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Atmospheric gamma rays in the energy region 40-1000 GeV
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Abstract. A large stack of lead-emulsion sandwich detector assembly was flown over
Hyderabad, India. High energy gamma rays at the float altitude were unambiguously
identified from the cascades they induced, and their energies reliably determined by im-
proved methods. From an analysis of 163 gamma rays of energy > 30 GeV, it is
found that the differential energy spectrum is represented by the power law 7, (£)==
129:4E-2-6220-12 photons m~2 sr~isec~! GeV~! at an effective atmospheric depth of 14:3
g cm~2; this is the first reliable balloon measurement of atmospheric gamma rays i1
the energy range 40-1000 GeV. After correcting for the gamma rays radiated by the
primary cosmic ray electrons, the production spectrum of gamma rays, resulting froma
the collisions of cosmic ray nuclei with air nuclei, at the top of the atmosphere is
P, (E, 0)=8-02x 10-¢ E280%0.08 photons g-isr-isec™? GeV-1. The atmospheric propa~
gation of the electromagnetic component due to the cascade process is also derivecl
from the gamma ray production spectrum.
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1. Introduction

We know that a study of gamma rays sampled at small atmospheric depths, reveals
information on the characteristics of high energy interactions. Further, since at
energies greater than a few GeV almost all secondary electrons at small atmospheric
depths are due to the materialisation of gamma rays, the only reliable method of
estimating the sccondary electron spectrum, which in turn is essential to deduce the
spectrum of primary cosmic ray electrons from balloon experiments, is from a direct
determination of the atmospheric gamma ray spectrum at similar altitudes. There-
fore, an experiment has been carried out using a lead-emulsion sandwich stack,
which was exposed over Hyderabad, India, under 10-3 g cm™2 of residual atmosphere.
Preliminary results from this experiment using a total of 103 gamma rays of energy >

90 GeV were reported at the International Cosmic Ray Conference at Hobart (Anand
et al 1971). In the present paper, we give the final results using 163 gamma rays of
energy =35 GeV.

2. Experimental details

2.1. Detector assembly and the balloon flight

The detector system used here is a horizontal lead-emulsion sandwich assembly (Anand
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et al 1970), consisting of an upper block of pure emulsions 1'8 cm thick having 30 Ilford
G-5 pellicles, followed by 16 alternate layers of 600 um thick G-5 pellicles and lead
sheets; the top lead sheet was 1 mm thick followed by 9 of 2 mm and 6 of 3 mm
(figure 1). The detector assembly had an area of 45 cm X 30 cm and had a total depth
of 8'3 radiation lengths (r.l). While the upper emulsion block preserved the very
distinct advantages of a pure emulsion stack for unique identification of gamm ray
events, the lead-emulsion sandwich, in which the electromagnetic cascades develop
rapidly, served as the detector and energy discriminator.

"The above unit weighing about 100 kg was flown horizontally in a balloon launched
from Hyderabad, India (vertical geomagnetic threshold rigidity 16°9 GV) on May 4,
1968. The assembly was flipped through 180° when the balloon reached the ceiling
altitude, whereafter it floated at a constant altitude of 10-3 mb for a duration of 352
minutes. The flipping of the assembly permits the rejection of all events recorded
during the period of ascent of the balloon. The detector assembly was stored in the
inverted position before the flight, and the emulsion layers were reshuffled imme-
diately after the flight.

2.2. Microscope scanning and identification of events

Each emulsion plate was cut into three parts of equal size 15 cm X 30 cm; they are
referred to as A, B and C series. Systematic and careful microscope scanning of emul-
sions was carried out under a total magnification of X 225 at two depths, for events
with more than about 5 tracks within an equivalent circle of diameter 100 um and
having zenith angles between 15° and 65°. As shown in figure 1, the scanning was
first cayried out at a depth of 3-2 1.1 (Scan I—Layer I) and the second at a depth
of 2:4 r.l (Scan II—Layer II). All events obtained in Scan I were traced up through
successive emulsions and those originating as electron pairs in the pure emulsion block,
and moving down with no associated parallel track, were identified as due to gamma
rays. In the case of events from Scan II, only those which were not picked up in
Scan I were traced towards the pure emulsion block. In this manner a total of 257
gamma ray events were identified.
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2.3. Energy estimalion

In our carlier experiments (Anand ef 2/ 1968; Stephens 1970) we estimated the energy
of the gamma rays by comparing the number of tracks at the cascade maximum in
the detector assembly with that expected on the basis of theoretical calculations of
Kidd and Nishimura (1964). Experimentally, the number of tracks at the cascade
maximum was obtained from the smooth transition curve constructed by using the
visual counts of the number of tracks within a circle of suitable radius, 7, about the
cascade axis at various depths in the detector. Two experimental criteria adopted in
counting tracks at each depth were: (i) the tracks should have angles <10° with res-
pect to the shower axis; and (ii) the shower axis is defined by the weighted centre of
the tracks constituting the core of the cascade.

However, it has been pointed out by Anand and Stephens (1971) that in our ex-
periment, as also in many others, the use of the theoretical calculations of Kidd and
Nishimura (1964) leads to systematic errors in the energy estimation, since the ex-
perimental criteria followed do not match with the requirements of the theoretical
calculations, namely: (a) the calculations relate to the number of tracks of all angles
with respect to the shower axis in a circle of given radius r; (b) the incident direction
of the gamma ray defines the axis of the cascade; and (c) the detector assembly can be
approximated by a homogeneous medium with a suitable radiation length for pro-
pagating the cascade. None of the three conditions apply to our experiment. (Our
calculations reveal in the case of events at the low energy end of our study that the
centroid of all tracks is sometimes found to be displaced from the incident gamma
ray direction by distances comparable to the radius of the circle used for counting
the tracks). In order to overcome these shortcomings we have made new and rigorous

calculations for computing the number of tracks at the cascade maximum by simulat-

MAXIMUM

NUMBER OF TRACKS AT SHOWER

ing gamma ray initiated showers by Monte Carlo method for the actual detector con-
figuration and incorporating all experimental criteria. The present calculations are
made for gamma rays of energies 30, 50, 100, 200 and 500 GeV. The number of
tracks at the cascade maximum were then determined from the smoothened transition
curve constructed from these calculations in a manner identical to the experimental
procedure. In figure 2, we show our calculated most probable number of tracks with-

in a circle of radius 68 um at the maximum in the transition curve, as a function of
the gamma ray energy.
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From a comparison of the energy estimates derived from the present calculations and
those of Kidd and Nishimura (1964) as a function of energy, it is noticed that the
calculations of the latter applied to our experiment lead to a systematic overestimation
amounting to 35 per cent at about 30 GeV, gradually decreasing to 15 per cent at
about 100 GeV; beyond 200 GeV, their calculations predict systematically lower
energies, the underestimation at about 500 GeV being about 10 per cent. This effect
can be understood as follows: At all energies experimental criterion (i) leads to the
rejection of a few tracks with angles >>10° to the axis and therefore to lower energy
estimates. However, at low energies, i.e. <100 GeV, there are two effects both com-
pensating for this underestimation. Of these, the first is due to criterion (ii) and the
second to the large fluctuations in the position of the cascade maximum leading to a
higher number of tracks at the maximum for an individual cascade compared to that
for the average case.

In the present experiment, we have made use of the curve in figure 2 obtained
from our calculations to determine the energy of the cascade. In view of the extensive
improvements we have introduced in the calculations, we expect no further systematic
error remaining in our energy estimation. The error due to statistical fluctuations is
found to be about 25 per cent irrespective of the energy within the range we are con-
cerned here.

2.4 Detection Probability

The probability of observing an event during the microscope examination of the
nuclear emulsions will depend on the detection probability defined by the minimum
number of tracks # ' in the scan layer as required by the observer, and his scanning

efficiency. However, the final selection of events will also depend on the angular
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Figure 3. The observed distribution of Figure 4. Curves A & B are the probabilities for
events having a number of tracks n within detecting an event in Layer 1 for two different
a circle of radius 28 wm is shown for events values of n, ; Gurves C & D are those in Layer II.
recorded in B-series during the Scan II at Curve E is the probability to see at least two
Layer IL parallel tracks within 10° to each other and

displaced by a distance less than 56 um in the
lowermost emulsion pellicle of the pure emulsion
stack.
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Table 1. Pick-up criteria for scanning and the scanning efficiency

n Scanning efficiency, per cent
Scan . _ : 70-125 125-200 200
A-series B-series C-series GeV GeV GeV
+4
Scan I 7 7 8 70+10 83£15 96y
Scan II 7 6 7 8448 849 100

and energy acceptance criteria employed. In this section we will consider only the
former, i.e. the detection probability; the angular and energy acceptance criteria
and the scanning efficiency will be considered in sections 2-5 and 2-6 respectively.
The detection probability for gamma ray initiated cascades depends upon: (i) the
minimum number of tracks n_ as required by the observer while scanning for the
event; (i) the energy of the gamma ray; and (iii) the depth at which the scanning
is made. In order to determine rquirement (i) quantitatively, we measured the
number of tracks n within a circle of radius 28 um at Layers I and II for all identified
events obtained in Scans I and II. In figure 3 we show a typical distribution of the
number of tracks at Layer IT of all events (electron and gamma ray initiated events)
obtained from the B-series during Scan II. One can see from the histogram that for
n<6, there is a significant drop in the efficiency of detection of events. We therefore
set n, =6 tracks for the B-series of Scan II. Identical procedures were followed for all

the other scans and we present in table 1, the values of n_ for different scans and for
different series.

Knowing the value of n_ one can determine the probability p, of finding atleast n,
tracks in the scan plate provided the number distribution of tracks at a given depth
is available for a given energy. For this purpose detailed Monte Carlo calculations
were carried out (Anand and Stephens 1973) to determine the respective probabilities
p1(I, E) and p,(I1, E) for the two levels of scanning; the results are shown in figure 4
for values of n_listed in table 1. One can see from this figure that in all cases p; de-
creases sharply below 100 GeV and that Scan II is more favourable for scanning at
low energies compared to larger depths.

While tracing the events from the sandwich section of the assembly into the pure
emulsion section, it was found necessary to demand at least two associated tracks
separated by distances less than 56 um and making angles less than 10° with one an-
other in the lowest pellicle of the pure emulsion block, so that there will be 100 per
cent efficiency in tracing events into the pure emulsion block. It is therefore neces-
sary to calculate the probability p, of such occurrences as a function of energy. From
the Monte Carlo calculations already mentioned, we show in figure 4 the variation of
p» with encrgy. The condition that the event maintains at least two tracks upto the
scanning layer was found to be always satisfied. One can see from figure 4 that Do is
a slowly varying function of energy.

A careful examination of the calculated values of p (I, E), p,(1I, E) and p,, reveals
that they are nearly independent of one another.

2.5. Angular and Energy acceptance criteria

One can see from figure 4 that at energies below about 60 GeV, the detection pro-
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bability p, decreases as the depth in the assembly increases; it thevefore follows that as
the zenith angle of the event increases, p; decreases further. Secondly, the type of
scanning technique adopted by us, namely the rapid movement of vertical focussing,
made the scanning less efficient for events with low energies and large zenith angles.
In order to assess the magnitude of these effects, we have examined the variation
with cos @, of the ratio R(6, E, E,)d6dE; here the quantity R is defined as the ratio
of the number of events with energy E and angle 8 within the intervals dE and df
respectively, to the total number of events of energy greater than a suitable value E;
above which p, and p, are close to unity but in the same angular interval. For the
sake of convenience the ratios calculated for 8§=20°-30° are taken to be unity; the
final values are summarized in figure 5. From this figure, one can see that for energies
>100 GeV, R is independent of 6 (curve I). Curve II indicates that events in the
range 50-75 GeV show slight dependence on § for # >40°. Curves IIT and IV show
that for energies <75 GeV, R decreases sharply above 30° (the points marked with
dotted circles are from B-series in which even events with about 20 GeV were picked
up with a high degree of efficiency). From an examination of figure 5, we arrived at
the angular selection criteria as shown in table 2. Thus, finally we have rejected
nearly all events having detection probability p; <<0'5, avoiding large correction factors.

After taking into account all the criteria described above, we obtained a total of 163
events with energies >35 GeV for the final analysis.

2.6. Scanning efficiency

As mentioned in section 2.4, since we have counted the number of tracks within a
circle of radius 28 um for all events observed in Scans I and IT, it becomes possible to
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Table 2. Zenith angle and minimum energy criteria

Energy interval Zenith angle Seri Low energy cut-off E,,
in GeV interval eries Scan 1 Scan II

E, <75 20°-35° A 70 GeV 50 GeV
75 < E, < 100 20°-45° B 50 GeV 30 GeV
E, = 100 20°-60° C 70 GeV 70 GeV

calculate the scanming efficiency separately for the different scans. The scanning
efficiency was found to be independent of the series and as a result, we could combine
events initiated by both gamma rays and electrons from all series to determine the scan-
ning efficiency as a function of energy. In table 1, we summarise the efficiencies for
three different energy intervals; the higher efficiency for Scan II is probably due to the
better care taken during the second scan. The efficiency for energy below 70 GeV
could not be determined reliably because of the limited number of events available,
after the application of selection criteria described earlier. However, since in Scan 11,
the efficiency remains the same in the energy intervals 70-200 GeV we assumed this
trend to continue at least upto 30 GeV for B-series and upto 50 GeV for A-series.
In the case of Scan I in B-series, the dependence of the scanning efliciency on energy,
as suggested by the values in table 1, was extrapolated from 70 GeV to 50 GeV.

3. Results

3.1. Flux and energy spectrum of gamma rays at the float altitude

In order to determine the flux of gamma rays, one requires: (i) the number of gamma
rays incident on the detector assembly for a given energy interval, and (ii) the cor-
responding geometrical factor. The former was estimated in the following manner.

All observed gamma rays were grouped into small energy intervals, and each of these
numbers multiplied by a factor £(E) given by

FHE)={p:(E, I) «(E, 1) +p(E, IT) ¢(E, 1I)
=p1(E, D)py(E, T) e(E, T)e(E, 1) } po(E)ps (1)

where €'s are the various scanning efficiencies, and p, the probability of materialization
of the gamma ray in the pure emulsion block. It may be noted that equation 1 is

strictly valid only if the probabilities p:s are independent of each other; indeed this is
found to be true at low energies while at high energies, since these probabilities are
close to unity, the above assumption does not lead to any deviation from the true situa-
tion (section 2-4). In this manner we determined the total number of gamma rays
incident on the detector assembly for different energy intervals.

The geomerrical factor at energies =100 GeV, after taking into account the rejec-
tion of events entering through the sides and bad regions in the emulsion, is 4:19 x 102
(m? st sec). Since below 100 GeV, the geometrical factor for each energy interval
depends also on the selection criteria used (table 2), they were calculated separately.
Furthermore, the effective atmospheric depth varies from 143 gcm™ at energies

>100 GeV to 11:7 g cm™2 for energies <<75 GeV; hence we have corrected all flux
values below 100 GeV using a depth dependent function,

f(x)==6-069 exp(—=x/125-0) —5-914 exp(—x/94-4) —0-115 exp(—=x/21-64) (2)
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This function has been derived using the one-dimensional cascade theory (see equation
6b). The corrected flux values are plotted on the left hand side of figure 6; the errors
shown in this figure include both statistical and the uncertainties in the calculated
probabilities and efficiencies. The differential energy spectrum of the observed
gamma rays (Curve I) at an effective depth of 14-3 g cm™2 for energies greater than
40 GeV can be represented by a simple power law of the type

F,(E)=129'4E~2-62*0-12 photons (m? sr sec GeV)™1

Comparison with other available data—Though a number of attempts have been made in
the past to study high energy gamma rays in the upper atmosphere, they are usually
associated with large statistical errors and/or large systematic errors. However, for
the sake of completeness we will now discuss them here. We summarise in table
3, the available information on the spectral shape of the integral energy spectrum.
We infer from this table that within the errors quoted, all values are consistent with one
another. However, of the four investigations included in table 3, the one due to
Nishimura ¢t a/ (1970) gives absolute flux values a factor of two smaller than the pre-
sent work; here it will be pertinent to remark that while these authors made correc-
tions for scanning efficiency, they have, without justification, assumed the detection
probability to be 100 per cent. The results of Kidd (1963a) on the other hand have
been revised in a subsequent paper (Abraham et a/ 1963a) in view of the unexplained
disagreement between their observations by a factor two. Subsequent to this, these
values have been reduced by a factor of 10 (Kidd 1963b; Abraham et ol 1963b) ! In
the experiment of Malhotra et al (1965) the production ratec of gamma rays was de-
duced for the top of the atmosphere assuming a mean floating altitude of 22 g crm™2
over a total float time of 28 hours of which the altitude for 18 hours was deduced
from indirect means when the atmospheric depth is supposed to have varied by as much
as 16 to 51 g cm™2. Attention should be drawn here that small changes in float alti-
tude lead to large variations in the derived production spectrum because of the larger
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Table 3. Integral spectral index of gamma rays at balloon altitudes

Energy in GeV Spectral index Flc;ii?: ude Reference
500-1500 20 + 0-5 8 Duthie ef al (1962)
70-1000 1.9+°‘3 6-5 Kidd (1963a); Abraham et a/ (1963a)
—qQ'a .
370-2650 1-57 4 0-08 22 Malhotra et al (1965)
50-200 -8 404 6-0 Nishimura et al (1970)
40-1000 1-62 + 0-12 10-3

present experiment

geometrical factors involved at larger atmospheric depths. Finally, the measure-
ments due to Duthie et al (1962) are associated with very large statistical errors; not
only that, in this experiment, as also in that of Malhotra ¢ al (1965) the flux values
include gamma rays and electrons since experimentally it is not possible to separate
the two. Thus itis clear that the present experiment leads to the first reliable deter-
mination of the spectral shape and absolute flux of atmospheric gamma rays near the
top of the atmosphere in the energy range 40-1000 GeV.

3.2, The Production spectrum of gamma rays at the top of the atmosphere

Gamma rays observed at balloon altitudes contain, in principle, contributions from
these sources: (i) those produced through nuclear interactions of primary cosmic rays
with atmospheric nuclei; (ii) those radiated by primary electrons; and (iii) primary
cosmic gamma rays. It is now generally acknowledged that the flux of gamma rays
of primary origin is negligible for our purpose. Gamma rays radiated by primary
electrons during their propagation in the atmosphere can be evaluated using the
observed flux of primary electrons and the relevant bremsstrahlung cross-section. Since
there is an indication of a steepening of the primary electron spectrum beyond about
150 GeV (Anand et al 1971), we have separately calculated the radiated gamma rays by
making use of the electron spectrum given by Anand et al (1968) to continue up to 1000
GeV and also assuming a steepening beyond 150 GeV by one power. Itis thenfound
that even the mean of these estimates is only about 10 per cent of the observed flux
values; the uncertainty in this estimated flux is about 5 per cent of the observed value
at 1000 GeV which decreases to about 2 per cent around 50 GeV. After subtracting
the estimated contribution due to gamma rays radiated by primary electrons from the

observed flux, the production spcctrum at the top of the atmosphere through inter-
actions of cosmic ray nuclel is given by

P, (E, 0)=7," (E, x)]47-1 f(x) (4)
where 7, '(E} is the corrected flux of gamma rays. In figure 6, we have shown on
the right hand side the production spectrum of gamma rays in units of photons
g st isec* GeV™l. This spectrum can be represented by a power law of the type:

P_(E, 0)=8-02 x 10T*ET2'60 # 0 0% photons (g sr sec GeV)™! (5)

A comparison of this spectrum with that determined below 30 GeV (Stephens
1970a) shows that while the spectral index is the same, the absolute intensity above
40 GeV is about a factor of two, larger than that expected by simply extrapolating the
spectrum obtained at low energies. Omne possible explanation offered (Stephens
1970b) for this apparent increase in the flux of gamma rays at high energies is a

change in the characteristics of high energy interactions at primary energies greater
than a few hundred GeV.
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3.3. Secondary electrons in the Atmosphere

At energies greater than a few GeV, the atmospheric electrons are mainly due to the
electromagnetic cascading of gamma rays produced in the atmosphere (Stephens
1969; Daniel and Stephens 1970). Thus knowing the gamma ray production spectrum
given by equation 5, whose dependence with depth is proportional to exp(—x/a), where
A=125 g cm™2 the attenuation length of cosmic ray nuclei, we can calculate the sec-
ondary electron component at any depth using the relations given by Nishimura
(1967). We write the flux due to secondary electrons as follows:
FAE, x) =1-69 x 102E72¢ {7-644 exp (—x/125-0) —8-20 exp(—x/94-4)
+0-556 exp(—=x/21'64)} electrons/(m? sr sec GeV) (6a)
and
F (E, x) =378 x 102E7%¢ {6-069 exp(—x/125-0) —5-914 exp(—x/94-4)
—0°155 exp(—=x/21-64) } photons/(m? sr sec GeV) (6b)
One can see from equations 6a and 6b that the secondary atmospheric electron flux
is only about 6 per cent of the gamma ray flux at 10 g cm™2 increasing to 10-5 per
cent at 16 g cm™ 2. Thus we are able to demonstrate here that a study of the gamma
ray spectrum using the same detector as that meant for the primary cosmic ray elec-
trons, provides the most reliable method of estimating the contribution of atmospheric
secondary electrons in the sample of observed electrons.
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