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Time characteristics of electron, muon, and Cherenkov photon fronts in giant air showers
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Calculations of the space-time structure of giant air showers in the energy range 1017–1021 eV carried out
in the framework of the quark-gluon string model show the existence of three separate disks~or better lenses!
of muons, Cherenkov photons, and electrons which follow each other. In a shower with an energy of 1019 eV
time delays at 1000 m from the shower core can be as large as 420, 450, and 1120 ns for muons, Cherenkov
photons, and electrons, respectively, while the disk thickness for these three components can reach the values
of 500, 680, and 1160 ns, respectively. At larger core distances the time delay and disk thickness may exceed
a few ms and should be taken into account both in designing the new array electronics and interpreting the
experimental data. Highly inclined showers which consist mainly of muons display a much flatter front: time
delay decreases down to about 110 ns at a distance of 1000 m from the shower core. Approximations of the
time parameters dependence on the primary energy and core distance are presented. The measurements of
electron, muon, and Cherenkov photon time pulses are suggested to improve the estimations of the arrival
direction and the energy of the showers and also to study the primary particle composition and parameters of
hadron interactions at energies above 1019 eV. @S0556-2821~99!06411-5#

PACS number~s!: 96.40.Pq, 96.40.De
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I. INTRODUCTION

The first detection of a giant air shower~GAS! by Linsley
@1# followed by observations at Haverah Park@2,3# and Syd-
ney @4,5# put forward a very important puzzle of sources
primary cosmic rays of energies up to 1020 eV. This puzzle
may be connected with the most fundamental problems
particle physics and astrophysics such as the existenc
elementary particles with masses of 1025–1028 eV @6#, topo-
logical defects@7#, unknown phenomena in active galact
nuclei, etc.

The interactions between the primeval microwave p
tons and cosmic ray protons~or nuclei! cause serious energ
losses and, as a result, a sharp drop in the flux of cosmic
at an energy of 331019–631019 eV @8,9#. This prediction
of the Greizen-Zatsepin-Kuzmin~GZK! cutoff and new ob-
servations of the GAS at Yakutsk@10#, AGASA @11#, and
Utah @12# make the puzzle of the most energetic cosmic r
even more dramatic. If the extragalactic origin of cosm
rays is assumed then the distant sources are ruled out an
have to search for very powerful phenomena which may
celerate particles up to an energy of 1021 eV ~or even more!
within 30–50 Mpc or superheavy massive particles@13#.

To investigate this very intriguing mystery of superhig
energy cosmic rays some new projects were suggested@14–
16#. These new arrays have to have large spacings betw
detectors to cover a huge area of thousands of square
meters at reasonable cost. So it is inevitable to take the
tector responses at distances above 1 km from the sho
core into account. It is of primary importance to estima
correctly both energy and arrival direction of giant showe
Thus calculations of characteristics and time parameter
giant showers up to distances of a few kilometers from
0556-2821/99/60~3!/033004~14!/$15.00 60 0330
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shower core should be carried out. These calculations ma
used both in elaborating electronics of new arrays and in
preting the experimental data. In this paper we present
results of calculations of time delays and shower disk thi
nesses for electrons, muons, and Cherenkov photons u
distances of about 5 km in the energy range of 1017–1021 eV.

II. METHOD OF CALCULATION

Calculations were carried out in the framework of t
quark-gluon string~QGS! model @17# for primary protons
and observation level of 920 g/cm2 both for vertical and
inclined showers with a zenith angle of 60°. Neutral pi
interactions with nuclei in the atmosphere were taken i
account at proton energies above 1019 eV. The Migdal cross
sections for pair production and bremsstrahlung proces
@18# were used to calculate the electron-photon shower
velopment with the Landau-Pomeranchuk-Migdal~LPM! ef-
fect included at high energies. The hybrid method@19# was
used to estimate both mean values and standard deviatio
considered parameters. This method enables us to acc
for fluctuations of number and points of interactions in t
atmosphere and energy releases of primary protons usi
Monte Carlo procedure while the development of casca
from numerous charged pions is considered on average
step-by-step approach@20# ~for some details see Appendi
A!.

The exact estimations of time parameters for an elect
component of showers are rather complicated due to
Coulomb scattering which can be solved in principle by t
Monte Carlo method@21#. We suggest to use some approx
mations. The first one enables us to calculate with reason
accuracy mean time delayt and the disk thicknesss for the
electron disk. The method of calculation used enables u
©1999 The American Physical Society04-1
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A. M. ANOKHINA et al. PHYSICAL REVIEW D 60 033004
know the production heighthg of every gamma quantum o
energyEg born in a shower. Thus one can directly estima
the heighth where this particular electron-photon show
reaches its maximum and calculate the time delay at dista
R from the shower core

t5
h

c
@A11~R/h!221#. ~1!

Herec is the speed of light andh is a function ofhg andEg .
Averaging over all gamma quanta produced in an exten
air shower ~EAS! we can find an estimate of mean tim
delay:

t5

E tre~Eg ,hg ,R!Fg~Eg ,E0 ,hg!dEgdhg

E re~Eg ,hg ,R!Fg~Eg ,E0 ,hg!dEgdhg

. ~2!

Here Fg(Eg ,E0 ,hg) is the energy spectrum of gamm
quanta produced at heighthg in a shower of energyE0 and
re(Eg ,hg ,R) is Nishimura-Kamata-Greisen function~NKG!
@22#. Substitutingt in Eq. ~2! with t2 one can find an estimat
for ^t2&. Then the disk thickness can be calculated as

s5A^t2&2t2. ~3!

The second approximation gives very lower limits f
botht ands. It utilizes the heighthg in Eq. ~1! instead ofh.
The upper limit for time delay seems to beR/c.

One should remember that both approximations give o
some limits for time delayt and disk thicknesss because
electrons may come to a detector, situated at core distancR,
from any point of the shower and their trajectory is not
straight line but a zigzag curve due to Coulomb scatteri
Nevertheless, estimates~2! and ~3! can serve as reasonab
guides for the time delay and disk thickness of the elect
component of EAS in the case of the first approximation

The procedure of time parameter estimation is much m
straightforward for muons. In this case instead of Eq.~1! we
can write

t5
hm

c F 1

b
A11~R/hm!221G . ~4!

Here b is the speed of muon of energyEm and hm is its
production height. Then one should use formulas~2! and~3!
on substitutingre andFg by muon lateral structure functio
rm and muon source functionFm , correspondingly, which
are calculated in every shower in an assumption that
muon spread at the detector plane is approximately descr
in terms of the effective transverse momentum distribut
of produced pions:

f ~pt!dpt5pt /p0
2 exp~2pt /p0!dpt . ~5!

Here p0 is equal to 0.2 GeV/c. The threshold energy o
muons was assumed to be 0.5secu GeV, hereu is the zenith
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angle of a shower axis. A detailed discussion on the cho
of parameters and on the validity limits of Eq.~5! is given in
Appendix B.

It should be pointed out that the suggested procedure~1!–
~4! to estimatet ands both for electrons and muons sav
computing time. The electron and muon time pulses m
also be approximately estimated in a similar way~see Ap-
pendix C!.

Cherenkov light time characteristic estimations we
based on average shower light pulse calculations@23#. One
can express the pulse shape of Cherenkov light emitted
average air shower, initiated by primary particle of ener
E0, and received by a detector at core distanceR as ~in
detector bound spherical coordinate system!

dQ~E0 ,R,T!

dT
5E

0

2p

dcE
0

x
max

sinxdx

3E
Ethr(r ,x)

E0
dE B~E,rW,Dl!C~rW,Dl!

3P~E0 ,E,rW !
dr~x,c,T!

dT
. ~6!

HererW5(r ,x,c) is the radius vector of spherical coordina
system bound to detector,B(E,rW,Dl) is the number of Cher-
enkov photons emitted by a charged particle of energyE in
wavelength bandDl per unit length in the air, andC(rW,Dl)
is the air transmission coefficient; then

P~E0 ,E,rW !5E duW P@E0 ,E,t~rW !,rW~R,rW,uW !,jW~rW,uW !#

3d~ uuW 2uW c~h,E!u!. ~7!

Here P(E0 ,E,t,rW,jW ) is the differential in energy electron
spatial-angular distribution function in average air show
initiated by primary proton,rW,jW are the two-dimensional lat
eral and angular coordinates in the shower bound syst
xmax is the detector cone half angle,uc(h,E) is the Cheren-
kov angle in air,h is the height above sea level, andEthr is
the Cherenkov radiation threshold energy.

Integration in Eq.~6! is carried out over the shower se
ondary electron energyE and the so-called equal delay su
face. This is the set of points in space from which the Ch
enkov photons that reach simultaneously a detector
emitted, i.e., show one and the same time delayT relative to
the moment when the most energetic shower electrons hi
detector array.

III. RESULTS AND DISCUSSION

A. The space-time structure of giant showers

The main goal of present calculations is to shed m
light on the space-time structure of giant showers. A sim
formula for time delay~and disk thickness!, suggested by
Linsley @24#, is well known,

t5a~11R/30m!b, ns. ~8!
4-2
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TIME CHARACTERISTICS OF ELECTRON, MUON, AND . . . PHYSICAL REVIEW D60 033004
Here a52.6, b51.5, andR is the core distance in meter
This formula with some corrections proved to be adequat
some investigations@25,26# but explicit dependence of it
parametersa and b on the energyE0 and the nature of the
primary particle and also on the zenith angleu at which the
shower arrived have never been given. It is obvious that
depth of shower maximum approaches the observation l
as the primary energy increases. Thus the time delay sh
also slowly increase with primary energy. Our calculatio
confirm this conclusion~see also Ref.@27#!. Figure 1 dis-
plays time delayt ~solid curves! and disk thicknesss
~dashed curves! at a distance of 1000 m from the show
core~the most typical value for new arrays! for electrons for
both approximations used~curves 1, 2 are the first approx
mation and curves 5, 6 are the second one! and muons
~curves 3,4! versus energyE0 of primary protons in vertical
showers. Curve 1 for the electron disk shows clearly an
crease withE0 while the second approximation~curve 5!
displays a constant value because the production heigh
high energy neutral pions depend onE0 very slightly due to
the nature of hadron interactions. Curve 3 for the muon d
also shows a pronounced increase withE0 due to the shift of
shower maximum of the low energy hadron component
the shower toward the level of observation. To find the

FIG. 1. Dependence of mean time delayt ~solid curves! and
disk thicknessess ~dashed curves! on energyE0 at 1000 m from
the shower core for vertical showers. Curves 1, 2 correspon
electrons in the first approximation~see text!, curves 3, 4 stand for
muons, curves 5, 6 designate electrons in the second approxima
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plicit dependence of time parameters onE0 one can approxi-
mate curves 1, 2 and 3, 4 by the simple formula

t5a~E0/1019 eV!b. ~9!

Coefficientsa andb are listed below in Table I both for the
mean time delayt and disk thicknesss with uncertainty of
20%.

Monte Carlo calculations@21# were carried out at an en
ergy of 1014 eV up to core distance of 700 m. It is wort
noting that if the results of Ref.@21# on time delay and disk
thickness for electrons and muons are extrapolated to
tanceR51000 m then they coincide with estimates acco
ing to formula~9!, extrapolated to 1014 eV, within an uncer-
tainty of a few per cent with the exception of the muon di
thickness which is by a factor of about 1.5 lower possib
due to the hadron-hadron interaction model used in Ref.@21#.
As the scaling is mildly violated in the fragmentation regio
and significantly violated in the central region at energ
above 1012 eV @21#, a large number of pions are produced
the very beginning of hadron cascade development and
small fluctuations are expected. Thus a simple approxima
formula ~9! seems to be valid for time delay and disk thic
ness both for electrons and muons within a huge range
energy from 1014 to 1021 eV at distanceR. 1000 m.

Curves 5 and 6 can serve as very low limits for electr
time delay and disk thickness because the second app
mation takes into account only the production on heightshg
of all gamma quanta produced in the decay of neutral pio
disregarding electron cascade development.

The time delay and disk thickness for Cherenkov photo
are also increasing with energyE0 as one can see in Fig. 2
Curves 1, 2, and 3 display timetmax of a pulse maximum,
median timetmed, and mean timetcm , respectively, at a core
distance of 1000 m. Curve 4 shows the full width at h
maximum ~FWHM! t1/2 of the Cherenkov pulse. The ap
proximation formula~9! coefficients fortcm and t1/2 can be
found in Table I.

Thus a very interesting time-space picture of a verti
shower may be drawn. In a shower with the energy
1019 eV first particles to arrive at detector plane at core d
tance of 1000 m are muons which come about 420 ns l
than imaginary high energy particles moving at the speed
light along the shower axis. The standard muon disk thi
ness, determined by Eq.~3! is about 250 ns. Then Cherenko

to

on.

TABLE I. Approximation ~9! coefficients fort and s at R
51000 m.

Electron Muon Cherenkov light

Parameter 00 60° 0° 60° 0°
Time delay

a 1120.0 320.0 420.0 110.0 450.0
b 0.0552 0.0203 0.0224 0.0210

Disk thickness

a 580.0 300.0 250.0 54.0 340.0
b 0.0395 0.0113 0.024 0.0227
4-3
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A. M. ANOKHINA et al. PHYSICAL REVIEW D 60 033004
photons hit this plane about 30 ns later with a full width
340 ns. At last, electrons with an additional 670 ns delay
standard disk thickness of 580 ns come. So three ‘‘indep
dent’’ rather thick disks~or better ‘‘lenses’’! of muons, Cher-
enkov photons, and electrons follow each other with a c
tain delay to strike the detector plane. Such a structure of
shower front can be understood with the help of Fig. 3 wh
displays mean production heights for electrons~curve 1! and
Cherenkov photons~curve 2! versusE0. Curve 3 shows the
median production height dependence on energyE0 for
muons. The bars display the effective widths related to p
duction regions.

It is remarkable that muons are produced higher in
atmosphere than Cherenkov photons as can be seen in F
Electrons are gathered from a rather close vicinity of
detector plane. Thus at a core distance of 1000 m elect
have to have a noticeable inclination towards vertical.
general the height of production may be estimated with
help of the known time delays presented in Table I by
simple formula

h50.5tc@~r /tc!221#, m, ~10!

which is well confirmed by the exact calculations shown
Fig. 3. So time delays and production heights are clos
correlated.

FIG. 2. Dependence of Cherenkov pulse maximum timetmax

~curve 1!, median timetmed ~curve 2!, mean timetcm ~curve 3!, and
FWHM t1/2 ~curve 4! on energyE0 at 1000 m from the shower cor
for vertical showers.
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As time parameters increase with growing the energyE0
particle detector stations of a giant array should be able
gather electrons and muons or the Cherenkov photons f
few ms due to both the large time delay and large disk thi
ness at core distances of about 1 km. Then, to complete
picture, we have to say that hadrons are concentrated
the shower axis and scintillation photons are important
distances over a few km from the shower core and will
considered in a separate paper.

Then it is important to notice that electrons in strong
inclined showers are absorbed and the only detectable
ticles are muons and the Cherenkov photons. Figure 4 sh
mean time delayt ~solid curve! and disk thicknesss ~dashed
curve! for muons as a function of energyE0 of primary
protons for inclined showers with a zenith angle of 60°
core distance of 1000 m. One can see a profound decrea
time delayt and disk thicknesss due to effective increase o
production height but again timet is increasing with energy
E0. Coefficients of approximation~9! for inclined showers
are also listed in Table I.

For arrays with widely spaced detector stations, and v
tical showers of energy 1020 eV, Fig. 5 shows the most im
portant dependencies of time delay~solid lines! and disk
thickness~dashed lines! as a function of the distanceR from
shower core, both for electrons~curves 1 and 2! and for
muons~curves 3 and 4!. Curves 5 and 6 serve as very lo
limits for electrons in the second approximation used. T

FIG. 3. Dependence of production heights for electrons~curve
1!, Cherenkov photons~curve 2!, and muons~curve 3! on energyE0

for vertical showers.
4-4
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first thing to notice is a huge time delay of 10ms at dis-
tances of 4–5 km from the shower core and a compara
disk thickness. The second important feature that should
mentioned is a large divergence of coefficientsa andb, used
in formula ~8! to approximate dependencies shown in Fig
from parameters given by Linsley (a52.6; b51.5). This
divergence may also be observed at a energy of 1014 eV
@21#. Table II shows coefficientsa and b for energies of
1014 eV @21# and 1020 eV ~Fig. 5! for both the vertical and
inclined showers. We note only that coefficienta for elec-
trons at an energy of 1020 eV is about a factor 2 larger tha
Linsley’s parameter and about twice less at energy
1014 eV @21# with exponentsb also being different. Devia-
tions of parametersa andb from the Linsley’s parameters ar
even more dramatic for inclined showers~see below!. In ad-
dition to this, the simple approximation~8! seems not to be
valid at distancesR<100 m.

So, an important conclusion to be made is that coefficie
a andb in approximation~8! depend strongly on energyE0
of the shower and on the zenith angleu. Thus these depen
dencies should be taken into account in order to corre
interpret data.

Figure 6 displays the radial dependencies of time del
tmax, tmed, and tcm ~curves 1, 2, and 3, respectively! and
FWHM t1/2 ~curve 4! for the Cherenkov light pulses for ver
tical showers of energy 1020 eV. These dependencies a
multiplied by a factor of (30/R)2 to clearly show the differ-

FIG. 4. Dependence of mean time delayt ~solid curve! and disk
thicknesss ~dashed curve! on energyE0 for muons in inclined
showers with the zenith angle of 60°.
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ences between curves. Again a huge time delays and
thickness of Cherenkov photons of the order of a fewms
should be pointed out at distances of 4–5 km. Parameter
approximation~8! for curves 2 and 4 are also listed in Tab
II.

In the case of inclined showers with a zenith angle of 6
and an energy of 1020 eV, Fig. 7 shows the time delay~solid
curve! and disk thickness~dashed curve! for electrons
~curves 1, 2! and for muons~curves 3, 4! versus the latera
distanceR. The corresponding parametersa and b are also

FIG. 5. Dependence of mean time delayt ~solid curves! and
disk thicknesss ~dashed curves! on core distanceR for electrons
~curves 1, 2 correspond to the first approximation, curves 5, 6
respond to the second one! and muons~curves 3, 4! in vertical
showers with the energy 1020 eV.

TABLE II. Approximation ~8! coefficients.

Electron Muon Cherenkov light

Parameter 0° 60° 00 60° 0°
Time delay

E0,eV 1014 1020 1020 1014 1020 1020 1020

a 1.28 4.33 0.299 0.74 2.50 0.272 1.65
b 1.72 1.63 1.89 1.66 1.48 1.73 20.359

Disk thickness

a 2.00 10.7 2.26 1.65 5.34 0.377 1.76
b 1.44 1.18 1.34 1.25 1.11 1.44 1.45
4-5
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listed in Table II. An important conclusion follows from th
data presented in Table II. Coefficienta and exponentb
strongly depend on zenith angleu. Thus dependencies ofa
andb on both energyE0 of primary protons and zenith angl
u should be taken into account. Table III shows an appro
mation ofa andb dependence onE0 using Eq.~9!, d substi-
tutesa, g substitutesb both for time delay and disk thick
ness at energies above 1019 eV with an uncertainty of 20%

Figures 5–7 display the dependence of electron, mu
and Cherenkov photon disk thicknesses on the radial
tanceR from the shower core. So the time pulses measu
ments can provide an additional information in our effort
estimate the shower core location. These measurement
also of importance in determining the arrival direction of t
primary particles because time parameters depend stro
on the zenith angleu and thus also in estimating the ener
E0 of showers.

Finally these measurements for electrons, muons,
Cherenkov photons enable us to estimate the produc
height of different shower components and thus to dr
some conclusions about the nature of primary particle or
rameters of hadron interaction at superhigh energies.

Thus the time pulse measurements of different sho
components may be suggested as a source of very impo
information about a giant shower. As an example Fig. 8 d
plays time Cherenkov pulses at a core distance of 1000 m

FIG. 6. Dependence of Cherenkov pulse maximum timetmax

~curve 1!, median timetmed ~curve 2!, mean timetcm ~curve 3!, and
FWHM t1/2 ~curve 4! multiplied by a factor of (30 m/R)2 on core
distanceR for vertical showers with the energy 1020 eV.
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energies of 1017, 1018, 1019, 1020, and 1021 eV. One can
clearly observe both the dynamics of pulse shape cha
with energyE0 and the absolute level of signal to be d
tected.

B. The comparison with the experimental data

To display the reliability of the space-time structure
giant showers presented above calculations at lower ene
near the shower axis may be compared with the availa
experimental data. The experimental data on particle ave
arrival timet at energies 1015–1017 eV and radial distances
R5200–800 m for nearly vertical showers@28# were ap-
proximated by the formula~8! with coefficients a52.0
60.4 ns andb51.6960.07 which should be compared wit
a52.3 ns andb51.7 from Table II for vertical showers
The approximation coefficients for the particle disk wid
FWHM t1/2 were found asa54.260.8 ns andb51.44
60.07 @28#, while the Table II givesa.4.0 ns andb.1.4
but for the disk thicknesss. So the results of calculations fo
the mean time delay fit the data@28# but as for the disk width
the comparison is not so straightforward because of differ
values are approximated though the dependence on ra
distanceR and the width itself seem also to be comparab

In Fig. 9 the average observed densities of muons perm2

per 100 ns~black points! @29# and theMOCCA simulation

FIG. 7. Mean time delayt ~solid curves! and disk thicknesss
~dashed curves! for electrons~curves 1, 2, first approximation! and
muons~curves 3, 4! versus core distanceR in inclined showers with
the zenith angle 60° and energy 1020 eV.
4-6
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TABLE III. Approximation ~9! coefficients for parametersa, b in Eq. ~8!.

Parameter Electron Muon Cherenkov light

0° 0° 60° 0°
Time delay

d g d g d g d g
a 2.74 0.113 2.29 0.0287 0.254 0.0279 1.55 0.07
b 1.70 20.0122 1.49 20.00173 1.74 20.00125 1.44 0.009

Disk thickness

a 7.30 0.0968 4.63 0.0458 0.310 0.0638 1.52 0.0
b 1.24 20.0132 1.13 20.00888 1.48 20.0086 20.358 0.0027
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results~solid line! presented in Ref.@29# are compared with
the results of our calculations~open diamonds! at a core
distanceR of 1260 m in showers with the energyE0 of 2
31018 eV. The experimental data and simulation resu
cannot be compared directly with each other because the
recorded particle in each observed shower is considered
to be delayed while we assumed the delay time to be zero
the moment then a particle moving with the speed of lig
along the shower axis strikes the detector plane. We h
estimated the mean delay time ast5780 ns and the disk
thickness ass5530 ns, then some ‘‘shift’’ of the calculate
distribution byd5t2s should be considered in comparin

FIG. 8. Arrival time distributions for the Cherenkov photons
vertical showers with energies 1017, 1018, 1019, 1020, and 1021 eV
at the core distance of 1000 m.
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it to the data. In any case the shape of our distribution
both the data@29# and the results of theMOCCA simulation
well while the signal~total muon density! is 2 times less; this
is a problem with the QGS model used. This difference b
factor of 2 can be explained as follows. Our calculations
muon densities should be multiplied by factor of 1.42 due
the calorimetry of showers carried out at the Yakutsk ar
@54# and a factor of 1.5 is the difference in energy estim
tions at the Yakutsk and the Akeno arrays. One more co
ment is that the electrons with energies above 40 MeV m
contaminate the tail of the observed distribution while o
calculations disregarded this effect. Figure 10 displays
electron delay time distribution~black points! and the
MOCCA simulation results~solid line! presented in Ref.@29#
to be compared with the results of our calculations~open
diamonds in the modified NKG approximation@54# and open
squares in the NKG approximation!. As we have estimated
with the help of the first approximation the mean delay tim
as t51200 ns and the disk width ass5500 ns so some
‘‘shift’’ of calculated distribution byd5t2s should be sug-
gested to compare with the data. In this case the shap

FIG. 9. Arrival time distributions for muons at the core distan
of 1260 m in showers with the energy of 231018 eV. Points rep-
resent the data@29#. The first recorded particle in each shower
considered not to be delayed. The solid line is the expectation f
simulations by theMOCCA code also taken from Ref.@29#. Dia-
monds are the result of the present simulations with the delay t
accounted from the moment when the shower axis strikes the a
plane.
4-7
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distributions is also comparable though the total signal i
times higher in the case of theMOCCA simulation and ap-
proximately 3 times higher in the case of the NKG appro
mation disregarding a contamination of the observed dis
bution by high energy photons. In the case of the modifi
NKG approximation the total signal seems to agree with
data@29#.

The dependence of the average delay time on radial
tanceR was shown in Fig. 11 when 1, 4, and 10 particles
the detector at the PeV energy region@30# together with the
results of our calculations~open diamonds!. Figure 12 illus-
trates the dependence of the half width at 70% peak le
~HW70! on radial distanceR. It is seen that at radial dis

FIG. 10. Arrival time distributions for electrons at the core d
tance of 1260 m in showers with the energy of 231018 eV. Points
represent the data@29#. The first recorded particle in each shower
considered not to be delayed. The solid line is the expectation f
simulations by theMOCCA code also taken from Ref.@29#. Dia-
monds are the result of the present simulations with the delay
accounted from the moment when the shower axis strikes the a
plane in case of the modified NKG approximation and open squ
are also our results for the NKG approximation.

FIG. 11. Average time delays for electrons in showers ver
radial distance in the PeV energy region. Points represent the
@30# when 1, 4, and 10 particle hit the detector. Diamonds are
present simulations of the average disk profile for the delay t
accounted from the moment when the shower axis strikes the a
plane.
03300
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tances above 100 m our calculations for the primary pro
with an energy of 331015 eV fit the data@30#. Probably
only the full Monte Carlo simulation should be used to fit t
data near the shower core.

The measurements by the COVER-PLASTEX experim
embedded in the GREX surface array at Haverah Park ga
mean time delay oft522 ns and a disk width ofs
535 ns@31# and after taking into account systematic erro
these values have been presented ast528 ns and s
540 ns at a distanceR5100 m from the shower core in th
PeV energy region. Our calculations for this distance ga
t517 ns ands529 ns atE051014 eV and approximately
the same valuest512 ns ands522 ns atE051015 eV
which should be regarded as reasonable estimates espe
for the uncorrected data because the arrival time delay
calculated with respect to the arrival time of the fastest p
ticle hitting the detector at the G/C-P experiment@31# while
our estimates are given with respect to the arrival time of
flat light front and we did not take into account the nonre
tivistic particles~e.g., the hadrons, the low energy muon
etc.! and other possible factors~e.g., the inaccuracy of the
core location, etc.!. Thus our calculation procedure sug
gested to calculate the average time delayt and the disk
thicknesss in giant showers at the distances above 0.5
from the shower core are also capable of producing the
sonable estimates at shorter distances and much lower e
gies increasing the confidence that these simulations ma
trusted as useful tools for the proposed new projects~e.g., the
Auger project, the EAS-1000 project, etc.!.

IV. CONCLUSION

In our endeavours to solve the mystery of cosmic ra
with energies above the GZK cutoff, a full understanding
time-space structure of giant showers should be reached.
tensive calculations in the framework of some models
hadron interactions can shed more light on this complica
problem. With this goal in mind the calculations of tim

m

e
ay
es

s
ta
e
e
ay

FIG. 12. The full width at 70% level~FW70! for electrons in
showers versus radial distance in the PeV energy region. Po
represent the data@30# when 1, 4, and 10 particle hit the detecto
Diamonds are the present simulations of this full width for the de
time accounted from the moment when the shower axis strikes
array plane.
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delays and disk thickness for electrons, muons, and Che
kov photons were carried out in terms of the QGS mo
both for vertical and inclined showers of energies 1017, 1018,
1019, 1020, and 1021 eV. The following time-space picture
was found. When the vertical primary proton with a gia
energy hits the atmosphere very energetic hadrons
gamma quanta are produced at a height of about 17
which give very lower limits for time delays. Then at
height of about 5.5 km a cascade of low energy hadr
reaches its maximum and a muon disk~or better, a lens!
starts its movement to the detector plane. About a 1.5
lower Cherenkov photon disk is generated. At last at a he
of 1–2 km or in the nearest vicinity of the detector pla
electron cascade reaches its maximum and an electron d
created. For this reason muons come first to the dete
plane with a mean time delay of about 420 ns and a stan
disk thickness of 250 ns at a core distance of 1000 m i
shower with energy of 1019 eV and then, about 30 ns late
Cherenkov photons follow in a time pulse with the 340
full width. Finally, electrons hit the detector plane with 112
ns mean delay and 580 ns standard disk thickness. If
energyE0 of the primary protons increases then the hadr
electron cascade reaches its maximum deeper in the a
sphere and all time parameters considerably increase.
strongly inclined showers the maximum of hadron-elect
cascade is much higher in the atmosphere and all time
rameters decrease. At distances above 1 km time delay
disk thickness may increase up to a fewms which is very
important both for designing electronics of new shower
rays and interpreting experimental data. So the paramete
simple Linsley approximations for time delay and disk thic
ness depend on energyE0 and zenith angleu. Some simple
approximations are suggested with the parameters prese
in Tables I and III to display these dependencies.

Exact measurements of time pulses of muons, electr
and Cherenkov photons are suggested to display rather
cisely the hadron cascade development in the atmosp
showing maximum depths both for muons and electro
This suggestion enables us to use these time data for es
tions of shower core location and arrival direction, the e
ergy and nature of primary particle in terms of some mo
of hadron interaction, or even this model testing.
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APPENDIX A: CALCULATION PROCEDURES

In principle the full Monte Carlo treatment of particles
cascades may be suggested~e.g., as in theCORSIKA code@32#
and the COSMOS code @33#! with over a century of the
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amount of computing time required at 1020 eV @34#. One
possibility to decrease the CPU time required is to follow
shower particles to a certain threshold energy and then to
libraries of precomputed subcascades to handle the
threshold particles~e.g., as in theSIBYLL code@35#!. Another
approach is the ‘‘thinning’’ technique utilized in theMOCCA

code@34# when only a fraction of the absurdly large numb
of low energy particles is followed with appropriate weig
as in well known the Monte Carlo codes with ‘‘weights.’’

A promising approach consuming only a few minutes
CPU time at 1021 eV is the very simple hybrid algorithm
suggested in Ref.@19#. To take into account the main fluc
tuations in the shower development the primary particle
followed by the full Monte Carlo code~as in theSIBYLL code
@35# it is possible to use the full Monte Carlo method for a
high energy particles! but a bulk of the low energy particle
which contribute not so much into fluctuations of show
parameters contrary to theSIBYLL libraries method@35# are
treated by the transport equation technique@19,20#. In the
simplest case the depthsxi where the primary particle inter
acts with the nuclei in the atmosphere and the inelasti
coefficientski in each interaction are sampled by the Mon
Carlo method in accordance with the QGS model@17#. At
each depthxi the average energy spectrumPpr(E,xi) of
pions~in simplest case only pions! produced by the primary
particle is considered as the boundary condition for the tra
port equation

]P

]x
52

B

Ex
P2

P

l~E!
1E dE8

l~E8!
P~E8,x! f pp~E8,E!,

~A1!

whereB is the decay constant,l(E) is the mean interaction
length for pions, andf pp(E8,E) is the energy spectrum o
pions produced by the pion with the energyE8. The solution
of Eq. ~A1! may be estimated by the recurrence proced
@20# through its integral form

P~E,x!5Ppr expS 2~x2xi !/l~E!2
b

E
ln

x

xi
D

1E
xi

x0
dj expS 2~x2j!/l~E!2

B

E
ln

x

j D
3E

E

E0
dE8P~E8,j! f pp~E8,E!/l~E8! ~A2!

with an uncertainty of less than 1%. The generalization
this scheme for various kinds of particles is straightforwa
though as far as the time parameters are involved it seem
be not so important. Finally the solutions~A2! for neutral
and charged pions may be considered as the source func
for the electron-photon and muon components.

APPENDIX B: THE RADIAL SPREAD OF MUONS
ON THE ARRAY PLANE

The chain of successive generations of pions produce
the interactions with the atomic nuclei in the atmosph
4-9
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may sooner or later end by pion decay into a muon. E
newly produced pion with energyE deviates additionally
from the shower core by the angle

u5p'c/E, ~B1!

wherep' is its transverse momentum determined by the p
ent pion with the energy E8 and the distribution
f(E8,p')dp' and c is the speed of light. This deviatio
gives the radial spread on the array plane

r 5uh~x!, ~B2!

where h(x) is the height of pion production which corre
sponds to the depthx.

Assuming the increase ofp' as high as 0.04 GeV/c per
decade of energy@36# andh520 km one gets the spreadr
51.531027 m for the energyE851020 eV. So it is quite
clear that only pions with the lowest possible energies c
tribute much to the spread of muons. Thus the small an
approximation may be used to estimate this spread, ca
by successive generations of pions.

Multiplying Eq. ~A1! by r 2 and inserting into the last term
of Eq. ~A1! the square ofr defined by Eq.~B2! with the
weightf(E8,p')dp' ~and integrating overp') one gets the
following equation for the productR5P(E,x)r 2:

]R

]x
52

R

l~E!
2

B

Ex
R1E dE8

l~E8!
P~E8,x! f pp~E8,E!

3E dp'S p'c

E
hD 2

f~E8,p'!. ~B3!

The solution of this equationR(E,x) can be found by the
formula which is analogous to Eq.~A2!. So the system of
equations~A1! and ~B3! determines the mean square of t
radial spread of pions on the array plane:

r 2~E,x,x0!5R~E,x,x0!/P~E,x!. ~B4!

The total numberNm(.Eth ,x0) of muons with energies
above the thresholdEthr at the observation levelx0 are esti-
mated as

Nm5BE
xi

x0dx

x E
Ethr(x)

Em max
dEmW~Em ,Ethr ,x,x0!

3E
Emin(Em)

Emax(Em) dE

E
D~E,Em!P~E,x!, ~B5!

where P(E,x) is determined by Eq.~A2!, the function
D(E,Em) and limitsEmin(Em), Emax(Em) are determined by
the kinematics of the pion decay, and the functi
W(Em ,Ethr ,x,x0) gives the probability for a muon with en
ergyEm produced at the depthx to survive at the observatio
level x0 with the energy not less thanEthr taking into account
the ionization losses@37#. Finally, the average muon sprea
on the array plane can be estimated with the help of E
~B4! and ~B5! as
03300
h

r-

-
le
ed

s.

r m
2 5S BE

xi

x0dx

x E
Ethr(x)

Em max
dEmW

3E
Emin(Em)

Emax(Em) dE

E
DPr2~E,x,x0! D Y Nm . ~B6!

According to the small angle approximation it is possib
to approximate this muon spread caused by many pion g
erations only by its parent pion spread but with the adjus
deflection function which may be assumed in thep' notation
as

f a~p'!5p' /p0
2 exp~2p' /p0!. ~B7!

The only thing to do now is to estimate the value ofp0 in Eq.
~B7!. This can be done if we demand

r m
2 5r ma

2 , ~B8!

wherer ma
2 is determined by Eq.~B6! with the replacement of

r 2(E,x,x0) by

r a
2~E,x!5E dp' f a~p'!S p'c

E
h~x! D 2

, ~B9!

where the functionf a is given by Eq.~B7!. The solution of
Eq. ~B8! gave

p050.2 GeV/c. ~B10!

The shape of the muon lateral structure functionrm(r ) found
at the Yakutsk and AGASA arrays is well described by t
adjusted function~B7! with this value ofp0 @38,39#. So the
geometrical paths of muons and hence the time of movem
may as well be described by the same approximation. Ta
IV shows the mean time delayt and widths for muons in
the shower with the energy of 1020 eV calculated in terms of
two assumptions whenp050.2 GeV/c5const and

p0~E!5H 0.165 GeV/c, E<10 GeV,

0.16510.02lg~E/10! GeV/c, E.10 GeV.

~B11!

It is seen from Table IV that there is no difference inside t
uncertainties for the average time delayt and approximately
the 10% increase in the widths in case of the assumptio
~B10!.

The adjusted function~B7! describes the bulk of muon
with transverse momenta below approximately 1 GeVc
well. Collider data@40,41# have shown that the transvers
momentum distribution has a tail at largerp' values. To take
into account this tail the power distribution was sugges
@41#

1

s

ds

dp'
2

5
A

~p'1p0!a
, ~B12!
4-10
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TABLE IV. The average time delayt and the widths for suggestions~B10! and ~B11!.

R, m t, ns s, ns
p05const~B10! p0~E! ~B11! p05const~B10! p0~E! ~B11!

100 15.06 1.0 14.06 1.0 17.06 1.0 15.06 1.0
300 71.06 6.0 66.06 5.0 62.06 3.0 55.06 2.0
600 200.06 16.0 190.06 15.0 140.06 5.0 130.06 5.0
1000 440.06 34.0 410.06 32.0 260.06 8.0 230.06 8.0
1500 810.06 62.0 760.06 60.0 400.0611.0 360.0610.0
2000 1300.06 98.0 1200.06 95.0 550.0612.0 500.0612.0
3000 2300.06190.0 2100.06190.0 860.0611.0 770.0613.0
n

th
r

ho
o
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ny
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ibu-
wherep051.3 GeV/c, a59.14, andA5const. Thisp' dis-
tribution fits the data@40# well at 0.30,p',10 GeV/c. We
have used this distribution in the form

f ~p'!dp'5
~a21!~a22!

p0
2 S p0

p01p'
D 2

p'dp' ,

~B13!

to find out the contribution of the power tail to the muo
density and time parameters. We tookp051.2293 to adjust
the averagep' value to 0.4 GeV/c. Table V displays den-
sitiesrm , average time delayst and time front widthss for
muons in the vertical shower with an energy of 1020 eV at
different radial distancesR calculated in terms of Eqs.~B7!
and ~B13!. Table V shows that at radial distances above
power p' distribution ~B13! gives a considerably large
muon density~by a factor of 1.6! though time parameterst
and s are not effected much~less than 30%!. Inside the
circle with the radius of 2000 m the approximation~B7!
produces reasonable results. As far as time parameterst and
s are concerned this approximation is not so bad even
larger distances. Thus Table V may be used as a guide
to correct calculated time parameters at distances ab
2000–3000 m.

APPENDIX C: ELECTRON AND MUON TIME PULSES

To interpret the experimental data@29,30# in terms of the
QGS model we have to be able to calculate the time pu
for both electrons and muons. With the help of the effect
function f a(p') introduced in Appendix B it is straightfor
03300
e

at
w

ve

es
e

ward to estimate the contribution to the muon density fro
depth intervalx4x1dx at fixed distanceR from the shower
core as

rm~R,x,E!5
B

Ex
PWexpS 2

RE

cp0hD S E

p0cD 2Y h2,

~C1!

where the probabilityW, the pion spectrumP, and other
values were defined above~see Appendix B!. The heighth
5h(x) corresponds to the depthx in the atmosphere. Assum
ing the simplest estimate for timet as

t5h@A11~R/h!221#, ~C2!

it is possible to calculate the depthsxi@h(t i)# and
xi 11@h(t i 11)# which correspond to the timest i and t i 11. So
the muon time pulse may be estimated with help of the f
mula

drm~R,dt !5
1

dtExi

xi 11
dxE dErm~R,x,E!, ~C3!

where the differencedt5t i 112t i determinates the time bin
It was suggested that all muons are moving with the spee
light.

As for the electron time pulse it was assumed that in a
individual electron-photon shower generated by a gam
quantum produced in neutral pion decays the angle distr
tion of electrons at depthxi is given by the Gaussian law
TABLE V. The muon densityrm , the average time delayt, and the widths for approximations~B7! and
~B13!.

R, m rm , m22 t, ns s, ns
~B13! ~B7! ~B13! ~B7! ~B13! ~B7!

100 1.43103 1.43103 1.53101 1.53101 1.73101 1.73101

300 1.73102 1.83102 7.03101 7.13101 6.43101 6.23101

600 3.03101 3.33101 2.13102 2.03102 1.53102 1.43102

1000 6.33100 6.83100 4.63102 4.43102 2.93102 2.63102

1500 1.53100 1.53100 8.83102 8.13102 4.93102 4.03102

2000 4.631021 4.031021 1.43103 1.33103 7.03102 5.53102

3000 7.331021 4.531021 2.73103 2.33103 1.13103 8.63102
4-11
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f ~u!du5
1

A2pue
2~xc!

exp@2u2/2ue
2~xc!#du, ~C4!

wherexc is defined in the cascade units andue
2 is a disper-

sion. The simplest approximation of calculations@42# was
used for this dispersion:

ue~xc!5H 0.005xc for xc<xmax,

0.005xmax10.0001~xc2xmax! for xc.xmax.
~C5!

Then with the help of the angleu determination

tgu5R/h~xc! ~C6!

it is possible to suggest the weight function~WF!:

WF~xc!5CNe~xi ! f ~u!D~hi ,R!, ~C7!

where the depthxi is determined by Eq.~C2! for correspond-
ing value of t i , the electron numberNe(xc) is taken in the
NKG approximation, the functionD(hi ,R) is determined by
transformations of the differentialdu from Eqs. ~C6! and
~C2!,

D~hi ,R!5$@R/~cti !#
211%/~R21hi

2!, ~C8!

and the normalization constantC is determined by the inte
gral

E
0

`

WF~xc!dxc51. ~C9!

Finally the electron time pulse in gamma induced show
may be estimated as

dre~R,dt !5
1

dtExi

xi 11
WF~xc!re~R!dxc , ~C10!

where the differencedt5t i 112t i is the time bin, the depths
xi andxi 11 are determined by Eq.~C2! through the heighth
and timet, and the electron densityre(R) at radial distance
R is taken in the NKG or in the modified NKG approxima
tions. At last the sum of the pulses~C10! over all gamma
quanta produced in the proton induced shower constitutes
total electron pulse.

APPENDIX D: MAIN FEATURES OF THE QGS MODEL

The QGS model have been used mainly in the appro
mation form@43# with the parameterd50.14 @17#. The in-
elastic cross section of the interactions of the primary p
tons with atomic nuclei in the atmosphere increases at
rate of 2.7% per decade of energy from the value of 270
at energy 250 GeV. The average coefficient of inelastic
increases also from 0.6 by the value of 0.0047 per ev
decade of energy. The inelastic cross section of pion inte
tions are approximately by the factor of 1.35 less than
protons an 200 GeV and the difference decreases at hi
energies. The inclusive spectra of secondary particles
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taken in the form when the scaling in the fragmentation
gion is slightly violated. Thus many model parameters
close to the predictions of theQGSJETmodel@44# except the
semihard processes which were not taken into account.

The photoproduction of pions is also not included thou
Ref. @45# states that it is of importance at the muon thresh
energy of 0.3 GeV but the fraction of photoproduced pio
decreases to the 10% level and even less at the thres
energies above 1 GeV. The scaling model used in Ref.@45#
decreases severely~by several times! the fraction of muons
produced via the usual pion decays. Besides the m
threshold energyEm50.5 GeV for the vertical showers in
case of the AGASA array should be enlarged by the value
0.8 GeV lost by muons due to the ionization processes
on average by a factor of 1.3 to take into account the n
trino energy. Thus pions with energies above 1.7 GeV sho
be mainly considered in our case. At such energies the c
section for photoproduction is nearly the value of 0.14 m
@46#. Assuming this cross section we have approximat
found the fraction of photoproduced muons not larger tha
few per cent. Our estimate seems to agree with the con
sions in Refs.@47,48#. More sophisticated calculations ma
be suggested to treat the photoproduction problem in de
both at low energies and at the upper end of the ene
spectrum of the primary particles in a separate paper to
into account the very interesting possibility@49# that gamma
rays may mask the ‘‘black body cutoff’’ in the cosmic ra
spectrum. The data@46,50,51# and the calculations@52# ruled
out the possibility of the essential increase of the photop
duction cross section@53,54# at energies up to 1016 eV ~the
estimate is less than 0.22 mb! but it needs a special consid
eration at much higher energies.

Nevertheless it is not so difficult to predict some ba
consequences of the drastic increase of the photoproduc
cross section at energies around 1019 eV. In this case pho-
tons would interact with atomic nuclei in the atmosphe
similar to hadrons contributing to some extra producti
pions and kaons. Thus a larger fraction of the primary p
ticle energy would go to muons. But the height of this ex
production would be only negligibly higher in the atmo
sphere comparing with the usual hadron cascade deve
ment. So the result would be the noticeable increase in
muon density~especially in the ratio of muons to electron!
and almost no effect on the average time delay and the t
front width of muons. The time parameters for electro
would be slightly decreasing because the shower maxim
position tends to be higher in the atmosphere due to con

TABLE VI. Shower maximum positionsxmax in g cm22 in the
proton showers.

Code E0, eV
1018 1019 1020 1021

mocca92@55# 810 875 945
SIBYLL @55# 765 820 880
QGSJET@44# 728 787 850
QGS @56# 725 784 849 895
4-12
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erable decreasing of the photon energies which go into
electron-photon cascades.

It is of interest to compare some basic shower parame
estimated in terms of different interaction models. Table
displays the average shower maximum positionsxmax in
g cm22 for various energies. At energies above 1019 eV the
neutral pion interactions and the LPM effect decrease
elongation rate~ER! @57# up to 46 g cm22 at 1021 eV.
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It is well known that the sizeNmax at the shower maxi-
mum does not depend much on the interaction model.
calculations@56# gave that the ratioNmax/E0 is decreasing
from 0.76 GeV21 at 1018 eV down to 0.71 GeV21 at
1020 eV and to 0.65 GeV21 at 1021 eV due to the LPM
effect. So as is seen from Table V the QGS model@17# we
have used admits the higher rate of the primary particle
ergy dissipation compared with theMOCCA and theSIBYLL
codes@55#.
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