altitude until twenty minutes after 

the beginning of the observation mode. At the beginning of 

observation, the depth was 4.7 gm/cm . Based on the flight 

record of the thermal-conductivity altimeter, the time history 

of the residual atmosphere is plotted on Figure 13. The 

altimeter data is used in the correction for atmospheric 

attenuation of the source flux. 

The anticoincidence reject rate at float altitude, as 

shown in Figure 14, is nearly constant. The reject rate is 

registered in the housekeeping by a change in voltage 

polarity. Essentially, the reject voltage is a square 

wave with one cycle per 256 counts. To measure the reject 

rate the decommutator produces a pulse for each reject 

cycle. The pulse is then registered as a count on a 

digital counter. Intermittent housekeeping noise prevented 
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FIGURE 12 

Thermal-conductivity altimeter calibration. The 

altimeter is useful only at pressure depths below 
_ ? 

^ 14 gm-cm which corresponds to altitudes greater than 

100,000 ft. 
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FIGURE 13 

Flight history of the atmospheric depth. The Cen A 

observations were from 0059 to 0447 UT. The pressure 

decrease at 1000 UT, sunrise, corresponds to the heating 

of the balloon by the sun. 
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FIGURE 14 

Flight history of the anticoincidence reject rate. 

The plotted reject counts/second are 5-minute averages. 

The data gaps, as well as the highly variant data at 0245 

UT, are due to noisy housekeeping. At float altitude 

the average reject rate is 406 counts-sec ^. The 

maximum count rate of about 1000 rejects-sec ^ is reached 

at the Pfotzer Maximum. Shortly after launch (-0207 UT) 

at an altitude of several hundred feet, the count rate 

fell to a minimum of 'x- 75 rejects-sec ^ (averaged over 10 

sec.). 
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a continuous record of the reject rate. However, in the 

noise-free tallies of reject counts during float, no 

evidence of abnormally high or low reject rates was noted. 

The mean reject rate at float was 406 per second. Corre¬ 

sponding to the increase in atmospheric depth at 1000 UT is 

a slight increase in the reject rate. 

During the flight, housekeeping words 14-19, 27-32 

simultaneously shifted by 0.1 volt. All of these words were 

from the detector and were grounded together. Probably, a 

loose ground wire caused the voltage instability. The 

instability did not affect any of the pointing housekeeping 

words, and those words affected were corrected for the 

instability. 

From the rate meters the collimator count rate ranged from 

4000 to 4500 counts per second and the guard from 6000 to 

6800 counts per second with intermittent peaks to 8000 

counts per second. The collimator and guard thresholds were 

constant throughout the flight. The thresholds were 

30 +_ 3 keV for the collimator and 35 +_ 2 keV for the guard. 

All the voltage monitors were stable during the Cen A 

observation. The beginning detector temperature at float 

was 86° F, and it stabilized at 89° F. The electronics box 

temperature stabilized at 104° F after an initial temperature 

of 84° F. 

In general the housekeeping behaved within the expected 

bounds with the exception of the intermittently high guard 

count rates. 



IV. DATA REDUCTION 

Given the data from the flight analog tapes, considerable 

effort and several steps are required before achieving the 

final source spectrum. The phases of the data reduction are 

reformating the data into a convenient digital form, sub¬ 

tracting the background from the source, making the 

appropriate corrections to the source data, and integrating 

the source over FWHM energy intervals for the source spectra. 

The method of data reduction is basically the same as that 

used previously at Rice. However, the Cen A data required 

additional analysis. Because of the large pointing deviations 

from the Cen A nucleus, corrections for such had to be incor¬ 

porated. Moreover, anomalous negatives in the initial source 

spectrum warranted a thorough variance analysis of the data 

to find and correct the data distortions. 

A. Reformat of Data 

The analog flight tapes contain the gamma-ray PCM data, 

a continuous time record, and the housekeeping. Each tape 

contains approximately 45 minutes of data. 

Initially, to facilitate data reduction by computer, 

the data had to be converted into a digital format. The 

conversion was done using two SDS 92 computers and an 

analog interface with one of the 92's. ATOD II, the 

66 
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program used for conversion, had been used for previous 

flight data reductions. ATOD transformed the count PCM data 

into 9-bit integer words corresponding to the pulse-height 

channel number and tagged each event with the time (in BCD) 

of its occurrence. The time from the analog tape was inter¬ 

preted by a time code translater and this was relayed to the 

computer. Each analog tape was one file on the digital tape. 

During the analog-to-digital conversion of each flight 

tape, a Nuclear Data Multi-Channel Analyzer (ND-180) was 

coupled to the analog tape output, and the pulse height 

spectrum accumulated for that tape. Simultaneously, the 

ATOD program accumulated the pulse height spectrum of each 

file. Thereby, at the end of each analog tape conversion, 

the pulse-height printout of the Nuclear Data was used to 

corroborate that of the ATOD. 

The data reduction can be followed on the flow chart of 

Figure 15. 

The next stage was to transform the digital data into a 

more suitable form for computer manipulation. Used for this 

purpose was CONVRT, a program which converted the BCD time- 

code to 36-bit integer milliseconds. 

In the digital data some of the times tagged to the PCM 

events were in error. Examples of these errors were the 

time of a count being earlier than, or the same as, the 

previous count, or the time difference of two adjacent 

counts being anomalously large. These "bad" times were 



68 

FIGURE 15 

Flow chart of data reduction process. 
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due to noise on the analog flight tapes and to miscues by 

the time code generator. The CONVRT READ program was used 

to flag these errors; through its printouts the bad times 

were isolated. 

At this stage the total counts in each channel for the 

time segments of source observation and background observa¬ 

tion were tallied through the EXPRESS SEGMENT L program. 

Using the time code translator and the magnetometer voltages 

through the housekeeping decommutator, the times of south 

azimuth pointing (source) and north azimuth pointing (back¬ 

ground) were recorded from the analog flight tapes. Thus 

the beginning and end times of each source and background 

observation were defined. These times were input into 

SEGMENT, and the counts were accrued channel by channel for 

each source or background time segment. Also input were the 

bad times garnered from the CONVRT READ output. These bad 

counts were deleted from the count accumulations by SEGMENT. 

The SEGMENT outputs for each time segment were the summed 

integer counts of each channel, the count rate of each 

channel in counts per 5 minutes, and the standard deviation 

of the count rates for each channel. The standard deviations 

were the square root of the integer counts normalized to 

the count rate per 5 minutes. 

To facilitate analysis of the housekeeping data, the 

housekeeping on the analog flight tapes was converted into a 

digital format using the analog-to-digital interface with 
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the SDS 92 and a time code translator. The complete house¬ 

keeping data with flight time was recorded at approximate 

13-second intervals. Also recorded was a continuous frame- 

by-frame record of the guard ratemeter and guard rate to be 

used in a search for gamma-ray bursts. 

The A-to-D conversion and time segmentation of the data 

were performed on the SDS computers. From this point the 

data analysis was continued using RUGRAG's TI980A and Rice 

University's IBM 370. To do so the digital information on 

the 7-track CONVRT, SEGMENT, and HOUSE tapes was duplicated 

onto 9-track digital tapes. 

B. Anomalous Count Search 

During the A-to-D conversion, the accumulating pulse- 

height spectrum from the Nuclear Data was being observed on 

an oscilloscope and the count rate registered on the digital 

counter. With these instruments very rapid count bursts of 

less than a second were detected. To prevent confusion of 

these events with the recently discovered extraterrestrial 

gamma-ray bursts, RUGRAG uses the terminology "glitch" to 

refer to these rapid count rates noted in the PCM data. 

Since this was the first cognizance of the anomalous 

count rates in the data, their character was unknown. So 

initially, an s-fold time-interval analysis of the PCM data 

was done to test the statistical behavior of the time 

between counts. An s-fold distribution is the distribu¬ 

tion of time intervals for every sth event. If the count 
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rate is random as in Poisson statistics, the expected 

probability density is 

ps(t) - iërre'at • 
and /s/a. is the standard deviation of the distribution about 

the mean time, s/a (Evans, 1955). ("a" is the mean count 

rate, and "t" is the time interval between s number of 

events.) 

To analyze the data, a program, SFOLD, was written for 

use on the TI980A. Time interval distributions of the data 

of 106-fold and 16-fold for each file were studied. Within 

_+3 a the distributions were consistent with the above 

probability density. However, particularly in the 16-fold 

data, several very short time intervals were noted and a 

few time gaps also found. To isolate the questionable time 

intervals another program, Anomalous Count Search or ANOM, 

was written. ANOM, using the data from the 9-track CONVRT 

tape, gave the beginning and end times of each s-fold of 

counts. The "glitches" were immediately discerned in the 

16-fold output as telemetry-saturated count rates (0.002 

sec/count). Then with ANOM, the printout of the channel 

numbers and times of the counts in the regions of the 

glitches revealed the glitches were sudden in onset and 

termination. Nearly all of the counts within a glitch were 

less than channel 10 in pulse height. The glitches were 

short, ranging in time durations of 0.035 sec (15 counts) 
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to 0.16 sec (77 counts). Shorter glitches may exist but 

are camouflaged by ordinary statistical variations in the 

count rate. 

Only one glitch was noted before the Pfotzer Maximum 

was reached. Above the Maximum the glitches became more 

frequent until they reached an average rate of about 1.7 

per 5 minutes at float altitude. In a preliminary analysis 

of the float altitude data, the glitches occur randomly. 

The guard-crystal count rate was checked at the time of one 

of the longer glitches. At the same time as the glitch the 

guard ratemeter jumped to a very high count rate. 

Suspecting the Flight 73-2 data of containing the same 

phenomenon, the same s-fold analysis and glitch isolation was 

done for the 73-2 data. (Note, the same detector was used 

in both flights.) Again glitches were found and the results 

were very similar to the 74-1 data. 

The most likely explanation of the glitches is the 

nuclear interaction of a very high energy cosmic ray with 

the detector crystal nuclei, resulting in spallation products, 

many of which are radioactive and may produce repeated or 

prolonged scintillations. The source of the glitches 

deserves further consideration. 

Though the absolute number of counts in these glitches is 

small compared to the total PCM counts, because they are 

concentrated in the very lowest channels, they can have a 

discernible effect. In both the Cen A (Flight 74-1) and 
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Crab Nebula (73-2) data, after glitch removal the lowest 

energy interval was found to better fit the low energy 

extension of the power law spectrum of the higher energies. 

The other ANOM discovery was a few time gaps usually of 

one second or less. The gaps may have been due to telemetry 

dropouts or to analog tape noise. The times of the glitches 

and gaps were recorded and using the SEGMENT program these 

times were also deleted from the pulse-height integrations. 

With completion of data segmentation, the total source 

and background counts of each channel were summed and 

divided by the respective total source or background observa¬ 

tion time to give the mean channel count rates. Figures 16 

and 17 show the count rates for the two analyzers. A 

general excess of source count rates is seen in both ana¬ 

lyzers. The first background peak at about channel 51 

(0.203 MeV) corresponds to the iodine-127 deexcitation line. 

The second peak about channel 131 (0.490 MeV) is too broad 

for one gamma-ray line. It is probably at least two 

unresolved lines such as 0.511 MeV from positron annihila¬ 

tion and 0.441 MeV from iodine neutron absorption (see 

Appendix A-3). 

C. Time History of Source and Background Count Rates 

There are 11 source observation segments and 10 back¬ 

ground observation segments. The first and last segments 

are source observations. Because of difficulties with the 

hour-angle drive, the source and background durations were 
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FIGURE 16 

Flight 74-1 Cen A average channel count rates: "AM 

Analyzer. The source count rates are the solid points 

and the background count rates are registered by the 

histogram. The average source count rates include all 

eleven source segments. The source count rate at channel 

87 is 2.6 standard deviations above the mean count rate of 

the neighboring channels; it is statistically compatible 

with a random distribution of count rates of the 256 

channels. 

FIGURE 17 

Flight 74-1 Cen A average channel count rates: "B" 

Analyzer. The 1.2 MeV to 2.0 MeV is spanned by channels 

268 to 283. Channels 338 to 342 show the 4.5 MeV excess. 
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not consistently 10 minutes each. A record of the time 

length of each source and background segment is in Table 6. 

The same hour-angle drive difficulty resulted in pointing 

deviations, but this is to be discussed later. 

As a guide to verify the normal statistical behavior of 

the data, a time history of the mean count rates was com¬ 

puted. Because of the wide statistical fluctuations of 

count rates for the individual channels, the channels were 

summed together into energy intervals of 1 FWHM. A selection 

of the time histories.of the more interesting energy intervals 

is in Figures 18, 19, § 20. At the low energies the excess 

due to the source is palpable. The standard deviations are 

the square root of the total counts per energy interval per 

segment normalized to 5 minutes. 

D. Pointing Deviation 

Calculation of the detector's pointing direction requires 

the hour angle, declination, and azimuth of the detector, 

the latitude and longitude of the balloon, and the hori¬ 

zontal level of the equatorial mount. 

The hour angle and declination were corrected for azimuth 

deviations and latitude drift through the Euler rotations 

developed in Appendix B. No corrections were made for the 

zenith angle of the azimuth axis, or for the change in geo¬ 

magnetic declination with the longitude drift. 

From the E-W Level housekeeping data, the zenith angle 

of the azimuth axis was essentially zero for most of the 
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TABLE 6 

TIME LENGTH* OF SOURCE : AND BACKGROUND SEGMENTS 

Source Time Background Time 
iegment (Minutes) Segment (Minutes) 

1 9.60 1 8.16 

2 3.03 2 8.81 

3 9.98 3 7.83 

4 4.12 4 14.94 

5 12.12 5 10.01 

6 5.01 6 12.10 

7 10.15 7 13.89 

8 8.43 8 9.28 

9 6.77 9 9.02 

10 9.99 10 9.06 

11 14.16 

'otal Source 93.36 Total Background 103.09 

*Times of "glitches” and time-gaps have been removed. 
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FIGURE 18 

Flight 74-1 Cen A time histories below 1 MeV. The 

time histories are the average count rates of each source 

and background observation segment for 1 FWHM energy 

intervals. The low energy time histories show a clear 

source excess. Source segment 2 has a pointing deviation 

from NGC 5128 of 6°. The short source observations are 

source segments 2, 4, and 6. 

FIGURE 19 

Flight 74-1 Cen A time histories about 1.6 MeV. These 

time histories compare the source excess around 1.6 MeV to 

the negligible excess on either side of the 1.6 MeV feature. 

FIGURE 20 

Flight 74-1 Cen A time histories above 3 MeV. The 4.5 

MeV excess is shown. No excess is apparent at 6.2 MeV, the 

energy of ^0* deexcitation. Note, the short source seg¬ 

ments (2, 4, and 6) were deleted from the final data reduction. 

The vertical lines are the +1 standard-deviation error bars. 
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flight with deviations only to 1/3°. The pointing errors 

caused by 1/3° off-zenith are at most 1/6° for the orienta¬ 

tions of the detector during the Cen A observations. Given 

our pointing accuracy of about 1° the off-zenith error is 

insignificant. 

While tabulating the azimuth positions from the house¬ 

keeping, an unexpected phenomenon appeared: the azimuth 

oscillated in time. The period of the oscillations was 

'v 48.3 seconds with a magnitude of about 3°. In the source¬ 

pointing mode the average azimuth was 1.5° to the east of 

the south cardinal direction. In the background mode the 

azimuth oscillated in the same fashion. The oscillations 

show slight growth in some segments and slight decay in 

others. 

One possibility is the oscillations are only apparent 

from the effect of balloon pendular motion on the magneto¬ 

meters. The radius of the balloon is 47.25 m and the length 

of the parachute to the payload is roughly 50 m. The balloon 

weight is 770 kg and the payload plus ballast is 960 kg. 

The moment arm for the pendulations is ^ 45 m. The result¬ 

ing simple-pendular period is on the order of 13 seconds. 

Since the estimated period is < 1/3 of that measured, 

this possibility is unlikely. Furthermore, the EW Level 

yields no evidence of any pendular motion. 

The most likely explanation is twisting of the parachute 

cords. As the inner gondola rotates to a different azimuth 
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pointing mode, the torque on the outer gondola is trans¬ 

mitted to the parachute through the swivel coupling. The 

parachute cords then act as a torsion spring on the payload 

inducing the sinusoidal azimuth oscillations. The magneto¬ 

meter feedback to the azimuth motor serves to drive the 

oscillations. If the azimuth feedback were slightly out-of¬ 

phase with the parachute-cord oscillation, it would result 

in small under-or over-damping of the oscillations such as 

has been seen. The problem may be solved in future flights 

by changing the time-lag in the magnetometer feedback. 

The equatorial mount of the detector had been set for 

the latitude of the launch site. Consequently, latitude 

drifts will cause pointing errors. The maximum latitude 

drift from the launch site was 0.3°. 

After the azimuth and latitude corrections, the right 

ascension, a, of the pointing direction can be calculated 

using the longitude of the balloon. The formula used for 

the right ascension calculation is: 

a = ST0 + 1.002738(t+D) - Long(t) - HA(t). 

STQ is the sidereal time (HA of the vernal equinox) at 

Greenwich at O^GMT of the flight date. D is the time 

difference between GMT and the local time, t„(D = GMT-t). 

For Argentine Daylight Savings Time D equals 2 hours. 

HA(t) is the corrected hour angle at local time t. And 

Long(t) is the balloon position in West Longitude at time 

t. (1.002738 is the time ratio of the solar day to the 
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sidereal day.) 

In total, the program LAPOINT corrected the hour angle, 

HA, and declination, 6, for azimuth deviations and for 

latitude drift, found the resultant right ascension for the 

balloon's longitude, and finally calculated the pointing 

difference between NGC 5128 and the detector axis. The 

pointing deviation, AP, from the source is 

AP = COS ^(cosAaCOSAS) 

where Aa is the right ascension pointing error and A<5 is the 

declination error. 

A continuous record of the pointing deviations, AP, was 

computed for each segment. The time-weighted averages of 

AP for the source segments is listed in Table 7. These are 

the pointing errors used in calculating the off-axis attenua¬ 

tion correction factors. The pointing orientations of the 

source segments with respect to Centaurus A are plotted in 

Figure 21. As noted in Figure 21, the pointing deviations 

are generally to the east of Cen A and hence away from the 

neighboring X-ray source NGC 4696. Since NGC 4696 is 8.9° 

away from the nucleus of Cen A, its contamination of the 

source segments is minimal. 

The background pointing was also calculated through 

LAPOINT. The background azimuth angles were 155° east of the 

source-pointing mode. Pointing during the background modes 

is plotted in Figure 22. 
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TABLE 7 

MEAN POINTING DEVIATIONS FROM NGC 5128 

Source Segment 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Mean Pointing Deviation 
(degrees) 

2.98 

6.32 

0.59 

0.97 

0.73 

0.54 

0.71 

3.15 

2.43 

0.76 

11 1.15 
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FIGURE 21 

Source segment pointing orientations. The detector 

axis orientation of each source observation is plotted. 

Some of the source segments are numbered. The largest 

pointing error is 6° by source segment 2. The central 

symbol is the position of the optical galaxy NGC 5128. 

The two Xs are the relative positions of strongest radio 

emission of the outer Cen A radio lobes. The circle marks 

the 13° FWHM field-of-view of Gammascope VI centered on 

NGC 5128. For all of the source observations the nearby 

X-ray source NGC 4696 is outside the FWHM field-of-view. 

The positions of NGC 5128 and NGC 4696 are plotted in their 

1975.0 coordinates [NGC 1528 (1975.0): a = 13h23.8m, 

6 = - 42° 53 ' ] . 
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FIGURE 22 

Background pointing in Galactic Coordinates. The 

orientation of the detector axis for each background obser¬ 

vation is illustrated by straight lines beginning with 

observation 1 and ending with observation 10. The ellipse 

about Cen A is the FWHM field-of-view of the detector. The 

plotted points are the X-ray sources in the Third Uhuru 

Catalog. The galactic coordinates of Cen A are 1^ = 309.49°, 

b11 = 19.43°. 
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E. Derivation of Cen A Spectrum 

Several steps are necessary to extract the final Cen A 

spectrum. First, the background must be subtracted. Then 

the resultant residual counts must be corrected for the 

instrumental effects of instrumental absorption, photopeak 

efficiency, K X-ray escape, and off-axis attenuation. The 

counts have to be further corrected for atmospheric attenua¬ 

tion. Finally to élucidé the resultant spectrum, the channels 

are summed together in FWHM energy intervals. 

1. Background Subtraction 

As stated before, the source and background observation 

modes are based on the assumption that the background is 

independent of azimuth. Background refers to all counts not 

from the source, Centaurus A. The galactic coordinates plot 

on Figure 22 illustrates the respective galactic position 

of Cen A and the ten areas of the sky scanned in the back¬ 

ground modes. A time history analysis has revealed no 

detectable sources in the background observations. And the 

Uhuru X-ray sources which were in a background field-of-view, 

3U0757-26, 3U0946-30, 3U1044-30, are all weak X-ray sources. 

Thus, all of the background segments are considered to be 

uncontaminated by discrete sources and useable for sub¬ 

traction from the source segments. 

To extract the Cen A source counts from the data the 

weighted mean count rate of the adjacent background seg¬ 

ments, B, was subtracted from the intermediary source 
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segment count rate, S. The time segments have been consecu¬ 

tively numbered from j=l to j=21 (the total number of source 

plus background segments). The first observation segment, 

j=l, is the first source segment, the second segment, j=2, 

is the first background segment, and so on. The background 

subtraction procedure is then 

R. = S. - B. 
1 3 3 

for j = 1,3,5,...,21 

where B. = 
3 

rr 
B. V 

T"B T2 * ! 6 V 2 -b-i) bn) J 

’by ' by 
B 
j+l 

B. -j 
J"1 

if 2 < j < 20 

if j = l 

if j = 21 

The residual count rate, R., is the detected count rate from 

Cen A if Bj equals the background count rate in the source 

segment. The residual standard deviation is 

with 

B a . 
3 

R r, S.2 . , B.2,1/2 
Oj = [CoJ + (o.) ] 
J J J I 

if 2 < j <_ 20 

if j =1 

if j = 21 

Initially, the background subtraction procedure was done 

channel by channel. However, in examining the results 

spurious statistical fluctuations were noted, particularly in 
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subtraction of channels with low count rates. This spurred 

a thorough variance analysis of the data. When the data 

reduction was repeated, the solution to these fluctuations 

was to have channels with low count rates summed together in 

energy intervals of one FWHM or larger before subtracting 

background and to delete the short source segments from the 

data reduction. These measures and the reasons for them 

will be fully discussed later along with the variance analysis. 

2. Correction Factors 

a) Atmospheric Attenuation 

The Cen A gamma rays have to penetrate the upper atmos¬ 

phere before reaching the detector. The mean free path of 
2 

the photons through air is from 3.3 gm/cm at 30 keV to 

50 gm/cm at 10 MeV. In the case of low energy photons, the 

atmospheric attenuation is very significant. To correct for 

the attenuation, the atmosphere is assumed to be planar. 

The atmosphere to be penetrated by the source photons is 

then the atmospheric depth of the detector, a, times the 

secant of its zenith angle, z. Therefore, the correction 

factor for atmospheric absorption is 

y.a.secfz.) 
A = e 1 J J 
Aij ® 

2 
where y[cm /gm] is the total attentuation cross-section in 

air. Subscript i corresponds to the energy of channel i, 

and j corresponds to the source segments from 1 to 11. 

(This subscript nomenclature will be used for the remainder 
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of this chapter.) For each source segment its average 

atmospheric depth and zenith angle were used, 

b) Instrumental Absorption 

For a photon to reach the central crystal through the 

field-of-view (FOV), it must traverse a thin aluminum 

sheet, the plastic scintillator, the central PMT, and 

finally the light guide and quartz window. To measure the 

absorption for photons through the FOV, several gamma-ray 

calibration sources and a second Nal crystal were used. The 

second crystal, a 2" x 4" cylinder, was clad by reflective 

2 2 MgO(0.67 gm/cm ) and aluminum (0.22 gm/cm ). Also, to reduce 

background the circumference of the crystal was shielded by 

a 1 cm layer of lead. The small crystal was attached to 

the detector housing directly below and parallel to the 

central-detector crystal (see Figure 23). With the calibra¬ 

tion sources at a distance of 20 ft, pulse height spectra 

for both the detector crystal and small crystal were taken 

with the gains of both detectors equilibrated. To avoid the 

problem of parallax, the sources were positioned at equal 

distances (20 ft) from each crystal along the respective 

crystal axes (Figure 23). Measurements were made from 

32 keV to 835 keV. Corrections were made for the small- 

crystal cladding and for the difference in sensitive areas 

of the two crystals. 

The resulting fit for the transmission fraction of the 

detector crystal is 
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FIGURE 23 

Detector orientation for instrumental absorption 

measurements. Each calibration source was successively 

positioned parallel to the axes of each detector at posi¬ 

tions 1 and 2. The integral counts in the photopeaks of 

the two detectors were measured from the respective 

positions, 1 or 2. A comparison of the counts was then 

used to calculate the instrumental absorption of the large 

detector, Gammascope VI. The photomultiplier tube of the 

small crystal was on the side opposite to the calibration 

sources. 
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T[%] = 1.095E[keV]°’20 . 

Above 680 keV the photon transmission through the FOV of the 

detector is essentially 1001. Below 32 keV extrapolation 

of the power law is not valid since K_shell absorption 

lines in the intervening FOV material can strongly affect 

the degree of instrumental absorption. Given these limits 

the instrumental absorption correction factor is then 

I. = 100 . 
1 T. 

l 

1^ is the value of the correction factor at the energy of 

channel i. 

c) Photopeak Efficiency 

Some of the incident photons may not be completely 

absorbed , or may even penetrate the central crystal with¬ 

out interacting. Consequently, the integral counts of the 

photopeak are less than the number of incident photons at 

that energy. To compensate, a correction factor, the photo¬ 

peak efficiency, is needed. The photopeak efficiency is the 

ratio of total counts in the photopeak to the number of 

incident photons. In the 73-2 data reduction the photopeak 

efficiency was estimated from Monte Carlo results published 

by Miller et al. (1957). Since then the photopeak efficiency 

has been recalculated by RUGRAG using the Monte Carlo program 

OSOGAM developed by the NUS corporation. The OSOGAM input 

has been tailored to the geometry and cladding of Gammascope 

VI. The photopeak efficiency was calculated from parallel 
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beam, monoenergetic incident photons over several energies 

from 0.032 MeV to 4.5 MeV. The results were similar to the 

73-2 photopeak efficienty but generally 10% lower. The 

photopeak-efficiency correction factor, P^, is the reciprocal 

of the fractional photopeak efficiency (see Figure 24). 

d) K X-Ray Escape 

In photoelectric interactions with iodine a large frac¬ 

tion (87%) of the K-shell vacancies yield K X-rays. These 

X rays (28 keV) may then possibly escape from the central 

crystal. (L-shell X-ray escapes are of no consequence since 

they are 5 keV and, hence, readily absorbed.) At low gamma- 

ray energies a K X-ray escape results in a resolvable peak 

28 keV lower than the photopeak. A correction then is in 

order for the K X-ray escapes. At energies above 120 keV 

the K X-ray escape peak cannot be resolved from the photo¬ 

peak. Effectively then no counts are lost from the photopeak 

due to the K X-ray escape. Therefore, the correction is only 

for the lower photon energies. The K X-ray escape correction 

factors, K^, were adapted from Neiler and Bell (Siegbahn 

1965) . is plotted in Figure 24. 

e) Off-Axis Attenuation 

The triangular response to off-axis sources has been 

described earlier in Chapter II. Normally if pointing 

control is good, the source being observed will be on the 

detector axis. However, while observing Cen A the hour- 

angle drive intermittently stalled causing angular 
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FIGURE 24 

Energy dependence of the instrumental correction fac¬ 

tors. The slight downturn of the total correction factor 

above 10 MeV may be an artifact of extrapolation. 
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deviations from Cen A in hour angle. Assuming the gamma-ray 

flux from Cen A to be from a point source, one can correct 

the reduced off-axis residual count rates by using the 

triangular response function. 

To calibrate the off-axis response, gamma-ray calibration 

sources were used to measure the FWHM of the off-axis 

response. Figure 25 illustrates the response to 0.511 MeV 

photons. Similar off-axis measurements were made of ^^Am 

(.060 MeV), 57Co (.124 MeV), and 60Co (1.24 MeV). The result¬ 

ing energy dependence of the off-axis attenuation is on 

Figure 26. The approximate average of the FWHM of the 

field-of-view is 13°. 

To understand the energy dependence of the off-axis FWHM 

refer to Figures 3 and 4. For low energy photons the colli¬ 

mator virtually acts as a perfect collimator. But the thin 

oblique corner of the detector crystal not shadowed by the 

collimator is not a total absorber of the off-axis photons. 

The result is an effective aperture of FWHM less than the 

12° for a perfect collimator and detector. On the other 

hand, for high energy photons the collimator leaks a signi¬ 

ficant fraction of the radiation at incident angles greater 

than V . The result is an effective aperture FWHM > 12°. max r 

The greatest aperture FWHM would be expected at energies 

near 5 MeV where the attenuation cross-section of Nal is 

smallest. 

= (1-APj/FWHMi) 
1. The off-axis correction factor is 
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FIGURE 25 

Sodium-22 off-axis response. The response is the inte¬ 

gral photopeak counts relative to the on-axis photopeak 

count. The photopeak is the 0.511 MeV line emitted by 

22 
Na. The function is symmetric about the axis. The error 

bars are one standard deviation. 
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FIGURE 26 

Angular FWHM of Gammascope VI as a function of energy. 

The angular FWHM was measured at 0.060, 0.124, 0.511, and 

1.24 MeV. The error of the FWHM measurements as shown by 

the error bars is estimated. The line fit is an extra¬ 

polation, and the mean FWHM is approximately 13°. 
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FWHNL is the off-axis FWHM at the energy of the ith channel. 

The correction factor is not valid for deviations > 9°. 

3. Corrected Flux 

Presented below is the procedure used in computing the 

final spectrum. The first operation in calculating the 

corrected spectrum is to incorporate the segment-dependent 

correction factors: 

of source segments. Here the weighted mean residuals of all 

the source segments (j) for each channel (i) have been 

computed. The second operation accounts for the energy- 

dependent correction factors: 

RV = K.P.I.R! a11" = K.P.I.a*' 
l liii l liii 

RV then is the fully corrected count rate for channel i. 

For better statistics the channels are grouped together 

in energy intervals of resolution FWHM units. The summed 

corrected count rates for these energy intervals are 

- 2 -1 renormalized from counts/5 minutes to counts-cm -sec 

keV 1 using the interval width in keV and the sensitive 

area of the detector. 

R ' R and a.. = 0..A..a., and N is the number 
ij iJ iJ iJ 

The statistical weighting procedure is based on the 

variance of a normal distribution. In reality, the variance 
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is Poisson. Nevertheless, even for moderate averages of 

around 10 counts, the normal variance is adequate to des¬ 

cribe the Poisson distribution. But for very low counts the 

normal-variance approximation breaks down and can lead to 

erroneous statistical conclusions. To avoid such a statis¬ 

tical artifact the data reduction was modified. 

In the modified process channels 1-293 (to 2.35 MeV) were 

treated as separate channels as before. These channels 

have large numbers of counts in all of the segments. 

Beyond channel 293, the channels were grouped into units 

such that the integral counts of all the group-channels was 

12 or more. This was done before subtraction of source from 

background. The group-channels in the final spectrum are in 

one-FWHM energy resolution units from 2.35 MeV to 4.7 MeV, 

in 2-FWHM units from 4.7 to 7.6 MeV, in 3-FWHM units from 

7.6 to 9.8 MeV, and the last group-channel is 9 FWHM 

(9.8 MeV to 12.25 MeV). In essence the only change in the 

flux calculation was to make the channels wider in energy. 

Channels 1-4 (.018-.033 MeV) were discarded from the 

flux calculations because of inadequate correction factors 

below 32 keV. The beginning channels of the B analyzer, 

258-263 (0.78-L05 MeV), overlapped the end of the A 

analyzer in energy and consequently were effectively dead. 

These channels, likewise, were deleted from the flux 

calculations. 
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F. Variance Analysis 

Large negative residuals in the initial calculated 

spectrum led to a thorough variance analysis of the data in 

an effort to determine the cause. The testing involved a 

variance analysis of each energy interval (one resolution 

FWHM) and of each time segment. The analysis is embodied in 

the program VARANO which is described in Appendix C. 

The one-FWHM intervals were tested by comparison of the 

actual variance of the count rate from segment-to-segment 

to the expected variance. (The source and background seg¬ 

ments were tested separately.) The ratio is the reduced 

chi-square for a random sampling from a normal population. 

Above 0.3 MeV statistical variance is expected to mask 

systematic effects such as zenith angle dependence (see 

2 
Appendix C) . Therefore, xv “ 1 is expected for all of the 

energy intervals above 0.3 MeV. 

For the source, exceptions to this expectation occurred 

at 2.3 MeV and 3.8 MeV. Large negative residuals of -1.1 and 

-3.9 flux/sigma were associated with the two energy intervals. 

2 
The background segments had no anomalous xvs, although a 

zenith angle dependence is apparent below 0.3 MeV. Hence, 

discordant source segment variations are associated with the 

large negative-residual energy intervals. 

In the variance analysis of the individual segments over 

all of the resolution intervals, anomalous variances 

occurred particularly in source segments 2, 4, and 6. The 
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source anomalies were scattered through the spectrum being 

conspicuously present at those energies where large negative 

residuals appeared. Note that in the regions of 1.6 MeV 

and 4.5 MeV where there are large positive residuals, no 

anomalous source segment count rates are found. These same 

equivocal source segments (2, 4, § 6) are the shortest of all 

the segments (see Table 6). 

Finally the residual/sigma ratios were calculated by 

first summing the channels in each FWHM interval then 

subtracting the background from the source count rate. The 

results gave no negative residuals incompatible with normal 

statistics. The largest negative R/a ratio was -1.7. 

(A R/a >_ -1.7 would be expected for 4% of the measurements 

if the source count rate and background count rate were 

random selections from the same normal populations.) 

In the usual data reduction the background is subtracted 

before channel summing. When this was done, the resultant 

spectrum (see Figures 29 5 30) was found to have large 

negative residuals of up to -3.2 a. The normal interpreta¬ 

tion of a 3.2 o result is that it has probability of only 

0.1% of occurrence as a result of random fluctuations. 

Further analysis isolated these large negatives to individual 

channels particularly from source segments 2, 4, § 6. The 

result of the variance analysis is that the problem of the 

aberrant negative residuals is due to single channels from 

the short observation times. 
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Reconsideration of the statistical theory of subtraction 

is warranted. Given random samples from two different normal 

populations with the mean values, y^ and and variances, 

a^ and athe expected differences between the means, x^ 

and x2, of two random samples is 

E(X^-X2) ^1~^2 * 

And the corresponding expected variance of the difference is 

2 2 
- - °1 a2 var(xrx2) - _ . — 

where n^ and are the respective number of samples. Sub¬ 

tracting before channel summation has the weakness of only 

1 sample for the source mean count rate. 

Inherent in the background subtraction before channel 

summation is the premise that one sample is an accurate 

indicator of the actual mean count rate at that energy. 

The accuracy of only 1 random sample as compared to the 

actual mean count rate is dependent upon the number of counts 

of that selection. 

Consider the rate of change of the count rate per standard 

deviation ratio, N/a, with respect to counts; C: 

— / 1/2 N/a = T / T = C ' 

dWol= 1/2C-l/2 

The derivative implies the N/a ratio changes fastest at 

low counts. Therefore, it is at low counts where single 

sampling is most vulnerable to erroneous estimates of the 
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actual mean count rate. On the other hand, the statistical 

variance of large counts is small and even one sample may be 

an adequate estimate of the actual mean. Therefore, from 

channels where the flux is small and the time segment is 

short, the assumption of C/T - y breaks down and can yield 

incorrect statistical conclusions. However, if channels are 

summed into resolution intervals before background sub¬ 

traction, we then have several samples which give a more 

reliable estimate of the actual mean count rate, y. Yet 

because of the energy dependence of the count rate and of 

the correction factors, a compromise has to be made in the 

energy widths of the channel summation. 

Another consideration is the best ratio of source-to- 

background observation times. What is wanted is the time 

ratio, a = Tg/(Tg+Tg), which yields the maximum residual-to- 

sigma ratio, R/a^. TO find it, take the derivative of 

R(oO/a^(a) with respect to a and set it equal to zero. The 

result is 

S 

(Bui-Van 1973). S is the count rate when the detector is 

pointing towards the source; B is the background count rate. 

In the case of Cen A, S/B = 1.07 and a = 0.51. For 10 

minute backgrounds, the source segment should be ^ 10.3 

minutes. Effectively then with the present background 

magnitude, all of the celestial gamma-ray sources are best 
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observed with equal source and background observation times. 

In summary the analysis yields three conclusions: 

1. Channels with few counts should be summed with 

adjacent channels before background subtraction. 

2. Short segment times should be avoided. (The 

present ten minutes nominally used in RUGRAG 

experiments is an adequate segment time.) 

3. The source and background segments should be 

equal in time. 



V. CENTAURUS A/NGC 5128 

Radiogalaxies are enigmatic in their prodigious energy 

output and peculiar structure. Solution of the radiogalaxy 

puzzle will augment understanding of galactic evolution and 

of the behavior of matter under physical extremes. Also 

from the information gathered on radiogalaxies, other 

peculiar high energy emitters such as Seyfert galaxies and 

quasars may be decoded and understood. 

At present our only source of information from radio¬ 

galaxies is the electromagnetic emissions. Of the radio¬ 

galaxies Centaurus A is the closest, and it is one of the 

strongest radio emitters in the sky. Its proximity 5 Mpc) 

and large energy emission make Cen A the best candidate for 

spectral investigation. 

Among the sources of spectral information are nuclear 

gamma rays. Detection of nuclear lines would yield data 

about the source's cosmic rays and of possible large scale 

nucleosynthesis. The gamma-ray continuum, in turn, can be 

used in determining the photon, particle, and magnetic energy 

distributions of the source. 

A. Radiogalaxies in General 

Radiogalaxies have a set of common characteristics. They 

are strong radio emitters and usually appear optically as 

114 
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elliptical galaxies. The radio emission comes both from a 

compact source associated with the optical galaxy and from 

diffuse radio lobes which usually extend beyond the optical 

galaxy. Generally, the diffuse radio emission of radio¬ 

galaxies has either a double-lobe structure or a head-tail 

structure. In the case of the double-lobe structure, the 

radio lobes are located on opposite sides of the nucleus. 

On the other hand, the head of a head-tail radiogalaxy is 

coincident with the optical galaxy, and the tail appears as 

a series of paired lobes left in the wake of the galaxy's 

fast motion through a dense intergalactic medium (Miley 

et al. 1972) . 

Comparison of similar radiogalaxies can provide an evo¬ 

lutionary scheme of their structure and energy output. For 

instance, Cygnus A, which is the strongest radio emitter in 

the sky, is a comparatively small double-lobe radio source. 

It spans 'v 0.15 Mpc. Cen A is a larger double-lobe radio¬ 

galaxy (spanning ^ 0.8 Mpc) and is less intense in radio 

emission. Recently, very extensive, diffuse radio emitters 

have been found. Cases in point are the double-lobe radio¬ 

galaxies 3C 236 and DA 240 which respectively span 6 Mpc and 

2 Mpc (Willis e_t ad. 1974). The apparent sequence of these 

radiogalaxies is an initial explosion with the symmetric 

ejection of relativistic particles from opposite sides of 

the parent galaxy. The vast linear extensions of the double¬ 

lobe radiogalaxies give the minimum ages since their 
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explosions. The linearity of the lobe structures also 

implies a thin intergalactic medium about these galaxies 

with little lateral movement relative to the medium. 

B. Centaurus A/NGC 5128 in Particular 

Centaurus A is the most extensively studied of the 

radiogalaxies and has often been among the first extragalactic 

sources to be detected outside the optical wavelengths. With 

the advent of radio astronomy, Cen A was discovered in 1947 

by J. G. Bolton and was soon thereafter associated with the 

optical galaxy NGC 5128. Over the next 18 years most of the 

information gained about Cen A/NGC 5128 was from the optical 

wavelengths. With the improvement of radio telescopes, much 

information has been gathered since 1965 about the structure 

and emission of the compact nucleus and the extended radio 

lobes. X-rays from Cen A were first detected in June 1969 

(Bowyer e_t al^. 1970). One year later Lampton et al. (1972) 

measured a low-energy gamma-ray flux from Cen A up to 180 

keV. Since 1970 several X-ray measurements of Cen A have 

been made. The experiment discussed in this thesis has 

expanded the energy range of flux detected from Cen A from 

180 keV up to 12 MeV. Finally, from three observations 

(1972-1974) Grindlay et al_. (1975) measured a positive flux 

11 
from Cen A of photons with energy > 3 x 10 eV. 

1. The Optical Galaxy NGC 5128 

The optical observations of NGC 5128 have been useful 

in obtaining information about the distance and the dynamics 
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of the galaxy. From emission-line data the galaxy is esti¬ 

mated to be at a distance of 4 to 5 Mpc (Burbidge and 

Burbidge 1959, 1962; Sérsic 1960). (I will assume a 

distance of 5 Mpc.) Optically, NGC 5128 appears to be a EO 

(elliptical) galaxy 10 arcsec in diameter (<v< 15 kpc) 

bifurcated along its equatorial plane by a strong dust lane 

(see Figure 27). The gas in the dust lane has large-scale 

turbulent motion and may be infalling towards the galactic 

center at the rate of 150 km/sec (Burbidge and Burbidge 1962, 

Sersic 1969, Whiteoak and Gardner 1971). Nonetheless, the 

net motion of the absorption lane is rotation about the same 

axis and in the same direction as that of the bright ellip- 
7 

tical component. Its rotation period is ^ 6.5 x 10 years 

(Burbidge and Burbidge 1959). Up to 6% optical polarization 

is seen from the dark lane ; the polarization direction of the 

electric vector is parallel to the plane of the dust lane 

(Elvius and Hall 1965). Two estimates of the mass of NGC 

5128 are 2 and 5.3 x 10 (Burbidge and Burbidge 19 59, 

Sérsic 1960) making it 1.5 to 4 times the mass of the Milky 

Way. 

An early theory to explain the radio emission and unusual 

optical structure was the collision of an elliptical and a 

spiral galaxy. However, the common axis of rotation and 

small net motion between the bright and dark components of 

NGC 5128 discount the collision theory. Generally accepted 

now is the theory that NGC 5128 is one galaxy with the 
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FIGURE 27 

The optical galaxy NGC 5128. The position angle of 

the rotation axis of NGC 5128 is 44°. That is, the angular 

rotation vector points in a direction 44° eastward of north 

In the photograph north is leftward; east is straight down. 

The dark dust lane along the equatorial plane of the 

galaxy is readily apparent. The bright portion of the 

galaxy has the shape and optical characteristics of an EO 

galaxy (Burbidge and Burbidge 1959). Recently in the north 

east quadrant, coincident with the northern outer radio 

lobe, HII filaments and supergiant blue stars have been 

discovered (Graham 1975). 
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nucleus as the prime source of energy and with the radio 

lobes produced by past explosions from the nucleus. 

2. The Radio Lobes of Cen A 

Two pairs of radio lobes with a compact nucleus comprise 

the radio structure of Cen A. The radio nucleus coincides 

with the center of NGC 5128. The outer lobes are diffuse 

and span 10° (^ 0.8 Mpc); the inner lobes are 7' O 10 kpc) 

apart and 2* (3 kpc) in extent. The inner lobes are within 

the bright elliptical component of NGC 5128 and aligned on 

the galaxy's rotation axis equidistant from the galactic 

nucleus. Figure 28 illustrates the radio contour of the 

inner and outer lobes. At 1400 MHz, the radio structure forms 

a bridge connecting the two inner lobes and encompassing the 

central nucleus (Wade et ad. 1971). 

The inner and outer lobes show strong radio polarization 

(up to 70%) and power-law spectra (Gardner and Whiteoak 1963; 

Price and Stull 1973). Consequently, the emission is 

believed to be synchrotron radiation from energetic elec¬ 

trons . 

The positions of maximum intensity for the outer lobes 

are a = 13h24m, 6 = -42.1° (northern lobe) and a = 13h21m, 

6 = 44.7° (southern lobe). Thus, their angular separation 

is 2.7° (Wade 1959). 

Over the radio frequency range the outer lobes show only 

small changes in structure and relative intensity. This 

implies similar electron populations in both lobes. The 
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FIGURE 28 

Radio contour of Centaurus A. The contours give the 

intrinsic structure of Cen A seen in projection. The solid 

contours represent flux intensities of an arbitrary unit 

(the dashed contour is one-half unit). The enlargement 

shows the respective orientations of NGC 5128 and of the 

inner radio lobes (shaded). The vectors represent the 

projected magnetic field. The adjacent numbers indicate 

the negative magnitudes of the Faraday rotation measure. 

The figure is from Cooper, Price, and Cole (1965). 
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FIGURE 28 
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outer lobes have a power law spectral index of -1.25. The 

8 9 estimated age of the outer lobes is 10 to 10 years assuming 
O 

a hydromagnetic expansion of velocity 2 x 10 cm/sec 

(Matlby ejt al. 1962). From 107-10^ Hz, the radio lumi¬ 

nosity of the outer lobes is 8 x 10^ ergs/sec, and given the 

age of the lobes their total energy is ^ 10^ ergs. Of 

interest is the energy content of the nucleons in the lobes 

which may be ^ 100 times that of the electrons (Maltby et^ al. 

1963; Kellermann, 1974). 

The inner lobes likewise appear to have similar electron 

populations. But these lobes have a harder power law spec¬ 

trum of index -0.64. Below 80 MHz the spectrum apparently 

flattens. Kellermann (1964) attributes the effect to the 

particle injection not having attained equilibrium with the 

radiation losses. The radio luminosity of the inner lobes is 

4 x 10^-*- ergs/sec and their estimated minimum energy is 

^ 1057 ergs (Maltby et_ al_. 1962 ; Kellermann, 1974). The 

highly polarized emissions in the inner lobes indicate that 

the magnetic field is stretched out parallel to the galactic 

rotation axis. 

Filaments and hydrogen-alpha knots extending towards 

the northern outer lobe are recent discoveries from the 

Cerro Tololo 4 m reflector (Graham 1975). From the knots 

clusters of supergiant blue stars have been resolved; these 

are the first stars to be resolved from NGC 5128. The 

knots have Ha, H3, [Oil], [01II], and [Nil] emission lines 
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and suggest that these are normal HII regions excited by the 

young stars embedded in them. The filaments probably are 

jets made in the explosive formation of the radio lobes. 

But the blue stars may be formed from material extruded 

from the galaxy or possibly from compressed intergalactic 

medium. 

3. The Nucleus of Cen A 

At optical frequencies above near-infrared wavelengths, 

the nucleus of NGC 5128 is obscured by the dust lane. How- 
o 

ever, at 8000 A a "hot spot" about 100 pc in diameter appears 

at the galactic center (Kundle and Bradt 1971) . 

At other frequencies evidence has been accumulated that 

the nuclear source is a variable energy emitter. In the 

infrared (^ 10 y) the luminosity has tripled in 3 years 

(Becklin et_ al. 1971, Kleinmann and Wright 1974). 

Kellermann (1974) has detected possible variation of the 

89 Ghz flux on the order of one day. At X-ray energies 

(2-7 keV) Davison et^ ad. (1975) found the flux had increased 

by a factor of 4 in 3 years. Moreover, recent OSO-7 data 

(Winkler and White 1975) reveals a brightening of the 10- 

50 keV flux by a factor of 14 in 28 months (December 1970- 

April 1973) and an increase of the 1-40 keV flux by 1.6 times 

in a period of 6 days (April 1973). Winkler and White's 

data are consistent with a single source coincident with 

the optical galaxy. Evidence of flux variation in the low- 

energy gamma rays is presented in this thesis. 
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These observations over a wide spectral range are all 

from the same region, the center of the galaxy. They imply 

a common and compact source which is as small as a few light 

days in the millimeter-wave emissions. Despite the small 

size, the source has a high rate of energy emission. Table 

8 lists the detected luminosities of NGC 5128's nucleus 

and the apparent emission dimensions. 

The most precise locators of the nucleus, the radio and 

optical data, are in good agreement: 

Radio: a(1950) = 13h22m31.65S + 0.2 ; 6(1950) = -42°45 • 30.0" + 3 

Optical: a(1950) = 13h22m31.82S+0.07 ; 6 (1950) = -42°45130.3”+0.7 

(Wade et ajL. 1971; Kundel and Bradt 1971). 

The nucleus of the galaxy can be further understood 

through accumulation and analysis of spectral data. As 

deduced from the radio data, the nucleus is apparently a 

compact, opaque emitter of synchrotron radiation (Kellermann 

1974) . This conclusion arises from the power-law spectrum 

and the detection of only minimal polarization from the 

nucleus (Price and Stull 1973). The radio spectrum appears 

to be a composite of two power-law components with one com¬ 

ponent having an absorption cutoff at 30 GHz and the other 

a cutoff below 1 GHz (Grindlay 1975). The 30 GHz absorption 

cutoff implies the angular size of the nucleus is on the 

order of 0.5 milli-arcseconds. Together with the millimeter 

radio flux, the size of the source suggests the relativistic 

5 2 
particle energy of the source is - 10 ergs given a magnetic 
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field of ^ 1 gauss (Kellermann 1974) . In any case the life¬ 

time of relativistic electrons is short (< 2 months) , 

therefore requiring continuous or repeated energy injection 

by the source. 

X-ray data reinforces the hypothesis that the source is 

positioned within the galactic center or nucleus. An expo¬ 

nential cutoff of the X-ray flux at 3.4 keV indicates a 

2 2 2 
column density of 9 x 10 H atoms/cm exists between the 

source and the outer boundary of the dust lane (Tucker e^t al. 

1973). The X-ray source, therefore, has to be deeply 

imbedded within the galaxy. 

A valuable addition to understanding Cen A is the spectral 

information from the gamma-ray region. The low-energy gamma- 

ray spectrum can clarify the relation of the X-and gamma-ray 

flux to the two apparent radio components of the compact 

source. Furthermore, at the nuclear gamma-ray energies, 

detection of nuclear lines can provide information about the 

Cen A cosmic-ray composition and energy spectrum, and about 

possible large-scale nucleosynthesis. 

In summary, Cen A has a compact and variable high-energy 

source at the center of the optical galaxy NGC 5128 with 

two pairs of radio lobes extended along the rotational axis 

of the optical galaxy. Apparently, the radio lobes have 

been created by explosions from the compact source on the 

order of 10^ ergs. 



VI. RESULTS 

A. The Spectrum 

The gamma-ray spectrum from Cen A is assumed to be a 

power-law spectrum with possible nuclear lines. This assump¬ 

tion is based upon the observations made at X-ray energies 

and on the spectrum derived from the data of this experi¬ 

ment. The residual Cen A spectrum for this experiment has 

the shape of a power-law spectrum with superposed structure, 

particularly at 1.6 MeV and 4.5 MeV. Furthermore, extension 

of our spectrum to the X-ray observations is consistent with 

a power-law and not with an exponential spectrum. 

In the preliminary data reduction the background was 

subtracted before summing the channels into FWHM-resolution 

groups. Also, corrections for pointing deviations from the 

nucleus of Cen A were not made. The resultant spectrum of 

the initial data reduction has a least-squares power-law fi t of 

F = (1.19 + 0.22)E[keV]'1*99-0,04 photons-cm^-sec^-keV-1. 

The reduced chi-square of the fit is 1.63 (63 degrees of 

freedom). A random sample from a population having the 

above power law has a probability of ^ 0.11 of giving a 

reduced x that large or larger. Several large deviations 

appear both above and below the power law. Large positive 

flux/standard-deviation ratios, a, occur in the 1.2-2.0 MeV 

region (2.75 o at 1.45 MeV, 3.76 a at 1.65 MeV, and 1.80 a 
128 
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at L88 MeV) and at 4.5 MeV (2.41 a). Large negative os 

occur at 0.22 MeV (-1.86 a), 0.8 MeV (-2.48 a), 2.5 MeV 

(-2.08 a), and 4.1 MeV (-3.13 a) (see Figures 29 and 30). 

The large negatives cast doubt upon the validity of the 

derived spectrum. 

As discussed in Chapter IV, the data reduction 

was modified by summing channels before background sub¬ 

traction. Where the number of counts per channel is small 

(beyond channel 293 [2.35 MeV]), the channels were summed 

in FWHM-resolution intervals before background subtraction. 

Also, the pointing corrections were incorporated into the 

data reduction. All eleven source segments were retained 

in the source spectrum calculation. For the case where the 

positive features at 1.6 MeV and 4.5 MeV are excluded, the 

best-fit is 

F = (1.01 + 0.19) E [keV] '0- *95 1 °-04) with x
2 = 1-76 
38 

(see Figures 31 and 32). The probability of such a fit 

is only slightly better at 1/2%. Nevertheless, the 

negative fluxes are not as large as in the first spectrum, 

particularly those above 2.35 MeV. The largest negative 

points with respect to the continuum are -1.89 a at 

0.22 MeV, -2.43 o at 0.8 MeV, and -1.95 a at 4.1 MeV. 

Further analysis, described in Chapter IV, revealed 

anomalous statistical behavior of the residual flux from 

the short source segments (numbers 2, 4, Ç 6). The 
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FIGURE 29 

Initial log-log Cen A spectrum. The spectrum includes 

all of the source segments and was calculated by subtract¬ 

ing the background before channel summation into FWHM 

energy-resolution intervals. The error bars are one 

standard deviation. Large negative residuals occur at 

0.22, 0.8, 2.5, and 4.1 MeV. The best fit power law is 

1.19 E[keV] [photons-cm-^-sec ^-keV *] with 

2 
= 1.634 0.1% probability). 

FIGURE 30 

Initial linear-linear Cen A spectrum above 0.6 MeV. 

Each interval is one-FWHM in energy resolution. The error 

bars are one standard deviation. 
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FIGURE 31 

Modified Cen A log-log spectrum. The spectrum includes 

correction for pointing deviation. Also, above channel 293 

(2.35 MeV) the channels were summed in each energy interval 

before background subtraction. The best fit line of 1.01 

E [keV ] [photons-cm”sec"^keV ^] is drawn in the figure. 

The fit has a x^g = 1.76 ('v 1/21 probability). The error 

bars represent one statistical standard deviation. 

FIGURE 32 

Modified Cen A linear-linear spectrum above 0.6 MeV. 

The resolution width of each energy interval is 1 FWHM up 

to 4.7 MeV, 2 FWHMs to 6.9 MeV, 3 FWHMs to 9.8 MeV, and the 

last interval is 9 FWHMs. The error bars are one statisti¬ 

cal standard deviation. 
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aberrant behavior is related to subtraction of long back¬ 

ground observation times from short source segments. The 

short source segments (2, 4, § 6) are a factor of 1/4 or 

less of the duration of the adjacent background times. With 

the deletion of the 3 short source segments, the resulting 

spectrum including the 1.6 and 4.5 MeV features has the 

least-squares-fit power law: 

F = (0.79 + 0.14)E [keV] “Q- *88 1 0.03) . 
2 

The fit with 42 degrees of freedom has a reduced x of 1.64. 

Again, this is a poor fit; it has a probability of ^ 1%. 

However, the largest negative value with respect to the 

continuum is only -1.68 a (at 2.5 MeV) which is entirely 

consistent with the expected statistical variance. The 

2 
main contributors to the large x are the positive features 

at 1.6 MeV and 4.5 MeV. For the spectrum without the 3 

short source segments, deleting the 1.6 and 4.5 MeV features 

2 gives a more acceptable power-law fit with Xjg = 1.21: 

Fc = (0.86 + 0.17)E[keV] ^ *90 - °*04^ 

-2 -1 -1 
[photons-cm -sec -keV ] . 

The probability of a random selection from Fc giving a fit 

2 
the same as or greater than the calculated x is 18%. The 

last power-law fit is then accepted as the best representa¬ 

tion of the detected continuum from Cen A (see Figures 33 

and 34). 

A caveat is appropriate with respect to the spectral 

index. Because the anti-coincidence system does not 
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FIGURE 33 

Final Cen A log-log spectrum. Based on the goodness 

of fit, this differential photon flux is accepted as the 

best representation of the Cen A spectrum. The short 

source segments 2, 4, § 6 are excluded from the source 

data. Pointing corrections and channel summing (above 

ch. 293) before background subtraction are incorporated 

-1 90 
in the spectrum derivation. The power-law fit, 0.86 E * , 

to the data excludes the positive 1.6 MeV and 4.5 MeV 

features. The fit has a Xjg = 1.21 (18% probability). 

The error bars are +_ 1 a. The diamond from 10 keV to 

50 keV represents the range of flux observed by Winkler 

and White (1975) from 1972 March to 1973 April. 

FIGURE 34 

Final Cen A linear-linear spectrum above 0.6 MeV. Each 

error bar is +1 a. The solid curve is the sum of the 

best-fit power law and the two spectral lines. After 

subtraction of the 1.6 MeV and 4.5 MeV lines, the integrated 

0.68 to 12.25 MeV flux/standard deviation ratio is +0.71. 



F
L
U
X
 
IN
 
P
H
O
T
O
N
S
/
C
C
M
2
“S

EC
-K

EI
^J
 

138 

ENERGY IN KEV 

FIGURE 33 
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eliminate all photons which deposit only part of their 

energy in the central crystal of Gammascope VI, the inci¬ 

dent photon spectrum is distorted. Using OSOGAM, a Monte 

Carlo analysis of the instrumental distortion of the power- 

law index showed a steepening of the incident spectrum up 

- 0 2 to E ' . This implies the actual incident Cen A photon 

-17 flux may be as hard as E * . Another consideration is the 

possible further spectral distortion by the Compton shelves 

from the two lines. The relatively poor chi-square fits 

may be related to this contamination from the partially 

deposited line photons which are not rejected. 

Superposed on the adopted spectrum is a broad feature 

centered at 1.6 MeV (1.27-1.95 MeV). The feature is 3.3 

standard deviations above the continuum and 3.77 sigmas 

above the background (Figure 34). The standard deviations 

are entirely statistical; they do not incorporate any 

factors of possible nonstatistical instrumental variance. 

The flux above the power-law continuum of the 1.6 MeV line 

is (3.4 +_ 1.0) x 10 ^ photons-cm"2-sec. 

To test if the 1.6 MeV feature could be a single, 

unbroadened line, the 0.86 E * continuum plus a gaussian line 

of FWHM = 0.117 MeV was fit to the flux data from 0.8 to 

2.3 MeV. (The instrumental resolution FWHM at 1.6 MeV 

is 0.117 MeV.). The best fit for an unbroadened line gives 

2 
*6 = 1.25. The probability of a random sample from the 

2 
fit yielding a reduced x that large or larger is 30%. The 
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fit gives an integral line flux of F^ ^ = (2.6 +_ 1.0) x 10 

- 2 -1 photons-cm -sec with the peak energy of 1.68 +_ .02 MeV. 

Considering the possibility of a broadened line, the 

best least-squares fit of the continuum plus a broadened 

2 
gaussian line gives a lower reduced chi-square of x$ = 0.72 

(probability = 601). The peak energy of the broad gaussian 

line is 1.57 +_ .07 MeV with a line width of standard devia¬ 

tion, = 0.17 +_ 0.04 MeV. The broad-line flux is 

- 3 - 2 -1 (3.4 +_ 1.0) x 10 photons-cm -sec 

To find the percent broadening of the incident gamma- 

ray line, the instrumental broadening has to be subtracted. 

The two line broadening factors will give a resulting 

2 
variance, £B, of 

I 2 I 
is the standard-deviation width of the incident 

gaussian line and is the standard deviation of the 

instrumental broadening at that energy. The standard devia¬ 

tion of the incident 1.6 MeV line is, therefore, = 

[Zg - Zxl1/2 = °-163 MeV. The percent FWHM broadening of 

the incident line would then be 24.5%, or the incident 

line is 3.3 instrumental FWHMs wide. Because the broad 

2 
gaussian fit has a lower x than the unbroadened fit, the 

broadened line will be accepted as the best representation 

of the 1.6 MeV feature. The broadened line may be the 

superposition of several lines. 

The excess at 4.5 MeV (4.42-4.65 MeV) is also 3.3 

where Y 
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sigma above the power-law continuum. The feature is 

approximately 1 instrumental-FWHM wide. It is, therefore, 

likely to be an unbroadened or slightly broadened incident 

line. The line flux above the continuum is 

F^ i- = (9.9 +_ 3.0) x 10[photons-cm ^-sec ^] . 

For comparison the measured flux of the 4.5 MeV line from 

Cen A is 3% of the 4.43 MeV line flux detected from solar 

flares (Forrest et al. 1973). 

The excess at 3 MeV is 2.25 sigmas above the continuum 

(see Figure 34) and may be only a statistical fluctuation. 

From a random selection an average of 1 out of 40 samples 

will have a >_ +2.25. 

An analysis of the azimuth variation of the background 

flux at 1.6 MeV and at 4.5 MeV during Flight 74-1 was 

conducted to see if azimuthal dependency at these energies 

could cause the excess source fluxes. At each energy the 

flux of the background versus azimuth was fit to a straight 

line and to a sinusoidal curve. In the results the straight 

lines gave better fits (xj - 0.7; 55%) than the sine curves 

(X2 = 2.25; 10%). The evidence, therefore, is that the 1.6 

and 4.5 MeV lines are not due to azimuthal dependency of the 

background. 

The photon fluxes of the Cen A lines are roughly equal 

to the respective 1.2-2.0 MeV excess and 4.5 MeV line 

detected from the center of our galaxy during the same 

experiment (Haymes et al. 1975). Since the galactic 

latitude of Cen A is ^ +20°, the line-of-sight may be 
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contaminated by low-energy cosmic rays within our own 

galaxy. Present data are insufficient to evaluate the degree 

of such contamination. Thus, mapping of the galactic plane 

region in the 1-10 MeV bandwidth is needed to clarify the 

line flux of Cen A and, of course, the low-energy cosmic- 

ray distribution in the Galaxy. 

Possible line contamination may be avoided in future 

flights by making small azimuth rotations (instead of 180°) 

when measuring background. In this way, contamination from 

our own galaxy can be reduced or eliminated. 

No positron annihilation line (0.511 MeV) is apparent 

from the spectrum. The +2a upper limit of the 0.511 MeV 
-4 flux above the fit power-law continuum is 8.4 x 10 

- 2 -1 photons-cm -sec 

In summary, the best-fit to the detected Cen A spectrum 

is a power-law continuum: 

Fc = (0.89 + 0.17) E [keV] "0- •90 t 0.04) 
-2 -1 -1 [photons-cm -sec -keV ] 

plus two superposed lines at 1.6 MeV and 4.5 MeV of integral 

fluxes : 

- 3 -2 -l 
^ = (3.4 +. 1.0) x 10 photons-cm -sec , and 

F^ g = (9.9 +_ 3.0) x 10 4 photons-cm~^-sec ^ . 

B. The Continuum 

1. Assumption of a Point Source 

The pointing deviations from Cen A allowed a rough 

estimate of the angular size of the source using the 



144 

off-axis attenuation. The integral, corrected flux below 

1 MeV was calculated for each source segment. These 

corrected fluxes do not include any correction for pointing 

deviation. In Figure 35 the flux of each source segment 

is plotted against the average pointing deviation. The 

off-axis dependence is triangular-like and is consistent 

with a gamma-ray source of <3° in angular extent. Unfor¬ 

tunately, as the statistics show in Figure 36, no conclusion 

can be made of the angular size of the region emitting the 

1.6 and 4.5 MeV lines. 

To correct for the pointing deviations, the incident 

flux was assumed to be from a point source, the galactic 

nucleus. This assumption is supported by the experimental 

data at other wavelengths. In particular the adjacent 

X-ray data of Davison et aJ. (1975), Tucker e^t aJ. (1973), 

and Winkler and White (1975) confirm the small angular size 

(<15 arc min) of the emitting region. As is shown in 

Figure 33, an extrapolation of the low energy gamma-ray 

continuum is consistent with the recent X-ray data of 

Davison ejt al. and Winkler and White. 

2. Source Variability 

Long-term variability of the Cen A source has been 

detected at other wavelengths. To test the stability of 

the low-energy gamma flux from Cen A, the 74-1 results 

have to be compared with other gamma-ray observations. 

Only two previous low-energy gamma-ray observations have 
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FIGURE 35 

Integrated continuum flux relative to the pointing 

deviation from Cen A. Each point corresponds to the resid¬ 

ual flux from each of the source segments. The points are 

plotted with respect to the mean pointing deviation of 

that segment. The vertical errors bars are +1 statistical 

standard deviation; the horizontal error bars are +_ 1° 

estimates of the pointing error. The sloping line is the 

best fit to the data. The high value corresponds to source 

segment 8 and the low value to source segment 4. 

FIGURE 36 

Integrated 1.6 MeV + 4.5 MeV line fluxes relative to 

the pointing deviation from Cen A. Each point represents 

a source-segment residual flux uncorrected for pointing 

deviation. The flux error bars are statistical; the point¬ 

ing error bars are estimates. The horizontal line marks 

the level of zero residual flux. 
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been made. The detectors used in both observations were 

balloon-borne, actively collimated scintillators, as is 

Gammascope VI. 

The first observation was from Australia in May 1968 by 

Haymes et al ♦ (1969). The energy range of the observation 

was from 34 keV to 567 keV. Eighty-two minutes of Cen A 

observation and 99 minutes of background observation were 

accumulated. However, data analysis showed no detectable 

flux from Cen A. The +2 a upper limits of the Cen A flux 

from the 1968 flight are listed in Table 9. 

In the second flight (December 1970) Cen A was viewed 

in the 20-180 keV energy range (Lampton e^t al. 1972) . This 

time the Cen A signal was a 2.8 a excess above the back¬ 

ground. In conjunction with 1-10 keV X-ray data from a 

June 1969 rocket flight, a composite fit was made for the 

entire 1-180 keV range. The resulting spectrum is 

F = 0.05 E(keV) [photons/cm^-sec-keV] . 

The flux detected by Lampton et al_. is within the 2 a upper 

limits set by the previous results of Haymes £t al. (see 

Table 9) . 

A comparison of the 74-1 data with these previous Cen A 

observations indicates a variability of the low-energy 

gamma-ray flux. The Cen A flux measured in April 1974 

is more than 10 times that detected in December 1970 

(refer to Table 9). Furthermore, the 1974 Cen A flux is 
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TABLE 9 

LOW ENERGY GAMMA-RAY FLUX OF CEN A 

OBSERVATION DATE 

1968 May1 1970 December^ 1974 April3 

Energy 
(keV) 

4 

2a Upper Limits 
4 

Extrapolated Flux Detected Flux 

34-60 2.9 x 10"4 5.2 x 10“5 6.2 x 10'4 

60-100 

1 O
 

r
H
 • 

i
H
 2.0 x 10"5 2.2 x 10'4 

100-250 1.9 x 10"5 5.4 x 10'6 5.7 x 10'5 

250-567 1.5 x 10'5 1.1 x 10'6 1.1 x 10'5 

^Haymes e^t al. 1969. 

? 
Lampton ejt al_. 19 72. 

3 
This experiment. 

4[photons-cm ^-sec "^-keV 
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twice as great as the 2 a upper limits set in the 1968 

observation. 

Corroborating an increase in the gamma-ray flux from 

1970 to 1974, Davison ejt aJ. (1975) and Winkler and White 

(1975) have measured significant X-ray flux increases since 

1970. In June 1973, Davison et £CL. observed with pro¬ 

portional counters on the Copernicus satellite the 0.5-7.5 

keV flux from Cen A. From 2.5 to 7.5 keV they detected a 

flux four-times that of the Cen A flux observed by Uhuru 

in late 1970 and early 1971 (Tucker evt al^. 1973). Other 

observations of Cen A were made in April 1973 using pro¬ 

portional counters on the satellite 0S0-7 (Winkler and White 

1975). These observations showed an active increase in 

X-ray flux. In a six-day period during April 1973, the 

1-40 keV flux increased by a factor of 1.6. Furthermore, 

from 10 to 50 keV the Cen A flux had increased up to 14 

times the flux measured by Lampton et^ a]^. (1972) 28 months 

earlier. As stated before, the intensity of Winker and 

White's data is consistent with the 74-1 RUGRAG observa¬ 

tion; it, therefore, supports the observed 10-fold brighten¬ 

ing of Cen A at low gamma-ray energies. The variability 

implies the source of the low-energy gamma-ray continuum 

is less than 1 pc in diameter. 

The nuclear region has become an intense energy 

emitter, particularly in gamma rays. Integrating from 

0.033 MeV to 12.25 MeV, the measured continuum flux is 
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- 2 - 2 -1 
4.1 x 10 photons-cm -sec 

43 
At 5 Mpc the source luminosity is 4.7 x 10 ergs/sec. 

The gamma-ray luminosity is then 40 times greater than the 

total radio luminosity of both the inner and outer radio 

lobes, and almost half the optical luminosity of the entire 

galaxy. 

Since the detected flux increase, the total energy 

emission in low-energy gamma rays from Cen A is considerable. 

At the power output detected in 1974 April, more than 10^ 

ergs is emitted by Cen A in one year in low-energy gamma 

rays alone. This amount of energy is comparable with the 

total amount of energy released in a supernova explosion. 

C. 1.6 and 4.5 MeV Gamma-Ray Lines 

The most probable source of the detected 1.6 and 4.5 MeV 

lines is inelastic collisions of low-energy cosmic-ray 

nuclei with interstellar hydrogen. The broad 1.6 MeV line 

could be explained as a single doppler-broadened line or as 

a composite of slightly broadened lines. The 4.5 MeV line 

is, on the other hand, a single, narrow line. 

If the 1.6 MeV line is a single, broadened line, its 

peak energy of 1.57 +_ 0.07 MeV suggests that it is due to 

20 deexcitation of Ne* at 1.63 MeV. The broadened line has 

a 24.5% resolution (FWHM/1.6 MeV). Through doppler broaden¬ 

ing, nuclei with an average kinetic energy of roughly 5 MeV/ 

nucleon will produce such a line. 

The alternative explanation of the 1.6 MeV feature is 
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that it is an unresolved group of three narrow lines from 

inelastic nuclei scatter: ^Mg* (1.37 MeV), ^Ne* (1.63 MeV), 

2 ft 
and Si* (1.78 MeV). All three nuclei are relatively 

abundant in the cosmic-ray flux observed from earth. The 

line width from 1.2 to 2.0 MeV is large enough to encompass 

the three lines with a doppler broadening of 10% for each 

line. The characteristic energy of cosmic rays with 10% 

broadening is ^ 1 MeV/nucleon. 

The 4.5 MeV line, in turn, is most likely from deexcita- 

tation of 12C* (4.43 MeV). A * 5% FWHM broadening is 

compatible with the measured width of the line. The data 

does not imply a broadening of up to 24.5% for the 4.5 MeV 

line. If the 1.6 MeV line is from the same source as the 

4.5 MeV line and if both nuclei have similar kinetic energy 

distributions, the lines would be expected to have the same 

broadening. On these assumptions the 1.6 MeV line is more 

likely to be a collection of narrow unresolved lines, such 

as the deexcitation lines at 1.37, 1.63, and 1.78 MeV. 

The source of the lines is most likely low-energy cosmic 

rays colliding with interstellar hydrogen. Another possi¬ 

bility is the deexcitation of newly created nuclei from 

explosive events at the center of Cen A. 



VII. CONCLUSION 

A summary of the results and conclusions reached in 

this thesis will be presented here. The essence of the the¬ 

sis is essentially of two parts: one, the analysis of the 

data reduction and the resulting conclusions; two, the 

results of the data reduction. 

During the data analysis, high count-rate "glitches” 

were detected. These telemetry-saturating count bursts were 

0.2 seconds or less and had an average occurrence rate of 

about 2 per 5 minutes. The "glitches" were random and 

occurred at or above the Pfotzer maximum.' The cause of the 

glitches is probably nuclear interactions of high-energy 

cosmic rays with the nuclei of the scintillation crystals. 

Trouble with the hour-angle drive resulted in pointing 

deviations from Cen A as great as 6° during the source 

observations. Because of these pointing errors, an accurate 

calculation of the detector's orientation and determination 

of the appropriate correction factors were necessary. 

Calculation of the pointing orientations incorporated the 

hour angle, declination, and azimuth of the instrument 

along with the longitude and latitude drift of the balloon 

during the flight. It is recommended for future flights 

that pointing corrections for changes in magnetic declination 
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be made, particularly if the azimuth orientation is deter¬ 

mined solely by magnetometers and if the balloon drifts far 

from the launch site. 

In the analysis of the instrumental pointing, an 

unanticipated oscillation of the azimuth was discovered. In 

both background and source segments , the oscillations had 

a period of about 48 seconds and a magnitude of 3°. The 

oscillations usually showed either a slight growth or 

slight decay. An exploration for the probable cause of the 

oscillation ruled out pendular motion of the balloon and 

payload. The most likely explanation is the parachute cords 

acting as a torsion spring with the driving force being the 

torque exerted by the inner gondola when it rotates in 

azimuth from one observing mode to another. 

A variance analysis of the data has led to three con¬ 

clusions with corresponding changes in the data reduction 

process. First, pulse-height channels with few counts 

(>10) should be summed with adjacent channels before 

subtracting the background. The procedure used by RUGRAG 

in the past had been to subtract the background count rates 

from the source count rates channe1-by-channel. The reason 

why this procedure is inadequate for channels with few 

counts is that, as one sample, it is not an accurate indica¬ 

tor of the actual mean count rate at that energy. The 

second conclusion follows in that short observation times of 

the source and background should be avoided. This is 



155 

particularly important with respect to the high-energy 

channels where the count rates are low. Ten-minute observa¬ 

tion times are adequate. Third, for poor signal-to-background 

ratios the source and background observation modes should 

be of equal time. This last conclusion is accentuated by 

statistical anomalies occurring in subtraction of long back¬ 

ground observation times from short source times. The 

resulting modifications in deriving the Cen A spectrum are 

summation of channels with low counts (<12) before background 

subtraction, and the discarding of the three shortest source 

segments. 

Finally, the results of the modified data reduction yield 

a continuum with two superposed lines. The continuum has a 

best-fit power-law function: 

CO.86 + 0.17)E [keV]'1,90-0,04 photons-cm^-sec^-keV-1. 

The measured continuum is a factor of ten increase over the 

Cen A hard X-ray flux detected three years before. 

Caution should be exercised in interpretation of the 

spectral index in that the lower energy regions of the 

spectra are contaminated by counts from incident photons 

which have not deposited all of their energy in the detector 

crystal. The effect, tested by a Monte Carlo program, is to 

steepen the spectral index. The spectral index may be 

distorted by as much as 0.2. 

The two detected nuclear lines are at 1.6 MeV and 

4.5 MeV. The 1.6 MeV line is broadened and is probably 
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20 
a blending of three inelastic-scatter lines: Ne* (1.63 

MeV), 24Mg* (1.37 MeV), and 28Si* (1.78 MeV). The 4.5 MeV 

line is, in turn, likely to be the inelastic scatter of 

carbon 12 nuclei which deexcitates at 4.43 MeV. The line 

-3 -2 -1 
fluxes are (3.4 +_ 1.0) x 10 photons-cm -sec at 1.6 MeV 

and (9.9 +_ 3.0) x 10 4 photons-cm 2-sec ^ for the 4.5 MeV 

line. Both lines are 3.3a above the continuum. 

The lines may be due to the inelastic scatter of low- 

energy cosmic rays in Cen A (or possibly, in our galaxy 

along the line-of-sight). Another possibility is that the 

lines are from newly synthesized nuclei in the Cen A galaxy. 

The information content in the two gamma-ray lines is 

of importance in determining the distribution and energy 

characteristics of the cosmic rays in Centaurus A. The degree 

of expansion of the cosmic rays from their source, the center 

of Cen A, can not only yield information on the dynamics of 

energetic galaxies but also lend clues on the propagation of 

cosmic rays in our Galaxy. Thus far, knowledge of the ener¬ 

getic particles has been confined to the radiation from 

relativistic electrons. The nuclear deexcitation lines pro¬ 

vide the only known means of studying extragalactic low- 

energy cosmic rays. High-energy cosmic rays may be studied 

through the ir° production from high-energy nuclei collisions. 

Thus, the 68 MeV photons from n° decay are a source of informa¬ 

tion complementary to the deexcitation lines. Essentially, the 

spectral lines provide a significant step towards understanding 

the physics of galaxies, in particular energetic galaxies. 



APPENDIX A 

1. The Choice of Nal(Tl) as a Gamma-Ray Detector 

Proportional counters, semiconductors, and spark chambers 

are possible alternatives to Nal(Tl). Yet, as will be shown, 

they are inadequate for our purposes of measuring the 

relatively small fluxes of gamma rays from 20 keV to 10 MeV. 

Because of the penetrating power of gamma rays, gas- 

filled proportional counters become ineffective in detecting 

the full energy of photons above 20 keV. To be effective a 

gamma ray detector needs significant stopping power, that is, 

a high material density. 

Spark chambers, on the other hand, can measure the energy 

of a photon by the secondary particles produced as the photon 

penetrates the medium. But the spark chamber is only useful 

if accurate directionality and energy determination are 

possible. Consequently, the spark chamber is confined to 

detection of photons which undergo pair production and give 

the created electron and positron pair sufficient energy to 

leave detectable spark tracks. These constraints confine the 

spark chamber to detection of gamma rays with Ey _> 10 MeV. 

At present the two types of detectors used for low 

energy gamma rays are scintillators observed by photo¬ 

multiplier tubes and reverse-biased semiconductive material. 
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The alkali-halide crystal scintillators, particularly Nal 

and Csl, have the advantages of high density and relatively 

low cost as compared to semiconductors. The energy resolu¬ 

tion of Nal(Tl) and CsI(Na) is on the order of 10% at 0.662 

MeV. On the other hand, the semiconductors, namely Si(Li) 

and Ge(Li), have the advantage of excellent energy resolution, 

about 1% at 0.662 MeV. However, for astrophysical purposes 

they are inadequate for their detection efficiency is very 

poor because of their thin depletion layers and low Z 

material. The gamma-ray attenuation cross-sections of 

Si(Li) and Ge(Li) are on the order of 0.1 that of Nal. 

Briefly, plastic scintillators have been used as gamma-ray 

detectors; though they are inexpensive they are clearly 

inferior to alkali-halide scintillators in detection effi¬ 

ciency (1/3 that of Nal) and energy resolution (60% at 0.662 

MeV) (Peters 1972). Weighing the advantages and disadvan¬ 

tages of each material for gamma-ray astronomy, the alkali- 

halide scintillators are presently the best compromise. 

Although the detection efficiency of CsI(Na) is slightly 

better than Nal(Tl), its energy resolution is worse for 

Nal(Tl) has two times the light output of CsI(Na) per unit 

deposited energy (Menefree ejt al. 1966). Also, Nal(Tl) has 

a rapid scintillation-decay constant (1/4 ysec) as compared 

to CsI(Na)'s decay constant of 2/3 ysec (Menefree et al. 

1966). Because a primary purpose of the gamma-ray detector 

is to be able discern nuclear lines that may be present in 



159 

the source spectra, Nal(Tl) with its better energy resolution 

is the preferable choice over Csl. 

The utility of Nal(Tl) or of other alkali halides as a 

photon detector is confined to the energies of 10 keV to 

10 MeV or possibly 20 MeV. Photons below 10 keV are masked 

by photomultiplier tube noise and poor energy resolution. 

Above 7 MeV pair production dominates in Nal. Escape 0.511 

MeV photons and electron bremsstrahlung become significant 

causing the fraction of gamma photons completely absorbed by 

the detector to monotonically decrease with higher energy. 

Nal has the disadvantage of being fragile and a ready 

moisture absorber. Therefore, the Nal can be optimally used 

only when it is sealed from moisture contact and is not 

subjected to severe vibration. 

2. Pulse Height Analysis of Nal(Tl) Scintillations 

Nal(Tl) is optimally doped with 0.1% Thallium (Managan 

1962). By contaminating the Nal crystal, the heavy element, 

T1, induces metastable electron-trap sites above the crystal 

valence band. The trap sites result in optical luminescent 

transitions as the excited electrons decay to the valence 

band. Hence, when a gamma ray (or a high energy particle) 

interacts with the crystal its energy is transferred into 

many visible photons via the excited electrons. The number 

of photons produced are linearly proportional to the energy 

deposited in the crystal by the gamma ray 1 photon/300 eV 

deposited). 
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The photons are collected at the photocathode of the photo¬ 

multiplier tube (PMT). Then through a series of high voltage 

dynodes of the PMT the photon energy is re-transferred into 

a voltage pulse proportional to the incident light collected 

at the photocathode. Finally, using a multi-channel pulse- 

height analyzer (PHA) the voltage of the PMT pulse is 

electronically read (through the time for a pulse-charged 

capacitor to discharge) and a count is incremented in the 

channel corresponding to the pulse height. That is, the num¬ 

ber of counts in the ith channel, N., of the multi-channel 

analyzer is: 

where is the pulse voltage corresponding to the lower limit 

of channel i, AV^ is the voltage width of channel i, and n(V) 

is the number of pulses at pulse height V (Heath 1964). 

In short the pulse height is linearly proportional to the 

energy deposited in the crystal by the gamma ray. (More 

about the proportionality appears in II.A. 3, ''Energy 

Resolution.") Thus with careful design and construction, 

one can make an instrument that yields an output which can 

be accurately calibrated to the actual energy source. 

3. Natural and Induced Radiation in Nal 

Even without an external gamma-ray flux, scintillations 

occur in Nal crystals. These are from natural and induced 

radioactivity in the Nal. The natural portion is from 
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long-life radioactive contaminants. The significant con¬ 

taminants in Nal crystals are potassium 40, radium, and 

thorium (Shafroth 1967). Decaying emits a 1.46 MeV 

photon; Ra and Th emit a plethora of photons from 29 keV to 

2.6 MeV. 

The contaminant level in Gammascope VI is minor compared 

to the other background sources. When the detector is a few 

hundred feet in altitude after being launched, the actively- 

collimated central-detector count rate drops to a low level 

of about 2.5 counts per second (or about 0.07 that at float 

altitudes). At a few hundred feet the radioactivity from the 

ground is effectively attenuated to zero leaving only the 

atmospheric radioactivity as an external source. Hence, we 

can set the upper limit of the contaminant background at 2.5 

counts per second. 

At float altitudes 125,000 ft) the induced radio¬ 

activity of the crystal may be from neutron collisions or 

spallation products. Neutrons induce scintillations in Nal 

through three processes: elastic neutron collision, 

inelastic neutron collision, and neutron capture (Bui-Van 

1973) . The most important neutron elastic collisions are 

23 
those off Na. Here the recoil of the nuclei can cause 

a significant portion of the observed count rates below 

0.1 MeV. Another mechanism is inelastic neutron collisions 

127 23 off of I or Na. The resultant excited iodine nuclei 

2 ^ 
yield gamma rays at .058, .203, and .417 MeV. The Na(n,n'y) 
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deexcitation releases .439 MeV photons. The third process 

127 23 127 
is neutron capture by I or Na. From I neutron 

capture (n,y) *2^I ->■ *^Xe + g" + y(.441 MeV)] come a 

range of scintillation energies up to 2.12 MeV though the 

128 major component would be the .441 MeV I decay photon. 
1 7 o ? ^ 

The half-life of I is 25 minutes. And in Na neutron 

capture [23Na(n,y) 24Na 24Mg + 6 + y], 1.37 and 2.75 MeV 

lines plus a gamma continuum up to 1.39 MeV would be the 

result (Lederer et_ al. 1967) . Iodine 127 has an absorption 

cross-section for thermal neutrons (oj = 6.2 barns) about 

twelve times that of 23Na (Macklin 1969). The 0.441 MeV 

iodine line then would be the major indicator of thermal 

neutron absorption in the detector. 

The fast neutrons primarily induce excitation of the 

nuclei. Haymes (1964) measured a fast neutron (1-14 MeV) 

2 2 flux of 0.4 neutrons/cm -sec at 3.6 gm/cm atmospheric depth. 

Superposed upon the external neutron flux are the neutrons 

ejected in the crystals by energetic cosmic particles. For 

Nal crystals at float altitudes, one may then expect excita¬ 

tion and neutron-absorption gamma radiation in the background. 

Considering the other source of induced radiation, ener¬ 

getic cosmic particles, Fishman (1973) predicts an exponen¬ 

tial gamma spectrum resulting from the spallation products 

in the detector and payload assembly. This may be the 

dominant component of the observed background spectrum from 

1 to 10 MeV. 



APPENDIX B 

Azimuth and Latitude Corrections for Hour Angle and Declina¬ 

tion 

The Euler transformation system developed below is valid 

for both the northern and southern hemispheres. 

Initially the hour angle, HA, and declination, 6, have 

to be corrected for azimuthal deviations from the source¬ 

pointing azimuth. The off-azimuth angle, AAZ, is the angle 

from the calibrated source-pointing direction. In the 

coordinate system used, the azimuth angle, AZ, is defined to 

be the angle measured eastward from the north cardinal direc¬ 

tion. (Thus, the south source-pointing orientation is 

AZ = 180°.) The zenith angle, ZA, is the angle of the 

pointing direction from the observer's zenith. The HA and 

6 of the pointing direction are defined in the conventional 

manner. HA is the angle westward along the equatorial plane 

from the meridian, ô is the angle towards the north celestial 

pole from the equatorial plane. (6 is positive in the north 

celestial hemisphere and negative in the south celestial 

hemisphere.) 

For an off-azimuth correction three rotations are 

necessary : 
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FIGURE B-l 

EQUATORIAL AND AZIMUTHAL COORDINATES 

EQUATORIAL COORDINATES 

Z (NORTH CELESTIAL POLE) 

êx 
êY 

Y (EAST) êz 

X (CELESTIAL EQUATOR MERIDIAN) 

HA: Hour Angle 

ô: Declination 

cos ôcosHA 

-cosôsinHA 

sinô 

AZIMUTHAL COORDINATES 

Z (ZENITH) 

\ e^ = sinZAcosAZ 

e^ = -sinZAcosAZ 

Y (WEST) êz “ cosZA 

y ~J\L ’l 
X (NORTH) 

AZ: Azimuth Angle 

ZA: Zenith Angle 
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1. a coordinate transformation from equatorial 

coordinates to azimuthal coordinates, 

2. rotation about the zenith axis by AAZ, R^(AAZ) 

3. the reverse coordinate transformation from the 

azimuthal frame to the equatorial coordinates 

The equatorial and azimuthal frames have been defined 

in right-hand coordinates (see Figure B-l). The equatorial 

coordinates are defined with the positive z axis as the 

north celestial pole, the positive x axis as 0°HA:0°ô, 

and the positive y axis as -90°HA:0°<S. The azimuthal 

coordinates have the +z axis as the observer's zenith, the 

+x axis pointing in the north cardinal direction (0°AZ, 

90°ZA), and the +y axis in the +90°AZ direction. 

The vectorial direction of the HA and 6 in equatorial 

coordinates is 

cosô • co 
x 

X = e -cosô• sinHA 
y 

inHA 
/ 

The Euler rotations are 

R. 
EQAZ 

0-10 

cosX 0 sinX 

/ 

> 
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cosAAZ sinAAZ 0 ' 

-sinAAZ cosAAZ 0 , 

o oi y 
and RAZEQ = REQAZ. 

A is the latitude (positive in the north, negative in 

the south). The off-azimuth correction of the HA and 6 is 

then 

R 3C AZ) =1 

= RAZEQR3*-AAZ^REQAZ~ * 

X is the vector direction of the HA and 6 from the house¬ 

keeping, and X' is the azimuth-corrected pointing direction 

HA':6'. 

Expansion of the Euler transformations yields: 

6' = sin”^{(1-cosAAZ)sinAcosAcosâcosHA + sinAAZcosAcosôsinHA + 

2 2 
(COSAAZCOS A + sin A)sinS} 

HA' = tan"^{[sinAAZsinAcosôcosHA + cosAAZcosSsinHA - 

2 2 
sinAAZ cos Asinô]/[(cosAAZsin A + cos A)cos6cosHA - 

sinAAZsinxcosôsinHA + (1 - cosAAZ)sinAcosAsinô]} 

The correct quadrant for HA* comes from the signs of the 

numerator and denominator. Note, the background HA and 6 

are calculated using this azimuth transformation. 

Because the polar-axis angle is set for the latitude of 

the balloon launch, the hour angle and declination have to 

be corrected for latitude drifts. This is accomplished by 

an Euler rotation, R2(AA), about the east-west equatorial 

axis by AA, the difference between the balloon latitude, 
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A_, and the launch-site latitude, \T , at which the equatorial 

mount is set. (AA = Ag - t^ie defined equatorial 

frame 

R2(AA) 

The off-latitude 

/cosAA 0 -sinAA ^ 

= 0 10 

^ sinAA 0 cosAA 

correction is 

X" = R2(AA)X' 

where X" is the latitude-corrected pointing vector, and X' 

is the azimuth-corrected vector. 

Expanded, the rotation gives 

6" = sin"^{sinAAcosô'cosHA' + cosAAsinS'} 

HA" = tan 
cos<5 ' sinHA ' 

jcosAAcosS 'cosHA'- sinAAsinô • 

6" and HA" are the off-latitude and off azimuth corrected 

declination and hour angle. 

The program LAPOINT performs the azimuth and latitude 

corrections using the transformations developed here. 



APPENDIX C: VARANO 

The variance analysis program, VARANO, has been con¬ 

structed to test variance of the data with respect to energy 

and with respect to the time segments. Through cross¬ 

analysis anomalous statistical deviations can be isolated 

whether they be correlated or individual. 

The program is developed into three parts: 

1. variance analysis of each energy interval, 

2. variance analysis of each time segment, 

3. calculation of uncorrected residual/standard- 

deviation ratios. 

The input is the mean count ratio, , and corresponding 

standard deviation ("sigma"), , for each energy interval, 

i, and time segment, j. The source and background segments 

are segregated in the analysis, but the methods of analysis 

are the same for both sets of segments. 

The part-one calculations follow. The weighted mean 

count rate (c.r.) of all the source (or background) seg¬ 

ments for each energy interval is: 

N 

x = N;j=1 *i nr 
h1 (x.Jo2..) ir ij 

N l (1/af.) 
j=l ^ 
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where N is the number of source (or background) segments 

(Bevington 1969). The standard deviation of X^ is: 

X 
a. = 
l i. -1/2 

is the uncertainty in the mean c.r., X^ ; it is not the 

dard deviation of the distribution. 

The weighted average of the individual variances is: 

N 

-2 
°i 

][ (a - . /a 
_ -i iJ 

N 

I Cl/crt } 
3 = 1 13 

N 
N 

J (1/aij} j=l 

cT^ is the standard deviation expected if the parent 

distribution is gaussian. 

The actual weighted variance of the segments from the 

weighted mean is: 

N I (l/of,) 
3 = 1 13 

For selections from a normal distribution, one would expect 

2 2 
Si - a^. This is substantiated by the theorem: "If S is 

the variance of a random sample of size n from a normal 

2 
population with the mean p and the variance a , then 

2 2 
(n-l)S /a has a chi-square distribution with n-1 degrees 

of freedom" (Freund 1971). That is, 

v a 
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2 
where v = n-1, the number o£ degrees of freedom, and xv is the 

reduced chi-square. Assuming random sampling and a normal 
2 

population about the mean c.r., xv~ 1 would be expected. 

2 
Large xv would imply a nonnormal population. 

With a strong celestial source flux, nonnormal popula¬ 

tions can result from the zenith-angle dependence of atmos¬ 

pheric attenuation, pointing variations with respect to the 

source, and inherent source variability of a time scale on 

the order of the segment durations. These effects would be 

strongest at the low energies for most sources, and are 

noticeable in the case of Cen A with reduced chi-squares of 

up to 4 at energies below 0.3 MeV. Also at low energies the 

background is nonnormal in having a zenith-angle dependence. 

Nonetheless, above 0.3 MeV the statistical variance should 
2 

dominate these systematic effects. Consequently, xy should 

be = 1 above 0.3 MeV. 

In part two for each energy interval, the number of 

standard deviations, N(o)^, of each source (background) 

segment c.r. from the mean source (background) segment c.r. 

is calculated. That is, 

N<»hj ■ (xij - • 

Through N(o)^j, deviant segments may be isolated. If 

the segments are a selection from a normal population, for 

each segment, j, the distribution of N(a)^^ would be 

gaussian with a mean - 0 and a standard deviation of - 1. 

This premise is based on the Central Limit Theorem (Freund 
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1971). A standard deviation of N(o)^j > 1.5 is indicative 

of a statistical variance for the jth segment which is 

larger than expected from random statistics. 

Finally, in part three uncorrected residuals are calcu¬ 

lated for each energy interval. The residuals are calculated 

in two ways: mean source c.r. minus the mean background 

c.r. at that energy, and a segment-by-segment subtraction of 

background from source. These methods are different from 

the background subtraction method in the data reduction 

(refer to IV.E.l. Background Subtraction). The difference 

is that in the data reduction, subtraction is before summing 

the channels into energy intervals, but in VARANO, sub¬ 

traction is after channel summation. In VARANO, besides 

the residual calculations, the corresponding sigmas and 

residual/sigma ratios are also calculated for each energy 

interval. The advantage of channel summing before sub¬ 

traction is reduction of spurious residual/sigma ratios that 

may occur from sampling of only one channel at a time. 

If the R/o ratios are significantly different from those 

calculated through the usual data-reduction method, the 

validity of the data-reduced spectrum is challenged. In 

the Cen A analysis the cause of deviant R/o ratios has 

been isolated to single channels within a time segment. 
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