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The nature of Extended Air Showers (EAS) spectra slope change near N~ = 106 is
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" Abstract

A simulation of extended air showers (EAS) initiated by primary nuclei with
A = I, 4, 14, 28 and 56 lor different fixed energies in the range 1013

- 1017 eV
has been made using our string-decay cascade interaction model that extrapolates
accelerator data.

Obtained cascade curves were used for electron number spectra calculation as
suming primary cosmic rays spectrum and chemical composition that are consistent
with JACEE and recent Fly's Eye data.

We have, got a good quantitative description of experimental spectra for N~ =
105 _lOS and altitudes 500-900 gjsm'2. The "knee" near Nt = 106 can be regarded
as a joint effect of the power dependence between N, and E violation for primary
protons and of the prim~ry nuclei spectra slopes growth that is necessary lor JACEE
and Fly'sEye data consistency.
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PllS

ON THE NATURE OF THE "KNEE" IN OBSERVED HIGH ENERGY
COSMIC RAYS SPECTRA.

•
","

essential for solution of high energy cosmic rays origin problem as well as for interpretation

of cosmic rays data in terms of interactions properties; The usual approach to the primary

energies spectrum investigation is recalculation of N e at definite altitude to primary E

using model-dependent function:

(1)

But this approach is not taking into account the primary cosmic rays chemical com-

position and· Ne fi uctuations at the fixed E. In the present paper we are calculating Ne

spectra for different altitudes directly from assumptions on interaction properties and

prima.ry spectrum considering BAS fluctuations and :the chemical composition..
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1 T'}le iIlteractioIl IIlodel aIld SiIIlulatioIl procedure

The hadron-ha.dron interactions nlodel [1] wa.s used for the silnulation. This rnodel is

bast":'d on the picture of cascade fragmenta.tion of hadr.on strings, which is simulated by

cha,ins of unisotropic decays of heavy objects. The nl0del well 'reproduces inclu::>ive data

(including P1 data) of accelerator experiments on PP - interactio~s at .;s from .30 to

1800 GeV in the central region as well as existing -data in the fragnlentation region of

secondary particles spectra. It gives unessential Fainlnan scaling violation in the fragnlen-

tation region for secondary particles. The rnodel siulUlates pions, nucleons and strange

particles generation. The KNO - scaling violation and correlations between multiplicity

and transversal rrlOlllenta at the energy over ISR region are not reproduced. The r!lodel

has a reasonable" logarithmicaP' extrapolation to super high energies.

The experiluental data extrapolations [2] for hadron - hadron total, elastic and diffrac

tion cross sections were used. All cross sections were r.ecalculated to the hadron - nucleus

case considering experimental rates at lower energies. The difference between hA and hP

collisions was accounted by the simulation of secondary collisions inside the nucleus for

the increased nlultiplicity in hA - collisions reproducing.

It was assunled that the primary particles of cosmic rays are protons and nuclei fiying

into the atlnosphere froIn the vertical direct·ion. The three - dimensional silnulation for

electron - photon cascade component \vas fulfilled for particles with energies more than

10-5 of prin1ary energy. If an electron or photon with th{~ energy lower than this threshold

was generated, the contribution of electron - photon cascade initiated by this particle into

...V"e was analytically calculated considering the particle energy, depth of generation and

individual fly angle. The threshold for hadron component sinlulation was lower - 10-6

of prin1ary energy. RadIans with energies lower than the threshold was- rejected, but

their energies in every cascade were summarized for energy leakage control. During the

calculation the total control of energy. and moment<'.\. conservation for every cascade as



a whole was fulfilled. There was simulated 100 cascades for each of the following fixed

prilnary energies E : 1013, IOu, 101~, 1016 and 1017 eV and for atomic weight of prirnary

nuclei A =1,4, 14, 28 and 56. The Ne was calculated for atrnosphere depths Z frorn 500

t.:.) 1030 gJ sTn 2.

2 Primary coslnic rays spectruln and' COll1position

Recent new data from JACEE [3] and Fly's Eye [4] experiments gives us the possibility to

propose new chemical composition and E spectrum approximation. The JACEE data near

E = lOHeV shows a growth of nuclei contribution in the cosniic rays composition whereas

Fly's Eye data on cascade nlaxinlum depth leads to conclusion that at E = 101~eV heavy

conlpon~nts of cosmic rays are vanishing. vVe are assunling here the following n~clei

primary differential spectra that are in concordance with new data (see fig. 2 and 3):

Ig(E 2
'
SIp) = 20.55

19 (£2.8IHe) = 20.65 + 0.2(lg E - 13) - 0.07(lg E - 13)2

19 (E 2
.
bIco) =19.20 + 0.27(lg E - 13)(18.5 - 19 E)

, 19 (E2.~ I Nes ) = 18.90 + 0.27(lg E - 13)(18.5 - 19 E)

19(E2
.
8IFe) = 19.20+ O.27(lgE-13)(18.5-1gE)

3 Calculation of .J.Ve spectra

(2)

(3)

(4)

(5)

(6)

As a. result 'of the NIonte-Carlo simulation the cascade curves for different fixed E a.nd

A was obtained. At the Fig.l cascade cur:ves for A=l and A=56 are plotted. For our
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further calculations we have made approximations of average Ne logarithm and square

root £rOIn dispersion of Ne logarithm (j - both versus primary energy E:

<19N, >= P +'QIgE +RlgE'J;

fJ =a + bexp (-c(lg.E - 13).

(7)

(8)

(9)
. ..

Approxin1ations of < 19 Nt: > considers a small violation of power de'pendence between

lVe and E.

We have adopted that 19 N~ distribution at fixed primary energy has a shape of normal

distributi0n:

dl11 1 (y- < IglVe > (x)Y~
- exp

dy .- q(x).J2; 202(x)

where y = 19 Ne ; x = Ig E ; q(x) .. square root from dispersion of 19lVe ) depending on

19 E according to (8), and < 19 Nt >(x) is (7).

We can calculate Ig Nt spectra. for observation level by the following \vay:

where x = 19E, and

00

dI = / til caV( )d
dy dx dy x x:

-00
.' (10)

dI dI dE dI
- = -- = -EInIG
dx dE dx dE

VIle will get after necessa.ry transforma.tions:

dI 1 /00 dI (. (lg lVe - < 19.J.Ve > (.1:))2) dx
-- -exp - --
d.Ive - ..¥e~ dx 2q 2( X) u( ~r )

-00 .

(11)

Then we have taken into account the experin1ental errors of ..¥e measurements. The

reported errors [5] .was approximated 'by the following way:

qe~p = 0.096 + 0.4 exp (-O.94(lg E - 13)
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And in the integral (11) calculation there was used Jo'l, +o;Z'p instead of 0, The

integral (11) was calculated numerically in limits providing necessary precision.

4 Results

Results of the lVe spectrum calculation for Z ;::: 690g/ sm2 (Tien-Shan station level [6]) are

plotted at Fig.4. We can see that experimental spectrum can be well'described by sum

of the calculated spectra for all primary nuclei. Violation of power dependence between

E and Ne for primary proton leads to the growth of spectrum slope near Ne = 106
, but

the "knee" phenomenon looks like a joint effect of this violation for light nuclei and of

heavy nuclei E spectra shape.

Fig.5, shows vertical Ne spectra for different altitudes. V'le can see that our calculation

is describing the character of mountains spectra and the area ~ear Ne = 107.5 where the

lines are crossed because of cascades nlaximum passing under the observation level (see

also Fig.l).

The description for sea. level is worse. But in this calculation there was not considered

anY' methodical effects that can distort the measured vertical spectra. At the mountains

level the cascades with Ne =105 - 108 are investigated near cascade nlaximum so results

can be less sensitive to nleasurelnent technique than for sea leveL
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Figure captions

Fig. 1. Cascade curves M < 19 N~ > for'prirnary protons (solid linesyand iron (dashed).

The average squared deviations of 19 }Ie are shown.

Fig. 2. Spectra of pri~nary nuclei Ne-S (filled squares, line 1) and c-o (opened

squares, line 2). Data fr011?- [3J, lines - our extrapolations for A=28 and 14.

Fig. 3. Spectra of primary protons (sn1all filled squares, line 1), helium (opened

squares, line 2), iron (large crosses, line 3) and total cosmic rays spectrurn (large filled

squares and 'small crosses, line 4). Data at E < 101~ from [3], at E > 101~ • from [4],

lines - our extrapolations.

'Fig. 4. Vertical,N"edifferential spectrum for observation level at Z =690g/sm 2• Data

from (6]. Results of calcu~ation: 1 - only protons, p'ower dependence Ne(E) (1) is used;

:2 • only protons, calculation with approximation' (7); 3 • only proton, fluctuations are

taken into account; 4 - helium contribution is added; 5 • CO contribution is added; 6 •

NeS contribution is added; 7 • all contributions including iron are considered.

Fig. 5. Vertical .J.Ve differential spectra for different altitudes. Lines - present cal

culation. Data from appropriate observation levels: (from up to down) [7L [8], [6L [5],

[9].

6



Referellces

[1] D.T. !vIadigozhin, Journal of nuclear physics. kfoscow, 1992, V.55, N.10, P.2512-

2.524

[2] J.J. Hernandez, et. aI, Phys. Lett. B, 19,,90, V.239, N.1, P.l:

[3] Yoshiyki Takanashi, Very High Energy Cosmic-Ray InteractiQns. VII Int Symp. Ann

ArhoT. AlP con]. proc. New York., 1992, , P.275-291

[4] D.J. Bird, S.C. Corebato, H.Y. Dai, et al., Physical Review Letters, 1993, V.71,

N.21, P.3401-3404

[5] ~vL ~~glietta, B. Alessandro, P. Antonioli, et. aI, LNGS - 93/59, IlvPlv - Laboratori

iVazionali del Gran Sasso., 1993, , P.1-4

[6] D.S. Adanl0v, B.B. Ar:abkin, L.1. ViJdanova, et.al, Izvestiya Akademzi 1vauk. Seriya

fiztcheskaya, 1993, V.57, N.4, P.69-73 1-1-1f1F~

[7] Bradt H., Clark J., et.al., Proc. of I}[ JeRe, London, 1966, V.2, P.715

[8] Kakin10to F., et al., Proc. of 17th JCRe, Paris, 1981, V.II, P.254

[9]' K. Asakinlori, T. Maeda, T. Kameda, K. Muzushima, Proc. of 20-th JeRe, J"loscow

1987, lQ87, V.5, P.440-442

7



8-
f./

1
+

;fi
I

I
I

I

t!
I

J.
0

i
I

0
I

J
I

C
J')

I
I

I
I

I
N

I
I

I
,

It!
I

t'
J

+
.,..

s
f:

I
I

I

[/
f

r
!'J')

t
I

I
0

0..0
1f/

-1-.4-
0

V
I

-/-i-
!
'

..
t

N
\

I

t/
~

rII¥
\\

I
I

I
0

-
£

0
0

1
t.n

i.i:

i
"',

II:)
I/)

+
.

I"")

0
...

...
...

0
0

0
0

0
W

-
0

I
I

I
I
i
i

I
I

I
I

I
I

I
I

I
i

0

I
'

lO
n

tor)

(
a
N
)
~
1



.
!

\



\

ocx'5......

aa(,,"1

~
.

;1-.-1-
.+1

.
~\
~
\
\
~
~

t~
~\

~
I
i
i
i
'

I
I

I
I
I
!
i
i
i

I
I

i
I

I
I
I
'

I
i

I
I
I
i
i

i
~

o
a

C
o
~

N
~

0
m

'
~

N
N

-
((t

-i\~
t
-.IS

t
-
s

Z
-w

)r
03:)~1

.
~
r
z



\

oo
,....
ot.O

a

oo
'N

(1-.18
Ir-s'2

-
ill.

'I
e
l\T)~l

t'G
'

.~~!~~-~~~~!
~

~
~
~
~
~
~
q

l{
)

oIt':l

o
oL

f')

(,'J



".."".
.

+
[~

+

~~
•

+
0

•

+
~
7

/.
~

•
/

I-

./
l-

•
~
q

·+;0
+

+
~
f
'
~

•
+

.j.

'"
+

,I
•

t
Z

•
:,+t

'"
•

f~
.

~
...........

•
+

+
+

,

~
o
~

+
...

I
•

•
...

:t
.

...
+

•
hci

•
...

+
...

:c;
•

\V~
~

+

L
••

+
•

Lf'l
.'l

•
•

I'J'

'"
·

[
u-;

L:
E

·
V

I
•

0
..........

0
0

0
0

·
rr)

0
'

Q
0

O
"l

0
0

~-~
lD

<.0
<.0

ro
~.

N
II~
,

~:-
I

i
i

i
i

r
i

r
I

i
i

I
i

i
o;T

~
0

0
0

0
"

0
0

0
0

;>.~

r'i
("'oJ

0
....

~{,:

(1
-.l S

'1
-

S
'2

-
rn

'I
o

N
) ZJ1'

-:~;'
'

..;
tOG


