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Abstract

The Monte Carlo progran FLUKA was usel to calculae the numbe of muors reachimg detectiom level in

evens initiated by primary cosmt gamnaray interactiors in the atmosphereThe calculation was motivated
by the desiie to gauge the sensitvity of arrays like that of Proje¢ GRAND to primary gamma cosmt rays
while measurig single muors a detectia level. Becaus dired gamma pair productio is nat a significant
sour@ of muons normally the presene of muors is not considerd as a signd for gamnarays However,

due to their non-regligible cross sectian for hadran production high-enegy gammarays can initiate hadronic
showers containirg alarge numbe of pions Thes can decy producirg secondar muors which then have a
goad chane of reachiry detectia level. The complet kinetic eneggy and spae distribution of suct muons
can be predictal by simulatirg in detal the whole proces by mears of Monte Carlo techniques However,

the code usal mug be capabé of handling both hadron-nuclesi and photon-nucles interactions Unlike

mog available Monte Carlo particle transpot programs sud interactiors are implemente in FLUKA, up to

severd ters of TeV, basel on Dud Parto ard Vecta Mesan Dominane models The FLUKA capability to

descrile hadront cascadgsgeneratd in the atmosphez by primary cosmc hadrors has alread bean shownin

severd studies In the preseh pape, the investigation has been extendel to primary gamnarays The number
of muors pe phota is presentd as a function of the primary eneagy in the region betwea 3 GeV ard 10
TeV. Asthe enagy of primaty photors rises ther flux falls, wheres the numbe of muors per gamnarises.
Combinirg thes two effects it can be predictal tha gamnaray enggies in the 30 GeV region produe the
mog muors at detectiom level. Theradid ard kinetic enegy distributions of the muors are also presented.

1 Introduction:

Muons at detectia level of Proje¢ GRAND (Poirier et al., 1999 have their origin mainly asdeca products
of pions generatd in interactiors of hadrors with nuclé of the atmosphereHowever, a smal but finite con-
tribution is expectal from hadront interactiors of high eneggy photons The muaon componenhoriginated by
primary gammnarays presens a specid interes becaus the photm direction canna be deflectel by magnetic
fields ard can be tracal bad to their soure@ in spae (Carpenteet al., 1999).

The numbe, kinetic enegy spectrumand radid distribution of gamma-generatiemuors can be estimated
as a function of primaly phota enaggy and altitude by mears of Monte Carlo simulations However, high
enggy photonucleainteractiors are nat implemente in mogd existing Monte Carlo particle transpot codes.
An exceptim is FLUKA (Fas0 et al., 1993) a progran originally developeal for accelerato shieldirg cal-
culations but which is now being useal in an increasiig numbe of researh fields including cosmt rays
(Schraule et al., 1997 Roesle, Heinrich & Schraubgel1998 Battiston et al., 1998 1999 Battistonj Ferrari
& Scapparonel999) Hadront photm reactiors are implementé in FLUKA accordirg to the Vecta Meson
Dominane modd (Baug et al., 1978) taking into accoun shaawing ard delta resonane (Faso, Ferrar &
Salg 1994) The interactian initiated by vecta mesors is describé in the frame of the Dud Parton Model
(Capelb et al., 1991, Ferrar & Salg 1996 in the same way as that of any othe hadron.

2 Calculations:

The 1998 versin of FLUKA was usal to calculae the mum flux and kinetic enegy spectrun at both
sea level and 200 m (approximatel the GRAND altitude) in 10 concentre rings of radii rangirg from 10m



to 10 km. Photons of energy between 3 GeV and 10 TeV were assumed to enter the atmosphere vertically at
80 km and the full generated electromagnetic and hadronic showers were followed down to pion production
threshold energy. The mean free path for photonuclear interaction was artificially biased in order to enhance
the interaction probability by a factor 10 to 50. The statistical weight of each particle was adjusted accordingly,
so that all distributions were preserveactly(multiplicities, energy spectra, height of first interaction etc.).

The atmosphere was subdivided into 25 layers of different density, with thickness ranging from 0.2 to
100 g/cni. The effects of magnetic fields and of direct muon pair production by gamma rays were assumed to
be negligible and were not considered.

For comparison purposes, a similar set of calculations was made to estimate the electron flux at the same
positions. All conditions were identical except the shower energy cutoff which was lowered to 3 MeV. A run
was also made with 10 TeV protons as primary particles.

3 Results:

Fig. 1 shows how the total number of muons and electrons grows with increasing photon energy. A sum-
mary of calculated data is reported in Table 1.
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Figure 1: Number of muons and electrons at 200 m a.s.l. as a function of photon energy

The dependence on radial distance is shown in Fig. 2. The total number of muons within a given radius is
plotted as a function of radius. In general, the circle containing one half of all the muons reaching ground has
a radius of little more than 500 m. At the lowest photon energies, however, this circle radius is of the order of
2000 m.

The calculated spectra are too humerous to be reported here: a representative example, referring to 4
different primary photon energies at distanees00 m, is shown in Fig. 3.



Primary | Kinetic energy electrons (both charges) muons (both charges)

particle (GeV) 200ma.s.l. sea level 200m a.s.l. sea level
p 10 449+ 2.1 39.3+1.8 75.4+0.9 74.6+ 0.8
¥ 10 158+ 7 121+ 6 3.31+0.07 3.18+0.07
¥ 3000 30+ 3 23+ 3 0.82+0.03 0.79+ 0.03
¥ 1000 4.8+ 0.7 3.7+ 0.6 0.227+ 0.011 0.220+ 0.010
¥ 300 0.51+ 0.06 0.41+0.05 0.0561+ 0.0008 0.0545+ 0.0009
¥ 100 0.0879+ 0.0006 0.0584+ 0.0004 0.0150+ 0.0007 0.0147+ 0.0007
¥ 30 0.0106+ 0.0016 0.0088+ 0.0014 0.00264+ 0.00018 | 0.00255+ 0.00017
¥ 10 0.0014+ 0.0003 0.0010+ 0.0005 | (4.06 +0.15) x 10=* | (3.95 £ 0.15) x 10~*
v 3 (8.7+3.0)x 107° | (3.841.6) x 107° | (4.240.6) x 10~° (3.6 +£0.5) x 1076

Table 1. Number of secondaries per primary particle within a 10 km radius at 200 and 0 m above sea level

Number of muons within given distance
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Figure 2: Number of muons per incident photon of different energy vs. radial distance
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Figure 3: Muon kinetic energy spectra at radial distanc&)0 m from the shower center, at 200 m a.s.|.

To estimate the actual number of muons reaching detection level, the calculated data should be folded with
the incident primary photon spectrum, but the latter is not known. Assuming an energy dependenté, as E
similar to hadronic cosmic rays, it is found that the largest contribution to muons is probably due to photons
with energies of the order of 30 GeV.
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