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Calculations of the space-time structure of giant air showers in the energy ralgd @b eV carried out
in the framework of the quark-gluon string model show the existence of three separatéodisktter lensgs
of muons, Cherenkov photons, and electrons which follow each other. In a shower with an enerb‘-ﬂ/ e¥10
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 us 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 abové®18V. [S0556-282199)06411-5

PACS numbds): 96.40.Pq, 96.40.De

[. INTRODUCTION shower core should be carried out. These calculations may be
used both in elaborating electronics of new arrays and inter-
The first detection of a giant air show@AS) by Linsley  preting the experimental data. In this paper we present the
[1] followed by observations at Haverah P##3] and Syd-  results of calculations of time delays and shower disk thick-
ney[4,5] put forward a very important puzzle of sources of Nesses for electrons, muons, and Cherenkov photons up to
primary cosmic rays of energies up t0240eV. This puzzle ~distances of about 5 km in the energy range df 10 ev.
may be connected with the most fundamental problems of
particle physics and astrophysics such as the existence of Il. METHOD OF CALCULATION

; ; 8
elementary particles with masses of301%° eV [6], topo- Calculations were carried out in the framework of the

Iogicql defects[7], unknown phenomena in active galactic quark-gluon string(QGS model [17] for primary protons
nuclei, etc. _ _ and observation level of 920 g/énboth for vertical and
The interactions between the primeval microwave phoinclined showers with a zenith angle of 60°. Neutral pion
tons and cosmic ray protorier nuclej cause serious energy interactions with nuclei in the atmosphere were taken into
losses and, as a result, a sharp drop in the flux of cosmic raygccount at proton energies abové®@V. The Migdal cross
at an energy of %10'°-6x 10" eV [8,9]. This prediction sections for pair production and bremsstrahlung processes
of the Greizen-Zatsepin-KuzmifGZK) cutoff and new ob- [18] were used to calculate the electron-photon shower de-
servations of the GAS at Yakutdl0], AGASA [11], and  velopment with the Landau-Pomeranchuk-MigdaPM) ef-
Utah[12] make the puzzle of the most energetic cosmic raygect included at high energies. The hybrid metiia8] was
even more dramatic. If the extragalactic origin of cosmicused to estimate both mean values and standard deviations of
rays is assumed then the distant sources are ruled out and wensidered parameters. This method enables us to account
have to search for very powerful phenomena which may acfor fluctuations of number and points of interactions in the
celerate particles up to an energy of1®V (or even morg  atmosphere and energy releases of primary protons using a
within 30—50 Mpc or superheavy massive partidl&s]. Monte Carlo procedure while the development of cascades
To investigate this very intriguing mystery of superhigh from numerous charged pions is considered on average by a
energy cosmic rays some new projects were suggé¢sted  step-by-step approadi20] (for some details see Appendix
16]. These new arrays have to have large spacings betweeX).
detectors to cover a huge area of thousands of square kilo- The exact estimations of time parameters for an electron
meters at reasonable cost. So it is inevitable to take the de&omponent of showers are rather complicated due to the
tector responses at distances above 1 km from the show@oulomb scattering which can be solved in principle by the
core into account. It is of primary importance to estimateMonte Carlo methodi21]. We suggest to use some approxi-
correctly both energy and arrival direction of giant showersmations. The first one enables us to calculate with reasonable
Thus calculations of characteristics and time parameters aiccuracy mean time delayand the disk thickness for the
giant showers up to distances of a few kilometers from theelectron disk. The method of calculation used enables us to
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know the production height,, of every gamma quantum of angle of a shower axis. A detailed discussion on the choice

energyE,, born in a shower. Thus one can directly estimateof parameters and on the validity limits of E®) is given in

the heighth where this particular electron-photon shower Appendix B.

reaches its maximum and calculate the time delay at distance It should be pointed out that the suggested procei)re

R from the shower core (4) to estimater and o both for electrons and muons saves
computing time. The electron and muon time pulses may

h also be approximately estimated in a similar w@age Ap-
t=E[\/1+(R/h)2—1]. D pendix O.
Cherenkov light time characteristic estimations were
Herec is the speed of light andis a function ofh, andE,. ~ Pased on average shower light pulse calculati@®. One

Averaging over all gamma quanta produced in an extensiv€an express the pulse shape of Cherenkov light emitted by

air shower(EAS) we can find an estimate of mean time average air shower, initiated by primary particle of energy
delay: Eo, and received by a detector at core distaftas (in

detector bound spherical coordinate system

ftpe(Ey,hy,R)Fy(Ey,EO,h,/)dEydhy dQ(Eo,R,T)_f
= ) av

om Xmax
dlﬂf sinydy
0
f pe(E,.h,,R)F(E,,Eq,h,)dE, dh,

0

E N -
xf *  dEB(E.f,AN)C(F,AN)

Here F (E,,Eq,h,) is the energy spectrum of gamma Eanl2)

quanta produced at height, in a shower of energ¥, and S dr(x,¥,T)
pe(E, ,h,,,R) is Nishimura-Kamata-Greisen functiéNKG) XP(Eo. B )—57 6)
[22]. Substitutingt in Eq. (2) with t? one can find an estimate
for (7?). Then the disk thickness can be calculated as Herer=(r,x,) is the radius vector of spherical coordinate
system bound to detectdd(E,r,A\) is the number of Cher-
o= (P~ 7. @ ¥ o

enkov photons emitted by a charged particle of endtgg

The second approximation gives very lower limits for yvavelength band \ per unit length in the air, anG(r,AX)

both 7 ando-. It utilizes the height,, in Eq. (1) instead ofh. is the air transmission coefficient; then
The upper limit for time delay seems to Béc. R R L

One should remember that both approximations give only  P(Eg,E,r)= f do P[Eg,E t(r),r(R,r,0),&(r,0)]
some limits for time delayr and disk thickness because
electrons may come to a detector, situated at core disRnce X 8(|6— Bo(h,E)]). )
from any point of the shower and their trajectory is not a

straight line but a zigzag curve due to Coulomb scatteringyere pP(E,,E,t,r,£) is the differential in energy electron
Nevertheless, estimate®) and (3) can serve as reasonable gpatial-angular distribution function in average air showers
guides for the time delay and disk thickness of the electron

component of EAS in the case of the first approximation. initiated by primary protpnr,f are the two-dimensional lat-
. AL eral and angular coordinates in the shower bound system,
The procedure of time parameter estimation is much morée

straightforward for muons. In this case instead of Bgwe ~ Xmax Is the detector cone half anglé,(h,E) is the Cheren-
can write ' ' kov angle in air,h is the height above sea level, akg, is

the Cherenkov radiation threshold energy.
h i1 Integration in Eq.6) is carried out over the shower sec-
t=-—2|=J1+(R/h,)%-1|. (4) ondary electron energly and the so-called equal delay sur-
clh : face. This is the set of points in space from which the Cher-
) o enkov photons that reach simultaneously a detector are
Here g is the speed of muon of enerdy, andh, is its  gmjtted, i.e., show one and the same time ddlaglative to

production height. Then one should use formu@sand(3)  the moment when the most energetic shower electrons hit the
on substitutingp, andF,, by muon lateral structure function getector array.

p, and muon source functioR,, correspondingly, which

are calculated in every shower in an assumption that the
muon spread at the detector plane is approximately described
in terms of the effective transverse momentum distribution A. The space-time structure of giant showers
of produced pions:

Ill. RESULTS AND DISCUSSION

The main goal of present calculations is to shed more
_ 2 light on the space-time structure of giant showers. A simple
F(P)dPy=pi/Po €Xp(—Pi/po)dp: - ) formula for time delay(and disk thickness suggested by

) Linsley [24], is well known,
Here py is equal to 0.2 GeW. The threshold energy of

muons was assumed to be 0.58eGeV, heref is the zenith r=a(1+R/30m)°, ns. (8)
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TABLE I. Approximation (9) coefficients forr and ¢ at R
=1000 m.

1400

T
(o}

Electron Muon Cherenkov light

Parameter 4} 60° 0° 60° 0°

L 1
1200 Time delay

1120.0 320.0 420.0 110.0 450.0
B 0.0552 0.0203 0.0224 0.0210
Disk thickness

R

1000~

580.0 300.0 250.0 54.0 340.0
0.0395 0.0113 0.024 0.0227

R

- plicit dependence of time parametersBgone can approxi-
mate curves 1, 2 and 3, 4 by the simple formula

delay 7, disk thickness ¢ [ns]
—5— 2
\
i)

_ - 7=a(Ey/10*° eV)h, 9

L 3 b ]
4001~ // Coefficientsa and 8 are listed below in Table | both for the

mean time delayr and disk thickness with uncertainty of
20%.
Monte Carlo calculation§21] were carried out at an en-
5 . ergy of 13* eV up to core distance of 700 m. It is worth
I noting that if the results of Ref21] on time delay and disk
T R S R thickness for electrons and muons are extrapolated to dis-
w0’ 10 10 10 10 tanceR=1000 m then they coincide with estimates accord-
energy E, [GeV] ing to formula(9), extrapolated to 19 eV, within an uncer-
tainty of a few per cent with the exception of the muon disk
thickness which is by a factor of about 1.5 lower possibly

200

FIG. 1. Dependence of mean time delay(solid curve$ and

disk thicknessesr (dashed curveson energyE, at 1000 m from . . .
the shower core for vertical showers. Curves 1, 2 correspond tgue to the hadron-hadron interaction model used in [2&1.

electrons in the first approximatigsee text, curves 3, 4 stand for As the scaling is mildly violated in the fragmentation region

muons, curves 5, 6 designate electrons in the second approximatiodd signizficantly violated in the central region at energies
above 18 eV [21], a large number of pions are produced at

) ) ) the very beginning of hadron cascade development and thus
Herea=2.6, b=1.5, andR is the core distance in meters. smga]| fluctuations are expected. Thus a simple approximation
This formula with some corrections proved to be adequate ifgrmula (9) seems to be valid for time delay and disk thick-
some investigation$25,26 but explicit dependence of its ness both for electrons and muons within a huge range of
parameterss andb on the energye, and the nature of the energy from 18 to 1?* eV at distanceR= 1000 m.
primary particle and also on the zenith angl@t which the Curves 5 and 6 can serve as very low limits for electron
shower arrived have never been given. It is obvious that théme delay and disk thickness because the second approxi-
depth of shower maximum approaches the observation levehation takes into account only the production on heights
as the primary energy increases. Thus the time delay shoulsf all gamma quanta produced in the decay of neutral pions,
also slowly increase with primary energy. Our calculationsdisregarding electron cascade development.
confirm this conclusior(see also Ref[27]). Figure 1 dis- The time delay and disk thickness for Cherenkov photons
plays time delayr (solid curve$ and disk thicknesssr  are also increasing with enerdsy as one can see in Fig. 2.
(dashed curvegsat a distance of 1000 m from the shower Curves 1, 2, and 3 display timg,,, of a pulse maximum,
core(the most typical value for new arrgy®r electrons for median time,.q, and mean timé,,,, respectively, at a core
both approximations use@urves 1, 2 are the first approxi- distance of 1000 m. Curve 4 shows the full width at half
mation and curves 5, 6 are the second)oaad muons maximum (FWHM) t,;, of the Cherenkov pulse. The ap-
(curves 3,4 versus energ¥, of primary protons in vertical proximation formula(9) coefficients fort.,, andt,;, can be
showers. Curve 1 for the electron disk shows clearly an infound in Table I.
crease withE, while the second approximatiofturve 9 Thus a very interesting time-space picture of a vertical
displays a constant value because the production heights shower may be drawn. In a shower with the energy of
high energy neutral pions depend Bg very slightly due to  10*° eV first particles to arrive at detector plane at core dis-
the nature of hadron interactions. Curve 3 for the muon diskance of 1000 m are muons which come about 420 ns later
also shows a pronounced increase viithdue to the shift of than imaginary high energy particles moving at the speed of
shower maximum of the low energy hadron component ofight along the shower axis. The standard muon disk thick-
the shower toward the level of observation. To find the exness, determined by E() is about 250 ns. Then Cherenkov
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FIG. 2. Dependence of Cherenkov pulse maximum tigg, FIG. 3. Dependence of production heights for electrmsve
(curve 1, median timet g (Curve 2, mean timet., (curve 3, and 1), Cherenkov photon&urve 2, and muongcurve 3 on energyg,
FWHM t,, (curve 4 on energyE, at 1000 m from the shower core for vertical showers.

for vertical showers.

As time parameters increase with growing the endtgy
photons hit this plane about 30 ns later with a full width of Particle detector stations of a giant array should be able to
340 ns. At last, electrons with an additional 670 ns delay an@ather electrons and muons or the Cherenkov photons for a
standard disk thickness of 580 ns come. So three “indeperf€W xS due to both the large time delay and large disk thick-
dent” rather thick disk<or better “lenses’ of muons, Cher- Ness at core distances of about 1 km. Then, to complete the
enkov photons, and electrons follow each other with a cerPicture, we have to say that hadrons are concentrated near
tain delay to strike the detector plane. Such a structure of thdle shower axis and scintillation photons are important at
shower front can be understood with the help of Fig. 3 whichdistances over a few km from the shower core and will be
displays mean production heights for electrémsrve J and ~ considered in a separate paper. _

Cherenkov photonécurve 2 versusE,. Curve 3 shows the Then it is important to notice that electrons in strongly
median production height dependence on enefgy for mcllned showers are absorbed and the only d_etectable par-
muons. The bars display the effective widths related to proficles are muons and the Cherenkov photons. Figure 4 shows
duction regions. mean time delay (solid curve and disk thickness (dashed

It is remarkable that muons are produced higher in theurve for muons as a function of enerdy, of primary
atmosphere than Cherenkov photons as can be seen in Fig.pgotons for inclined showers with a zenith angle of 60° at
Electrons are gathered from a rather close vicinity of thecore distance of 1000 m. One can see a profound decrease of
detector plane. Thus at a core distance of 1000 m electroriéne delayr and disk thicknese due to effective increase of
have to have a noticeable inclination towards vertical. InProduction height but again timeis increasing with energy
general the height of production may be estimated with thd=o. Coefficients of approximatio9) for inclined showers
help of the known time delays presented in Table | by theare also listed in Table I.

simple formula For arrays with widely spaced detector stations, and ver-
tical showers of energy 0 eV, Fig. 5 shows the most im-
h=0.57¢c[(r/7c)>—1], m, (10 portant dependencies of time delésolid lineg and disk

thickness(dashed linesas a function of the distand® from
which is well confirmed by the exact calculations shown inshower core, both for electrorigurves 1 and Rand for

Fig. 3. So time delays and production heights are closelynuons(curves 3 and ¥ Curves 5 and 6 serve as very low
correlated. limits for electrons in the second approximation used. The
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FIG. 4. Dependence of mean time delaysolid curvg and disk FIG. 5. Dependence of mean time delaysolid curve$ and
thicknesso (dashed curyeon energyE, for muons in inclined  disk thicknesss (dashed curvgson core distancd for electrons
showers with the zenith angle of 60°. (curves 1, 2 correspond to the first approximation, curves 5, 6 cor-

respond to the second gnand muons(curves 3, 4 in vertical
first thing to notice is a huge time delay of 1@s at dis-  showers with the energy D eV.

tances of 4-5 km from the shower core and a comparable

d|Sk thiCkneSS. The Second important feature that Sh0u|d b@nces between curves. Again a huge t|me de|ays and d|sk
mentioned is a large divergence of coefficieandb, used thickness of Cherenkov photons of the order of a few

in formula (8) to approximate dependencies shown in Fig. S5should be pointed out at distances of 4-5 km. Parameters of
from parameters given by Linsleya¢2.6; b=1.5). This  approximation(8) for curves 2 and 4 are also listed in Table
divergence may also be observed at a energy of B¥ Il.

[211- Table Il shows coefficients and b for energies of In the case of inclined showers with a zenith angle of 60°
101 eV [21] and 16 eV (F|g 5) for both the vertical and and an energy of 128 eV, F|g 7 shows the time de'&yo“d
inclined showers. We note Only that coefficiemfor elec- Curve and disk thickness(dashed Curvb for electrons
trons at an energy of i@ eV is about a factor 2 |arger than (Curves 1, 2 and for muonicurves 3, 4versus the lateral

Linsley’s parameter and about twice less at energy ofjistanceR. The corresponding parametersand b are also
10* eV [21] with exponents also being different. Devia-

tions of parametera andb from the Linsley’s parameters are TABLE II. Approximation (8) coefficients.
even more dramatic for inclined showdesee below. In ad-
dition to this, the simple approximatioi®) seems not to be Electron Muon Cherenkov light
valid at distance®=<100 m.

So, an important conclusion to be made is that coefficient§arameter  0° 60° 0 60° 0°
a andb in approximation(8) depend strongly on enerdy, Time delay
of thg shower and on the _zenith angﬂeT_hus these depen- EgeV 104 10° 10° 104 100 10° 1070
idnigrcpl)(ra:t Zr;?zld be taken into account in order to correctl)‘(j1 128 433 0299 0.74 2.50 0.272 165

; b 172 163 189 166 148 173 —0.359

Figure 6 displays the radial dependencies of time delays
tmaxs tmeds @ndten, (curves 1, 2, and 3, respectiveland
FWHM t,;, (curve 9 for the Cherenkov light pulses for ver- g 2.00 10.7 2.26 1.65 5.34 0.377 1.76
tical showers of energy #®eV. These dependencies are p 144 1.18 134 125 111 1.44 1.45
multiplied by a factor of (30R)? to clearly show the differ-

Disk thickness
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FIG. 6. Dependence of Cherenkov pulse maximum timqs FIG. 7. Mean time delay (solid curve$ and disk thickness

(curve 1, median timet o4 (curve 2, mean timet.,, (curve 3, and  (dashed curvedor electrons(curves 1, 2, first approximatiorand
FWHM t,, (curve 4 multiplied by a factor of (30 m/R)on core  muons(curves 3, 4versus core distandRin inclined showers with
distanceR for vertical showers with the energy Z0eV. the zenith angle 60° and energy®3CeV.

listed in Table Il. An important conclusion follows from the energies of 18, 10'8, 10!°, 10?°, and 16 eV. One can

data presented in Table Il. Coefficieatand exponent  clearly observe both the dynamics of pulse shape change

strongly depend on zenith angée Thus dependencies @  wijth energyE, and the absolute level of signal to be de-
andb on both energ¥, of primary protons and zenith angle tected.

0 should be taken into account. Table Il shows an approxi-
mation ofa andb dependence oR, using Eq.(9), § substi-
tutesa, 7y substitutes3 both for time delay and disk thick-
ness at energies above'0eV with an uncertainty of 20%. To display the reliability of the space-time structure of
Figures 5-7 display the dependence of electron, muorgiant showers presented above calculations at lower energies
and Cherenkov photon disk thicknesses on the radial disaear the shower axis may be compared with the available
tanceR from the shower core. So the time pulses measureéxperimental data. The experimental data on particle average
ments can provide an additional information in our effort toarrival time  at energies -10"" eV and radial distances
estimate the shower core location. These measurements dRe=200—-800 m for nearly vertical showef28] were ap-
also of importance in determining the arrival direction of theproximated by the formula8) with coefficients a=2.0
primary particles because time parameters depend stronghz0.4 ns and=1.69+0.07 which should be compared with
on the zenith angl® and thus also in estimating the energy a=2.3 ns andb=1.7 from Table Il for vertical showers.
E, of showers. The approximation coefficients for the particle disk width
Finally these measurements for electrons, muons, anBWHM t;, were found asa=4.2+0.8 ns andb=1.44
Cherenkov photons enable us to estimate the productiorr0.07[28], while the Table Il givesa=4.0 ns ancb=1.4
height of different shower components and thus to drawbut for the disk thickness. So the results of calculations for
some conclusions about the nature of primary particle or pathe mean time delay fit the data8] but as for the disk width
rameters of hadron interaction at superhigh energies. the comparison is not so straightforward because of different
Thus the time pulse measurements of different showevalues are approximated though the dependence on radial
components may be suggested as a source of very importagiistanceR and the width itself seem also to be comparable.
information about a giant shower. As an example Fig. 8 dis- In Fig. 9 the average observed densities of muonswger
plays time Cherenkov pulses at a core distance of 1000 m fgeer 100 ns(black pointg [29] and themoccA simulation

B. The comparison with the experimental data
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TABLE lll. Approximation (9) coefficients for parameteis b in Eq. (8).

Parameter Electron Muon Cherenkov light
0° 0° 60° 0°
Time delay
g Y g 4 g Y 6 Y
a 2.74 0.113 2.29 0.0287 0.254 0.0279 1.55 0.078
b 1.70 —0.0122 149 -0.00173 1.74  —0.00125 1.44 0.009
Disk thickness
a 7.30 0.0968 4.63 0.0458 0.310 0.0638 1.52 0.032
b 1.24 —0.0132 1.13 —0.00888 1.48 —0.0086 —0.358 0.0027

results(solid line) presented in Ref.29] are compared with it to the data. In any case the shape of our distribution fits
the results of our calculationfpen diamondsat a core both the datd29] and the results of theocca simulation
distanceR of 1260 m in showers with the enerdy, of 2  well while the signaltotal muon densityis 2 times less; this

X 10'® eV. The experimental data and simulation resultsis a problem with the QGS model used. This difference by a
cannot be compared directly with each other because the firfactor of 2 can be explained as follows. Our calculations of
recorded particle in each observed shower is considered notuon densities should be multiplied by factor of 1.42 due to
to be delayed while we assumed the delay time to be zero fahe calorimetry of showers carried out at the Yakutsk array
the moment then a particle moving with the speed of light{54] and a factor of 1.5 is the difference in energy estima-
along the shower axis strikes the detector plane. We hawviions at the Yakutsk and the Akeno arrays. One more com-
estimated the mean delay time as 780 ns and the disk ment is that the electrons with energies above 40 MeV may
thickness agr=530 ns, then some “shift” of the calculated contaminate the tail of the observed distribution while our
distribution by = 7— o should be considered in comparing calculations disregarded this effect. Figure 10 displays the
electron delay time distributionblack pointy and the
MOCCA simulation resultgsolid line) presented in Ref.29]

to be compared with the results of our calculatignpen
diamonds in the modified NKG approximati@®4] and open
10 ev squares in the NKG approximatipnAs we have estimated
with the help of the first approximation the mean delay time
as r=1200 ns and the disk width ag=500 ns so some
“shift” of calculated distribution bys= 7— ¢ should be sug-
gested to compare with the data. In this case the shape of

10°%

)

100 ev

0.1

TTT T T T T U It TT T[T rTIr I T rT T TrTrTT

T T TTTIY
[ EEN|

10 ev

0.01

T T TTTTH
[ R

density (/fm”2/100ns)

18 =
10 eV 0.001 i_ L

- ‘1;0
10 T S 1 T o 2 A I |ligledel

10°F

107 ev -0.5 0 0.5 1 1.5 2 2.5 3
Arrival time (microsec)

FIG. 9. Arrival time distributions for muons at the core distance
of 1260 m in showers with the energy o2.0'® eV. Points rep-
2(‘)0 — 4(‘)0 : 6(‘)0 8(‘)0 10‘00 e resent the dat@29]. The first recorded particle in each shower is
time T [ns] considered not to be delayed. The solid line is the expectation from
simulations by themocca code also taken from Ref29]. Dia-
FIG. 8. Arrival time distributions for the Cherenkov photons in monds are the result of the present simulations with the delay time
vertical showers with energies ¥0 10%, 10'°, 10°°, and 16* eV accounted from the moment when the shower axis strikes the array

at the core distance of 1000 m. plane.

Cherenkov light pulses dQ/dT [m'zns'l]
TTTT T T T T U T T T T ‘u T T T T T T T T
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FIG. 10. Arrival time distributions for electrons at the core dis-
tance of 1260 m in showers with the energy of 20'% eV. Points
represent the daf29]. The first recorded particle in each shower is

considered not to be delayed. The solid line is the expectation frorE)iamonds are the present simulations of this full width for the delay

simulations by thevocca code also t_aken _from Re[29]. Dia- . time accounted from the moment when the shower axis strikes the
monds are the result of the present simulations with the delay t'mgrray plane

accounted from the moment when the shower axis strikes the array
plane in case of the modified NKG approximation and open squaregances above 100 m our calculations for the primary proton
are also our results for the NKG approximation. with an energy of X 10 eV fit the data[30]. Probably
only the full Monte Carlo simulation should be used to fit the

distributions is also comparable though the total signal is Zlata near the shower core.
times higher in the case of theocca simulation and ap- The measurements by the COVER-PLASTEX experiment
proximately 3 times higher in the case of the NKG approxi-€mbedded in the GREX surface array at Haverah Park gave a
mation disregarding a contamination of the observed distrimean time delay ofr=22 ns and a disk width ofe
bution by high energy photons. In the case of the modified=35 ns[31] and after taking into account systematic errors
NKG approximation the total signal seems to agree with théhese values have been presented 7as28 ns and o
data[29]. =40 ns at a distand®@=100 m from the shower core in the

The dependence of the average delay time on radial did?eV energy region. Our calculations for this distance gave
tanceR was shown in Fig. 11 when 1, 4, and 10 particles hitr=17 ns andr=29 ns atE,=10" eV and approximately
the detector at the PeV energy regi@®] together with the the same values=12 ns ande=22 ns atEy=10" eV
results of our calculation®pen diamonds Figure 12 illus-  which should be regarded as reasonable estimates especially
trates the dependence of the half width at 70% peak levdbr the uncorrected data because the arrival time delay was
(HW70) on radial distanceR. It is seen that at radial dis- calculated with respect to the arrival time of the fastest par-

FIG. 12. The full width at 70% levelfFW70 for electrons in
showers versus radial distance in the PeV energy region. Points
represent the daf80] when 1, 4, and 10 particle hit the detector.

ticle hitting the detector at the G/C-P experim&Bt] while
our estimates are given with respect to the arrival time of the

100 7 DA A AP S flat light front and we did not take into account the nonrela-

- 4::t ] tivistic particles(e.g., the hadrons, the low energy muons,
2 80 o 10pt . ] etc) and other possible factofg.g., the inaccuracy of the
DS o o4 ] core location, etg. Thus our calculation procedure sug-
= 60 . N gested to calculate the average time defagnd the disk
coor s ] thicknesso in giant showers at the distances above 0.5 km
§° 40 ot L from the shower core are also capable of producing the rea-
@ B ® . J sonable estimates at shorter distances and much lower ener-
< 20 F 3 - ] gies increasing the confidence that these simulations may be

r = ] trusted as useful tools for the proposed new projéets., the

0 Lo |<?i<|>x pe bl b b b by g1 AUQer projeCt, the EAS-1000 projeCt1 etC.
0 50 100 150 200 250 300 350

FIG. 11. Average time delays for electrons in showers versus

distance(m)

IV. CONCLUSION

In our endeavours to solve the mystery of cosmic rays

radial distance in the PeV energy region. Points represent the datlith energies above the GZK cutoff, a full understanding of
[30] when 1, 4, and 10 particle hit the detector. Diamonds are thdime-space structure of giant showers should be reached. Ex-
present simulations of the average disk profile for the delay timgensive calculations in the framework of some models of
accounted from the moment when the shower axis strikes the arrdyadron interactions can shed more light on this complicated

plane.

problem. With this goal in mind the calculations of time
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delays and disk thickness for electrons, muons, and Chere@mount of computing time required at 20eV [34]. One

kov photons were carried out in terms of the QGS modefossibility to decrease the CPU time required is to follow all
both for vertical and inclined showers of energie’100',  shower particles to a certain threshold energy and then to use
10'%, 10 and 16" eV. The following time-space picture libraries of precomputed subcascades to handle the sub-
was found. When the vertical primary proton with a giantthreshold particlege.g., as in theisyLL code[35]). Another
energy hits the atmosphere very energetic hadrons angpbproach is the “thinning” technique utilized in théocca
gamma quanta are produced at a height of about 17 krdode[34] when only a fraction of the absurdly large number
which give very lower limits for time delays. Then at a of low energy particles is followed with appropriate weight
height of about 5.5 km a cascade of low energy hadrongs in well known the Monte Carlo codes with “weights.”
reaches its maximum and a muon digk better, a lens A promising approach consuming only a few minutes of
starts its movement to the detector plane. About a 1.5 kKnCPU time at 18" eV is the very simple hybrid algorithm
lower Cherenkov photon disk is generated. At last at a heigh§uggested in Ref.19]. To take into account the main fluc-
of 1-2 km or in the nearest vicinity of the detector planetuations in the shower development the primary particle is
electron cascade reaches its maximum and an electron diskfsllowed by the full Monte Carlo codéas in thesiByLL code
created. For this reason muons come first to the detectgs] it is possible to use the full Monte Carlo method for all
plane with a mean time delay of about 420 ns and a standamgigh energy particlésbut a bulk of the low energy particles
disk thickness of 250 ns at a core distance of 1000 m in @hich contribute not so much into fluctuations of shower
shower with energy of £§ eV and then, about 30 ns later, parameters contrary to tr@ByLL libraries method35] are
Cherenkov photons follow in a time pulse with the 340 nstreated by the transport equation technid@®,2q. In the

full width. Finally, electrons hit the detector plane with 1120 simplest case the deptis where the primary particle inter-
ns mean delay and 580 ns standard disk thickness. If thgcts with the nuclei in the atmosphere and the inelasticity
energyE, of the primary protons increases then the hadroncoefficientsk; in each interaction are sampled by the Monte
electron cascade reaches its maximum deeper in the atmgarlo method in accordance with the QGS mo[del]. At
sphere and all time parameters considerably increase. Feach depthx; the average energy spectruR), (E,x;) of
strongly inclined showers the maximum of hadron-electrorpjons (in simplest case only piohgroduced by the primary
cascade is much higher in the atmosphere and all time pgvarticle is considered as the boundary condition for the trans-
rameters decrease. At distances above 1 km time delay apért equation

disk thickness may increase up to a fes which is very

important both for designing electronics of new shower ar- Hp B =) dE’
rays and interpreting experimental data. So the parameters of — =~ £ P~ NE) + J ——P(E" x)f.(E",E),
simple Linsley approximations for time delay and disk thick- AET)

ness depend on ener@y and zenith angle. Some simple (AD)

_approximations are suggested with the parameters presentgfl oreB is the decay constank,(E) is the mean interaction
in Tables | and Il to display these dependencies. length for pions, and .(E’,E) is the energy spectrum of

Exact measurements of time pulses of muons, electron ions produced by the pion with the eneigy. The solution
and Cherenkov photons are suggested to display rather pr f Eq. (A1) may be estimated by the recurrence procedure
cisely the hadron cascade development in the atmosphergo] through its integral form

showing maximum depths both for muons and electrons:
This suggestion enables us to use these time data for estima- B x
tions of shower core location and arrival direction, the en- P(E,x)= Pp,exp( —(X=x)INE)- Eln ;)
ergy and nature of primary particle in terms of some model :
of hadron interaction, or even this model testing.

fx‘)d p( INE) - 2%
+ " éex —(x—§) )\( )—EI’IE
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APPENDIX A: CALCULATION PROCEDURES APPENDIX B: THE RADIAL SPREAD OF MUONS

L . . ON THE ARRAY PLANE
In principle the full Monte Carlo treatment of particles in

cascades may be suggested)., as in th&€oRrsIKA code[32] The chain of successive generations of pions produced in
and the cosmos code [33]) with over a century of the the interactions with the atomic nuclei in the atmosphere
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newly produced pion with energ§ deviates additionally dE,W

may sooner or later end by pion decay into a muon. Each ) ( fxode»EM max
re=B| —
# X

from the shower core by the angle Xi

Etnr(X)

EmadEn) dE
6=p,clE, (B1) Xf

—DPrZ(E,x,x0)>/NM. (B6)

Emin(EM) E
wherep, is its transverse momentum determined by the par- ] o ]
ent pion with the energyE’ and the distribution According to the small angle approximation it is possible
#(E’,p,)dp, andc is the speed of light. This deviation 0 @pproximate this muon spread caused by many pion gen-
gives the radial spread on the array plane erations only by its parent pion spread but with the adjusted

deflection function which may be assumed in ghenotation
r=6h(x), (B2) as

where h(x) is the height of pion production which corre- fa(pi)zpi/pg exp(—p,. /po)- (B7)
sponds to the depth

Assuming the increase @f, as high as 0.04 Ge¥/per  The only thing to do now is to estimate the valuepgfin Eq.
decade of energ{86] andh=20 km one gets the spread (B7). This can be done if we demand
=1.5x10" 7 m for the energyE’ =10?° eV. So it is quite
clear that only pions with the lowest possible energies con- r=r2 (B8)
tribute much to the spread of muons. Thus the small angle

approximation may be used to estimate this spread, CaUSWnereri . is determined by Eq(B6) with the replacement of

by successive generations of pions. r2(E,x,Xo) by
Multiplying Eq. (A1) by r? and inserting into the last term
of Eq. (A1) the square of defined by Eq.(B2) with the p,cC 2
weight #(E’,p,)dp, (and integrating ovep, ) one gets the rg(E,x)=J dpoa(pL)(?h(x)) , (B9)
following equation for the produd®=P(E,x)r?:

JR R B where the functiorf, is given by Eq.(B7). The solution of

dE’
9x  NME) Ex — - P(E’ / Eq. (B8
X )\(E) EXR+J' )\(E/) P(E ’X)f’ﬂ‘lT(E 1E) q ( )gave

oc 2 Po=0.2 GeVk. (B10)
x| d (ih) E'.p,). B3
f P "E HE"PL) ©3) The shape of the muon lateral structure funcioir) found
] . ] at the Yakutsk and AGASA arrays is well described by the
The solution of this equatioR(E,x) can be found by the gjysted functior(B7) with this value ofp, [38,39. So the
formula which is analogous to E¢A2). So the system of geometrical paths of muons and hence the time of movement
equationsAl) and (B3) determines the mean square of the ay as well be described by the same approximation. Table
radial spread of pions on the array plane: IV shows the mean time delay and widtho for muons in
the shower with the energy of 1eV calculated in terms of
2 —
F(E.X,X0) = R(E.X,Xo)/ P(E.X). (B4) two assumptions whepy=0.2 GeVkt=const and

The total numbeN ,(>E,X) of muons with energies

above the threshol#,, at the observation leve{, are esti- _ 0.165 GeVE, E<10 GeV,
mated as Po(E)=10.165+0.02g(E/10) GeV/c, E>10 GeV.
xod X E,. max (Bll)
NM:BJ —f dE,W(E,, ,Enr,X,Xo) ) ) . o
i X JEqdx) It is seen from Table IV that there is no difference inside the
E.(E) dE uncertainties for the average time delagnd approximately
Xf " D(E,E,)P(E,X) (B5)  the 10% increase in the widi in case of the assumption
. E 1 ILL 1 L
Emin(E,) (B10).

The adjusted functioriB7) describes the bulk of muons
where P(E,x) is determined by Eq(A2), the function with transverse momenta below approximately 1 GeV/
D(E,E,) and limitsE(E,), Emad E,) are determined by well. Collider data[40,41] have shown that the transverse
the kinematics of the pion decay, and the functionmomentum distribution has a tail at larger values. To take

W(E,, ,Ewnr,X,Xo) gives the probability for a muon with en- into account this tail the power distribution was suggested
ergyE,, produced at the depthto survive at the observation [41]

level xy with the energy not less thdfy, taking into account

the ionization losseg37]. Finally, the average muon spread 1 do A
on the array plane can be estimated with the help of Egs. — G (B12)
(B4) and (B5) as odpy (pL+Po)
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TABLE IV. The average time delay and the widtho for suggestiongB10) and (B11).

R, m 7, NS o, ns
po=const(B10) po(E) (B11) po=const(B10) po(E) (B11)
100 15.0: 1.0 14.0- 1.0 17.0- 1.0 15.0= 1.0
300 71.6= 6.0 66.0- 5.0 62.0= 3.0 55.0- 2.0
600 200.= 16.0 190.@= 15.0 140.& 5.0 130.6- 5.0
1000 440.6c 34.0 410.@ 32.0 260.a- 8.0 230.0- 8.0
1500 810.&x 62.0 760.- 60.0 400.a:11.0 360.0-10.0
2000 1300.6: 98.0 1200.¢ 95.0 550.@:12.0 500.:12.0
3000 2300.6:190.0 2100.6:190.0 860.@:11.0 770.2:13.0

wherepy=1.3 GeVk, a=9.14, andA=const. Thisp, dis-
tribution fits the dat§40] well at 0.30<p, <10 GeVk. We
have used this distribution in the form

2
p.dp, ,
(B13)

(a=1)(a—2)( po
P | po+p.

f(p,)dp, =

ward to estimate the contribution to the muon density from
depth intervak +x+dx at fixed distancér from the shower

core as
ol /
R h2,
cpoh/ \ poC

(CD

B
pu(RXE)= E(PWexp{ -

to find out the contribution of the power tail to the muon where the probabilityw, the pion spectrunP, and other

density and time parameters. We topj=1.2293 to adjust
the average, value to 0.4 Ge\¢. Table V displays den-

sitiesp,,, average time delays and time front widthsr for

values were defined aboysee Appendix B The heighth
=h(x) corresponds to the depttin the atmosphere. Assum-
ing the simplest estimate for timeas

muons in the vertical shower with an energy ofA@V at
different radial distanceR calculated in terms of Eq$B7)
and(B13). Table V shows that at radial distances above the
power p, distribution (B13) gives a considerably larger
muon density(by a factor of 1.6 though time parameters
and o are not effected mucliless than 30% Inside the
circle with the radius of 2000 m the approximati¢B7)
produces reasonable results. As far as time parametansl
o are concerned this approximation is not so bad even at
larger distances. Thus Table V may be used as a guide how
to correct calculated time parameters at distances above
2000-3000 m.

t=h[J1+(R/h)>—1],

is possible to calculate the depths[h(t;)] and
Xi+1[ h(t;;+1)] which correspond to the timésandt;, ;. So
the muon time pulse may be estimated with help of the for-
mula

(C2)

1 (%

Spu(R=5 |

+1c;le dEp,(RX,E), (C3

where the differencét=t;, ; —t; determinates the time bin.
It was suggested that all muons are moving with the speed of
light.

To interpret the experimental d4t29,3( in terms of the As for the electron time pulse it was assumed that in any
QGS model we have to be able to calculate the time pulsesdividual electron-photon shower generated by a gamma
for both electrons and muons. With the help of the effectivequantum produced in neutral pion decays the angle distribu-
function f,(p,) introduced in Appendix B it is straightfor- tion of electrons at deptk; is given by the Gaussian law

APPENDIX C: ELECTRON AND MUON TIME PULSES

TABLE V. The muon density,, , the average time delay and the widthr for approximationgB7) and

(B13).
R, m p,, M2 7, Ns o, ns
(B13) (B7) (B13) (B7) (B13) (B7)

100 1.4¢<10° 1.4x10° 1.5x10 1.5x10 1.7x10 1.7x10
300 1.7 107 1.8x 107 7.0x 10" 7.1x< 10 6.4x 10" 6.2x 10"
600 3.0<10 3.3x 10 21X 1% 2.0X 107 1.5X 107 1.4 107
1000 6.3 1 6.8x 10° 4.6x 1% 4.4x 107 2.9% 107 2.6X 107
1500 1.5¢10° 1.5x1¢° 8.8X 107 8.1x 10? 4.9% 107 4.0% 107
2000 461071 4.0x1071 1.4x10° 1.3x10° 7.0x 107 5.5X 107
3000 7.3<10°1 45%x107?! 2.7xX10° 2.3x10° 1.1x10° 8.6X 107
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f(9)do= exqd — 602/20%(x;)1d6,  (C4)

1
V27 03(Xc)

wherex, is defined in the cascade units afiflis a disper-
sion. The simplest approximation of calculatio?] was
used for this dispersion:

0.00%. for Xc=Xmax
0e(Xe) =1 0,008+ 0.0001 Xg— Xg)  FOF X Xonas.
(CH
Then with the help of the anglé determination
tgf=R/h(x.) (C6)
it is possible to suggest the weight functiovF):
WF(x.)=CN(x))f(6)D(h;,R), (C7)

where the deptl; is determined by Eq.C2) for correspond-
ing value oft;, the electron numbeN(x;) is taken in the
NKG approximation, the functiob (h; ,R) is determined by
transformations of the differentialé from Egs.(C6) and
(C2),
D(h;,R)={[R/(ct)]*+1}/(R*+hf),  (CY

and the normalization consta@tis determined by the inte-
gral

f:WF(xc)dxcz 1. (C9

PHYSICAL REVIEW D 60 033004

TABLE VI. Shower maximum positiong ., in gcm 2 in the
proton showers.

Code Eq, eV

10'8 10%° 1070 107
mocca92[55] 810 875 945
SIBYLL [55] 765 820 880
QGSJET[44] 728 787 850
QGs[56] 725 784 849 895

taken in the form when the scaling in the fragmentation re-
gion is slightly violated. Thus many model parameters are
close to the predictions of thecsieETmodel[44] except the
semihard processes which were not taken into account.

The photoproduction of pions is also not included though
Ref.[45] states that it is of importance at the muon threshold
energy of 0.3 GeV but the fraction of photoproduced pions
decreases to the 10% level and even less at the threshold
energies above 1 GeV. The scaling model used in R&i.
decreases severelpy several timesthe fraction of muons
produced via the usual pion decays. Besides the muon
threshold energf ,=0.5 GeV for the vertical showers in
case of the AGASA array should be enlarged by the value of
0.8 GeV lost by muons due to the ionization processes and
on average by a factor of 1.3 to take into account the neu-
trino energy. Thus pions with energies above 1.7 GeV should
be mainly considered in our case. At such energies the cross
section for photoproduction is nearly the value of 0.14 mb
[46]. Assuming this cross section we have approximately
found the fraction of photoproduced muons not larger than a

Finally the electron time pulse in gamma induced showeif€w per cent. Our estimate seems to agree with the conclu-

may be estimated as

2 WE ) po(RIdX,, (€10

5Pe(R,5t)— St ;
where the differencét=t;,;—t; is the time bin, the depths
X; andx; ,, are determined by EqC2) through the heighh
and timet, and the electron densify,(R) at radial distance
R is taken in the NKG or in the modified NKG approxima-
tions. At last the sum of the puls€€10) over all gamma

sions in Refs[47,48. More sophisticated calculations may
be suggested to treat the photoproduction problem in detail
both at low energies and at the upper end of the energy
spectrum of the primary particles in a separate paper to take
into account the very interesting possibil[@9] that gamma
rays may mask the “black body cutoff’ in the cosmic ray
spectrum. The data6,50,5] and the calculationb2] ruled

out the possibility of the essential increase of the photopro-
duction cross sectiof63,54 at energies up to 6 eV (the
estimate is less than 0.22 pnbut it needs a special consid-

quanta produced in the proton induced shower constitutes tH¥ation at much higher energies.

total electron pulse.

APPENDIX D: MAIN FEATURES OF THE QGS MODEL

Nevertheless it is not so difficult to predict some basic
consequences of the drastic increase of the photoproduction
cross section at energies around®1@V. In this case pho-
tons would interact with atomic nuclei in the atmosphere

The QGS model have been used mainly in the approxisimilar to hadrons contributing to some extra production

mation form[43] with the paramete$=0.14[17]. The in-

pions and kaons. Thus a larger fraction of the primary par-

elastic cross section of the interactions of the primary proticle energy would go to muons. But the height of this extra

tons with atomic nuclei in the atmosphere increases at thproduction would be only negligibly higher in the atmo-
rate of 2.7% per decade of energy from the value of 270 misphere comparing with the usual hadron cascade develop-
at energy 250 GeV. The average coefficient of inelasticityment. So the result would be the noticeable increase in the
increases also from 0.6 by the value of 0.0047 per everynuon density(especially in the ratio of muons to electrons
decade of energy. The inelastic cross section of pion intera@nd almost no effect on the average time delay and the time
tions are approximately by the factor of 1.35 less than forfront width of muons. The time parameters for electrons
protons an 200 GeV and the difference decreases at higharould be slightly decreasing because the shower maximum
energies. The inclusive spectra of secondary particles angosition tends to be higher in the atmosphere due to consid-
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erable decreasing of the photon energies which go into the It is well known that the sizeéN,, at the shower maxi-
electron-photon cascades. mum does not depend much on the interaction model. Our

It is of interest to compare some basic shower parametef@lculations[56] gave that the ratidN,a/E, is decreasing

; ; : ; - from 0.76 GeV'! at 10® eV down to 0.71 GeV! at
estimated in terms of different interaction models. Table VI
disI lays the average shower maximum positi in 10 eV and to 0.65 GeV" at 1¢" eV due to the LPM

P _%/ . 9 : . P égfmﬁ‘x effect. So as is seen from Table V the QGS mddé&l we
gcm-© for various energies. At energies above™l@V the  haye used admits the higher rate of the primary particle en-

neutral piOﬂ interactions and the LPM effect decrease th@rgy dissipation Compared with theocca and thesiBYLL

elongation ratdER) [57] up to 46 gcm? at 1G* eV. codes[55].
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