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Abstract. It is well known now that individual LPM shower 2 Magnetic bremsstrahlung and pair production cross-

in a dense media like lead show various diversities over their ~ sections

shower development. Such distinguished characters never

be expected in individual LPM shower in the atmospherelt is well known (Erber (1966), Kasahara (1996), Anguelov
due to lower density of the medium, but we could expectand Vankov (1999) and Bertou et al (2000)) that probabil-
large deviation from their average values even in individualties of magnetic bremsstrahlung and pair production are gov-
LPM shower in the atmosphere. In this sense, we shoulcerned by a parametai( some other people us&3 defined
understand characters of individual LPM shower in the at-by
mosphere. On the other hand, the existence of the mag-
netic bremsstrahlung and pair production processes due t§ =
the Earth magnetic field causes 'pre-shower’ by incident pho-
ton before entering into the atmosphere. These effect mak@here E is an energy of the particlenc? is the electron

the LPM effect weaken in the LPM shower in the atmo- mass,H is the strength of magnetic field af., = 4.414 x
sphere. In this paper, we discuss individual LPM shower in{y13 g The total cross-sections depend onlydior a given

the atmosphere in the presence of the Earth magnetic field. 5, e of the magnetic field strength, as shown in Figures 1
and 2. Fallowing Anguelov and Vankov(1999), we rewrite
the differential cross-sections of bremsstralung and pair pro-
duction into the functions af = <secondary energy/<primary
energy- as:

E H
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If extremely high energy photon, say)** eV or much more

exists outside the atmosphere, it is surely affected by théVhere

magnetic bremsstrahlung and magnetic pair production due 2 v

to the Earth magnetic field and it produce "pre-shower”, mainé = @ 1—2’ @)
component of which are occupied by relatively lower energy

photons, not electron before entering into the atmosphere am?

(Stanev and Vankov (1997)). Consequently, these processeg“ - 3 )
make the LPM effect decrease so that extremely high energy

photon is suppressed not to produce "effective” LPM shower. E v)do — ﬁd 1-vw Y VK. /°O K ()\dul(5

It is well known that the LPM showers show wider diversity Gpa(E,v)dv E vl( v 11— v) 3O+ ¢ 3 (W)dyI )

on their shower developments. Therefore, we are very inter-

ested in the individual behavior of the LPM shower under theWhere

presence of geomagnetic field. 2 1 5
a0 X

Correspondence tdS. Kawaguchi where E is energy of primary electron for bremsstrahlung

(kawaguti@cc.hirosaki-u.ac.jp) or that of primary photon for pair production, aid, (v =
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Fig. 1. Total cross section of bremsstrahlung in geomagnetic field. Fig. 3. One example of individual pre-shower in geomagnetic field
with primary energyFo = 10?2 eV
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Fig. 4. Another example of individual pre-shower in geomagnetic
Fig. 2. Total cross section of pair production in geomagnetic field. field with primary energy, = 10?2 eV

3 Simulation of pre-shower

2/3 or 1/3 ) is a modified Bessel function of fractional or- We simulate interactions of gamma-rays and electrons with
der. We can easily see from these equations that the 'shapgieomagnetic filed from 10000km to 30 km in altitude one di-
of the cross-sections do not depend on the energy of paremhensionally. We simulate pre-showers as follows. We divide
particle but only orw and y. After caluculating the cross- the total range of simulation into layers with interval thick-
sections for given values of magnetic field strength and ness of 20km. We calculate the strength of geomagnetic field
primary energyF once, it is easy to recalculate them for an- using the dipole model, at first, when a particle (gamma-ray
other value of magnetic field strengtf,. For example, let  or electron) comes into one of those layers. We calculate the
ow-(E, H) be bremsstrahlung total crossection for enefgy parametery, next, get the mean free path of the particle with
and for the field strengtli/. We fix the value of magnetic the spline interpolation of the table that is calculated prelim-
field strength ag; at first, and calculate total cross-sections inarily for the fixed values of’s. The ranges of are10~2

for various values of energy. And suppose we get the valuao 10 for gamma-rays antid—2 to 10? for electrons respec-

of bremsstrahlung cross-section@as = oy,-(F1, Hy) with tively in pre-caluculated tables, and divided one decade into
x = x1 (see equation (1)). Then we can get the total crossten equal regions logarithmically. Then we sample free path
sectionoy for another magnetic field strengti,, where At of the particle with an uniform random number. When
Hy/Hy = a, asoy = ow(E1/a,Hs) = ao; as long as  free path is larger than the thickness of the layer, 20km, par-
Es(= E1/a) and H, give the same value of = x;. Itis ticle goes through the layer without interaction and goes to
convienent to make the tables with respecito order to  next layer. Oherwise, pair production or bremsstrahlung oc-
reproduce bremsstrahlung and pair production in computerscurs. We calculate the secondary energy of pair production
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Fig. 5. Averaged transition curves of pre-shower in geomagneticFig. 7. Developments of individual 10 air showers with geomag-
field with primary energyFo = 1022 eV netic field and the LPM effectty, = 10%° eV
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Fig. 8. Developments of individual 10 air showers with geomag-
netic field and the LPM effectEy = 10%* eV.

+ denote Kasahara’s results with energy 10%° eV (Kasahara
(1996))

Fig. 6. Averaged transition curves of pre-shower in geomagnetic
field with primary energyF, = 10*! eV

or bremsstrahlung by interpolating two-dimensionallgnd

X, on the pre-calculated table. Produced electrons of pair

roduction or seconday gamma-rav and survived electron O*;1eg|igible in cascade showers initiated by a particles with en-
P Y9 y ergy less than0'% eV, and cascade showers are expected to

bremsstrahlung are pursued similarly above in the rest inter-
o develop as the BH shower.
val from the produced position to bottom of the layer.

5 Results
4 The method for the linkage of the pre-shower with the

showers in the atmosphere 5.1 Development of pre-shower

After interaction with the geomagnetic field, produced sec-We simulate showers with full Monte Carlo method from ge-
ondary particles fall into the atmosphere as pre-shower whiclomagnetic to atmospheric interactions. We present here re-
are mainly photons with relatively low energies. We link sults of 10 showers with primary energié€s = 102°,10!

such secondary showers with the atmospheric LPM showeand 10?2 eV respectively. First of all, we give the aspect of
program which starts now &g /cm?(30km above sea level). geomagnetic pre-shower in Figures(from 3 to 6). We give
In our program for the atmospheric LPM showers, we pur-the two samples of individual pre-shower developments with
sue the shower particle with energy abavg® eV by full  E, = 10?2 eV in Figures(3 and 4), and the average devel-
Monte Carlo method. When the energy of the shower parti-opment of 10 showers in Figure 5. We can find from these
cle falls below10'¢ eV, we link with numerical calculation figures that number of electrons and photons increase expo-
of Approximation B, because the LPM effect is completely nentially as the altitude decreases, and at the top of the at-
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Fig. 9. Developments of individual 10 air showers with geomag-

netic field and the LPM effecttl, = 10?2 eV

energy spectrum produced by pre-shower at the top of the
atmosphere. For fixed primary photon energies, the energy
spectrum on the top of the atmosphere, are not so fluctuated,
even if pre-shower development intermediate state are fluc-
tuated. This is the another reason why air showers are not so
fluctuated. We compare our results with results obtained by
Kasahara(Kasahara (1996)). In Kasahara’s paper, the LPM
effect works only less thap x 10'° eV, while the LPM ef-

fect works even at0?° eV.
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ment of 10 showers with primary enerdl = 10%! eV. And

for the case off, = 10%! eV, it is possible to say that the
numbers of electrons and photons have the same tendency of
development as the case B = 1022 eV above, but defi-

nite discussion needs more samples of pre-showers than 10.
We cannot find apparent development of pre-shower for the
case of primary energf, = 1020 eV. It is very interest-

ing that development of geomagnetic pre-shower would be
expressed by the exponential law in this energy region.

5.2 Development of air shower with Geomagnetic field

As mentioned in previous sub-section, photons witff eV
almost never be influenced by the geomagnetic field effect so
that almost photons reach the top of the atmosphere without
multiplication. Namely, they are expected to be surely in-
fluenced by the LPM effect. In figure 7, we give individual
developments of ten showers in atmosphere in the presence
of geomagnetic field for primary energy d6%° eV. As eas-

ily understood from the figure, these shower are fluctuated
shower to shower, which indicate influence of the LPM ef-
fect over showers. In figure 8 and figure 9, we give the re-
sults in the cases aD?! eV and102? eV, respectively. Com-
pared with Figure 7, these figures show too smaller fluctua-
tion. The geomagnetic field effect is so large in these energy
regions that much secondary particles with lower energies,
mainly photons, are generated which fallen onto the atmo-
sphere. The energies of such secondary particles are rather
low where the LPM effect could almost be neglected. There-
fore, such showers are the aggregates of the BH showers with
smaller energies. This is the reason why showers With

eV or more have smaller fluctuation with shower with?°

eV. In energy region where the geomagnetic effect is domi-
nant, the essential structure of air shower are governed by the



