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ABSTRACT 
A 0.5 X 0.5 m digitized spark-chamber 7-ray telescope was flown on three balloon flights to look at 

the galactic center region, Virgo, and the Crab Nebula. An excess flux above atmospheric background of 
over 4 standard deviations was found for 7-rays exceeding 100 MeV coming from the galactic center 
region, corresponding to a line intensity of (2.0 ± 0.6) X 10-4 7 (cm2 rad s)“1, but there was no statistical- 
ly significant excess in the 50-100-MeV interval, with a 95 percent confidence limit for the ratio [/(50-100 
MeV)//(>100 MeV)] being 0.50. As a result, there is only a 6 percent chance that Compton or synchro- 
tron radiation from electrons with a power-law spectrum having an exponent of 2.6 could make as much 
as a 50 percent contribution to the 7-radiation in this energy range. No positive evidence was found for 
radiation from any of the sources M87, 3C 273, or the Crab Nebula, and 95 percent confidence upper 
limits for the 7-ray flux from these objects were set at 1.0 X 10~6, 1.0 X 10“6, and 6 X 10-8 (cm2 s)“1, 
respectively. The M87 limit eliminates the possibility that the power-law spectrum observed at X-ray 
energies extends unchanged to the high-energy 7-ray region. 

I. INTRODUCTION 

In spite of the considerable effort that has been extended during the last decade to 
detect high-energy (>20 MeV) celestial 7-rays, relatively few positive results have 
been obtained, although significant upper limits on the flux from several possible dis- 
crete sources have been set by the use of data from balloon experiments. The most 
positive evidence for an extraterrestrial source of high-energy 7-rays has come from the 
counter-telescope experiment of Clark, Garmire, and Kraushaar (1968) flown on OSO-3. 
These authors have presented convincing evidence for the detection of 7-radiation from 
the galactic plane, with the greatest intensity coming from the region of the galactic 
center. 

Both in an attempt to measure the intensity and energy spectra of galactic 7-rays 
above 25 MeV from balloon altitudes and with the goal of developing a satellite- 
qualifiable 7-ray telescope, a large digitized spark-chamber 7-ray detector was built 
and flown on high-altitude balloons. This detector, whose active spark-chamber area 
is about 2.5 X 103 cm2, is about 10 times the size of the original Goddard spark chamber 
first flown in 1966. Preliminary results from one of the flights with the larger telescope, 
which confirmed the existence of radiation from the galactic center, were presented 
earlier (Kniffen and Fichtel 1970). Here, the experiment will be described in more 
detail together with the final results from the balloon flights made thus far. 

II. DESCRIPTION OF THE GAMMA-RAY TELESCOPE 

A schematic diagram of the spark-chamber 7-ray telescope is shown in Figure 1. 
The active parts of the detector are the 0.5 X 0.5 m digitized spark-chambers and the 
triggering counter system. The spark-chamber stack is assembled from a total of 32 
modules, 11 of them being placed above the central scintillator level. Each module 
consists of two orthogonal sets of 400 parallel wires forming two wire grids with 4 mm 
vertical spacing. Stainless steel plates with a thickness of 0.03 radiation lengths between 
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the upper wire modules provide conversion of 7-rays into pairs. Plates of 0.02 radiation 
lengths between the lower modules are used to obtain information on the energy of the 
individual positron and negatron from Coulomb scattering. Sparks will occur along the 
paths of the electrons when a high-voltage pulse is applied to the wire grid shortly 
after detection of the electron pair by the counter telescope. The resultant spark current 
propagates along the orthogonal wires, setting ferrite cores at the end of the wires. In 
this manner, x- and y- coordinates are obtained for each electron track at every module 
or 2-level. The spark coordinates are described by a number of 16-bit words which are 
transmitted by telemetry to the ground station within a total time of about 0.3 s for 
an average event. 

The spark-chamber triggering logic is chosen to accept 7-rays and to reject other 
events to a high degree. A coincidence signal is required from one of the nine charged- 
particle telescopes. Each of these is formed by a 16.5 X 16.5 X 0.48 cm plastic scintil- 
lator and a 16.5 X 16.5 X 5 cm Plexiglas Cerenkov counter. The spark chamber is 
triggered when a neutral particle is converted into one or more downward-moving 
relativistic charged particles actuating one or more of the nine charged-particle tele- 
scopes. Primary charged particles are rejected by anticoincidence signals produced in 
the surrounding scintillator dome. The dome is a highly polished single-piece casting of 
plastic scintillator measuring 1.2 m inside diameter, 0.8 m in height, and 1.6 cm in 
thickness. It is viewed by 18 photomultiplier tubes spaced evenly around the lower 
edge. 

A more detailed description of the 0.5 X 0.5 m digitized spark-chamber 7-ray tele- 
scope is given by Ross et al. (1969). 

III. DATA REDUCTION, ANALYSIS, AND DETECTOR CALIBRATION 

Data including a variety of housekeeping parameters and information on which of 
the magnetic cores in the spark chamber have been set in each event are telemetered 
from the balloon gondola and recorded on magnetic tape together with time signals 
accurate to 2 ms. The housekeeping information includes three-axis magnetometer 
readings which, together with time and balloon position, provide the basis for determin- 
ing the experiment aspect, individual counter and coincidence rates, experiment dead 
time, and engineering parameters such as temperatures, pressures, voltages, and cur- 
rents. 

The spark-chamber data reduction includes identification of 7-ray events, estimation 
of the 7-ray energy from the scattering of the electron pair in the steel plates, and de- 
termination of the celestial arrival direction, utilizing the magnetometer data to obtain 
the instrument orientation. The general approach and details for the calculation of the 
energy and arrival direction of individual 7-rays have been described previously, to- 
gether with the method of determining flux values (Fichtel et al. 1969) ; therefore, they 
will not be repeated here. In the interim, however, the computer programs have been 
developed to the extent that 7-ray identification and electron-track recognition are 
largely automatic, and the human interface time has been greatly reduced. A minimum 
interface for the purpose of verifying that the program is functioning properly is main- 
tained. 

The procedures for automatic recognition will now be summarized. The automatic 
analysis program rejects any event which (1) has any set cores in the top deck (repre- 
senting generally either a 7-ray which has converted in the shell of the pressure vessel 
under the anticoincidence dome or a charged particle missed by the anticoincidence 
system), (2) has a set core within two wires of the edge of any of the top 10 modules 
(and therefore would usually correspond to a 7-ray which interacted in the spark- 
chamber walls), or (3) has less than 15 cores set in either orthogonal view (indicating 
no event, usually a false trigger). 
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The program then begins the search for 7-ray events by averaging groups of two or 
more adjacent set cores to obtain points which will represent the basis for the “picture” 
of the events in each of the two orthogonal views (x-z and y-z). The program then scans 
downward from the top of the spark chamber until it finds the occurrence of three 
decks containing points within a five-deck span. Within those three decks, it forms all 
possible triads with one point in each deck. For each triad it forms the second difference 
ßi = Xi — 2X^1 + Xi+2°. Triads which lead to a 0t-value greater than a fixed limit 
are rejected under the assumption that they cannot represent a segment of an electron 
track of interest. After all possible triads have been examined, the unmatched points 
are saved and the next deck with points is found. New triads are found, and the pro- 
cedure iterates. Track segments containing the most points are examined further to 
ascertain their interrelationship in an attempt to form full tracks from the segments. 

For a 7-ray, two basic forms occur depending on how fast the electrons separate, 
the “inverted Y” and the “inverted V.” In the case of the Y configuration, the stem is 
considered to be two unresolved electrons and is associated with each of the two sepa- 
rated tracks. Some events appear to contain only a single-track segment. These are 
classified as either low-energy electrons or an unresolved pair (high energy, straight 
track), depending on the amount of Coulomb scattering. Experience has shown that 
the single tracks do indeed fall in these two groups with essentially no tracks having 
intermediate Coulomb scattering values. 

There remain some spark-chamber events which the computer is unable to handle 
satisfactorily. The following are examples of situations which cause the program to 
abandon an event: (1) less than ^45 percent of the total X or Y points being contained 
in the two longest segments; (2) less than 13 decks containing points; (3) no acceptable 
triads; (4) no acceptable tracks (>5 points), (5) too many segments (>15, which can- 
not be formed into longer tracks, (6) Ambiguous relationship between the two main 
tracks, (7) two main tracks not joined. 

Events which are abandoned by the computer are then subjected to visual analysis 
in the following manner. The digitized “picture” of each of these events is displayed 
on an automatic graphics display unit where the necessary editing is accomplished by 
light-pen interaction and the remainder of the analysis is completed by machine, if 
it is an acceptable event. If it is evaluated to be a false event, it is rejected. 

Although most of the results presented here are from the computer-analyzed data, 
extensive checks have been made by reanalyzing samples of the data visually. In its 
present stage of development, the computer analysis produces results of comparable or 
even slightly superior quality, when it is applied to high-quality data. When the effi- 
ciency of the spark chamber is less than optimal, the computer analysis is less depend- 
able, particularly for 7-ray energies below about 70 MeV, where the electrons undergo 
considerable scattering. For that reason, all of the results presented here for 7-ray 
energies below 100 MeV are based on either visual analysis of the events or computer 
analysis checked by visual examination of the pictures. 

Two separate approaches have been used in the calibration of the 7-ray telescope 
being discussed here. The first is a direct one using the 7-ray facility associated with the 
synchrotron at the National Bureau of Standards. Here it is possible to study the 
detection efficiency of the instrument as a function of energy, angle, and position of 
arrival in the detector. The other approach to calibration is a comparison with the 
intensity and energy spectrum of the atmospheric secondary 7-radiation measured at 
the same location by the smaller GSFC 7-ray telescope flown previously (Ehrmann 
et al. 1967; Fichtel, Kniffen, and Ögelman 1969). This smaller telescope has also been 
calibrated at an accelerator. The intensity and energy spectra of atmospheric 7-rays 
measured by these two instruments agree within the quoted uncertainties. 

With regard to the calibration at the National Bureau of Standards, a bremsstrahlung 
beam from the 170-MeV electron synchrotron is directed into a tantalum target where 
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it is converted into electron pairs. The electrons are then doubly momentum analyzed 
to obtain a clean monoenergetic beam of electrons with selectable energy in the range 
10-150 MeV. The monoenergetic electrons are then passed through a counter telescope 
consisting of two plastic scintillators, Si and S2, a lead target, and finally a thick plastic 
scintillator, §3. In this manner, 7-rays are obtained with the signature Si X S2 X S3. 
Furthermore, the photons will have only a very narrow energy range, since electrons 
with any significant residual energy following a bremsstrahlung interaction in the lead 
target will activate the S3 counter and inhibit the tag. The photons closely reflect the 
narrow collimination of the original electron beam, as confirmed by the 7-ray spark- 
chamber results. 

The analysis of individual events from the 7-ray telescope is the same for the machine 
calibration as it is for the balloon flights, both in terms of the computer programs and 
in the visual analysis of a small sample for comparison purposes. 

IV. THEORETICAL BACKGROUND AND RESULTS 

a) The Galactic Center Region 

It is well known that mesons are produced in the interaction of cosmic rays with 
interstellar matter, and by far the most common mesons are 7r-mesons, both charged 
and neutral. The tt0 decays into two 7-rays, each with about 70 MeV in the rest frame. 
Many of the other mesons and hyperons also decay into neutral 7r-mesons. As a result, 
the great majority of the high-energy 7-rays resulting from nuclear interaction are 
from tt0 mesons, most of which are formed in the initial interaction. 

The energy spectrum of the 7-rays resulting from tt0 decay is quite different from 
that resulting from most of the other astrophysical processes, such as bremsstrahlung, 
synchrotron radiation, and the inverse Compton effect. The basis for the relatively 
unique spectrum is the neutral pion^ isotropic decay into two 7-rays of equal energy 
(^70 MeV) in the rest frame. As a result, for a given velocity of the parent t° the proba- 
bility of observing a given energy for the secondary 7-ray is a constant from a minimum 
energy of Wo[(l — ß)/(l + ß)]1/2 to a maximum energy of W0[(l + ß)/(l — ß)]1/2, 
where IF0 is the energy of the 7-ray in the rest frame. Thus, if the observed 7-rays come 
from neutral pions formed by the interaction between cosmic rays and interstellar 
matter, a spectrum will be formed which peaks at TF0 since this energy is always in- 
cluded, and extends further on the high-energy side. The exact shape of the spectrum 
depends on the energy distribution of the cosmic rays and the details of the interaction 
process; the related calculations have been completed in detail in the literature (e.g., 
Stecker 1971). The actual intensity of the 7-rays was also calculated, with the most 
uncertain parameters being the density of hydrogen and the cosmic-ray intensity. 

The OSO-3 satellite experiment of Clark et al. (1968) and Garmire (1970) has de- 
tected a celestial 7-ray flux concentrated in the galactic plane. Their angular resolution 
(± 15°) is substantially larger than the structure of the plane, so the detailed structure 
cannot be seen. It is possible to quote the result as a line intensity and compare it with 
the result deduced from the 21-cm data integrated over the appropriate solid angle. 
The value of the galactic line intensity averaged over the observing angle of the OSO-3 
experiment is in the range (2-4) X 10“6 7(cm2 rad s-1), in reasonable agreement with 
expectation except near the galactic center. The intensity from the direction of the 
galactic center is not immediately explained. Even after normalizing to the rest of the 
galactic plane, the intensity averaged over a 60° wide region including the galactic 
center is about 3 times the expected flux. Kniffen and Fichtel (1970) in a preliminary 
Letter have confirmed the existence and intensity of the flux from the galactic center 
with a balloon flight. 

The explanation of the enhanced 7-radiation might be postulated to be due to an 
increase in the intensity of the cosmic radiation and interstellar matter near the center 
of the Galaxy, or it may be due in part to interactions of electrons with matter, magnetic 
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fields, or photons. The unique energy spectrum of the tt0 decay makes it possible to 
separate this mechanism from bremsstrahlung, synchrotron radiation, and Compton 
radiation—all of which reflect the presumed power-law spectrum of the parent electrons. 
Specifically, if the parent electrons have a spectrum of the form je = CW~a, the 7-ray 
spectrum will have the form/y « W~a for bremsstrahlung radiation, and7V ~ p^-(a+i)/2 
for Compton and synchrotron radiation. 

The radiation observed from the galactic center and reported previously (Kniffen 
and Fichtel 1970) has now been analyzed fully, including information on the energy 
spectrum. Figure 2 shows the ratio of the observed intensity to the intensity expected 
for atmospheric background as a function of galactic latitude for intervals of galactic 
longitudes from —25° to +20°. The atmospheric-background normalization was de- 
termined from regions away from the galactic plane in the same flight and was found 
to agree to within better than 5 percent with that determined previously with a similar 
but smaller 7-ray telescope (Fichtel et al. 1969). The excess of 7-rays above atmospheric 
background was determined for the interval — 6° < Æ11 < +6° and —35° ^ 611 < 
+25° for the energy intervals 50-100 MeV and greater than 100 MeV. In this solid 
angle, there were 274 7-rays whose measured energies were above 100 MeV compared 
with 210 expected from atmospheric background. Thus, the excess for 7-rays above 100 
MeV corresponds to more than 4 standard deviations and leads to a line intensity of 
(2.0 ± 0.6) X 10“4 7 (cm2 rad s)-1. The value is in good agreement with the corrected 
line intensity of (1.2 ± 0.3) X 10“4 photons (cm2 rad sec)-1 for energies above 100 MeV 
observed by Clark, Garmire, and Kraushaar (Garmire 1970). Both of these results are 
inconsistent with the upper limits (95 percent confidence) set by Frye et al. (1969) for 

Fig. 2.—Ratio of observed line intensity of > 100 MeV 7-rays to expected background intensity for 
— 25® < lu < 4-20°, plotted as a function of galactic latitude, b11. Lower curve shows data plotted in 
2e bin widths, the approximate angular resolution of the detector. Upper curve includes the same data 
in ± 6° bins to increase statistics and more clearly show the latitudinal dependence. 
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energies above 50 MeV of 3 X 10“5 (cm2 rad sec)-1 for a region bounded by — 2?0 < 
b11 < 2?3 and 7 X 10-5 (cm2 rad sec)-1 for region bounded by —15° < b11 < 15°. 
The Z11 range is similar to that of this experiment. 

There is no statistically significant excess in the 50-100-MeV interval, and the fol- 
lowing 95 percent confidence upper limit was obtained: 

R = [/(50-100 MeV)//(> 100 MeV)] < 0.50 . 

For 7T0 decay alone, this ratio is expected to be 0.12 (Stecker 1971), consistent with the 
experimental result. Current estimates of the spectra of cosmic-ray electrons, in the 
high-energy region which would produce these 7-rays indicate that the spectral index 
for the electrons is between 2.5 and 2.8 (Anand, Daniel, and Stephens 1970; Agrinier 
et al. 1970; Bleeker et al. 1970; Earl, Neely, and Rygg 1970; Fanselow et al. 1969; Marar, 
Freier, and Waddington 1970; Nishimura et al. 1970; Rockstroh and Webber 1969). 
For an electron spectrum with a = 2.6, the ratio R would be 2.03 for bremsstrahlung 
radiation and 0.74 for Compton or synchrotron radiation. The experimental result, 
therefore, suggests that the radiation from the galactic center region is probably pre- 
dominantly from t° decay. More quantitatively, there is only a 6 percent chance that 
Compton or synchrotron radiation from electrons with a spectrum having a 2.6 exponent 
could make as much as a 50 percent contribution to the 7-radiation in this energy range, 
and the data are in agreement with the radiation being entirely of 7r°-decay origin. 

b) Virgo 

One of the most surprising results of X-ray astronomy has been the discovery (Byram, 
Chubb, and Friedman 1966; Friedman and Byram 1967; Bradt et al. 1967) of a sur- 
prisingly intense extragalactic discrete source of 1-10-keV X-rays in the direction of the 
Virgo cluster. Recent high-resolution satellite studies (Kellogg et al. 1971) have provided 
convincing evidence that the source coincides with the radio galaxy M87 (Virgo A) and 
that M84 and the QSS 3C 273 are other likely discrete-source emitters in the direction 
of Virgo. Measurements of high-energy (40-100 keV) X-rays from Virgo A have also 
been reported (Haymes et at. 1968; Fishman et al. 1970), but these measurements lack 
independent verification and, in fact, conflicting results have been reported (Peterson 
1970; McClintock et al. 1969; Webber and Reinert 1970). Felten (1970) has summarized 
the existing observations over the entire electromagnetic spectrum of the “jet” of 
Virgo and finds that the data over 13 decades of energy are reasonably consistent with a 
single power-law spectrum given by 

N{E) = 8.2 X 10-4E-1-76 photons (cm2 s MeV)-1. 

Extending this spectrum 2-3 decades above the highest observed energies gives an 
expected flux above 30 MeV of about 9 X 10-5 (cm2 s). 

It is most probable that the power law in the visible and radio portions of the spec- 
trum is generated by the synchrotron emission of energetic electrons traversing the mag- 
netic fields in the source galaxy. However, until the X-ray spectrum is better known, 
it is not clear whether this emission represents an extension of the power-law syn- 
chrotron emission at lower frequencies, which would create a very puzzling dilemma 
because of the very short lifetimes of the electrons at these energies, or whether it 
indicates the presence of additional processes such as the thermal bremsstrahlung sug- 
gested by Sartori and Morrison (1967). The resolution of this question depends upon 
further experimental results, and for this reason we undertook a balloon flight to examine 
the Virgo region for the emission of >30 MeV 7-radiation. 

The detector was flown 1970 October 14 from Palestine, Texas, on a balloon with a 
volume capacity of 27 million cubic feet. It reached a depth in the atmosphere of 2.5 
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g cm“2 at 8:55 a.m. CDT and remained at float until terminated by command at 5:00 
p.M. CDT. The detector was tilted 20° and oriented to point toward the south in order 
to more efficiently examine M87 which lies at a declination which passes the meridian 
plane about 20° south of the Palestine latitude. M87 passed overhead at about 12:15 
p.M. CDT. At about 2:15 p.m. the detector was commanded level and allowed to ex- 
amine the sky centered at a declination of about +31?5 corresponding to the latitude 
of the balloon. 

The data from this flight were analyzed by the automatic analysis program, with no 
human interaction. Since a significant portion of the events below about 70 MeV 
require human interpretation, the analysis reported here includes only 7-rays with 
measured energies in excess of 100 MeV. 

The background was determined by analyzing all portions of the sky which were 
examined except for the areas surrounding possible sources. Table 1 summarizes the 
results obtained from M87 and 3C 273. The 95 percent confidence limits were obtained 
by the method outlined by Fichtel et al. (1969). The M87 limit clearly rules out the 
possibility that the power-law spectrum extends unaltered to 7-ray energies, as seen in 
Figure 3. However, the limit places no constraint on the secondary-production model 

TABLE 1 

Data Summary of Possible Discrete Sources in 
the Direction of M87 and 3C 273 

Variable M87 3C 273 

Number of gammas expected (6o X 6°).. 7.4 5.0 
Number of gammas observed. 8.0 3.0 
95 percent confidence number limit .. 7 8 4.8 
95 percent confidence flux limit (10”5/cm s) 1.0 1.0 

Note.—7-ray limits Ey > 100 MeV. 

PHOTON ENERGY (MeV) 

Fig. 3.—The upper limit to > 100-MeV 7-rays from M87 obtained in this experiment, plotted together 
with the empirical curve for the jet in M87 obtained by Felten (1970). Dashed curve, extrapolation of the 
curve above the highest observed energies. 
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of Felten (1968) which attempts to explain the presence of electrons in the jet as arising 
from the decay of pions produced in collisions of energetic protons from the core with 
matter in the jet. The decay of accompanying neutral pions would be expected to pro- 
duce a 7-ray flux orders of magnitude below the observed limit. (The upper limit to the 
M87 7-ray flux reported here is consistent with that reported by Frye and Wang 1969.) 

c) Crab Nebula 

On 1969 July 15 a balloon flight of the 50 X 50 cm spark chamber was conducted at 
Palestine, Texas, to examine the Crab Nebula for possible discrete-source 7-ray emis- 
sion, either steady or pulsed. Unfortunately, a random electronic component failure 
prevented a full exposure to this region. No evidence was obtained for discrete-source 
7-ray emission in the Crab Nebula, and 95 percent confidence limits of 6 X 10“5 (cm2 

s)-1 and 8 X 10~6 (cm2 s)-1 were obtained for integral fluxes above 50 and 10 MeV, 
respectively. The arrival times of the 7-rays coming from the direction of the Crab 
Nebula were tested against the observed optical period for this date (Fazio and Helmken 
1971), and no evidence for pulsation was seen. The limited statistics prevent the upper 
limit for the pulsed mode from being substantially lower than those for the steady mode 
given above. 

We wish to express our appreciation to S. Derdeyn, C. Ehrmann, A. Mascaro, R. 
Ross, and R. Smith for their outstanding engineering support and to R. Marsh for her 
long hours of careful work in support of the data analysis. Also, we acknowledge the 
stimulating discussions that we had with H. Ögelman during the early phases of the 
experiment. For the three successful flights, we are indebted to the balloon-launching 
crews of the Australian Department of Supply at Mildura, Victoria, and the NCAR at 
Palestine, Texas, and to the personnel of the office of Naval Research. 
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