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ABSTRACT 

The Gamma-Ray Background at Balloon Altitudes 

by 

Frank T. Djuth, Jr. 

On April 2, 1974, a balloon-borne observation of the 

gamma-ray background at 4 mbar pressure was conducted in 

the energy band 0.03 - 12.27 MeV. The measurements were 

made at a geomagnetic cutoff rigidity of 11.9 GV. Cosmic- 

ray-induced activation of the Nal(Tl) detector was dis¬ 

covered to be a major source of the background count rate 

in the energy region 0.15 - 2.50 MeV. The cosmic diffuse 

gamma radiation makes a sizable contribution to the back¬ 

ground count rate in the low energy region 0.03 - 0.15 MeV. 

At these energies lower limits for the diffuse gamma-ray 

flux were determined. A search of the detector data for 

evidence of cosmic gamma-ray bursts proved inconclusive. 

The conclusions drawn from the background study can be 

utilized in order to design a very low background gamma- 

ray detector for celestial observations. 
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I. INTRODUCTION 

In 1962, Giaconni et al. (1962) discovered the first 

extrasolar X-ray source. Since that time innumerable ob¬ 

servations of discrete cosmic X-ray and gamma-ray sources 

have been made using instruments on balloons, rockets, and 

satellites. High energy spectra of these objects have been 

investigated in areas^ of the electromagnetic spectrum 

ranging from fractions of a keV to 100 MeV and above. The 

three foremost problems in gamma-ray astronomy today center 

around discrete gamma-ray sources, the diffuse cosmic gamma- 

ray background, and the phenomena of transient gamma-ray 

bursts. 

Diffuse cosmic gamma-rays in the energy range .07 to 

1.0 MeV were first observed by Metzger et al. (1964) using 

data from the Ranger III spacecraft. Since then there have 

been numerous reports of a cosmic gamma-ray flux in the 

energy region 0.25 - 100 MeV (see, e.g., Yash Pal 1973). 

A determination of whether or not these gamma rays are 

truly isotropic should provide an important clue concerning 

their origin. Unfortunately, spacial measurements of the 

diffuse flux are complicated by the presence of a large 

number of either discrete or extended gamma-ray sources. 

This is especially apparent in the area near the galactic 

plane. As a result, the isotropic status of the diffuse 

flux is by no means firmly established in all energy regions, 

although there is increasing evidence that it has at least 
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some semblance of being isotropic. Measurements of the 

diffuse flux energy spectrum have been reported by many 

observers over varying spectral regions. However, the 

reported fluxes in the energy interval 0.25 to 10 MeV are 

questionable due to the presence of large amounts of instru¬ 

mental background. Combining all results yields an energy 

spectrum with several power law "breaks" or power law 

"excesses" (see, e.g., Cowsik 1973 and Peterson 1975). 

The deduced spectrum is by no means simple to explain. 

Klebesadel et al. (1973) first detected short intense 

bursts of cosmic gamma rays in the energy interval 0.1 to 

1.2 MeV. The observations were made using the gamma-ray 

detectors onboard the four spacecraft, Vela 5A, 5B, 6A, 6B, 

and were characterized by the sudden rise in the count rate 

of at least two detectors on separate spacecraft. Since 

that initial announcement, approximately forty-two bursts 

have been confirmed by a number of different investigators. 

The most interesting characteristic of the gamma-ray 

bursts is that they are not correlated with solar activity 

of any kind and are therefore presumed to be extrasolar in 

origin (Klebesadel 1973). An itemized list of "well-estab¬ 

lished facts" related to gamma-ray bursts has been provided 

by Strong et al. (1975a) to guide and constrain theoretical 

models. "Typical" gamma-ray bursts have a duration of 

0.1 - 100 sec, significant intensity fluctuations over 

^30 msec, a total energy flux in the range of 3 x 10“6 

erg cm-2 to 5 x 10”4 erg cm-2 f and come from many different 
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directions. To date, the number of models proposed to 

explain the gamma-ray burst phenomena almost equals the 

number of confirmed bursts. 

In addition to the three problems mentioned above, 

one might add another, the instrumental background. The 

Rice University Gamma-Ray Astronomy Group (RUGRAG) generally 

makes gamma-ray measurements in the spectral region from 

^ 30 keV to 10 MeV. These balloon-borne experiments are 

conducted against a background which is typically 20 to 100 

times greater than a discrete source flux in any region of 

the observed energy band. RUGRAG measures the energy 

spectra of discrete or extended sources by repeatedly 

aiming the gamma-ray telescope towards and then away from 

the source in an effort to subtract out any background. 

However, the measurements of the diffuse cosmic gamma 

radiation and the gamma-ray bursts, two out of the three 

important measurements to be made in gamma-ray astronomy, 

cannot be made using this technique. The noncelestial 

background must therefore be determined in some absolute 

sense. Furthermore, if the sensitivity of the detector 

is to be improved, the relative importance of all background 

contributions must be ascertained. With this in mind, this 

dissertation is directed toward an examination of the back¬ 

ground present while making gamma-ray measurements at bal¬ 

loon altitudes 4 mb atmospheric pressure). 
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Herein, data from RUGRAG's most recent balloon-borne 

observation are presented. From an in depth investigation 

of the experimental background, cosmic-ray-induced activation 

of the detector is seen to make a major contribution to the 

background count rate. Based on this conclusion, suggestions 

can be made for the improvement of future detector design. 

Moreover, the cosmic-rays interact not only with the detector 

but also with the surrounding atmosphere, creating another 

source of gamma rays. These atmospheric gamma rays and, 

at low energies, the cosmic diffuse gamma radiation make 

sizable contributions to the background energy spectrum. 

Each component will be looked at in detail. 
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II. THE GAMMA-RAY TELESCOPE SYSTEM 

A. The Detector 

Gamma rays in the energy region 2Q keV to 10 MeV inter¬ 

act with matter by three principal processes: the photo¬ 

electric effect, the Compton effect, and pair production. 

Figure II-l shows the attenuation cross sections for these 

three interactions in Nal(Tl), Rayleigh (coherent) scatter¬ 

ing adds to the total cross section at low energies, but 

its cross section is always much smaller than the photo¬ 

electric cross section. At any rate Rayleigh scattering 

entails only a small change in momentum and for this reason 

is usually neglected. 

Whenever a charged particle traverses matter it may 

undergo a non-radiative collision wherein atomic states 

are excited or ionization occurs. At electron energies 

> 4.6 MeV in Nal, radiative bremsstrahlung also becomes an 

important energy loss mechanism. Charged particle and 

gamma-ray interactions generally elevate electrons from 

bound states into the continuum of free states or create 

electron-positron pairs. In Nal these energetic electrons 

(and positrons) collisionally excite atomic and lattice 

binding states. As the excited levels relax into the 

ground state, optical photons are emitted (X ^ 4100°A). 

A process closely akin to this occurs in plastic scintillators 

except that the optical emission (X ^ 4250°A) results from 

the decay of excited molecular states. Because of their 
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low atomic number, Z, plastic scintillators are essentially 

transparent to photons > 20 keV yet make good charged 

particle detectors. 

A simplified view of RUGRAG's gamma-ray telescope, 

Gammascope VI, is shown in Figure II-2, The central detector 

is a cylindrical block of Nal(Tl) 5 cm thick and 15 cm in 

diameter (182 cm2 sensitive area). Surrounding this are 

two cylindrical shells of Nal(Tl), each with a wall thick¬ 

ness of 12 cm, and a Nal(Tl) plug. This whole assembly 

shielding the central detector is referred to as the guard 

crystal. Two more Nal(Tl) shells, mounted on top of the 

guard crystal, form the collimator. Finally, a thin piece 

of plastic scintillator (type NE 102) is placed across 

the aperture. All crystal surfaces not viewed by photo¬ 

multiplier tubes are coated with a reflective material, MgO, 

and jacketed in aluminum; the combination is referred to 

as cladding. This cladding has a layer thickness of 0.5 cm. 

A single photomultiplier tube is coupled to the central 

detector by means of a hollow thin-wall light pipe. The 

light pipe is made of acetate with a thin film of aluminum 

that was vacuum coated onto the acetate surface. Its 

conical shape serves to funnel light emanating from the 

Nal crystal onto a bialkalide photocathode 7.5 cm in dia¬ 

meter. The 7 cm separation distance between the photo¬ 

cathode and the crystal provides for even illumination of 

the photocathode despite an inhomogeneous light output from 

the crystal. Radioactive potassium-40 present in the 



Figure I1-2 

Schematic diagram of the Gammascope VI actively 
collimated detector system. The full width at half 
maximum (FWHM) field of view is approximately 13° at 
0.511 MeV. 
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phototube window emits a 1,4 MeV gamma ray upon decay. 

Thus, the 7 cm separation distance also serves to reduce 

this background contribution by reducing the solid angle 

subtended by the window at the central detector. Although 

the phototube and light pipe are directly in the photon 

field of view, they shield the central crystal by an average 

of only 1 gm/cm2. 

During the experiment, the Nal(Tl) well, composed of 

the guard and the collimator, and the plastic scintillator 

were viewed by a total of nineteen photomultipliers. The 

outputs from these tubes were electronically connected in 

anticoincidence with the photomultiplier viewing the central 

detector. A pulse height analysis was performed on all 

output from the central detector photomultiplier not gated 

by anticoincidence. For this purpose, the detector system 

incorporated two 256-channel pulse height analyzers, each 

with a 4.5 Mhz clock. In each analyzer, a capacitor is 

charged by each pulse; the amount of the deposited charge 

depends upon the amplitude of the pulse. The time required 

to discharge the capacitor is digitally measured with the 

clock. The analyzer thus determined a pulse height channel 

approximately linearly proportional to the energy deposited 

in the crystal. Roughly speaking, one analyzer spanned 

the energy interval 33 keV - 1 MeV, while the other covered 

the range 1-12 MeV. The channel assignments were accurate 

to + 1/2 channel. 
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The well assembly together with the sheet of scintilla¬ 

tor-plastic placed across the aperture, provide for 4ir 

steradian protection of the central detector against charged 

particle contamination. Furthermore, since the scintillator 

plastic is transparent to gamma-ray photons while the Nal(Tl) 

is not, the well assembly serves to define a 13° full width 

at half maximum (FWHM) gamma-ray field of view. At all 

points, the guard has a minimum gamma-ray thickness of 1.6 

mean free paths for any gamma-ray energy. 

The central detector operates on a principle of full 

energy deposition. Ideally, photons which pass through 

the aperture and are incident upon the central crystal must 

deposit all their energy there in order to be counted. 

This allows for an easy determination of the incident 

photon energy spectrum. In practice, scattered photons 

and secondary radiation can escape from the main detector 

and then interact in the well. These are rejected since they 

satisfy the anticoincidence criterion. However, photons 

may leave the central detector, interact with the MgO or 

aluminum in the cladding between the central detector and 

the well, and, as a result, never enter the well. These 

events will be counted, although the associated energy 

deposition in the main crystal will be less than the energy 

of the incident photon. Even if a photon enters the well, 

it may not interact there at all and exit the detector 

system entirely. Finally, photons may escape out the 0.04 

steradian aperture. 
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A monoenergetic beam of photons normally incident upon 

the central crystal yields an energy spectrum with a photo¬ 

peak, characteristic of full-energy deposition, and a 

"Compton tail" resulting from partial energy deposition. 

For Gammascope VI the number of counts in the Compton tail 

is typically 30% of the number in the photopeak. 

B. The Balloon-Borne Payload 

RUGRAG’s balloon-borne system is shown in Figure II-3. 

The supporting frame consisting of the inner and outer 

gondola is made out of aluminum. A fork-type equatorial 

amount constructed from magnesium orients the gamma-ray 

telescope in declination and hour angle. Declination and 

hour angle rotations are driven by a d.c. torque motor and 

a digital stepping motor, respectively. The equatorial 

mount rests upon a cradle in the inner gondola, wherein 

shims are used to set the polar axis for the flight latitude. 

The inner gondola also functions as a platform for the mag¬ 

netometers, altimeters, levelometer, telemetry system, and 

all related electronics. It is mechanically decoupled from 

the outer gondola, within which it resides, and is therefore 

free to execute azimuthal rotations with respect to the 

outer gondola. Azimuthal rotations of the inner gondola 

are driven with the aid of another digital stepping motor. 

The motor operates a chain drive mechanism which is attached 

to the outer gondola. Thus the azimuthal orientation of the 

detector can be changed by torquing the inner gondola 
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against the larger outer gondola. 

In order to keep the detector’s polar axis parallel 

to the earth's axis of rotation, a servo mechanism is 

incorporated into the azimuth drive. A fluxgate magnetometer 

controls the servo system and keeps the inner gondola at 

a constant angle (+ 0.25 degrees) with respect to the 

horizontal component of the local geomagnetic field. As 

a result, observations may easily be made using equatorial 

coordinates. A celestial object is tracked across the 

sky by driving the hour angle at the sidereal rate modified 

for the longitudinal drift of the balloon. 

Power for the experiment is supplied by seven 12-volt 

lead-acid (auto) batteries, which are placed inside of three 

pressurized aluminum cans. The cans are bolted onto the 

outer gondola. Current is transferred to the instrumenta¬ 

tion in the inner gondola by means of copper slip rings on 

the azimuth shaft of the inner gondola. 

The entire balloon-borne payload is suspended by 

four 0.25 - inch diameter steel cables attached to the four 

corner posts of the outer gondola. A swivel joint connects 

these cables to an unfurled parachute which, in turn, is 

secured to the balloon. The swivel joint helps to isolate 

the experiment from the slow rotational motion of the 

balloon (see Hall 1975). 

C. Instrumentation 

The RUGRAG gamma-ray detector is supported by instru- 
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mentation needed to monitor the detector pointing, altitude, 

and temperature. The telescope's pointing direction is 

determined by its orientation in azimuth, hour angle, and 

declination. The electric motors which drive the hour 

angle and declination shafts also turn two potentiometers 

at the base of each shaft. Given the voltages across the 

potentiometers, one can determine the number of motor 

rotations from some initial point. Appropriate calibrations 

convert the number of rotations into degrees of hour angle 

and declination. 

As mentioned previously, a fluxgate magnetometer is 

used to drive an azimuth servo system, which keeps the 

detector's polar axis properly aligned. The inner gondola 

is automatically driven in azimuth so as to maintain a null 

reading on this magnetometer. Two more identical magneto¬ 

meters are included in order to monitor the detector's 

azimuth. One is placed parallel to the servo magnetometer, 

while the other is positioned perpendicular to it. All 

three magnetometers are suspended in a block of plastic 

which isolates them from nearby metal. In Appendix A, 

the calibration of the magnetometers and other selected 

instruments are discussed for the most recent flight, Flight 

74-1. 

Prior to the flight, an optical telescope was mounted 

on the detector, and the gondola was hung in a level posi¬ 

tion to within +0.25 degrees. When the telescope was 

subsequently operated in a star tracking mode, the pointing 
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accuracy of the detector system was determined to be + 0.25 

degrees. During the 74-1 observation, a levelometer was 

located near the base of the inner gondola in order to mea¬ 

sure the tilt and any pendulum motion of the detector in 

the east-west plane. 

The payload altitude was recorded by two different 

altimeters, A Rosemount altimeter supplied by the National 

Center for Atmospheric Research (NCAR) registered the 

detector altitude during the balloon's ascent and provided 

a secondary altitude measurement once the balloon reached 

float, or ceiling, altitudes. The altimeter had a standard 

bellows type design. For more accurate measurements at 

float altitudes, where the atmospheric pressure is = 4 mbar, 

Rice's thermal conductivity altimeter was used. This alti¬ 

meter operates on the principle that the thermal conductivity 

of the air is proportional to the atmospheric density for 

pressures < 14 mbar. The calibration of RUGRAG's thermal 

conductivity altimeter is fully described in Appendix A. 

The performance of a Nal(Tl) pulse height detector is 

temperature dependent and is best at room temperatures. An 

increase in the temperature of the Nal(Tl) crystal-photo- 

multiplier assembly results in an increase in the crytal's 

light output as well as an increase in the gain of the 

photomultiplier tubes. The detector electronics are also 

subject to temperature dependent effects. In light of 

this, thermostatically controlled heater strips were wrapped 

around the detector, electronics box, and the stepping motors. 
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The whole system was then wrapped in styrofoam with a mini¬ 

mum thickness of 5 cm, in order to insulate it from the 

-30°C air temperature at flight altitudes. By monitoring 

the "on" or "off" status of the thermostats, the detector 

and electronics-box temperatures were determined throughout 

the flight. 

D. Telemetry 

Figure II-4 shows the detector's electronics system, 

in block diagram form. The channel number, assigned to a 

count by one of the two pulse height analyzers, is coded 

as a 9-bit binary word. This word is then routed to a shift 

register and stored in one of three memory locations. The 

contents of the register is read out at a rate of 5 kilo¬ 

bits/sec and converted into a tri-level bit stream. The 

pulse words serve to frequency-modulate a 165 kHz subcarrier 

signal and are telemetered to the ground via a PCM/FM/FM 

system. Count rates greater than approximately 475 counts/ 

sec saturate the telemetry. 

In addition to the pulse height analyzer data, "house¬ 

keeping data" is telemetered to provide information con¬ 

cerning the operating status of the detector. The house¬ 

keeping information is in the form of voltages which are 

converted into 10-bit words representing integer values 

between -511 and +511. A list of the 36 housekeeping words 

used during Flight 74-1 is presented in Table II-l. The 

housekeeping woids are placed on a commutator and sampled 
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TABLE II-l 

LISTING OF FLIGHT 74-1 HOUSEKEEPING WORDS 

WORD NO. WORD NO. 

0 Sync Word 

1 Sun Sensor (not used) 

2 Central H.V. Monitor 

3 Parallel Magnetometer 

4 +12 V. Elect. Box Monitor 

5 -6 V. Elect. Box Monitor 

6 Therm.-Cond. Altimeter 

7 Slow HA Pot 

8 Fast HA Pot 

9 Slow Dec Pot 

10 Fast Dec Pot 

11 E-W Level 

12 Sun Sensor Pot (not used) 

13 Az. Pulse Monitor 

14 Detector Temp. 

15 Central H.V. Monitor 

16 Detector Pressure Switch 

17 Reject (256 Per Cycle) 

18 Collimator Ratemeter 

19 Guard Ratemeter 

20 R.A. Frequency 

21 Perpendicular Mag¬ 
netometer 

22 +28 V. Regulated 
Monitor 

23 +36 V. Battery Monitor 

24 +5 V. Regulated Monitor 

25 +12 V. Battery Monitor 

26 Elect. Box Pres. 
Sw. & Temp. 

27 Guard Rail (40,960 
Per Cyc.) 

28 Coll. Rate (40,960 
Per Cyc.) 

29 Collimator Threshold 

30 Guard Threshold 

31 Front Heater Monitor 

32 Rear Heater Monitor 

33 Command Receiver 
Test 

34 NCAR Rosemount 

35 Elect. Box & R.A. 
Motor Htr. 

3 6 Ground 
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at a rate of one every 0.0446 sec. The 36 words that were 

read each cycle, or frame, modulate a 20 kHz subcarrier and 

are telemetered at a bit rate of 14.4 kilobits/sec. The 

housekeeping and analyzer data are transmitted on separate 

subcarrier channels which are mixed in order to modulate 

a single FM transmitter. 

RUGRAG's ground receiving station is outlined in 

Figure II-5. The gamma-ray counter data and the house¬ 

keeping data are decommutated and recorded on separate 

tracks of a magnetic tape. At the same time, WWV and a 

time-code-generator signal are recorded on two other tracks. 

This allows one to associate a time, accurate to one milli¬ 

second, with the occurance of a count in the central detector. 

A TI980A minicomputer makes it possible to automatically 

monitor the gamma-ray and housekeeping data in real time. 

The ground station also provides for a command link 

between the telescope and the experimenter. The detector's 

pointing direction can be completely controlled by a series 

of ground commands. Because of its pointing command capa¬ 

bility, RUGRAG is able to view several celestial gamma-ray 

sources during a single flight, track a celestial object 

either manually or automatically, rotate the detector in 

azimuth to measure background, and constantly update the 

detector's orientation. Other commands permit control 

over several of the detector's subsystems (see Table II-2). 

The command transmitter and decoder for the 1974 flight 

were supplied by the National Scientific Balloon Facility 
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TABLE II-2 

FLIGHT 74-1 TELEMETRY COMMAND ASSIGNMENTS 

MOMENTARY LATCHING 

1. Power Amp #1 11. Manual Timer 
21. Auto Timer 

2. Power Amp #2 
12. Coll. On 

3. RA Mode Change 22. Coll. Off 

4. Point Background 13. Plastic On 
23. Plastic Off 

5. Point Source 
14. Transmitter on 

6. Dec Down (-) - ON 24. Transmitter off 

7. Dec Up (+) - ON 15. Collimator thresh - on 
25. Collimator thresh - off 

8. Dec Off 
16. Guard thres - on 

9. Azimuth on 26. Guard thres - off 

10. Azimuth off 17. RA fast 
27. RA slow 

18. Comm, on 
28. Comm, off 

19. RA rev. (East) 
29. RA fwd. (West) 
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of the National Center for Atmospheric Research. 
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III, FLIGHT 74-1 

A. Flight History 

On April 2, 1974, a balloon-borne observation of 

Centaurus A/NGC 5128 and the galactic center region (GX 1+4) 

was undertaken from Rio Cuarto, Argentina (longitude: 64.3°W; 

latitude: 33.1°S; geomagnetic cutoff rigidity: 11.9 GV). 

The flight, Flight 74-1, began with the launching of the 

balloon at 2207 UT (2007 local time), April 1, 1974, and 

was terminated at 1134 UT, April 2 due to a failure of a 

5-volt power supply. The hydrogen-filled balloon had a 

capacity of 444,800 m3 and was launched with the aid of 

personnel from the National Scientific Balloon Facility. 

Three hours after the launch, the payload reached a float 

or ceiling altitude of about 39 km. The Cen A observation 

was then conducted (0059 - 0477 UT) and was followed by 

the GX 1 + 4 observation (0507 - 1307 UT). The results 

of these measurements have been reported by Hall et al. 

(1976) and Haymes et al. (1975). 

At the beginning of the Cen A observation, it became 

apparent that the source was not being properly tracked. 

A sticky hour angle drive required that the drive rate be 

manually adjusted in accordance with updated measurements 

of the detector's pointing. Oftentimes the tracking rate 

was abruptly increased using a "double quick" drive rate 

in order to catch up to a source. However, these pointing 

difficulties have no bearing on the background measurements 
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since only the crudest of angular binning is used in the 

background data reduction. 
* 

During the flight the detector temperature varied from 

30°C to 32°C, while the electronics box temperature drifted 

from 32°C to 41°C. Laboratory measurements indicated that 

such temperature variations should have a negligible effect 

on the detector's gain. This is in fact confirmed by the 

positional invariance of a spectral peak found in the back¬ 

ground count rate spectrum at 195 keV. 

The guard and collimator energy thresholds were moni¬ 

tored at 35 + 2 keV and 30+3 keV, respectively. At float 

altitude the collimator registered a count rate between 

4000 and 4500 counts per second. The guard count rate 

typically varied from 6000 to 6800 counts per second. In 

Chapter VI the guard rate is examined in detail for evidence 

of cosmic gamma-ray bursts. 

The reject rate, that is, the number of central detector 

events rejected per unit time by the anticoincidence circuitry, 

is plotted for the entire flight in Figure III-l. Two 

patches of noisy data were not included in the graph. The 

reject rate is well correlated with the density of high 

energy charged particles and gamma radiation in the atmos¬ 

phere. It peaks when the balloon is near the Pfotzer maxi¬ 

mum falling off to a constant rate of about 400 counts per 

second at float altitudes. This may be compared with the 

count rate of 30 - 35 counts per second recorded for the 

analyzed background events from the central crystal. 



Figure III-l 

Flight history of the anticoincidence rejection 
rate. The rejection rate is plotted in units of counts/ 
sec and each point represents a 5 minute average. Values 
of the reject rate are not plotted for time intervals 
when the telemetered housekeeping signal was noisy. 
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B. Detector Calibration 

Prior to the flight, the detector’s two pulse height 

analyzers were calibrated in energy response and energy 

resolution. (See Appendix A.) The analyzer covering the 

low energy band is termed the "A” analyzer while the one 

spanning higher energies is referred to as the "B" analyzer. 

The channels are numbered sequentially beginning in the 

A analyzer and continuing on through the B analyzer. Thus, 

the first channel in the A analyzer is channel 1; the last 

is channel 256, The B analyzer begins with channel 257 and 

ends with channel 512. The results of the calibrations 

are listed below. 

Energy Response 

A analyzer: E(keV) = 3.61 (channel number) 

+ 14.63 

B analyzer: E(MeV) = 0.045 (channel number) 

10.860 

Energy Resolution 

A analyzer: 

B analyzer 

R(%) = 8.81 E(MeV)“°-458 

R(%) = 8.98 E(MeV)~°•446 

where 

R(%) = 
FWHM 
E • 

•) x 100 and FWHM = photopeak's full width 

at half maximum 

The first channel in the B analyzer is an "overflow" 

channel which stores all events with energies too high to 

be binned in channel 512. During the flight, the count 

rates of channels 1-4 in the A analyzer and channels 258-264 
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in the B analyzer were unexpectedly low. These channels 

were presumed inoperative and were not considered in the 

data reduction. 

C. Detector Pointing and Position 

As discussed previously, RUGRAG makes gamma-ray obser¬ 

vations of celestial sources by repeatedly pointing the 

detector at the source for approximately 10 minutes and then 

rotating the detector in azimuth in order to measure the 

background. Due to statistical considerations the background 

is observed for a time interval equal to that of the source. 

During the 74-1 observation the azimuthal rotation angle 

was approximately 155°. A priori it is assumed that any 

atmospheric or instrumental contribution to the background 

count rate is independent of azimuth within the statistics 

of the experiment. In past observations, this has proven 

to be a valid assumption. The azimuthal invariance of the 

background radiation as measured by Gammascope VI has been 

demonstrated to within 2% for a geomagnetic cutoff rigidity 

of 4.6 GV by Shelton (1975). The background count rate 

measured during Flight 74-1 has been examined by Hall et al. 

(1976) in the 1 MeV - 2 MeV region and in a narrow energy 

interval around 4 MeV. No azimuthal dependence in the 

background count rate was apparent from this investigation. 

The zenith angle of the detector changes only slightly 

during a 10 minute time segment. Therefore, variations in 

the background counting rate as a function of zenith angle 
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do not affect the validity of the background sampling 

procedure. Such variations in the background counting rate 

are readily apparent at energies < 150 keV. 

In order to avoid the contamination of a background 

sample no celestial gamma-ray sources should be in the 

detector field of view during a background observation. 

The standard practice is to discard background segments 

which show suspiciously high count rates in comparison with 

others taken at about the same time and zenith angle. 

Finally, since the durations of the time segments are 

relatively short, the source-minus-background subtraction 

procedure is not affected by long term changes in the back¬ 

ground counting rate with time. This is especially important 

since cosmic-ray bombardment of the detector system causes 

the background count rate to gradually increase in time. 

The pointing directions of the telescope during the 

background time segments are plotted as short lines in 

Figures III-2 and III-3 for the Cen A and GX 1 + 4 observa¬ 

tions, respectively. The segments are numbered in their 

order of observation. Also shown are the locations of 

known X-ray sources, which could potentially contaminate 

the background segments. 

It is hoped that an examination of these background 

segments will provide insight into the origin of the back¬ 

ground encountered by the Gammascope VI at balloon altitudes. 

In doing so, we shall have to abandon the assumption that 

all background events are caused by radiation which 



Figures III-2 and III-3 

Centaurus A and GX 1 + 4 background pointing. 
The pointing directions of the telescope during the 
background time segments are plotted as short lines. 
These segments are numbered in their order of observa¬ 
tion. In addition, the locations of known X-ray 
sources cited in the third UHURU catalogue (Giacconi 
et al., 1974) are plotted as points. The small ovals 
represent the FWHM limits of the detector field of view. 
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originates outside the detector system. It will become 

apparent that Gammascope VI is no passive detector of 

gamma rays, but is instead a major source of background 

radiation in itself. 

In examining the background segments, close attention 

will be paid to the spacial location and orientation of 

the detector. It is important to associate changes in 

the background count rate with changes in the detector's 

altitude, zenith angle, azimuth, latitude and longitude. 

In Figures III-4 to III-7, these parameters are plotted 

against time for the entire observational period of interest. 

The altitude measurements were made with the thermal 

conductivity altimeter. Altitude is plotted in terms of 

the column depth of air, which is the relevant parameter 

for photons incident upon the top of the atmosphere. Based 

on the U. S. Standard Atmosphere, 1962, an atmospheric 

depth of 4 gm/cm2 corresponds to an altitude of about 37 km 

and each 0.1 gm/cm2 represents a change in the altitude of 

approximately 180 meters around this depth. The time 

histories of the balloon’s latitude and longitude were 

graphed using data supplied by the National Scientific 

Balloon Facility in their flight summary report. The zenith 

angle and azimuth of the detector are plotted only for the 

backgound segments. A measurement of the azimuth is di¬ 

rectly obtainable from the magnetometer housekeeping data, 

while the zenith angles are the result of coordinate 

transformations using the hour angle, declination and 
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latitude of the detector. 

The zenith angle and azimuth plots reflect the manner 

in which Cen A and GX 1 + 4 were tracked across the sky. 

Celestial sources rise in the east and set in the west. 

On the other hand, background measurements, which are 

taken at approximately 180° away in azimuth from the 

source observations, are made in the west-to-east direction. 

Cen A was tracked as it rose in the east until meridian 

transit, while GX 1 + 4 was observed both before and after 

the meridian transit. Therefore, the Cen A background 

observations began in the west and ended at meridian 

transit, while the GX 1 + 4 backgrounds were observed 

starting in the west, through meridian transit, and on 

into the east. 

D. Data Processing 

The data from Flight 74-1 were written on twenty mag¬ 

netic tapes, each of which contained about 45 minutes of 

data recorded in real time. A series of computer programs 

standard to the RUGRAG operation were used to reformat the 

data and put it in a form that was easier to handle. In 

this process, two additional data tapes of primary importance 

were generated. 

The first is referred to as the "Convert Tape". It 

contains the channel numbers of all counts recorded during 

the flight together with the associated time of occurance 

for each of these evénts. The time of an event in milli- 



37 

seconds is written on the tape as a 36-bit integer word. 

Immediately following this time, the count's channel number, 

which can be any integer between 1 and 512, is coded as a 

9-bit word . In general, the Convert Tape is useful when 

searching for periodicities in the data. However, in 

order to extract time-averaged gamma-ray spectra, the 

counts in each channel are tallied over each 10-minute 

time segment of source observation and background observa¬ 

tion. These totals are then converted into count rates 

which are listed on a second magnetic tape called the 

"Segment Tape". The Segment Tape was important to the 

reduction of the background data since the 10-minute time 

segment was the largest block of data that was taken while 

the detector had a relatively constant orientation. The 

summation of counts over an entire background segment 

provided a good statistical sample of the background count 

rate. 

E. Results 

In Figures III-8 to III-14 the time histories of the 

detector count rates are plotted on a segment-by-segment 

basis for selected energy intervals. Both source and 

background segments are represented for the Cen A and 

GX 1 + 4 observations, although only the background segments 

need concern us here. In order to smooth out statistical 

fluctuations, the counting rates shown were formed by 

summing individual channel count rates over an equivalent 



Figures III-8 —— III-10 

Centaurus A time histories of the detector count 
rate showing both source and background time segments. 
Each point represents a period of continuous viewing 
of either the source (Cen A) or the background. The 
energy intervals shown are the regions over which the 
count rate was integrated. These intervals are approx¬ 
imately one detector resolution width wide. The error 
bars are each + 1 a and are purely statistical in nature. 

Figures III-ll   III-14 

GX 1 + 4 time histories of the detector count 
rate. Time is given in hours local time, where local 
time = universal time - 2 hours. The energy intervals 
and error bars have the same significance as those in 
the Cen A time histories. 
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Figure III-ll 
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energy interval of about 1 FWHM, Four weak X-ray sources 

cited in the third Uhuru catalogue (3U0757-26, 3U0946-30, 

3U1044-3Q, and 3U1252-28) were in the field of view of the 

detector while the Cen A background was being measured. 

(See Figure III-2.) Nevertheless, the Cen A time histories 

show no statistically significant increases in count rate 

between any two adjacent or nearby background segments. 

Given the statistics of the experiment, the Cen A gamma-ray 

background measurements were presumed to be free from con¬ 

tamination by celestial gamma-ray sources. However, several 

of the GX 1 + 4 background segments were contaminated. 

The sixth GX 1+4 background segment, which was ob¬ 

served when Cen A was barely in the field of view (see 

Figure III-3), shows a high background count rate at low 

energies. Because of this, the segment was suspect to 

contamination by Cen A and was dropped from the background 

data analysis. In addition, the background segments 

measured around the meridian transit of GX 1 + 4 (9 hours 

UT) also exhibit high count rates. This is due to the fact 

that during meridian transit, GX 1 + 4 is at a zenith angle 

of only 10 degrees. When the telescope is rotated by 180° 

in azimuth, the telescope still points in the direction of 

the galactic plane where there is a high density of X-ray 

and gamma-ray sources. As a result, the tenth, eleventh, 

and twelvth background observations of GX 1 + 4 were not 

included in the data reduction. 
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Figures III-I5 and III-16 show the background count 

rate, averaged over the entire flight, versus channel 

number in the A and B analyzers. The count rate spectrum 

has several features and is by no means simply understood. 

The peak at channel 48 is about one resolution width wide 

and grows with time, while the height of the small secondary 

peak at channel 64 is apparently constant in time. The 

broad peak at channel 128 is definitely more than one resolu¬ 

tion width wide and does not grow with time. All three of 

these features have been observed previously in a flight 

conducted at a geomagnetic latitude of A = 42°N (see Shelton 

1975). Although the statistics are not as good in the B 

analyzer, one can still discern several small spectral 

bumps around channels 288, 336, 374, 392, etc. 

The differential count rate spectrum over all observed 

energies is graphed on a log-log scale in Figure III-17. 

In preparing the plot, the data plotted in Figures III-15 

and III-16 were used together with a data smoothing procedure 

which is described in detail by Savitz.ky and Golay (1964) . 

In addition to the spectral features already mentioned, 

there appears to be two more bumps in the spectrum in the 

energy region 30-150 keV or, alternatively, in the channel 

interval 5-37. Furthermore, the spectrum seems to "break" 

first around 150 keV and then again around 2 MeV. From 

1 MeV - 2 MeV the count rate falls off roughly exponentially. 

Elsewhere, the many peaks appear to be riding on three 

different power law continua. 



Figures III-15 and III-16 

Background count rate spectrum integrated over all 
periods of available data from 1-13 hours U,T. Each 
error bar shown represents a + 1 a interval. 
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Figure III-17 

Count rate spectrum after the data smoothing 
procedure of Savitzky and Golay (1964) is applied to the 
data in figures III-15 and III-16. 

Upper limit on the non-celestial background 
count rate. 

Lower limit on the cosmic diffuse gamma-ray 
background count rate. (See Chapter V.) 
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Figure II1-17 



50 

The characteristics of individual spectral features 

will now be looked at in some detail. Speculation about 

the origin(s) of these features will be postponed until 

later chapters. 

During the reduction of the Cen A and GX 1 + 4 source 

data, it was observed that the background count rate, 

particularly around the peak at channel 48, was greater 

in the GX 1 + 4 background than in the Cen A background. 

In order to follow this buildup in time, the background 

counting rates were averaged over two-hour time intervals 

for the 12 hours that background data were alternately 

taken with source data. These time averages are plotted 

for the A and B analyzers in Figures III-18 through III-29. 

The A analyzer plots clearly illustrate the buildup in 

time of the count rate around channel 48. The data were 

also equally divided into 4-hour and 6-hour time intervals. 

However, it was found that the 2 hour division provided 

the best compromise between good statistics and a large 

number of samples of the count rate spectrum taken at 

different times. Using the six 2-hour spectra, efforts 

were made to measure the changes in the structure of the 

peak at channel 48 as a function of time. 

Prior to this writing, nothing has been firmly estab¬ 

lished about the nature of the Gammascope VI background 

spectrum. For this reason certain working assumptions must 

be made in order to proceed with the background analysis. 
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In the vicinity of channel 48 it appears as though the peak 

is an excess above some underlying background continuum. 

Therefore, in an attempt to describe the peak, we shall 

initially assume a two component background model consist¬ 

ing of a peak superimposed upon a featureless continuum. 

Methods for peak-channel location, peak-area determina¬ 

tion, etc. in gamma-ray spectroscopy are fully described 

in Quittner (1973). Given the quickly varying nature of 

the background spectrum, it was decided that the best 

estimate of peak parameters could be obtained by fitting 

the background spectrum around the peak to an analytic 

function via the least-squares method. (An excellent 

discussion of the method of least-squares may be found in 

Bevington (1969).) Since the response of the detector to 

a monoenergetic gamma-ray line is Gaussian around the 

channel of full-energy deposition, we shall assume that the 

peak is either Gaussian in shape or the sum of several 

closely-spaced Gaussians. The only constraint that can 

be put on the continuum is that it be a monotonically 

decreasing function of energy. 

After numerous trials, the best fitting function was 

found to consist of a power law plus two Gaussians. The 

region of the spectrum which was fitted started at channel 

27 and ended with channel 70. The peaks at channel 48 

and 64 were both included in the fit since they were found 

to overlap one another. The low channel cutoff was necessary 

because of a break in the spectrum (see Figure III-17). 
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At the high channel end of the fitting region there was 

a small counting rate excess above the estimated power law 

continuum at about channel 80, Pitting the background 

through this region would have required the addition of 

another Gaussian in the fitting function. The statistics 

of the experiment made this undesirable. 

Ordinarily a Gaussian is completely specified by 

three free parameters: the FWHM (the peak's full width 

at half maximum), the amplitude, and the position of the 

peak. In order to further reduce the number of fitting 

parameters, the widths of the two Gaussians fitted were 

fixed at the energy resolution widths of the detector at 

channels 48 and 64. Thus the final fitting function, C, 

was of the form: 

C(n) =A(2)(n)A<3> + AtDexpI-ll^5^)2] 

+ A(4)exp[-j( 42^ pwHM2
1 ^ 

where C(n) = observed count rate in channel n 

FWHM1 = FWHM energy resolution at channel 48 

(10.1 channels) 

FWHM2 = FWHM energy resolution at channel 64 

(11.4 channels) 

and A(1),..A(6) were the free parameters determined 

by the best fit. 



65 

The results of the curve fitting are shown in Table III-l. 

The errors represent the boundaries of a 68% confidence 

region and are discussed in detail in Appendix C. All fits 

are extremely good considering the fact that C(n) only 

approximates the dependence of the background counting rate 

on channel number. In terms of energy, the best fit locations 

of the two peaks averaged over the entire flight are 

195.1 +2.0 keV and 247.5 +2.6 keV. Undertainties in the 

energy calibration of the detector have been included in 

the error bars. 

The broad background peak at channel 128 was also invest¬ 

igated using data from the background spectra summed over 

2-hour time intervals. This peak reaches its maximum value 

near channel 132 (491 keV). In order to determine the 

dependence of peak area on time, a power law was first fitted 

to the count rates in channels 155 through 200 of each 

background spectrum. All fits were statistically acceptable. 

The best fit power laws were then subtracted from the count 

rates in channels 104 - 155. No statistically significant 

changes in the count rates within the peak were observed, 

although there is a slight buildup with time in the count 

rate near the "fringes" of the peak at channels 80-108 and 

channels 148-167, The average peak area was estimated by 

performing a similar fitting and subtraction operation 

on the entire background spectrum observed from 1-13 hours 

UT. This resulted in an area estimation of (143 + 32) 

counts/5 min. 
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The two peaks described above are the best defined 

of any found in the background spectrum. All other peak¬ 

like features have been referred to rather loosely as 

spectral bumps. These appear to be small but statistically 

significant excesses above some underlying background 

continuum. The problem of extracting the bumps from the 

total count rate spectrum is indeed a difficult one since 

nothing is known about the supposed continuum. In light 

of this, we shall make the sweeping assumption that the 

continuum has the form of a power law wherever the spectrum 

does not "break". Even with this assumption, it is not 

clear how to go about subtracting power laws from different 

areas of the background spectrum. The procedure by which 

this subtraction was performed was quite arbitrary. The 

only guiding criterion used was that the spectrum result¬ 

ing from the subtraction appear "reasonable". 

The results of two such subtractions performed in 

the lower A analyzer and in the energy interval 2-9 MeV 

of the B analyzer are shown in Figures III-30 and III-31. 

The energy resolution widths (FWHM) for these regions range 

from 4 to 8 channels in the A analyzer and from 2 to 5 in 

the B analyzer. The positions of the two peaks found in 

the lower A analyzer and the peaks at channels 290 and 

299 in the B analyzer were not strongly dependent upon the 

particular power law used in the subtraction procedure. 

Their relative intensities, however, could be easily varied 

by changing the spectral index of the subtracted continuum. 



Figure III-30 

Difference spectrum in the lower A analyzer after 
subtraction of the power law continuum 49.8 E(keV)-1* 55 

counts/sec-keV. The error bars indicate + 1 a. 

Figure III-31 

Difference spectrum in the lower B analyzer after 
subtraction of the power law continuum 2154 E(keV)”2*2 1 

counts/sec-keV. 
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A close examination of both of the above spectral areas 

revealed no evidence for a change in peak count rates 

with time beyond that expected from statistical fluctua¬ 

tions . 

Thus far only the quickly varying, or peaked, structure 

of the background spectrum has been investigated. For 

the most part, the peaks contribute only a small amount 

to the total count rate, which is largely in the form of 

what has been termed the continuum. The better statistics 

obtained by considering the total count rates make it 

possible to analyze the data for a functional dependence 

upon detector position and orientation. To do this the 

background data were binned in groups of constant longitude, 

latitude, zenith angle, azimuth, and altitude. However, 

since the experiment was not specifically designed to measure 

the gamma-ray background, there are few cases where one 

of these parameters change while all others remain constant. 

Even in the ideal situation where only one quantity 

varies, time enters in as a second variable, and a separa¬ 

tion of two functional dependences is still required. 

This makes it difficult to establish any unique correla¬ 

tions between count rate and a given parameter. As a 

result, only the strongest correlations could be de¬ 

ciphered from the data. 
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After binning the data into parameter groupsr each group 

was divided into smaller energy subgroups. The energy 

interval over which the count rates were averaged was 

determined by the detector energy resolution in the particu¬ 

lar spectral area of interest. A convenient unit used in 

this regard is the energy resolution FWHM, In the course 

of the data reduction, energy subdivisions of 1, 2, 5, and 

10 FWHM were employed. The smaller intervals of 1 and 2 

FWHM helped to isolate changes in the counting rate due to 

discrete spectral lines. The 5 FWHM and 10 FWHM intervals 

were used to investigate count rate changes in the continuum 

since they were wide enough to average out small variations 

in counting rate within individual peaks. 

Figures III-32 to 111-35 show the background count 

rate binned at roughly one-hour time intervals for varying 

energy ranges. The count rates in the last two time 

segments were somewhat spurious in certain energy intervals. 

This is especially true near the high energy end of the 

spectrum where very high background fluxes were registered 

in these segments. No known celestial gamma-ray source 

was in the field of view when the background measurements 

were made. The high count rates could be an indication of 

a partial system failure prior to the onset of the 5-volt 

power supply failure. It was this latter failure that 

effectively terminated the flight. 

Time and the detector zenith angle have the greatest 

effects on the background counting rate. Figures 111-36 
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to III-39 illustrate the results of binning the data by 

zenith angle in 5 and 10 FWHM energy intervals for the 

A and B analyzers, respectively. It is apparent that there 

is a strong zenith angle dependence at low energies 

<300 keV and in the energy interval 1 MeV - 2 MeV. The 

binning procedure did not account for the fact that the 

background measurements binned in a given zenith angle range 

were taken at different times. In addition, the statistics 

of the experiment do not allow for a rigorous separation 

of zenith angle and time dependent effects. Therefore, it 

is hoped that in any zenith angle range, there is a 

sufficiently random ordering of the count rate in time 

so as to average out all time dependent effects. 

For energies > 360 keV where there is no statistically 

significant zénith angle dependence (except between 1 MeV - 

2 MeV), the time dependence of the count rate is given by 

Figures 111-33 through III-35. In an effort to average out 

the zenith angle effect at energies < 360 keV and to obtain 

a profile of the time growth, the data were combined into 

"complete sets" of zenith angle observations. Each set 

sampled the count rate at all zenith angles between 10 and 

50 degrees. The three such groups present in the data 

originated from the Cen A pre-transit, and the GX 1 + 4 

pre-transit and post-transit observations. The time growth 

in the low energy count rate is illustrated in Figure 

III-40. The zénith angle variation in the 1 MeV - 

2 MeV count rate could not be averaged out since the zenith 
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angle dependence completely dominates any time dependence 

in this region. 

Any dependences of the background count rate on longi¬ 

tude, latitude, altitude, or azimuth are not readily 

apparent from the data. All efforts to correlate the 

observed count rate with changes in these parameters proved 

unsuccessful. Upper limits for the dependence of the back¬ 

ground count rate on each parameter are given in Table III-2. 

When the background spectra were divided into 1 and 2 

FWHM energy intervals, no statistically significant varia¬ 

tions in the data were indicated beyond that already estab¬ 

lished by the 5 and 10 FWHM averages. Based on this result, 

it appears that the zenith angle and time dependences in 

the background count rate are more characteristic of the 

continuum than of individual peaks. The only exception 

to this comes from the area of the spectrum around 195 keV. 
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TABLE III-2 

parameter 

altitude 

latitude 

longitude 

azimuth 

Table of Upper Limits 

Energy Interval 

0.03 - 0.95 MeV 

4%/gm/cm2 

4%/degree 

3%/degree 

3%* 

1.09 - 12.25 MeV 

3%/gm/cm2 

4%/degree 

5%/degree 

3%** 

* upper limit for the difference in count rate at 
azimuths of 280° and 60° with a common zenith angle 
of 25° 

**upper limit for the difference in count rate at 
azimuths of 240° and 60° with a common zenith angle 
of 40° 
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IV. BACKGROUND DISCUSSION 

With the advent of balloon borne X-ray and gairana-ray 

astronomy in the 1960's, there was also an increased interest 

in cosmic-ray interactions within the atmosphere. Gamma- 

rays produced in the atmosphere were the most obvious source 

of y-ray experimental background. The usual method employed 

in gamma-ray observations of discrete celestial sources in¬ 

volved the measurement of a gamma-ray energy spectrum with 

and without the celestial source in the detector's field 

of view. The subsequent subtraction of the background 

from the source observation yielded the spectrum of the 

gamma-ray object. Although many different collimated detector 

geometries were employed in an effort to increase the ratio 

of source to background count rate, none were successful at 

increasing this ratio beyond a few percent. 

Measurements of gamma rays from discrete sources were 

not the only gamma-ray measurements of astrophysical inter¬ 

est. Observations made by Metzger et al. (1964) using a 

detector onboard the Ranger III spacecraft indicated the 

existence of a background of soft-gamma rays, apparently of 

cosmic origin. Subsequent measurements of the cosmic gamma- 

ray background from balloon altitudes required a much better 

understanding of the detector's gamma-ray background than 

that required for discrete source observations. If the 

cosmic gamma-ray radiation was isotropic, as it was sus¬ 

pected to be, the gamma-ray background of the detector had 
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to be calculated in some absolute sense; it could no longer 

simply be subtracted out. Since most of the detector back¬ 

ground was attributed to atmospheric gamma rays, the work 

in this area will be summarized. 

A. The Atmospheric Gamma-Ray Flux 

Cosmic rays incident upon the earth^s atmosphere under¬ 

go interactions with the air which lead to the production 

of secondary radiation. The nucleonic component of the cos¬ 

mic rays consisting of high energy protons, alpha particles, 

and heavier nuclei, may interact with nuclei in the atmosphere 

producing pions and to a much lesser extent kaons and hyper- 

ons. If the energy of the incident particle is too low for 

particle production, it may still undergo nuclear reactions 

thereby transferring part of its energy either to the entire 

nucleus or to only a few nucleons. In the former case the 

nucleus tends to "heat up" and emit evaporation neutrons with 

energies of several MeV; in the latter case the struck 

nucleons, called knock-on nucleons, emerge from the nucleus 

with a large amount of kinetic energy. A similar knock-on 

process occurs in the Coulombic collision of a high energy 

charged particle with an atomic electron wherein knock-on 

electrons are produced. Low energy charged particles in the 

low MeV range rapidly lose energy through ionization losses. 

The production of pions and the transfer of large 

amounts of energy to electrons initiates electromagnetic 

cascades. Three types of pions can be created in a high- 
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energy nuclear reaction; the IT
0
, the TT

+
, and the IT" , The n° 

decays with a half-life, Ti , , of 0,9 x 10~16 sec via the 
/ 2 

channel 

ir° -*• y + Y 

The resulting gamma rays each have an energy of 67.5 MeV in 

the ir° rest frame. The iri decays into a muon via the channel 

or 

ir+ -»• y+ + v 

ir” -*■ y + v 

Ti , = 2.6 x 10~8 sec 
/ 2 

Finally, the muons decay into electrons. 

]i— -> e— + v + v Tj, = 2.2 x lO'"6 sec 
/ 2 

The décay of high-energy pions results in the production of 

high-energy gamma rays and electrons. A gamma ray may under¬ 

go pair production giving rise to an electron-positron pair. 

The subsequent annihilation of the positron yields two 0.511 

MeV gamma rays. High-energy electrons lose energy through 

bremsstrahlung interactions, producing photons which may, 

in turn, undergo pair production. Thus the spectrum of 

electromagnetic radiation in the atmosphere is the result 

of the coupling of particle production processes with the 

ensuing electromagnetic cascade processes. 
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Early attempts to model the production of cosmic-ray 

secondaries at small atmospheric depths were made by Verma 

(1967) and Perola and Scarsi (1966). These models served 

to guide later attempts at approximating the pion production 

rate near the top of the atmosphere. Puskin (1970) began 

with experimental data on the flux of electrons in the at¬ 

mosphere and performed a Monte Carlo calculation (see Appen¬ 

dix B) to determine the photon flux of low energy (0.3 - 

10 MeV) gamma rays at an atmospheric depth of 3.5 gm/cm2. 

His results indicated that 85% of the low energy gamma-ray 

flux was due to electron bremsstrahlung radiation, mainly 

from re-entrant albedo electrons. The term re-entrant albedo 

electrons refers to electrons which scatter out of the 

atmosphere but are trapped by the Earth's magnetic field 

and, therefore, re-enter the atmosphere at another point. 

Most of the remaining 15% of the gamma-ray flux came from 

positron annihilation. Gamma rays from ir° decays were 

found to contribute very little to the low energy gamma- 

ray flux at 3.5 gm/cm2since the proton attenuation length 

in nuclear reactions is of the order of 95 gm/cm2 (Perola 

and Scarsi, 1966), which is large compared to 3.5 gm/cm2. 

The importance of pion production tends to increase with 

increasing atmospheric depth for depths < 120 gm/cm2. 

Many refinements in the calculation of the flux of 

secondary radiation were made by Beuermann (1971). Start¬ 

ing with the energy spectrum of primary cosmic rays and an 
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experimentally derived spectrum of the re-entrant albedo 

electrons, Beuermann solved the one-dimensional transport 

equations which describe the development of the electron 

and photon components of the secondary radiation in the 

vertical direction. The calculation was performed over the 

energy interval 4 MeV - 10 GeV. The depth distribution of 

electrons, positrons, and gamma rays was calculated for 

atmospheric depths down to 400 gm/cm2. Daniel and 

Stephens (1974) introduced many improvements upon Beuermann's 

calculations. In addition, the calculations were extended 

to cover energies down to 1 MeV, atmospheric depths down to 

1000 gm/cm2, and a variety of geomagnetic latitudes. In 

some cases, however, Beuermann's calculations approximated 

the experimental data better than those of Daniel and 

Stephens. 

At any rate, uncertainties in the measurements of the 

re-entrant albedo electron flux may introduce large errors 

into all of the above theoretically derived spectra for 

low energy gamma rays at small atmospheric depths. In a 

model independent of these considerations, Ling (1974) 

used the experimental data of Peterson (1973a)and adopted a 

semi-empirical approach to estimate the atmospheric gamma- 

ray flux between 0.3 MeV and 10 MeV. 

Experimental observations of detector background at 

balloon altitudes have been made using both omnidirectional 

and collimated detector systems. These measurements are 

dependent upon the geomagnetic latitude at which they were 
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made. Although many observations have been reported in the 

energy range 0.02 MeV - 10 GeV, only the more recent ones 

will be mentioned. Experiments using scintillator detectors 

have been conducted at mid-latitudes for gamma-ray energies 

< 1 MeV by Peterson (19631, Chupp et al. (1967 and 1970), 

Haymes et al. (1969), and Makino (1975). Prakasarao et al. 

(1971) and Kasturirangen et al. (1972) have made measurements 

near the geomagnetic equator and have studied latitude ef¬ 

fects on detector count rates around 0.511 MeV. Daniel 

(1972), Klumpar et al. (1973), White et al. (1973), Peterson 

et al. (1973a), and Schônfelder and Lichti (1975) have 

performed experiments up to 10 MeV. Using a lithium-ion- 

drifted germanium (Ge(Li)) detector collimated by a CsI(Na) 

scintillator crystal, Jacobson et al. (1975) made a back¬ 

ground measurement at a geomagnetic latitude of 40°N. Ob¬ 

servations of the vertical photon flux at the highest 

energies > 10 MeV have been undertaken by Staib et al. 

(1974), Seeman et al. (1973) , Fichtel et al. (1969), Kinzer 

(1974), and others with several different types of detectors. 

The calculated gamma-ray spectra generally follow the 

shape of the experimentally determined spectrum for 

energies > 10 MeV. Nevertheless, the agreement is far from 

being exact. Comparisons for energies < 10 MeV are hard to 

make since measurements in this energy range are commonly 

made using scintillator detectors with varying collimator 

systems and geometries. In addition, observations are 

seldom conducted at the same geomagnetic latitude. 
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Frequently, only the count rate spectra are given, which, 

cannot be directly compared with the photon flux spectrum 

without folding:in corrections for the particular detector's 

response. Since photopeak efficiencies are small in the 

energy band between 1 MeV and 10 MeV, the photon correction 

factors are large and in general uncertain. The 

measurements which are available at energies < 10 MeV 

indicate gamma-ray fluxes which are almost always larger 

than the calculated fluxes. 

For the most part, measurements of the atmospheric 

gamma-ray flux at low gamma-ray energies have been made 

using ominidirectional detectors. The gamma-ray background 

measured in a balloon-borne experiment is often assumed to 

be virtually identical with the flux of atmospheric gamma 

rays incident upon the detector. Except for a spectral 

peak at 0.511 MeV, the atmospheric gamma-ray flux in the 

energy region 0.03 MeV - 12.0 MeV is described both theoretic¬ 

ally and experimentally as a smoothly decreasing function 

of energy. Power laws with spectral indices between -1.0 

and -2.0 are typically used to characterize the differential 

photon spectrum of low energy atmospheric gamma rays. 

Figure IV-1 represents an early attempt to convert 

the background count rates from Flight 74-1 into a 

differential photon spectrum by correcting for the 

detector's photopeak efficiency. In doing the conversion, 

all detector counts were assumed to result from photons 

incident upon the central detector through the detector's 



Figure IV-1 

Counting rate spectrum corrected for the photopeak 
efficiency of photons produced external to the detector 
system. Also shown is the diffuse gamma^ray flux spectrum 

dN(E) 
dE 

25(E[keV])“2* photons 
cm2-s-sr-keV 

as estimated by Pal (1973). (See Chapter V.) 
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13° aperture. If the above description of the atmospheric 

gamma-ray spectrum is at all correct, the count rate spectrum 

shown in Figure IV-1 is patently non-atmospheric, The 

spectrum exhibits several spectral "breaks" and spectral 

peaks which are not usually attributed to the atmospheric 

gamma-ray spectrum. There is a broad peak at approximately 

490 keV which is definitely not centered around 511 keV. 

In addition, the peaks at 195 keV and 247 keV are not 

easily explainable in terms of discrete atmospheric gamma- 

ray emission. 

Low energy gamma rays may be radiated by the atmosphere 

at discrete energies as a result of three principle processes 

1) Positron annihilation resulting in the creation 

of a pair of 0.511 MeV gamma rays. 

2) Inelastic scattering by fast neutrons and protons 

(> 5 MeV) off of atmospheric nitrogen and oxygen. 

3) Neutron capture by atmospheric 1 4N and 160. 

If positron annihilation contributes to the counting rate 

of the 490 keV peak, then there must also be a "missing 

component" of the peak at an energy less than 490 keV in 

order to add to the annihilation peak and produce the ob¬ 

served broadened feature. Questions concerning the origin 

of the missing component must still be answered. All of the 

neutron interactions generally result in the emission of 

gamma rays with energies >1.6 MeV. As a result, one 

cannot account for the presence of several low energy 
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spectral peaks in the background spectrum on the basis of an 

external atmospheric gamma-ray flux incident upon the 

central detector. 

It has already been noted that the background count 

rate builds up as a function of time. Although the most 

obvious example of a time growth comes from the 195 keV 

peak, practically all areas of the spectrum exhibit signifi¬ 

cant count rate increases with time. Given a constant flux 

of incident cosmic rays, the atmospheric gamma ray flux should 

be independent of time. During the 74-1 observation, no 

significant changes in flux of cosmic-ray secondaries were 

indicated by the cosmic ray neutron monitor indices compiled 

in the Solar-Geophysical Data Report. In addition, no solar 

flares of importance ”1" or greater were observed. A small 

geomagnetic storm commenced at 0634 U.T.; however, no 

sudden increases in the reject rate, central crystal count 

rate, or the guard count rate were noted near this time. 

Thus, the storm had no apparent effect on the experiment. 

More than anything else, the time growth in the back¬ 

ground count rate is a clear indication that a sizable por¬ 

tion of the count rate does not come from atmospheric gamma 

rays. Despite the large volume of both theoretical and 

experimental work devoted to the study of the atmospheric 

gamma-ray flux, we shall be forced to abandon it in an 

effort to gain a better understanding of the background 

encountered during Flight 74-1. What is required is a 

completely different approach to the problem. 
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B. Activation as a Source of Background 

Time variations in the background count rates of scintil¬ 

lator detectors are often reported in satellite observations. 

Increases in counting rate are observed when the detector 

encounters large fluxes of trapped electrons and protons. 

The effects of proton bombardment are observed long after 

the initial encounter of the detector with the trapped 

radiation. This is the result of proton spallation processes 

which lead to the break up of target nuclei in the detector 

and surrounding material. The spalled nuclei are usually 

unstable and decay via $ emission, or electron capture, 

which often results in the emission of one or more gamma- 

ray photons. The process of creating radioactive nuclei 

in a material by exposing it to a flux of protons or 

neutrons is commonly referred to as an "activation" process. 

Proton activation effects have been observed in the counting 

rates of detectors onboard the Orbiting Solar Observator 

(0S0) satellites, 0S0 I, 0S0 II, and 0S0 V during their 

passage through the South Atlantic Anomaly (Peterson 1965, 

Schwartz et al. 1970b, Dennis et al. 1973) . Imhof et al. 

(1974a) noticed similar effects in a Ge(Li) detector sub¬ 

sequent to the passage of the polar orbiting satellite, 

1972-076B, across the polar regions, where the cosmic ray 

fluxes are large. 

The effects of proton activation of a Nal(Tl) crystal 

have been investigated by Fishman (19721), Efforts were made 

by Fishman to estimate the radioactivity induced in a space- 
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borne detector by the primary cosmic rays. In his activa¬ 

tion study, Fishman adopted both an analytical approach and 

an experimental approach. The analytical approach consisted 

of estimating proton spallation yields in a Nal(Tl) 

detector at proton energies > 100 MeV, based on the semi- 

empirical formula derived by Rudstam (1966). The major 

results of this calculation may be quoted from Fishman's 

Summary Report. 

1) "At an incident energy of 1 GeV, there are 
83 spallation nuclides produced in Nal with 
yield cross sections greater than 10 mb, and 
208 nuclides with yield cross sections great¬ 
er than 1 mb. 

2) About 70 per cent of the nuclides will either 
be beta-unstable or will have radioactive 
isomeric states with half-lives greater than 
10 sec. 

3) At proton energies other than 1 GeV, the cross 
section distribution of spallation products 
changes greatly but the sum of the cross 
sections remains nearly constant being approxi¬ 
mately equal to the nuclear geometric cross 
section of the target nucleus, 1260 millibarns 
for iodine and 410 millibarns for sodium." 

The count rate in a 25 gm/cm2 (7 cm thick) Nal(Tl) detector 

was calculated with the assumption that only isotopes with 

half-lives between lOysec and 50 days would contribute to 

the observed counting rate. Furthermore, the effects of 

secondary spallation product interactions were not included 

in the calculation. The derived relationship between the 

observed count rate, F , and the isotropic flux of particles 
c 

capable of inducing radioactivity, F , may be written as 
P 
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~ = 0.15 counts per incident proton 
r 
p 

In Table IV-1, the gamma-ray lines expected on the basis of 

Fishman’s calculations are listed. 

Experimentally, a Nal(Tl) detector was irradiated by 

a known flux of 600 MeV protons. The counting rate of the 

crystal was then monitored in the energy range 0.05 MeV - 

3.0 MeV beginning 3.5 hours after the time of cessation of 

irradiation. The total count rate due to proton activation 

was found to decay in time roughly as (time)”1. The result¬ 

ant energy spectrum contained a continuum characteristic 

of the nature of 6 decay, together with several spectral 

lines superimposed upon the continuum. The first spectrum 

monitored after irradiation contained spectral lines which 

could be associated with the de-excitâtion of 123I, 121I, and 

126I nuclei. Other possible spectral lines appeared near 

the energies 92 keV, 350 keV, and 490 keV. Additional 

spectra measured up to 113 days after the time of irradiation 

contained spectral lines expected from the decay of 125Te, 

Fishman (1973) adopted a theoretical count rate spectrum 

of the form 

dF F c c counts MeV"1 per 
incident particle 
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TABLE IV-1 

Isotope Decay* : : : : Tl/2 ^ Energy (MeV) 

jl 2 6 EC 13 d 0.667 + 0.033 
j 1 2 6 EC 13 d 1.420 + 0.033 
jl 2 5 EC 60 d 0.035 + 0.033 
jl 2 4 EC 4.2 d 0.603 + 0.033 
jl 2 4 EC 4.2 d 2.952 + 0.033 
jl 2 4 EC 4.2 d 1.962 + 0.033 
jl 2 3 EC 13.3 d 0.159 + 0.033 

i121 EC 2.1 h 0.212 + 0.033 

Te125"1 IT 58 d 0.145 

Te123”1 IT 117 d 0.247 

Te12 lItl IT 154 d 0.293 

Te121 EC 17 d 0.573 + 0.032 

Sb122ltl IT 4.2 m 0.026 

Sb122in IT 530 y sec 0.075 

Sb122m IT 1.8 ysec 0.061 

*EC = Electron Capture 

IT = Internal Transition 
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where Ee = 1.4 MeV, 

This spectral form was chosen on the basis of gamma-ray 

count rate spectra measured for fission products with an 

average atomic weight near iodine (see Sobel et al. 1975). 

However, the best exponential fit to the experimental 

spectrum had a lower e-folding energy Ee of 0.6 MeV. 

The theoretical spectrum compared reasonably well with the 

experimental measurement, although the experimental spectrum 

did appear to be somewhat softer than a purely exponential 

spectrum. Fishman (1973) attributed the softening of the 

experimental spectrum to the fact that: (1) "the measured 

spectrum did not include the contribution of very short¬ 

lived products which tend to have a harder spectrum being 

further from stability" and (2) "the bombarding proton 

energy was 600 MeV, considerably less than the average 

cosmic ray energy producing activation." 

Dyer and Morfill (1971) performed a proton irradiation 

experiment similar to that described above using a CsI(Tl) 

scintillator crystal; calculation of the expected count 

rates were made by Carpenter and Dyer (1973). These re¬ 

sults are consistent with the work of Fishman (1972 a,b) . 

Evidence of spectral lines produced in proton activa¬ 

tion appears in the gamma-ray background count rate 

spectra measured in experiments conducted from spacecraft. 

Gamma-ray measurements made from the OSO VII satellite with 

a Nal detector actively collimated by a well of Csl have 

been described by Peterson (1975). The detector counting 
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rate was modulated at twice the orbital frequency by the 

cosmic-ray flux, which reached a maximum whenever the 

satellite's location neared its north and south extremes 

in geomagnetic latitude. This modulation effect was super¬ 

imposed upon much larger count rate increases which occurred 

when the satellite passed through the South Atlantic Anomaly. 

Most noteworthy is the presence of clearly defined peaks 

in the background spectrum near the energies 35 keV, 66 keV, 

and 196 keV. 

There have also been reports of peaks or structure in 

the gamma ray background spectra of detectors subjected 

primarily to the proton bombardment by cosmic rays. 

Gamma-ray data taken during the trans-earth coast of 

the Apollo 15 and 16 spacecraft provides two such background 

samples (Peterson et al. 1973b, Dyer et al. 1975) . The gamma- 

ray detectors were the same on both missions. Each consisted 

of a cylindrical Nal(Tl) crystal 7.0 cm long and 7.0 cm in 

diameter surrounded on all except one of the two flat faces 

by scintillator plastic 1 cm thick. Both the Apollo 15 and 

the Apollo 16 count rate spectra contained several peaks in 

the energy region 0.5 MeV - 3.0 MeV which were good candidates 

for spectral lines predicted by Fishman (1972b), and Dyer and 

Morfil (1971). During the Apollo 17 mission, another 

identical NaX crystal was flown and its count rate was 

monitored beginning 1.5 hours after splashdown. The 

measured spectra indicated the presence of the radioactive 

isotopes 126I, 125I, 124I, 123I, 12 5inTe, 123inTe, 12imTe, 12*Te, 
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111In, 22Na, and 21>Na (Dyer et al. 1976). All of the above 

radioactive species are due to proton activation of the 

detector except for 21*Na, which is the result of neutron 

capture by 23Na. The decay of these isotopes resulted in 

spectral lines which appeared in addition to a large back¬ 

ground continuum. The continuum was due primarily to the 

$ decay of other activated nuclei. 

C. Spectral Peaks at 195 keV and 247 keV 

Based upon the above discussion, cosmic-ray-induced 

activation of the Gammascope VI detector system represents 

a likely source of at least a part of the background spectrum 

described in Chapter III. The spectral peaks at 195 + 2 keV 

and 247 + 3 keV are close to those expected from the radio¬ 

active decay of 123i and 121I, respectively (see Table IV-1). 

Since the peak at 195 keV was observed to grow with time, 

attempts were made to fit the peak areas given in Table III-l 

to the analytical growth curve appropriate for activation. 

Assuming a constant flux of high energy cosmic rays incident 

upon the central detector the time growth in count rate 

due to electron capture by 123i (Ti , = 13.3 hr) should be 
/ 2 

of the form 

C(t) = A (1 - exp(-(t+t )/l«44T1 . )) 
O / 2 

Ti , = half life of activated nuclei 
/ 2 

C(t) = count rate after a time, t, at float altitude 

A = equilibrium count rate as t -*■ °° 
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t 
o equivalent activation exposure time of 

detector prior to the achievement of float 

altitude based on the activation rate at 

float altitude 

The above equation was integrated over the same 2-hour 

time intervals as those over which the peak area determina¬ 

tions were made and then used as a fitting function for the 

meters in the fit. The best fit curve, C(t) is plotted in 

where the error bars represent the limits of a 68% confidence 

region. (See Appendix C.) The corresponding best fit values 

respectively. Although the fit has a confidence level of 

38%, the large errors involved in the estimation of the peak 

the data. However, the calculated value is consistent 

with the 13.3 hour decay time which is expected for 123I. 

The 247 keV peak was not observed to change in time. 

Indeed if the peak is due to the decay of 121I it should 

always be at its equilibrium height since the half-life of 

12XI is only 2.1 hr. Data acquisition at float altitudes 

did not commence until three hours after launch. Furthermore, 

if the two peaks at 195 keV and 247 keV are due to the 

decay of ;ï23T ani 121I, respectively, information may be 

+ 29.5 
Figure IV-2. Tx . had a best fit value of 5.5 2.6 hours 

/ 2 ~ 

+ 5 3 6 
for A and t were 245_45 +2 •

1 

counts/5 min and 1.5_0]9 hours 

gained by comparing their equilibrium count rates. To do 



Figure IV-12 

Area of 195 keV feature versus time. 

Curve 1 Limit of a 68% confidence region for which 
Ti . =35 hr. (See Appendix C.) 

/ 2 

Curve 2 Best fit curve—Ti, set equal to 13.3 hr, A 
and t are free ' 2 parameters. 

Curve 3 Best fit curve—,A, and tQ are all free 
parameters. '2 

Limit of a 68% confidence region for which 
Tj , =2.9 hr. 

/ 2 

Curve 4 
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this, one might divide the area of the peak at 195 keV 

calculated between 11 and 13 hours UT, when the counting rate 

was close to the equilibrium rate, by the mean area of the 

247 keV peak. The ratio should be equal to the ratio of 

1231 and 121I spallation cross sections. This follows from 

the fact that both peaks are located at nearly the same energy 

and, therefore, the probability for an escape of a decay 

photon from the central detector or the active collimator 

is essentially the same for the gamma-rays responsible for 

both peaks. According to the semi-empirical formula of 

Rudstam (1966) the two iodine production cross sections are 

energy independent at energies > 3 GèV. This is the energy 

region of interest since the experiment was conducted at a 

geomagnetic cutoff of 11.9 GV. The ratio of the peak areas 

calculated from the data and the cross section ratio based 

on the work of Rudstam (1966) are shown below. 

cross section 1231 = ^ 2 peak area 123i =31+3 

cross section 121I peak area 12 *1 — 

These ratios should be compared only with extreme cau¬ 

tion. The errors in the cross sections predicted by 

Rudstam's formula may be as large as a factor of 2. A more 

recent semi-empirical formula developed by Silberberg and 

Tsao (1973) gives an 123I/121I cross section ratio of 1.7. 

However, the experimental values of the 123I and 121I cross 
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sections, which were used in part to construct this semi- 

empirical formula, have error bars associated with them 

of at least 25%. 

Finally, it should be noted that electron capture by 

117Sb, which is another product of 127I spallation, results 

in the emission of a gamma ray and K-shell X-ray with a 

combined energy of 192 keV. Although the predicted pro¬ 

duction cross sections of 117Sb is small, the decay could 

nevertheless make a contribution to the count rate around 

192 keV and lower the ratio of 123i and 12 *1 peak areas. 

In order to obtain a rough estimate of the activation 

rate in the central crystal, we shall assume that the 

entire peak at 195 keV is due to the decay of activated 

123I. The equilibrium peak count rate, based on the best 

fit peak area growth curves (Figure IV-2), is 245 counts/ 

5 min. Given this, one may calculate the flux of high 

energy protons (> 1 GeV) required to produce an 123I 

decay rate equal to this count rate. This calculated decay 

rate will, to a certain extent, reflect the activation rate 

in the central detector. However, the calculation is in¬ 

accurate in the sense that it does not take into account 

the escape of decay photons from the central detector or 

the contribution to the peak from decay photons originat¬ 

ing in the collimating well. Although these two effects com¬ 

pete against one another, the added contribution to the peak 

count rate from photons produced in the collimator probably 

outweighs the reduction in count rate due to photon escape. 
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This follows since the collimator is far more massive than 

the central crystal and, therefore, produces 198 keV photons 

at a far greater rate. Of course, not all of these photons 

will be emitted in the proper direction required to inter¬ 

sect the central crystal, and a large number of those that 

are will be attenuated by the collimator itself. Never¬ 

theless, the attenuation cross section of a 198 keV photon 

in Nal 1.1 cm-1) is small enough to allow interactions in 

the central crystal by collimator photons to influence the 

observed peak area. As a result, the calculation of the 

proton flux incident upon the central crystal based on the 

central crystal count rate is probably an overestimation 

of the actual proton flux. 

This calculation was performed by assuming an 1231 

spallation cross section of 15,4 mb (Silberberg and Tsao 

1973), and an effective central crystal area of 100 cm2. 

The effective central crystal area was computed by averag¬ 

ing the geometrical factor of the central detector over a 

2IT steradian field of view (Sullivan 1971) . The results 

of the spallation calculation indicated that the upper 

limit on the proton flux was approximately 2.4 protons/cm2- 

sec. 

One could in principle determine whether this flux is 

reasonable by calculating the secondary charged particle 

production rate in the detector, given the known flux of 

cosmic rays, estimates for the interaction cross sections 

of cosmic rays in Nal, and the particular geometry of the 
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detector. Such a calculation is difficult to make. As an 

approximation, one might assume that the central detector 

is surrounded by a 45 gm/cm2 shield of Nal and that all 

heavy charged particles produced in this shield interact 

in the central crystal. The proton flux calculated from 

this approximation should be considered a lower limit since 

we are not including in the calculation any charged particle 

production in a large portion of the detector system (clad¬ 

ding, gondola, etc.). On the basis of the work of Fishman 

(1973) one might speculate that between 2 and 4 protons 

are released in each cosmic ray spallation event. Given 

a cosmic ray flux of 0.2/cm2-sec at Argentina and an 

effective central detector area of 100 cm2, one may esti¬ 

mate the proton flux incident upon the central crystal to 

be about 0.5 protons/cm2-sec. This is a factor of 5 smaller 

than the maximum proton flux calculated from the 195 keV 

peak strength. Both calculations should be viewed only 

as rough estimates. However, the results do seem to 

indicate that a sizable portion of the flux measured at 

195 keV may be created in the guard crystal. In general, 

the above calculations show that the activation hypothesis 

is consistent with the observed count rate at the 195 keV 

peak to within an order of magnitude. 

As a final calculation, one may assume a certain proton 

flux at the central detector and estimate the resulting 

count rate due to proton activation. For this purpose, a 
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proton flux of 0.5 protons/cm2~sec will be adopted. If 

one allows for 0.15 counts per incident proton (Fishman 

1972b) one then arrives at a background count rate of about 

8 counts/sec due to proton activation. This is about one- 

fourth of the total observed count rate during Flight 74-1. 

This estimate, like all of the others, is only approximate. 

Despite the large uncertainties in the above calcula¬ 

tions, it is evident that the Flight 74-1 background spectrum 

contains at least two spectral peaks very close to those 

expected from proton spallation. In addition, the peak at 

195 keV grows in time, as it must if it is due to the de¬ 

cay of 123I. This buildup in the count rate in time is a 

characteristic unique to activation processes. The pres¬ 

ence of the 195 keV spectral feature is the first indica¬ 

tion that spallation reactions play an important role in 

determining the background count rate. 

D. Spectral Features at Energies Less than 100 keV 

The background spectrum from OSO VII contained a peak 

around 192 keV which was attributed to the decay of proton- 

induced 123I (Peterson 1975). In addition, two other peaks 

were apparent in the OSO VII spectrum near the energies 

35 keV and 68 keV. It was presumed that those peaks were 

caused by the decay of two other activation products 12 eTe 

(Ti , = 58 d) and 125I(TI . = 100 d). As has already been 

noted, there are two peak-like features in the background 

spectrum of Gammascope VI at energies < 100 keV. (See 
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Figure III-30.) They have maxima at channels 11 and 18.5, 

which correspond to the energies 54+2 keV and 81 +2 keV, 

respectively. The errors are due to calibration uncertainties 

and are discussed in Appendix A. The resolution (FWHM) 

of the detector is 5 channels at 54 keV and about 6 channels 

at 83 keV. Given these resolution widths and the uncertainty 

in the power law subtraction procedure used to obtain the 

count rate spectrum in Figure III-30, it is reasonable to 

assume that the power law excess between 40 and 90 keV is 

the result of two overlapping photopeaks. If these peaks 

are due to activation they are probably not associated with 

either 128Te or 125I. The long half-lives of these nuclei 

do not allow any appreciable buildup in count rate over the 

approximately 18-hour period of the flight. 

122mSb is a possible candidate for the two line emissions. 

(See Table IV-1.) The two metastable levels of interest 

are the ones at 75 keV (Tx . = 530 ysec) and 61 keV (Ti . = 
/ 2 / 2 

1.8 ysec). Although these energy levels are not precisely 

at the energies where the observed peak maxima occur, the 

energy discrepancies may be easily explained in terms of 

the uncertainty in the power law subtraction process and 

possible nonlinearities in the energy calibration curve. 

Since the lower cutoff energy of the background spectrum is 

31 keV, it is not possible to observe the gamma-ray emission 

expected from the decay of the 26 keV state of 122inSb. 

Other possible candidates for the two observed emission 

lines include 109inAg (E = 87,7 keV, Tx , =40 sec), 
113inSn 

/ 2 
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(E = 79 key, Ti , =20 min), and 109Cd (E = 60 key, Ti . = 
/ 2 / 2 

12 ysec), Although the predicted production cross sections 

for these nuclides are small compared to that of 122inSb, 

they are given consideration because of the large errors 

inherent in the estimations of the cross sections. 

The two low energy peaks at 54 keV and 83 keV account 

for approximately 25% of the count rate between channels 10 

and 23. If these peaks are the result of the decay of 

12 2ltlSb, then this background contribution can be easily 

eliminated by readjusting the anticoincidence criterion of 

the detector. In the present experiment, a count due to the 

decay of 122m,sb coming 1-2 ysec after its creation is 

automatically rejected. This is because any charged particle 

which is capable of creating 122insb, must also interact in 

the Nal well which surrounds the central crystal. Any 

count detected by the central crystal within a 1 - 2 ysec 

period after the triggering of the well is rejected by the 

anticoincidence circuitry. Since the 61 keV state of 

122mSbhas a half-life of 1.8 ysec, part of the background 

counting rate due to its decay is already rejected in the 

present system. All background contributions from 122inSb 

decay could be eliminated by extending the rejection or 

"blanking" time from 1-2 ysec to approximately 1-2 msec. 

This procedure would, of course, serve to reduce the back¬ 

ground contribution from the decay of other short-lived 

activation nuclei. Thus, in the presence of a large count 

rate due to the decay of short-lived radioactive nuclei, 
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it may be desirable to actually increase the instrumental 

"dead time" in order to take advantage of the Poisson nature 

of the non-activation count rate, 

E. Spectral Peak at 491 keV 

A broad feature approximately two energy resolution 

widths wide appears in the background count rate spectrum 

near 491 keV. The position of the peak is close enough to 

511 keV to lead one to suspect that positron annihilation 

is responsible for the high energy portion of the peak. In 

this case, an additional peak near channel 126 is required 

in order to add to the annihilation peak and produce the 

observed feature. The required count rate contribution of 

each of the two peaks is about 70 counts/5 min. The total 

area of the 491 keV peak (143 counts/5 min) is comparable 

to the count rate in the 200 keV peak, which was about 

200 counts/5 min near the end of the flight, 

A 511 keV peak in the background spectrum may be 

easily explained as resulting from positron annihilation 

following $+ decay of activated nuclei in the cladding and 

collimator. To a lesser extent the positron annihilation 

component of the atmospheric gamma-ray flux may also 

contribute to this peak. Gamma-ray emission within the 

detector system at an energy of approximately 469 keV is a 

likely source of the "missing component" near channel 126. 

Nevertheless, it is difficult to find spallation nuclides 

which could be formed within the detector system and which 
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have radioactive isomeric states of the correct energy 

and life time in order to produce such gamma-ray emission. 

Those that do appear to have far too small production cross 

sections to justify a large count rate contribution due to 

their decay. Furthermore, contributions to a peak near 

469 keV due to neutron interactions in the detector seem to 

be ruled out (see page 120) . 

At present, it is not possible to make any definite 

statement concerning the origin of the 491 keV feature. 

However, it is interesting to note that Fishman (1972b) 

observed a peak between 450 keV and 500 keV in the background 

count rate spectrum of a Nal crystal after irradiating it 

with a 600 MeV proton beam. The peak had an apparent half- 

life of several days. Given such a long half life, it is 

hard to imagine that this peak is the "missing component" 

found in the Gammascope VI background spectrum. Since 

background spectra were measured by Fishman beginning 0.14 

days after the time of irradiation, it is possible that a 

component peak in his background spectrum near 470 keV 

had decayed away prior to the first background measurement. 

F. The Continuum 

In Chapter III it was observed that the count rate of 

the background continuum grows with time. The (1-exp(-t/ ) 

nature of this time growth is evident in the 0.03 MeV - 

0.15 MeV energy range (Figure III-40) and also from 0.15 MeV 

- 0.36 MeV (Figure III-40). By fitting the growth rate in a 
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manner similar to that used in conjunction with the 195 keV 

peak, best fit growth times Ti , , of 1.6 + 0.7 hours and 
/ 2 — 

2.6 + 0.7 hours were obtained for the 0.03 MeV - 0.15 MeV 

and 0.15 MeV - 0.36 MeV regions, respectively. At higher 

energies no such exponential growth rate was observed, 

although the count rate did appear to increase linearly 

with time. Therefore, the higher energy counting rates 

were fitted to straight line growth curves. The results 

of the curve fitting are shown in Table IV-2. 

The fact that time growths are observed in the continuum 

counting rate leads one to suspect that proton-induced- 

activation of the detector is also responsible for at 

least part of the background continuum. It is of special 

interest to note the sudden, almost exponential, break in 

the count rate spectrum between 1 and 2 MeV. As discussed) 

earlier, Fishman (1973) also observed a roughly exponential 

count rate spectrum from a Nal crystal after irradiating it 

with a 600 MeV beam of protons. The break in the Gamma- 

scope VI background spectrum is characteristic of activa¬ 

tion phenomena in a scintillation detector. 

A large portion of the Nal spallation products are un¬ 

stable and decay via $+, or 3 emission or electron capture 

(EC) in a time typically of the order of minutes to hours. 

About half of the unstable nuclei 3 decay, while the other 

half undergo electron capture or 3+ decay. In ground state 

transitions, the electron capture binding energies, Q™-., 

as well as the 3~ endpoint energies, Q _, are commonly 
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TABLE IV-2 

Linear Time Growth Fits 

Energy Interval 
(MeV)  

0.36 - 0.67 

0.67 - 0.95 

2.31 - 3.97 

3.97 - 6.13 

6.13 - 8.79 

8.79 -12.0 

0.90 11 

1.10 10 

1.28 11 

0.54 11 

1.22 11 

1,12 10 

Best Fit Growth Curve 

F = (5.5+1,5)xl0“5t + 

(1.34+0,01)xl0“2 

F = (6.8+0.2)xl0“5t + 

(9.37+0.02)xl0“3 

F = (3.5+1.4)xl0-6t + 

(5.9+0.1)xlO-4 

F = (2.6+0.8)xl0“6t + 

(1.9+0.1) xlO-1* 

F = (8.6+1,5)xl0-7t + 

(7.2+0.1)xlO-5 

F = (2.50+0.06)xlO"5 

(no growth in time observed) 

t = Universal Time in hours 

F = Counting Rate in counts/(sec-keV) 
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in the 1-3 MeV energy region. Since the range in Nal of 

a g+ or g~ with an energy of 1 - 4 MeV is of the order of 

1-2 mm, Gammascope VI is virtually 100% efficient at 

detecting the g decays of spalled nuclei in the central 

detector. Therefore, the count rate spectrum due to the g 

decay of a particular nuclear species should closely follow 

its energy spectrum for g emission. The g+ and g decay 

spectra exhibit a sharp break as the energy of the emitted 

particle approaches its endpoint energy. The escape from the 

central crystal of bremsstrahlung photons produced in the 

deceleration of the g's changes the observed g spectrum only 

slightly by causing a small reduction in the number of 

detected events at higher energies. 

An additional effect is introduced by the fact that 

a g transition can "feed" an excited energy level which in 

turn may immediately decay emitting one or more gamma rays. 

For the most part, if the gamma rays emitted have low 

energies (< 200 keV), they will deposit all their energy 

in the central detector and the event will appear similar 

to a ground state g transition. If a gamma ray escapes 

from the central detector and deposits part of its energy 

(< 30 keV) in the surrounding well, the event will be re- 

jected. Although a gamma ray emitted as the result of a 

g decay may also escape from the detector system, the 

probability of such events is small due to the large wall 

thickness of the collimator and the small 0.04 steradian 

aperture. 
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Seltzer (1975) performed a Monte Carlo calculation to 

model the g decay count rate spectrum in an unshielded Nal 

crystal. Gamma-ray decays from excited energy levels were 

included in the calculation. The results show that even 

with the large number of photon escapes that take place 

without an actively collimated detector, the count rate 

spectrum still has a rather sharp cutoff near the endpoiht 

energy. 

In the case of g+ emission, the count rate spectrum in 

a Nal crystal is further complicated by positron annihila¬ 

tion. The 3+ has an endpoint energy which is given by 

q
3+ = QEC - 1.02 MeV. 

In a £+ decay the kinetic energy of the positron is deposited 

in the central detector and two 0.511 MeV gamma rays are 

initiated at the site of the positron annihilation. A Monte 

Carlo calculation performed with the Gammascope VI detector 

geometry (see Appendix B) indicated that there is a 36% 

probability that at least one of these 0.511 MeV photons will 

escape from the central detector and trigger the anticoinci¬ 

dence circuitry. If Q is assumed to be < 3 MeV, the re¬ 

maining 64% of the $+ decays will be recorded as counts with 

energies between 1 MeV and 3 MeV. The £+ decay spectrum in 

Nal is similar to that of 3” decay except that it extends 

downwards in energy only to 1,02 MeV. 
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From the above discussion, it is apparent that a large 

contribution to the background count rate from 3 decay is 

expected to create a natural break in the observed energy 

spectrum. The spectral break results from the abrupt cut¬ 

off of contributions to the count rate from g unstable nuclei 

at energies > 2 MeV. Such a break is indicated by the data. 

This together with the time growth in the continuum between 

0.15 MeV and 2 MeV supports the idea that the background 

continuum in this energy region is primarily the 3 decay 

spectrum of spalled nuclei within the central detector. There 

is no question that spallation can be a large background 

effect since this point is clearly illustrated by the growth 

in the 195 keV peak. The presence of a large 3 continuum 

in the background spectrum has many implications for the 

improvement of the detector design. These improvements are 

discussed in detail in Chapter VII. 

G. Zenith Angle Effects 

As described in Chapter III, the count rate between 

1.1 MeV and 2.3 MeV tends to increase with decreasing zenith 

angle (see Figure III-38). A careful examination of this 

energy range revealed that the dependence on zenith angle is 

not confined to counts in a smaller energy interval on the 

order of an instrumental resolution width but is character¬ 

istic of almost the entire interval cited above. The zenith 

angle dependence is large (4.7% effect) and is not likely 

due to statistical fluctuations. Furthermore, the effect 
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appears to be somewhat stronger in the Cen A observation 

than in the GX 1 + 4 observation; it does not grow with time. 

At energies < 150 keV, where the count rates are much larger, 

a similar zenith angle dependence is evident tsee Figure HI- 

36-) . This will be discussed in Chapter V wherein the zenith 

angle dependence is attributed to atmospheric absorption 

of an incident cosmic diffuse gamma-ray flux. 

If one were to postulate a diffuse flux to account for 

the zenith angle dependence in the count rate between 1.1 

and 2.3 MeV, the resultant flux would be 1 - 2 orders of 

magnitude above the upper limits set by spacecraft observa¬ 

tions. In addition, there is no visible zenith angle effect 

at energies immediately below 1.1 MeV or above 2.3 MeV. All 

models of the atmospheric gamma-ray flux at balloon altitudes 

predict an increase in the flux of photons produced in the 

atmosphere near large zenith angles where the column density 

of the air is greater. This has been verified by observa¬ 

tions with gamma ray telescope having large fields of view 

(Ling 1975). However, the Flight 74-1 data between 1 and 

2 MeV shows just the opposite dependence on zenith angle. 

As of this writing, no firm explanation can be put 

forth concerning how the observed zenith angle dependence 

comes about. Nevertheless, three possible sources may be 

suggested. First, the production of unstable nuclei within 

the detector could be dependent upon the detector's orienta¬ 

tion in zenith angle. As will be discussed later (page 126), 

this seems unlikely due to the relatively large attenuation 
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lengths of cosmic-ray protons in a Nal detector the size of 

Gammascope VI. Second, the leakage of background gamma 

radiation through the active collimator may be zenith angle 

dependent. The background radiation would presumably 

result from cosmic-ray interactions in the inner and outer 

gondola. In order to explain the observed effect gamma-ray 

production would have to peak at energies between 1 and 2 

MeV. This follows from the fact that there is no sign of 

a zenith angle dependence in the count rate immediately 

outside of the energy interval 1.1 MeV - 2.3 MeV. Further¬ 

more, the increase in the gamma-ray background flux could 

not result from discrete emission at one energy since the 

zenith angle dependence extends over several energy resolu¬ 

tion widths of the .detector. Given the materials which 

comprise the gondola and its contents (mostly aluminum and 

lead), it is difficult to see how such a background energy 

spectrum could come about. It is even more difficult to 

understand why the resulting leakage flux would peak at 

small zenith angles. 

Finally, a zenith angle dependence in the count rate 

could result from the presence of a gamma-ray background 

"source" which entered the detector field of view only at 

small zenith angles. One such source could arise from 

cosmic-ray bombardment of the balloon control instrument 

package, which was located about 10 meters above the 

detector. This package had a total mass of 18.1 kg. In 

order to account for the observed zenith angle dependence, 
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this source would have to produce a gamma-ray flux at the 

detector of about 5 x 10“3 photons/cm2-sec in the 1 MeV *- 

2 MeV energy region. The source emission rate required 

would be approximately 6 x 104 photons/sec, or about the 

equivalent of a two-microcurie source. Although no detailed 

calculations of the activation rate of the instrument 

package have been made, this value for the rate does appear 

to be too high to be reasonably expected. 

H. Time Dependences 

The time variations in the background continuum count 

rate at energies < 360 keV follow the (1-exp(-t/x)) time 

dependence which is representative of activation growth 

curves. The fact that a distinct flattening in the time 

growth of the count rate can be seen indicates that most 

of the nuclear decay times, Ti . , are of the order of several 
/ 2 

hours. Since beta decays to the ground state with endpoint 

energies near 150 keV are rare, it is likely that most of 

the increase is due to discrete gamma-ray emission. The 

number of gamma rays emitted at different energies is 

expected to be large due to the large number of possible 

nuclei which can be produced in spallation processes. A 

relatively smooth continuum is the inevitable outcome of 

a spectrum densely packed with spectral lines, each of which 

is smeared in energy because of the finite resolution of the 

detector. At energies 0.36 < E < 6.0 MeV the time growth 

in count rate is more gradual than at lower energies, 
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indicating the presence of nuclei with longer half-lives. 

At energies > 6 MeV the background count rate is observed 

to be constant in time. 

I. Neutron Effects 

Neutrons created in cosmic-ray interactions in the 

atmosphere are also expected to interact in a Nal crystal 

and contribute to the background counting rate. The most 

important reactions are neutron capture (n,y) and inelastic 

neutron scattering (n,n'y). Each of these processes will be 

discussed separately. 

Neutron capture background results from the formation 

of a compound nucleus which deexcites to the ground state 

through the prompt emission of one or more gamma rays. 

The excitation energy of the compound nuclei formed in the 

reactions 2 3Na (n,y)2,,Na and 127I (n,y)128I is approximately 

6.8 MeV. Both 24Na and 128i are unstable against 8 decay; 

the former has a half-life of 15.0 hours while the latter 

decays with a half-life of 25 m. These lifetimes are short 

enough to allow the decay of neutron activated nuclei to 

influence the background counting rate during a balloon 

flight. However, since the neutron capture cross section 

of 23Na is much smaller than that of 127I, the effect of 

24Na is negligible, and only the decay of 128i needs to be 

considered. 

A term diagram of the 128i decay scheme is shown in 

Figure IV-3. The beta decay of 12 81 within the detector to 
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the ground state of 128Xe would give rise to a, g continuum 

in the background counting rate similar to that discussed 

in connection with proton activation. Although the decays 

of proton and neutron activated nuclei cannot be disting¬ 

uished, the two types of activation mechanisms are quite 

different and allow for the possibility of separating the 

two background contributions. The actual proton spallation 

event is never counted in the present experiment since the 

incident charged particle must also interact in the detector 

well. A neutron capture event by 128I is characterized by 

the emission of several near-simultaneous gamma rays, mostly 

in the 2-3 MeV region (Orphan et al, 1971). The full 

energy deposition of all these gamma-rays in the central 

detector should lead to a peak in the background spectrum 

around 6.8 MeV. 

Ling (1975) performed a Monte Carlo calculation of the 

energy loss spectrum resulting from atmospheric neutrons 

incident upon a Nal detector collimated by a Csl well. 

The detector had a 50° (FWHM) field of view and a central 

crystal 7.6 cm in length and 12 cm in diameter, but was 

otherwise similar to Gammascope VI. The contribution of 

neutron reactions to the detector background count rate 

was estimated for the neutron fluxes present at a geomag¬ 

netic latitude, A = 40° N and an atmospheric depth of 

2.5 gm/cm2. The calculations may be adjusted for the 

equatorial latitudes at which the 74-1 observation was 

made, by correcting for the latitude dependence in the at- 
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mospheric neutron flux. In order to do this the atmospheric 

neutron flux calculations made by Lingenfelter (1963) were 

used. The corrections entail a reduction in the neutron 

induced count rates at all energies by a scale factor of 

roughly three due to the proportionally smaller neutron 

fluxes produced at higher geomagnetic cutoff rigidities. 

Only relative neutron contributions will be of concern to us, 

so that it is only important to note that the correction 

factor is approximately the same at all energies. 

Ling's calculations indicate that the differential 

count rate at 6.8 MeV resulting from the prompt gamma-ray 

emission in neutron capture should be nearly equal to the 

count rate in the 8 continuum produced by 128i decay. If this 

is the case, then the contribution of 128I beta decay to the 

Gammascope VI background spectrum must be very small. The 

total measured flux near 6.8 MeV is only about 1.5 x 10“4 

counts/sec-keV. As an upper limit on the neutron capture 

contribution to the 6.8 MeV count rate, one may assume that 

these counts are all due to prompt emission. This yields 

an upper limit on the count rate contribution from the 128i 

continuum that is 1 or 2 orders of magnitude smaller than 

the total observed count rate at energies < 2.12 MeV. 

Fast neutrons present at balloon altitudes may in- 

elastically scatter off of target nuclei in a Nal detector, 

thereby exciting nuclear energy levels in sodium and iodine. 

The decay of the excited states results in the emission of 

one or more gamma rays. The energy threshold for inelastic 
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neutron scattering is given by energy and momentum conserva¬ 

tion as 

where 

Jth 

= threshold energy 

m = mass of the neutron 
n 

= energy of the excited nuclear state 

Mt = mass of the target nucleus 

The energy levels of 23Na and 127i are illustrated in Figure 

IV-4. Within the time resolution of Gammascope VI all transi¬ 

tions to the ground state are immediate. 

As a result of inelastic neutron scattering within a 

Nal crystal, one would expect gamma-ray lines in the background 

spectrum near 439 keV, 203 keV, and 58 keV. Since spectral 

lines are also predicted near these locations as the result 

of proton activation processes it is important to assess 

the relative importance of proton and neutron interactions. 

Although the deexcitation of the 203 keV excited state of 

127I could contribute to the observed peak at 195 keV, the 

line cannot be solely produced by inelastic scattering 

since it is also observed to grow in time. The background 

feature at 491 keV could be associated with the overlap of 

the positron annihilation line at 511 keV and the inelastic 

scattering line from 2 3Na at 439 keV, Finally an excess in 

the background counting rate does appear near 58 keV where 
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there is an excited state in 127I. At the same time it 

should be noted that there is also a peak in the background 

spectrum at 81 keV while there are no energy levels near that 

energy in either 23Na or 127I. 

Strong arguments against any large contribution of in¬ 

elastic scattering to the background count rate come from a 

careful consideration of relative neutron inelastic scatter¬ 

ing cross sections. Such cross sections have been compiled 

by Macklin (1969). If neutron scattering produces a spectral 

peak at 203 keV, there must also be peaks at least as large 

at 412 keV (channel 110) and 612 keV (channel 166). One 

might also look for peaks about one half as strong near 646 

keV and 744 keV. An examination of the background spectrum 

reveals that the energy region 0.580 £ E £ 1.0 MeV is perhaps 

the only area of the spectrum that does not exhibit any 

structure at all. Furthermore, the 439 keV energy level of 

2 3Na has an excitation cross section approximately twice 

that of the 612 keV state of 127I. In order for the 439 keV 

state to add to a positron annihilation line at 511 keV and 

yield the observed spectral feature at 491 keV, 23Na deexcita¬ 

tion must contribute at least half of the total counting 

excess. Under this assumption, a spectral line should appear 

at 612 keV with an area approximately one fourth of that 

observed for the 491 keV feature. As has already been 

pointed out, no statistically significant features appear 

in this portion of the spectrum. 
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In addition to neutron capture and neutron inelastic 

scattering, other neutron reactions of the font) (n,2n) , 

(n,p), (n,a) etc. may occur with a Nal crystal. However, 

these reactions contribute relatively little to the background 

count rate either because of the long half-lives of product 

nuclei or small interaction cross sections. In summary, it 

does not appear that neutron interactions with the detector 

system can account for any significant amount of the Flight 

74-1 background spectrum. 

J. The Observed Spectrum at Energies Greater Than 2.2 MeV 

At approximately 2.2 MeV the background continuum 

"breaks" indicating that perhaps a different component of 

the background spectrum begins to dominate. The atmosphere 

is one such source of background. As described earlier the 

background spectrum contains several peak-like features in 

the 2.2 MeV - 9.0 MeV energy interval. (See Figure III-31.) 

Atmospheric spectral lines are expected in this region as 

a result of neutron interactions with the air. In Table IV-3 

some of the larger predicted gamma-ray line fluxes at balloon 

altitudes are shown based on the semi-empirical model of 

Ling (1975) and Peterson (1973a). These estimations of line 

fluxes are limited by uncertainties in the neutron inelastic 

scattering cross sections of energies > 17 MeV. The exact 

determination of these cross sections may result in an en¬ 

hancement of certain predicted fluxes by a factor of 10 or 

more. Ling’s calculations were performed for a geomagnetic 
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TABLE XV-3 

Predicted Fluxes of Atmospheric 
Gamma-Ray Spectral Lines According 
to the Calculations of Ling (1975) 

for 

Gamma-Ray 
Energy (MeV) 

Emission 
Process 

0.511 e + e -*■ 2y 

2.313 N14(n,n' y)N14 

1.632 N14(n,n'Y)N
14 

6.129 016(n,n'y)016 

2.124 N14 (n,a)Bx 1 

5.105 N14(n,n'Y)N
14 

0.728 N14(n,n'Y)N14 

2.792 N14(n,n'Y)N
14 

7.030 N14(n,n'Y)N
14 

6.920 O16(n,n'Y)0
16 

4.910 N14(n,n'Y)N14 

3.372 N14(n,n'Y)N
14 

6.440 N14(n,n'Y)N14 

5.833 N14(n,n'Y)N
14 

2.490 N14(n,n'Y)N
14 

6.720 N14(n,p)C14 

7.117 O16(n,n'Y)0
16 

3.850 O16 (n^jC13 

A = 40°N 

Vertical Downward Flux 
at 3,5 qm/cm2 

(photons/cm2-sec-ster) 

5.33 X 10~3 

1.25 X 10“4 

8.73 X 10-5 

4,61 X io-5 

3.53 X io-5 

3.40 X 10-5 

2.55 X io-5 

1.34 X 10“5 

1.21 X 10"5 

1.00 X 10“5 

9.96 X io-6 

8.88 X 10-6 

8.37 X 10“6 

7.80 X 10-6 

6.81 X io-6 

6.54 X 10“6 

6.06 X 10"6 

5.89 X io-6 
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latitude of 40°N but one would not expect the relative line 

strengths to change greatly at equatorial latitudes, 

Table IV-4 lists the positions of spectral excesses or 

"bumps" found in the Flight 74-1 background spectrum after 

a power law subtraction • The positions given are places 

where the count rate rises noticeably above the surrounding 

fluxes, but all of the indicated increases may not be statis¬ 

tically significant. No efforts were made to estimate 

individual peak areas because of the large amount of overlap 

between adjacent peaks and the large uncertainty in the 

level of the continuum. 

Also shown in Table IV-4 are possible atmospheric 

gamma-ray lines which could correspond to the appearance of 

peaks in the background spectrum. The list is not intended 

to be exhaustive. Possible background peaks due to the decay 

of spallation products have not been listed since they are 

too numerous and extend over the entire observed spectrum. 

However, it should be noted that the peak at 2.32 MeV may be 

due to electron capture by 1241, a spallation product which has 

a relatively large formation cross section. The decay of 

124I results in the emission of a 2.33 MeV gamma ray. In 

addition, inelastic scattering by neutrons may produce several 

observable gamma-ray lines in the 1 MeV - 3 MeV region which 

are characteristic of excited energy levels in 23Na and 127I. 

A line at 6.8 MeV is expected as the result of prompt gamma- 

ray emission following neutron capture. 
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The measured background spectrum at energies > 2.2 MeV 

no doubt has varying contributions from spallation processes, 

atmospheric gamma-ray interactions, and neutron reactions. 

Since the continuum count rate above 2 MeV is observed to 

increase in time, it is likely that the decay of spallation 

products makes a noticeable contribution to the background 

Spectrum. The spallation contribution to the continuum may 

result from either nondiscrete beta decay or discrete gamma- 

ray line emission. Even the discrete line emission is expected 

to create a continuous spectrum due to the decay of a statis¬ 

tical ensemble of many energy levels. Such a continuum is 

commonly observed in the energy spectrum of gamma rays emitted 

from fission fragments having atomic weights similar to 

those of 127i spallation products (e.g., Maienshein (1958)). 

The gamma-ray flux produced in the decay of fragments having 

long-lived nuclear states (> 1 sec) is a more or less smoothly 

decreasing function of energy, oftentimes, containing several 

irregular features. These fission spectra are strikingly sim¬ 

ilar to the background spectrum measured by Gammascope VI at 

high energies. Although the general shape of the observed 

count rate spectrum at energies > 2 MeV can easily be ex¬ 

plained on the basis of spallation alone, atmospheric gamma- 

ray interactions may also contribute to the total background 

count rate. At present, in the absence of any reliable 

measurements of the atmospheric gamma-ray flux at equatorial 

latitudes, it is not possible to accurately esimate the rela¬ 

tive background contributions of these two sources. Never- 
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theless, it is instructive to get an order of magnitude 

estimate of the maximum atmospheric contribution. 

We shall first examine the spectrum in the area of the 

two peaks located near the energies of 2.32 MeV and 2.85 MeV. 

The method of approach will consist of attributing the total 

observed count rates solely to an external flux of atmospheric 

gamma rays. With this assumption attempts will be made to 

estimate the total atmospheric photon flux which is necessary 

to produce the observed counting rates. 

The total background count rates at the two peaks are 

1.2 x 10”3 counts/sec-keV and 8.5 x 10”4 counts/sec-keV for 

the 2.32 MeV and 2.85 MeV peaks, respectively. The easiest 

hypothesis to test is whether it is reasonable to conclude 

that a large fraction of these count rates is due to atmos¬ 

pheric gamma-ray line emission. If this could be demon¬ 

strated one would be inclined to believe that the continuous 

background spectrum observed at energies :> 2.2 MeV is the 

result of the close packing in energy of many discrete 

atmospheric gamma-ray lines. Compton scattering of these 

gamma rays in the atmosphere would serve to smooth out the 

energy spectrum. 

Most atmospheric gamma rays which interact in the 

central detector of Gammascope VI do so only after penetrating 

the Nal well. In comparison, the number of gamma rays inci¬ 

dent upon the central crystal through the 13° aperture is 

relatively small since the opening solid angle is only about 

four hundreths of a steradian. In order to convert the observed 
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count rates into atmospheric photon fluxes it is necessary 

to correct for the attenuation of the gamma rays by the 

guard and collimator crystals as well as for the photopeak 

efficiency of the central detector. Based on gamma-ray 

attenuation lengths in Nal, one would expect the attenuation 

correction factor to be approximately equal to 10, assuming 

the atmospheric directional distribution of gamma-ray 

photons to be isotropic. The photopeak correction factor was 

determined from a Monte Carlo calculation to be roughly equal 

to 6.4 for energies between 2.3 and 2.8 MeV. Finally, the 

effective area of the central detector subject to interactions 

from an isotropic flux of gamma rays was estimated to be 

100 cm2. These values lead to a calculated atmospheric line 

flux of 1 x 10“1 photons/cm2-sec near the energies of 2.32 

MeV and 2.85 MeV. 

Ling (1975) has calculated a value for the atmospheric 

gamma-ray line flux at 2.31 MeV equal to 1.19 x 10”2 photons/ 

cm2-sec for an atmospheric depth of 3.5 gm/cm2 and a geomag¬ 

netic latitude of 40°N, The line emission results from in¬ 

elastic neutron scattering off of 14N. In an experiment 

conducted at the same geomagnetic latitude but at an atmos¬ 

pheric depth of 4,6 gm/cm2 Kurfess (1972) estimated the gamma- 

ray line flux to be 10”2 photons/cm2-sec. Based on observa¬ 

tions of the Gammascope VI guard count rate at X = 40°N from 

a previous experiment (see Walraven 1975) one would expect 

the atmospheric gamma-ray fluxes in the present experiment 

to be about one third of those found at 40°N. Thus, the 
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assumption that the observed background count rate at 

2.32 MeV is due to atmospheric line emission leads to cal¬ 

culated photon fluxes which are at least an order of mag¬ 

nitude greater than those predicted for the geomagnetic 

latitude of the 74-1 experiment. A similar conclusion was 

arrived at after examining the gamma-ray line fluxes pre¬ 

dicted to be present at 2.85 MeV, According to Ling (1975) 

a flux of 1.8 x 10“3 photons/cm2-sec would be expected in 

this energy region at mid-latitudes as a result of inelastic 

neutron scattering from 14N and 160, 

The total fluxes observed at 2.32 MeV and 2.85 MeV are, 

however, close to the total atmospheric fluxes predicted 

and presumably measured by Ling (1975). If one introduces 

a factor of one third to correct Ling's fluxes for the 

latitude of the present experiment, the observed fluxes are 

then too high by a factor of about 3 to be accounted for by 

an external atmospheric gamma-ray flux alone. The accuracy 

of the calculation presented above is such that the factor 

of 3 should not be taken too seriously as an indication of 

the exact portion of the total count rate which is due to 

atmospheric gamma rays. If anything, this factor is an 

overestimation of the true value since the approximations 

made in the evaluation of the correction factors for 

detector response tended to lead to an underestimation rather 

than an overestimation of the atmospheric gamma-ray flux. 

The important point is that the atmosphere is probably not 

the major source of the high energy background count rate 
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in Gammascope VI. 

As a second approach one may assume that only a part of 

the total count rate at 2.32 MeV and 2.85 MeV is the result 

of atmospheric line emission. In the present analysis, the 

line emission was assumed to be completely responsible for 

the two peaked features in the spectrum at these energies. 

The total peak counting rates could be estimated from the 

known FWHM energy resolution of the instrument. Unfolding 

the observed peak counting rates for detector response 

yielded an atmospheric line flux of 10“2 photons/cm2-sec for 

both peaks. This is approximately equal to the flux cited 

earlier for the 2.31 MeV gamma-ray line emission at A = 40°. 

After applying a latitude correction factor of 3, we find that 

the atmosphere is not a sufficient source for either of the 

two peak fluxes. 

Other possible sources for the observed peak fluxes 

include inelastic neutron scattering off of the Nal crystals 

and discrete line emission from spalled nuclei. As noted 

earlier, the decay of 124I would contribute to the peak flux 

at 2.32 MeV. Furthermore, 23Na has nuclear energy levels 

at 2.87 MeV and 2.71 MeV. The excitation of these states 

could produce a spectral peak in the area of 2.85 MeV. 

The other features in the high energy region of the 

Flight 74-1 background spectrum are not as well defined as 

the two discussed above and are generally wider than the 

resolution width of the instrument. It should be noted that 

there is no pronounced peak in the spectrum near 6.8 MeV 
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which might he expected as a result of neutron capture. The 

estimated atmospheric gamma-ray flux required to produce 

the observed count rate at this energy is slightly greater 

than Ling's predicted flux for A = 40°. A two sigma upper 

limit of 3.5 x 10’-2 counts/sec may be placed on the count 

rate at 6.8 MeV due to neutron capture by 127I. 

It has been noted previously that the decay of spalled 

nuclei leads to an internal source of radiation which 

contributes to the continuum count rate at energies > 2 MeV. 

In addition, prompt gamma-ray emission after neutron capture 

by 127I and 23Na may also contribute to the continuum. This 

results from the fact that one or more of the prompt gamma 

rays may escape from the detector system, while the energy 

of the remaining gamma rays is deposited in the central 

crystal. Finally, inelastic scattering of fast neutrons off 

127I and 23Na should result in a nearly continuous count 

rate spectrum since many of the higher energy levels in 

these nuclei are closely spaced. These neutrons may originate 

in the atmosphere external to the detector, or they may be 

created within the detector system as a result of spallation 

processes. 

Since both neutron and proton activation effects pro¬ 

duce energy spectra which are roughly similar, estimating 

the relative count rate contribution from each of these types 

of interactions becomes a relatively complex problem. For 

this reason, no such estimates will be given here. The two 

major difficulties involve calculating the proton and 
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neutron fluxes inside the detector, and solving the problem 

of the neutron transport within the detector system. Given 

solutions to these problems, one must still take into account 

multiple gamma-ray emission from neutron capture sites, 

neutron excitation of nuclear states, and delayed beta and 

gamma-ray emission before solving the standard problem of 

photon transport inside of the detector system. 

In summary, it is likely that a large portion of the 

Gammascope VI background spectrum in the energy region 

> 2.2 MeV results from nuclear radiation initiated within 
'XJ 

the detector system. The interaction of atmospheric gamma 

rays in the central detector is a secondary source of the 

background count rate which adds to the internally produced 

count rate. The observed spectrum apparently contains a 

large number of spectral lines, some of which overlap and 

create features broader than the instrumental resolution width. 
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V. DIFFUSE COSMIC GAMMA-RAY FLUX 

One of the most exciting astrophysical discoveries made 

in modern times came with the observation of a background, 

seemingly due to a flux of cosmic diffuse gamma rays, by 

Metzger et al. (1964) , Since that time, numerous experiments 

have been conducted from balloons, rockets, and spacecraft 

in an effort to establish two important aspects of the 

gamma-ray background; the degree of isotropy, and the exact 

form of the photon energy spectrum. Both of these endeavors 

have met with limited success. The first is important in 

determining the cosmic nature of the diffuse flux. If the 

gamma-ray flux is indeed isotropic, the presence of such 

background radiation could have many cosmological implica¬ 

tions. Speculations about the source of the diffuse flux 

can be meaningfully made only after an accurate determina¬ 

tion of the energy spectrum. To date, several explanations 

of an apparent "break" in the spectrum near 1 MeV have been 

put forth, some of which are of extreme cosmological interest 

if true. Unfortunately, a measurement of the diffuse flux 

is very difficult to make, and a feature in the derived 

energy spectrum may easily result from instrumental effects. 

A. Isotropy 

Although experimental measurements tend to support the 

idea of a roughly isotropic cosmic gamma-ray flux, the 

degree of isotropy has not been firmly established. The 
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presence of discrete and extended gamma-ray sources, inter¬ 

stellar hydrogen, etc., complicate the observations and 

make it hard to determine whether the diffuse flux is 

isotropic to a very high degree or patchy in places. 

At high galactic latitudes, the celestial soft X-ray 

(< 1 keV) flux tends to gradually increase with increasing 

galactic latitude (Bowyer et al, 1968, Henry et al. 1968, 

Hayakawa et al. 1971, 1972, 1975). At lower latitudes, 

there are enhancements in this flux, particularly in the 

region near the galactic center. Schwartz et al. (1970a) 

reported that, after excluding known galactic sources, 

the cosmic X-ray background in the energy interval 7.7 - 

38 keV was isotropic to within a few percent. In the energy 

region 40 keV - 10 MeV the most important measurements have 

come from the Apollo 15/16 observations (Dyer et al. 1975) 

and a variety of experiments conducted at balloon altitudes. 

No directional information is available from the Apollo 

15/16 data since the detectors were omnidirectional. In 

the case of balloon observations, the presence of a high 

background count rate generally makes it a requirement 

that the data be summed over the entire flight. This 

yields only spacially averaged values for the diffuse flux. 

At higher energies, > 30 MeV, the flux of celestial gamma 

rays appears to peak in the direction of the galactic plane 

(Kraushaar et al. 1972, Kniffen et al. 1973, Fichtel et al. 

197 3) . The distribution of high energy (> 100 MeV) gamma 

rays along the galactic plane (jb*1^ 10°) exhibits a broad 
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maximum about the galactic center together with several 

smaller peaks at other galactic longitudes (Fichtel et al. 

1975) . 

B. Energy Spectrum 

Ever since the results of early experiments were first 

reported, the shape of the diffuse gammaay spectrum has 

been a subject of great controversy. To a large extent 

this reflects the difficulty in making such a background 

measurement. Measurements of the diffuse high energy 

spectrum have been attempted in various areas of the energy 

range 0.25 keV - 100 MeV. The combined spectrum generally 

resembles a power law with two notable exceptions. First, 

there appears to be a break in the power law between 20 keV 

and 40 keV; and second, there is an apparent shoulder, or 

bulge,in the power law spectrum between 1 and 40 MeV. 

The reality of these spectral features has been a 

topic of much discussion. Yash Pal (1973) has assessed 

the relative merit of many of the experiments made in the 

30 keV - 1 MeV region and arrived at a compromise spectrum 

for the differential photon flux in that region of the form 

5SI51- 25 (E [keV] ) "2 •1 EÏ2S222  
cm2-s-sr-keV 

In deriving this spectrum Pal opted against the reality of 

a break in the spectrum near 40 keV, but left open the 



141 

question of how the spectrum appears in the region from 

20 keV to 30 keV. 

Schwartz and Gursky (1973) attempted to select re¬ 

liable data in the 2 keV - 200 keV region and fitted the 

diffuse spectrum in this area to two power laws. This 

resulted in a functional form for the differential photon 

flux of 

10 (E [keV] ) ’-1 • 5 2 for 1 keV<E<23 keV 
dN(E) 
dE 

140(E[keV]) ~2 * 3 7 for E>23 keV. 

A recent rocket-borne measurement (Ikeda 1975) of 

the diffuse flux in the 5 keV - 100 keV region also indicated 

a break in the spectrum between 20 keV and 30 keV. A power 

law spectrum with a spectral index between 2.3 and 2.6 

provided a good fit to the data on the high energy side of 

the break. At lower energies, a spectral index of 1.5 

was consistent with the data. 

Finally, Manchanda (1975) has pointed out that balloon- 

borne measurements of the diffuse flux in the energy range 

20 keV to 200 keV have generally not included corrections 

for multiple Compton scattering by the cosmic gamma-ray 

photons in the atmosphere above the detector. In addition, 

Manchanda has suggested that the atmospheric gamma-ray 

growth curves (discussed below) used to obtain estimates 

of the diffuse flux from balloon altitudes are inadequate. 
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After correcting existing balloon observations for these 

effects, Manchanda concluded that a power law of the form 

= 27CE[keV])-2-1 ± «•* Photons  
cm2-s-sr~keV 

could be used to describe the diffuse photon spectrum, and 

that there was no compelling reason to propose a spectral 

break in the energy region examined. 

From the above discussion, it is apparent that the 

exact nature of the break, if it does exist at all, is 

quite uncertain. Nevertheless, efforts have been made to 

model the diffuse flux spectrum in such a way as to account 

for a break between 20 keV and 40 keV. Cowsik and Kobetrich 

(1972) have proposed a multicomponent model, wherein a hot 

intergalactic plasma with a temperature of 3 x 108oK is 

employed to explain the break in the spectrum. On the other 

hand, Brecher (1973) has argued that, in principle, the 

break could come about from inverse Compton scattering of 

the 2.7°K microwave background radiation by relativistic 

electrons in intergalactic space. These possibilities and 

others concerning the origin of the low energy cosmic gamma 

radiation are summarized in review papers by Felten (1973) 

and by Silk (1973). 

At energies > 1 MeV, an apparent flattening in the 

diffuse gamma-ray flux is often reported. This flattening 

has been observed in the total background count rate spect¬ 

rum measured by detectors onboard the ERS-18 satellite 
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(Vette et al. 1970) and Apollo 15/16 (Trombka et al. 1973), 

and in the diffuse spectra derived from measurements made 

at balloon altitudes (Kuo et al. 1973, Schonfelder and Lichte 

1974, Fukada et al. 1975, and references therein). It will 

be recalled, however, that instrumental background, partic¬ 

ularly that due to cosmic ray bombardment, also causes 

the gamma-ray background spectrum in a scintillator 

crystal to flatten in the low MeV region. This effect is 

clearly illustrated in the background observations from 

Apollo 15/16. The Nal detector used in these observations 

has been described earlier (see page 99 ). it now appears 

that, during the experiments, there was a large radiation 

background in addition to that due to the cosmic gamma 

radiation. The additional background contributions were 

caused primarily by cosmic ray interactions in the space¬ 

craft. This lead to local gamma-ray production, proton 

and neutron activation of the Nal crystal, and electron 

bremsstrahlung in the material surrounding the detector. 

The count rate due to the diffuse gamma-ray background has 

been estimated by Dyer et al. (1975) to comprise only from 

38% to 23% of the total observed count rate over the 

energy range from 0.4 MeV to 10.0 MeV. The preliminary 

results reported by Trombka et al. (1973) showed evidence 

for spectral flattening of the diffuse flux between 1 MeV 

and 10 MeV. However, an improved calculation of the proton 

activation background contribution has been recently applied 

to correct the data (Dyer et al. 1975). The newly 
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corrected spectrum no longer exhibits any flattening in 

the 1 MeV - 10 MeV region. In fact, the deduced spectrum 

between 0.3 MeV and 27 MeV is now consistent with a power 

law fit of the form 

aglU = 18 {E IkeV] ) ~2 *0 Ph°.t.°2.s  . 
cm2-s-sr-kev 

Given the errors involved, this power law is not inconsistent 

with a prolongation of the X-ray power law background spectrum. 

White and Schônfelder (1975) are currently reassessing 

neutron background effects in the detector used in the diffuse 

flux measurement by Schônfelder and Lichte (1974). In that 

experiment a shoulder in the observed diffuse flux spectrum 

was evident near 1 MeV. The neutron study is expected to 

lead to a lowering of the diffuse flux estimate originally 

reported by Schônfelder and Lichte in the 1.5 MeV - 10.0 MeV 

energy range. 

Finally, Daniel and Lavakare (1975) have reviewed the 

recent experimental observations of the diffuse flux in 

the 1 MeV - 40 MeV region and have cast serious doubts on 

the reliability of many of the measurements that indicate 

the presence of a shoulder in that part of the spectrum. 

They present important criticisms of almost all balloon- 

borne measurements of the diffuse flux at energies > 200 keV. 

These criticisms lead one to regard most measurements as 

upper limits rather than absolute determinations of photon 

fluxes. This is especially noteworthy since a large 
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portion of the evidence for the shoulder has come from 

balloon-borne experiments. 

Much of the interest focussed on the 1 MeV - 10 MeV 

area of the diffuse gamma-ray spectrum is the result of 

the far-reaching cosmological implications which have been 

associated with a shoulder in the spectrum. Stecker (1969) 

proposed a two component model to account for the apparent 

excess in the observed flux near 1 MeV above that expected 

from a power law extrapolation of the flux at lower energies. 

The bulge in the spectrum is attributed to intergalactic 

gamma rays which result from cosmic-ray interactions with 

the intergalactic gas. The gamma rays were assumed to 

result from the decay of ir° mesons out to a maximum red- 

shift of about 100. The maximum redshift was a free para¬ 

meter determined by fitting the model to the data. In a 

related model Stecker et al. (1971) hypothesized that the 

gamma-ray excess could result from redshited TT°-decay 

photons created in nucleon-antinucleon annihilation at 

an early epoch in the history of the universe. Several 

other mechanisms, mostly involving Compton and bremsstrahlung 

interactions, have been suggested in order to explain the 

diffuse continuum radiation. Many of these models have been 

summarized by Stecker (1975). 

A new and interesting development has come about as 

a result of investigations by Clayton and Silk (1969) and 

Clayton and Ward (1975) into the effect of nuclear emission 

lines on the shape of the cosmic gamma-ray spectrum. 
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Clayton and Ward (1975) have calculated the composite 

gamma-ray spectrum due to the decay of 56Ni to 56Co to 56Fe 

throughout the history of the universe. It is important 

to note that their predicted gamma-ray fluxes in the 

0.1 MeV - 2 MeV region are a sizable portion of the 

observed fluxes. The calculations indicate that the exact 

shape of the contribution from line emission is cosmological- 

model dependent. As a result, a very precise measurement 

of the diffuse flux between 0.1 MeV and 2 MeV should yield 

estimates of several important cosmological parameters. 

However, it is in just this energy range that the contamina¬ 

tion of detector background spectra from cosmic-ray spalla¬ 

tion processes is the worst. A measurement of the suggested 

cosmological effects is contingent upon the elimination 

of proton activation contributions to the background spectrum. 

C. Balloon-Borne Measurements 

It was pointed out above that a large fraction of the 

balloon-borne measurements of the diffuse gamma-ray flux 

may be unreliable. This skepticism stems from the manner 

in which the values of the diffuse photon fluxes are de¬ 

rived from the observed counting rates. The procedure in 

widespread use consists of using a collimated detector 

pointed vertically upward to measure the count rate in a 

given energy interval as a function of atmospheric depth. 

It has been found experimentally that on a log-log plot 

the count rate versus atmospheric depth follows a straight 
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line for depths d, where 10 gm/cm2 < d < 50 gm/cm2. At 

depths below approximately 10 gm/cm2f the dependence of 

count rate on depth tends to flatten out, indicating a 

counting rate excess above a pure power law growth curve. 

This flattening is usually attributed to the presence of 

a diffuse flux of cosmic gamma rays incident upon the top 

of the atmosphere. Therefore, a power law is fitted to 

the data at atmospheric depths > 10 gm/cm2 and extrapolated 

to the highest observation altitude (usually 3-4 gm/cm2), 

where an extended measurement of the background energy 

loss spectrum is made. The extrapolated count rate value 

is supposed to represent the contribution of atmospheric 

background radiation to the total observed counting rate 

at the ceiling altitude. This derived atmospheric back¬ 

ground contribution is then subtracted from the total 

counting rate to obtain a measurement of the counting rate 

due to the diffuse flux. The diffuse flux counting rate 

is corrected for detector efficiency and attenuation by 

the atmosphere above the detector to yield a value for the 

diffuse cosmic gamma-ray flux. 

A power law dependence of the downward moving atmos¬ 

pheric photon flux on depth (d < 50 gm/cm2)-has been 

calculated by Danjo (1971), Daniel and Stephens (1974) , 

and Ling (1975) for photon energies £ 10 MeV, and at 

energies > 10 MeV by Beuermann (1971), Daniel and Stephens 

(1974), and Thompson (1974). However, the calculations 

of Danjo (1972) show that the spectrum of the omnidirectional 
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flux tends to flatten somewhat from a power law, at 

small atmospheric depths. On this basis, it is often 

pointed out that the leakage of the atmospheric gamma-ray 

flux through the sides and bottom of a collimated detector 

could lead to part of the observed flattening in count 

rate. 

In addition, Manchanda (1972) calculated the attenua¬ 

tion curve of photons from a diffuse gamma-ray flux incident 

upon the atmosphere versus atmospheric depth. When these 

attenuation curves were added to the power law growth 

curves deduced for the atmospheric gamma-ray fluxes, it 

was discovered that the shape of the experimentally ob¬ 

served flattening could not be reproduced. In order to 

account for the observed flattening, it was necessary to 

introduce atmospheric gamma-ray growth curves which them¬ 

selves flatten or even rose at small atmospheric depths. 

Manchanda (1972) has shown that, based on compatibility 

arguments, no unique atmospheric growth curve can be deduced 

for a given observation, and, therefore, that the diffuse 

flux contribution cannot be uniquely determined without 

additional information concerning the atmospheric growth 

rate. The assumption of a power law growth curve allows 

one to set an upper limit on the diffuse flux count rate 

but does not permit an absolute determination of the flux. 

In Chapter IV most of the Gammascope VI background 

count rate at energies > 150 keV was attributed to proton 

activation processes in the detector. If this is true, 
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then it is likely that a large portion of the flattening 

in the count rate growth curves at energies £ 200 keV 

results from the fact that at small atmospheric depths the 

activation background contribution begins to dominate the 

contribution from atmospheric gamma rays. According to the 

results of Plight 74-1, essentially all of the background 

count rate at these energies should be due to activation as 

a detector approaches altitudes near 4 gm/cm2 at equatorial 

geomagnetic latitudes. In this case, a flattening in the 

count rate occurs because the activation rate is nearly 

independent of depth for small atmospheric depths. 

The importance of activation as a source of background 

has been clearly illustrated in two balloon-borne experi¬ 

ments, both of which were attempts at determining the 

diffuse gamma-ray flux. Damle et al. (1971) and Daniel 

et al. (1972) performed virtually identical experiments 

at the same geomagnetic latitude, except that Damle tried 

to improve his detector by adding a much thicker active 

collimator. Despite this, it was Damle who encountered 

a far greater background count rate. The background increase 

presumably resulted from the activation of the massive 

collimator. The important point to be made is that a 

larger detector may have a smaller sensitivity as a result 

of cosmic-ray bombardment. 

In summary, it appears that the observed flattening in 

plots of count rate versus atmospheric depth can be attri¬ 

buted at least in part to an activation effect. If the 
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activation contribution to the background count rate is 

large, the diffuse flux estimates based on a power law 

subtraction procedure can be viewed only as upper limits. 

D. A New Method of Measurement 

At low energies the Flight 74-1 count rate exhibits 

a strong zenith angle dependence. This is especially true 

in the 0.03 MeV - 0.15 MeV interval (Figure III-36) and 

is apparent to a lesser extent in the 0.15 MeV - 0.36 MeV 

interval (Figure III-36). The count rate increases with 

decreasing zenith angle. This is a phenomenon which cannot 

be explained in terms of gamma-ray fluxes orginating in the 

earth's atmosphere. The flux of atmospheric gamma rays 

has been both observed experimentally and calculated 

theoretically to increase with increasing zenith angle 

(see e.g., Ling 1975). 

Physically, this is easy to understand since the 

column density of air viewed from a point in the atmosphere 

increases as the secant of the zenith angle. The density 

column can be looked upon as a source volume for atmospheric 

gamma rays. Thus, by increasing the extent of the source 

volume, one also increases the flux of observed gamma rays. 

The amount of the increase is dependent upon both the 

gamma-ray emission rate and absorption within the source 

volume. Moreover, the zenith angle dependence of the 

angular distribution of atmospheric gamma rays is expected 

to increase with increasing energy. This is due to the 
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fact that at low energies, where attenuation lengths are 

small, the photon fluxes result either from low energy 

photons created close to the detector system or from 

higher energy gamma rays which have undergone multiple 

Compton scattering. The scattering has the effect of 

randomizing the directions of the photons. One would expect 

the flux of low energy gamma rays at a given energy to be 

approximately isotropic at an atmospheric depth > 2 gamma- 

ray mean free paths, provided that the production of gamma 

rays is not a sharply varying function of depth. At high 

energies the flux of atmospheric gamma rays becomes more 

anisotropic due to their smaller interaction cross sections 

which allow the photons to travel farther from their point 

of origin. The observed photon flux then becomes more 

closely related to the column depth of atmosphere viewed. 

It is interesting that the count rates measured in 

the 74-1 observation never show any sign of increasing 

with increasing zenith angle. If the calculations performed 

by Ling (1975) for a geomagnetic latitude of 40° hold 

proportionally for equatorial latitudes, one would expect 

the observed count rate at 1 MeV to increase by as much as 

30% with increasing zenith angle. This assumes that all 

counts result from atmospheric gamma rays incident through 

the 13° aperture. The fact that no increase at all is 

evident from the data, supports the idea that counts due 

to activation are the major constituent of the high energy 

background count rate. 
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In order to account for the zenith angle dependence 

in the low energy counting rates, one might postulate the 

existence of a diffuse flux of cosmic gamma rays which is 

isotropically incident upon the top of the atmosphere. This 

achieves the desired effect since the counting rate is 

then expected to peak in the vertical direction and de¬ 

crease with increasing zenith angle. The incident flux 

will be attenuated by the atmosphere in a manner roughly 

proportional to exp(-yd/cos0) where 

0 = zenith angle of the detector axis 

d = atmospheric depth 

y = gamma-ray attenuation length at a given energy. 

Furthermore, this suggests a completely new way of 

measuring the diffuse gamma-ray flux. One might attempt to 

fit the observed zenith angle dependence in the count rate 

to a two-component function of zenith angle. One component 

would approximate the atmospheric attenuation of the diffuse 

photon flux, while the other would take into account any 

zenith angle dependence in the remainder of the background 

counting rate. Most importantly, this method does not depend 

on the functional dependence of count rate on atmospheric 

depth. As will be discussed below, the method is especially 

useful in obtaining lower limit estimates of the diffuse 

flux. Thus, it compliments methods employing atmospheric 

growth curves since those procedures generally yield upper 

limit estimates of the diffuse flux. 
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In order to arrive at an appropriate fitting function 

one must postulate some sort of zenith angle dependence 

for the non-diffuse background flux. If this background is 

due primarily to the activation of the detector, then one 

would expect the non-cosmic count rate to be almost inde¬ 

pendent of zenith angle. This follows from the fact that 

the cosmic-ray attenuation lengths in Nal are large enough 

(- 150 gm/cm2) to allow for the production of a nearly 

even distribution of activated nuclei throughout the 

detector system regardless of its orientation. The absence 

of any significant zenith angle dependence in the count 

rate between 0.36 MeV and 1 MeV, where activation effects 

should dominate any contribution to the count rate from 

the diffuse flux, lends further support to the idea of an 

activation count rate which is zenith angle independent. 

In addition to the background caused by activation, 

a considerable portion of the background at energies < 150 

keV may be due to atmospheric gamma rays. At these energies, 

the atmospheric depth of the detector (4 gm/cm2) corresponds 

to only 0.6 - 0.9 gamma-ray mean free paths. Based on this 

and the discussion on page 150, it is possible that the 

angular distribution of atmospheric gamma rays leads to 

some sort of nonuniform dependence of atmospheric gamma-ray 

count rate on zenith angle. It is difficult to estimate 

the exact size of this effect; and without such information, 

the diffuse flux cannot be accurately deduced from the data. 

However, since the observed count rate never shows any sign 
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at all of increasing with zenith angle, it does seem 

reasonable to conclude that any dependence on zenith 

angle due to atmospheric gamma rays is small. 

In order to proceed, one might assume that the 

atmospheric gamma-ray flux is independent of zenith angle 

and, therefore, that the non-celestial background count 

rate does not depend on zenith angle. If one were to 

then calculate the celestial flux of gamma rays needed 

to produce the observed zenith angle dependence in the 

count rate, one would obtain a lower limit estimate of 

the cosmic flux. This follows since any zenith angle 

dependence in the atmospheric gamma-ray flux requires 

a larger cosmic component in order to compensate for the 

rise in count rate at large zenith angles. The assumption 

of a non-celestial count rate which is independent of 

zenith angle was adopted in order to estimate lower limits 

on the diffuse flux from the Flight 74-1 data. 

The lower limit determinations for the diffuse flux 

were made only for energies _< 0.142 MeV. At greater 

energies the zenith angle dependence of the diffuse flux 

could not be separated from the statistical fluctuations 

in the non-diffuse background. The low energy end of the 

spectrum from 0.033 MeV to 0.142 MeV was divided into 

five 1-FWHM energy intervals. Over each interval, mean 

background counting rates with reasonably good statistics 

could be calculated. As a result, it was possible to de¬ 

rive independent lower limit estimates of the diffuse 
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flux at five different energies. 

The counts within an energy interval were binned into 

four zenith angle groups similar to those used to compile 

Figures III-36 to III-39. It was hoped that any time 

dependences in the count rate were averaged out in the 

binning process (see discussion on page 80 ). The zenith 

angle dependence of the count rate in each energy interval 

was fitted to a two component function. This function 

consisted of an arbitrary constant, to approximate the non- 

diffuse background rate, plus a second term which accounted 

for the attenuation of the diffuse flux in the direction 

of increasing zenith angle. The general functional form 

is shown below. 

C(9i, 02) = 

_ 0 2 
e(E)IDF(E) f 
(0 2-0 1 + 1) 

0r 2TT 
* f -y (E)d. 

eXP[coS(B(9))1M(Ë>6’>aj)AI9'ë) * 

0 *=01 0=0 4>=o 

sin0d0d<J)d0 ' + F (Ë) 

where 

B (0 ) = sin~1 (cos0 ' sin0cos<J> + sin0'cos0) 

C(0i,02) = observed counting rate 

0i, 02 = limits of the zenith angle interval over 

which the observed counting rates were binned 
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E = geometric mean energy of the fitted 

energy interval 

IDp(Ê) = diffuse gamma-ray flux incident upon the 

atmosphere 

F_, (Ë) = non-diffuse counting rate (zenith angle 
13 

independent) 

M(Ë,0',dj) = correction factor for multiple Compton 

scattering by the diffuse flux in the 

atmosphere 

A(0,E) = sensitive area of the detector 

0 = aperture angle of the detector ^ 13° 

dj = atmospheric depth of the detector ^ 3.9 gm/cm2 

e(Ë) = correction factor for detector photopeak 

efficiency ~ 

Ua = atmospheric attenuation coefficient 

The integrals in the fitting function all contained 

known quantities and were evaluated numerically prior to 

the fitting. This left only two free parameters, IDF(i) and 

F_, (Ë) , to be determined by the fitting procedure. 

The values of M(E,0',d^) , the Compton scattering 

correction factor, were estimated from the calculations of 

Manchanda (1975). Since these calculations were performed 

only for a detector pointed in the vertical direction 

M(E,0',dj) was approximated by M(E,0.0,dj) and was there¬ 

fore considered to be independent of 0' . Errors due to 
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this approximation were estimated and included in the 

final error bars of all diffuse flux calculations. In 

addition, M(E,0,0,dj) is dependent upon the assumed 

functional form of the cosmic diffuse flux spectrum. In 

this regard, a power law differential photon spectrum 

with a spectral index of 2.0 was assumed. The correction 

factor is not, however, strongly dependent upon the 

particular choice of spectral index. 

The results of the curve fitting are listed in 

Table V-l. All fits were statistically acceptable. In 

Figure V-l the calculated lower limits for the diffuse 

gamma-ray flux are plotted together with the results of 

other selected observations. The errors for the lower 

limits include those due to statistical fluctuations as 

well as those due to the M(E,0.0,dj) approximation and 

uncertainties in the efficiency and angular response of 

the detector. 

The large error bars preclude the possibility of mak¬ 

ing any definite statement about the exact shape of the 

diffuse flux spectrum between 33 keV and 142 keV. However, 

three different analytical functions were fitted to the 

derived lower limits in order to determine the types of 

energy spectra which were consistent with the data. The 

best fit parameters for each function are listed in Table V-2. 

The nearly equal confidence levels of all three fitted 

functions merely verifies the fact that the uncertainties 

in the data points are too large to clearly define the 
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Figure V-l 

The lower limits for the diffuse cosmic gamma-ray 
flux as estimated in the present work are indicated byT"* 
The graph is adapted from Schwartz and Gursky (1973) 
and includes the results of other selected observations. 
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energy spectrum. 

E. Implications of the Diffuse Flux Measurement 

Due to the large errors involved in the present 

determination, the fluxes derived for the cosmic diffuse 

gamma radiation are consistent with the results of most 

experiments conducted in the 10 keV to 150 keV energy 

region. Nevertheless, the results of the diffuse flux 

study are quite encouraging considering the fact that the 

Flight 74-1 experiment was never designed to measure the 

diffuse flux. A far better measurement of the diffuse 

flux could be made by repeatedly scanning a range of 

zenith angles over a period of about one half hour, keeping 

the detector azimuth fixed. By doing this, one would be 

assured of averaging out time dependent activation effects. 

In addition, an accurate estimate of the zenith angle 

dependence of M(Ë,0',dj) would serve to reduce the error 

in the fitting procedure. In the final analysis, however, 

it is the activation background that must be reduced in 

order to improve the above measurements of the diffuse 

background and extend them out into the MeV energy range. 

In Figure III-17 the upper limits on the non-diffuse 

background count rate have been plotted together with the 

derived lower limits of the diffuse gamma-ray background 

count rate. It is apparent that the non-diffuse background 

is the larger component, comprising between 70% and 80% 

of the total count rate at energies < 150 keV. Given this 
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fact, an accurate measurement of the diffuse flux near 

1 MeV probably would entail a reduction in the non- 

diffuse background in that area by close to an order of 

magnitude. 

Finally, it would be interesting to extend the Flight 

74-1 measurements of the diffuse flux down to about 20 keV. 

At these energies, the count rate from the diffuse flux is 

expected to level off and begin to decrease with decreas¬ 

ing energy (Horstman and Horstman-Moretti 1971). This 

occurs because the atmospheric attenuation of gamma rays 

increases more rapidly than the flux of diffuse gamma 

rays. Since any feature in the total count rate spectrum 

near 30 keV could probably be attributed to the "turn over" 

in the diffuse flux count rate, one may be able to use this 

to determine how closely the estimated lower limits re¬ 

flect the actual diffuse photon fluxes at low energies. 
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VI. GAMMA-RAY BURSTS 

It is hard, if not impossible, to categorize the 42 

known cosmic gamma-ray bursts (GRBs). Although one may 

establish broad ranges for the parameters descriptive of 

the GRBs, it is not feasible to describe what may be 

termed a "typical" GRB. Generally speaking, GRBs range 

from approximately 0.1 sec to 100 sec in duration and have 

energy exposures between 3 x 10“6erg cm-2and 5 x 10~4erg cm-2. 

The total burst counting rate often appears to have a 

detailed time structure, which includes significant 

intensity fluctuations over a period of v 30 msec. Several 

microbursts lasting from v 60 msec to ^ 2 sec have been 

observed before, during, and after the "main" part of the 

GRB. In certain observations (Metzger 1974) a small pre¬ 

cursor pulse seems to be present just prior to the onset 

of the "main" portion of the event. Oftentimes a resurgence 

in gamma ray activity occurs after a quiescent period of 

5 sec to 100 sec following the primary GRB event. (See 

e.g., Klebesadel 1973 and Koch et al. 1973.) 

The GRB energy spectrum is usually befet fit to a 

power law with a spectral index of ^-1.4 for energies 

< 200 keV and a spectral index of ^-2.6 for greater energies. 

There is some indication that a hard component of the 

spectrum at energies > 1 MeV persists throughout the GRB 

event while a softer component at energies < 1 MeV dominates 
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over periods of explosive burst activity (Metzger et al. 

1974). Imhof et al. (1974b) noted that the hardness of the 

spectrum increased rapidly at the start of one GRB and 

softened at later times. Many of the other less-established 

properties of GRBs have been summarized by Strong (1975a) 

and are reviewed in more detail by Strong (1975b). 

In order to ascertain the origin of the GRBs, it is 

important to determine their directionality. Unfortunately, 

at the present time, it is possible to uniquely specify the 

locations of only 7 bursts and to give two alternate po¬ 

sitions for each of 9 others (Strong 1975b). There appears 

to be some concentration of GRB events at low galactic 

latitudes, but there is no clustering of events near the 

galactic center. The GRBs do not appear to be associated 

with any nearby stars or any of the nearer extragalactic 

objects. Strong (1975a) concluded that all of the evidence, 

taken as a whole, suggests that the source distances are 

between 100 pc and 3 kpc. Nevertheless, the degree of 

isotropy of the GRBs is far from being well-established, 

and meaningful speculation about the exact spacial distri¬ 

bution of GRBs is still contingent upon locating a con¬ 

siderably larger number of GRB events. 

To date there have been numerous models put forth to 

describe the GRB phenomena. At last count there were at 

least 24 different models. Considering the volume of 

work devoted to the subject, no effort will be made to 

summarize each of the proposed explanations. An excellent 



165 

review of current theories of GRBs may be found in a paper 

by Ruderman (1975), 

A, Gamma-Ray Burst Search 

There are two different approaches which one might 

adopt in order to search the Flight 74-1 data for evidence 

of GRBs. First, one may examine the central detector 

count rate directly for evidence of GRBs. This type of 

investigation has been conducted by Hall (1975) for the 

duration of the 74-1 observation. The investigation con¬ 

sisted of performing S-fold time interval analysis (see 

e.g., Evans 1970) on the data in an effort to isolate time 

periods when the central detector counting rate did not 

behave in a manner characteristic of Poisson statistics. 

The results indicated the presence of many abrupt count 

rate increases, termed "glitches”, which occurred primarily 

after the balloon had achieved float altitude. The glitches 

had time durations which ranged from 0.035 sec to 0.16 sec. 

The counts within a glitch had pulse height channel numbers 

which were almost always less than channel 10 (50 keV); 

the glitch counting rates were often high enough to saturate 

the telemetry rate. It is believed that the origin of the 

glitches is instrumental in nature and that they are defin¬ 

itely not associated with the GRB phenomena. Indeed, it 

would be remarkable even if one GRB were detected by the 

central crystal since the annual observed GRB rate is only 

about 5 per year and the detector aperture spans only 
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0,04 steradian, 

A far more sensitive detector for GRBs is the Nal 

well which shields the central detector. Gamma-ray inter¬ 

actions in the well are not pulse height analyzed, and, 

therefore, no information concerning their energy spectrum 

is obtainable. However, the large effective area of the 

well coupled with its 4TT steradian field of view makes it 

a very sensitive detector for measuring small increases 

in incident gamma-ray fluxes. 

The mere detection of GRBs is important since their 

rate of occurence is not well known. In addition, it may 

be possible to determine the spacial distribution of GRBs 

by measuring the rate, N(S), of GRB events having a size 

greater than S(erg/cm2) as a function of S. If the GRBs 

have a well-behaved distribution about some mean strength, 

then N(S) will be proportional to S"1*5 for an isotropic 

spacial distribution of GRBs and proportional to S-1,0 if 

the GRBs are confined to a thin sheet approximating the 

galactic disc. However, it should be pointed out that the 

whole idea of a mean GRB strength may be completely in¬ 

appropriate, since the GRBs cannot be easily stereotyped 

and tend to have a wide range of characteristics. 

One may use the existing Vela data (see Bewick et al♦ 

1975) in order to estimate the number of detectable GRBs 

which should have occurred during the 74-1 observation. 

This is usually done by extrapolating a plot of N(S) versus 
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S for GRBs observed by the Vela satellites in the direction 

of small S, A functional dependence of N(S) on S must be 

assumed in order to do the extrapolation. 

In determining the smallest detectable value of S, 

the GRB detector was assumed to be composed of only the 

guard crystal, which is the larger and more massive component 

of the active collimator. The effective area of the guard 

crystal was approximated at 900 cm2 and an average atmospheric 

attenuation correction factor of 4 was used. A "typical" 

GRB differential photon spectrum was presumed to follow 

a power law dependence on energy with a spectral index of 

-1.4 from 30 keV - 200 keV and a spectral index of-2.6 at 

greater energies. 

The sensitivity of the guard crystal for GRB detection 

is a function of the time over which the GRB photon flux 

is distributed. In a specified time interval, a count rate 

increase of at least 5 standard deviations (5a) above the 

background count rate was set as a requirement for GRB 

identification. This is similar to the triggering thres¬ 

hold which must be exceded in order for the Vela satellites 

to record a GRB event. Based on an extrapolation of the 

Vela results, approximately 14 detectable GRBs should have 

occurred during Flight 74-1 for N(S)ŒS_1*5 and an average 

GRB time duration of 20 sec. If N(S)œS-1*0 , only one 

detectable GRB event should have taken place. If an 

average GRB has a length of 6 sec, 14 detectable events 

are predicted for NCSJ^S”1•0, and 73 for N(S)«S-1*5. The 
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quoted numbers of expected GRB events do not take into 

account the 2TT steradian shielding of the detector by the 

earth. The GRB event 72~6, which was observed by Apollo 16 

to have a relatively small energy flux in comparison with 

other observed GRBs, would have appeared in the present 

experiment as a 4050 count per second increase in the 

guard count rate for a time interval of about 20 sec. This 

would have represented a 102a increase in the guard count 

rate, which was typically 6200 counts/sec. 

During Flight 74-1, a record of the guard counting 

rate was available from the output of a ratemeter, which 

produced a signal voltage proportional to the guard count 

rate. However, a more accurate technique for measuring the 

guard rate was simultaneously employed throughout the obser¬ 

vation. This second method of count rate measurement 

consisted of using a scaling circuit to cycle a square wave 

output voltage through one period for every 40960 counts 

recorded by the guard crystal. An accurate count rate 

estimate could be obtained by determining the exact amount 

of time required for the signal voltage to complete one 

period. A commutator sampled the output voltage at a rate 

of about 22.4 times per second. Thus, the time required 

for the output voltage to complete one period could be 

measured to within 0.05 sec. This time is small compared 

to the average period time which was about 6.6 sec. Data 

from this second record of the guard counting rate were used 

to search for GRBs. 
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During the GRB search, the guard rate data were summed 

over varying time intervals of the flight and a plot of 

event number versus cycle period time was made for each 

time interval. An event consisted of one measurement of 

the cycle period time. Figure VI-1 shows one such plot 

which is representative of others made throughout the flight. 

The cycle period, x, is simply related to the guard count 

rate, C, by the relationship CG = 9.2 x 10
5/x . Also shown 

in Figure VI-1 is the 5 standard deviation (5a) level and 

FWHM expected from Poisson statistics for a distribution of 

events peaked at x = 148. 

Once the balloon achieved float altitude, the cycle 

period containing the maximum number of events increased 

gradually from x = 148 (6200 counts/sec) to x = 145 (6300 

counts/sec). This is reminiscent of the activation build¬ 

up in time observed in the central detector. 

From Figure VI-1 it is clear that the guard count 

rate does not behave in a manner characteristic of Poisson 

statistics. There is an overabundance of events which 

registered high count rates, that is, events which had 

small values of x. In fact, the high count rate events 

are so numerous that it is not possible to reasonably 

attribute their presence to GRBs. During the 1 hour time 

interval over which the data in Figure VI-1 was accumulated, 

there were four events separated in time which registered 

count rates greater than twice the mean counting rate. 
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The criterion requiring that the guard count rate 

increase 5a above its mean value in order to identify a 

possible GRB is not particularly useful. This is due to 

the fact that the background count rate distribution is 

asymmetric, having a much larger number of events at high 

count rates than that expected from Poisson statistics. 

Therefore, the GRB search procedure was revised in order 

to look for times when the guard count rate increased 

significantly above that expected from the observed back¬ 

ground rate distribution. This required that the guard 

rate maintain a very high count rate > 8500 counts/sec 

for an extended period of time >20 sec. No such increases 

were found for the duration that the balloon was at 

float altitudes. The null result is not surprising since 

the presence of a background count rate distribution 

with a "tail" extending towards high count rates places 

severe limitations on the detector sensitivity to sudden 

count rate increases above background. Based on the null 

result, one may set a two sigma upper limit on N(S) equal 

to 1400/year for bursts having sizes S > 2 x 10“5erg/cm2. 

In an effort to specify the shape of the guard count 

rate distribution, attempts were made to fit it to the 

functional form characteristic of a double Poisson distri¬ 

bution (see Eadie et al. 1971). The general form of a double 

Poisson distribution is illustrated below 



172 

PDP(r) = ■■ I [ 

oo ,»r -N (N ) e U ■ U 
r! 

N=0 

N 

The distribution represents a sum of N Poisson variables 

n; all of which have a mean value y, and where N is also a 

Poisson variable having a mean value X. This distribution 

would be appropriate, for example, if each cosmic-ray inter¬ 

action within the guard crystal gave rise to a large number of 

counts, and if the number of counts initiated by a cosmic ray 

were distributed according to a Poisson distribution about 

some fixed mean number of counts. The results of the curve 

fitting indicated that no acceptable fit to the data could 

be made. 

One possible explanation for the observed guard rate 

distribution may be proposed on the basis of a study con¬ 

ducted by Johnson and Kurfess (1975). They found that 

a short term gamma-ray burst < 0.150 sec could be simulated 

in a Nal(Tl) crystal by exposing it to a short (30 nsec), 

intense pulse of X-rays. In their experiment a total 

energy of approximately 104 GeV was deposited in a Nal de¬ 

tector. A high count rate in the Nal crystal was observed 

for approximately 0.15 sec after the initial irradiation. 

This resulted from fluctuations in the decay 

rate of the long lived 0,15 sec phosphorescent state of 

Nal on a time scale of 2 ysec (Koicki et al. 1973). 
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About 10% of the light emitted as the result of any 

interaction in Nal is through the decay of the phosphorescent 

state. However, it is only when the state is populated to 

a very high degree that the number of decays occurring 

within the 2 ysec integration time of the instrument is 

sufficient to produce a countable pulse, A countable pulse 

is defined as one with a large enough amplitude to exceed 

the low energy threshold of the detector. In the case of 

Gammascope VI, this threshold is usually set near 30 keV. 

The majority of countable pulses from phosphorescence 

barely exceeds such a detector threshold. 

It will be recalled that Hall (1975) observed "glitches" 

in the counting rate of the central detector which had two 

of the main characteristics of phosphorescence; the 

glitches were short, lasting<0.15 sec, and the glitch 

counts were confined to low channel numbers. It therefore 

seems reasonable to associate the glitch phenomena with 

the populating of the phosphorescent state of Nal. Although 

the experiment of Johnson and Kurfess was performed with a 

beam of X-rays, similar results are expected in interactions 

of high energy ionizing charged particles. The relevant 

parameter is the total amount of energy deposited in the 

crystal. Furthermore, the energy deposition does not need 

to be nearly as high as the 104 GeV used in the irradiation 

experiment. At this energy, approximately 19,000 counts 

were produced. The sudden count rate increases associated 

with the glitches involved less than 100 counts. Given 
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this, an energy deposition of 1 GeV - 10 GeV in the 

central crystal may be sufficient to produce a glitch. 

Since a minimum ionizing proton deposits only about 50 MeV 

100 MeV in the central detector, interactions by cosmic 

rays with atomic number > 5 are required in order to 

produce the glitches. The observed glitch rate of 1.7 per 

5 minutes is within an order of magnitude of the rate which 

can be estimated for cosmic-ray bombardment. 

If the above explanation of the glitch phenomenon is 

correct, one would also expect abrupt count rate increases 

similar to the glitches to occur in the guard crystal. 

The suggestion that glitches may be an important source of 

the count rate in the guard crystal is an extremely attract 

ive idea, since an excess of high count rate events is 

observed in the guard rate data. Because the guard count 

rate was not pulse height analyzed and an integration time 

of 6 sec was used in determining the guard rate, only in¬ 

direct arguments can be made in support of the glitch 

hypothesis. It is interesting to note, for example, that 

all of the stronger glitches in the central detector appear 

ed to be coincident with increases in the guard counting 

rate. This would seem to indicate that the two phenomena 

have a common orgin. However, the apparent correlation 

between the two types of events should be viewed with some 

caution. The chances of accidental coincidences were large 

due to the large number of high count rate events oberved 

in the guard crystal. 
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In general, the glitches in the guard crystal should 

be more intense than those in the central detector since 

the cosmic rays, on the whole, travel a greater distance 

through the guard crystal. In addition, it is clear that 

the glitch rate in the guard crystal should be much greater 

than that observed in the central detector in that the guard 

crystal has a greater thickness and a larger effective 

area. If the increase in the glitch rate is linearly 

proportional to these two parameters, one would expect an 

average of two glitches to occur within each 6 sec integra¬ 

tion period used to determine the guard rate. This is 

of the correct order of magnitude to account for the observed 

asymmetry in the guard count rate distribution. 

The shape of a count rate distribution due to glitches 

should closely resemble a double Poisson distribution with 

one notable exception; the mean number of counts produced 

in a cosmic-ray interaction is not a constant since it 

depends upon the particle's atomic number and energy. 

This leads to a resultant distribution which is the sum 

of many double Poisson distributions, each weighted by the 

fraction of cosmic rays falling within a particular energy 

range and having a certain atomic number. Such a distri¬ 

bution is consistent with the one observed for the guard 

counting rate. In addition, the low count rate (high r) 

end of the suggested distribution should approximately 

follow a single Poisson distribution. It is apparent from 

Figure IV-1 that the observed distribution exhibits this 
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behavior. 

Based on the above discussion, a two-component model 

may be proposed to explain the observed guard count rate. 

Since the guard rate distribution always exhibits a 

sharp peak near 6200 counts/sec (r = 148), it is reasonable 

to assume that the guard count rate is primarily due to 

many statistically independent interactions which occur in 

the guard crystal at a steady rate of 6200 interactions/sec. 

Possible sources for this component of the count rate in¬ 

clude interactions by atmospheric gamma rays and cosmic 

rays, as well as the decay of activated nuclei within the 

detector. The second component arises from interactions 

which produce more than one detectable count in a short 

period of time. Counts recorded as a result of these inter¬ 

actions are statistically correlated and lead to an asymmetric 

count rate distribution containing a high count rate "tail". 

The most plausible explanation for this tail centers around 

the decay of the 0.15 sec phosphorescent- state of Nal, 

which is excited by high energy cosmic rays with atomic 

numbers > 5. 

B. Implications of the Search for Cosmic Gamma-Ray Bursts 

Although large counting rate increases often appear 

in the Flight 74-1 guard count rate data, none of the in¬ 

creases can be conclusively associated with the gamma-ray 

burst phenomena. There are indications that many, if not 
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all, of the increases result from cosmic-ray excitation 

of the 0.15 sec phosphorescent state of Nal. This re¬ 

presents a form of instrumental background which may 

ultimately place a lower limit on the sensitivity of 

individual experiments to detect low intensity gamma-ray 

bursts using inorganic scintillation detectors. The 

background problem is particularly important in experiments 

designed to detect very brief gamma-ray bursts lasting 

less than 0.5 sec. 

Based on conclusions drawn from the study of the guard 

rate, it appears that gamma-ray bursts are best detected 

by a thin scintillation detector having a large area. 

Such a detector cannot be used to measure the high energy 

portion of the gamma-ray burst photon spectrum. However, 

by making the detector thin, one minimizes the amount of 

energy deposited in the detector by high energy cosmic rays. 

This should result in a reduction of the background due to 

phosphorescence and a subsequent increase in the detector 

sensitivity. 

In order to measure the gamma-ray burst spectrum at 

energies > 0.5 MeV it is desirable to include two separate 

detectors in an experiment. The detectors should be 

arranged in such a way as to make the interaction of a 

single cosmic ray in both detectors an unlikely event. A 

coincident increase in the count rate of both detectors 

would be required to verify a gamma-ray burst event. To 
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a limited extent, a criterion similar to this has been 

used to look for gamma-ray bursts in the Flight 74-1 data. 

The guard and collimator count rates of Gammascope VI 

have been searched for simultaneous count rate increases. 

As of this writing, no such coincident increases have 

been found. 
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VII. IMPLICATIONS OF THE BACKGROUND STUDY 

It is interesting to note the slow realization of 

gamma-ray astronomy in the nuclear energy band as a major 

tool in astrophysical investigations. If gamma-ray astronomy 

is to progress further as a field of research, the sensitivity 

of experimental observations must be considerably improved. 

Over the last decade, few major innovations have been in¬ 

troduced into the design of astronomical gamma-ray detector 

systems. As a result, some of the important cosmological 

and astrophysical questions which gamma-ray astronomy is 

potentially capable of answering have gone unanswered. 

There are many reasons vday the detector sensitivities have 

not dramatically increased, but the absence of a conscious 

effort on the part of experimenters is not among them. 

The increased usage of actively collimated detectors has 

led to a general decrease in detector background. Never¬ 

theless, source-to-background ratios in the 1 MeV to 10 MeV 

energy range are still typically less than a few percent 

for discrete source observations. 

The results of this dissertation have far-reaching 

implications for the reduction of background counting rates 

in actively collimated detector systems. Of primary 

importance is the realization that a great portion of the 

Gammascope VI background is due to radiation produced 

within the detector. The significance of this observation 

cannot be over-emphasized. Until now, gamma-ray detectors 
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(Gammascope VI included! have been designed to minimize 

background contributions from external sources of gamma 

rays and charged particles. The results of this study 

call for a completely different approach to the problem of 

detector design. 

In designing a collimated detector system, one is 

initially inclined to make the effective area of the 

central detector as large as possible in order to increase 

the instrumental sensitivity. In the presence of a large 

contribution from cosmic-ray-induced activation of the 

detector, it is no longer clear just how effective this will 

be at increasing the detector sensitivity. The uncertainty 

results because the activation count rate depends upon the 

detector volume, whereas the count rate from an external 

photon source depends upon the sensitive surface area. 

Furthermore, if one increases the size of the central detector 

the volume of the collimating well must be substantially 

increased in order to maintain the same wall thickness. 

Since the collimator is also a source of background radia¬ 

tion, a large increase in the mass of the collimator is 

capable of causing a correspondingly large increase in the 

total background counting rate. 

A. Origin of Gammascope VI Background 

Before proposing new detector designs, we shall briefly 

summarize some of the important results of the background 

study. First, it appears that the background continuum 
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spectrum of Gammascope VI in the energy region 150 keV - 

2 MeV is basically a decay spectrum of activated nuclei. 

Contributions to the count rate come from two main 

sources: discrete gamma ray emission, and beta decay. 

The gamma rays may be emitted by either the collimator or 

the central detector. The full energy deposition of a 

gamma ray within the central detector results in a recorded 

count. The detector efficiency for full energy deposition 

is a function of gamma ray energy and ranges from 75% at 

150 keV to about 17% at 2 MeV. The counts due to beta 

decay come mostly from the decay of activated nuclei within 

the central detector. Since the range of beta particles 

with energies < 3 MeV is on the order of 1 - 2 mm in Nal, 

the central crystal is nearly 100% efficient at detecting 

these decays. One of the chief conclusions drawn from the 

examination of the background spectrum is that beta decay 

is probably the most important activation component 

between 250 keV and 2 MeV. 

At energies < 150 keV and > 2 MeV, discrete gamma-ray 

emission from an ensemble of activated nuclei probably con¬ 

tributes noticibly to the background count rate in the form 

of a more or less smooth continuum. In addition, there 

are gamma-ray spectral features in the observed background 

spectrum near 54 keV, 83 keV, 195 keV, 247 keV, and 491 keV. 

These are expected from the decay of activated nuclei. For 

the Gammascope VI detector system, interactions occurring 
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in the central crystal within 1-2 ysec of an interaction 

in the active collimator are vetoed. There is evidence 

that at least some of the count rate at energies < 100 keV 

is due to the decay of nuclei with half lives slightly 

longer than this 1-2 ysec "blanking time". It is 

reasonable to assume that nuclei with similar half lives 

contribute to the count rate at energies greater than 

150 keV. As noted in section IV-D, it may be advisable to 

increase the blanking time in order to reduce the background 

contribution from short lived nuclei. 

B. New Detector Design 

In all proposed detector designs, the basic concept 

of the actively collimated detector will be maintained. 

Although it is not possible at present to specify the 

optimum size and thickness of the collimator, it is clear 

that with the Gammascope VI collimator arrangement external 

sources of gamma radiation have a minimal effect on the 

background spectrum. Therefore, an active shield similar 

to that used with Gammascope VI will be implicitly included 

in all detector designs. Most of the ensuing discussion 

will be devoted to suggesting design improvements in the 

central detector. 

Since it was initially believed that most of the internal 

radiation was the result of gamma rays emitted in radioact¬ 

ive decay, early attempts at redesigning Gammascope VI 

focussed upon reducing this background component. The 
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general idea was to exploit the beam-like nature of an 

external gamma-ray flux entering the detector system through 

the aperture. One would like to distinguish these external 

gamma rays from the nearly isotropic gamma-ray flux due to 

the decay of nuclei. The directional character of external 

gamma rays is preserved to a certain degree even after an 

interaction in the central detector. This results from the 

fact that in the 250 keV to 6.5 MeV range, a Nal detector 

is mainly a Compton device, and that at these energies 

Compton scattering tends to be peaked in the forward 

direction. Typically, a 0.5 MeV photon will Compton 

scatter one to two times before "dying” in a photoelectric 

event. Photons at energies 1.02 < E < 6.6 MeV may undergo 

pair production but prefer to lose energy in three to five 

Compton scatters and a photoelectric absorption. 

In order to separate photons of external origin from 

those due to activation, it is important to localize the 

photon interaction site. One way of doing this is to 

"dice" the central Nal crystal along the detector axis 

into a two-dimensional array of many separate and optically 

isolated crystals. The central detector then becomes a 

group of individual detectors, each capable of operating 

in coincidence or anticoincidence with one another. 

Many of the photons created in radioactive decays, will 

travel perpendicular to the detector axis. These photons 

are expected to interact in several widely spaced crystals 

before finally stopping. A photon normally incident upon 
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the central detector will, in general, interact in only a 

few adjacent crystals. One would like to pulse height 

analyze each crystal in the array separately so that a 

single photon interaction would be recorded as a group of 

energy deposition events in several different crystals. 

The exact criterion for accepting or rejecting a group of 

these events as resulting from an external photon inter¬ 

action would depend upon the details of photon transport 

within the Nal crystal. 

In order to determine the optimum dimensions of the 

crystals in the array, a Monte Carlo calculation was per¬ 

formed to estimate the photopeak efficiency of various 

sizes of Nal crystals. In the calculation, each crystal 

was subjected to a beam of monoenergetic photons normally 

incident upon the front surface of the crystal and to an 

isotropic flux of photons at the same energy. The photon 

beam was used to calculate the response of the crystal to 

an external photon flux. It was hoped that the interactions 

of an isotropic flux of photons would simulate the crystal 

response to activation photons. As a comparison, an 

approximate calculation of the photopeak efficiency of Gamma- 

scope VI to detect activation photons was performed. This 

was accomplished by initializing monoenergetic photons in 

all directions and at random locations throughout the 

central crystal. 

The results of these calculations are shown in Table 

VII-1. Source types "beam", "isotropic", and "activation" 
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refer, respectively, to a photon beam normally incident 

upon the crystal, an isotropic flux of photons incident 

upon the crystal from all directions, and an isotropic 

flux of photons initiated from within a crystal. Also 

shown is the ratio of "source" efficiency to ("background" 

efficiency) which is the parameter one seeks to maxi¬ 

mize for a particular crystal length. In determining this 

ratio the "background" was assumed to be either an 

"isotropic" or an "activation" source type, while the 

"source" was represented by a normally incident photon 

beam. From the source to background ratios, the optimum 

thickness of a two inch long crystal was estimated to be 

approximately 3/8 inch. 

Since it has now been determined that a major component 

of the internal background of Gammascope VI results from 

beta decay within the central detector, the above calcula¬ 

tions have only limited utility. One would, in fact, like 

to design a detector that is capable of discriminating 

between a beta decay event and the multiple scattering 

events characteristic of photon interactions. Once again 

the problem centers around the actual localization of 

photon and particle interactions within the detector. In 

order to do this, it is necessary to replace the central 

detector with a three dimensional array of smaller detectors. 

Moreover, the individual detectors need not be scintilla¬ 

tion detectors. The following design considerations hold 

no matter what the particular detector type is. 
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It is important to define the distinguishing character¬ 

istics between counts due to beta decay and those due to 

photon interactions. In 8-decay, the entire energy of the 

electron tusually 1-3 MeV) is deposited within 1-2 mm of 

the decay site. Except at energies where the photoelectric 

effect dominates, counts resulting from single gamma-ray 

interactions are rare. Therefore, it is reasonable to 

associate any count arising from a localized deposition of 

a large amount of energy (> 500 keV) with a 8-decay event. 

In order to identify the 8~events, each of the detectors 

within the central detector array should have character¬ 

istic dimensions slightly larger than twice the average 

range of a beta decay electron. 

Positron decay is complicated by the creation of two 

back-to-back 0.511 MeV photons near the location of the 

decay. The problem of distinguishing events which include 

a positron annihilation reaction from those that do not 

is an important one. However, one may be able to do this 

by examining the data for evidence of Compton scattering 

patterns peculiar to the two 0.511 MeV photons initiated 

in positron annihilation. Once annihilation events are 

identified, an additional selection procedure is required 

to separate 8+ events from events due to pair production. 

The major difference between the two processes lies in the 

fact that energies less than 3 MeV are usually deposited 

near a 8+ decay site, whereas energies > 3 MeV are typically 

deposited in the area of a pair production interaction. 
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It should be possible to distinguish between the two 

types of events on the basis of the largest amount of 

energy deposited in a single detector array element. 

The above techniques of beta decay identification 

may be applied to partially eliminate background contri¬ 

butions from both short and long term radioactivity. 

Counts due to the decay of nuclei with short half lives may 

be additionally suppressed by manipulating the blanking 

time of the individual detectors within the central 

detector array. In principle, this would be accomplished 

by "shutting off" an array element for a certain period of 

time after the passage of a cosmic ray or high energy 

charged particle through the detector element. Since the 

count rate distribution resulting from an external photon 

flux presumably obeys Poisson statistics, this time should 

be short compared to the average time between photon inter¬ 

actions in an array element. 

Prior to an observation, it is hard to determine the 

optimum blanking time since it is a function of the charged 

particle flux as well as the photon counting rate. In the 

actual experiment, the time of a highly ionizing charged 

particle event in the central detector, as well as the 

array members in which the particle(s) interacted would 

be recorded. The best shut-off time could be determined 

later during the data reduction and would probably range 

from 10 msec to 1 sec. Since beta decay times are usually 

longer than 1 sec, this method of background reduction 
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would have only a limited effect on the background count 

rate near 1 MeV, However, there could be sizable reduction 

in the background count rate at energies < 100 keV if the 

decay of short lived metastable states contributes sub¬ 

stantially to the count rate in this area of the spectrum. 

Up to this point, it has been tacitly assumed that 

the outputs of all detector elements in the central 

detector array would be used in order to obtain a count 

rate within a given energy interval. Counts which could 

be attributed to internal radiation would not be included 

in the final count rate tally. In practice, however, it 

may not be desirable to compile an average count rate 

based on the outputs of all array members. This is especial¬ 

ly true at low gamma-ray energies where most photons inter¬ 

act in the detector via the photoelectric effect. If a 

beam of low energy photons is incident upon the central 

detector, the number of interactions as a function of 

detector depth falls off roughly exponentially. At 

sufficiently low energies, the relative number of inter¬ 

actions in the array elements below the first few layers 

of the array may be negligible. In this case, including 

the outputs of the lower detector elements in the count 

rate determination serves only to increase the contribution 

to the background count rate from activation. Therefore, 

depending upon the energy interval being analyzed, it may 

be advantageous to redefine the central detector to 

include only those detectors located within the uppermost 
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array layers. 

To a certain extent, it may be possible to use the 

depth dependence of the count rate to accurately estimate 

the photon flux incident upon the central detector. In 

principle, this could be done even at energies where the 

Compton effect and pair production dominate. The success 

of the procedure requires that the number of counts per 

unit detector volume change to a reasonable degree over 

the thickness of the central detector. The necessary 

amount of variation is dependent upon the amount of back¬ 

ground present as well as the degree to which the functional 

dependence of the depth distribution is known. It is 

important to determine this functional dependence for 

internal radiation as well as for an external gamma-ray 

flux. Presumably, these distributions could either be 

measured or calculated via the Monte Carlo method. 

The fact that the variation in count rate with depth 

is a sizable effect was demonstrated for the case of a 

three inch Nal(Tl) cube. A Monte Carlo calculation was 

performed for several monoenergetic photon fluxes normally 

incident upon one surface of the cube. The "mean" depth 

of an interaction was determined by assuming that each 

photon interaction resulted in an isotropic emission of 

optical photons from the point of interaction. The number 

of optical photons emitted was scaled in proportion to 

the amount of energy deposited in an interaction. An 

average interaction depth could then be computed from the 
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ratio of the light intensities at the top and bottom ends 

of the crystal. The results of the calculation revealed 

a marked decrease in the number of counts as a function 

of the mean depth for photon energies less than 0.5 MeV. 

At greater energies the effect was less pronounced. 

The method of measuring the depth distribution with 

a three dimensional array of small detectors would be con¬ 

siderably better than the method described above for a 

single Nal(Tl) cube. There would be no need to estimate 

a "mean" interaction depth for each counting event. This 

is important since the locations of individual interaction 

sites are averaged out in a measurement of the mean depth. 

For a detector array, one would be interested in the amount 

of energy deposited as a function of array layer. Since 

the interactions within each detector element could be 

treated separately, the depth distribution would have a 

stronger dependence on depth than that estimated for a 

single Nal crystal. 

C. Summary 

In summary, there are three different procedures which 

one might use in order to reduce the background contribu¬ 

tion from internal radiation. These include: 

1) removing beta decay events from the data by 

careful examination of the interaction patterns 

within a detector array 
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2) adjusting the "blanking" time after a cosmic- 

ray event in the detector in order to eliminate 

counts due to the decay of short lived radio¬ 

active nuclei 

3) utilizing the dependence of the detector count 

rate on depth to decrease the amount of detector 

volume which is sensitive to background radia¬ 

tion. 

In addition, it may be possible to infer the gamma-ray flux 

incident upon the detector by analyzing the functional 

dependence of the count rate on detector depth. 

The first and third methods should have a noticible 

effect on the background count rate at energies < 150 keV 

and energies > 2 MeV. It is hoped that the second procedure 

will have a major impact on the count rate, particularly 

in the energy region 150 keV < E < 2.1 MeV. One would 

optimistically expect an order of magnitude decrease in 

the background count rate within this energy region. This 

corresponds to a factor of three increase in the detector 

sensitivity. Such an increase in sensitivity would make 

it possible to estimate the cosmic diffuse gamma-ray flux 

by measuring the dependence of count rate on zenith angle 

(see Chapter V ). Lower limits could therefore be set for 

the diffuse flux in the cosmologically significant spectral 

region near 1 MeV. In addition, one would hope to see 

detailed structure in the gamma-ray spectra of celestial 

objects. This thought is especially intriguing in light 
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of the recent discovery of nuclear gamma rays coming 

from the galactic center region and Centaurus A (Haymes 

et al. 1975, Hall et al. 1976.). 
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APPENDIX A 

Magnetometers 

The magnetometer calibration curves for Flight 74-1 

are shown in Figure A-l. The convention used to determine 

degrees of azimuth is the standard one; north corresponds 

to zero degrees, and all other azimuthal angles are measured 

in the north-to-east direction. The voltage output of the 

magnetometers is proportional to the magnetic field strength 

along the axis of the probe. While the detector's gamma-ray 

axis was oriented in the south-cardinal direction, the mag¬ 

netometer placed parallel to the servo magnetometer was 

rotated so as to give a null voltage reading. At that point, 

the perpendicular magnetometer, which was located at right 

angles to the parallel magnetometer, had a maximum voltage 

output. The calibration was performed by rotating the mag¬ 

netometers in 10° increments and recording the output 

voltages. Figure A-l represents the interpolated curves 

derived from the calibration points. 

Also illustrated in Figure A-l is the B = B(cosc|>) 

behavior of the magnetometer output as the probes are rotated 

in azimuth. Here, B = the measured magnetic field, B = 
X 

the projection of the earth's magnetic field on the plane 

tangent to the surface of the earth, and <f> = the angle 

between the probe's axis and the horizontal component of the 

geomagnetic field. The instrumental sensitivity is approxi¬ 

mately 0.02 volts/millioersted. 
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Altimeter 

Figure A-2 shows the calibration of Rice’s thermal 

conductivity altimeter for Flight 74-1. At one atmosphere 

pressure, the thermal conductivity of a gas is independent 

l . 
of pressure and is approximately proportional to T /2, 

where T = the absolute temperature. However, for pressures 

< 14 mbar (1 mbar == 1 gm/cm2) the thermal conductivity varies 

with density. This is due to the fact that at low pressures, 

when the molecular mean free path becomes comparable to the 

dimensions of the space under consideration, the number of 

molecular collisions is negligible. Under these conditions, 

the effects of individual molecules are additive. 

The altimeter was calibrated by placing it in an 

evacuated vacuum chamber and monitoring the altimeter out¬ 

put voltage as a function of the column height of oil in 

an oil manometer. These measurements were converted into 

an equivalent pressure, which can be associated with an 

atmospheric column depth. 

Energy and Energy Resolution Calibration 

Prior to the flight, both pulse height analyzers were 

calibrated in energy and energy resolution by observing 

the energy spectra of radioactive sources placed directly 

in the detector's field of view. The heaters and all other 

instrumentation were on at the time. The sources emitted 

gamma-ray lines at discrete energies. Given the channel 

where the count rate peaked and the peak's FWHM, one could 
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VOLTAGE 
Figure A-2 
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relate channel number to the energy deposited in the central 

detector as well as determine the energy resolution of the 

detector at a particular energy. This peak, termed the 

full-energy peak or photopeak, is produced by events in 

which the total energy of the incident photon is absorbed 

in the detector. 

The location of a peak channel was estimated by fitting 

hand-drawn Gaussians to the count rate in the vicinity of 

the photopeak. The errors which were associated with these 

eyeball fits represent a maximum uncertainty in the peak 

channel location and are more likely to be an overestimate 

of the true statistical error than an underestimate. 

For the sake of simplicity, the analyzer covering the 

low energy band and the one covering the high energy band 

will be termed the "A" analyzer and the "B" analyzer, 

respectively. In Figures A-3 and A-4, the energy calibra¬ 

tion points for the A and B analyzers are plotted together 

with the best linear fit to those points. Table A-l lists 

all calibration points and the radioactive sources from 

which they were obtained. A straight line fit to the A 

analyzer energy calibration points yielded x2 = 0.967. 
9 

However, the B analyzer fit resulted in x2 = 0.19, an 
7 

unreasonably low value. This is due to the large over¬ 

estimation of the error bars in the B analyzer. 

Table A-2 lists the data points and the fitted points 

for the A and B analyzer linear fits. Also listed are the 

best fit calibration curves. The B analyzer calibration 
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TABLE A-l 

Gamma^Ray Calibration Sources 

Source 
Photon Energy 

(MeV) 

22Na .511 
1.275 

5 4Mn .835 

6 °Co 1.173 
1.332 

13 3 Ba .0308 
.080 
.356 

2 2 6 Ra .088 
.352 
.609 

1.12 
1.76 
2.20 

241Am .060 

2 41Pu-Be 2.23 
4.43 

Peak FWHM* Resolution* 
Channel (Channels) (Percent) 

135.8 17.2 12.2 
269.4 2.2 7.76 

222. 21. 9.1 

267. _ 

270.2 — 

6.2 4. 42.4 
18.4 6.2 28.1 
94.1 14. 14.3 

16.1 6.6 27.2 
95. - — 

162.2 19. 11.3 
266. 2.2 8.84 
279.9 2.6 6.65 
289. 3.2 6.55 

12. 5.1 30.8 

290. 3.2 6.46 
339.1 4.5 4.57 

*If a photopeak is not completely resolved from neighboring 
photopeaks, the peak width is not measured. 
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TABLE A-2 

Curve Fitting for Energy Response Calibrations 

A Analyzer 

Energy of Calibra¬ 
tion Point (keV) 

Channel Number of 
Calibration Point 

Fitted Value for 
Channel Number 

31 5,0 4.5 

32 4.3 4.8 

60 12.0 12.6 

81 18.0 18,4 

124 29.0 30.3 

352 93.5 93.4 

356 95.5 94.6 

511 138.5 137.5 

609 165.0 164.7 

662 179.5 179.4 

835 225.5 227.3 

E(keV) = 3.61 (channel number) + 14.63 

0.97 
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TABLE A-2 (continued) 

Energy of Calibra-' 
tion Point (keV) 

B Analyzer 

Channel Number of 
Calibration Point 

Fitted Value for 
Channel Number 

1.120 266*0 265.6 

1.173 266.8 266.8 

1.275 269.0 269.1 

1.332 270.2 270.3 

1.46 273.0 273.2 

1.76 280.0 279.8 

2.20 289.7 289.6 

2.23 290.0 290.2 

4.43 339.2 339.0 

E(MeV) = 0.045 (channel 

K = 0.19 
number) - 10.860 

0.19 
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points seem to scatter about the best straight line fit, 

while in the A analyzer, the first two data points are 

higher than the fit, the next three are lower, then five 

are higher, and the final point is lower. This could be 

indicative of nonlinearity in the energy calibration. 

Although the effect is small, it should be borne in mind 

whenever the energy of a channel is required with accuracy. 

In the future, a more accurate peak channel analysis 

can be performed by fitting the photopeaks to Gaussians by 

the least-squares method. (See Appendix C.) Since light 

collection from a Nal(Tl) crystal is subject to statistical 

processes with a large sampling population, a Gaussian pro¬ 

vides a good approximation to the shape of the photopeak 

near the peak channel, p. However, multiple Compton scatter¬ 

ing, non-linearity in the electron energy to pulse-height 

conversion, and wall effects tend to distort the low-energy 

side of the Gaussian (Quittner 1973; Heath 1967; Kowalski 

and Isenhour 1968). For this reason and the fact that the 

photopeak is non-Gaussian far away from p, the fitting 

region should probably extend only from p - c to p + 3c, 

where T = 2.355a and Y is the peak's FWHM. This procedure 

would provide better estimates of the peak channels and, 

perhaps more importantly, give good estimates of the errors. 

Assuming a linear calibration curve, the statistics 

of the radioactive source spectra are, at present, adequate 

to specify a channel's energy to within about 1/2 channel. 

The upper limits for deviations from linearity are < 1 channel. 
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Figure A-5 shows the energy resolution calibration 

points and fitted curves. 

The best power law fits to the calibration data are: 

R (%) = 8.81E (MeV) 5 8 

Rb(%) = 8.98E (MeV) • 4 4 6 

where R(%) = (T/E) x 100, and E = the photon energy. The 

energy dependence of the resolution is close to E-0*5 which 

is expected from purely statistical considerations. 
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APPENDIX B 

The Monte Carlo Method 

The Monte Carlo method is one means of investigating 

the interaction of gamma-ray photons with matter. It con¬ 

sists of tracing individual gamma-ray paths through a 

material and allowing interactions to occur at a rate 

consistent with the probability for various interaction 

processes. The three processes which one usually deals 

with at gamma-ray energies are the photoelectric effect, 

the Compton effect, and pair production. 

The method of "weighting" individual interactions may 

be described as follows. A one dimensional probability 

density function p(x) is defined such that the probability 

that a given parameter has a value x between x and x + dx 

is p(x)dx. Parameter values which must be calculated in 

each photon interaction event include location of the 

photon interaction site, the type of photon interaction, 

the energy and direction of any scattered or pair production 

photons, etc. A normalization criterion is applied to p(x) 

such that 
b 

| p(x)dx = 1. 

a 

The boundaries at a and b are chosen far enough apart so 

that p(x) is very small at values x > b and x < a. One 

can then proceed to define a probability distribution 

function 
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x 

P (x) = J p(a)da = r. 
a 

If P(x) is set equal to some random number 0 £ r £ If 

then x can be determined uniquely as a function of r. In 

order that the values of x reflect the probability density 

function p(x), all values of r between 0.0 and 1.0 should 

have an equal probability of being selected. 

As an illustration of the method, one might consider 

the procedure required to select an isotropic scattering 

angle <J>. In this case, after selecting r, <f> would be computed 

from the relationship <}> = - ir + 2irr. 

All Monte Carlo calculations made in order to determine 

the response of Gammascope VI to a flux of gamma rays were 

performed using computer code OSOGAM. The detailed opera¬ 

tion of OSOGAM is described by Steyne and Huang (1973) and 

Huang and Steyn (1973). The code is capable of tracing 

photon "histories" through a detector having an almost 

arbitrary geometry and composition. The possible photon 

interactions which are taken into account in the program 

include the photoelectric effect, the Compton effect, and 

pair production. 

In the Gammascope VI calculations the weighting 

function p(x) was determined for the photoelectric effect 

and pair production on the basis of experimental cross 

sections compiled by Storm and Israel (1970)., in the 

case of the Compton effect the Klein-Nishina scattering 
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cross sections were used. A photon path(s) was followed 

through the detector system until the photon(s) either 

exited the detector or was reduced in energy below 30 keV 

Photons with energies below 30 keV were assumed to be 

absorbed in the detector without any further interactions 

The detector system modeled in the OSOGAM code re¬ 

sembled Gammascope VI in all essential details. The 

anticoincidence feature of the collimating well was taken 

into account in all calculations. In order to determine 

the validity of the calculations, energy spectra were 

computed for monoenergetic photon beams normally incident 

upon the front face of the detector. These spectra were 

compared with experimentally measured calibration spectra 

which contained single peaks at energies corresponding 

to the calculated spectra. In doing the comparison the 

total number of counts in the calibration spectra were 

normalized to the number of counts in the calculated 

spectra. The calculated spectra paralleled the measured 

spectra in all spectral features (photopeak, Compton 

tail, etc.). 
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APPENDIX C 

Curve Fitting and Error- Estimation 

A reliable curve fitting computer program was required 

in order to perform the necessary data fitting described 

in this dissertation. In this regard program CURFIT, which 

may be found in the Bevington (1969) reference, was of great 

utility. CURFIT was used in all curve fitting procedures 

in order to obtain best fit curves. 

The errors associated with the curve fitting were cal¬ 

culated separately. The calculation of curve fitting 

errors requires the mapping out of the chi-square hyper¬ 

surface in parameter space (see Lampton et al. 1976). 

When error bars are quoted in this dissertation for a 

particular variable v, they refer to the maximum limits 

of a curve of constant + 1 projected out on the v 

axis. These errors represent the limits of a 68% confidence 

region. 

A procedure has been devised in order to obtain these 

limits without performing the lengthy task of actually 

plotting out the x2 hypersurface. Once the best fit curve 

was obtained from CURFIT, the program was rerun keeping 

all but one of the former fitting parameters constant. 

The value of this constant parameter was either increased 

or decreased slightly from its best fit value. The re¬ 

sults of the new curve fitting yielded a value for x2 

slightly greater than the best fit Different 
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values for the constant parameter were used in subsequent 

runs of the program until x2 was found to equal X^n 
+ 1* 

The value of the constant parameter at this point repre¬ 

sented one limit of the 68% confidence interval. The 

other limit was simply obtained by incrementing the con¬ 

stant parameter in the opposite direction. 
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