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It "ABSTRACT 

AZIMUTHAL DEPENDENCE OF THE ATMOSPHERIC 

GAMMA-RAY BACKGROUND 

by 

DAVID H. SHELTON 

On May 15, 1973 a balloon borne gamma-ray detector 

belonging to Rice University was launched from Palestine, 

Texas. From 19:40 CDT to 21:25 CDT the atmsopheric gamma- 

ray background was observed from 56 KeV to 12.4 MeV in 

energy. The directional detector was pointed at a constant 

zenith angle of 13.4° and viewed the atmospheric back¬ 

ground at all values of azimuth angle. The experiment 

2 
was carried out at altitudes of roughly 3.5 gm/cm 

residual atmosphere. 

The detector consisted of a central crystal of Nal(Tl) 

which was actively collimated by a shield of the same 

material. The instrument had a beam width of 15° full 

width half maximum. 

Results are consistent with an observed sinusoidal 

perturbation of the average background count rate between 



56 KeV and 375 KeV of the form 

R = B[1 + (0.0188 + 0.0033)sin(Az - (12° ± 22°))] 

where R is the photon count rate, B is the average photon 

count rate, and Az is the azimuth angle at which the 

instrument was pointed. No similar behavior was observed 

at other energies. 
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I. INTRODUCTION 

On May 15, 1973 a balloon-borne scintillation detector 

was launched from Palestine, Texas to observe gamma-rad¬ 

iation from the crab Nebula and other discrete sources 

of celestial gamma-radiation. After observing the first 

two sources the experiment suffered a pointing failure. 

This resulted in the detector spinning freely with the 

balloon. The mean rotation period was roughly 45 minutes. 

The detector was inclined at a constant zenith angle of 

13.4°. 

Data analysis of discrete gamma-ray sources at Rice 

University has always proceeded under the assumption that 

the atmospheric background of gamma-ray photons is free 

from azimuthal dependence. During a flight, the source 

is observed for a few minutes, after which the telescope 

is rotatated 180° in azimuth to observe the background 

radiation upon which the source is superimposed. This 

procedure is repeated many times during a flight. Later, 

the background count rate is subtracted from the source 

plus background rate to determine the number of photons of 

of extraterrestrial origin striking the detector. Since 
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the flux of gamma-ray photons from even the strongest 

celestial source is completely swamped by the atmospheric 

background, even a small azimuthal dependence might 

introduce serious systematic error. 

The pointing failure provided an opportunity to 

test the assumption of azimuthal isotropy by observation. 

In all, an hour and 40 minutes of usable data was obtained 

with at least one scan over every angle of azimuth. 
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II. GAMMA RAYS IN THE ATMOSPHERE 

The principle gamma-ray production mechanisms are 

as follows: 

a. ) electron bremsstrahlung 

b. ) synchrotron radiation 

c. ) inverse Compton process 

d. ) positron annihilation 

e. ) nuclear de-excitation 

Q 
f. ) I] decay 

a. electron bremsstrahlung 

This is the inelastic scattering of electrons by 

the coulomb field surrounding a nucleus or another 

electron. Electron bremsstrahlung is by far the dominant 

gamma-ray producing mechanism in the atmosphere at 

balloon altitudes (see Table 1.). The bremsstrahlung 

cross section is inversely proportional to the square of 

the mass of the incident particle so bremsstrahlung by 

protons and heavier particles is generally negligible 

compared to that of electrons. 

The electrons have several sources. First, there is 

a small number (about 1% of the nucleonic component) of 
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electrons in the primary cosmic radiation. They begin to 

undergo bremsstrahlung immediately upon entering the 

atmosphere, the hard photons they produce initiating 

electromagnetic cascades. 

Of far greater importance, however, are the second¬ 

ary and higher order electrons produced as products of 

cosmic ray bombardment of air. In collisions between 

cosmic ray nuclei and air nuclei, neutral and charged pions 

are produced in profusion. The incident nucléon itself 

emerges with reduced energy. The charged pions (half life 

-9 
2.55 X 10 sec), except at extreme energies where the time 

dilation is effective, generally decay into muons and 

neutrinos. The muons, because of their relatively long 

lifetime (half life 2.21 X 10 sec) can penetrate deep 

into the atmosphere, even to the surface, but a fraction 

of them, especially the slower moving ones, have a chance 

to decay into electrons and neutrinos high in the atmosphere. 

TT- ^JX- * V 

ju* + v 4-v 
Neutral pions decay almost instantaneously (half life 

*“16 
1.0 X 10 sec) into two gamma-rays which themselves 

initiate electromagnetic cascades. 

5 
Since the atom is of the order of 10 times larger in 

diameter than the nucleus, coulomb collisions between air 
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atoms and primary, secondary, and higher order cosmic ray 

particles are more important than any nuclear process. 

Such collisions dislodge atomic electrons. These "knock- 

on" electrons may be very energetic and undergo subsequent 

bremsstrahlung. At high altitudes reentrant albedo 

electrons dominate the population of secondary electrons 

2 
but as one descends to roughly 10 gm/cm residual atmosphere, 

muon decay electrons become important, 

b. synchrotron radiation 

Synchrotron radiation is emitted by a relativistic 

charged particle in the presence of a magnetic field 

component perpendicular to its motion, power radiated is 

inversely proportional to the fourth power of the particle's 

mass and frequency of emission is inversely proportional 

to the cube of the particle's mass. Therefore, gamma- 

ray synchrotron emission by protons and heavier particles 

is generally not important. 

Relativistic electrons moving in a magnetic field 

emit photons about a characteristic frequency given by 

where is the component of the magnetic field perpendicular 

to the electron velocity, E is the electron energy, and mQ 
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is the electron rest mass. At 500 KeV in photon energy 

Electrons of this energy are a negligible fraction of the 

electron flux so the synchrotron process is not a significant 

source of gamma-ray photons in the atmosphere, 

c. inverse Compton scattering 

This process is the scattering of electrons off of 

photons with energy transfer from the electron to the 

photon. The average energy transferred in such a collision 

is given by 

where the incident energies of the electron and photon 

are E and k respectively and if one assumes high energy 

electrons (v ££ c). The average solar photon has roughly 

1.4 ev of energy so that 1 Bev electrons can scatter from 

them with the scattered photons having energies in the 

low energy gamma-ray region. However, as pointed out by 

Dolan and Fazio (1965), a relativistic electron starting 

out from the sun has less than a ten percent probability 

of scattering off of a solar photon before reaching the 

earth. Inverse Compton scattering of electrons within the 

atmosphere is a miniscule source of photons and is entirely 

20 -1 12 
(Uc= 7.6 X 10 sec ) and BA = 1 gauss, E = 1.9 X 10 ev. 
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swamped by bremsstrahlung of the same electrons. 

d. positron annihilation 

Because about 85% of all atmospheric positrons an¬ 

nihilate from rest ( Puskin 1970), one expects a con¬ 

tribution only near 511 Rev, corresponding to the rest 

energy of the positron. Such photons are of course 

subject to degradation as they traverse the atmosphere. 

e. nuclear de-excitation 

The dominant set of reactions for producing line 

radiation in the atmosphere ( with the exception of positron 

annihilation) are fast neutron (E > 1 Mev) inelastic scat¬ 

tering reactions such as 

14 14 
n + N  > N +n+Y Ey = 2.31 Mev 

n + O16 > 0^ + n + Y EY = 6.13 Mev 

The incident neutron collides with the target nucleus and 

emerges leaving the nucleus in an excited state. The 

nucleus then decays to its ground state emitting one or 

more photons. 

Gamma-rays may also be created by slow neutron captures, 

14 15 
(for example, N (n,Y)N ) and by spallation from energetic 

14 13 
protonsp N (p,2p)C for example. The product nucleus 

may emerge in an excited state. 
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f. gamma-rays from IT decay 

Mesons are copiously produced by cosmic ray inter¬ 

actions with atmospheric nuclei. Gamma-rays are then 

produced via the following decay channels 

TT°  

Each photon has 70 Mev of energy in the rest frame of the 

pion. The photons can be degraded by scattering to energ¬ 

ies below 10 Mev so it might appear pion decay is a pro¬ 

mising source of gamma-ray photons in our energy range, 

however, such is not the case. Puskin (1970) has performed 

calculations using Monte Carlo methods which indicate the 

o 
ratio of TT decay photons to bremsstrahlung photons xn 

the 7-10 Mev region is less than 1% and this ratio will, 

of course, decrease with energy. 

g. gamma-ray transmission in the atmosphere 

When traversing the atmosphere, a gamma-ray photon 

is subject to degradation and scattering via the following 

three mechanisms: 

1. photoelectric absorption in which the incident 

photon is completely absorbed by an atomic system, 

emitting a k shell electron and a secondary 

k x-ray or auger electron. 
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2. Compton scattering in which the incident photon 

scatters off an atomic electron, depositing some 

of its energy with the electron and knocking 

it free of the atom. 

3. pair production in which the incident photon 

is completely absorbed in the coulomb field of 

an atomic nucleus, emitting an energetic electron- 

positron pair. 



Table 1 

Summary of some of Puskin's 1970 results. They 

were obtained using a Monte Carlo computer program which 

traces electromagnetic cascades in the atmosphere. 

The program uses as input observed electron spectra found 

by Verma (1967) and Israel (1969) and pion spectra cal¬ 

culated by perola and Scarsi (1966). When a photon is 

produced the program follows its path through the atmo¬ 

sphere, choosing its interaction with the air to be either 

Compton scattering or pair production according to a 

random selection weighted by the respective cross section 

(photoelectric absorption is unimportant at 0.3 Mev and 

above and so was not included in the calculations). 

The number quoted for nuclear de-excitation does not 

account for proton-nuclear reactions. 



Table 1 

0.3 MeV - 10 Mev Gamma-Ray Flux at 3.5 mb 

process fraction of total 

electron bremsstrahlung 84% 

0.511 Mev line 10% 

nuclear de-excitation <5% 

TT° decay < 1% 



Figure 1 

Range of photons in various materials as a function 

of photon energy. Ranges of various particles are also 

shown. Sources of data are in upper left corner of 

figure. The photon range is the distance required to 

reduce a beam by a factor of 1/e. 
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III. INSTRUMENTATION AND CALIBRATIONS 

a. instrumentation 

The detector used in this experiment is a two inch 

long by six inch diameter crystal of doped sodium iodide 

(Nal(Tl)). Such a crystal scintillates optically when 

struck by a gamma-ray photon. The observing "band width" 

of the experiment was 56 KeV to 12.4 Mev. Photons in this 

energy range interact with the crystal via the three 

mechanisms enumerated in the previous section. With each 

of the above mechanisms, the energy of the incident photon 

is converted to excited atomic states whose decay is ac¬ 

companied by the emission of optical photons. These 

optical photons are detected by photomultiplier tubes. 

The size of the current pulse from the photomultiplier tube 

is directly proportional to the energy deposited in the 

crystal. 

Because the earth's atmosphere is opaque to gamma- 

radiation, to observe extraterrestrial gamma-rays it is 

necessary to lift the detector to altitudes of roughly 

120,000 feet, corresponding to a residual atmosphere of 

2 
less than 5 gm/cm . This reduces the atmosphere's ex¬ 

ponential attenuation of the gamma-rays to an acceptable 
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level. 

At these altitudes the earth's atmsophere is itself 

an intense source of gamma radiation because of cosmic 

ray interactions. It is desirable to shield as large a 

solid angle of the crystal as possible from this background. 

Thus, the 2" X 6" crystal, or central detector, rests in 

the well of a larger structure, also of Nal(Tl), as in¬ 

dicated in figure 2. This larger structure, or shield, 

o 
serves as a collimator having a fiôld of view of 15 . 

It is viewed by photomultiplier tubes and is wired in 

anticoincidence with the central detector. If a gamma- 

ray photon or charged particle is incident upon the cen¬ 

tral detector from the sides or the rear it must first 

pass through the shield where it will cause a scintillation. 

If a scintillation is observed simultaneously in the 

central detector, it will not be counted. Unlike a passive 

collimator, this design provides protection from prompt 

secondary photons and charged particles produced within 

the shield. 

In addition to collimation, the shield performs 

another function. It is possible for a gamma-ray to 

enter the central crystal from the front and interact 

without depositing all of its energy therein. This occurs 
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whenever a k x-ray or a Compton electron escapes from the 

central crystal. When this k x-ray or Compton electron 

enters the shield, it will produce a scintillation. 

Anticoincidence will reject such an event. Ideally, 

only those events in which there is a total energy deposi¬ 

tion in the central detector will be counted. 

In order to provide full 4tr sterâdian protection from 

charged particles, the aperture in the shield is covered 

with a sheet of 1/4 inch scintillating plastic. The 

plastic is viewed by photomultiplier tubes and wired in 

anticoincidence with the central detector. It is virtual¬ 

ly transparent to gamma-rays. 

The on board electronics were divided into two pulse 

height analyzers, each containing 256 channels. The elec¬ 

tronics of each analyzer were configured to analyze all 

events in the central crystal depositing energy above a 

certain lower threshold and below a certain upper threshold 

and which were not rejected by anticoincidence. The 

thresholds were set from 56 Kev to 1 MeV for the low energy 

or "A" analyzer and from 1 Mev to 12.4 Mev for the high 

energy or "B" analyzer. The first channel of the B analyzer 

served as an overflow channel, summing all events of energy 

greater than 12.4 Mev. The pulse height channel of each 
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event was digitized into a 9 bit word and telemetered to 

the ground where it was recorded on magnetic tape. 

"Housekeeping" voltages yielding pointing and engineer¬ 

ing information were digitized into 10 bit words and 

telemetered. These housekeeping parameters were sampled 

31 times per second and recorded on magnetic tape. They 

were also placed on two commutators where they were 

sampled once every three seconds and could be viewed in 

real time. 

Also recorded on magnetic tape was the time code of 

a time code generator as well as the signal of the u.S. 

radio station, WWV. 

The shield and central detector assembly constitute 

the "telescope" which was mounted in a fork type equatorial 

mounting. This equatorial mounting assembly is attached 

to the balloon gondola upon which it is free to rotate 

in azimuth. During a flight the gondola is coupled to the 

rotation of the balloon but the polar axis of the tele¬ 

scope mounting is continuously pointed toward the celestial 

pole. This is done with a motor driven by magnetometers 

which sense the geomagnetic field. The motor rotates the 

equatorial mounting assembly in a direction opposite to that 
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in which the gondola is rotating. It was this function 

that failed during the latter part of the balloon flight 

and led to this experiment, 

b. calibrations 

The following calibrations are judged to be of par¬ 

ticular importance to this experiment and merit special 

mention. 

1. ) polar and declination axes: each axis is mated to 

two potentiometers, one of which cycles much more rapidly 

than the other. The "fast pot" provides fine resolution 

(1/4°) while the "slow pot" reveals which cycle the fast 

pot is on. The respective potentiometer voltages are a 

function of the axis orientation and are calibrated 

prior to the flight. 

2. ) altimeter; the altimeter measures the thermal con¬ 

ductivity of the air which is translated into a voltage 

and fed to the telemetry system. Since the thermal con¬ 

ductivity of the air is a function of the gas density, 

this yields the altitude. The altimeter provides sensi- 

, 2 
tive measurements (0.06 gm/cm or roughly 300 ft at float 

altitudes) above altitudes of about 100,000 feet and was 

calibrated before the flight. 
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3. ) magnetometers: two flux-gate magnetometers measure 

the two components of the geomagnetic field parallel to 

the earth's surface. The results of the magnetometer 

calibrations are shown in figure 6. 

4. ) energy: the pulse height analyzers are calibrated 

using small quantities of radioactive isotopes that pro¬ 

duce nuclear lines of known energy. Table 2 is a list of 

these isotopes. The results of the energy calibrations 

were the following relations: 

A analyzer E(Kev) = 30.0 + 4.03n 

B analyzer E(Mev) = 1.05 + 0.046n 

where E is the photon energy and n is channel number. 

Sometime after the launch but before reaching float 

altitude, the A analyzer experienced a gain change, in 

flight calibration was made using two peaks visible in 

the atmospheric background spectrum (see figure 7). 

The energy relation for the A analyzer was revised to 

E(KeV) = 56.0 + 3.97n 

Unfortunately, a monochromatic source does not de¬ 

posit counts in a single channel as might be expected. 

These counts will be summed under a rather broad peak 

that is generally assumed to be of gaussian shape. 

By convention, the resolution is taken as the width of 
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the peak measured halfway down from its apex and expressed 

as a percent ratio over the energy about which the peak 

-1/2 
is centered. This ratio goes roughly as E where E 

is the energy of the line being measured, percent resol¬ 

utions at various energies are included in table 2. 



Figure 2. 

Schematic diagram of Nal(Tl) scintillation detector 

system. The shield crystal provides collimation and 

charged particle rejection and supresses Compton events 

through anticoincidence. The plastic scintillator 

rejects charged particles but is transparent to 

gamma-rays. Four photomultiplier tubes observe the plastic, 

six observe the shield from the front, nine observe the 

shield from the rear, and one observes the central 

detector. 
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Figure 3 

Complete cross sections of sodium iodide showing 

total absorption and fractional componenets due to 

Compton scattering, photoelectric absorption, and 

pair production. Data from NBS circular No. 583. 



figure 3 



Figure 4 

Block diagram of the 1973 256 channel pulse height 

analyzers. The 512 pulse height channels of the analyzers 

are coded into a 9 bit binary word and presented to the 

telemetry system as an asynchronous PCM signal. 
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Figure 5 

Block diagram of the telemetry ground station. 

The equipment is arranged to receive and record per¬ 

tinent data. Real-time display permits monitoring and 

control of the experiment during the flight. 
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Figure 6 

Magnetometer calibrations. Magnetometer voltage is 

plotted as function of azimuth. The two magnetometers 

measure the components of the geomagnetic field parallel 

and perpendicular to the horizontal projection of the 

polar axis. The solid curve is that of the "perpendicular" 

magnetometer, the dashed curve that of the "parallel" 

magnetometer. 
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Table 2 

resolution 
isotope energy (Mev) peak channel (FWHM) 

54 
Mn 0.835 201.5 + 0.5 12.8% 

22 
Na 0.511 118.0 + 0.5 16.7% 

1.275 268.0 + 0.5 

133 
Ba 0.080 14.0 + 0.5 36.2% 

226 
Ra 1.12 266.5 + 0.5 12.6% 

1.76 281.0 + 0.5 

„ 60 Co 1.17 266.0 + 0.5 
1.33 269.0 + 0.5 

„ 57 CO 0.125 23.5 + 0.5 

241 
Am 0.060 8.5 + 0.5 

„ 137 Cs 0.662 159.0 + 0.5 12.8% 

PuBe 2.22 291.0 + 0.5 11.2% 
4.43 343.0 + 0.5 7.3% 
5.91 378.0 + 0.5 
6.84 398.0 + 0.5 4.9% 
7.53 414.0 + 0.5 



Figure 7 

Background spectrum over Argentina, April 1, 1974. 

The peak at 203 Kev is caused by inelastic scatter of 

127 
neutrons off I within the scintillator. The 511 Kev 

peak is probably a true feature of the atmosphere. Both 

were used for in-flight energy calibration during the 

balloon flight of May, 1973 of which this experiment was 

a part. Count rate has not been corrected for instrumen¬ 

tal efficiency, k x-ray escape, or instrumental absorp¬ 

tion. The apparent peak at 40 Kev is an artifact of the 

instrument caused by the first few channels being 

partially dead. 
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IV. DATA ANALYSIS 

A summary of the data analysis follows: 

1. ) Digitize the analog flight tapes with SDS 92 computer. 

The new digital tapes are then used at Rice Uni¬ 

versity's Institute for Computing Sciences and 

Applications, which is equipped with an IBM 370 

computer. 

2. ) Segment the period of the flight subsequent to the 

failure of the azimuth pointing into small time 

intervals, hereafter referred to as scan segments. 

Each scan segment corresponds to 20° interval of 

azimuth angle. 

3. ) Calculate where on the celestial sphere the telescope 

was aimed as a function of time to determine if any 

known gamma-ray sources passed through the field of 

view and contaminated the data. 

4. ) Correct the count rates for altitude variations of 

the balloon. 

5. ) Examine the altitude corrected count rates for azimuth 

dependence. 
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a. segmentation 

From 19:45 CDT to 21:25 CDT the instrument corotated 

with the gondola. This time interval was split into 26 

segments, each corresponding to a rotation of the instru- 

o 
ment through an azimuth angle of 20 . Each segment was 

purged of time intervals which were noisy or in which 

there were telemetry lapses. 

For each of the above scan segments, individual pulse 

height channels were summed together into consecutive 

energy bins, each spanning roughly one energy resolution. 

Table 3 lists these energy bins. The standard deviations 

of the N counts in each energy bin were calculated to be 

1/2 
N (Poisson statistics). All count rates and standard 

deviations were then time normalized to 5 minutes. 

b. altitude corrections 

Since the altitude of the balloon was not constant 

in time and since the intensity of the atmospheric gamma- 

ray background is a function of altitude, it was necessary 

to correct for altitude variations during the observing 

period. This was done using data obtained dùring the bal¬ 

lon ascent as follows. 

During the ascent the instrument corotated with the 
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gondola at a constant zenith angle of 9.8°. The ascent 

was divided into consecutive 5 minute intervals, a com¬ 

promise between altitude resolution and counting stat- ' 

istics. Just as for the scan phase of the flight, each 

segment was purged of time intervals which were noisy. 

Individual channels were summed into consecutive one 

resolution width energy bins and standard deviations were 

calculated for each segment just as before. The count 

rates and standard deviations were then time normalized 

to one second. 

Next, power law growth curves were fit to the ascent 

cL » 
data (see figure 11). The curves have the form C. = A.h 1 

ii 

for each energy bin i where is the count rate and h 

is the altitude, or more properly, the atmospheric depth 

2 
in gm/cm . and a^ are the parameters to be determined. 

i 
They were varied to minimize the quantity H . For each 

energy bin i, 

where N.. is the number of counts in the i 

„. . ., _ . th . . _ .    __ . . 

. th 
energy bin 

during the j time interval, (Tj^, is the standard deviation 

time interval 
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The standard deviations of the fitting parameters 

a. and are determined by incrementing each one indepen¬ 

dently from its best fit value until the minimum value of 

■L 

% determined during the fitting procedure is increased 

by 1. The standard deviation of the fitting parameter 

is the difference between its new and its old value. 

Table 3 lists the exponents a. and their standard 

deviations for each energy bin. The values that appear 

are the reduced chi-square, %y. The reduced chi-square 

is simply ^divided by the number of degrees of freedom, 

y , in the system upon which the fit is being performed. 

Since there are two fitting parameters in this case, the 

number of degrees of freedom is the number of points less 

2. The exponents were determined using data between 21.25 

2 2 
gm/cm and 4.9 gm/cm atmospheric depth. As can be seen 

from figure 1, the first value represents the range of 

a photon of roughly 3 MeV in energy and the second that of 

a photon of about 100 KeV in energy. 

The 26 scan segments were altitude normalized to 3.75 

2 th 
gm/cm atmospheric depth. For the i segment, 

C.(h) = A.hai 
1 1 

C±(3.75) = Ai(3.75)
ai 
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so C (3.75) = C.(h)(3.75/h) 1 

l i 

= c
i(h)fi 

th 
where f is the correction factor for the i energy bin. 

The standard deviation of f. is found as follows: 

i ^xlèlV > UJ + ^ (>vj 
°il= (h#4^z 

The above expressions contain no cross terms because 

fluctuations in h. and a. are uncorrelated. Altitudes 
l i 

y 2 could be determined to within roughly 0.06 gm/cm atmo¬ 

spheric depth and this is the value that has been used for 

Of course, A and a are functions of zenith angle as 
i i 

well as of energy. As the zenith angle increases one 

views a progressively thickening column of photon pro¬ 

ducing medium, so A^ wiil grow. The thickening column of 

medium increases the relative importance of gamma-ray 

absorption at low energies as opposed to high energies. 

This is because the low energy photons are less penetrat¬ 

ing. Furthermore, because of absorption, fewer photons 
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of the "cosmic background" reach the detector* (the cosmic 

background is a diffuse glow of gamma-radiation that 

appears to be present everywhere on the celestial sphere 

and may be of cosmological significance). The result of 

these last two factors is that a. will not increase so 
l 

quickly with energy and the growth curves will have more 

nearly the same slopes, 

c. pointing 

After the pointing failure, commands were sent from 

the ground to reconfigure the axis orientation of the 

instrument such that, had the azimuth pointing system 

been operative, the telescope would have been aimed at 

a point of the celestial sphere having a declination of 

o o 
43 .4 and an hour angle of 0 * The axis orientation was 

not changed during the observing period. The azimuth of 

the polar axis and that of the telescope's mechanical 

axis coincided and were found directly from the mag¬ 

netometer calibrations. 

* At low gamma-ray energies and low zenith angles the 
atmospheric gamma-ray background is contaminated by this 
"cosmic backgrounds The contamination increases with alti¬ 
tude. Because the cosmic background flux falls off rapid¬ 
ly with energy, a similar contamination is not observed 
at higher energies. This accounts in part for the steep¬ 
ening of the growth curves apparent in figure 11. 
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Telescope zenith angle and azimuth are known for any 

given time and these horizontal coordinates were converted 

to celestial coordinates via the Euler transformation, 

<p« 0 » «*-«1 ' ( see figure 8 ), where 7} is the 

balloon colatitude. This yields the transformation matrix 

A. 

A = 

0 -cos'»! sin^\ 

10 0 

sinn cos 

where X , = AX, , , . 
celestial horizontal 

After some algebra, the final relations are obtained. 

§ = sin ^[sin^costAz)sin(ZA) + cosrçcos(ZA)] 

HA = tan ■*■[ (sin (ZA) sin (Az) )/(cosfycos (Az) sin (ZA) 

- sin^cos(ZA))] 

They were used to construct the skymap in figure 9 on 

which known x-ray sources from the third UHTJRU catalog 

of x-ray sources have been plotted. 

The field of view of the instrument passed through 

no x-ray source listed in the third UHURU catalog except 

during the last four segments when NGC 3862, the Coma 

cluster of galaxies, and NGC 4151 were scanned. All are 

weak sources in the UHURU energy band of 2 Kev - 6 Kev 
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* 

compared to an object like the Crab Nebula. NGC 4151 is 

a Seyfert galaxy similar optically to NGC 1275 which was 

observed with negative results during the flight of which 

this experiment was a part. However, L. Peterson of the 

University of California at San Diego has recently announc¬ 

ed the (as of yet unpublished) results of an observation 

of NGC 4151 consistent with a 0.01E power law spectrum 

out to an energy of 50 Kev. 

Because they do not exhibit anomolously high counting 

rates, these four segments were included in the remainder 

of the data analysis, even though they are possibly con¬ 

taminated by photon fluxes of extraterrestrial origin. 



Figure 8 

Coordinate transformation from horizontal to celes 

tial coordinates. The transformation is an Euler trans 

formation with = 0 # 6 = and ^ = -ïï/2 



HORIZONTAL COORDINATES CELESTIAL COORDINATES 

z 

celestial equator 
meridian 

ZA = zenith angle 

Az = azimuth 

x = sin(ZA)sin(Az) 

Y = sin(ZA)cos(Az) 

z = cos (ZA) 

S= declination 

HA = hour angle 

x^ = cosScos(HA) 

y1 = -cosSsin(HA) 

z = srn6 

figure 8 



Figure 9 

Position of the center of the field of view of 

the detector during the experiment. X-ray sources from 

the third UHURU catalog appear as crosses. 
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Figure 10 

2 
Balloon atmospheric depth in gm/cm as a function 

of time during the observing period. Depths plotted are 

those used in the correction factors and reflect the 

altitudes of the balloon at the midpoints in time of 

each segment. 



T
I
M
E
 
(
C
D
T
)
 

GM/CM2 

(jJ U> 
• • 

vO 

U) 
00 

u> 
VT 

N> 
O 

f
i
g
u
r
e
 
1
0
 



Figure 11 

Representative power law growth curves used to correct 

for altitude changes during the experiment. The power 

laws, appearing as straight lines, were fit to the 

2 2 
data between 21.25 gm/cm and 4.9 gm/cm atmospheric depth. 

Count rates have not been corrected for instrumental 

efficiency, k x-ray escape, or instrumental absorption. 
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Table 3 

Atmospheric gamma-ray growth curves. Column 1 

lists the one resolution wide energy intervals. Column 2 

lists the exponents a^ corresponding to the growth 

curve for each energy bin, i. Column 3 lists the reduced 

chi-square of the best fit power law. Each fit has 

seven degrees of freedom. 



Table 3 

0.056 - 0.088 0.21 

0.088 - 0.120 0.22 

0.120 - 0.159 0.22 

0.159 - 0.203 0.22 

0.203 - 0.251 0.20 

0.251 - 0.307 0.22 

0.307 - 0.375 0.21 

0.375 - 0.438 0.24 

0.438 - 0.513 0.15 

0.513 - 0.592 0.22 

0.592 - 0.680 0.13 

0.680 - 0.771 0.16 

0.771 - 0.866 0.16 

0.866 - 0.966 0.08 

0.966 - 1.05 0.11 

1.05 ■ - 1.33 0.25 

1.33 ■ - 1.60 0.23 

1.60 - 1.88 0.25 

1.88 • - 2.20 0.23 

2.20 ■ - 2.52 0.20 

2.52 - 2.84 0.24 

2.84 ■ - 3.17 0.21 

3.17 -3.54 0.32 

3.54 ■ - 3.91 0.33 

3.91 - 4.28 0.40 

jâ 
0.83 

0.99 

1.35 

0.30 

1.27 

1.30 

0.43 

1.06 

0.91 

1.64 

1.60 

0.70 

0.46 

0.80 

2.31 

0.91 

2.06 

1.69 

1.32 

1.61 

1.46 

0.42 

2.36 

0.97 

+ 0.09 0.76 

Atmospheric Gamma-Ray Growth Curves 

energy (Mey) a. 
—l 

+ 0.02 

+ 0.02 

+ 0.02 

+ 0.02 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.03 

+ 0.04 

+ 0.05 

+ 0.06 

+ 0.06 

+ 0.07 

+ 0.07 

+ 0.08 



4.28 - 4.65 0. 
4.65 - 5.01 0. 
5.01 - 5.43 0. 
5.43 - 5.85 0. 
5.85 - 6.08 0. 
6.08 - 6.49 0. 
6.49 - 6.91 0. 
6.91 - 7.32 0. 
7.32 - 7.74 0. 
7.74 - 8.20 0. 
8.20 - 8.66 0. 
8.66 - 9.12 0. 
9.12 - 9.58 0. 
9.58 - 10.04 0. 
10.04 - 10.54 0. 
10.54 - 10.96 0. 
10.96 - 11.42 0. 
11.42 - 11.93 0. 
11.93 - 12.38 0. 

+ 0.09 0.23 

+ 0.10 0.33 

+ 0.11 0.67 

+ 0.11 0.63 

+ 0.15 1.29 

+ 0.12 0.79 

+ 0.14 0.42 

+ 0.15 1.28 

+ 0.17 0.97 

+ 0.18 1.25 

+ 0 • 18 0.54 

+ 0.21 0.59 

+ 0.24 1.71 

+ 0.25 0.51 

+ 0.20 1.81 

+ 0.25 2.02 

+ 0.25 1.38 

+ 0.30 0.99 

+ 0.25 0.77 

36 

52 

30 

27 

21 

29 

42 

34 

31 

21 

35 

25 

38 

33 

49 

62 

41 

94 

85 
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d. azimuthal dependence 

The count rates for each segment j and each 

energy bin i were altitude normalized to 3.75 gm/cm 

atmospheric depth according to 

n.. = f.N.. 
13 1 13 

where n is the altitude corrected count rate, N.. is 
ij 13 

the uncorrected count rate, and f is the altitude cor¬ 

rection factor from section b. The standard deviation 

of the corrected count rate is given by 

<rH = 0- + <r^ f* 2. WH f. r ^ 

where rr. is the standard deviation of n. ., 
-V iD 

standard deviation of the correction factor 

07 is the 

f , and OT, 
1 N*”V 

is the standard deviation of N... 
ID 

To examine the azimuthal dependence of the counting 

rates, it proved necessary to go to even wider energy 

intervals for the sake of improved statistics. When sum¬ 

ming together counts from the smaller one resolution width 

bins of the previous sections, standard deviations were 

calculated in the following manner. 
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If N =£ni then 

i M i 

where n. is the number of counts in the small bin i and 
l 

is the standard deviation of n,. The final energy 
l 

intervals are listed in table 4. Although they may 

appear arbitrary, they are not. They were chosen to in¬ 

clude energies at which emission lines are suspected to 

have been seen in an observation of GX 1+4 during a Rice 

University balloon borne experiment over central Argentina 

in April of 1974, These suspected lines occur at 511 Kev, 

4,6 Mev, and between 1,2 MeV and 2.0 Mev. 

Chi-square fits were performed on the data in each 

interval to the function f = avg, where avg is the average 

counting rate for that interval. For each case the reduc- 
*2^ 

ed chi-square,^y, was evaluated using this line. 

In figure 12a there is a suggestion of a sinusoidal 

perturbation about the line to which the points have been 

fit. This prompted the next step in the data analysis. 

An additional term was added to the fitting function so 

that now f = avg + A sin(Az +cp), where avg is the average 

count rate as before, AZ is the azimuth, A and (p are the 

parameters to be varied during the fit. In only the 

56 KeV - 375 Kev interval did this result in a significant- 
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ly reduced value of ^(see table 4.). 

ft/1 

Clearly, one might make as small as one wished 

by introducing more and more terms to the fitting func¬ 

tion. The question arises as to when such additional 

terms are justified, A quantitative answer to this 

question is provided by the F-test (Bevington, 1969). 

F is defined as 

where z&'X1 is the change produced in 'X1 by the addition 

of new fitting parameters and X.» is the new reduced chi- 

square. The ratio is a measure of how much the additional 

fitting parameters have improved the value of the reduced 

chi-square and should be small when the improvement is 

not significant. On the other hand, one can be confident 

in the merit of the new parameters if F* is large. 

The probability function determining the likelyhood 

that the improvement in 'Xy with the addition of new terms 

is random is tabulated. For the above case in which two 

new parameters have been added, F^ is 11.4 and this in¬ 

dicates a probability of randomness of less than 1%. 

Noting that there is no apparent sinusoidal behavior 

above 375 Kev, an attempt was made to determine if the 

behavior disappears at energies below 374 Kev. Results are 
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summarized in table 5. Using the F-test as a criterion, 

it appears that the sine is a more likely parent function 

than the straight line in each interval except 255 KeV - 

375 Kev where it is only a marginal improvement. This 

also confirms that the sinusoidal behavior is not an 

artifact of the first five or so channels being 

partially dead. 



Table 4 

Results of chi-square fits of data to sine-waves. 

The first column labels the energy bins. The second 

column shows average count rates in units of events/5 min. 

The third and fourth columns contain respectively the re¬ 

duced chi-square for fits to the horizontal lines appear¬ 

ing in figures 12a - 12q, and fits to sinusoidal pertur¬ 

bations about those lines. The fifth column contains the 

amplitude of the best-fit sine-wave expressed as a percent 

of the average count rate and the sixth column the phase 

expressed in degrees. 



Table 4 

energy (Mev) averaqe ncî Qi) A % 
0.057 - 0.375 7282.4 1.43 1.04 1.18%+0.33% -12+22 

0.375 - 0.597 2602.8 1.14 1.07 1.61%+0.69% -108+21 

0.597 - 1.05 2911.5 1.24 1.25 1.03%+0.73% -79+31 

1.01 - 2.48 1859.6 0.90 0.85 1.61%+0.86% -88+24 

1.01 - 5.37 2617.4 1.21 1.17 1.29%+0.69% 72+26 

2.48 - 5.79 797.7 1.23 1.31 0.50%+0.75% -14+112 

5.79 - 12.41 242.6 1.14 1.11 4.90%+2.47% -93+22 



Figures 12a - 12 g 

Altitude corrected count rates plotted as a function 

of azimuth for seven different energy bins. Each azimuth 

o 
bin is 20 wide. The horizontal line represents the 

average count rate. Points appearing as kites are those 

possibly contaminated by fluxes of extraterrestrial origin. 
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Table 5 

Results of chi-square fits below 375 KeV in energy. 

Column 1 shows energy in Kev. Columns 2 and 3 list the 

reduced chi-square for fits to a straight line and a 

sinusoidal perturbation about that line. is the phase 

of the sine-wave. Fx is a statistical quantity which det¬ 

ermines the percent probability that the improvement in 

0Cyis random. 



Table 5. 

enerqy ÏÎU) ajco 0 F* 
randomness 
probability 

57 - 88 1.35 1.09 
o ’ 

-50 + 
o 

24 7.96 I% 

88 - 375 1.23 0.99 
o 

-12 + 
o 

26 8.06 1% 

57 - 256 1.43 1.13 
o 

-27 + 
o 

14 8.64 1% 

256 - 375 1.34 1.17 
o 

-17 + 
o 

26 5.60 5% 
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VI. CONCLUSIONS 

There is no question that a sinusoidal perturbation 

is a more likely parent function to the data in the 56 Kev- 

375 Kev energy interval than is a straight line. Whether 

this is due to a genuine azimuthal dependence or a time 

dependence is not so clear. 

There are at least three possible sources of a time 

variation in the counting rate. First, the balloon tra¬ 

jectory follows the high altitude wind patterns. Since 

the latitude and longitude and hence the geomagnetic 

cutoff rigidity are not constant, the flux of cosmic ray 

particles in the vicinity of the balloon changes with time. 

Second, solar flares can inject particles having hundreds 

of Mev of energy into the atmosphere. Third, there is a 

diurnal variation in the particle flux over a given point 

of the earth's surface because as that point rotates under 

the magnetotail its cutoff rigidity decreases. 

The stretching of the geomagnetic field lines over 

high magnetic latitudes leads to drastic changes in cutoff 

rigidity at some locations. For example, during the day 

only primary cosmic ray electrons of rigidity greater than 
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200 MV can reach the vicinity of Fort Churchill, Canada, 

whereas at nighttime those with rigidity as low as 10 MV 

can arrive (Daniel and Stephens, 1974). This diurnal 

variation in rigidity must, of course, be less pronounced 

at the lower magnetic latitude of Palestine, Texas, and 

may be of negligible importance compared to the 4500 MV 

generally quoted as Palestine's rigidity. 

Table 6 lists the latitude and longitude of the 

balloon as a function of time during the observing period. 

The latitude changed monotonically by about 0.2° and 

the longitude changed monotonically by about 0.6°. Fig¬ 

ure 13a shows the count rate in the 56 Kev - 375 KeV 

interval as a function of time. The count rate is clearly 

not constant in time, but if the geomagnetic latitude drift 

were responsible, the variation should be monotonie, 

which it is not. 

Reference to the April-May editions of Solar Geo¬ 

physical Data confirmed that a solar flare occured on the 

day of the flight. It attained at least 1.6 heliocentric 

square degrees in surface area and lasted from 6:45 CDT to 

7:40 CDT, ending roughly twelve hours before the observing 

period of this experiment began. Since the high energy 
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particles from a solar flare reach the vicinity of the 

earth in about an hour or less, it seems improbable the 

flare could have been responsible for changes in the photon 

counting rate with time scales on the order of one half 

hour, many hours after the end of the flare. 

The time scale of the variations is too small to be 

caused by the diurnal cycle, however, to rule out a rapid 

time variation of some kind is not possible. Had several 

complete scans of all azimuth angle been obtained, a 

definitive statement might by made. Since there is only 

one scan available over an azimuth interval of more than 

o 
180 , an unambiguous correlation between counting rate 

and azimuth or counting rate and time cannot be made. 

If the sinusoidal behavior below 375 Kev is indeed an 

azimuthal effect, it may be there as a carry-over of an 

eastwest assymetry in the particle flux. Electrons 

spiraling about the geomagnetic field lines should be 

seen approaching from the east more often than from the 

west (unfortunately results of measurements of this effect 

have not yet been published - only verticle and omni¬ 

directional measurements have been taken). Since electron 

bremsstrahlung is the predominate gamma-ray production 

mechanism in the atmosphere and since bremsstrahlung peaks 
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in the direction of the velocity of the incident relativ¬ 

istic electrons, there could be an excess of photons seen 

from the east. This is consistent with the results of the 

last section. The sinusoidal perturbation of the 57 Kev - 

375 Kev interval has a phase of -12° + 22° and therefore 

o o 
peaks at 102 + 22 in azimuth. This range of azimuth 

includes geomagnetic east. 

If this eastwest photon assymetry reflects an east- 

west particle assymetry, then it should be present and 

even stronger at higher energies. This is so because the 

higher energy photons are more penetrating and hence are 

less subject to the randomizing effect of scattering. 

There are other energy intervals (see table 4.) to which 

sine-waves have been fit. Among these other energy 

intervals, there is a scattering of phase angles of the 

best fit sine-waves. It is difficult to imagine a medi¬ 

ans im capable of causing this. On this basis, it seems 

plausible to reject the hypothesis that the assymetry of 

the photon count rate in the 57 Kev - 375 Kev energy int¬ 

erval is due to an eastwest electron assymetry being pre¬ 

served via the bremsstrahlung process, A time variation 

seems more likely. 
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Only one set of correction factors, the altitude 

correction factors, were applied to the data. If they 

were improperly applied, they might account for the de¬ 

parture of the 57 Kev - 375 Kev data from a straight line. 

However, the exponents in the power law expressions of the 

growth curves increase with energy, the count rate be¬ 

coming more altitude dependent. The fact that a depar¬ 

ture from a straight line is not observed at higher 

energies may be interpreted as support for the method 

used to correct for altitude variations of the balloon. 



Tabls 6 

Longitude and Latitude of Balloon as 

Function of Time 

time (CDT) latitude lonqitude 

19:30 
o 

29 58' 97°071 

o o. 
20:02 29 52' 97 18' 

20:30 29°43' 
o 

97 28' 

21:00 29°37' 97°471 

21:30 
o 

29 37' 
o 

97 62' 



Figures 13a. - 13g. 

Altitude corrected count rates plotted as a function 

of time for seven different energy bins. The horizontal 

line represents the average count rate. The last four 

points are possibly contaminated by fluxes of extrater¬ 

restrial gamma-rays. Each division in time is 1000 sec. 
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VII. APPENDIX 

THE CHI-SQUARE TEST 

The chi-square test is a statistical proceedure for 

determining the goodness of fit of a set of data points 

to a given function. Assume a set of measurements 

y. (i=l,2,*'*,n) with corresponding standard deviations, , 

and corresponding to the independent variables x^ (i=l,2,''’,n). 

Let f(x^, a^) represent a family of functions where j 

goes from 1 to m. The a^ are the parameters to be varied. 

Chi-square is defined by 

x 
TC = f- F1 

The parameters a_. are varied so as to minimize chi-square 

and thereby determine the most likely "parent" function. 

The probability distribution function for the cal¬ 

culated minimum chi-square with V degrees of freedom 

(number of measurements less the number of parameters in 

the fit) is 

= iv/* r cv/z) 
where revois the gamma function. The integral probability 

of the chi-square distribution 

, ivtv-iVr _%Vx 
(* ) e 

is generally quoted as the goodness of fit, It is the 
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probability that a set of n points would yield a value 

of chi-square greater than the calculated one, relative to 

the function f(x., a.). 
3- 3 

For convenience, the reduced chi-square given by 

tl - Tt'/v 

is usually used. If '%v & / then the fit is deemed a 

good one because this corresponds to a ?(*>) * k , 

independent <3>f the number of degrees of freedom. 
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