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Monte Carlo calculations of nuclear cascades and associated Cerenkov radiation in
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We present a Monte Carlo calculation, with observed cross sections and multiplicities, of the nuclear
component of small extensive air showers (EAS) with primary energies E p & 10 GeV. The simulations
were completely three-dimensional and were initiated by cosmic rays sampled from both their primary
energy and mass spectra. Resulting particle spectra sampled at 564 gem

' agree with extrapolations
from observations of EAS~ with Eo g 10" ' GeV. The optical Cerenkov radiation calculated for the
nuclear-active particles and muons in these EAS is found to be comparable to that expected from the
electrons and distinguishable for particular detector configurations. Implications for EAS observations of
cosmic y rays and cosmic-ray composition are mentioned.

I. INTRODUCTION

With the attainment of laboratory energies of
300 and 1500 GeV in the Batavia and CERN (ISR)
accelerators, the details of interactions at ener-
gies relevant to certain cosmic-ray studies have
become available. While the extensive air showers
(EAS) resulting from cosmic rays of primary
energy & 10' eV contain too few particles to be
directly detectable even at mountain altitudes,
EAS from primary cosmic rays at energies
& 100 GeV can be detected by the optical Cerenkov
radiation they produce in the atmosphere. In fact,
the cosmic-ray spectrum in the primary energy
range E,-10"-10"eV remains accessible only by
this technique until long-exposure satellite detec-
tors (such as HEAO-C) become available. Since
the initial detection' of the atmospheric Cerenkov-
radiation component of HAS, a number of ex-
perimental studies' ' and theoretical calculations' '
of the Cerenkov photon yield from EAS (elec-
trons) have been conducted. However, none of

V'

these studies has explicitly considered the Ceren-
kov yield of the nuclear and meson cascade, and
no simulations have been reported for those small
(-1500 GeV) EAS for which the calculation can
now be done "exactly" with known cross sections
and multiplicities.

%'e began such a study" in 1971 in an attempt to
account for certain observed features' of the
Cerenkov angular distribution. This work led to a
probable method of discriminating against normal
cosmic-ray-initiated EAS in searches for EAS
initiated by cosmic y-ray sources. We shall now
report the results of "exact" Monte Carlo simu-
lations of the nuclear component of EAS vertically
incident with Eo~ 1000 GeV and the resulting Cer-
enkov component. These calculations have employ-
ed the accelerator results for the p-p cross sections

and multiplicities, the measured fragmentation
probabilities for the initial breakup of heavy cos-
mic-ray nuclei, the observed primary cosmic-ray
energy spectrum, and several trial primary mass
distributions. The results have been sampled for
several particle-distribution functions that may be
compared with those calculated and measurable for
much larger EAS. Finally, the nuclear-component
Cerenkov photon yield that would actually be de-
tected by a system with a typical effective AQ has
been calculated. The relevance of these results is
briefly considered for related efforts in ground-
based y-ray astronomy. A subsequent paper will
compare some of these calculation results with
particular experimental data to infer general fea-
tures of the cosmic-ray composition at Eo&10" eV.

II. METHOD OF MONTE CARLO SIMULATION OF EAS

The cosmic-ray shower calculation was com-
pletely three-dimensional and was followed through
81 slabs of 9.4-g cm '-depth increment from the
top of the atmosphere to 76I..4 g cm ', the depth
of many of our observations. " At a given 9.4-g
cm ' slab, particles entering from above were
considered in turn for their flight across the slab.
If a given particle was found to interact or decay
at a given depth, its interaction or decay products
were individually followed out of the layer for pos-
sible interactions or decays in the succeeding
slab. Thus, for every 9.4-g cm ' atmospheric
depth, a complete description of the nuclear-cas-
cade particles was available and stored on mag-
netic tape. This description included the x and y
position of each particle relative to the EAS axis
and its delay relative to the shower "front, "de-
fined by a spherical wave propagating at c from
the first interaction. Each particle's direction
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cosines, energy, mass, and depth of origin were
also stored, as well as the sum of all energy lost
to the mp component down through the particular
layer considered. Particles were no longer fol-
lowed if they were found to decay into the electro-
magnetic component (e.g. , muon-electron decays)
of if they exceeded a cutoff radius (500 m) from
the EAS axis. The accumulated energy loss into
such particles was available at each layer.

Nuclear interactions were calculated for the
initial breakup of the sampled primary nucleus
in accordance with the appropriate fragmentation
probabilities. "'" In the breakup of very heavy
primaries (e.g. , iron), one or two nucleons were
also sometimes allowed to undergo P-P inter-
actions producing pions. Resulting individual nu-
cleons (as well as, of course, primary nucleons)
were tested at each layer d, for possible inter-
action at depth d,

d = d, -A (in A)cos6, ,

where ~ is the interaction-type mean free path,
A is a computer-generated random number (0
&R 1.0), and 9, is the particle zenith angle. If
d ~ d, +„ the interaction was calculated within the
slab. The energy-dependent (above E„,= 1000
GeV) P-P cross section given by Yodh et af."was
used for the inelastic mean free path in air:

A. =90 g cm ' (E& 1000 GeV),
(2)

A = 90(39/(38.8+ 0.4Iln(2E/140)] 'J) g cm '

(E ~ 1000 GeV) .

+ 3.83(lnE, „,2)~, (3)

where E is the center-of-mass interaction en-
ergy, in accordance with a multiperipheral-model
fit to accelerator data given by Berger. " As be-
fore, a complete three-dimensional solution, with
energy and momentum conservation, was obtained
for each interaction. Only pions and nucleons
were calculated as interaction products since the
EAS development (for E,& 10" eV) is relatively

The mean free path for elastic scattering was
taken as 4.5 times the inelastic value after the
measurements at 300 GeV reported by Dao et al."
The mean free path for pion inelastic collisions
used was 120 g cm '. No energy dependence was
assumed since almost all pions created had ener-
gies & 1000 GeV. The details of our interaction
model for the production of pions and secondary
nucleons were essentially the same as described
previously, "except that the expectation value for
the multiplicity distribution of charged secondaries
n, .„was now

(n„, (n„,„-l))= 22.5 —15.7 lnE, . „,
'

insensitive to kaon production and to the small
numbers of 3ntinucleons and other particles pro-
duced; that is, all interaction products other than
the participating nucleons may be treated as pions.
Also, since we were ultimately interested only in
the nucleonic cascade particles that produce at-
mospheric Cerenkov radiation, particles with en-
ergy & 4.5 GeV (the Cerenkov threshold for muons)
were no longer followed. Because of this relative-
ly high minimum particle energy, ionization en-
ergy losses could be neglected, as well as the ef-
fects of multiple scattering and magnetic deflec-
tion on particle propagation in the atmosphere.

The energy E p of each primary cosmic ray in-
itiating an EAS was sampled randomly from the
known power-law spectrum N(E)dE KE,.--2'8'dE

above a threshold of Ep 1000 GeV. The primary
mass was sampled randomly from a trial cosmic-
ray composition. Approximately 120 EAS were
calculated first for the eompositi. on know'n" for
low-energy (& 10 GeV/nucleon) cosmic rays. An
additional 275 EAS were calculated for a second
trial composition in which the abundance of the
very heavy primaries (predominantly iron nuclei)
was increased by a factor of 3. As mentioned, the
sensitivity of the EAS model to primary mass and
detailed comparisons of these results with exper-
imental data will be considered in a subsequent pa-
per on cosmic-ray composition. Complete results
for each EAS generated were stored on magnetic
tape so that a complete description of the nuclear-
eascade particles and total mp energies was avail-
able every 9.4-g cm ' atmospheric depth. The
calculations required about 3 hours of computer
time on the Smithsonian CDC 6400.

The several tapes containing the calculated EAS
could then be analyzed in a variety of ways. Our
primary interest, however, was to calculate the
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atmospheric Cerenkov-radiation pattern produced
by the individual particles in the calculated EAS.
Thus, a program was written to read the EAS
output tapes and calculate the Cerenkov production
from each particle at the 9.4-g cm '-depth in-
crements. The formulism summarized by Jelley"
was used to calculate, for each particle, the
Cerenkov cone angle and the number of photons
in the typically observed band (300—550 nm) per
unit area incident on a detection plane at 761-g
cm ' atmospheric depth. The lateral photon den-
sity distribution was then calculated as a function
of core radius and the photon angular distribution
at any fixed core radius was also calculated. For
comparison with measured photon angular distri-
butions, '" the angular distributions detectable by
1-2 (opening-angle) detectors were also calcu-
lated. Results could also be checked against vari-
ations in detected EAS arrival direction and core
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FIG. 4. Calculated distribution of average muon num-
ber within r ~ 40 m of axis at 564 g cm 2 from 208 EAS.
Sampled primary mass and 80 ~1 x 10 eV.

FIG. 3. Differential energy spectra of mean total-
particle numbers at 564 g cm 2 from 180 EAS.
Sampled primary mass and E0~1x 10 eV; downward
arrows mark the cutoffs in particle energies plotted.

p&(500) =0.18(EO/10'")'" m ', for the large EAS
observed at Haverah Park, "yields p„(500)=9
&&10 ' m ' for our mean energy of Ep=2.5~10" eV.
This is within a factor of 2 of our result in Fig. 2.
The muon lateral density spectrum may be fitted
by a power law p„=Er "for 110 &r & 500 m; this
is also consistent with the limiting index 1.82
found for Haverah Park data. " The agreement in
these results may be fortuitous, although if the
EAS are at similar ages, a smooth scaling of
EAS (and, hence, interaction) observables with

energy over some 5 decades in energy may be
implied. This would suggest there are no very
dramatic changes in the gross features of nuclear
interactions over this largely unexplored energy
range.

The differential energy spectra for the mean to-
tal muon, pion, and nucleon numbers present in
the 180 calculated ZAS sampled at 564 g cm '
are given in Fig. 3. Again, we find in these re-
sults an interesting similarity with observations
and calculations for much larger HAS. Our pion
spectrum, for example, can be fitted well by a
power law with exponent 1.60 from 10 to 200 GeV,
or nearly the same slope indicated in a summary
of results for EiAS with Ep 10"eV. The muon

differential spectrum is fitted well by a power law
with index 2.48 in the same energy range. This
compares very favorably with the integral spec-
trum index of 1.48+ 0.19 measured for only an
order of magnitude higher Eo (-3&& 10" eV) at
mountain altitudes. " The amplitude of the spec-
trum derived from these same measurements would
give our value of -33 muons (E~~ 5 GeV) for a
local shower size N-140, or about the expected
total at the depth sampled. Although we shall
again postpone a discussion of the sensitivity of
our results to the primary mass A, it is interest-
ing to note that our early results" for pure proton
primaries gave significantly flatter muon energy
spectra.

Finally, in Fig. 4, we give the calculated dis-
tribution at 564 gem ' of the mean (per EAS) muon
number (r &40 m) as a function of primary energy.
The power-law fit shown is N„cf-Ep". This is the
usual dependence obtained in the larger HAS re-
sults, since N, ccEp".

We now turn to the results of the calculation of
the Cerenkov photon yield at 2320-m elevation
(-760 gcm ' depth) from the EAS Monte Carlo
simulations. The calculation was done over the
trajectory of each nuclear active particle (n.a.p. )
and muon produced in 73 of the HAS stored on
tape. The lateral distributions of optical (300-550
nm) photons are plotted in Fig. 5, where our re-
sults for the "muon component" (including n.a.p. )
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FIG. 5. Approximate Cerenkov photon lateral distri-
butions: Eppes~&p ray

~ 1 x 10~ eV, 2300-m elevation.
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are compared with the results of Rieke' for the
electron component only. Our results, of course,
refer to the sampled cosmic-ray primary mass
and energy E ~ 1X 10" eV. The electron-cascade
Cerenkov component is for a total electromagnetic
component energy of -5 && 10" eV and was obtained
by simply scaling Rieke's results for 1~ 10"eV
y-ray-initiated EAS. This choice of energy was
dictated by the fact that in our results a total
energy -3 E', is lost to the n', component and,
hence, to the electromagnetic cascade, for which
we use Rieke's results, and that our median pri-
mary energy is 1.5~ 10" eV. Zatsepin and Chud-
akov' have compared the electromagnetic (em)
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component and resultant Cerenkov production in
y-ray vs cosmic-ray-initiated EAS and found
similar lateral and angular photon distributions.
The fact that most of the Cerenkov light detectable
from the electrons comes from the EAS maximum
makes the em components of the two shower types
appear very similar" and justifies the use of
Rieke's results here. In Fig. 5 we have plotted
distributions for the densities of all optical pho-
tons incident at a given core radius as well as the
photon densities detectable by a 1 opening-angle
detector, as is commonly used. For these latter
distributions, the detector was "pointed" parallel
to the EAS axis (0 =0') for the electron component
and at zenith angle 6I = 0.8' toward the EAS axis for
the muon component. It is interesting that then
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the muon and electron Cerenkov yields are com-
parable at core distances ~= 130 m.

-0.4 -0.2 0 0.2 0.4 0.6 0.8 I.o 'I.2 I.4 I.6 I.8
COMMON DETECTOR ZENITH ANGLE e (DEGREES)
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FIG. 6. Calculated Cerenkov angular distributions
at x= 40 m from KAS axis at 2300 m as detected by- 1' light receivers.

In a sense, the primary objective of these cal-
culations has been realized in Fig. 6, where we
show the angular distributions of the calculated
Cerenkov flux at a particular core radius (r =40
m). This is the distribution most easily measured,
and finding its two-component structure' prompted
our original investigation. " Figure 6 shows our
results for the muon and n.a.p. components and
those of Rieke' for the electron component, as
each would be detected by 1' light receivers. The
detector is assumed to be pointing in azimuth at
the EAS axis and in elevation at angle 90 -6I

toward the axis (negative & values indicate the
azimuth angle points 180' away from the axis).
The combined total is also shown. No atmospheric
absorption or detector spectral response factors
are included. For comparison with observation, '
it is vital to include the exact spectral response of
the detector, since atmospheric UV (ultraviolet)
attenuation will be much less for the muon corn-
ponent with path lengths -2 km (typically) than
for the electron component (-7 km). Then, be-
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cause the Cerenkov production spectrum varies
as X ', the muon component of the angular dis-
tribution can be comparable to the electron com-
ponent if the detectors are biased toward the UV

(e.g. , 280-400 nm). We also found that for dif-
fering detecti. on-core radii, the muon component
peak in the angular distribution remains at 6I

-0.8' (-the observed' UV peak), since it is ap-
proximately the Cerenkov opening angle that is
detected rather than a unique height of maximum
muon number. Indeed, Fig. 1 shows that the muon
number declines only very slowly with depth. 'Fhe

electron component angular maximum, however,
is linearly dependent on core radius since it is
simply the greatly enhanced electron number at
EAS maximum that is detected.
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Finally, we repeated our Cerenkov calculations
for a random sampling of shower impact radii
and arrival directions within the -0.3' (half-angle)
EAS resolution cone of a spaced detector pair
pointed at the electron maximum. The muon

V'

Cerenkov angular distribution was again found to
be very similar to that in Fig. 6.

IV. CONCLUSIONS

We have carried out Monte Carlo simulations of
EAS nuclear cascades incorporating recently ob-
served multiplicities and cross sections for the
interactions as well as a full three-dimensional
treatment. We attempted to simulate, actually ob-
served showers by random sampling of both pri-
mary mass (including observed fragmentation
probabilities) and primary energy E,. The calcu-
lations have yielded particle spectra in surprising-
ly close agreement with extrapolations over sever-
al decades of E, from analytic fits to data (as a
function of Eo) obtained for very large EAS. We
have calculated the explicit contribution of the
nuclear cascade and muon component to the at-

mospheric Cerenkov photon content of these EAS
with E, ~ 1&& 10"eV and found good agreement with
our earlier observations. This demonstrates that
the muon component is detectable in these small
EAS solely by Cerenkov techniques. It is then
possible to search selectively for y-ray- (or elec-
tron-) initiated EAS as muon-poor events, and,
indeed, this has formed the basis of our efforts"
to detect cosmic y-ray sources at Ey~ 10"eV.
The separate Cerenkov detection of EAS muon and
electron components has also permitted prelimin-
ary studies of cosmic-ray composition. "'" A
complete analysis of these composition data will
be presented separately, using the EAS calcula-
tions detailed here and, especially, their depen-
dences on the cosmic-ray primary mass A.
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