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It is shown that at large depths (221000g/cm®) the number of
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effects when interpreting data on EAS of extresely high
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1. Introduction

The interaction of cosmic rays (CR) of extremely high
energies (EHE) with the microwave background radiation 2.7K due
to the n-meson photaoproduction leads to the so-called
Zatsepin—-Greisen "cutoff” in the proton spectrum at E?5'10199V.
The secondary products of r-meson decays initiate relativistic
electron-photon showers in the intergalactic medium, which
results in formation of a hard spectrum of diffuse
gamma-radiation. The /p flux ratio .in the energy range
EZS']blgeV, under certain assumptions on the value of the
intergalactic magnetic field and the spectrum of the universal
radio background, can reach values ~10% (1,2,3]. A high
contribution to the diffuse gamma-radiation of " extremely high
energies can meke also the extragalactic sources, in
particular, active galaxies in the ULocal Supercluster [4],

which are considered as potential sources of EHE CR at F:’:IOH’P.V

(see Re.'.[5]1).

$o, the y/p ratio contains a direct information about the
origin of CR, and the possibility of an experimental
measurement of the ,/p ratio at energies Eflolsev seems  very
valuable.

All large air shower arrays for detection of EHE cosmic
radiation are designed to measure the characteristics of
extenslive air showers (EAS) initiated by CR protons and nuclei.
in principle these installations can be used to detect EAS from
EHE gamma-rays taking into account the peculiarities e
development of electromagnetic showers. However, Lhe
characteristics of the KAGS initlated by KEHE gamma-rays ar:
practically not investipatoed. Meanwhile, there are expeo-t--
roemarkable qualitative changes in t.he character e
cleetromagnetic EAG development in this enerpy range.

In Lthis paper we study the content of the low encire

i eV maons  in PAG O initiated by primary  photons At



EOZIOIBeV as well as the influence of the Landau-Pomeranchuk-
Migdal (LPM) effect and of the effect of interaction of the
primary photonas with the geomagnetic field on the EAS

development at extremely high energies.
2. Low-Fnergy Muons in EAS Initiated by EHE Gamma-Rays

The differential spectrum of cascade gamma-rays from aua
incident primary photon with energy Eo at a depth z is given in
the form [6]

_ “t+iw E3 Ay (s)z/N
F(Ey.E2) = ooy [ —or H(s) e Ras , (1)
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where kR is the radiation length equal to 37.1 g/cn2 in the

Earth’ s atmosphere; the function Hr(s) is tabulated in Ref.[6].
I:: the gamma-induced showers the main contribution to the

low-energy muon production make the decays of the photoproduced

charged pions. The differential spectrum of pions produced in

rhotomeson processes at a depth of 2z, has the form:
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In the Ea.(2) A ,~2 ZJ—(ll_—{’”—(g/c- ), where @ , is the total

cross section of photoproduct1on of ﬂ -mesons. In photonuclear
reactions at ErzZGeV the main contr1but.1on+ makes the pion
production. Further on we assume that the n~ photoproduction
cross section remains constant in the whole energy range and
amounts to arAzZ-b. In reality the accelerator data indicate a
weak logarithmic growth of the pion photoproduction cross
section. But the growth becomes essential only .at extremely
high energies, remaining considerably smalier than the ete”
pair photoproduction cross section (2500mb). That is why the
shower development will be as before determined by the
electromagnetic processes, while the producticn of low-energy



pions (hence of muons) is predominantly due to caacade
gamma-quanta with ErSIOGeV. Consequently, our approximation
o, A=2l|b seems correct. The production spectrum of muons with
energy E<10GeV, which are due to the pion decay, is [7]

+
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With regard to Eqs.(1) and (2) the Ea.(3) is reduced to
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In the Eq.(4) z;:————z—-; Ep=109.8HeV; p“=29.8HaV/c. Noticing
e
that i Y 1 and Lo —l*; x %‘-. eventually we obtain:
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where K(s) = ——— - The wmuon, formed in the

51 (g41)2 z_sTf :
pion decay decays with a probability of 1/(?’ Ez) (reduced to
1g/c- ), where » 1—- czh /(cT ); Ty is the lifet.xle of muon; ho
is the scale para-eter of at-osphete, hn=z/p (ho=6.3h at the
upper atmosphere, and hnzﬂ.ih at the sea level), hence, the

muon flux is defined as



- - ;F%i; : (6)

On the other hand, the muon loses a fraction of its energy

in ionization, bremsstrahlung, pair production and nuclear

interactiona. Taking into account +that 1in +the energy range

E<10GeV the ionization losses dominate, and the approximately

constant ones (kp:ZHeV cm2/g), we obtain E(z):E(z0)+k“(z0—z).

where z is the depth at which muon with E(z) is produced, z, is

the depth of observation of the muon with energy E(zo).

Consequently, the probability for the muon produced at the
depth z; to reach the depth z with energy E, is:
z ;—TE%E_E~T

w(zl,zo;E)= [Ei E;E;TSE:E;T} = w0 ’ (7

where EEE(ZO).
Hence, the muon flux at energy E at the depth zq is:
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The analytical calculation of Eq.(8) ia presented in the
Appendix. Relatively simple expressions of the differential and
integral spectra of low-energy muons in the atmosphere are
given by Eqs.(A.7)-(A.12).

Fig.1 shows the number of muons Nry(20-3GeV) as alafunction
of the depth (z) for energy of primary photon E,;=10 eV¥. For
comparison the relevant dependence of Np (20.3GeV) for EAS
initiated by primary protons with E —10 eV obtained by McComb
et al. (8}, is also presented. In the same flgure we also show
the number of muons with energy E=0.3GeV from primary protons
at the sea level, calculated by Dedenko [9]. As it is seen from
Fig.1, there ‘is a difference (by a factor of ~2) in the
estimates of N, obtained in Refs.[8) and [9]. Unfortunately, it
is difficult to understand the reason for this divergence, as




the calculations have been carried out numerically. But  even

with account of this uncertainty of the muon number in
proton-induced showers we can claim that the nuamber of
low-energy muons in photon-induced showers at. Euz1018ev is at
least not less than the number of muons in the proton-induced
shower. Note that in our calculations we: used the “ordinary”
cross section of the ni~meson photoproduction, assuming that,

the character of the interaction of gamma-rays al extremely
high energies did not change dramatically. At the first glance
this result seem a strange one, since it is kRpnown that in the
energy range of Euwlﬂlsev the number of muons with energy
E>1GeV in the gamma-shower in the frames of the standard
consideration of the n—-meson photcproduction cross section does
not exceed 3% of the number of muons in the proton showers
(see, c.g. [(10-1271). However, the energy ranges of both primary
photons (EIUIBeV) and of the shower muons (E>0.3GeV), as well
as large depth of observation (zOZIOOUg/cmz) are a matter of
principle in the case considered. The number of muons in
gamma-showers is proportional to the initial energy, while in
the proton showers NHNEg‘fzo'g [8;;3]. At the incident particie
energy increasing from 10 to 10" eV, the difference in these
dependences leads to the increase of the ratio N}p/Npp by a
factor of about 3-4. The energy range of the detected muons is
also very essential, as the muon spectra in the gamma- and
proton-induced showers are essentially different. This is seen
in Fig.2, which presents the differential apectra (times the
energy) of muons from incident gamma-rays and protons at the
sea level. The muon spectrum in the proton shower is taken from
Ref.{8]. The muon spectrum in the gamma-shower is noticeably
steeper than that in the proton shower, and in the energy range
of E=1GeV it goes essen@ially higher than the muon spectrum in
the proton shower. It should be noted that the muons in the
proton shower consist of two components - muon from the decay
of ni—mesons produced at. hadron(nucleon and pion)-air-nuclei
interactions, and muons from the decay of nt-mesons produced in
photonuclear reactions (in terms of the authors of Ref.[8]

“normal” and “photoproduced” muons, respectively). At energies
E<1GeV, a4y it follows from the calculationa of Ref.[81, tho




“photoproduced” muons related directly with the electromagnetic
branch of the cascade, dominate over the “normal” ones (see
Fig.2), this qualitatively agreeing to our conclusions.

It is important to note that the effect mentioned (the
approximately equal number of low-energy muons in gamma and
proton showers) occurs at large depths (22103g/cm2), where the
number of cascade gamma-rays with Ey20.5GeV able to produce
{-mesons with energy E=0.3GeV reaches such a value that
compensates for the difference (by two orders of magnitude) in
the cross sections of the n-meson production by photons and
hadrons. To demonstrate this effect aqualitatively, 1let us
estimate the number of muons in the gamma-showers of extremely
high energies by a simple procedure suggested by Halzen [14].

It is known that the probability of photons absorption due
to e'e” pair production per radiation length, AR' is wp=7/9. In
matter the electron is absorbed due to the bremastrahlung as
E:Eeexp(—z/AR), where Ee is the initial electron energy. Hence
the gamma-quantum is absorbed at a pathlength of (9/7)'RR, and
the electron produces & bremsatrahlung gamma-quantum with
energy NEe/Z at a pathlength of z=hR1n2, the electron energy
decreasing by a factor of 2. If taken into account that in the
electron-photon cascade the et electrons constitute about the
2/3 of the total number of the cascade particles, and the
gamma-rays - the 1/3, then we can introduce the mean pathlength
for the cascade particle {electron or photon} in the following
form: 2

CA> = 138 Apg + 5 1In2 A

37T "R ‘3 R (9)

fn this case +the 'number of cascade particles (et and ¥)
1itiated by primary photon with energy Eg at a depth of z will
b2t (n=z/<\>), the mean energy <E>=E02- /<A>, and the depth

o} the cascade maximum for particles with energy Eth zmaxz<x>

lanO/Eth)
— {the number of particles at maximum, NmaxgED/Eth)'
The 1 umber of low-energy muons at a given depth is [14]:

Nru = ZR? Nr , (10)

where t.e fﬁctor 2 accounts for the contribuiion of +the muons
produced at all the previous depths; Rr i3 the ratio of the




. . . . + - . .
pion photoproduction cross section to the e e pair produc .ion

cross section in air: Rv;o(yanx)/a(r+e+e_)z3+4'10_3. It =, ould

be noted that at large depths the probability of n decay

(before interaction) decreases due to increase of t}- air
density. In particular, at z:EBOOg/cm2 the production of muons
with energy EﬂEZOGeV via nlndecays is suppressaed. 1t this
energy range of muons the main contribution com .. from

Ki—mesons, the production cross section of the lalterrs heing by
about a factor of 10 less than that of nI produ ‘lion. At
energies E =200GeV direct ui production becomes domirnating. In
this energy range a(:+u 7, )/a({+e+e %210 5. Nolte Lhat this
procedure describes the dependence of the number of cascade

gamma-rays, and consequently, of the muons correct:y at z:zmax.

On the other hand, at 20720y it 1is necessary t.. take into
account the muon energy loases. So, let us estima:.¢ the number
of muons at the depth of - where the approximation
mentioned is relatively correct. At tt- sCa level

(z -1030g/cm ) the number of photons from {he primary photon

w1th E ~1018eV approximately is:

(¢

N =

. 2“ ~ 7.108; (n:zO/<,\>‘:31) . (11)

Cf

As at this depth the gamma-rays mean energv <Er>xE0/2an.5GeV
(zma x10 g/cm )., and to the muons is transiecrred >0_.6 fraction
of the photon energy (through production and decay of = ), then
substituting the values of Ry and N} into the Eaq.(10), we
obtain the number of muons with energy F (.3GeV:

-~ - 6 .
N, %410 (12)

This estimate agrees to the resuits of the analytical
calculations for 20210003/cm2 (see Fig.1}).

Thus, both the analytical solution and the qualitative
consideration show, thaﬁ at z, ~100nu/ﬁm2 the number of muons
with E *0 3GeV from initial pammo rays with E0:1018
N ~4 10 . The relevant number ¢! muons from a proton shawer is
Np 2.5 10 according to [6}, and N “4 5 10 according to [9},
i.e. at extremely high ene:cpies ‘there occurs a complete

alignment of the number of lov energy muons in the proton and

eV is aboui.

9




gamma- showers. Further, the ratio NrN/Np“ slightly increases
with the energy of the incident particles. tHowever, starting
from Eollﬂlgev the character of the deve lopment of
clectromagnetic cascade initiated by primary photon is
cssentially influenced by two effects - the LPM effect and the
effect. of e'e’ pair production by primary photons interacting

with the geomagnel.ic field.

3. The Iufluence of the LPM Effect and the Effect of
Interaction of I'rimary Photon with the Geomagnetic Field on

the Electromagnctic Cascade development in the Atmoasphere.

As a  rule, in the standard electromagnetic cascade
caleulations the Bethe Heitler cross section for e'e pair
production and electron bremsstrahlung are used.  But at,
extremely high energies, as a result of the LPM effect, the
cross sections of these processes in the atmosphere decrease,
this leading to a change in the charvacter of the
electromagnet i cascade development. The typical energy at
which the LPM effcct becomes essential, depends on the density
of the medium, and in case of the atmosphere is about 1018eV.
Taking into accoust Lhe LPM effect Dedenko (15,161 has
investigated the photon-induced eclectromagnetic cascades in the
atmosphere.  Thene caleulations  show that starting from
Hl;10190V the LPM effec. strongly changes the character of the
cﬁscadu development, in particular, the shower maximum shifts
considerably towards the region of zZlOOUg/cmz. Figs.3a and 3b
show the cascade curves for incident gamma-rays and protons
with energy ]020&V and 1021eV, respectively. The cascade curves
for incident gamma-rays are presented both with account of Lhe
LM effect and without. it (i.e. in the Bethe-Heitler cross
section approximation).  In case of incident protons the cascade
rurvens are taken From Ref.[15] as well as are plotted based on
the: phenomenological formnla of QGaisser and Hillas . 177
Gomewhal, different at. smail depths, these curves aﬁe oomparable
at zwlﬂﬂﬂg/cmz. The proton- induced cascade curves are ratqﬁf
cluse to Lhu.phuton~induced cascade curve in the Hethe-Heéitlér

cross section approximation. But, as is seen from Figs.da and

10



3b, the allowance for the LPM effect strongly suppresses the
number of cascade particles. In case of E0=102°ev this cascade
curve c¢comes close to the corresponding curves of the
prot.on-induced cascade only at z~1100g/cm2, At the incident
particle energy E0=1021ev the photon-induced cascade curve wWwith
regard {.o the LPM effect is by more than an order of magnitude
lower than that from the primary protons e¢ven at large depths,
and the cascade curves from gamma-rays and protons become
comparable only at zElSDOg/cmz. It is interesting to note that
owing to the LPM effect the cascade curve from gamma-rays with
Eozlozlev is even lower than the analogous curve at Eozlnzoev
(see Fig.4). This interesting effect has been first mentioned
by Dedenko [16].

Thus, in case of a high content of primary gamma-rays in
the FHE CR one should take the LPM effect into account,
otherwise the energy of photon-induced showers would be:
essentially underestimated. This refers especially to the
installations measuring the energy of showers by the number of
cascade particles on a given level. As it is seen from Figs. 3a
and 3b, even the installations located at the sea level, nmay
measure the gamma-shower energy correctly only for showers

incident at large zenith angles, namely, #230° for Eﬂ:lﬂznuv.

and #2507 for EO:IDZIeV. However, for showers with large anplos
of incidence another effect compensating for the LPM effece
becomes egsential, namely, the interaction of the primir,
gamma-rays with the geomagnetic field. At energies E‘Vh'lﬂlt‘-
depending on the direction of primary gamma-rays, the" tatt
effectively interact with the Earth's geomagnetic it
producing ete pairs. The photon attenuation coefficient. .
homogeneous magnetic field depends on the Pira e
«=3(E, /mc?)(B /B ) (B =4.4-10'%G; B, is the magnetic (ivid
component. perpendicular to the direction of the photon)y 1'4L].

B
dw 2] 1l 1 2
5, > 0.08 — = =K (2/(3x«})) , (1)
dx Ao B, 1/3
where K1/8 is the modified Bessel function; «-1/137; . 5?,
T ome”

*3.86-10 " 'cm. The dimensionless function ¢:%K¥/3(2/(4v)l has a

maximum at »~6 and amounts to ¢~0.62. In this case tLhe free

11
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path of gamme-rays is minimal:

-1 B, -1
A, = [a; ~ 4.7-108 [‘TE‘] cm

In the two limits of #»1 and #«1

{ 7.8-105(B,/16) 71 «1/3cn, i,

A, (14)

1.2-10%(B,/16) 7! expla/3x1cm,  x«1.

In particular, for the typical values of the geomagnetic field
B,~0.4 G and of the incident photon energy Ey~1020eV, the
parameter »*~1 and correspondingly, the free path of the
gammi- rays A’~106cm. which is three orders of magnitude smaller
than the t;pical scale of the Earth s geomagnetic field
variation. Though for more correct estimates one should take
the dipole character of the geomagnetic field into account,
nevertheleas this estimate shows gqualitatively that gamma-rays
with E_',—‘:lozoev may be effectively absorbed in the geomagnetic
field,.depending onn the angle of incidence. McBreen and Lambert
have first paid attention to this important effect (19]. But in
the geomagnetic field there does not occur a simple absorption
uf gamma- rays. The secondary electrons interacting with the
mapnetic field produce high-energy photons through synchrotron
radiation. The latters produce again e'e” pairs, etec. In other
words, in the magnetic field there can be developed cascade
which are analogous to the electromagneiic cascade in matter.
Hut inw this case there is an essential difference lying in the
fact that, the free path of the next-generation photons having
lower energies sharply (exponentially) increases (see Eq.(14),
while duss to the lack of a tLhreshold of +the synchrotron
radiation the electrons prompt.ly lose their energy. In  other
wierds, in the magnetic field the cascade proceeds effectively
up to «21, then the whole initial energy is tLransferred into
Lhe: photon beam. Fig.5 shows the histogram of the distribution
of the pgamma rays produced in the geomagnet.ic field prior to
impinging on t.he Farth s atmosphere. The ) Monte-Carlo
calealations have been carried out  for the primary photon

o 9 . 2 2
cncrpion B 51077 10%Y and 10%1ev, and for ihe magnetic field

romponent. perpendicutar to the  incident photon direction,



B,-0.4 G. In the calculations the geomagnetic field was
supposed to have a dipole character up to distances R~5RE (HE
is the Earth’s radius). Electron deflection in magnetic field
was ignored, as at energies 2921015ev 8 = %E = %% <1077,

The calculations have shown that practically the whole
energy of incident photons (2Z99.9%) as a result of cascads in
the geomagnetic field 1is redistributed between the cascade
gamma-rays with energies Er21015ev (see Fig.5), the shape of
the photon distribution depending on the initial energy weakly.
As all the photons in the beam impinging on the Earth's
atmosphere initiate EAS, and the LPM effect being suppressed
for them (the main fraction of the beam photons have energies
EyﬁlolgeV). the superposition of these showers will
qualitatively imitate EAS from the primary photon incident
directly on the atmosphere, but with no account of the LPM
effect. Figs.3a and 3b show cascade curves from superposition
of the EAS initiated by the beam of photons produced in - the
geomagnetic field. The comparison of these curves with the
curve of the cascade initiated by the primary photon
interacting directly with the atmosphere shows, that the
cascade curve from the beam of photons climbs higher. and at
szOOg/cn2 reaches the cascade curves of the primary protons of
corresponding energies. In other words, the effect of the
photon beam formation in the geomagnetic field “aswitches” the
LPM effect. So, in case of interaction of the incident
gaman-rays with the geomagnetic field, the cascade curve fram a
phot.on beam coincides formally with that from an individual
primary photon directly interacting with the [Earth's
atmosphere, calculated in the Bethe-Heitler approximation.
However, this statement is wvalid only for leOOé/cnz. For
smaller depths the cascade curve from a photon beam goes
considerably higher (see Fig.3). This 1s explained by the fact
that the low-energy photons (Ey~1015+1017eV) of the beanm
initiate showers, the maximum of which is achieved at saall

deptha in the atmosphere.
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4. Discuasion

One of the principal problems of the modern ground-based
gamma-ray astronomy spanning very high (Ez1TeV), ultrahigh
(Ex1PeV) and extremely high (E=1EeV) energies, is the
development of effective methods for photon-induced shower
identification. In case of discrete sources these methods
essentially improve the sensitivity .of the detectors. Besides,
Lhe effeptive methods of rejection of the CR shower background
allow to separate the so-called diffuse component of primary
gamma -radiation. In the EHE region, identification of the
gamma- and nucleon-induced showers is of a special importance,
singe in that energy range along with gamma-rays there are also
expected other neutral particles from discrete galactic
sources, namely, neutrons, the pathlength of which (until the
decay) at E210'%ev is comparable with the radius of the
galactic disc, d:lD(E/lOlaeV)kpc. For instance, the EHE signal
from the X-ray binary Cyg X-3, which was reported recently by
geveral independent groups {20,21,22], may be associated with
both primary photons and neutrons.

In the UHE range the most reliable criterion of separation
nf the gamma- and proton-induced showers is the muon content in
the cascade, provided the character of interaction of
gamma-rays with matter is not changed dramatically. However, in
the EHE range, even without the 1last condition, the “muon
poorness” criterion becomes inefficient. The calculations
carried out in section 1 show that the low-energy (E“SIGeV)
muon content in the EHE gamma- and proton-induced showers
(Ez1018ev) at large depths of observation (z~1000g/ca®) become
comparable. This is due to +the high penetrability of the
low-energy (Er~lGeV)'photons in an EHE electromagnetic cascade.
As a result, at large depths the difference of the cross
- sections of the nt—neson photoproduction (in gamma-showers) and
hadroproduction (in proton showers) 1is compensated by the
photon number in the electromsgnetic cascade, which much
exceeds the number of hadrons in a proton-induced shower. - At
the same time, the ratio N /N cannot be essentially Ilarger

ri' T pu
than unity., since in a hadronic cascade there always exists the
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electromagnetic branch from the nn—mesnns produced in the
initial act (the latters bear about 15% of the initial proton
energy) .

It is important to emphasize that the claim on a high muon
content in the gamma-showers is valid only for low cnergy maons
(EySlGeV). As the muon spectrum in the gamma showers is
considerably steeper than the muon spectrum in the proton
shower, the gamma-showers remain poor of high-energy muons as
before. Therefore, the high-energy muons (EH£10GeV) are more
informative for identification of the gamma -shower, and
combination of low-energy and high-energy muon detectors in EAS
arrays seems advantageous. The muon flur measurement at tLwo
different energies will allow to get information on the muon
spectrum and thus to improve the reliability of identification.
Besides, the number (or the dengity) of muons s used Lo
estimate the energy of primary particles. as it is  done. in
particular, at the Haverah Park. However, =such an estimation
procedure without a preliminary identification of primarics.
may lead to incorrect estimates of the initial encrpy. In
particular, the gamma-ray-induced showcer energy estimation
based on low-energy muon data in accordance with the procedure
valid for the proton showers, may lead to overestimation of the
incident particle energy. The overest.imation mity bre
particularly substantial in case of using the parameter .- (the
muon density at large distances from the axis of the shower).
as it is expected that owing to the steeper spectrum of the

muons in the gamma-showers the ratio ﬁru/ﬁpp for the low-enerpgy ’
muons at large distances may be still larger than the ratio
Nru/Npu’ However, for firmer claims we need detailed

calculations of both hadron and electromagnetic cascades al
extremely high energies. Such calculation seems important. from
the viewpoint of an analysis of the EAG data obtained at
different. shower installations in the energy range of the
so-called "black-body cutoff” (E25'10199V). where the gamma-ray
content of the CR may reach a rather large value (z10%) [1-4].
But in this energy range the - development, of t.he
s#amma- ray- induced shower strongly depends on two factors - the
LPM effect and the effect of interaction of primary photon with




the geomagnetic field. As it is seen from Figs.3a and 3b, the
LPM effect at Entlﬂlgev leads to a strong suppression of
electromagnetic cascades in the atmosphere up to depths
zZlOOOg/cmz. Hence it is obvious that the shower energy
determination by an inatallation which detects the number and
density of the cascade particles on a given observation level,
may lead to a strong underestimation of the EAS energy., if the
IPM effect is not taken into account. It is visualized 1in
Fig.4, which presents the cascade curves from incident
gamma-rays with energies 102°ev and 1021eV. The LPM effect
brings to the fact that the cascade curve from photons with
E:lOZIeV up to depths i~1000g/cm2 is lower than that with
E:IOZOeV. So, to identify the EHE photon showers, one should
reconstruct the cascade curve, which is possible to do with the
help of an installation of the Fly's Eye +type. A distinctive
feature of these curves is their monotonous growth with z (up
to z~1500g/cm2), hence the shape of the cascade curve may in
principle serve as a good coriterion for a gamma-shower
selection. It should be noted that the cascade curve sections
corresponding  to large depths (zZIOOOg/cmz) are most
informative, which avtomatically means a wide angle of
incidence of the primary particles. For instance, for the Fly s
Eye installation the =zenith angle of incidence must be
6230°+40°. .

However, for large zenith angles, when the detectors are
installed at middle latitudea, the primary gamma-rays with
E§3-10193V begin Lo interact effectively with the geomagnetic
field, +this radically changing the character of the
electromagnetic cascade development. As a result of interaction
of gamma-rays with the geomagnetic field a photon beam is
formed, and since the whole energy of the initial gamma-rays is
transferred to the photons with energy Ezlﬂlsev (see Fig.5),
the latters, impinging on the atmosphere, initiate EAS. The
cascade curve from superposition of these showers is much
higher than that in case of a direct incidence of the primary
protons on the atmosphere (see Figs.3,4). This is due to the
fact that the energy of the beam photons produced in the
reomanetic field is considerably lower (by more than an order
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of magnitude) than that of the primary photon, and in case of a
photon beam the influence of the LPM effect on the character of
the shower development is insignificant.

Thus, in the case the incident photons interact with the
seomagnetic field, the LPM effect is “"awitched off", and we
deal with more “normal” cascade curves. That is why the
interaction of gamma-rays with the geomagnetic field becomes a
matter of principle. For the primary photon with energy
E23'1019ev to interact efficiently with the geomagnetic field,
it is necessary that the condition of B,20.4 G be met. At a
given geographic location of the installation the perpendicular
component of the magnetic field to the direction of the primary
particle, is defined as:

BL': M (1+Ssinzk)1/2 cns[ﬂ—arctE(Hr/Ht)] . (1b5)

R3

where M is the magnetic moment of the dipole (in the first
approximation the Earth's magnetic field can be represented as
a2 magnetic dipole with a moment. of B.I‘IUZbG'cma); R is the
distance to ils centre; Hl and Bt are the radial and tangent
components of the magnetic field at a given latitude ~. In
g (1H) we ignore the weak dependence on  the azimuth angle,
assuming that the axis of the Farlh s magnetic field coincides
wikh Lthat of rotation. Fig.6 presents the values of B, as a
funation of the primary particle incidence zenith angle for
several latitudes, &?00; 40"; bOO; 90”. Note that the values of
+-40° and 55° correspond to the leocations of the Haverah Park
and the Fly s Eye, respectively. As it is seen from the figure,
for these installations the value of By reaches B;20.4 G at
zenith angles 9:30°. Then, if there really exist gamma ray
fluxes with Eﬁa'lﬂlgev, then these installations will  detect.
them as showers with energy E:a~1u’9ev only when 2300 (at. a
“atamiard” data handling, which supposes that all the showers
are initiated by incident protons or muclei). In case of e30Y,
Jue Lo an incomplete cascade development at zulcosﬁ. and as a
resmlt of the influence of the LPM effect, the primary particle
enerry will be underestimated substantially.' Whereas at 230",
dues Lo internee tion of primary photon with the geomagnet. i

1t



field, the cascade initiated by the beam gamma-rays in the
atmosphere regains its “normal” form. And what is more, in this
case, if the low-energy muon density is uased to determine the
shower energy at large diastances from the shower axis (as it is
done , e.s al. the Haverah Park), then a considerable
aoverestimation of the shower energy is possible. This is due to
the fact, Lhat more than 80+90% of the incident photon energy,
after interaction with the magnetic field 1s transferred to
secondary photons with EZlOlaeV. which in their turn initiate
showers which are rich of low-energy muons at large depths.

In conclusion we should 1like to note the necessity of
taking into account this quite off-beat interlacing of the
offacts arising at the development of EAS from incident EHE
photons considered in this paper. We think it expedient to
carry out a new analysis of EHE EAS data obtained at different
installations, taking the effecta conaidered into account. This
will allow to get a definite information about the content of
FHE gamma-rays in the (R, as well as maybe to understand the
reatson of the divergent results concerning the CR  spectrum at
I 5'10196V reported by different groups.

We: regret that the untimely death of our friend Valeri)
Vardanian did not allow him to finish the present work with us.
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APPENDIX
Calculation of the Muon Spectra in a Fhoton~Induced Shower

Since the main contribution to the muon production in Eq.(8)
makes the range of zmax~lnEo/E, we can factor the probability
of the muon "survival” at the point Zoax outside the integral
sign. Then, integrating the Eq.(8) over z’ we obtain:

1
FTE LE,z,) ~ 2x"R | *nax E TuEEze)
0°7707 T A, 2 E+k (z,- )
rA 0 0~ %max
+iw A (8)z /N (A.1)
e 1 Ul
N 2n1 f K(s) 7\1(5) ds
-1w R
Note that the Egq.(A.1) is valid when zogzmax' When zu<zmax, in

Eq.(A.1) the probability of the muon “survival” acquires a
value equal to unity. The Iintegral in Eq.(A.1) is ecasily
calculated by the saddle-point method, for instance,

+iw s x.(s)t +icw
e BT (ae1) 1 i
+iw
x exp(xs-21n(s+1)-1In(A (s))+r (s)ty)- f ds Hf{s)exp(xs—Zln(sfl)—
o
S1
E H (s,) Al(s )t
0 y 1 1*717 704, ,
- In(A (s)))|™> e ri(s )b, +
1 1/2 s,+1 2 [ 1'"1°70
(2n) E 1 Rl(sl)(sl+1)
xe () 2n (s, nr(s )] V2 B2 H (s,)
. .2 1089072 (500 1] B T s
2 ) 2 Sot+1 . )
(s5,+1) (A (s4)) E 2 *(sy)(s, +1)
’ 2 . " -1/72
[ . APRILEW RIS \
= 5 + 5 R (A.2)
(s,%1) (*(s5))

where tozzo/xn, x:lnEO/E and s1, S, are defined from the

conditions
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T S O T S '_;.1__‘_*‘1_’] R S U LU,
0 EN I s+ -’*»1(51)_ K s,4l 7 A (52)

It should be noted that when calculatingyy the integrals  in
Eq.(A.2) we took into consideration thee fact  that each
integrand was the product of Lhe olightly varving funclion of

s, H (s), by the: axponent.ial funet ion ol Lhe: form
exp[xs-2In(s+1)-1In(- l(‘-‘»))fnv‘ul(s)t.“l. fn kg.(A. 1) the maximmm of
shower development. of particies with enerry 18 is

zmaxk;\‘ﬂ( lnEO/E— 1). The other inlegrals in vy (A 1) are
calculated analogousiy.
For the differential spectrum of muons at the depth Zg we

vhtain :

}
P LB, ) ® Pt Pmax B A
0t %’ T, 172 7 Etk (z )
(1) A 0 e 0 “max
(A.1)
# 2
+ LH i LY _.0.
1 xl)n“ | ‘.](53),‘_1{ R(SG)
Q(.“sl.?.”)l».‘ Il(s;zl-()(ﬁn.zu)e ‘-;.‘.1 + _.54’.] ,
2" 2
where
TEY m; : Yy l(..)) sy 17
Q(s.zo) - ol 1(.1 [ 9t SR e ,
(‘.)(.ll) i R(.ll) ()‘ (S))
{A.H)
H (s) K . ("(:a))Z L (8) T (s) 172
it z 1 1 1
BREsYy- - SRS ot S .
'-I(:a’l(.-.ll)'}vl" (s41)” (' (s0)7

Fhe parametere:, y and .‘iz are defined by Fg. (A 3), and B 54

arer et iped teem the Tollowing condrbion:

K " 21{s,)
y ,,:P.‘ i E iz ,‘(;3,];
117 ' K 17
(A.6)
[ e ols,)
in.'.“ ,'l{l L KT I(l_",
v, .l4 I .\4
Coiie e the o Fferenees Bt weien ey aandd .'.l at weell s betwean tiy



and 3, is a slight one, then in the firat approximation we may

assume that 51«"15.i and Sy%s Then, for differential spectrum of

4-
muons we finally ohtain:
1
FHE Ba) v R (Fmax B TuERLE)
0 0 (2n)1/2 ArA 2z E+kp(zo-zmax)
2, (A.7)
7\1(51){}'—{ 1 L
bt Q(sl,zo)e 1 WEI:T - R(SZ) 1- “EEIT
2 2
for zoazmax’ and
2c A
FHE Ezn) v e B
[ A ¢ 1/2
(2n) KrA
(A.8)

il
MR 1
x Q(Sl.zo)e 1- —EIIT - H(SZ) 1- —EE:T
2

2

for 20 Zga - The integral muon flux, N(EO,E,ZO)EF(E0.>E,ZO),
can be obtained similarly:

FrL 2 nkR
N7 (E,,E,2,) ® — T
0 (¢} 172
* zmyZx
(A.9)
A sy ) RO( )
s
" 0 e _ 1 ) o i 1
B LY (1 51*1] Sy [1 52*’] '
2 2
when z,¢z .. and
‘—_"_—1——-——-»_-
N (B E.z.) % - Zaﬂkﬁ__“ Zpax E ru( A uzu) |
O eV, [Po R B0 ey
z (A.10)
Ay (55 0
R (s,)
QO )e 1- 1 _ 2 1- 1
X (5.2 I 51+1 : S — 5?+1 )
1 ;V (E"’k zo) 2 2 ra (E+k zo) 2 ~

>
=2 -
when zg x
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A (s) ES z .
90(5,20)2———"‘_—5 -‘?0-[\3'(5))\—(')' + ——i'"‘?" + T Ty +
.)\1(5)(54'1) E R (s+1)” . U_Sio_-i.@). i
7;1(E+kuzo)
(m'l(s))z—xl(an;(s)]“l/z
| —— e o e b e wi e ah - s e —
5 ,
(A (s))
(A.11)
9
0 H.(s) Eof 2 1
R(s)= - v : 7 *
r(8)(s+1)% ES ((s+1) [s— #(2g 20y )
}! (E+k .zu)
(a:l(s))2—».1<s);~.'1'(s)} “1/2
§om e e T .
O (s1)?
3, and s, are defined from:
20 1 [, B 2 1 _hits))
A +7087) E 5,41 . Q(ZO—ZW) )\1(51)
1 )'H(E+kyz0)
(A.12)
NI T SR (L)
A if.zi’;?i@é)s_),] *1(89)
2 .'»“(h+k“z0)
E 1 ZnZ 4
0 } ' 07 "max
where z A (Ilnz— - 2) and ¢(z2,-2 ) = ;
max R E 0 “max {0. 20<Z
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Figure Captions

Fig.1 The number of muons with,energy E=20.3GeV for the primary
particle energy E0:1018ev. The solid curve is the analytical
solution of Eq.(8) for muons produced in a gamma-induced shower
(Eqs.(A.9), (A.10)). The point "o" corresponds to the number of
muons in the gamma-induced shower at the sea level, obtained by
Halzen’s procedure. The dashed curve corresponding to the muon
number in the proton-induced shower, is taken from Ref.[8]. The
point “=" corresponding to the number of mIonSs in a

proton-induced shower at the sea level is taken from Ref.[9].

Fig.2 The differential spectra of muons (times the energy) at
the sea level from incident gamsma-rays (curve 1) and incident
protons (curve 2). The curves 2a and 2b taken from Ref.[8] are
the "normal” and the “photoproduced” muons in the
proton-induced shower, respectively (2=2a+2b).

Fig.3a,b Cascade curves for incident gamma-rays and protons
with energy 1oZ°ev (3a) and 1021eV (3b). In case of incident
rhotons the cascade curves are obtained with account of the LFM
effect (---), and with no account of it, i.e. in the
Bethe-Heitler approximation (---). The curve_.(--'-) denotes the
cascade curve from a gamma-ray beam formed '5% interaction of
the primary photon with the geomagnetic field. For incident
protons the cascade curves are taken from Ref.(151 ( —), as
well as are plotted in terms of the phenomenological formula of

Gaisser and Hillas [17] (-o0-).

Fig.4 Cascade curves for primary photons 102°ev and 1021eV,

both with (B;=0.4 G) and without (B=0) account of interaction
of gamma-rays with the geomagnetic field.

Fig.5 The Monte-Carlo calculations of energy distribution of
_gamma-rays formed in the geomagnetic field at interaction of
incident photons with energies 5'10193V; IOZOeV and IDZIeV. The
magnet,ic field component perpendicular to the direction of the
primary photon B,=0.4 G.

Fig.6 The magnetic field perpendicular component B, as a
function of the 3zenith angle of the incident photon at
d;tferent geographic latitudes.
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