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The derivation of integral energy spectrumof muonsproducedby the interactionsin
gamma-rayshowers inducedby energetic photonsfrom the Gemingapulsarhas been
made.Theconventionalanalyticalprocedureof Dreeset al. hasbeenadoptedfor muon-
numbercalculationsfrom photoproducedair showers.TheFNAL dataon πp� π

�
X in-

clusive reactions,andthe HERA epcollider resultshave beenusedfor theevaluationof
thehadronicenergy momentsandthephotonuclearcross-sections,respectively. Theinte-
gralnumberof muonswasderivedfor Zππ � 0 � 499� σγN � 0 � 119mbandσπA � 198mb. It
exhibitsa drasticdecreasewith energy.

EGRETinstrumentflown by theCromptonGammaRayObservatory[1] hasdiscov-
eredgammaraysof energiesrangingfrom 20 MeV to 30 GeV emittedfrom over 100
sources.Among the sources,16 have beententatively and42 well identifiedwith radio
counterparts.

Theinvestigationof muonfluxesin photoinducedair showersis of phenomenological
importancein astronomyfor theexplorationof sourcesof gammaraysandneutrinos.In
hadronicshowers,mostof the moderate-energy muons( � 1 TeV) aregeneratedby the
conventionaldecayof pions,i.e., by theπ � µ mode.Thephotoinducedelectromagnetic
showersarealsorelatedwith thephenomenaof muonpairproductionandbremsstrahlung.
Earlier, DreesandHalzen[2] have pointedout that a higherγ-ray thresholdcanexhibit
largephotoproductioncross-sectionandthephotondevelopsa significantgluonstructure
function.

Stanev et al. [3] have performedMonte Carlo simulationfor a photonof a primary
energy of 1 PeV, generatingmuonspectrumthroughphotonuclearinteractions.In a recent
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investigation,we haveestimatedthemuonspectrumfrom air showersinducedby CRAB-
emittedphotons[4]. It wasfoundthatmuonfluxesobtainedfrom decayof pionsproduced
in photonuclearγN reactionsareadequatefor muonenergiesbelow 3 TeV. But abovethat
energy, themajorityof muonsoccurfrom γ–air interactionsthroughγ � Z � Z � µ�	� µ

reactions.Halzenetal. [5] havepointedoutthatthegamma-rayshowersproduceanumber
of high-energymuonswhichallow observationof thesourcesby theGeV– andTeV–muon
telescopes.Gamma-rayshowers above the photoproductionthresholdcontribute to the
numberof muonsNµ whichdependson theprimarygamma-rayenergy. Energeticgamma
rayscreatingmuonsin theEarth’s atmospherecanberegisteredby shallow underground
neutrinodetectors,operatingin AMANDA andLake Baikal,at depthsof about1 km [6].
Themoderate-energy gamma-rayshowersaredetectedusinga surfacedetectoroperating
at MILA GRO which detectsmuonsof energiesabove 1.5 GeV. So, an estimateof pho-
toproducedpions, generatingmuonsin turn, is requiredfor a properlow-energy muon
backgroundflux estimation.

In thepresentwork, wehaveusedthemaximumcut-off energy of gammaraysEmax �
300 GeV, asfound from the Geminga-pulsaremittedphotonspectrum,cited recentlyby
Halzenet al. [5] from a closersurvey of MILA GRO experiments,to estimatethenumber
of muonsin a photon-initiatedair shower of energy 200 GeV at a zenithangleof 30� .
The parametricvaluesof energy momentsfor photoproducedpions Zππ in πp � π



X

inclusivereactions,andtheinelasticinteractioncross-sectionfor πA collisions,σπA, were
takenfrom Refs.7 and8, alongwith theextrapolatedepHERA collider results[9] for γp
cross-sections.

In the calculationof Dreeset al. [10], which is basedon the original formulationof
Rossi[11], in the upperatmosphere,a photonof a high energy E0 producesan electro-
magneticshowerconsistingmainlyof photons,electronsandpositrons.Theatmosphereis
consideredto consistof layers,eachof a thicknesst0 � λRln2, whereλR is theradiation
lengthover which the averageenergy of electromagneticparticlesis halved. At a depth
nt0, the shower consistsof 2n particles,eachof an averageenergy of aboutE0

�
2n. The

processof productionof muonsof energy largerthana thresholdenergy Et continuesuntil
theenergy of particlesin theshower becomestoo low to producemuonsof energy Et or
higher. Thecorrespondingnumberof layerswhich canproducemuonsof energy E � Et
(minimumenergy requiredto produceapionof energy E is E

���
xγπ � ) canbeestimated

from theequation:

nmax � ln
ηE0

Et
� �

xγπ �
1

ln2 � where η � 1 � r3

5 � 6 � 1 � r ��� 0 � 34� � 1�

r � m2
µ
�
m2

π and
�

xγπ � � 0 � 25[10].

Photonshower in the layern generates� λR
�
λγN � � nγπ � pionsof energy � E0

�
2n � �

xγπ � , where
�

nγπ � is theaveragenumberof photo-pionsproducedin anencounter. The
total numberof muonsproducedat thezenithangleθ in theatmosphere,of energy above
thethresholdmuonenergy Et , obtainedaftersummationfor n � 1 to nmax, afterDreeset
al. [10], is givenby

Nµ � E � Et � � 2
3

22nmax

nmaxEt

επ

cosθ
λπ

λγN

�
nγπ ��
xγπ � � � 2�
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whereεπ � mπh0 � � cτπ ��� 115GeVis thecriticalpionenergy(mπ � 139 6MeV, h0 � 6400
m is theeffective heightof theatmosphereandτπ ! is thepion meanlife) andλπ andλγN
aretheinteractionlengthsof pionsandphotonsin air, respectively.

Thesimplifiedform of Eq.(2) for thecalculationof thenumberof highenergy muons
at zenithangleθ, abovethethresholdenergy Et , is givenby [10]

Nµ � E " Et �#� 0  23
nmax

επE0

E2
t cosθ

AσγN

σπA

$
nx " γ % π !
� 1 & Zππ �(' � 3�

whereZππ are the hadronmoments[10], A � 14 5 the averageatomicnucleonnumber
in theatmosphere,σγN thecross-sectionof theγN ) πX process,σπA thepion inelastic
interactioncross-sectionand

$
nx " γπ ! the fraction of energy of photoproducedpions

takenby π * .
In a recentsurvey, Halzenet al. [4] have shown thatthegammaraysemittedfrom the

Gemingapulsarfollow thepower law fit of theform:

dNγ � E � � dE � 3  74 + 10, 10E , 1- 55cm, 2s, 1  � 4�
Using the FNAL datafor mesonproductioncross-sectionfrom the measurementsof

Brenneret al. [7], andby adoptingγ � 1  55 as the spectralindex of γ-raysemittedby
Gemingapulsar[4], andσin � 22 mb for πp inelasticcollisions, the Zππ factorsfor π
p ) π * X reactionshave beencalculated.They wereduly correctedfor p–air collisions
andEMC effectsby usingtheprocedureof Minorikawa andMitsui [12]. Thecalculated
hadronicenergy momentZπ . π . andZπ . π / , arefoundto be0.573and0.455,respectively.
The pion attenuationlengthλπ hasbeencalculatedandfound to be 142.3gcm, 2. The
DESY epcollider experimentaldataon thephotonuclearcross-sections,for γ-ray energy
E0, aregivenby

σγN �0� 0  147 & 0  017lnE0 1 0  0022� lnE0 � 2 � 10, 28 cm2

' � 5�
whichyieldsavalueof 0  119mbfor theincidentphotonenergy E � 200GeV. Takingthe
cut-off energyof theGeminga-pulsaremittedgamma-rayspectrumasEmax � 300GeV[4],$

x " γ % π ! � 0  25, r � 0  58andσγN � 0  119mb,onecancalculateλγN from therelation
λγN �0� σRλR � � � AσγN � which yieldsa valueof 3789gcm, 2, assumingtheadoptedvalues
σR � 480 mb, λR � 38 gcm, 2 and A � 14 5. Using relation (1), and by adoptingthe
interactionparametersη � 0  34' E0 � 200GeV and

$
xγπ " � 0  25, theeffectivenumber

of layersin theatmospherethatcanproducemuonsof thresholdenergy Et andhigheris
givenby

nmax � 1  443ln 2 29� Et � GeV� 3  � 6�
Taking the calculatedvaluesof nmax, and assuming $ nx " γ % π ! � 2� 3 ' θ � 304 ,

επ � 115GeV, σπA � 198mb [7], Zππ � 0  499andE0 � 200GeV, thenumberof muons
producedby γ-ray interactionsin air hasbeenestimatedusingEq.(3):

Nµ � E " Et �5� 69 51� 2 nmaxE
2
t � GeV� 3  � 7�
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Theestimatednumberof muonsobtainedfrom thephoton–inducedair showersat thresh-
old energy Et in therange1 – 20GeV is displayedin Table1. Thederived
muonflux from E0 6 200GeV photoninteractionsin air at zenithangleθ 6 307 exhibits
a drasticdecreasewith theincreaseof muonenergy.

TABLE 1.Thecalculatedvaluesof nmax for differ-
entmuonthresholdenergiesEth (GeV) andthede-
rivedmuonfluxesinitiatedby E0 6 200GeVpho-
ton showers in usualinteractionsin air obtained
from thepresentwork.

Et nmax Nµ
(GeV) presentwork

1.5 4.273 7.230
2 3.866 4.495
5 2.544 1,093
10 1.544 0.450
20 0.544 0.320

TheGeminga-pulsargamma-rayinducedmuonflux hasbeenderivedfor lower muon
thresholdenergies (1.5 GeV and higher). Sincethe muon energy is relatively low, the
contributionof muonsfrom charmedmesonsanddirectly producedmuonshave beenne-
glected.Thestandardanalyticalformulationof Dreeset al. hasbeenadaptedfor theesti-
mationof theflux of muonsproducedby decayof photoproducedpions.
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MUONI NASTALI U PLJUSKOVIMA PROIZVEDENIM GAMA ZRAČENJEM
GEMINGA PULSARA

Izvedenje integralnienergijski spektarmuonanastalihu pljuskovimaizazvanimfotonima
visokeenergije saGemingapulsara.Primijenjenaje uobǐcajenaanalitǐckametodaDreesai
sur. zaračunanjebrojamuona.Podaciiz Fermijevog laboratorijazaπp8 π 9 X inkluzivne
reakcije i podaci iz HERA za ep reakcijeprimijenjeni su za računanjehadronskihen-
ergijskih momenataodn.fotonuklearnihudarnihpresjeka.Izvedeniintegralnibroj muona
pokazujesnǎzanpadsnjihovomenergijom.
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