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Electromagnetic component of 10' —10' -eV air showers
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Detailed Monte Carlo simulations of the electromagnetic component of extensive air showers

generated by 10' -10' -eV protons and iron nuclei have been carried out. The longitudinal devel-

opment and lateral distribution of the electron component was approximated with parametrized
analytical formulas, and compared for proton- and iron-initiated extensive air showers.

I. INTRODUCTION

Interest in air-shower studies has been recently re-
vived, mostly because of observations of point sources of
high-energy cosmic y rays. New large air-shower arrays
are in the design or construction stage which will have
qualitative advantages over similar devices of the past.
An increased sensitive area, precise simultaneous mea-
surement of several shower components, and vastly im-
proved electronics, all design features of the new detec-
tors, will enhance their ability to measure particle fluxes
and derive the shower parameters.

In addition to the search for point sources of cosmic y
rays and other signals from sites of cosmic-ray accelera-
tion, these detectors will be eScient in answering in de-
tail the classical astrophysical questions of the energy
spectrum and the nuclear composition of the cosmic rays
at 10' —10' eV. This energy range is of specific interest
because (1) it includes the region of drastic changes of
the energy spectrum, related to the acceleration process-
es and the structure of the Galaxy, and (2) its lower edge
provides an overlap with direct satellite and balloon
measurements.

Independent of the improved measurements, the new
experiments will still require detailed Monte Carlo simu-
lations of the shower development as a basis of the data
analysis and interpretation. These calculations should
(a) show the differences of the basic parameters for
showers initiated by various primary particles, and (b)
help with the design of the arrays and the determination
of the shower parameters.

Our calculations are specifically aimed at aiding the
data analysis of the Homestake surface-underground
telescope, ' but because they deal with the most basic
parameters of the shower size, longitudinal development,
and lateral distribution, they can be applied to any
shower detector located at sea-level or mountain alti-
tudes. The surface array of the Homestake experiment
measures the electron densities, reconstructs the location
of the shower core and the electron lateral distribution,
and uses them to derive the total number of electrons

N, . The underground detector measures the number

N„, the direction, and the lateral spread of the penetrat-
ing muons. The shower size N, gives the estimate of the
primary energy, and the correlation with N„and other
characteristics of the muons is used to derive the nuclear
composition of the primary flux. The lateral spread of
the muons can also be used to study some features of the
forward region of the interaction of the primary nu-
cleons with the air nuclei of the atmosphere, which is
hardly accessible for colliders.

In this paper we report on the results obtained for the
electromagnetic component of extensive air showers gen-
erated by 10' -10' -eV protons and iron nuclei. We
give parametrizations of the longitudinal and lateral de-
velopment of the shower. We also give the average
number of muons (E„&1.7 TeV) produced in such
showers, which allows an estimate of the ability of the
surface-underground-telescope to study the primary-
cosmic-ray composition.

II. SIMULATION OF THE ELECTROMAGNETIC
CASCADES

Monte Carlo simulations of electron-photon cascades
generated by primary photons and electrons of 0.1-, 1.0-,
and 10-TeV energy have been carried out using the pro-
gram developed by Stanev and Vankov. This program
includes the processes of the bremsstrahlung, pair pro-
duction, Compton effect, and multiple Coulomb scatter-
ing. The bremsstrahlung and pair-production routines
account for appropriate screening of the nucleus. The
ionization loss is calculated along the electron path
length using the Bethe-Bloch formula. The electrons
are followed to a threshold energy of 5, 10, 15, or 20
MeV in order to simulate showers detected by different
experimental arrangements having electron detectors of
different threshold energies.

We have run a total of 4000 electron-photon showers
generated by 0.1-, 1.0-, and 10-TeV photons and elec-
trons at t =2,4, . . . , 20 radiation lengths above the
Homestake surface detector (850 g/cm ), and above sea
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level in a standard atmosphere. The longitudinal devel-

opment of photon- or electron-induced electromagnetic
cascades fits reasonably well with a modified form of the
formula introduced first by Greisen and used by Hillas
in Monte Carlo simulation of 0.1-TeV-photon —induced
showers

N, (Ep, E, t)= — exp[t&(1 —1.51ns, )],a A (E)0.31
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where N, is the number of electrons, Eo is the energy of
the primary photon or electron, t is the depth measured
in radiation lengths (37.1 g/cm in air), and E the
threshold energy of electrons. a is the number of pri-
mary particles (photons or electrons) generating the
shower, and is obviously equal to 1 for the above case.
A (E) is the fraction of electrons having energies larger
than E as compared to the total number of electrons,
and y=lnEp/E'p with ep=81 MeV for air. t~ is the
modified depth

t, =t+a, (E),
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t, +2y
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with a (E) and ar(E) accounting for the different devel-

opment and different t,„values of electron- and
photon-induced showers, respectively, with different
electron threshold energies. The modified age parameter
s

&
is calculated with the modified t, value as
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FIG. 1. Longitudinal development of the electron com-
ponent of photon-initiated electromagnetic showers with E=5
MeV electron threshold energy.

Tabulated values of A (E), a„(E), and az(E) for
different threshold energies E are given in Table I. The
A (E) values, as well as the a (E), a (E), b (E), and

br(E) values, can be interpolated for intermediate E
values with a reasonable accuracy when plotted on a
log-log or lin-log scale versus E, respectively. [The pa-
rameters b and br are defined in Eq. (6).]

A comparison of the longitudinal development of
Monte Carlo —simulated electromagnetic cascades above
850 g/cm and at sea level in a standard atmosphere
showed for equal t values smaller fluctuations in N, than
the statistical errors of the simulation. Therefore the
850-g/cm - and sea-level-based simulations were com-
bined.

Figures 1 and 2 show the results obtained for photon-
and electron-induced showers with E= 5 MeV threshold
energy for electrons. The smooth curves were calculated
using A (E)=0.67, the best-fit value (see Table I), which

IP4

IQ

I02

Te V-

TABLE I. Constants for the parametrization of electromag-
netic cascades.

E=5 MeV 10 MeV 15 MeV 20 MeV IQI
2 4 6 8 IO l2 l4 X Ie 20

A (E)
a (E)
a (E)
b„(E)
by(E)

0.67
0.6
0
0.2

—0.4

0.59
0.8
0.2
0.4

—0.2

0.52
0.92
0.32
0.52

—0.08

0.48
1.0
0.4
0.6
0

radiation length

FIG. 2. Longitudinal development of the electron com-
ponent of electron-initiated electromagnetic showers with E =5
MeV electron threshold energy.
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FIG. 3. Lateral distribution of the electron component of photon-initiated electromagnetic showers with E=S MeV electron
threshold energy at 850 g/cm .

is also equal to the value calculated by Nishimura' for
the shower maximum using the exact cascade shower
solutions in approximation 8 first obtained by Snyder, "
Serber, ' and Scott. ' The N, values calculated with Eq.
(1) are slightly deviating from the Monte Carlo—
simulated values at small and large depths [t-2 radia-
tion lengths (r.l.) and t -20 r.l.], probably because of us-

ing s-independent A (E) values. Similar results were ob-
tained for other threshold energies (E=10, 15, and 20
MeV).

The best fit was obtained with a (E)—ar(E)=0.6 ra-
diation length for all E values, which leads to a 0.6 radi-
ation length difFerence in the t,„values of electron- and
photon-initiated showers as expected theoretically. 'o

The lateral distributions of electrons simulated from
r =1 to 1000 m agree well with a modified form of the
Nishimura-Kamata-Greisen (NKG) formula7

'Sp —2
T Tf, ,s2,E. =&(s2)

PN

'
s2 —4.5

+1
M

t, =t+b r(E), (6)

where b (E) and br(E) are again accounting for the
different development and aging of electron- and
photon-initiated showers with different electron thresh-
old energies. The best fit was obtained with r ——45 m

where r~ is about one-half of the Moliere length rM, as
suggested by Hillas, ' and
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FIG. 4. Lateral distribution of the electron component of electron-initiated electromagnetic showers with E=5 MeV electron
threshold energy at 850 g/ctn .
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TABLE II. The average number of y's and electrons per
shower above the corresponding threshold energies, and the

average number of muons per shower above 1.7 TeV for
proton-initiated air showers.

Ep {eV)

10'4
1015

1O"

361+8
2612+61
3015+78

3.9+0.3
31.9+1.1
34.9+1.2

0.30+0.06
1.54+0. 17
8.20+0.50

III. SIMULATION OF EXTENSIVE AIR SHOWERS
GENERATED BY 10' -10' -eU PROTONS

at 850 g/cm, and correspondingly with rM —37.5 m at
sea level Th. e best-fit b„(E) and b (E) values are shown

in Table I.
Figures 3 and 4 show the lateral distributions of the

electron component of 0.1-, 1.0-, and 10-TeV photon-
and electron-initiated showers at selected depths for
E=5-MeV electron threshold energy. The s2 values are
smaller than the s& values. Thus the lateral distribution
is characterized with a somewhat smaller average age
than the longitudinal development of the shower. The
electron density 6 can be calculated from the function f
by E=N,f /rM, where N, is the total number of elec-
trons.

portant for the lateral spread of both the electromagnet-
ic cascades generated by high-energy y's, and the high-
energy muons. For x &0.2, K =2/(x +—'), while a con-

stant exponent of —4.44 is used for pions. The average
transverse momentum for kaons is 0.4 GeV/c and for
nucleons is 0.5 GeV/c.

The average number of y's and electrons per shower
above the corresponding threshold energies is shown in
Table II. The average number of muons above 1.7 TeV,
the threshold energy for a muon to reach the 4200 mwe
(meters of water equivalent) deep Homestake detector, is
also included in the table.

The electromagnetic cascades generated by y's and
electrons are propagated to the height of detection by
applying the parametrized analytical formulas for the
longitudinal development and lateral distribution of the
electron component presented in Sec. II.

In order to correct the total i.umber of electrons N,
for the missing low-energy electromagnetic cascades gen-
erated by photons having energies less than the thresh-
old levels, the y spectra were extrapolated below the
threshold levels and correction factors for N, were cal-
culated. It turned out that the correction factors which
are dependent on the depth and the primary proton en-

ergy are very small (-1-2Vo).
The geomagnetic effect was included in the calculation

by stretching the east-west axis of each vertical elec-
tromagnetic cascade by [1+0.05(cosA, /P) ]'~, where A,

We have run a total of 220 extensive air showers gen-
erated by 10' -, 10' -, and 10' -eV primary protons in a
standard atmosphere. The y's and electrons generated
in the hadronic cascades were followed until they
reached the following threshold energies: 0.01 TeV for
10' - and 10' -eV primary protons, and 0.1 TeV for
10' -eV protons. The higher threshold value for 10'-
eV-proton-initiated showers was chosen in order to
keep the number of photons at a reasonable level for fur-
ther calculations.

The model of the inelastic interactions used in the
simulations obeys radial scaling, and at &s =540 GeV
produces a charged multiplicity of 26 particles, fully
compatible with the results of the CERN pp collider ex-
periments. The x distribution of the secondaries is real-
ized through the splitting technique, suggested by Hil-
las, ' which has the advantage of automatically conserv-
ing the interaction energy. The charged K/n ratio has a
constant value of 0.09. The proton-air inelastic cross
section increases with energy as log' s, which corre-
sponds to a log s law for inelastic pp collisions. '

The transverse-momentum distribution is of the form

p, e ~t and includes the "seagull" e6ect, which is im-
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=10 eV

Ep (eV)

1014

1015
16

Eo (eV)

5.2x10"
6.4X10"
6.9X10 5

0.0100
0.0173
0.0300

1.00
0.75
0.50

TABLE III. Constants for the parametrization of proton-
initiated air showers. l02 I I I I I I I I I I I I I I

6 IO l4 IS 22 26 50
radiation length

FIG. 5. Longitudinal development of the electron com-
ponent of extensive air showers generated by 10' -10' -eV pro-
tons with E=5 MeV electron threshold energy.
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is the geomagnetic latitude and P the pressure in atmo-
spheres. The individual cascades were then folded to-
gether to form the electron component of the extensive
air shower.

The geomagnetic e8'ect is relatively small at sea level
but increases with altitude. The east-west axis of verti-
cal extensive air showers is stretched by a factor 1.013 at
sea level, and 1.019 at 850 g/cm . The relative
difference between the f(r/re) values averaged in a
cone +45' around the north-south axis is increasing with
r but remains very small ( & 1.5%).

As expected the longitudinal development of extensive
air showers generated by 10' —10' -eV protons could not
be approximated well with Eq. (1), the formula used for
electromagnetic cascades generated by y's or electrons.
We could, however, fit the total number of electrons at
the shower maximum, N, '", and the depth of the max-
itnum, t,„, calculated from Eq. (1) simultaneously to
the corresponding average values obtained for the Monte
Carlo-simulated 10' -, 10' -, and 10' -eV showers by as-
suming a single primary y (a= 1) and varying its energy
Eo (Ref. 17). The longitudinal development of the simu-

lated air showers was, however, increasing faster beforet,„and decreasing slower after t,„ than the values cal-
culated from Eq. (1). This is expected because the elec-
tromagnetic component of the air shower starts with a
large number of y's, and dies out slower after the max-
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FIG. 7. Lateral distribution of the electron component of
extensive air showers generated by 10' -eV protons with E=5
MeV electron threshold energy at 850 g/cm .
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FIG. 6. Lateral distribution of the electron component of
extensive air showers generated by 10' -eV protons with E=5
MeV electron threshold energy at 850 g/cm ~ The electron
density 5, can be calculated from f, by E=N,f/r~, where N,
is the total number of electrons and r~ is about half of the
Moliere length (r~ ——45 m at 850 g/cm ).
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FIG. 8. Lateral distribution of the electron component of
extensive air showers generated by 10' -eV protons with E=5
MeV electron threshold energy at 850 g/cm .



654 FENYVES, BALOG, DAVIS, SUSON, AND STANEV 37

TABLE IV. The average number of y's and electrons above

the corresponding threshold energies, and the average number

of muons per shower above 1.7 TeV for iron-initiated air
showers.

7
~0 I I I I I I I I I I I I I I I

E&= lO eV

EF, (eV)

10'4
1p15

1016

Ny

794+18
5138+49
5657+53

6.3+0.8
62.5+2.3
61.4+2.2

0
2.21+0.27

24.4020.70

IOe

IO5

imum due to new electromagnetic cascades generated by
the hadronic core.

According to this we modified Eqs. (I) and (3) by re-
placing t, in both equations by

IQ4

t'=t+p(t, „t)t',— (7)

where p and y are constants depending on the primary
proton energy, and the second term increases or de-
creases the effective depth t', as compared to t before or
after the maximum, respectively.
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FIG. 10. Longitudinal development of the electron com-
ponent of extensive air showers generated by 10' -10' -eV iron
nuclei with E=5 MeV electron energy compared to that of
proton-generated showers.

O. I

IO

IQQ

IQ-

'I

I I I I IIIII I I I I I IIII I

IO IQ

111111 I I I I r»11

Sea Level

Iron

Proton

Proton

IO IO

The optimum Eo, p, and y values obtained for this pa-
rametrization for E =10', 10', and 10' eV and E=5
MeV are given in Table III. The P and y values can be
easily interpolated for intermediate Ez values when plot-
ted on a log-log or lin-log scale versus Ez, respectively.
Figure 5 shows a good agreement between the Monte
Carlo-simulated average N, values (dots with error
bars) and the smooth curves calculated by using Eqs. (I)
and (3) and replacing t~ by t' [Eq. (7)]. It was shown
that the above equations can be used to describe
moderately inclined showers (e(30'). Then t in Eq. (7)

is the slant depth measured from the top of the atmo-
sphere.

It can be seen from Table III that the relative energy
of the single y, Eo/E~, simulating the longitudinal de-

velopment of the air shower, is increasing with Ez, the
energy of the primary proton, as expected, because the
probability of charged pions and kaons to produce nu-

P

IQ IQ IQ IQ IQ

I I I III I I I « I III
TABLE V. Constants for the parametrization of iron-

initiated air showers.

Ne

FIG. 9. The total number of electrons detected at 850 g/cm
and at sea level versus the total number of penetrating muons

(E„&1.7 TeV) for iron- and proton-initiated showers.

EF, (eV)

1p14

1015

1016

Eo (eV)

4.2x 10"
5.2~ 10"
5.2X 10'4

7
8.5
9

0.010
0.0173
0.030

1.00
0.75
0.50
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clear interactions rather than decay is increasing with
energy. Thus at higher energies a larger fraction of the
primary proton energy goes into the electromagnetic
cascade.

The Monte Carlo —simulated lateral distribution of
electrons in extensive air showers generated by 10' -,
10' -, and 10' -eV protons was compared with the
modified NKG formula [Eqs. (4) and (5)] and replacing
tz by t' [Eq. (7)], the effective depth used in the parame-
trization of the longitudinal development. A good
agreement was found for not-too-large distances from
the core, for r =1 m to about 300 m, both for mountain
altitudes (850 g/cm ) and sea level, as illustrated in Figs.
6-8. At larger distances from the core, however, even
the modified NKG formula fails to agree with the Monte
Carlo-simulated data. Corrections for this effect will be
discussed in a forthcoming paper.

I
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IV. SIMULATION OF EXTENSIVE AIR SHOWERS
GENERATED BY 10' —10' -eV IRON NUCLEI IQ

We have run a total of 280 extensive air showers gen-
erated by 10' -, 10' -, and 10' -eV primary iron nuclei in
a standard atmosphere. The hadronic cascades were
simulated using the interaction and fragmentation mod-
el. ' The y's and electrons generated in the hadronic
cascades were again followed until they reached 0.01
TeV for 10' - and 10' -eV primary iron nuclei, and 0.1

TeV for 10' -eV iron nuclei. The average number of y's
and electrons per shower above the corresponding
thresholds and the average number of muons above 1.7
TeV are given in Table IV.

The total number of electrons N, was obtained after
making similar small corrections for the missing low-
energy electromagnetic cascades as in the case of the
proton-generated air showers. The geomagnetic effect
turned out to be small, as for the proton-generated
showers.

Plotting the total number of electrons, N„measured
at mountain altitudes and at sea level versus the total
number of penetrating muons, N„, for both the iron- and
proton-generated showers (Fig. 9) shows that one can
distinguish between the iron- and proton-generated
showers with a good resolution only at ) 10' -eV pri-
mary energies. '

The longitudinal development of the extensive air
showers generated by 10' -10' -eV iron nuclei can be
approximated very well with Eq. (1) as shown in Fig. 10
using best-fit values for Eo, a, P, and y which are
different from the corresponding values obtained for
proton-generated showers (Table V). The major
difference is in the a values, which vary between 7 and 9
for 10' —10' -eV iron nuclei, and in the Eo values, which
are about one order of magnitude smaller than the corre-
sponding values obtained for 10' —10' -eV proton pri-
maries. '

This can be interpreted in the following way: In order
to simulate iron-generated air showers, one cannot use
one single primary y as in the case of proton-generated
air showers, but needs to use an energy-dependent larger
number of primary y's with correspondingly smaller en-

iQ
I IO lOQ IQOOm

FIG. 11. Lateral distribution of the electron component of
extensive air showers generated by 10"-eV iron nuclei with
E = 5 MeV electron threshold energy at 850 g/cm .
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FIG. 12. Lateral distribution of the electron component of
extensive air showers generated by 10' -eV iron nuclei with
E = 5 MeV electron threshold energy at 850 g/cm .
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ergy, due to the fragmentation of the shower-generating
iron nucleus and the simultaneous development of a cor-
responding number of independent hadronic cascades.
According to this the iron-generated showers have a
steeper increase of N, before the maximum, smaller t,„
and N, values than the proton showers of the same ener-

gy, and N, is decreasing faster after t,„as compared to
the proton showers.

The lateral distribution of electrons can be relatively
well approximated with the modified NKG formula
[Eqs. (4) and (5)] and replacing tz by t' [Eq. (7)] using
best-fit values given in Table V for 10' —10' -eV iron-
generated air showers, from r=1 m to about 300 m
(Figs. 11 and 12). For the 10' -eV iron-generated air
showers, however, the lateral distribution could not be
approximated with this formula. A possible reason is

that the threshold energy for y's and electrons (0.01
TeV) is too high as compared to the energy per nucleon
of the primary particles (10'" eV/56). Studies are
currently carried out to better understand this
phenomenon and find another modified formula for these
lower-energy showers.
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