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ON SOME PECULIARITIES OF IAS INITIATED ВТ GAMHA-RAYS OF

EXTREMELY HIGH ENERGIES

The number of low-energy muons (E £lGeV) in EAS initiated

by primary gamma-rays of extremely high energies la calculated.

It is shown that at large depths (s>1000g/cm2) the number of

low-energy muons in ЖАБ from gamma-rays with energy l«ilO eV

is of the same order as in the proton-induced shower, as

opposed to the energy range *n~№ eV, where the gamma-showers

are "muon-poor". The influence of the T-*"H«»-Pnmnrhnrtiiilr H1gc1n1

effect and of the interaction of the primary photon with the

geomagnetic field on the development of an electromagnetic
19

shower in the Earth's atmosphere at energies K.ilO e? is

investigated. In case of a high content of gamma-rays in the

primary cosmic radiation (>"/p>0.1) one should not ignore these

effects when interpreting data on EAS of extremely high

energies.
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Препринт ЕрФИ-1288<74)-90

Ф.А. АГАРОНЯН, Б. Л. КАНЕВСКИЙ, В.А. СААКЯН

О НЕКОТОРЫХ ОСОБЕННОСТЯХ ШАЛ, ИНИЦИИРОВАННЫХ ГАММА-КВАНТАМИ
ПРЕДЕЛЬНО ВЫСОКИХ ЭНЕРГИЙ

В работе исследуется количество мюонов низких энергий (Е £

1 ГэВ) в ШАЛ, инициированных первичными гайна-квантами пре-

дельно высоких энергий. Показано, что на больших глубинах
о

(2^1000 г/см ) количество низкоэнергетических мюонов в ШАЛ от
18

гамма-квантов с энергией Е
п
210 эВ, такого же порядка, что и в

15
ШАЛ от протонов, в отличие от области энергий E.~10 эВ, где

гамма-ливни являются "мюонобедными". Исследуется влияние

эффектов Ландау-Померанчука-Мигдала и взаимодействия первичного
фотона с геомагнитным полем на характер развития электромагнит-

ов
ного ливня при энергиях E Q - Ю ЭВ. В случае большого содержания

гамма-квантов в первичном космическом излучении (У/Р>0,1) при

интерпретации данных по ШАЛ предельно высоких энергий,- этими

эффектами нельзя пренебречь.

Ереванский физический институт

Ереван 1990



1. In troduc fci on

The interaction of cosmic rays (CR) of extremely high

energies (EHE) with the microwave background radiation 2.7K due

to the я-meson photoproduction lends to the so-called
19

Zatsepin-Greisen "cutoff" in the proton spectrum at E^5*10 '«V.

The secondary products of rr-meson decays initiate relativist in

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

Elb'10 eV, under certain assumptions on the value of the

Lntergalactic magnetic field and the spectrum of the universal

radio background, can reach values ~1G% [1,2,31. А high

contribution to the diffuse gamma-radiation of extremely high

energies can make also the extragalactic sources, in

particular, active galaxies in the Local Supercluster M l .

i 9

which are considered as potential sources of EHE CH at. EfilO ' «V

(яее Be \ [5]).

Bo, the //p ratio contains a direct information about t.iw

origin of CR, and the possibility of an experimental
19

measurement of the //p ratio at energies EilO eV seems vory

valuable.

All large air shower arrays for detection of KHK cosmic

radiation are designed to measure the characteristic;-, of

extensive air яКонегз (KAii) initiated by CR protons and nu(M<*i.

In principle these inntaJ lationa can be used to detect EAti from

КИЕ gamma-rays taking into account the pecul iari tieH '•('

development of el«t:tromagnetic 3howers. However, tin-

ch.-iract.ortstics of the KAli initiated by KHK яалмяа-ray» iiv.

prartinally not invest.inatcd. Meanwhile, thore are <:xi>-•••(.-•'

пмп>ггкг\Ые qualitative; clianges In tho character

i! li;':trnmagnotic EA'l development in this energy range.

In t.his paper w^ study th«; content of the low впек"

i !•! I'lrVi unions in KAi! initirttod by primaty photnnii .tt
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Eg-10 eV as well as the influence of the Landau-Pomeranchuk-

Migdal (LPM) effect and of the effect of interaction of the

primary photons with the geomagnetic field on the EAS

development, at extremely high energies.

2. Low-Energy Muons in EAS Initiated by EHE Gamma-Rays

The differential spectrum of cascade gamma-rays from a.i

incident primary photon with energy Eg at a depth z is given in

the form Г6]

, +ico E
3
 x.

1
(s)z/\

p
F
'<V
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Z )
 = 2kl J ZiTT V
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where X_ is the radiation length equal to 37.1 g/cm in the

Earth's atmosphere; the function H,(a) is tabulated in Hef.f6].

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

photomeson processes at a depth of z, has the form:

rh
 E

F'"(E
n
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In the Eq.(2) X .a-
2
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4
)?^ (g/cm

2
), where c. is the total

/А О . (mD 1 /'A
±

cross section of photoproduction of л -mesons. In photonuclear

reactions at E i2GeV the main contribution makes the pion

production. Further on we assume that the n~ photoproduction

cross section remains constant in the whole energy range and

amounts to и .2:2mb. In reality the accelerator data indicate a

FA

weak logarithmic growth of the pion photoproduction cross

section. But the growth becomes essential only -at extremely

high energies, remaining considerably smaller than the e e

pair photoproduction cross section (==500mb). That is why the

shower development will be as before determined by the

electromagnetic processes, while the production of low-energy



pions (hence of muons) is predominantly due to cascade

gi—n-quanta with E £10GeV. Consequently, our approximation

<* .ss2mb seems correct. The production spectrum of muons with

energy EilOGeV, which are due to the pion decay, is [7]

(3)

EZ = 5 l

With regard to Eqs.(l) and (2) the Eq.(3) is reduced to

L

E*+p*c
; E*=109.8HeV; P*=29.8MeV/c. Noticing

i eventually we obtain:

(5)
+ioo .

2a
Г K(s) e x " ds ,

-i»

E
o Г i 1
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I 2

S + X
J

where K(s) = —~ —*-—5 | l rrrl • T h e «ион, formed in the

pion decay, decays with a probability of l/(? Ez) (reduced to

lg/cm ), where y^ =m^c 1»
0
/(ст^); т^ is the lifetime of muon; h

Q

is the scale parameter of atmosphere, h
Q
=s/p (h

o
=*6.3km at the

upper atmosphere, and h.s>8.4km at the sea level), hence, the

muon flux is defined as
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On the other hand, the muon loses a fraction of its energy

in ionization, bremsstrahlung, pair production and nuclear

interactions. Taking into account that in the energy range

E-V10GeV the ionization losses dominate, and the approximately
2

constant ones (k =2MeV cm /g), we obtain E(z)=E(г„)+к (z^-z),

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

the depth of observation of the muon with energy Е(г„).

Consequently, the probability for the muon produced at the

depth z- to reach the depth z
Q
 with energy E, is:

E 1 J K Q

where E=E(z
Q
).

Hence, the muon flux at energy E at the depth ZQ is:

2a
 z

0
 + i c o

 X (s)z'A
B

^ ^ J I K(s) e
1 H

x
О -ioc.

(8)
1

The analytical calculation of Eq.(8) is 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 N , (>0.3GeV) as a function
18

of the depth (z) for energy of primary photon E
Q
=10 eV. For

comparison the relevant dependence of N (S0.3GeV) for EAS

initiated by primary protons with E
Q
=10 eV, obtained by McComb

et al. [8], is also presented. In the same figure we also show

the number of muons with energy ES0.3GeV from primary protons

at the sea level, calculated by Dedenko [9]. As it is seen from

Fig.l, there *ia a difference (by a factor of ~2) In the

estimates of H obtained in fiefs.Г8] and [9]. Dnfortunately, it

is difficult to understand the. reason for this divergence, as



the calculations have been carried out numerically. But even

with .iticomit of this uncertainty of the muon number in

proton-induced showers we can с lai in that the number of
1 Я

low energy muons in photon-induced showers at K..-10 «V is at

least not leas than the number of muons in the uroton-induced

bhower. Note that In our calculation» we used the "ordinary"

cross section of the n -meson photoproduct.ion, assuming that,

tile character of the interaction of ganuna - rays at extremely

high energies did pot change dramatically. At the first glance

this result seem a strange one, since it in known that in the
1 4

energy range of E..'~10 oV the number of numns with energy

E>1GeV in the gamma-shower in the frames of the standard

consideration of the п-meson photcproduction cross section does

not exceed 3% of the number of muona in the proton showers

(see, e.g. Г10-121). However, the energy ranges of both primary

photons (±10
18
eV) and of the shower muons (E>0.3GeV), as well

as large depth of observation (z
fl
2:1000g/cm ) are a matter of

principle in the case considered. The number of muons in

gamma-showerз is proportional to the initial energy, while in

the proton showers N ~ Е ^ '
8
~

0
"

9
 [8,13]. At the incident particle

energy increasing from 10 to 10 eV, the difference in these

dependences leads to the increase of the ratio N. /N by a

factor of about 3-4. The energy range of the detected muons is

also very essential, as the muon 3pectra in the gamma- and

proton-induced showers are essentially different. This is seer

in Fig.2, which presents the differential spectra (times the

energy) of muons from incident gamma-rays and protons at the

sea level. The muon spectrum in the proton 3hower i3 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 EilGeV it goes essentially 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 n -mesons produced at hadronfnucleon and pion)-air-nuclei

interactions, and muons from the decay of n -mesons produced in

photonuclear reactions (in terms of the authors of Ref.F8]

"normal" and "photoproduced" muona, respectively). At energies

E<lGeV, at» it follows from the calculations of Hef-fei, t.tv>



"photoproduced" muons related directly with the electromagnetic

branch of the cascade, dominate over the "normal" ones (зее

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
3 2

proton showers) occurs at large depths (zilO g/cm ), where the

number of cascade gamma-rays with E,.S0.5GeV able to produce

/u-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 qualitatively, let из

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, X
n
, is со =7/9. In

a p

matter the electron is absorbed due to the bremaatrahlung as
E=E exp(-z/X

D
), where E is the initial electron energy. Hence

e it e

the gamma-quantum is absorbed at a pathlength of (9/7)*\p, and

the electron produces a bremaatrahlung gamma-quantum with

energy ~E /2 at a pathlength of г=Х
п
1п2, the electron energy

e it

decreasing by a factor of 2. If taken into account that in the

«lectron-photon cascade the e~ electrons constitute about the

2/3 of the total number of the cascade particles, and the

gamma-raya - the 1/3, then we can introduce the mean pathlength

for the cascade particle (electron or photon) in the following

form: - _ „

<X> * ̂ f
 X

H

 +
 § I*»

2 X

H
 О)

Jn this case the number of cascade particles (e~ and r)

nitiated by primary photon with energy E« at a depth of z will

I 2
n
 (n=z/<\>), the mean energy <E>=E

Q
2~ '*

 >
, and the depth

oi the cascade maximum for particles with energy E., z *<X>
• т л? \ tn max
I in '-

О
/Е+

П
)
(the number of particles at maximum, N «E

n
/E., ).

The lumber of low-energy muons at a given depth is [141:

where t, e factor 2 accounts for the contribution of the muona

producer! at all the previous depths; R 1з the ratio of the



pion photoproduction cross section to the e e pair produf ion
4 — — 3

c r o s s s e c t i o n i n a i r : Rit~cr{r->nx) /a(.y->e e )=S3-H4* 10 . I t , *> n > u l d
• +

be noted that at. large depths the probability of n~ leoay

(before interaction) decreases due to increase of +Л • air
2

density. In particular, at ?.2800g/cm the production of muniis
-f

with energy E ̂ 20GeV via rr~~decays is suppressnd. IT this

energy range of muona the main contribution conn .. from

К -mesons, the production cross section of the laM.err h«ing by

about a factor of 10 less than that of n~ produ -I, ion. At
+

energies E i200GeV direct ц production becomes domiiiriting. In
+ — + — —5

this energy range o(y-*jj и )/с(/->е е J^Z'IO . Note thai, this

procedure describes the dependence of the number of cascade

gamma-rays, and consequently, of the muons correct.!у at 7.-Z.

On the other hand, at z
n
>z it is necessary t.i take into

account the muon energy losses. So, let us estima <? the number

of muons at the depth of z_~z , where the approximation

и max

mentioned is relatively correct. At tf soft level
2

(z
n
=1030g/cm ) the number of photons from the primary photon

1 R

with E Q - 1 0 eV approximately is:

N . = | 2
n
 s: 7*10

8
; (n=z

Q
/<'4> м31) . (11)

As at this depth the gamma-rays mean energy <E. >*E
n
/2

n
*0.5GeV

3 2 ''

(z ~10 g/cm ), and to the muons is transferred =0.6 fraction

of the photon energy (through production ;md decay of n~), then

substituting the values of R,, and N
 ;

nto the Eq.(10), we

obtain the number of muons with energy E 0.3GeV:

N * 4-10
6
 (12)

This estimate agrees to the resi.itn of the analytical
2

calculations for a
n
=1000g/cm (see Fin.l).

Thus, both the analytical solution and the qualitative

consideration show, that at z
n
~\0l

 i
U:,'

r
"
n
 ' the number of muons

18
with E >0.3GeV from initial gamma rays with E

fl
=10 eV is about.

N, ŝ l*10 . The relevant number ol muons from a proton shower ir,

N «2.5-10
6
 according to f8 |. and N t4.5-10

6
 according to f9J,

pit pu

i.e. at extremely high energies there occurs a complete

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



Kamma-showers. Further, the ratio N /N
 (
 slightly increases

with the energy of t.he incident particles. However, startinK
19

from K,.-10 ' eV the character of the development of

electromagnetic cascade initiated by primary photon i :s

essentially influenced by two effects - the LPM effect, and the

offoct. of e e pair product

with the ReomaRnnt. ic field.

offoct. of e e pair production by primary photons interacting

,'!. The Influence of the LPM Effect and t.he Effect of

Int.erac.tion of Primary Photon with the Geomagnetic Field on

the Electromagnetic Cascade development in the Atmosphere.

Ar. .1 rule, in the standard electromagnet ic cascade

calculation a the liethe 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 character of the

e leotrumagnetu'. cascade development.. The typical епегку at.

which t.he LPM effect becomes essential, depends on the density

of the medium, and in case of the atmosphere is about. 10 eV.

Так iiiK into account the LPM effect Dedenko flb,16| has

investigated the photon - induced electromagnetio cascades in the

atmosphere. Then»; calculations show that startinR from
14

К -10 " eV the LPM effec>. strongly changes the character of the

cascade development, in particular, the shower maximum shifts

I'oiitiLderably towards the region of zilQOOg/cm'. Figs. 3a and 3b

show the cascade curves for incident gamma-rays and protons
20 21

with energy 10 eV and 10 eV, respectively. The cascade curves

for incident Ramma-rayn are presented both with account of the

LPM effect and wit.hout.lt. (i.e. in the Bet.he-Heitler cross

i.Kvt.jon Approximation). In саке of incident protons the cascade

nurvo:-. are taken From Ref.[lbl as wej 1 as are plotted baaed on

t.h't phenomeno3oRical formula of Gaisner and Hi lias • ['171

tvimowhat. different at r.ma II depths, thtssw curves are oomp*r'&b,lse

at, :'/"Hl0(lK/<:ni ". The proton- induced cascade curves are ratrtfjY

closo to the photon-induced cascade curve in the Hethe-Heitler'

огояя .section approximation. But, aa is seen from FiRs.Jta and

10



3b, the allowance for the LPM effect strongly suppresses the
20

number of cascade particles. In case of E
n
=10 eV this cascade

curve comes close to the corresponding curves of the
о

proton-induced cascade only at z~1100g/cm . At the incident
21

particle energy E
Q
=10 eV the photon-induced cascade curve with

regard to the LPM effect is by more than an order of magnitude

lower than that from the primary protons oven at large depthr.,

and the cascade curves from gamma-ray» and protons become
о

comparable only at z^lbOOg/cm . It is interesting to note that
owing to the LPM effect the cascade curve from gamma-rays with

91 20

E
Q
=10 eV is even lower than the analogous curve at E

n
=10 eV

(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 EHE CH one should take the LPM effect into account,,

otherwise the energy of photon-induced showers would Ьч

essentially underestimated. This refers especially to tfx-

installations measuring the energy of shower3 by the number of

cascade particles on a given level. As it is'seen from Kigfi.a.i

and 3b, even the installations located at the sea level, may

measure the gamma-shower energy correctly only for shower;i

incident at large zenith angles, namely, e">30° for Е„-HI ' oV.

and ^i.50° for Ец = 10 eV. However, for showers with large anf. l<;r.

of incidence another effect compensating for the M'M of fin*'

becomes essential, namely, the interaction of the primai.

gamma-rays with the geomagnetic field. At energies E, '!>• id ' "•

depending on the direction of primary gamma-rays, the* Int.t

effectively interact with the Earth's geomagnetic fi- м,

producing e
+
e" pairs. The photon attenuation coefficient. • . i

homogeneous magnetic field depends on the P.UH ••<••<

«-i(E./mc )(Bj_/D ) (B -4.4*10 G; B
x
 is the magnetic ii.id

component perpendicular to the direction of the photon > ''ь l.
>ц D I * n

where K, .„ is the modified Bessel function; '•-1-1/137; ' "„ •
l
'

d
 " me

-11 1 9
-3.86-10

 l x
cm. The dimensionless function *=£Kj-3<Z/(-i*)) has a

maximum at «""6 and amounts to <P~0.62. In this case t.hc: free

11



path of gamine-rays i s minimal:

-1

cm

In the two limits of ге»1 and ««1

Г 7.8«
K
± = { 1.2-

1O
5
(B

X
/1G) * *

1 / 3
cm,

1O
6
(B

X
/1G)"

1
 ехрГ4/Зи]ст,

In particular, for the typical values of the geomagnetic field
20

fl
x
~0.4 G and of the incident photon energy E. ~10 eV, the

parameter *~1 and correspondingly, the free path of the

gamma-rays A
f
~10 cm, which is three orders of magnitude smaller

than the typical scale of the Earth's geomagnetic field

v.-дг uvtion. Though for more correct estimates one should take

the ilipoJe character of the geomagnetic field into account,

nevertheless this estimate shows qualitatively that gamma-rays
on

with E 510 eV may be effectively absorbed in the geomagnetic
••

field, depending on the angle of incidence. McBreen and Lambert

have first paid attention to this important effect fl9]. But in

the; geomagnetic field there does not occur a simple absorption

uf налила rays. The secondary electrons interacting with the

nutgnntlc field produce high-energy photons through synchrotron

r.viiation. The latter» produce again e e~ pair3, etc. In other

words, in the reagnetic field there can be developed cascade

which are analogous to the electromagnetic cascade in matter.

Hut. in this case there is an essential difference lying in the

fw.t that the free path of the next-generation photons having

lower ent:r(!i«s sharply (exponentially) increases (see Eq.(14),

whil<: due to the lack of a threshold of the synchrotron

j-.idin.tion the electrons promptly lose their «iiierny. In other

wrrdii, in the magnetic fie;Id the cascade proceeds effectively

up to «:1, then the whole initial energy is transferred into

i.h»: photon ho.im. Vip,.b shows tho histogram of t.ho distribution

• if t h<: K.'immii Гечуя produced in the geomagnetic fifHd prior to

imi> ini' ini> oti t.fi<? K.irth's atmosphere. The Moitto Carlo

• a liii lat. i(m:
v
 hitv«! l>«M!ii (v»rriod out for the primary photon

• •iM-iV.ii':, К !J'HI
1!<
; \U

M
 and 10

X1
oV, and for the magnetic fiî ld

'"«'I" lit. (н:Г!><ми1 icn lar to th«; incident photon direction,



В[=0.4 G. In the calculations the geomagnetic field was

supposed to have a. dipole character up to distances H~5R_ (H,,

is the Earth's radius). Electron deflection in magnetic field

was ignored, as at energies E
e
>10

1 5
eV в = jp = Щ eH<10"

5
-

The calculations have shown that practically the whole

energy of incident photons (£99.9X) as a result of cascade in

the geomagnetic field is redistributed between the cascade

gamma-rays with energies E >10 eV (see Kig.b), 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 then (the main fraction of the beam photons have energies

S S10 eV). 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

z%800g/cm 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 "switches" the

LPM effect. So, in case of interaction of the incident

gamma-rays with the geomagnetic field, the cascade curve from a

photon beam coincides formally with that from an individual

primary photon directly interacting with the Earth's

atmosphere, calculated in the Bethe-Heitler approximation.
7

However, this statement is valid only for zi800g/ce . For

smaller depths the cascade curve from a photon beam goes

considerably higher (see Fig.3). This is explained by the fact

that the low-energy photons (E ~10 -rlO eV) of the beam

initiate showers, the maximum of which is achieved at small

depths in the atmosphere.

13



4. Discussion

One of the principal problems of the modern ground-baaed

gamma-ray astronomy spanning very high (E^lTeV), ultrahigh

(EilPeV) and extremely high (E>lEeV) energies, is the

development of effective methods for photon-induced shower

identification. In case of discrete sources these methods

essentially improve the 3en3itivity of the detectors. Besides,

the effective methods of rejection of the CH 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,

since in that energy range along with ganna-гауз there are also

expected other jieutral particles from discrete galactic

sources, namely, neutrons, the pathlength of which (until the
1H

decay) at EilO eV is comparable with the radius of the
1ft

galactic disc, d~10(E/10 eV)kpc. For i::stance, the EHE signal

from the X-ray binary Cyg X-3, which was reported recently by

several independent groups Г.20,21,22], may be associated with

both primary photons and neutrons.

In the DHE range the most reliable criterion of separation

of 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 last condition, the "muon

poorness" criterion becomes inefficient. The calculations

carried out in section 1 show that the low-energy (ESIGeV)

muon content in the EHE gamma- and proton-induced showers

(E;10
18
eV) at large depths of observation (z~1000g/cm

2
) become

comparable. This is due to the high penetrability of the

low-energy (E ~lGeV) photons in an EHE electromagnetic cascade.

As a result, at large depths the difference of the cross

ь-ections of the n~-meson photoproduction (in gamma-showers) and

hadroproduction (in proton showers) is compensated by the

photon number in the electromagnetic cascade, which much

exceeds the number of hadrons in a proton-induced shower. At

the same time, the ratio H /H cannot be essentially larger

than unity, since in a hadronic cascade there always exists the



electromagnetic branch from the n -mesons 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-shower a is valid only for low- energy mnone;

(E ilGeV). As the muon spectrum in the gamma shower:; is

considerably eteeper than the muon spectrum in the proton

shower, the gamma-showers remain poor of high-energy литпя ли

before. Therefore, the high-energy muons (E
 p
iil0GeV) are more

informative for identification of the gamma -shower, and

combination of low-energy and high-energy muon detectors in KA'3

arrays seems advantageous. The muon flux measurement at. twn

different energies will allow to get information on the ш и т

spectrum and thus to improve the reliability of identification.

Besides, the number (or the density) of muons i:> used (,о

estimate the energy of primary particles, аи it. i ь done. in

particular, at the Haverah Park. However, such an eai.im.it. inn

procedure without a preliminary identification of primaries.

may lead to incorrect estimates of the initial energy. In

particular, the gamma-ray-induced shower enemy e.-.timatnm

based on low-energy muon data in accordance with the procedure

valid for the proton showers, may lead to overeatimation of I.hi:

incident particle energy. The overe.stinia.tion may be

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 о Г the

muons in the gamma-showers the ratio p..„/'"•' for the low-energy

muons at large distances may be still larger than the ratio

N /N . However, for firmer claims we need detailed
ft-* Pr^

calculations of both hadron and electromagnetic cascade:, at.

extremely high energies. Such calculation seems important from

the viewpoint of an analysis of the ЕАБ data obtained at

different. 3hower installations in the energy range of the
19

so-called "black-body cutoff" (E>5-10 eV), where the gamma-ray

content of the CH may reach a rather large value (-10%) |1•Л I.

But in this energy range the- development of th<

gamma ray-induced shower strongly depends on two factor» - the

LPM effect and the effect of interaction of primary photon with

15



the geomagnetic field. As it ia seen from Figs.3a and 3b, the
1 4

LPM effect at E^ilO eV leads to a strong suppression of

electromagnetic cascades in the atmosphere up to depths

z£1000g/em . Hence it is obvious that the shower energy

determination by an installation 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

IiPM effect is not taken into account. It is visualized in

Fig.4, which presents the cascade curves from incident

gamma-rays with energies 1020eV and 1021eV. The ЬРМ effect

brings to the fact that the cascade curve from photons with

E=10
Z1
eV up to depths z~1000g/cm

Z
 is lower than that with

E=10 eV. So, to identify the EHE photon showers, one should

reconstruct the caaeade curve, which i3 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
о

to z~1500g/cm ), hence the shape of the cascade curve may in

principle serve ar> a good criterion for a gamma-shower

selection. It nhould be noted that the cascade curve sections

corresponding to large depths (z£1000e/cm') are most

informative, which automatically means a wide angle of

incidence of the primary particles. For instance, for the Fly'3

Eye installation the zenith angle of incidence must be
However, for large zenith angles, when the detectors are

installed at middle latitudes, the primary gamma-rays with
1Я

Ei3-10 oV begin to 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 EilO eV (see Fig.5),

the letters, impinging on the atmosphere, initiate EAS. The

cascade curve from superposition of these showers ia 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

Tnrt that the energy of the beam photons produced in the

r.«»>niiii;nfit.in field is considerably lower (by more than an order

IB



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 ia insignificant.

Thus, in the пазе the Incident photons interact with the

geomagnetic field, the LPM effect is "switched 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
1 ч

И - 1 0 eV to interact efficiently with the geomagnetic field,

it is necessary that the condition of Bx£0.4 (3 he 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 аз:

В, - ~ (l+3sin
2
M

1 / Z
 cospy-arctRCВ /H.)I . (lb)

R
3 r Ь

where M is the magnetic moment of the dipoJn (in the first,

approximiition the Earth's magnetic field can bo represented as

7Ь 3

л magnetic dipole with a moment of 8.1-10' G*c:m ); H is the

distance to its centre; H and B
f
 are the radial and tan/Tent

components of the magnetic field at a Riven latitude •-. In

[•>! (Hi) we ignore the weak dependence on the azimuth angle,

a.s.
r
»im)tifr that, the axis of the Karth'f; magnetic field coincides

with l.liftl of rotation. R4f*.6 presents the values of B
L
 as a

fiunit, ion of the primary particle incidence zenith angle for

several latitudes, V T O ° ; 40°; .'>0°; 90°. Note that, the values of

•' " 40 and 55 ' correspond to tho locations of the Haverah Park

;tnd the Kly's Eye, respectively. Ля it is seen from the figure,

for these installations the value of B
L
 reaches H

l
-'-0.4 G at

7.€?nith angles <^30°. Then, if there really exist, gamma ray

fluxes with E=:3»10 oV, then these installations will detect

them .is showers with energy E J : 3 « 1 0 eV only when fi3()° (at. a

••.'|1,<чгкЬч1чГ' data handling, which supposes that all the showers

<чг<> initiated by incident protons or nuclei). In case of c«<3u",

• liii- to an incomplete cascade development at 7.../cosf, find <i:> <ч

r>-.Milt <,f -the influence of the liPM effect, tho primary particle

energy will bo underc^stimat.ed substantial ly.' Whereaii at "^ЗО ,

IIIK- Li? inti-i.i' i. it »n <*f primary photon with the geomagneti'-

IV



fii->lcl, the cascade initiated by the beam gamma-rays in the

.itmor.phere regains its "normal" form. And what is more, in this

(•ii.se, if the low-energy muon density is used to determine the

:ihow«r energy at dirge distances from the shower axis (as it is

i|.>ii<> , О-Й at the Haverah Park), then a considerable

over-estimation of the shower energy is possible. This i.3 due to

the feint, that more than 80-;-90% of the Incident photon energy,

after interaction with the magnetic field is transferred to

secondary photons with EilO eV, which in their turn initiate

showers which are rich of low-energy muona at large depths.

In conclusion we should like to note the necessity of

l.ikinR into account this quite off-beat interlacing of the

«iff«eta arising at the development of EAS from incident EHE

photons considered in this paper. He think it expedient to

i-..чггу out a new analysis of EHE EAS data obtained at different

installations, taking the effecta considered into account. This

will allow to get a definite information about the content of

EHE яатта-raya in the (TR, as well as maybe to understand the

ntfii-.on of the divergent results concerning the CR spectrum at

Kb'10 ' oV reported by different groups.

W<; regret that the untimely death of our friend Valerij

Vardanian did not allow him to finish the present work with us.
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APPENDIX

Calculation of the Muon Spectra in a Photon - Induced Shower

Since the main contribution to the muon production in Eq.(8)

makes the range of z ~lnE
ri
/E, we can factor the probability

max U
of the muon "survival" at the point z outside the integral

max

sign. Then, integrating the Eq.(8) over z' we obtain:

1

Ex ,

(A.I)

К(в)

-ioo

Note that the Eq.(A.l) is valid when
 z
n~

z
max' **

nen z
o

< z
max'

Eq.(A.l) the probability of the muon "survival" acquires a

value equal to unity. The integral in Eq.(A.l) is easily

calculated by the saddle-point method, for instance.

ЪГ f
 ds
~

E
0

X (s)t
n

-1
(s)

+Х»

J ds Ĥ  (s)

-ICO

+ 100

exp(xs-21n(s+l)-ln(A (s))+A (s)t
Q
)- J ds H (s)exp(xs-21n(s+1)-

-iOD

E

s
l

+ 1

)1
J

-1/2

S
2

+ I

I
 2

 (XjCSg)) -^jlSgl^jlSgl I

I = + я j > . (A.

L(s
2 +
l)

Z
 ( X

l ( s 2
) )

2
 J j

2)

where ^ O
= Z
O

conditions

>
 x=lnE

n
/E and s-, в„ are defined from the
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I t should be noted t h a t wh*:n ciilcu h-it \uf, t.he inteRral;. in

Eq.(A.2) we took into «on.1; idor.tt.ion t.h<; fant t h a t each

integrand was the product of the i.M./ihl. ly varying function of

3, Н ( з ) , by th« HxpoTifnti.il t'uuct. ton of t.ht? form

e x p [ x s - 2 1 n ( s + t ) - ln( • j ( ii) ) W . . ( s ) l{) I. In Itlri. (A. 1 ) the max i mum of

shower development. of part »i:J«s wiMi annrry К i.c:

z —*n( 1пЕ„/Е-1). The other in( ,«r t r a i s j n K<j.(A.l) a-o
max к и

ca lou 1 a ted ana I op< >u s i у .

For t h e d i f f e r e n t i a l spectrum of muon.s .'it the depth ;J.. w«

obtain :

ho.E.2 o) \'n.

f A . 4 )

H . . i l

2 <J

wherf;

( . ' , ) ( . - . i I K " К
:: „,:'.',[,<"•

14 (i\\\) ( s ) )

( Л . f))

II ( s ) K 0

(.-нП- ( '

'hf nir,imi'l,i:f!, : : . .'i»nl K^ arc di'*r iiurd hv К

i : ( ! c l f l i i i - i H f t •. -it* t i n 1 f o l l o w i n n o o n d • I. • (л i ;.

and

K 0 >:

(A.fi)

. (

"V

' I ; Г Г с м - 1 ' i i t ' ;.., . in<) h. .t.1. w e l l :a, h i - t w i - c n ! i .



and в„ ia a slight one, then in the first approximation we may

assume that s.*a_ and r.
o
»r>.. Then, for differential spectrum of

muons we finally obtain:

1

tax E

f o r

<
2 я > 1 / 2

A
(A.7)

1 0 [ s
1+
lj

'
 a n d

(A.8)

for z
( )
<z

m a x
. The integral muon flux, N(E

Q
,E,z

fl
)=F(E

0
,>E,z

Q
),

can be obtained similarly:

2«_Лп

when z
n
<z..., and
и max

"
Vln)

K
"- к

VA

s
r

1/2

(Л.9)

¥'
(A.10)

when
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0
 Aj(s)(stir E

s

(A.11)

я ?.
s
~ г (E+k z,,)

я. and s,, are defined from:

Г *(г
о
-

а ш а х

E
0 7

In
 U
 - _ T _ 4-

fc -s
2
 + J

2 ) a n d

V
l ( a 2

)

1.

- v

(A.12)
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Figure Captions

Fig.l The number of muons with ,energy E>0.3GeV for the primary
18

particle energy E
Q
=10 eV. The solid curve ia 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

Halaen's procedure. The dashed curve corresponding to the moon

number In the proton-induced 3hower, is taken froe Hef.f8]. The

point ">" corresponding to the number of muons in a

proton-induced shower at the sea level is taken from Ref.[91.

Fig.2 The differential spectra of unions (times the energy) at

the sea level from incident gamma-rays (curve 1) and incident

protons (curve 2). The curves 2a and 2b taken from Kef.[81 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 10
Z0
eV (3a) and 10

21
eV (3b). In case of incident

photons the cascade curves are obtained with account of the LPM

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 at interaction of

the primary photon with the geomagnetic field. For incident

protons the cascade curves are taken from Ref.flbl ( ), as

well as are plotted in terms of the phenomenological formula of

Gaisser and Hillas Г17] (-o-).

20 21

Fig.4 Cascade curves for primary photons 10 eV and 10 eV,

both with (B
x
=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
1Q on o-t

incident photons with energies b-10 eV; 10 eV and 1(T eV. The

magnetic field component perpendicular to the direction of the

primary photon Bj_=0.4 G.

Fig.6 The magnetic field perpendicular component B
x
 as a

function of the zenith angle of the incident photon at

different geographic latitudes.
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