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1. The Experimental Setup

The layout of the PION setup is given in fig-~s 2.1-23. It
consists of a tracking part made up of six rows of multiwire
proportional chambers(MWPC), a four module Transition Radiation
Detector(TRD) to identify cosmic rey pions and protons, a removable
12cm thick carbon terget and an iron ilonization calorimeter (see
ref. {1-4} for the detaiis).

The setup is in operation since the late seventies and has been
modernized several times since then. The fifth moduie of the TRD, the
carbon target with 2 rows of MWPC (interaction detectors) and the
scintiliation detectors for EAS detection in the 1013 —10'SeV energy
range have been added. The setup is used for studies of the
interaction of cosmic ray protons, pions and neutrons with C, Fe and
Pb nuctei in the energy range of 500 -~ 10000GeVY. In particutar it was
used for extensive measurements of pilon/proton composition in
cosmic radiation on Mt. Aragads (3250m above sea level) [5-7],
inelastic cross sections for nFe, pFe and nFe interactions [8-11],
neutron albedo from thick targets [12-16] and the distribution of the
inelasticity partial coefficients of n-Fe, p-Fe and n-Fe
interactions[17-20l .

The fonization calorimeter consists of 10 layers of 10cm thick
iron absorbers slternated by layers of 10cm in diameter cylindrical
ionizotion chambers (iC) filled with argon mixture at Satm. There are
two additional layers of 3cm and 2cm thick lead absorbers on top of
the calorimeter instrumented by similer isyers of IC~-s. The lateral
~ dimension of the caforimeter is 3x3m?2.



2. Comparison with Experiment

The experimental shower profiles were measured for hadrons
in four energy intervals: 0.5-0.8TeV, 0.8-1.4TeV, 1.4-3TeV and 3-
STeV. The composition of the hadron flux was roughly 308-pions and
70%-protons[21].

The Monte-Carlo simulations of the calorimeter were carried
out with the help of the MARS10 code [22-24]. The simulstions were
performed in cylindrical geometry with the Z-axis pointed
downwards and the origin at the middle of the upper surrace of the
first iron layer. The energy cutoff for Monte-Carlo was 4GeV. The-
number of simulated showers per each energy interval was 10000. The
type, the energy and the azimuthel angle of the primery hedron are
sampled frorn the experimental distributions corrected for the
geometrical efficiency (see Tables 2.1 and 2.2).

Figure 4 shows the comparison between the average 1angttudinal
profiles cbtained in the experiment [21,25] and those from Monte-
- Carlo simulation. The Monte-Carlo and the experimental points are
normelized at the shower maximum. As it can be seen from the flgure,'
the agreement is satisfactory. Figure S shows the reduced lateral
profiles for the same energy intervals obtained by simulations.

3. Shower Profiles in the PION Calarimeter

The longitudinal and lateral shower profiles were calculated for
03,05, 1, 2,9, 10 and 20TeV incident protons, neutrons and pions.
The energy cutoff used in the Monte-Carlo simulations was 100MeV.
For each energy value 5000 shower histories were run. The first
interaction of the incident hadron was forced at z=0.

The laterally integrated energy deposition of STeV proton induced
showers in passive (Fe) and active (Ar) absorher layers is shown in
fig. 2.6. Figure 2.7 shows the longitudinally integroted lateral profile
(curve 1) end the latersl profile at the shower maximum (curve 2). It
is seen, that the lateral profiles as a function of vR (the upper scale
in fig. 2.7) clearly exhibit the two shower components - the sherply
collimated hard core (R¢1cm) and the soft, wide shower tail (R>1cm).

Proton, neutron -and pion induced longitudinel shower profiles
for 0.3, 0.5, 1, 2,5, 10 and 20TeV are presented in fig.-s 2.6 8), b) and
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c) respectively. One can see, that within the statistical errors,
proton, neutron and pion induced shower profiles do not differ
significantly.

The longitudinally integrated lateral profiles for proton, neutron
and pion induced showers normalized to the incident energy values
ere given in fiyg. 2.9 a), b) and c) respectively. The reduced }ateral
profiles weakly depend on the primary energy. A weak tendency of
narrowing of the shower core with the increase of the primary
energy can be seen from fig. 29 and Table 2.3. The fraction ‘of
primary energy deposited in a circle of radius R<icm slowly increases
with tha primary energy while for R>1cm {t slowly decreases.

The reduced lateral shower profiles for proton, neutron and pion
induced showers at the shower maximum are presented in Table 2.4.
The reduced lateral profiles for the same showers in the first and
sixth layers of the PION celorimeter are given in Tables 2.5 and 2.6
respectively.

4.Parametrization of the Longitudinal end Lateral
Shaower Profiles

The-longitudinal shower profiles were parametrized by the
following function 26,27}

dE /dx =N, [W (x/X,)2-te-b&/Xa) o+ (1-W )(x/r)e-te-alxR)]  (2.1)

where

®/%, ~ is the depth from the shower origin in radiation
lengths,

R/A - is the depth from the shower origin in absorption
lengths, .

W, - is the relative weight of the two components,

a, b,c, d -~ are shape parameters which along with W are
obtained from a fit,

N, - is fixed by the normalization condition

S WE/ax)dx=E, (2.2)

giving



N =EqIW,X,T(8)/b + (1-WAT(c)/ ), (2.3)

where
r(p)= [ Te-tgt (2.9)

is the Gamma function [28].

The five perameters o, b, ¢, dend W, were obtained from a x2
- fit to the Monte-Carlo points with

x2- IO /ENAE/ax) - (1/ax) I~ /ENAE/ANN 7 02 (2.5)

The x2 minimizetion was performed by MINUIT {29].

The energy dependence of the fitted values of a,b, ¢, d and
Wu are given in fig. 2.10. As it can be seen from the figures a, b, ¢
eand d are slowly (logarithmically) increasing functions of the
primary energy. Within the statistical errors they do not depend on
the tuype of the primary (proton, neutron or pion). The shape
parameters of the longitudinal profiles were in their turn fitted to
the straight 1lines in log scale fora, b, c,d and in log-1og scale for
¥, . The simple expressions for them ere listed in Table 2.7.
Figure 2.11 shows the energy dependence of the shower maximum
depth. It was parametrized by the form

Xnos =110E,,  Eq in Gev, (2.6)

and .the values of the coeffitient for various primeries ere listed in

Table 2.8. - .
The fraction of shower energy deposited in the form of

slectromagnetic cascedes due to neutral pions, as a function of

primery energy is given in fig. 2.12. It cen be seen, that the’

fraction of electromagnstic energy Increoses wlth Incldpn.t, energy

constituting almost 80% at 10TeV.

. The lateral shower profiles were fitted by the form

1(R) = Nw, (9, /2)6~ BR + (1 —wT)(pzlz)e—f pR], 2.7
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where .
R ~ is the distance from the shower axis,
N; - is a normalization coefficient,
Wy - represents the weight of the two components and .
#, .0, - are shape parameters. The velues of NT, W, p, end
p, were obteined from a least squares fit )

x2 = ZI(1/E0)AE/AR) - (17aR) ™ *1(R)IR]2 / 52 (2.8)

for the Monte-Carlo data from Table 2.3. The energy dependence of the
parameter values are given in fig.-s 2.13, 2.14 and 2.15 for proton,
neutron and pion initiated showers respectively. A sample of
simulated lateral profiles and fits with the expression (2.7) are given
in fig. 2.16. The lateral shower profiles at the shower maximum (see
Table 2.4) were also fitted with the expression (2.7). The values of
the coefficients for various primary particle types and energies
are given in Table 2.9. It is seen from fig. 2.16 and Table 2.9 that
expression (2.7) describes the lateral shower profiles quite well.

5. Leakage and albedo from the PION Calorimeter

The eekege energy and the number of leakage particles for 0.3,
05,1,2,5, 10 and 20TeVY proton, neutron and pion induced showers in
the PI1ON calorimeter are presented in Tables 2.10, 2.11 and 2.12. The
energy dependence of the energy leakage from the calorimeter for
proton, neutron and pion induced showers is given in fig. 2.17. Figure
2.18 shows the average number of particles esceping the
calorimeter bottom surface as function of incident energy. The
average energy carried off by albedo particles is presented in fig.
2.19. The energy dependence of the average number of albedo
perticles is given in fig. 2.20. The energy dependence of the total
(forward + side + albedo) 1eskage energy for proton, neutron and pion
induced showers is given in fig. 2.21. Figure 222 shows the energy
dependence of the totel number of leakage perticles. The average
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energy carried off by one leskage particlie as a function of incident
energy is presented in fig. 2.23.

The snergy spectrum of leakage particles (protons,- neutrons and
charged pions) from the bottom surface of the calorimeter for 1, 2
and 20TeV proton induced showers are presented in fig. 2.24. The
energy spectrum of elbedo neutrons for the seme cascedes are
presented in fig. 2.25.
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TABLES

Table 2-1. Experimentally measured energy distribution of cosmic ray
hadrons at 3250m altitude [25,21].

| AE, B8V | <E>=3EN;/sN, | aN; |:¢5>,=0.43753| Cumulative |

| 500- 600 | | 3361 76795 | 03858 |
| 600-700 1 639 | 2001 66281 | 07187 |
| 700- 800 | | 245| 55996 | 1. !
| 800-1000 | . 13861 61366 | 05122 |
11000-12001 1036 | 2061 47082 | 06086 |
11200-1400 | 11331 30398 | 1. |
114001600 | | 671 19884 | 02949 |’
11600-20001 1955 - | 1041 2377 | 06475 |
12000-3000 | | 1041 2377 | 1. !
13000-4000 | 1 35 7999 | 0814 |
14000-5000 | . 3690 I 8l 1828 | 1. |
| >5000 | T 25.14 | [

8



Table 2-2. Experimentally measured azimuthal angie(cosd} distributisn or cosmic ray hadrons (25,211
4 = (cos0® - c0s300) / 10 = 0.0134

| €058 ) A= 0.0134 | 2a = 0.0268 ] 3a = 0.0402 / 44=0.0536 }
| Intervel ! 0.9866-1.0 | 09598-09866 | 09155-09596 | 0.866~0.9196 !
1 aE, Ge¥y | N, 1:06221}Cumul.| N; }:0.5293 | Cumul.| N, |:0.4324 | Cumul.| N, | :0.3496{ Cumul,
| 500- 800 {208l 3349 { 1 {(278] 525.2 10.81041225} S26.3 105131 {135] 386.2 10.2186!
| 800-1400 11711 2753 | 1 [221] 4175 10.6958{164] 3767 |0 4952 1105] 3003 |0.2188|
| 1400-3000 | 691 111.1 | 1 1911 1719 jo.8o68| 78! 180.4 1050781 39| 111.6 10.19411
] 3000-5000 | 10l 16t 1 1 ] 10} 189 [06102! t4l 324 103826} 7! 20.0 j0.1211]
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Table 2-3. Reduced longitudinally integrated latera) energy deposition for p, n,n~ induced showers.
(103/E)AE o/ AR).

a) Proton induced showers.

D L Y Y L L P T T P R R P e P RN

InEo. GeV | _ | ] | | I [ I
| ! 300 ) 500 - | 1000 | 2000 | 5000 ] 10000 | 20000 |
IR em N\ | I ] i ] [ |
{ 1 12300 ¢ 40 12640 + 40 | 2990 + 50 [ 3380 +£5S50 |[|3720 £ 70 ] 3950 260 | 4210 ¢ 7.0

| 2 1240 + 30 1250 £ 30 11260 £+ 30 -1 1240 +5S0 | 1220 130 | 1140 230 | 1230 2 3.0

I 4 | 650 ¢+ 10 | 670 ¢+ 1.0 ) | 650 £ 20 | 630 210 | S80 £ 20 | S40 10 | S40 2 10 |
| 6 ] 380 210 | 360 $£02 | 340 210 | 320 210 | 200 210 | 260 £1.0 | 270 2 10 |
| 8 ] 240 £ 10 | 230 £07 | 210 £ 10 | 200 +£10 | 170 £ 10 | 160 210 | 160 2 1.0 |
I 10 | 180 £ 10 | 159 £ 06 | 150 2.10 | 14¢ 210 | 120 £10 | 110 £10 ; 110 2 0.001]
| 20. | 83 203 | 74 £02 | 68 & 02 | 65 203 [ 52 202 | 47 202 | 44 : 01 |
1 40 | 19 ¢ 0% | 155 ¢ 0.03 | 16 ¢ 01 i 1.3 ¢ 01 | 10 s Ot | 09 201 | 0752 004 |
1 8ao I 02 ¢£001 | 0182 001 | 019+ 002 | 0.16 £ 003 | 0124 001 | 0.083: 0.008| 0.086%¢ 0.008]
| 150 | 0.016¢ 0004] 0.019: 0.003]| 0.018¢ 0.003] 0.015+ 0.003| 0.014¢ 0.004] 0.007: 0.002| 0.006¢ 0.001]



2-3. b) Neutron induced showers.

NE,. 6oV ! } | i 1 1 I

I | 300 | 500 | 1000 | 2000 | 5000 | 10000 | 20000 |
IR, cm ! I | | l | |
) 1 ) 2280 240 12560 +50 12980 250 | 3310 250 13840 260 |[3930 ¢ 60 [|4000 : 60 |
) 2 11200 230 11240 2+ 30 } 1270 230 11240 230 ) 1230 230 1256 £30 J 1140 230 |
1 q { 690 230 | 680 220 | 630 220 | 580 210 | S80 220 | 510 £10 | S10 210 |
I 6 | 400 220 | 340 210 | 330 210 [ 310 210 | 280 £ 10 | 290 : 10 | 250 2 10 |
VB | 250 2106 | 230 210 1 220 210 | 190 21.0 | 180 210 | 160 210 } 150 2 10 |
I 10 | 160 210 | 150 2+ 10 | 150 £10 | 140 210 | 130 205 | 100 £05 | 98 205 |
I 20 [ 83 202 |} 75 202 | 65 02 | 61 202 | 50 £01 | 44 $02 | 39 201 |
| 40 | 18 201 | 16 01 | 15 201 | 14 £01 | 10 £005 | 089:066 | 074320041
! 8o 1 022200 1 02320021 0172001 [ 0152001 | 0.1t 2001 | 0093 0t | 00822 0007|

I 150 | 0.0i6s 0002] 0©.014s 0.002] 0.015x 0.002] 0.0242 0.015] 0.011¢ 0.002! 0.01 ¢ 0.002| 0.011 0003|
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Table 2-4. Reduced lateral energy deposition for p, n,n~ tnduced showers at the shower maximum.
(103/EQ)(AE . /AR) 8t maximum of the longitudinal shower profile.
(Ecut=‘°°"°"" N=5000, the 1-st interaction is forced on Fel).

a) Proton induced showers.

60 {0.017 ¢+ 0004 | 0.009 ¢+ 0.001 | 0013 0903 0019 20005 | 0.014 + 0004 | 0.004 10001 { 0011 20034 |
150 | 0.003 ¢ 0.0014]1 0.0015: 0.0006! 0.002 ¢+ 0.001| 0.0004:0.0001| 0.0016¢ 0.0009{ 0.0013:0.0009| 0.0002:0.0001|

300 I S00 | 1000 i 2000 | S000 | 10000 | 20000 I
I ] I | 1 1 1
{ 1 840 ¢ 20 1970 & 30 11070 =+ 30 H120 ;30 1900 ¢ 4.0 1101.0 230 11060 £30 |
{ 2 1386 : 20 {3860 2 20 | 320 £ 10 1250 110 1330 20 1280 210 1280 210 |
i 4 170 ¢+ 1.0 1160 ¢ 1.0 I 120 £ 1.0 1110 360 1ta0 : 08 | 120 210 1110 10 1
| 6 |61 =04 171 : 04 I 46 203 | 34 203 1S3 2+ 04 I 50 204 | 47 104 |
| 8 |47 £03 138 1+ 03 I 27 «£02 | 22 s02 132 103 | 29 103 | 28 103 I
I 10 129 £02 125 03 | 14 2014 ] 1.3 302 120 2+ 03 | 1.8 202 1 15 202 1
I 20 [ 1S Y 6.1 1093 £005 | 0672+005 | 054 2004 1074 2008 | 072 3006 | 051 1005 |
| 40 1016 2002 1013 £001 | 0133 001 | 0075 :0009 10.13 + 002 | 001 30014 | 0078 001 |
i
|
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~ 2-4. b) Neutron induced showers.
! o 1 I I I I
300. | ‘500 | 1000 | 2000 } 5000 | 10000 | 20000 )
1 1 T I I I !

.| 1 ] 88.0 330 1920 3.0 11050 3.0 {1110 230 1910 130 1 99.0 130 {1060 £ 30 |
2 | 420 320 I 360 210 | 310 210 |280 210 {320 210 1300 210 12860 210 |
I 4 1170 210 1170 210 120 210 | 100 210 | 130 210 1120 2067 | 110 210 |
I 6 | 03 204 | 66 204 | 52 s03 | 41 203 ] S.1 204 | S4 1204 | 46 204 |
i e | 83 203 I 39 203 1.30 202°- | 20 202 I 27 202 | 26 103 |1 26 203 |
I 10 I 31 203 | 24 202 I 18 202 I 1.3 202 I 22 202 1 16 202 | 1.4 202 |
1 20 i 12 201 | 096 2006 | 69 2005 | 051 2004 | 078 2006 | 053 3005 | 045 2 005 |
| 40 1 019 2002 | 0.17 2002 | 009 2001 | 0073 :001 | 0.1t 2002 | 0096 2001 | 0.072 2 001 |
{ 80 I 002 ;0.005 | 0014 20002 | 0011 20003 | 0010 £0.003 | 0015 :0004 | 001320004 | 0.008 z 0.002!
i 180 | 0.001220.0004] 0.0014£0.0003] 0.0015:0.0008] 0.0003:0.0001} 0.001720.0008] 0.0008£0.0006} 0.0 §




2-4. ¢) Pion induced showers.

300 | 500 | 1000 | 2000 § 5000 i 10000 ! 20000 \
| ! I 1 I | |
. [t10.0 240 1190 240 (1260 2+ 40 |[840 130 {105.0 240 i100.0 240 1120 240 |
2. 34.0 z1.0 | 32.0 £ 20 ) 270 z 1.0 | 33.0 22.0 | 310 22.0 {280 120 | 260 £1.0 !
4 140 210 1130 210 ) 94 206 1140 210 | 120 210 1110 210 1100 210 |
6. 54 103 | S0 204 49 - £ 04 | 56 104 I S.7  20S | 47 205 | 43 104 |
8. 32 1202 I 26 102 29 201 | 35 1203 ] 31 104 | 25 1203 | 25 204 |
[ 21 203 | 20 202 I 1.6 202 I 1.4 202 |

I

054 2005 | 0.78 10,06 068 2007 | 034 2006 | 043 1006 |

20, 093 2008 | 0688 = 0.08
40. 0.13 2001 | 0.13 2 0.02 009 : 0012| 0.1 $0.01 | 0086 20014 | 0078 20012 | 0053 20.012 |
80. 0011 0003 | 0.018 &+ 0.004] 0009 & 0.002] 0.009 20003 | 0.010 £0.003 | 0014 £0.008 | 0011 £0.004 |

i
|
|
]
I
|
1
!
|
| 0.0008:0.0006! 0.003 2 0.002] 0.002 ¢+ 0.001] 0.0011:0.0005| 0.00068:0.0005] 0.0005:0.0003] 0.0007:0.0004]

|
|
1 I
I |
10. | 22 202 { 18 202 | 21 204
| !
! 1
!
|

150.
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‘Table 2-5. Reduced leterai energy deposition of p, n,n"~ induced showers at the first iron row.
(103/E,)(AE,,/aR) 8t 10cm depth of Fe/Ar ssndwich.
(E.,=100MeY, N=5000, the 1-st intersction is forced on Fel).

8) Proton induced showers.

300 I~ s00 | 1000 I 2000 1 5000 | 10000 ) 20000 |
I | I ! | | |
! 1 168.0 2.0 [568.0 12.0 1460 120 1360 $10 240 2 1.0 118.0 + 1.0 o 110 |
| 2 140 21.0 1100 1.0 161 3104 138 103 124 =203 1 14 ¢ 0.16 | 0.67 310.1 !
| 4. 150 $0.2 135 0.2 l 0.2 100t 115 101 | 08 0.1 1049 : 005 | 031 1005 |
| 6 119 £0.1 115 £0.1 101 :0.01 1 0.66 0.1 020 003 | o2 2 004 | 0.096 2001 |
] 6. 112 $0.1 1075 1006 10051 0008 | 0.36 10.06 102 $£003 |011 3002 [0051 001 |
| Ib. 1065 1007 | o04 £0.05 10.035 $0005 | 0.14 :0.02 1025 £ 007 |0.094 : 003 | 0.033 :0.007 |
1 20. 1017 1001 | 011 1001 | 0012 20002 | 0.043 :0005 | 003 3 0.00S | 0.024 : 0006| 0.019 $0005 |
1 4o. | 0.026 10006 | 0.027 $0.008 | 0.015 £0.004 | 0.022 £0.007 | 0.003  0.0007| 0.003 : 0.001| 0.0019:0.0007 |
1 8o | 0.0033 20.0007 0.0027 .2+0.001 [ 0.007 £0.0042 | 0.003 20,002 | 0.002 + 0.001 | 0.0005 £0.0002] 0.0009:0.0005 |
|

150. | 0.0004 :0.0001_’| 0.0005 10.0001] 0.0001+0.00001| 0.0001+£0.00001| 0.0 | 0.0 | 0.0 |
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2-5. b) Neutron induced showers.

I I

150. | 0.000120.0000t] 0.0007s 0.0005| 0.0

100

10.0

| 0.0

300 | 500 | 1000 1 2000 | 5000 | 10000 | 20000 1

| | [ | I | |

1 169.0 1220 1560 220 1490 :20 [370 210 270 :£10 1180 10 {130 210 |
| 2 124 :05 192 :05 |64 :04 a9 204 |21 202 |13 +01 1062 1007 |
I a4 | 48 202 I35 202 23 202 |14 201 109 2 0.1 105 2 01 ] 0.35 20.08 |
i 6 123 102 115 201 (087 2007 {054 £005 |034 2006 [023 206 1012 2002 .|
1 a | 10 201 1067 £ 005 [039 20003 032 2005 }021 2004 |03 2003 |023 202 I
I 1o 1056 2006 1038 2004 |027 2003 |02 2005 |012 2003 | 0049 2 0008 | 0.032 £0.005 |
I 20 1018 2002 1013 2001 ]0085 ¢ 001 ] 0061 + 001 | 0046 »+ 001 | 006 2 002 |0.014 20003 |
1 40 | 0.026 20006 | 0.026 &+ 0.008 | 0.016 + 0.005 | 0.014 2 0.005 | 0.0032s 0.001 | 0.02 s 0.01 | 0.008 £0.005 |
| 8o | 0.008 £0.004 | 0.003Bx 0.001 | 0.0022: 0.0008! 0.0017: 0.0009| 0.00082 0.0005| 0.0007+ 0.0003( 0.0009:+0.0006 |
| I

|1 0.0
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2-5. ¢) Pion induced showers.

..... e mesme-eesees——- e eeeeaceesemsaseeeeeeeamaceeasmeenenmmneaegnenaenmaneanaa.nna..ane
] ] | ! 1 [ i

300 | 500 | 1000 | 2000 | 5000 | 10000 ! 20000 !

I 1 1 I 1 ] I

de JE—

1. 1610 1 20 1510 :£20 410 20 1290 2+ 1.0 117.0 ¢ 10. 1130 210 19.0
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Tabie 2-6. Reduced l1ateral energy deposition of p, n,n~ induced showers at the sixth iron row.
{103/E,)(AE,;/aR) 8t 110cm depth of Fe/Ar sandwich.
(€. =100MeV, N=5000, the 1-st interaction is forced on Fel).

a) Proton induced showers.

L Ry e L L LY T T L L B L L L L I L L L L L L L T Y Reyepnpp Py FY'Y ¥ I Y Y ppplpipigupapayny
i | ] ( | 1 {

300 | 500 | 1000 | 2000 | S000 | 10000 _l. 20000 ]

| i | | 1 N ]

1. 163 * 0.6 183 : 08 115.0 £ 1.5 1t7.0 t 1.0 122.0 + 2.0 128.0 t 20 ’.-]32.0 + 20 |

|

I 2 169 208 172 :07 |81 208 1100 =210 1100 :10 L0 10 N20 :10 |
boa fa2 $04 IS0 204 146 204 158 05 160 205 (52 204 183 :05 |
1 6 133 203 130 :£03 1§32 203 {35 204 |30 :£03 130 203 139 .04 !
i e 128 202 24 202 |22 202 123 02 117 202 18 :02 )22 :03 !
T [} 115 202 114 01 117 202 115 202 115 202 114 02 111 02 |
} 20 1081 +005 (087 2007 1073 2006 109 202 107 2006 |059 2005 |054 =005 |
I 40 1033 203 (018 £001 045 2003 (022 2005 |017 003 101 001 |0096 =303 !
| @o. 1 0.025 ¢ 0003 | 0.018 ¢t 0.002 | 0.018 2 0.002 | 0.019 1 0.003| 0.014 ¢« 0.003 | 0008 ¢ 0002 | 0.011 = &7
I 150. 10001 2 00002 0.003 + 9.001 | 0.0034s 0.001 | 0.004 s 0.002] 0000420060011 0000ds 0.0091] 0.000%: &




1 8000°0¥1100°0 [80000°0¥£000°0 110000 ¥S000°0 |£000°0 ¥§000°0 [¥000°0 ¥S100°0 110000 ¥ 1000 |P00OO ¥ 2000 | 0S4
| Z000F 100] £000%F 1100 2000 ¥ 5100 | 2000 ¥ 2100 | £000 ¥ 200 | £000 ¥ 9200 | p000 ¥ S£0°0 | 08
[ 6000% 6800 | 100¥ 6800 100F €10l 100F ¥i0) 200%F 20 200% 20} 00 F SZO| .4

| 900%¥ S0| G00¥ B50] S00F 650 S00% zZLol 900% 60| SO0OF 6201 1'0F 980 ‘0z

| 10 01l g00F g0l ZoF il Zo¥ Gl 1'0F g1l ZoF 21| 0¥ 91| o1 |
] Zo¥ 91 ) Zo¥F 61} €0F 0C| 0% 611 Z0F pz| €0%F pZl 2ZO0oF 17| 8 |
l £0¥ o¢l po¥ b€l <€0F 621 €£0F ¢g£| . g£0F o0g! TOF GSZI 01 F oSV 9 |
! vo¥ 0% | vo¥ 9v | 90 ¥ 66| £0%F 9v| 90% 65| PvOF av| oL F 19| 2|
| o'L¥  00l] 01¥ oo0ll o1 F o1l o1 ¥ 00l 60F 061 60F 98 20F ZTLI z |
| ozZ¥ o2l 0zF obzZl 0ZF o092 O F oLl oL F ol 20F 2| 90F 95| N |
| | | | | I !

I 0000z | 00001 | 0005 . | 0002 { 0001 1 00S 1 0os

‘SJamoys Dmuau:— uoJneN (9 '9-2

20



1¢.

2-6. ¢) Plon induced showers.
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Toble 2-9. Coalficients used in the perametrization of m:oi-«._npoao_ profiles at the shower maximum in
iron absorber (formule (2.7) and Table 2-4).
8) The primery is & proton

1 E, Gev 300 | 500 | 1000 | 2000 | 5000 | 10000 | 20000 )

| Ny 10204£0.0031 0.20720.004 0.19£0.003 | 0.1840.003 | 0.1820.004 | 0.18120.004] 0.18:0.004 |
I Wy 1094 2006 {054 40.13 | 0.7420.04 1} 0.7010.04 | 0.78:0.08 | 0.39 2006 | 0.58:0.07 |
I py 1215 2016 140 206 | 5282044 |76 £07 |3.74:0.43 (1055425 |7.4821.2% |
I Py 1040 3033 {1.43 $0.16 | 1.0420.11 1 1.25:009 |0.8020.19 1 1.78 20.12 | 1.5620.16 |
1 w2 11016 [RARL) 11.492 12744 10.756 1096 fo.7 !

b) The primery is & neutron.

[E.Gevl 300 | . S00 1" 1000 -t - 2000, _.‘. 5000 |- 10000 -4 20000 }

I Ny 102120003 ]0.201,01003i 0.19 £0.00310.18 £0.004] 0.18, £0.003] 0.18 30.0041 0.18 £0.004]
I W, 10672013 [0.70 mo._o 1061 $0.08 [0.72 2004 1074 £0.07 1079 2007 [0.67 0.1
19, 1276104 1337 4042 1592 2092 1677 406 1412 1041 | 452 2049 1627 211 |
I P, 11023016 11.05 30.14 1137 20.16 11.29 20.1 1096 2015 } 0.97 '+0.39 | 1.45 £0.28 |
I x 1267 1185 11.018 10404 12095 |0.499 loess |




€) The primary is & n-meson.

16,Gevl 300 | S00 | 1000 2060

| | 5000 | 1

0000 | 20000

N

Wy
L
P2
x2

1 0.20620.0041 0.208:0.004] 0.20 £0.004]| 0.18 $0.004{ 0.19 $0.004] 0.18
10.60 4006 1 0.69 2005 | 0.57 40.04 [0.73 20.17 1052 £0.02 | 062
1571 £0.73 1629 2068 111.79 £5.70 | 3.39 3061 | 698 20.63 | 497
11.27 2012 1104 2012 1 1.55:0.11 | 1.11 £032 | 1.54 20.06 | 1.49

t
1
t
1
| 11,552 10,959 1 1709 11961 1 0.804 1037

£0.004] 0.18:0.004|
20.11 | 0514012 |
£1.50 110.1023.2 |
20.26 | 194,032 |
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Table 2-10. Leskage from the "PION" calorimeter. The 1-st interaction is forced
showers 18 5000, nadron cutoff energy ts 100Mev.,

8) The primery is a proten.

on Pb1, number of

lincident | Leakage Energy,Gev § |
1 I INumber of Leakage Particles |

| Energy, | Hadrons | Low~ | Photons | ! |

] R, tEnergy | ond | Total | |
| TeV | Bockwe-d | Forwerd) Side [Neutrons [Electrons| |Bockward| Fo-ward | Side |

| 03 | 0536 | 1428 ] 0262 | 0.15t | 2387} 1762 1 32 | 123 | 1.7 1|
I 0S| 0418 | 23321 0157 | 02 | 37341 27831 26 | 207 | 08 |
! .1 0479 | 5941 | 0573 | 0273 { 1131 | 7204 {° 29 | 45 f 36 |
] 2 | o8 11409 | 0757 | 0337 | 2599 | 1686 { 36 | 767 | 46 |
i S | oe 13652 | 1873 | 0474 | 7379 | 4422 | S3 | 1904 | 100 |
1 100 | 099 °| 8642 | 3558 | 0696 ) 1925 [1062. I 66 | 395 | 198 |
I 20 |, 1532 11e83. | 6316 | 0602 14283 |2320. t 105 | 704 }-342 )
2-10. b) The primary is e neutron,

lincigent | © Leskage Energy,Gev i 1
1 ! - ~ INumber of Leakage Particles |
t Energy, | Hadrons | Low~ | Photons { 1 |
| I 1Energy | ond | Totel f-emeem-—cmmmooecocaoee !
| Tev | Bockward | Forward| Side [Neutrons iElectronsl |Backwerd! Forward | Side |
I 031 0384 | 13641 0223 | 0.169 | 2338} 1675 1 25 | 143 | 2 |
] 0S| 045 | 2259 1| 0403 | 0214 | 4063 2772 1 27 1 2 1 23
| 1.1 075 | 62331 0493 1 028 | 9468 7329 | 53 1 449 1 23 |
| 2 ) 048) 11397 ) 1.07) ) 0361 ) 2183 |} 1694 | 3t | 94 | S3 1
| S. | 0677 1400, | 2274 | 0449 | 6216 | 4655 | 46 12118 1 141 |
1 10. } 1372 1035 | 3233 | 056t {1769 (i019. | 96 13964 1 174 |
} 20, 1 121 766, | 3314 | 0719 4431 [2295. | 77 17017 {174 i
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2-10. ¢) The primery ts a plan,

hacident| Leskage Energy,Gev i |
| l-=-- -~ INumber of Leokage Particles|
| Energy, | Haedrons | Low- 1 Photons | | 1
| | ~— - |Energy | and | Totel | : |
| Tev |Backward ) Forward| Stde INeu*-ons IElectrons| |Backward| Forwerd | Stde |
1 03] 0241 | 962t] 0.143 | 0125 | 18511 98| 17 | 97 1 o8 |
| o051 0223 | 214 | 0492 | 0138 | 36211 2587 | 16 | 137 | 39 |
i LI 0318 | 393 1 0355 | 014 | 74S1% 472314 21 | 309 | 2 |
| 2.1 0331 | 823 | 0349 | 01477 | 1SS9 | 987241 21 ) S18 | 21 |
] S | 0394 {320, | 0905 | 0256 | 5084 | 3724 | 25 | 1368 | 58 |
! 10. | 0S3 1666 | 084 | 0335 {1603 | 8279 | 34 | 2499 | 44 |
] 20. 1 069 [1240. | 1808 | 0291 |3186 NS61. | 49 13876 | 106 |

Table 2-11. Lestage from the "PION" colorimeter. The -8t interaction {8 enywhere in Pb/Ar/Fe,
number of showers 1S 5000, hadron cutoff energy {s 100MeV.

8) The primery is a proton.

finctdent | Leakage Energy,GeV { ’ {

) - -= 1 of Leskege Particles |

| Energy, | Hedrons | Low- |Photons | | |

| R e D L) |Energy | end | Totel | |

| TeV | Backward | Forward| Side INeutrons |Electrons| |Backwardl Forward | Side |}

| 03 | 005: | 25521 0288 | 0029 | 3.062] 2099 | 06 1 185 | 17 |

[ 05 | 0053 | 45641 0425 | 0031 1 72321 S3581 03 | 322 | 27 }

] 1.} 0106 | 1121 | 038 | 0041 | 1976 | 1323 | 08B | 646 | 2 |

| 2 | 017 | 2407 | 0744 | 0042 | 5054 | 2922 | 12 {1218 | 4 |

i 5. | 0245 | 6475 | 1605 | 0034 (1449 | 7943 | 17 {2217 | 96 |

1 100 1 0226 [1367. | 257% | 0.0S51 {371, 741, .1 15 | 4484 | 139 |

I 20, | 0344 12692, | 1.573 | 0098 |617, 13511, } 24 17289 | 79 )

'

2-11.b) The primary is & ngutron.

lincident! L eekoge "Energy,GeV i 1
4 A= ~ INumber of Loakage Particies| .
|Energy,| ~ Hodrons | Low~ | Photons | i i 1
| B e PEE S e |Energy | and | Totel | |
| TeV | Beckward | Forward| Side [|Neutrons [Electrons] [Backwerd| Forwerd| Side |
| 03§ 0057 | 2781 | 0177 ) 0022 | 387 | 31631 04 | 179 | 1. i
| 051) 0058 | 465 | 0163 | 0036 | 707 | 53831 04 § 29. | 08 |
| 1. | 0087 | 1048 | 0278 | 0038 | 19.41 | 1244 | 06 | 554 | 1S |
f. 2 | 0094 | 2322 | 1256 | 0028 : "SO3 [ 2786 t 06 | it46 { 73 |
1,8 1 0123 | 6407 | 0662 | 0033 [1535 | 803, 1 09 12163 | 36 |
| t10. | 0244 1392, { 1153 | 0.114 |3506 11744. .|. 1.7 | 4567 | 69 |
1 20. 1 0195 12784, | 274 | 0.0'{3 17487 I13536. | 14 | 27 1 14 |

24.




2-11,¢c) The primary is a8 pion.

lincident § Leakage Energy,Gev i |
| I B e ittt INumber of Leakage Particies |
§ Energy, | Hadrons | Low- | Photons | | |
| | . --{Energy | ond | Tote) fem—memmcemmmmmeeens !
{ Tev |Backwerd | Forward| Side |Neutrons |Electrons] {Backwardl Forwerd | Stde |
1 03 | o002 | 24261 0075 ) 0021 | 4073) 28.451 o1 | 158 | 04 |
I o051 0037 | 4688 0102 | 0021 | 7.189) 5422 | 02 | 246 1 06 |
| 1. | 0062 | 8941 0214 ) 0022 | 1892 § 1086 | 04 | 403 | 14 |
I 2 | 0053 {2103 | 0332 ) 0026 | 4982 | 2606 | 04 | 1087 | 2 1
I s | 0046 | 5676 | 0577 § 0037 | 1565 | 7247 { 03 J 218 | 34 |
Jo1o. | 0091 | 9317 | 1863 | 0033 | 2664 (1200. | 07 | 2847 | 109 |
i 2 | o1 | 2107. | 1454 | 0081 } 5632 [2692. | 07 | 4175 | -t03 |

Teble 2-12 Leekage from the "PION" calorimeter. The 1-st interaction is on Fel, number of showers
18 5000, hadron cutoff energy is 100Mev. )

8) The primary is o proton.

lincident Leakage Energy, Gev ! I
| | 5 {Number of Leskage Particles|
| Energy, | Hedrons | Low- | Pnhotons | [ |
| e et DL e LS L] lEnergy | ond | Total | ]
| Tev | Backwerd } Forward| Side [Neutrons [Electrons] {Backward| Forward | Sidc |
I 03 ) 0260 )| 1619 ) 0202 | 0092 1 2129 6881 17 (| 174 | 1.
I o5 oW | 30451 0265 | 0127 | S401| 36551 19 | 235 | 16
{ Lol 0477 | 66741 0625 | 0135 | 1024 | 7822 | 26 | 495 | 32
! 2t 041 19519 | 0793 ) 0177 | 2834 ) 1816 | 27 | 929 | 44
! S. | 0516 | 4383 | 1544 | 0228 | 9874 | 5393 | 33 | 211 1 81
I 10. 1 1197 (| 9458 | 1963 | 0339 | 2073 |1157. | 726 | 383 I 1s
20, 1 0792 12085, § 2745 ] 0312 | 5489 12638 1 S4 1715 | 179

2-12. b) The primary is a neutron.

Iincident | Leakags Energy,Gev | i
I | : [Number of Leakage Particles |
I'Energy, | Hedrons | Law- [ Fhotons ( { . |
I | 1Energy | and | Total | i
| Tev | Backward | Forward| Side INeutrons [Electrons| |IBackward] Forward | Side |
I 03| 0242 | 1410 0221 | 0102 | 2049) 168 | 1S | 1S 112 |
I 05| 0266 | 26991 0.163 | 0104 | 3487F 31011 16 | 208 | 1 |
| 1. | 026 | 6652 0353 | 0138 | 1274 | 82011 16 "1 S26 | 22 |
] 2 | 0477 1 1601 | 0506 } 0489 | 20.19 | 1915 | 32 | 847 | 31 |
| S | 0551 | 4804 | 26089 ) 026 [1023. 15862 |1 36 | 1991 | 178 |
) 10. | 0557 11027. | 2554 | 0262 | 1958 11226. | 39 | aq188 { 142 |
] 20. | 1096 11860. | 2669 | 0343 {4606 (2325. | B3 |'610o4 | 121 |
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2-12.¢) Thl‘pﬂmw is o pton.

Hinciden ) Leokoge Energy, Gev | |
1 ! - INumber of Leakage Particlas |
| Energy, [ Hedrons { tow- | Photons | ! i
| § . {Energy | ond | Totel | |
| Tev |Beckwerd | Forwerd} Side [Neutrons |Electrons! (Backwerdi Forward | Side |
l 031 0127 | 1204 0108 | 0063 | 187 1 14291 08 | 102 | 09 |
I 0S| 0175 ( 23091 0441 | 0069 | 33581 26831 12 | 186 ) 1. |
] .| 0197 | 5692 0311 | 0090 | 9325| 6683 | 14 § 373 | 18 |
| 2 | 0167 § 114 | 0307 | 0113 | 2188 | 1365 [ 11 ! &2 t 19 1
IS 1 0200 | 3714 °) 0688 | 0147 | 7971 | 4322 | 18 | 1836 | 41 |
| 10, | 0308 | 7184 | 1092 | 0218 {14280 1§ 66206 | 21 |25%S | 62 |
I 20, | 0278 [1684. | 2165 | 0243 (4029 12089. | 21 | 4588 |} 117 )

Fig. 2.1
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FIGURE CAPTIONS
Fig. 2.1. Artists view of the "PION" setuj.

Fig. 2.2. Schematic drawing of the "PION" setup (the dimensions
are in cm).

Fig. 2.3. Schematic layout of the PION setup showing the location
of elements (the dimensions are in cm).

Fig. 2.4. Dependence of the total laterally integreted energy
deposition on depth in iron abisorber.

Fig. 2.5. Reduced latera! shower profiles.

Fig. 2.6. The overage longitudinal shower profile in the PION
calorimeter. The primery is a S000GeV proton, the cutoff energy is
100MeV, the number of shower histories is 5000.

Fig. 2.7. Longitudinally integrated lateral shower profiles: ¢ -
lower scale, ¢ - upper scole. Lateral shower profile at the shower

meximum: 4 - lower scale,4 - upper scala. Tha primary is S000GeV
proton.

Fig. 2.8. Longitudinel shower profiles for proton  a), neutron -b)
and pion - ¢) initieted showers.

Fig. 2.9. Longi tudinally integreted lateral profiles for proton - a),
neutron - b) and pion - c) initiated showers.

Fig. 2.10. Dependence of the shape persmeters of eg. (2.1) on
primery energy for proton - §, neutron - 4 end pion - [:] initiated
showers. )

Fig. 2.11. Dependence of shower maximum depth on incident
energy for proton (o), neutron (a) and pion {O) induced showers. The

shower depth is eveluated from the first interaction point.
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Fig. 2.12. The fraction of electromagnetic energy deposition as a

function of primary energy. The overlapping points are displaced
horizontally.

Fig. 2.13. Dependence of the shower lateral profile parameters
from eq. (2.7) on primary energy for proton induced showers.

Fig. 2.14. The same as in fig. 2.13 for neutron finduced showers.
Fig. 2.15. The same as in fig. 2.14 for pion induced showers.

Fig. 2.16. Longitudinally integrated leteral shower profiles: 8)
-~ 300GeY pions, b) - 10TeV pions, c) - 2TeY protons.

Fig. 2.17. Dependence of the leakage energy for proton, neutron
and pion induced showers on primary ensrgy (see also Table 2.12).

Fig. 2.18. Dependence of the average number of leakage particles
on primary energy for proton, neutron and pion induced showers (see
also Table 2.12).

Fig..2.19. Dependence of the total average energy carried by
albedo particles for proton, neutron and pion induced showers on
incident energy. ’

Fig. 2.20. Dependence of the average number of albedo particles on
incident energy for proton neutron and pion induced showers (see
also Table 2.12).

Fig. 2.21. Dependence of the total leakage energy on incident
energy for proton, neutron ond pion induced showers(see also Table
2.12).

Fig. 2.22. Dependence of the total number of leskage particles on
incident energy for proton, neutron and pion induced showers (see also
Table 2.12).
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Fig. 2.23. Dependence of the average energy carried by one
leakage particle on incident energy for proton, neutron ond pion
induced showers.

Fig. 2.24. The energy spectrum of leakage particles {protons,
neutrons and charged pions). The primery fs a proton, the first
interaction is forced on Fel, cutoff -~ 10MeV, N=5000, ... - Eq =1Tev,
the total number of leakage particles is: 11.5 protons, 50.2 neutrons,
31.7 pions; - Eo=2TeV, the total number of leekage perticles
fs: 12.6 protons, 82.2 neutrons, 48.6 pfons;- - - - E, =20TeV, the totel
number of leakage particle 1s:213 protons, 564 neutrons, 410 pions.

Fig. 2.25. The energy spectrum of albedo neutrons. The primary is
a proton, the first interaction is forced on Fel,cutoff - 10MeVy,
N=5000, ... - Ey= 1TeV, 8.96 albedo neutrons; - E, =2TeV,
12.8 neutrons; - - - - E, =20TeY, 40.3 neutrons.
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