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ABSTRACT 

In July of 1969 a new X-ray source was detected in 

the southern sky near the constellation Centaurus. This 

source, identified as Centaurus X-4, displayed a variable 

intensity in the energy range 3 to 12 keV which at its 

maximum was more than twice as great as that from Sco X-l, 

the brightest discrete extrasolar X-ray source in the sky. 

A balloon-borne gamma-ray detector was launched from 

Parana, Argentina, on November 26, 1969* in an effort to 

measure the high-energy spectrum from this transient X-ray 

source. Due to partial failure of the instrument midway 

through the flight, the full sensitivity of the actively 

collimated Nal(Tl) detector was not achieved. This com¬ 

plication, coupled with the apparent time variation of 

the source, allowed only upper limits to be placed on the 

high-energy flux from this object in the range 80 keV to 

2 MeV. 

As a result of this flight, the first high-altitude 

balloon research from Argentina, comparisons of Cen X-4 

with other nova-like X-ray sources may be made. In addition, 



useful information on the response of actively collimated 

scintillation detectors to gamma radiation under varied 

conditions may he determined. The atmospheric gamma-ray 

background over Argentina, as well as the facilities avail 

able in Parana, proved to be ideal for southern hemisphere 

balloon research. In 1970 and 1971 two more successful 

expeditions to Argentina were made which produced valuable 

new data on various southern hemisphere celestial X-ray 

objects. 
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I. INTRODUCTION 

Throughout its history, astronomy has sought to inter¬ 

pret the radiation arriving from celestial objects in terms 

of the physical conditions of those objects. In 19&2 

Giacconi at al. (1962) extended the range of electromag¬ 

netic radiation observed in astronomy when they first detected 

X-rays of celestial origin. In the last decade high-energy 

astronomy has developed into an informative and important 

addition to classical astronomy. Since processes of X-ray 

and gamma-ray generation are more directly related to the 

high-energy and nuclear processes in celestial objects than 

are those of optical or radio emission, high-energy astron¬ 

omy has played a fundamental role in the understanding of 

various astrophysical problems. 

Particularly worthy of note is the fact that the theo¬ 

ries of stellar nucleosynthesis are subject to direct exper¬ 

imental verification by the detection of predicted gamma- 

ray line emissions from these objects. The greatest possi¬ 

bility for observation of these emission lines is believed 

to be in the explosive nucleosynthesis predicted in super¬ 

novae. Clayton and Craddock (1965) and Clayton, Colgate, and 

Fishman (19^9) have calculated the intensities of several 

gamma-ray lines expected from young supernova remnants. 

The search for such gamma-ray lines has thus far proved 
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unsuccessful (Ellis, 1967; Jacobson, 1968), but the upper 

limits placed on the lines have been above the predicted 

flux levels. 

The theoretical association of gamma rays and cosmic 

rays provides high energy astronomy the opportunity to 

contribute to the understanding of another astrophysical 

problem. Cosmic rays provide the only sample of matter 

likely to be obtained from outside the solar system, and 

as such they contain information about the composition of 

their source and about the thermonuclear reactions that 

take place there. The difficulty in identifying the sources 

of cosmic rays, arising from their interaction with the 

weak but large-scale galactic magnetic fields, can perhaps 

be eliminated by the study of gamma rays. These high- 

energy photons can be produced in conjunction with cosmic 

rays but travel rectilinearly, preserving the direction 

of their origin. 

The sudden appearance of the X-ray object, Centaurus 

X-4, in July of 1969 seemed to provide an excellent oppor¬ 

tunity for a gamma-ray observation of an apparently explo¬ 

sive celestial object of possibly supernova magnitude. 

This thesis describes a Rice University experiment to meas¬ 

ure the low-energy gamma radiation from Cen X-4. The char¬ 

acteristics of Cen X-4 as determined from X-ray and optical 

observations are discussed in Section II of this thesis. 
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Sections III and IV describe the Rice University gamma- 

ray experiment and data analysis. In Section V the results 

of the gamma-ray investigation of Cen X-4 are discussed. 
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II. THE GEN X-4 PHENOMENON 

A. Observations of Cen X-4 

In July of 1969 Conner, Evans, and Belian (1969a) 

of Los Alamos Scientific Laboratory reported the appearance 

of an intense new X-ray source located near the boundary 

of the constellations Centaurus and Lupus. The source was 

observed in the 3 to 12 keV energy range with Nal(Tl) 

scintillation detectors aboard two Vela satellites. Their 

data indicated that the source, Centaurus X-4 (a = l4^56m, 

6 = -32°15’), was not detectable prior to July 6, 1969* but 

was present in every scan of the region after July 9* A 

rapid increase in intensity continued until July 12, at 

which time a maximum intensity of Cen X-4 was observed 

which was more than twice that of Sco X-l. A subsequent 

decrease in intensity was then recorded until September 24 

when the source was no longer detectable in their data (Evans, 

Belian, and Conner, 1970). 

Although detailed spectral analysis was not available 

with the two channel analyzers aboard the Vela satellites, 

general spectral information could be obtained by comparing 

the count rates in the two channels. This method indicated 

a rapid softening in the spectrum during the first week 

(Conner et al., 1969b), which with the assumption of a thermal 

origin of the radiation would imply a temperature decrease 
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of about an order of magnitude. This softening could also 

have been caused by a transition from an optically thick 

to an optically thin source. The temperatures implied by 

these observations are between 10? and 10^ °K (Evans et al., 

1970)* After the first week the spectral hardness remained 

approximately constant for about two months until Cen X-4 

disappeared. For an exponential flux distribution the Los 

Alamos group interpreted this hardness as indicative of a 

7 o 
source temperature of 4.5 x 10' °K. 

Of the other attempts to measure the soft X-ray flux 

from Cen X-4, probably the most significant were made by 

Kitamura and his associates (Kitamura et al., 1969; 

Kitamura et al., 1971). These observations on August 7» 

1969 and August 8, 1969 were made by rocket-borne propor¬ 

tional counters. Cen X-4 was detected at an intensity 

which was approximately 80 percent of the intensity of Sco 

X-l in the energy range 2 to 25 keV. The spectral infor¬ 

mation obtained on these flights was found to be consistent 

with an exponential distribution corresponding to a source 

temperature of 8 x lo'? °K. 

One other interesting result from these flights was 

the observation of a deviation from the exponential spectrum 

at energies below ~4 keV. Kitamura et al. found that this 

would be the effect of absorption in a cool material which 

had a columnar density of ~3 x 10 ' particles per cm . This 
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density was considered to be too large for interstellar gas 

absorption alone, and they therefore offered this result as 

evidence for a cool shell of gas around Cen X-4. 

Another observation of Cen X-4 was made on August 25, 

1969 by Thomas et al. (1969), using a balloon-borne scintil¬ 

lation detector. This measurement in the 11 to 49 keV 

energy range fell below an extrapolation of the 7-keV expo¬ 

nential spectrum measured by Kitamura et al, and was inter¬ 

preted as an indication of a softening or of a high-energy 

cutoff in the spectrum. The only other observation of Cen 

X-4 (other than the Rice University measurement to be dis¬ 

cussed later) was made on December 7, 1969 in the energy 

range 2 to 18 keV (Rao et al., 1971). The upper limits for 

the X-ray flux from Cen X-4 as measured by this flight were 

on a par with the upper limits set by Cooke and Pounds (I97I) 

during an observation of the Cen X-4 region on April 1, 1969, 

three months before Cen X-4's sudden appearance. Figure 1 

is a time history of Cen X-4 as indicated by these several 

observations. 
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FIGURE 1 

(see page 12) 

The variation with time of the 3 - 12 keV flux from 

Cen X-4. Time is measured in days from July 5» 1969* The 

various observations included are discussed in the text. 

Also indicated for comparison are the time variation of 

the optical nova DQ Herculis (solid line) and the variation 

of Cen X-2. 
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FIGURE I 
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B. The Highly Variable X-Ray Source 

Most of the approximately 100 known non-pulsating discrete 

galactic X-ray sources can be placed in one of.three classes: 

1) extended X-ray sources associated with super¬ 

nova remnants, notably Tau X-l in the Crab Nebula, 

2) compact star-like X-ray sources which are 

slowly variable and exhibit "flaring", the Sco 

X-l class, 

3) highly variable, transient X-ray sources which 

are similar to optical novae, notably Cen X-2. 

The time history of Cen X-4 almost certainly puts Cen X-4 

in the third class of X-ray objects with Cen X-2. In fact, 

the similarity of Cen X-4 and Cen X-2 is remarkable. Cen X-2 

appeared in the southern sky sometime between October 1965 

and April 19675 during April and May the source was observed 

to decrease from an intensity slightly greater than that of 

Sco X-l until in September of 1967 it was no longer detect¬ 

able in the 2 to 10 keV energy range (Harries et al,, 1967; 

Francey et al., 1967; Cooke et al., 1967; Chodil et al., 

1968). These flux measurements from Cen X-2, normalized to 

the maximum observed intensity of Cen X-4, are shown in 

Figure 1 for comparison of the time histories of the two 

sources. The spectral flux reported in these observations 

were consistent with thermal spectra at temperatures of 



4 x 10? °K in April and~2 x 10^ °K in May; thus, there 

was evidence for a softening of the spectrum. 

A significant exception to these measurements of 

Cen X-2 is found in the observations of the MIT group 

(Lewin, Clark, and Smith, 1968a; Lewin, Clark, and Smith, 

1968b). Conducting two high-energy X-ray observations 

with balloon-borne detectors on October 15, 1967 and 

October 24, 1967, they detected a hard component of the 

spectrum of Cen X-2 in the energy range 20 to 105 keV. 

This component was not in agreement with an extrapolation 

of the earlier soft X-ray observations, for a fit to the 
O 

data required a thermal spectrum with temperature~2 x 10 
-1 2 or a power law energy spectrum with a E dependence. 

By comparing the intensities of Cen X-2 measured during the 

two flights, the MIT group concluded that the measured rate 

of change indicated that this high-energy X-ray component 

originated at a later time than the low-energy X-ray flux 

which had disappeared in September. A third flight in 

March of 1969 (Lewin, McClintock, and Smith, 1970) found 

that the hard component of the X-ray flux from Cen X-2 had 

decreased below detectability by their instrument. 
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C. Interpretations of the Transient X-Ray Source 

In an effort to explain the transient X-ray source 

phenomena, several models have been suggested. Most theories 

describe the observed X radiation in the context of thermal 

radiation from tenuous plasmas at high temperatures. Manley 

(1967) proposed a steadily expanding, constant-mass model 

for Cen X-2, according to which a dense plasma cloud was 

heated at constant volume to ~2 x 10^ °K and then proceeded 

to expand isothermally. Thus, the observed luminosity 

changes are achieved by altering only the volume of the 

source. The isothermal nature of this model is in agree¬ 

ment with the observations by Evans et al. (I970) of Cen 

X-4 but a slight cooling was observed in Cen X-2. 

Tucker (1967) pointed out the difficulty in maintaining 

a steady gas expansion under the observed high temperature 

conditions, and alternatively proposed that the expansion 

was explosive as in the mass ejection of a nova explosion. 

The observed X radiation is then produced by shock heating 

of a circumstellar envelope. The luminosity of such an 

isothermal thin plasma is proportional to Ne V, where Ng is 

the electron density and V is the volume. Thus, for the 

simple case of a constant velocity of expansion, the time 

dependence of the luminosity would be t for expansion as 
_2 

a sphere or t for expansion as a thin shell. A temper¬ 

ature dependence of t""^^ is found for the model, proposed 
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by Edwards (1968), of an explosively created adiabatic 

blast wave propagating out through a circumstellar gas. 

This theory requires a decreasing temperature for the source, 

but the parameters of the model can be altered to produce 

a constant temperature source with a resulting time depend- 

ence of t J% 

The greatest difficulty with the proposed models ap¬ 

pears to be in the predicted time variation of the inten¬ 

sity from the source. The decay rate of Cen X-4, recorded 

by Evans et al. (1970), is not consistent with a t**n depend¬ 

ence but rather with an exponential dependence. The de¬ 

crease in X-ray flux of Gen X-2 could also be represented 

as an exponential decay with a time constant of 23 days. 

In addition, these models fail to predict the rapid sof¬ 

tening of the spectrum noted during the first week of ob¬ 

servation of Cen X-4, while the question of spectral shape 

or temperature variation seems to require more detailed 

observation. 
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D. Optical Identification of Cen X-4 

The relative success of the theoretical models of 

Cen X-4 and Cen X-2 which involve the explosive ejection of 

stellar material seems to support the remarkable similarity 

of these X-ray sources and of optical nova. The important 

question of the relationship of X-ray sources to other ga¬ 

lactic objects has been only partially answered. As men¬ 

tioned previously, some galactic X-ray sources have been 

identified with supernova remnants. The identification of 

the others remains in question. 

A great effort has been made in identifying X-ray 

sources with optical or radio sources, for only then can the 

distance and, hence, the absolute flux of X rays be estimated 

and the implications on the physical nature of the celestial 

source be examined. Although only a few identifications 

have been made (most with supernova remnants), it is inter¬ 

esting to compare the distribution in galactic coordinates 

of the known X-ray sources as shown in Figure 2 with the dis¬ 

tribution of old novae (Figure 3) as given by Payne- 

Gaposchkin (1957)* As pointed out by Gratton (1970), there 

is a striking similarity in the clustering of both types 

of objects in the Sagittarius region and in Cygnus, as well 

as the scarcity of both between galactic longitudes 150° 

and 250 °. 

In this context, the similarity of the time behavior 
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FIGURE 2 

(see page 19) 

The distribution in galactic coordinates of the known 

X-ray sources in 1971 (Giacconi et al., 1972). 
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FIGURE 3 

(see page 21) 

The distribution in galactic coordinates of old 

novae (Payne-Gaposchkin, 1957)* The similarity with the 

distribution of X-ray sources (Figure 2) should be noted. 
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of the X-ray luminosity of Cen X-4 to that of the optical 

emission of novae of the DQ Herculis type (Payne-Gaposchkin, 

1957) is indeed remarkable. These novae, including 

T Aurigae, V450 Cygni, and V732 Sagittarii, are character¬ 

ized by optical emission that rises rapidly to a peak and 

then decays at an average rate of 0.025 to 0.030 magnitudes 

per day with short-term fluctuations. This should be com¬ 

pared with Cen X-4's average decay of 0.025 mags per day. 

After ~80 to 120 days of decay, these novae exhibit 

a sudden, much more rapid decay to a deep minimum, consis¬ 

tent with the observations of Cen X-4. Figure 1 includes 

the light curve of the nova DQ Herculis normalized for 

comparison with the X-ray variations in Cen X-4. A curi¬ 

ous characteristic of light curves of this type of nova is 

a second maximum, about six magnitudes below the first, 

after the deep minimum. This second maximum, if exhibited 

by Cen X-4, would have been marginally observable (Evans 

et al., 1970). 

It should be noted, however, that there has been no 

definite optical identification of Cen X-4. The identifi¬ 

cation of this X-ray source with the light variable S5003 

Cen (a = l4h56.5m, 5 = -33°13' 195° ) was proposed by Eggen 

and Rodgers (1969). This identification was based mainly 

on the similarity of the optical spectra of this variable 

and of the optical spectra of the identified X-ray source 
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Sco X-l, both showing a variety of emission and absorption 

characteristics. Eggen and Rodgers also noted S5003 Can's 

similarity to certain stages of the post nova spectrum of 

V603 Aql. 

This identification remains uncertain because no 

unusual variations in S5003 Cen were observed in 1969* It 

has been suggested that the reason that no optical nova out¬ 

burst has been detected at the location of the X-ray source 

is obscuration by the circumstellar gas (and dust) which 

was indicated by the observations of Kitamura et al. (1971)* 
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III. AN EXPERIMENT TO MEASURE LOW-ENERGY GAMMA 

RADIATION FROM CEN X-4 

A. Instrumentation and Calibration 

In an effort to measure the low-energy gamma-ray flux 

from Cen X-4, Rice University, with the cooperation and 

support from the National Center for Atmospheric Research 

and Professor H. E. Bosch of the Universidad de Buenos 

Aires, embarked on a scientific balloon expedition to 

Argentina in September of 1969. The then apparently tran¬ 

sient nature of the newborn source demanded rapid flight 

preparation, while the unfamiliar environment and poorly- 

equipped launch facilities available in Argentina required 

modification of the usual balloon-borne gamma-ray telescope 

system. 

In the twelve balloon flights prior to this one, Rice 

had flown essentially the same observational system, suc¬ 

cessfully measuring and reporting gamma radiation from sev¬ 

eral celestial sources: the Crab Nebula (Haymes and Craddock, 

1966; Haymes et al., 1968a), Virgo A (Haymes et. al. , 1968c? 

Fishman, 1969), Sagittarius (Haymes et al., 1969b), Centaurus 

A (Haymes et al., 1969a), Cygnus (Haymes et al., 1968b; 

Haymes and Harnden, 1970), and the Crab Pulsar NP 0532 

(Fishman et al., 1969). The instruments and techniques 

described in the above-cited articles had to be altered so 
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that an easily-prepared lightweight balloon-borne package 

could be successfully launched under Argentine conditions. 

The detector was the same instrument used in most of 

the previous investigations. It was a Nal(Tl) scintilla¬ 

tion crystal surrounded by a well-type guard crystal, also 

of Nal(Tl). This guard crystal was electronically coupled 

in anticoincidence to the central crystal, providing active 

collimation to an acceptance cone of approximately 24° 

(full width at half maximum) for incident gamma radiation 

of 66l keV. Complete charged particle rejection was aided 

by a thin sheet of plastic scintillator covering the gamma- 

ray aperture as shown in Figure 4. The electronics (Figure 

5) were configured to pulse height analyze photon energy 

losses in the central crystal in the energy range 37 to 

924 keV, a range which not only overlapped the energy range 

of the X-ray observations for comparison purposes, but also 

included many of the line emission energies from radio¬ 

isotope deexcitation predicted from nucleosynthesis theories 

discussed by Clayton, Colgate, and Fishman (1969). The 

37 - 924 keV energy range represented a factor of approxi¬ 

mately two improvement in the dynamic range of the elec¬ 

tronics over past analyzers. 

Extensive calibration of the detector system was per¬ 

formed before departure for Argentina and much information 

was available from past calibrations discussed in Craddock 
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FIGURE 4 

(see page 27) 

Schematic diagram of the Nal(Tl) scintillation 

detector system. The well-shaped guard crystal provides 

charged particle rejection and suppresses compton events 

through the use of an active, anticoincidence technique. 

The plastic scintillator rejects charged particles in 

the forward direction, but is transparent to gamma rays. 

Six phototubes (RCA 8054) are used to view the guard 

crystal, and three others (RCA 6199) detect events in 

the plastic scintillator. The gamma-ray acceptance cone 

is 24° (FWHM). 
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FIGURE 4 
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FIGURE 5 

(see page 29) 

Block diagram of the hallo on-home electronic 

system. The VHF transmitter is modulated by three sub¬ 

carriers, transmitting the PCM output of the pulse height 

analyzer and various system-monitoring voltages. 
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(1967), Ellis (1967)* Fishman (1968; 1969)» and Glenn 

(1969). Several radioisotopes (Table 1) were used in the 

laboratory to determine the energy calibration of the pulse 

height analyzer, as shown in Figure 6, as well as the energy 

resolution. It can be seen in Figure 7 that the energy 
_JL 

resolution of the detector has approximately the E"*2 depend¬ 

ence predicted by counting statistics of the photoelectrons 

produced in the absorption of the incident gamma photon of 

energy E. 

The nature of the proposed experiment required an ac¬ 

curate determination of the angular response of the detector. 

The energy dependence of this approximately triangular re¬ 

sponse is shown in Figure 8. The information was critical 

since the massive equatoral pointing system, normally used 

by Rice to track'an object across the sky, was rejected in 

favor of the less sensitive but considerably lighter system 

used in a transit-type experiment. With this latter method 

of observation, the detector is pointed at the zenith and 

the source, in its diurnal motion, passes through the field 

of view. Thus, the measured flux from the source must be 

corrected for the off-axis attenuation at the time of obser¬ 

vation. Because of this zenith angle dependence, it was 

desirable to observe the source from a location at which 

the meridian transit of the source was at the local zenith. 

Therefore, the choice of Parana, Argentina (latitude 3l°36’ 
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FIGURE 6 

(see page 33) 

Plot of the pre-flight photopeak energy versus the 

pulse height channel number in which the photopeak fell 

for the radioisotopes indicated in Table 1. The result 

of a least squares linear fit to the energy-channel number 

data is indicated by the straight line. 
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FIGURE 7 

(see page 35) 

Logarithmic plot of percent energy resolution versus 

energy for the Nal central detector. Also indicated is 

the inverse square root dependence which is discussed in 

the text. 
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FIGURE 8 

(see page 37) 

Angular response of the detector system to various 

point sources of mono-energetic gamma radiation. The 

data were taken in the laboratory using the radioisotopesi 

Am^40 (60 keV), Ba^3 (365 keV), Cs*37 (66l keV), and 

Mn54 (835 keV). 
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FIGURE 8 
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south) was excellent for observations of Cen X-4 (decli¬ 

nation -32°15* Conner et al. , 1969a. ). 

Again, one of the important factors in determining 

the nature of this experiment was the weight of the bal¬ 

loon-borne scientific payload. Limited to the relatively 

small 6 million cubic foot balloon because of the restricted 

launch capabilities in Argentina, the weight of the scien¬ 

tific package had to be less than ~400 pounds to achieve 

a balloon altitude suitable for sensitive gamma-ray ob¬ 

servations of celestial objects. The final configuration 

of the experimental payload, as shown in Figure 9* weighed 

~470 pounds (including NCAR support package) and the balloon 

system attained an admirable altitude of 2.8 millibars 

residual atmosphere. 
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FIGURE 9 

(see page 40) 

Sketch of the balloon-borne gamma-ray detector system. 
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B. The Flight Data 

After several lengthy delays and unfortunate mishaps 

(Appendix B), the gamma-ray detector was finally launched 

at 05*35 Argentina Daylight Time (A.D.T. = U.T. - 3 hours) 

on November 26, 1969* The instrument performed normally 

during ascent, recording a gamma-ray maximum intensity at 

an altitude of ~100 mb. Figure 10 shows the altitude de¬ 

pendence of the gamma-ray count rates in the 27 - 924 keV 

energy range ("stored") and of the count rate of those 

photons ("overflows") which deposit more than 924 keV in 

the central detector. 

The balloon reached a float altitude of 2.8 mb at 08s00 

A.D.T., approximately 3*5 hours before meridian transit of 

Cen X-4 at Parana. This was to permit an accurate obser¬ 

vation of the background radiation prior to Cen X-4's ap¬ 

pearance in the field of view of the telescope. The detailed 

background observation could improve the statistical sig¬ 

nificance of the measurement of the flux from Cen X-4, since 

the background must be removed from the measured count rates 

while the source is observed. The observation of Cen X-4 

continued until ~12s20 A.D.T., at which time the detector 

was tilted by command to a zenith angle of 24° for observa¬ 

tion of Sco X—1 (Twieg, 1971). Balloon cut-down was effected 

at l4sl5 A.D.T. and, as indicated in Figure 11, the instru¬ 

ment was recovered~80 miles west of Parana. 
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FIGURE 10 

(see page 43) 

Plot of count rates versus atmospheric depth during 

balloon ascent. The "stored" rate (37 - 924 keV) and the 

"overflow" rate ( >924 keV) both show a maximum at~100 mb. 
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FIGURE 11 

(see page 45) 

Balloon trajectory for flight 1969-2. The balloon was 

launched from Parana, Argentina and recovered ~80 miles to 

the west, near San Jorge, Argentina, 
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The float-altitude performance of the detector is dis¬ 

played in Figure 12, which shows the count rates in eight 

different pulse height ranges as a function of time. The 

data consist of consecutive ten-minute segments (with the 

exception of the first six which are five-minute segments) 

which have been time normalized to five minutes. The error 

bars indicated are + 1 a ( a = standard deviation) and are 

based on counting statistics only. 

It can be seen in Figure 12 that at approximately 

10:00 anomalous variations in all count rates began to ap¬ 

pear. These variations indicate that at this time the high 

voltage supplies to the central detector photomultiplier tube 

and the guard crystal photomultiplier tubes began to drop in 
t 

voltage. This conclusion is reenforced by the on-board voltage 

monitors. Consequently, the energy calibration of the pulse 

height analyzer was altered, also changing the energy windows 

observed by each of the pulse height ranges shown in the 

figure. 

Figure 13 shows the time history of several of the 

on-board voltage monitors. It should be noted that at 09:00 

the 28 volt battery-pack monitor began registering a drop 

in the voltage of this pack which supplied power to all 

phototube high voltage power supplies, as well as to the 

pulse height analyzer. The voltage regulation of the high 

voltage supplies was able to compensate for this reduction 
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FIGURE 12 

(see page 48) 

Plot of eight different float-altitude count rates 

versus time. The anomalous variations after 10:00 are 

discussed in the text. The error bars represent + 1 a 

based on counting statistics. 
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1969 NOV 26. A.D.T. (U.T.-3 HRS) 



FIGURE 13 

(see page 5°) 

Plot of pertinent on-board voltage monitors versus 

time. The error bars indicate estimated accuracy. The 

variations are discussed in the text. 
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FIGURE 13 
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in supply voltage until ~10:00, at which time the power 

supplies lost their regulation and the high voltage began 

to drop. 

It is thought that the partial loss of the 28 volt 

pack was caused by excessive current demand on four of the 

cells in the pack. These cells supplied power to an azi¬ 

muthal servo motor system which, by utilizing magnetometers, 

was to point the detector during the Sco X-l portion of the 

flight. The high winds and balloon rotation experienced 

during ascent caused a much greater rate of power consump¬ 

tion than anticipated and were probably responsible for 

the subsequent failure of the cells. Without the stabil¬ 

ization of the voltage from the 28 volt pack by 11:17 and 

the resulting stabilization of the high voltage power sup¬ 

plies, an observation of Cen X-4 would not have been pos¬ 

sible. The stabilization, which is evident in Figure 12 as 

well as Figure 13, enabled a source observation which lasted 

approximately one hour. 

With the central detector's photomultiplier tube oper¬ 

ating at a new, lower voltage, it was necessary to recal¬ 

ibrate the energy range of the pulse height analyzer before 

flux measurements from Cen X-4 could be determined. A recal¬ 

ibration was made possible through identification of the 

energy of certain spectral features observed in the atmos¬ 

pheric background radiation. Figure 14 shows the pulse 
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height spectrum of the float data accumulated until 10:05 

(normalized to 5 minutes). As indicated hy the arrows, 

there are three features of varying intensities. The 

lowest energy feature is at 58 keV and has been identified 

as a line produced by the inelastic scattering of neutrons 

with iodine: I*^7(n,n*Y (Shafroth, 1967). The second 

feature is at 203 keV and is also thought to be neutron in- 
127 elastic scatter with I at a reduced intensity from the 

first (Shafroth, 1967)* The third and most obvious feature 

is of uncertain origin. Although some authors (Peterson, 

19^3; Chupp et al. , 1967) assign it the 511 keV energy of 

atmospheric positron annihilation, past Rice observations 

indicate a best fit energy for this feature of 490 + 5 keV 

(Haymes et al., 1969c). The present analysis would indi¬ 

cate an energy of 5°5 + 7 keV using the pre-flight energy 

calibration. 

The spectral data accumulated for approximately one 

hour after voltage stabilization is shown in Figure 15. 

The most prominent feature observed in channel 27 is the 

505 keV feature of Figure 14. The 203 keV feature is also 

marginally observable in channel 8, while the 58 keV fea¬ 

ture appears to be below the threshold energy and is not 

evident. A third feature, however, does appear around 

channel 85 in Figure 15• This previously unobserved line 

can be associated with the decay of the naturally occuring 
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FIGURE 14 

(see page 54) 

The float-altitude background spectrum accumulated 

from 8:07 until 10:05 A.D.T. The indicated spectral 

features are discussed in the text. 
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FIGURE 15 

(see page 56) 

The float-altitude source spectrum accumulated 

from 11:17 to 12:20 A.D.T. Notice the shift in the 

position of the spectral features and the appearance of 

a 1.46 MeV feature. 
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K^° radioisotope, the halflife of which is 1.26 x 10^ years. 

As discussed in Kreger and Mather (1967), potassium is 

a contaminant in Nal crystals in concentrations of 1 - 2 

parts per million, with some measurements as high as 55 ppm. 

The 1.46 MeV gamma emission rate of 12 - 24 gammas per five 
40 

minutes predicted from the decay of the K isotope in the 

Rice central Nal(Tl) crystal is lower than, but in general 

agreement with, the observed ~40 gammas per five minutes. 

The difference is probably due to contributions from the 

guard crystal and the phototubes, the glass of which has 
40 

been shown to contain a significant amount of K . 

As a result of these spectral features, summarized in 

Table 2, a reasonably accurate recalibration of the detector 

may be obtained (Figure 16). The new "stored" energy range 

is 80 keV to 2.16 MeV with a channel width of 16.4 keV. 

To further support the energy recalibration, one can 

predict the expected effect on the energy range from the 

observed voltage decrease on the photomultiplier tubes and 

the general voltage characteristics of the tubes. For the 

RCA 8054 photomultiplier tube which was used, the sensitiv¬ 

ity or pulse height has a dependence on the supply voltage 

V which is approximately y+6.64+0.03 (RQA, 1961). Using 

the observed supply voltage decrease of 12 + 2 percent, the 

predicted threshold of 81 + 8 keV and channel width of 15.2 

+ 1.5 keV are in good agreement with the measured values. 
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TABLE 2 

Background Spectral Features 

FEATURE ENERGY 

58 keV 

203 keV 

505 keV 

1.46 MeV 

PRE-FLIGHT 
CHANNEL NO. 

4.0 + 0.5 

24.7 + 0.5 

68,0 + 1.0 

RECALIBRATION 
CHANNEL NO. 

8.5 + 0.5 

27.0 + 0.5 

85.0 + 1.0 

LEAST SQUARES LINEAR FIT TO RECALIBRATIONs 

E(keV) = 63.8 + 16.4 x Ch. No. 
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FIGURE 16 

(see page 60) 

Plot of the recalibrated energy versus pulse height 

channel using the background features discussed in the 

text. The result of a least squares linear fit to the data 

is indicated by the straight line. 
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Using the above recalibration of the gamma-ray pulse 

height analyzer, it is possible to compare the one hour 

source observation starting at 11:17 A.D.T. in the energy 

range 80 keV to 2.l6 MeV (hereafter referred to as the 

"source" data) with the two hour background observation 

starting at 08:07 A.D.T, in the energy range 37 - 924 keV 

(hereafter referred to as the "background" data), as shown 

in Figure 17. In the figure the background pulse height 

spectrum has been renormalized to the energy calibration of 

the source data, thus, the background information ends in 

channel 51 at 924 keV. The most obvious difference in the 

two. spectra is in the energy range 500 - 924 keV. The 

general appearance of the background spectrum is softer than 

the source spectrum, as well as slightly lower in intensity. 

This is most assuredly not an effect consistent with any 

known celestial source of gamma rays, but more likely an in¬ 

strumental artifact or experimental defect. Two effects 

present themselves as possible explanations for this dis¬ 

crepancy: a variation in balloon altitude, or an instru¬ 

mental effect caused by a decreased efficiency of the guard 

shield. 

The variation in spectral shape and intensity of the 

gamma-ray background radiation with altitude has been 

examined in detail in the energy range 30 - 600 keV (Glenn, 

1969). A comparison of those results and the spectra 
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FIGURE 1? 

(see page 63) 

A comparison of the source spectrum of Figure 15 

with a renormalized background spectrum of Figure 14. The 

energy range depicted is ~80 keV to 2.16 MeV, so the back¬ 

ground spectrum which cuts off at 924 keV does not cover 

the entire range. 
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accumulated during ascent of this experiment with the source 

spectrum of Figure 1? indicates that an altitude difference 

of 7 - 12 mb would be required to explain the differences 

in the source and background spectra. Although the two 

altitude-measuring devices aboard the experiment, a Rice- 

provided Metrophysics Corporation thermal-conductivity 

sensor and a NCAR barotransmitter, disagree on the altitude 

profile of the flight (Figure 18), it is thought that the 

rapid loss of altitude indicated by the Rice sensor is re¬ 

lated to the power failure. It is assumed that the balloon 

remained at an approximately constant altitude throughout 

the flight, but the implications of the Rice altimeter 

variation, if accurate, will be discussed later. 

The other effect of reduced efficiency of the guard 

crystal is definitely real, although the magnitude of the 

effect is uncertain. The guard crystal's photomultiplier 

tubes suffered approximately an 8 percent decrease in sup¬ 

ply voltage which, in a manner similar to the central photo¬ 

tube change, would imply an increase in the guard threshold 

of about a factor of two. In an effort to estimate the mag¬ 

nitude of the effect of this threshold change, the computer¬ 

ized model of the detector, which is described in the next 

section, was constructed. 
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FIGURE 18 

(see page 66) 

Plot of balloon altitude versus time. The Rice 

sensor was Metrophysics Corporation thermal-conductivity 

sensor active for atmospheric depths less than ~ 10 mb. 

The NCAR device was a barotransmitter. The discrepancy in 

the latter portion of the flight is thought to be due to a 

failure of the Rice sensor. 
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FIGURE 18 
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IV. A MODEL FOR THE RESPONSE OF THE GAMMA-RAY DETECTOR 

A. Definition of the Problem 

The sensitivity of all celestial gamma-ray measure¬ 

ments is greatly limited by the atmospheric background 

radiation, against which a celestial gamma-ray flux must 

be detected. Even for the most intense source in the 

gamma-ray energy range, Cyg X-l/X-3, the background radia¬ 

tion was ~ 9076 of the photon flux observed by the Rice 

instrument, Gammascope II, while the source was in the 

field of view. Consequently, the sensitivity of a de¬ 

tector is found to be largely dependent upon its response 

to all types of atmospheric radiation, not just gamma 

rays (see, e.g., Hamden, 1971a). 

Atmospheric gamma rays are those that are produced 

through the interaction of cosmic rays with the atmosphere. 

In general, the most important mechanisms of low-energy 

gamma-ray production (E less than~10 MeV) ares 

1) Bremsstrahlung, produced when charged 

particles (mainly electrons) are scattered by 

the coulomb field of a nucleus. 

2) Synchrotron radiation, from the acceleration 

of relativistic charged particles in magnetic 

fields. (Only electron interactions contribute 

significant amounts of gamma radiation.) 
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3) Inverse compton scattering, producing 

gamma rays as low-energy photons interact with 

energetic electrons. 

4) Positron annihilation, producing two 5H keV 

gamma rays when a positron and electron interact. 

5) Nuclear de-excitation, producing gamma radia¬ 

tion as the atomic nucleus changes to a lower 

energy state through electromagnetic radiation. 

6) Neutral pi mesons, spontaneously decaying 

into two gamma rays. 

The gamma rays produced by these six mechanisms can further 

interact with the atmosphere by compton scattering, which 

alters their energy and direction; by pair production, 

generating an electron-positron pair; or by photoelectric 

absorption, which ejects an electron from an atom. All of 

these processes degrade the photon energy and result in an 

alteration of the observed gamma-ray spectrum. 

An excellent summary of the investigations into 

atmospheric gamma radiation, as well as detailed calcula¬ 

tions of gamma-ray fluxes expected at balloon altitudes, 

can be found in the thesis by Puskin (1969). Puskin's 

calculations indicate that bremsstrahlung (with compton 

degradation of resulting photons) is the most important 

process in the production of low-energy gamma radiation. 

He finds a photon-flux dependence on energy which can be 
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approximated by Essentially the same dependence 

has been measured and recorded by Rice (Haymes et al., 

1969c). 

It is the "leakage" of this atmospheric radiation 

through the collimating Nal(Tl) guard crystal that causes 

the loss in sensitivity. For Gammascope II (GS II) the 

leakage flux of 5°° keV photons is approximately five times 

that which enters through the 24°(FWHM) acceptance cone. 

The leakage is a consequence of the finite thickness of 

the guard crystal (3 inches of Nal will transmit approxi¬ 

mately 8% of the incident 5°° keV photons) as well as the 

production of photons within the guard itself from photon, 

neutron, and charged particle interactions. An active 

shield (i.e., a Nal scintillator that is connected in anti- 

coincidence with the central detector) reduces the contri¬ 

bution to the leakage from production within the guard. 

This is accomplished by electronically detecting all energy 

depositions in the guard above a certain, relatively low 

threshold energy. 

A second function of an active shield is the preser¬ 

vation of the spectral shape of the flux incident upon the 

central Nal crystal. Gamma-ray photons in the energy range 

30 keV to ~1 MeV interact with Nal through photoelectric 

absorption, compton scattering, or pair production (for those 

photons with E > 1.02 MeV). For energies above— 250 keV, 

the compton scattering process is dominant (Figure 19). 
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FIGURE 19 

(see page 71) 

Total attenuation cross sections for photons in 

Nal versus photon energy. The relative contributions of 

compton, photoelectric, and pair production processes are 

also shown. The points indicated are sample values of 

the cross section calculated by the analytic expression 

for the cross section used in the modeling program. The 

graphs are from the data of Grodstein (1957). 
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Con sequent ly , the energy loss spectrum in Nal for a 

mono-energetic gamma-ray source consists of an approxi¬ 

mately gaussian photopeak at the line energy and a con¬ 

tinuum ("compton shelf") at lower energies, corresponding 

to a partial energy deposition in the central crystal due 

to the escape of compton scattered photons. The active 

guard crystal suppresses the compton shelf by anticoinci- 

dencing the compton-scattered photons leaving the central 

crystal; ideally, only those events in which the full photon 

energy is deposited within the central crystal are counted 

and analyzed, 

A model of the Gammascope II detector must include 

an approximation of these two functions of the active 

guard crystal. Information on the effectiveness of the 

guard shield as a function of its detection threshold 

energy is needed to evaluate the spectra obtained during 

the present flight, as discussed in Section III. 
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B. The Gammascope II Model 

Extensive modeling of Nal(Tl) scintillation de¬ 

tectors has been done in recent years (see, e.g., Miller 

and Snow, 1961? Hildebrand and Outten, 1958; Heath, 1964? 

Zerby and Moran, 1961). The models deal with collimated 

beams of mono-energetic gamma rays incident on cylindrical 

detector crystals and are intended to calculate the energy- 

loss spectra for gamma rays by using the Monte Carlo method. 

The results of such models are in excellent agreement with 

the observed energy-loss spectra, photopeak efficiencies, 

and total absorption fractions. These models alone cannot 

describe the total GS II detector system, although the 

response of the GS II central crystal can be determined 

through their use. 

A complete model of Gammascope II must describe the 

interaction of the responses of the guard Nal crystal and 

the central detector Nal crystal. The model must calcu¬ 

late the alteration of the isotropic background radiation 

due to passage through the guard crystal and the dependence 

of the alteration on the guard's detection threshold energy. 

The response of the central crystal to this leakage radiation 

as well as to the radiation from the acceptance cone, must 

be predicted. The threshold dependence for the guard's 

efficiency in detecting the compton-scattered photons 

leaving the central detector must also be calculated. 



-74- 

Rather than employ the Monte Carlo method of tracking 

individual photons, a statistical approach was taken in 

modeling GS II. The computational speed of the statistical 

method is achieved at the expense of the spectral detail of 

the Monte Carlo approach. It should also be noted that the 

modeling program treats only electromagnetic radiation. 

1. Central Detector Model 

The total cross section for absorption of gamma rays 

in Nal is shown in Figure 19. This energy dependence in 

the 30 keV to 3 MeV range is approximated by the equation 

4nTtot(E) = 21.099 - 6.075£n(E) + 0.403Un(E) )2, 

Where is measured in cm”* and E is measured in keV. 

For NQ photons of energy E0 incident on the central crystal, 

the number of photons emerging from the crystal without 

interacting is 

N = N0exp(-Tt0t(E0)A), 

where Ttot(Eo) *s 'the interaction cross section at energy 

E0 and i is ~5 cm, a characteristic length for the 10 cm 

(diam.) x 5 cm cylindrical central crystal. Therefore, 

X = NO - N, is the number of photons that interact at least 

once with the crystal. 

It is assumed that these I photons have interacted, 

either by photoelectric absorption or by compton scattering, 
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as given by their respective cross sections, Tp and rc» 

Those photons that undergo photoelectric absorption are 

completely absorbed and contribute to the photopeak about 

the energy EQ, while those photons which interact through 

the compton process deposit only a fraction of their energy 

and the compton-scattered photon is free to further inter¬ 

act with the crystal or to escape. The fraction of the 

compton-scattered photons which are absorbed also contrib¬ 

utes to the photopeak but the escaping secondary photons 

result in the compton continuum below the photopeak. If A 

is the number of incident photons for which both the primary 

and all secondary radiation is completely absorbed, the 

crystal efficiency is given by l/N0 and the photofraction 

by A/I. 

The modeling program simply calculates I as 

I = N0 - N0exp(-Tt0t(E0)*). 

A is then given by 

A = I - Ncomp, 

where Ncomp is the number of photons that undergo single or 

multiple compton interactions and subsequently escape from 

the crystal. Ncomp was approximated by the equation 

N = N r (E )Aexp(-T. . (E')JO comp ol cv o' tot ' 
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+iTC (E0) TC (E'') /exp(-Ttot (E«) A) 

where 'r^.0^.(E) is the total interaction cross section, 
T
C(E) 

is the cross section for compton scattering of a photon of 

energy E, E* is the mean energy of the compton-scattered 

photon with initial energy E0, and E" is the mean energy of 

the compton-scattered photon with initial energy E* (Appen¬ 

dix A). The modeling program allowed up to five compton 

interactions and distributed the compton electron energy 

deposition uniformly over its allowed energy range (see 

Appendix A). 

2. Guard Crystal Model 

The guard crystal model was approached in a manner 

similar to that of the central detector. The difference 

was that an interaction in the guard crystal was defined as 

an event which deposited more energy than a given threshold 

value, E^. Thus, transmission through the guard crystal 

was increased by a number which represents the number of 

photons that compton scatter, leaving less than E^.^ in the 

guard crystal. This number is approximated by the equation 

Ns - N0[exp(-Ttot(E0)*> 

+ T'c(Eo’EthUexP(-Ttot<E'>^ 

+ iT,o(Eo'Eth)T'c(E''Eth^2exP<-Ttot(E")^]' 
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where T'C(E,E^.J1) is the partial compton cross section 

for those photons of energy E which transfer less than 

Eth comP^on electron, E' = E0 - E-^, and E" = E* - E-^ 
(Appendix A). The length i is a characteristic length for 

the guard crystal. A length of~8.9 cm was calculated as 

a mean value, weighted by the solid angle observed by the 

central detector. 
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C. Implications of the Model 

The accuracy of the model was determined by comparing 

its response to mono-energetic photon beams with the Monte 

Carlo model of Miller, Reynolds, and Snow (1957)* The 

model predicted a photopeak efficiency of 0.550 for 835 

keV photons which was within five percent of the O.525 

obtained by Miller et al. (1957)» The model's detection 

efficiency of 0.663 for 835 keV photons was also in agree¬ 

ment with the results of Miller et al. 

The spectrum produced for a mono-energetic beam of 

835 keV photons is shown in Figure 20 along with a GS II 

energy-loss spectrum for Mn^ taken in the laboratory. 

The predicted energy-loss spectrum is shown both with the 

anticoincidence circuitry of the guard crystal suppressing 

the compton shelf through anticoincidence of the compton- 

scattered photons leaving the central crystal and with the 

anticoincidence circuitry off. The discrepancy between the 

measured and predicted spectra is probably caused by scat¬ 

tering of the incident photons from the material that forms 

the Nal supporting structure and collimator, as well as by 

the laboratory background radiation. 

The most interesting results of the modeling program 

are shown in Figure 21. Displayed there is the predicted 

response of GS II to an isotropic background continuum flux 

of energy dependence, E * , for two different guard crystal 
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FIGURE 20 

(see page 80) 

Predicted energy-loss spectrum for an 835 keV photon 

beam. The predicted spectra with anticoincidence on and 

with it off are shown along with a laboratory spectrum for 

Mn^. 
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anticoincidence threshold energies, 32 keV and 64 keV. 

These two threshold energies are the approximate values 

before and after the battery failure discussed in Section 

III. The effect of the observed threshold change during 

the flight appears in the figure to be no greater than 

approximately three percent. It is therefore evident 

that the decreased guard efficiency is not the major cause 

for the observed spectral difference shown in Figure 17* 

The results of the modeling of GS II seem to indicate 

that the threshold energy of the guard shield was set 

unnecessarily low. The proper setting of this threshold 

can be critical since the busy time or "dead" time of the 

anticoincidence circuitry increases rapidly as the threshold 

energy is lowered. If required to process too many photons, 

the anticoincidence circuitry can "lock up" and all active 

collimation is lost (see Harnden, I971t>). 

A qualitative explanation for the small effect on shield 

efficiency of changing the threshold energy from 32 keV to 

64 keV may be found in the relative importance, as a function 

of energy, of photoelectric absorption and compton scattering. 

At low energies (E<200 keV) leakage through the guard is pre¬ 

vented mainly by photoelectric absorption, so compton scat¬ 

tering and the threshold energy are relatively unimportant. 

At high energies (E>800 keV) compton scattering is dominant, 

but the probability of the photon scattering with a deposition 
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FIGURE 21 

(see page 83) 

Predicted spectral response of the GS II detector to 

1 Q 
an incident background continuum of E • The two similar 

curves represent the results for two different guard crystal 

thresholds, the upper one corresponding to a threshold of 

64 keV and the lower one to a threshold of 32 keV. Shown 

for comparison is also the float spectrum of Figure 15. 

The energy range displayed is ~80 keV to 2.16 MeV. 
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of less than 32 keV, or even 64 keV, is very small compared 

with the total compton probability. Therefore, only in 

the middle energy range is the difference between a 32 keV 

and 64 keV threshold significant. 
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V. RESULTS AND CONCLUSIONS 

In Section III the source and background spectra 

were presented and, as shown in Figure 17, an anomalous 

difference was indicated# It has been shown that an alti¬ 

tude variation between the two sets of data could explain 

the discrepancy in the spectra, although it is believed 

that the balloon's altitude was approximately constant, 

A suspected decrease in the collimating guard shield effi¬ 

ciency was shown in Section IV to be too small an effect to 

produce the observed difference. 

A third possible cause for the difference in the spectra 

could be simply time variation in the background radiation. 

Previous flights have observed background variations as 

large as approximately five percent, but the only observed 

variation of a size large enough to explain the present 

measurements is believed to be the result of a solar flare 

(Glenn, 1969). The approximately thirty percent anisotropic 

variation observed by Glenn was well correlated with the 

separation angle of the sun and the detector axis. Solar 

flare activity was detected on the day of the present flight 

(see Twieg, 1971), but, since the separation angle of the 

sun and detector was at a minimum of ~15° at the end of the 

Gen X-4- observation, only a small contribution would be 

expected from any resultant solar low-energy gamma radiation. 
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The enhancement of the background due to solar gamma rad¬ 

iation would be at lower energies and could not explain 

the large difference between source and background spectra 

observed above 500 keV. 

The original plan to use the two-hour background 

observation to improve the source measurement statistics 

must be discarded because of the apparent discordance 

between the two sets of data. As an alternate, less sen¬ 

sitive method of measuring the flux from Cen X-4, a cor¬ 

relation among the six 10-minute segments may be performed, 

using the mean angular response attenuation factor for each 

segment to extract the celestial flux. The measured count 

rate difference between any two of the six segments is 

assumed to be the result of different angular attenuation 

of the celestial component of the count rate; therefore, 

by dividing the measured difference in count rate by the 

difference in the angular attenuation factors for the two 

segments, the component of the count rate attributable to 

Cen X-4 is obtained. 

An energy-dependent angular attenuation factor was 

calculated for each pulse height channel of the six segments, 

using the measured angular response (Figure 22) and the mean 

separation angle of Cen X-4 and the detector axis during 

that segment. The best estimate of the measured flux from 

Cen X-4 was then calculated by averaging the corrected 
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FIGURE 22 

(see page 88) 

The energy dependence of the angular response 

attenuation factors. 
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OFF-AXIS ANGLE (DEGREES) 

FIGURE 22 
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differences for each channel. In the averaging process 

each difference was given a weight inversely proportional 

to its associated variance. The resulting flux was then 

corrected for instrumental absorption, K X-ray escape, and 

detection efficiency. The energy dependence of these cor¬ 

rection factors is shown in Figure 23. Figure 24 shows the 

resulting 2a upper limits on the flux from Cen X-4, corrected 

to the top of the earth's atmosphere, when the 128 pulse 

height channels are combined into eight energy intervals. 

It should be noted that, if the altitude registered by the 

Rice altimeter was accurate, these upper limits should be 

increased by an energy-dependent factor no greater than two. 

It is believed, as discussed in Section III, that the NCAR 

sensor was the accurate one and atmospheric corrections were 

made on the basis of its data. 

The calculated upper limits on the low-energy gamma- 

ray flux from Gen X-4 allow direct comparison of its be¬ 

havior with the similar behavior of Cen X-2. It can be con¬ 

cluded that Cen X-4 had no high-energy component similar 

to the hard component of Cen X-2 which was observed by Lewin 

et al. (1968a) as late as seven months after the low-energy 

maximum occurred. This is, perhaps, evidence for more than 

one type of X-ray nova or at least varying source conditions 

in the nova-type objects. There is a need for spectral 

measurements over a wider energy range, as well as a more 
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FIGURE 23 

(see page 91) 

Flux correction factors versus photon energy. The 

total flux correction factor is a product of the factors 

for measured instrumental absorption, measured K X-ray 

escape (Axel, 195*0 » and calculated photopeak efficiency 

(Miller et al., 1957). 
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FIGURE 24 

(see page 93) 

The measured flux from Cen X-4 at various times. 

Shown with the gamma-ray upper limits of the present ex¬ 

periment are the various X-ray measurements discussed in 

Section II. Also displayed for comparison is the hard 

component of Cen X-2 as measured by Lewin at al. (1968a). 
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detailed time history of the flux, before the Cen X-4 type 

of transient X-ray source can be fully understood. 

It should also be noted that the results of the GS II 

model have proved to be invaluable in subsequent flights of 

the detector system. The insight into the guard crystal 

efficiency as a function of threshold energy was a prime 

factor in the decision to increase the guard threshold on 

GS II to ~60 keV, a decision which is probably directly 

related to the complete success of a balloon flight con¬ 

ducted in 1971. It is also hoped that valuable information 

on the response of a new detector system, Gammascope VI 

(which is now being built), may be predicted by the modeling 

program. The usefulness of such modeling in designing new 

detectors would be found in calculating the predicted back¬ 

ground radiation and, consequently, in estimating the sensi¬ 

tivity of the proposed instrument. 

The results of this balloon flight include much more 

than the modeling program and the upper limits on the 

gamma-ray flux from Cen X-4. A direct result of this first 

balloon research from Argentina has been the organization 

of a yearly expedition to Argentina for scientific balloon 

research. In 1970 Rice University and two other scientific 

groups participated in an Argentine balloon expedition which 

was organized by the National Center for Atmospheric Research. 

The results from one of the six balloon flights during the 
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expedition included significant new measurements by the 

Rice group of the low-energy gamma-ray flux from three 

southern hemisphere celestial sources: the Galactic 

Center (Johnson, Hamden, and Haymes, 1972), Sco X-l 

(Haymes et al., 1972), and the Vela region including the 

pulsar PSR 0833-^5 (Harnden, Johnson, and Haymes, 1972). 

The 1971 expedition to Argentina, also organized by NCAR, 

was of even greater scope, with six scientific groups 

participating in thirteen balloon flights. The Rice Uni¬ 

versity flight included the unprecedented gamma-ray obser¬ 

vation of a lunar occultation of the Galactic Center region. 

Thus, this first balloon expedition to Argentina to observe 

the transient X-ray source, Cen X-4, also showed that Argen¬ 

tina possessed the necessary facilities for conducting use¬ 

ful southern hemisphere high-altitude balloon research. 

This attempt at measuring the gamma-ray flux of Cen X-4 

demonstrates the need for a quicker response to the reports 

of such transient objects. The best opportunity for detecting 

gamma-ray continua or, more importantly, gamma-ray line emis¬ 

sion from nova- or superaova-like sources is obviously during 

their initial stages of development. Optimum detection of 

such objects requires a gamma-ray experiment which can be 

launched within approximately one week after the first 

sighting. Better still would be continuous monitoring of the 

celestial sphere at gamma-ray energies. With this in mind, 
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the Rice University Gamma-Ray Astronomy Group, in co¬ 

operation with NCAR, is preparing a thirty-day experi¬ 

ment as a feasibility study for around-the-world gamma- 

ray balloon flights. In the future, as high-altitude 

balloon technology is advanced, continuous observation 

of the gamma-ray sky will become a reality. 
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APPENDIX A 

Compton Scattering 

The following results of compton scattering theory 

were used in the modeling program of the Nal(Tl) gamma- 

ray detector. Using the notation of Nelms (1953), the 

following definitions are made: 

a0 = hvQ/mc2, the energy of the initial photon in 

units of the electron rest energy, 

a = hv/mc , the energy of the scattered photon in 

units of the electron rest energy, 

T = (hvQ - hv)/mc , the kinetic energy of the recoil 

electron in terms of its rest energy, 

0 = the angle between the primary and scattered 

photons, 

OQ = 8TTr0
2/3 = 6.651 x 10~2^ cm2, Thompson's classical 

cross section, 

o (ct0) = total compton cross section in cm2/electron. 

The compton effect describes the scattering of a photon 

of initial energy aQ by a "free" electron, so that the 

photon has a degraded energy a, and the recoil electron has 

acquired a kinetic energy equal to aQ - a. Conserving 

energy and momentum, a can be expressed as a function of a0 

and of the scattering angle 0 t 

a = ao/[1 +
 “o^1 " cose)]* 
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It was assumed that compton scattering could he well 

represented by the differential Klein-Nishina cross 

section. The differential cross section for the scattering 

of a photon in the direction 0 per unit solid angle dO is 

then 

, ir 2(1 + cos2©) [ a 2(l - cos©)2 

da _ o v _  ^ +  o v  '   

[l + aQ(i - cos©)]
2_ (1 + cos20 ) [l + aQ(l - cos©)] 

This can also be expressed in terms of the energy of the 

scattered photon 

dq 
dQ = 

2 11 2 a o , a — +  7T + —K _   +   +   
a a ^ a ^ a Qa a ao 

o 

for a0^a^a0/(l + 2a0). 

The total compton cross section is found by integrating 

over all scattered energies, which yields 

a(a0) 2nr0 
> + % ‘2(1 + aQ) jtn(l + 2a0) 

a 2 
V. 1 [ 1 + 2a0 a o J 

o 

in( 1 + 2a0) 
+    

1 + 3a o 

(1 + 2a )2 ' 
o J 

The modeling program also required the differential 

cross section in terms of the scattered electron energy Ts 
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for 2aQ^/(l + 2aQ) ^ T ;> 0 

The result needed by the program was the compton cross 

section for scattering which transferred to the scattered 

electron energies between some T^ and T£» This is found by 

integrating the above differential cross section between 

T^ and T£» the result is 

One final relationship needed by the modeling program 

is the mean energy of the scattered photon as a function 

of the initial photon energy. This is calculated by 

a'(a0,Ti,T2) = nrQ 
2 

L o o o 

min 
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cr(a0) 

ii 
nro .r 
a 2 La< o V. 

- 2 - 
a oj 

2 a. 

1 + 2a0 

+ 
a ram 

7T 

2, 

-)+ m(i 

a, 

n^) 

+ 3^(ao3 ~ amin3) | * 

where amin = a oA1 + 2ao^ • 

2 
The general cross sections, cr , calculated (in cm /electron) 

were then converted to compton cross sections for Nal, 

T (in cm”1), by multiplying by the number of electrons per 

cm^ for Nal, 

N = 9.44 x 1023 cm"3. 

Therefore, the TC and T* used in the modeling program may 

be calculated from the above cross sections using the 

multiplicative factor N: 

TC(E) = Na(E/mc2) cm”1 , 

■T* (EfEth) = Na* (E/mc
2,0,Eth/mc

2) cm”1 . 
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APPENDIX B 

Galaxia 69 

In August of 1969. following the announcement by- 

Conner et al. (1969a) of the detection of a new X-ray- 

source in the southern sky, the Rice University Gamma-Ray 

Astronomy Group (RUG-RAG) proposed an experiment to measure 

the gamma radiation from this new object. In collaboration 

with Prof. H. E. Bosch of the Universidad de Buenos Aires, 

an expedition to Argentina was planned so that the most 

sensitive observation could be performed. The balloon 

operations were to be handled by Mr. Alfred Shipley of NCAR. 

Final preparations for the expedition, which was called 

"Galaxia 69” by the Argentines, were completed in September, 

On September 24, the scientific package, two six-million 

cubic foot balloons, and the necessary support equipment 

left Houston to be air freighted by the U. S. Air Force to 

Buenos Aires, Argentina. Due to unexplained delays in 

shipment, the equipment did not arrive in Buenos Aires until 

October 20. The following three weeks in Argentina are best 

summarized in the NCAR Scientific Balloon Facility Annual 

Report for 1969* 

Parana, Argentina was chosen as the launch 
site, and on 3 November all personnel and equip¬ 
ment arrived at the base. Two weeks additional 
delay was experienced after the arrival at Parana. 
Some of it was necessary to get the gondola ready, 
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and some days were required for the Rice engineer 
to correct deficiencies in Argentine-provided 
electronics support equipment. Also, during this 
period Argentine Air Force support was withdrawn 
intermittently. 

As might be surmised from the NCAR report, it was only 

through the superhuman efforts of the three U. S. parti¬ 

cipants, Dr. R. C. Haymes, Mr. A. G. Heath, and Mr. Alfred 

Shipley, that a balloon launch was possible. The first 

launch attempt failed when strong surface winds arose and 

destroyed the balloon midway through the inflation. The 

loss might have been prevented, had more accurate weather 

information been available. The balloon inflation period 

was also extended because the hydrogen gas that was used 

had to be transferred to the balloon from small laboratory 

cylinders. Poor weather conditions delayed a second attempt 

and it was not until November 26 that a successful launch 

was accomplished. 

The lack of a motorized launch vehicle required the 

use of the anchor line launch method. Upon release, the 

balloon's ascent pivoted from the end of a long anchor line. 

Launch personnel positioned the scientific payload, keeping 

it directly under the balloon as it pivoted upward. After 

the payload had left the ground, the anchor line was released 

from the balloon and the launch procedure was complete. 

After approximately seven hours at float altitude, 

balloon cut-down was ordered and recovery of the package 



was made by the Argentine Air Force near San Jorge, 

Argentina. RUG-RAG personnel returned to Houston the 

following day, having endured six weeks of unpleasant 

working conditions and seemingly insurmountable problems 

in order to obtain the data discussed in this thesis. 



-104- 

REFERENCES 

Axel, P., 1954, Intensity corrections for iodine X-rays 
escaping from sodium iodide scintillation crystals, 
Rev. Sci. Instr., 25, 391* 

Chodil, G., H. Mark, R. Rodrigues, F. Seward, C. D. Swift, 
W. A. Hiltner, G. Wallerstein, and E. J. Mannery, 
1967, Spectral and location measurements of several 
X-ray sources including a variable source in Centaurus, 
Phys. Rev. Lett., 19, 681. 

Chodil, G., H. Mark, R. Rodrigues, and C. D. Swift, 1968, 
Nova-like behavior of the X-ray source Centaurus XR-2, 
Astrophys. J. Lett., 152, L45. 

Chupp, E., A. Sarkady, and H. Gilman, 19&7, The 0.5 MeV 
gamma ray flux and the energy loss spectrum in CsI(Tl) 
at 4 gm/cm , Planetary Space Sci. , lj>, 881. 

Clayton, D. D., and W. L. Craddock, 1965# Radioactivity in 
supernova remnants, Astrophys. J., 142, 189* 

Clayton, D. D., S. A. Colgate, and G. J. Fishman, 1969* 
Gamma-ray lines from young supernova remnants, 
Astrophys. J., 155» 75* 

Conner, J. P., W. D. Evans, and R. D. Belian, 1969a, An' 
apparently new X-ray source, I,A.U. Circular No. 2157. 

Conner, J. P., W. D. Evans, and R. D. Belian, 1969b, The 
recent appearance of a new X-ray source in the southern 
sky, Astrophys. J. Lett., 157, L157* 

Cooke, B. A., K. A. Pounds, E. A. Stewardson, and D. J. Adams, 
1967, A cosmic X-ray survey in the southern hemisphere, 
Astrophys. J. Lett., 150, LI89. 

Cooke, B. A. and K. A. Pounds, 1971, Further high sensitivity 
X-ray sky survey from the southern hemisphere, Nature 
Phys. Sci., 229, 144. 

Craddock, W. L., Jr., 19^7, Design and calibration of an 
automatically oriented balloon-borne gamma-ray telescope, 
M. S. Thesis, Rice University. 



-105- 

Edwards, P. J., 1968, Nova model of Centaurus XR-2, 
Nature, 217, 43. 

Eggen, 0. J., and A. W. Rodgers, 1969, Identification of 
S5003 Cen with the new intense x-ray source in 
Centaurus, Astrophys. J. Lett., 158, Llll. 

Ellis, D. V., 1967, Measurement of gamma radiation from 
the Crab Nebula, Ph. D. Thesis, Rice University. 

Evans, W. D., R. D. Belian, and J. P. Conner, 1970, 
Observations of the development and disappearance of 
the x-ray source Cen XR-4, Astrophys. J. Lett., 159* L57« 

Fishman, G. J., 1968, High energy x-radiation from M87, 
M. S. Thesis, Rice University. 

Fishman, G. J., 1969, Measurements of hard x and gamma 
radiation from Virgo A and Centaurus A, Ph. D. Thesis, 
Rice University. 

Fishman, G. J. , F. R. Hamden, Jr., W. N. Johnson, III, 
and R. C. Haymes, 1969, The period and hard x-ray 
spectrum of NP0532 in 1967* Astrophys. J. Lett., 158, 
L6l. 

Francey, R. J., A. G. Fenton, J. R. Harries, and K. G. 
McCracken, 1967* Variability of Centaurus XR-2, 
Nature, 216, 773* 

Giacconi, R., H. Gursky, F. R. Paolini, and B. B. Rossi, 
1962, Evidence for x rays from sources outside the 
solar system, Phys. Rev. Lett., £, 439* 

Giacconi, R., H. Gursky, E. Kellogg, S. Murray, E. Schreier, 
and H. Tananbaum, 1972, The Uhuru catalog of x-ray 
sources, Astrophys. J., in press. 

Glenn, S. W., 1969, Atmospheric gamma radiation, M. S. 
Thesis, Rice University. 

Gratton. L., 1970, Spectroscopic and statistical properties 
of x-ray sources, Non-Solar X- and Gamma-Ray Astronomy, 
edited by L. Gratton, Springer-Verlag New York Inc., 
New York. 

Grodstein, G. W., 1957, X-ray attenuation coefficients 
from 10 keV to 100 MeV, National Bureau of Standards 
Circular, 583* 



-106- 

Gursky, H., 1970, A survey of instruments and experiments 
for x-ray astronomy, Non-Solar X- and Gamma-Ray 
Astronomy, edited by L. Gratton, Sprlnger-Verlag New 
York Inc*, New York, 

Hamden, F. R. , Jr,, 1971a, The design, construction, and 
performance of a balloon-borne gamma-ray telescope, 
M. S. Thesis, Rice University. 

Harnden, F, R.? Jr., 1971b, Hard x-ray pulsars, Ph. D. 
Thesis, Rice University. 

Harnden, F. R., Jr., W. N. Johnson, III, and R. C. Haymes, 
1972, Evidence for hard x-ray pulsations from the Vela 
pulsar, Astrophys. J. Lett., 172, in press. 

Harries, J. R., K. G. McCracken, R. J. Francey, and A. G. 
Fenton, 19&7, A strong x-ray source in the vicinity 
of the constellation Crux, Nature, 215, 38. 

Haymes, R. C., and W. L. Craddock, Jr., 1966, High-energy 
x-rays from the Crab Nebula, J^ Geophys. Res., 71, 3261. 

Haymes, R. C., D. V. Ellis, G. J. Fishman, J. D. Kurfess, 
and W. H. Tucker, 1968a, Observation of gamma radiation 
from the Crab Nebula, Astrophys. J. Lett., 151. L9« 

Haymes, R. C., D. V. Ellis, G. J. Fishman, S. W. Glenn, 
and J. D. Kurfess, 1968b, Detection of gamma radiation 
from the Cygnus region, Astrophys. J. Lett., 151» L125. 

Haymes, R. C., D. V. Ellis, G. J. Fishman, S. W. Glenn, 
and J. D. Kurfess, 1968c, Detection of hard x radiation 
from Virgo, Astrophys. J. Lett., 151» L131. 

Haymes, R. C., D. V. Ellis, G. J. Fishman, S. W. Glenn, 
and J. D. Kurfess, 1969a, Search for gamma radiation 
from Centaurus A, Astrophys. J. Lett., 155» L31. 

Haymes, R. C., D. V. Ellis, G. J. Fishman, S. W. Glenn, 
and J. D. Kurfess, 1969b, Observation of hard radiation 
from the region of the galactic center, Astrophys. J., 
157, 1455. 

Haymes, R. C., S. W. Glenn, G. J. Fishman, and F. R. Harnden, 
Jr., 1969c, Low-energy gamma radiation in the atmosphere 
at mid-latitudes, J. Geophys. Res., 7^. 5792. 



-107- 

Haymes, R. C., and F. R. Hamden, Jr., 1970# Low-energy 
gamma radiation from Cygnus, Astrophys. J., 159, 1111. 

Haymes, R. C. , F. R. Hamden, Jr., W. N. Johnson, III, 
H. M. Prichard, and H. E. Bosch, 1972, The low-energy 
gamma-ray spectrum of Scorpius X-l, Astrophys. J. 
Lett., 172, L47. 

Heath, R. L., 1964, Scintillation spectrometry gamma-ray 
spectrum catalogue, A.E.C. Research and Development 
Report, ID0-16880-1. 

Hildebrand, R. I., and W. C. Outten, 1958, Energy and 
angular distribution of gamma rays, bremsstrahlung 
and annihilation radiation in a lead cylinder, 
Martin Co. Engineering Report, 10485, 

Jacobson, S., 1968, A search for gamma-ray line emissions 
from the Crab Nebula, Ph. D. Thesis, University of 
California, San Diego. 

Johnson, W. N., Ill, F. R. Hamden, Jr., and R. C. Haymes, 
1972, The spectrum of low-energy gamma radiation from 
the galactic center region, Astrophys. J. Lett., 
172, LI. 

Kitamura, T., M. Matsuoka, S. Miyamoto, M. Nakagawa, M. 
Oda, Y. Ogawara, and K. Takagishi, 1969* Observation 
of a newborn x-ray source, Nature, 224, 784. 

Kitamura, T., M. Nakagawa, K. Takagishi, M. Matsuoka, S. 
Miyamoto, M. Oda, and Y. Ogawara, 1971, Energy spectrum 
of a nova-like x-ray source, Nature, 229, 31. 

Kreger, W. E., and R. L. Mather, 1967, Background, shielding, 
and collimation, Scintillation Spectroscopy of Gamma 
Radiation, edited by S. M. Shafroth, Gordon and Breach, 
Inc., New York. 

Lederer, C. M., J. M. Hollander, and I. Perlman, 1967, 
Table of Isotopes, John Wiley and Sons, Inc., New York. 

Lewin, W. H. G., G. W. Clark, and W. B. Smith, 1968a, 
Observation of Cen XR-2 and other high-energy x-ray 
sources in the southern sky, Astrophys. J. Lett., 152, 
149. 



-108- 

Lewin, W. H. G., G. W. Clark, and W. B. Smith, 1968b, 
High energy X-rays from Cen XR-2, Nature, 219, 1235* 

Lewin, W. H. G., J. E. McClintock, and W. B. Smith, 1970* 
Decrease in the high-energy X-ray flux from Centaurus 
SR-2, Astrophys. J. Lett., 159, L193» 

Manley, 0. P., 19&7, X-ray emission from Cen XR-2, Phys * 

Rev. Lett., 19, 1144. 

Miller, W. F., J. Reynolds, and W. J. Snow, 1957, Effi¬ 
ciencies and photofractions for sodium-iodide crystals, 
Rev. Sci. Instr., 28, 717* 

Miller, W. F., and W. J. Snow, 1951, Monte Carlo calculation 
of the energy loss spectra for gamma rays in sodium 
iodide and cesium iodide, Argonne National Laboratory 
Report, No. 63I8. 

Nelms, Ann T., 1953, Graphs of the compton energy-angle 
relationship and the Klein-Nishina formula from 
10 keV to 500 MeV, National Bureau of Standards Circular 
542. 

Payne-Gaposchkin, C., 1957, The Galactic Novae. North-Holland 
Publishing Company, Amsterdam. 

Peterson, L., 1963, The 0.5 MeV gamma-ray and the low-energy 
gamma-ray spectrum to 6 grams per square centimeter 
over Minneapolis, J. Geophys. Res., 68, 979» 

Puskin, J. S., 1970, Low-energy gamma rays in the atmosphere, 
Smithsonian Astrophys. Obs. Special Report, 318* 

Radio Corporation of America, 1961, RCA 8054 Multiplier 
Phototube, Electron Tube Division Report, 8054, 5-51. 

Rao, U. R., E. V. Chitnis, D. P. Sharma, A. S. Prakasarao, 
and U. B. Jayanthi, 1971, X-ray observation of Cen XR-4 
and Nor XR-2, Nature, 229, 248. 

Shafroth, S. M., 1967* Response of sodium iodide to neutrons, 
Scintillation Spectroscopy of Gamma Radiation. Edited by 
S. M. Shafroth; published by Gordon and Breach, Inc., 
New York. 

Thomas, R. M., G. Buselli, M. C. Clancy, and P. J. N. Davison, 
1969, Balloon observations of a new-born X-ray source, 
Astrophys. J. Lett., 158, L151, 



-109- 

Tucker, W. H., 1967, Cosmic X-ray sources, Astrophys. J., 
148, 745. 

Twieg, D. B., 1971» A measurement of hard x and gamma 
radiation from Sco X-l, M. S. Thesis, Rice University. 

Zerby, C. D. and H. S. Moran, 1961, Calculation of the 
pulse-height response of Nal(Tl) scintillation counters, 
Oak Ridge National Laboratory Report, 3169. 


