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l. The Experimental Setup

The layout of the PION setup is given In fig.-s 2.1-2.3. It

consists of a tracking part made up of six rows of multiwire

proportional chambers(MWPC), о four module Transition Radiation

Detector(TRD) to identify cosmic ray pions and protons, a removable

12cm thick carbon target and an Iron tonization calorimeter (see

ref. U - 4 H o r the details).

The setup is in operation since the late seventies and has been

modernized several times since then. The f i f th module of the TRD, the

carbon target with 2 rows of MWPC (Interaction detectors) and the

scintillation detectors for EAS detection in the 10'J -10 1 5 eV energy

range have been added. The setup Is used for studies of the

Interaction of cosmic ray protons, ptons and neutrons with C, Fe and

Pb nuclei in the energy range of 500 - lOOOOGeV. in particular it was

used for extensive measurements of pion/proton composition in

cosmic radiation on fit. Aragads (3250m above sea level) [ 5 - 7 ] ,

inelastic cross sections for nFe, pFe and nFe interactions [8-1 t l,

neutron albedo from thick targets [12-16] and the distribution of the

I n e l a s t i c i t y p a r t i a l coeff ic ients of ti-Fe, p-Fe and n-Fe

Interactions! 17-20].

The lonization calorimeter consists of 10 layers of 10cm thick

iron absorbers alternated by layers of 10cm in diameter cylindrical

lonizetion chambers (1С) filled with argon mixture at 5atm. There are

two additional layers of 3cm and 2cm thick lead absorbers on top of

the calorimeter instrumented by similar layers of IC-s. The lateral

dimension of the calorimeter is ЗхЗт2.



2. Comparison with Experiment

The experimental shower profiles were measured for hadrons
In four energy Intervals: 0.5-0.8TeV, 0.8-i.4TeV, 1.4-3TeV and 3-
5TeV. The composition of the hadron flux was roughly 3O*-p1ons and
7O!?-protons[21].

The Monte-Carlo simulations of the calorimeter were carried
out with the help of the MARS1O code [22-24]. The stmulotions were
performed In cylindrical geometry with the Z-axis pointed
downwards and the origin at the middle of the upper sunace of the
first Iron layer. The energy cutoff for Monte-Carlo was 46eV. The
number of simulated showers per each energy Interval was 1OOOO. The
type, the energy and the ozimuthal angle of the primary hadron ore
sampled from the experimental distributions corrected for the
geometrical efficiency (see Tables 2.1 and 2.2).

Figure 4 shows the comparison between the average longitudinal
profiles obtained in the experiment [21,25) and those from Monte-
Carlo simulation. The Monte-Carlo and the experimental points ore
normalized at the shower maximum. As It can be seen from the figure,
the agreement is satisfactory. Figure 5 shows the reduced lateral
profiles for the same energy Intervals obtained by simulations.

3. Shower Profiles in the PION Calorimeter

The longitudinal and lateral shower profiles were calculated for
0.3, 0.5, 1, 2, 5, 10 and 20TeV Incident protons, neutrons and pions.
The energy cutoff used tn the Monte-Carlo simulations was lOOMeV.
For each energy value 5000 shower histories were run. The first
Interaction of the incident hadron WJ<S forced at Z=0.

The laterally integrated energy deposition of STeV proton Induced
showers in passive (Fe) and active (Ar) absorter layers Is shown in
fig. 2.6. Figure 2.7 shows the longitudinally integrated lateral profile
(curve 1) and the lateral profile at the shower maximum (curve 2) It
Is seen, that the lateral profiles as a function of /R (the upper scale
In fig. 2.7) clearly exhibit the two shower components - the sharply
coin mated hard core (R<1cm) and the soft, wide shower tall (R>1cm).

Proton, neutron and pion Induced longitudinal shower profiles
for 0.3, 0.5, 1, 2,. 5, 10 and 20TeV are presented in fig.-s 2.8 a), b) and



с) respectively. One can see, that within the statistical errors,
proton, neutron and pion Induced shower profiles do not differ
significantly.

The longitudinally Integrated lateral prof ties for proton, neutron
and pi on Induced showers normalized to the Incident energy values
are given In fly. 2.9 a), b) and c) respectively. The reduced lateral
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. 2.9 and Table 2.3. The fraction of
primary energy deposited In a circle of radius R<lcm slowly Increases
with the primary energy while for R>1cm It slowly decreases.

The reduced lateral shower profiles for proton, neutron and pi on
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 calorimeter are given In Tables 2.5 and 2.6
respectively.

4.Parametrization of the Longitudinal and Lateral
Shower Profiles

The longitudinal shower profiles were parametrized by the

following function 126,27]:

dE/dx=NL[wL(x/Xo)°-1e-|)<x''xo> + (1-WL)(x/A)°- |е-"<|</^], (2.1)

where

x/X0 - Is the depth from the shower origin In radiation
lengths,

x/x - 1s the depth from the ihower origin In absorption
lengths,

WL - is the relative weight of the two components,
a, b, c, d - are shape parameters which along with WL are

obtained from a fit,

f^ - is fixed by the normalization condition

,r(dE/dx)dx=E0 (2.2)

giving



l^=E0[WLX0r(a)/be + (1 -WL)Ar(c)/dc], (2.3)

where

(2.4)

Is the Gamma function [28].

The five parameters a, b, c. dand WL were obtained from a X2

- fit to the Monte-Carlo points with

2 ^ - л л a^ % » _ л ъ л . * ь • ^ ^ * " y a a^ \ a4 -t^ J j . A 1 *
X2- Z[(1 /Е0)(дЕ/дх) - (1/дх),Г"(1 /E0)(dE/dx)]2 / a2. (2.5)

The x2 minimization was performed by MINUIT 129].
The energy dependence of the fitted values of a, b, c, d and

WL are given In fig. 2.10. As It can be seen from the figures a. b, с
and d are slowly (logarithmically) increasing functions of the
primary energy. Within the statistical errors they do not depend on
the type of the primary (proton, neutron or pion). The shape
parameters of the longitudinal profiles were in their turn fitted to
the straight lines in log scale fora, b, c,d and in log-log scale for
WL . The simple expressions for them are listed in Table 2.7.
Figure 2.1 1 shows the energy dependence of the shower maximum
depth. It was parametrized by the form

Xmox '̂gEo. E01nGeV, (2.6)

and the values of the coefficient for various primaries are listed in
Table 2.8. -

- The fraction of shower energy deposited In the form of
electromagnetic cascades due to neutral pions, as a function of
primary energy Is given in fig. 2.12. It can be seen, that the
fraction of electromagnetic energy Increases with inc1$iak,ehergy^
constituting almost 80* at 10TeV. .

The lateral shower profiles were fitted by the form

f(R) = Mr[WT(p1/2)e-^ P,R • (1 -WT)(p2/2)e-^ P*R], (2.7)



where

R - is the distance from the shower axis,

Hj - Is a normalization coefficient,

WT - represents the weight of the two components and

P, .Pa ~ o r e shape parameters. The values of N T , W T, p, and

p 2 were obtained from a least squares fit

X2 = ZK 1/Ео)(дЕ/д« - (1/iR)J"**"f(R)dRl2 / o 2 (2.8)

for the Monte-Carlo data from Table 2.3. The energy dependence of the

parameter values are given in ftg.-s 2.13, 2.14 and 2.15 fnr proton,

neutron and pi on Initiated showers respectively. A sample of

simulated lateral profiles and f its 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 leakage energy and the number of leakage particles for 0.3,

0.5, 1, 2, 5, 10 and 20TeV proton, neutron and pion Induced showers in

the PION 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

2.16 shews the average number of particles escaping 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

particles is given in fig. 2.20. The energy dependence of the total

(forward + side + albedo) leakage energy for proton, neutron and pion

Induced showers Is given In fig. 2.21. Figure 2.22 shows the energy

dependence of the total number of leakage particles. The average



energy carried off by one leakage particle as a function of Incident
energy ts presented In fig. 2.23.

The energy 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 albedo neutrons for the same cascades 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].

I дЕ, GeV I <E>=rE)Nj/sN1 I AN, I :<Sft>tot=0.437531 Cumulative I

I 5 0 0 - 6 0 0 I
I 6 0 0 - 7 0 0 I
I 7 0 0 - 800 I

639
I

I

336 I

290 I

245 I

767.95

662.81

559.96

0.3858 I
0.7187 I
1. I

I 800-1000 1
11000-1200 1
11200-1400 1

1036
I 356 I
I 206 I
I 133 1

813.66
470.82
303.98

I 0.5122 I
I 0.8086 I
I 1. I

11400-1600 1
11600-2000 1
12000-3000 I

1955
I 87 I
I 104 1
I 104 1

198.84
237.7
237.7

I 0.2949 I
I 0.6475 I
I 1. I

13000-4000 1 I 35 1 79.99 | 0.814 I
14000-5000 1 3690 I 8 1 18.28 I I . I

I >5O0O I I И I 25.14 I



Table 2-2. Experimentally measured azimuthal angle(cose) distribution of cosmic rey hadrons [25,21].
д = (cosO0 - cos30°) / 10 я 0.0134

I cose
I Interval

д= 0.0134
0.9666-1.0

2д = 0.0268
0.9598-0.9866

Зд = 0.0402

0.9196-0.9598

4д=0.053б
0.866-0.9196

I дЕ0 ,GeV I N, 1:0.6221 I Cumul. I N, I .0.5293 I Cumul. I N, I :0.4324 I Cumui.l N, I :0.3496 I Cumui.l

10.5131 11351 386.2 10.21861
10 4952 11051 300.3 10.21881
10.5078 1 391 111.6 10.19411
10.3826 I 71 20.0 10.12 H i

1
1
1
1

500- 800
800-1400

1400-3000
3000-5000

12081
11711
1 691
1 101

334.9 I
275.3 1
111.1 I

16.1 1

1
1

1

1

12761
12211
1 911
1 101

525.2
417.5
171.9

18.9

10.81 04
10.6958
10.8068
10.6102

I225I
H64i
1 781
I 141

520.3
379 7
180.4
32.4



Table 2-3. Reduced longitudinally Integrated lateral energy deposition for p, n,n" induced showers.

a) Proton induced showers.

p, GeVI

I R, cm\|

300 500 •

I

2000 SOOO

I

10000 20000

I I

2

4

6

В

10

20

I 40

I 80

I 150

I 264.0 ± 4.0 I 299.0 ± 5.0 I 338.0 ± 5.0 I 372.0 i 7.0 I 395.0 i 6.0 I 421.0 ± 7.0 I
. - - . - - . _ - j , 2 2 0 3 0 | | | 4 0 ± 3 0 , . „ « , „ .

I 54.0 ± 1.0

I 230.0 t 4.0

I 124.0 t 3.0 I 125.0 ± 3.0 I 126.0 ± 3 . 0 I 124.0 i 5.0

I 65.0 ± 2.0 I 63.0 ± 1 . 0 I 58.0 ± 2.0I 65.0 ± 1 . 0 I 67.0 ± 1.0

I 38.0 ± 1.0 I 36.0 ± 0.2 I 34.0 ± 1.0 I 32.0 ± 1.0 I 28.0 ± 1.0 I 26.0 ± 1.0

I 24.0 ± 1.0 I 23.0 ± 0.7 I 21.0 ± 1.0 I 20.0 ± 1 . 0 I 17.0 ± 1.0 I 16.0 ± 1 . 0

I 18.0 l 1.0 I 15.9 ± 0 . 6 I 15.0 ±.1.0 I 14.C ± 1 . 0

I 8.3 ± 0.3 I 7.4 ± 0.2 I 6.8 ± 0.2 I 6.5 ± 0.3

1.9 ± 0.1 I 1.55 ± 0.03 I 1.6 ± 0.1 i 1.3 ± 0.1

I 12.0 ± 1.0 I 11.0 ± 1.0

I 5.2 ± 0.2 I 4.7 ± 0.2

1.0 ± 0.1 I 0.9 ± 0.1

I 123.0 l 3.0 I

I 54.0 ± 1 . 0 I

I 27.0 ± 1 . 0 I

I 16.0 ± 1.0 I

; i i.o t o.ooi i

I 4.4 ± 0.1 I

0.75 ± 0.04 II 1.У £ U.I | 1.ЭЗ ± V.VJ | I .D ± U.I | I.O ± U.I | I-V ± U.I I U.7 Z U.| | V. I J ± V.V4 |

Г 0.2 ±0.01 I 0.18 ± 0.01 I 0.19 ± 0.02 I 0.16 ± 0.03 I 0.12 ± 0.01 I 0.083± 0.0081 0.086± 0.0081

I 0.016± 0.0041 O.OI9i 0.0031 0.018± 0.0031 O.OISi 0.0031 O.OI4± 0.0041 0.007± 0.002 1 0.006± 0.0011



2-3. b) Neutron induced showers.
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2S.0
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1

t

±

1
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t
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0.01 It
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O.I
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Table 2-4. Reduced lateral energy deposition for p, n,n~ induced showers at the shower maximum.

(l()5/E0)(AEma)(/iR) at maximum of the longitudinal shower profile.

(Ecut=1OOMeV, N=5000, the 1-st Interaction is forced on Fei).

a) Proton induced showers.

300 500 1000 2000 5000 10000

I

I
I 20000

I

2

4

6

8

10

20

40

80

150

184.0

139.0

117.0

I 8.1

I 47

I 2.9

I 1.1

± 2.0

± 2.0

t 1.0

± 0.4

± 0.3

1 0.2

± 0.1

197.0

138.0

116.0

I 7.1

I 3.9

I 2.5

t 3.0

t 2.0

1 1.0

t 0.4

t 0.3

± 0.3

I 107.0 t 3.0

I 32.0 t 1.0

I 12.0 t 10

I 4.6 ± 0.3

I 2.7 i 0.2

I 1.4 t 0.14

II 12.0

I 25.0

I 11.0

I 3.4

I 2.2

I 1.3

±3.0

±1.0

±6.0

±0.3

±0.2

±0.2

190.0

133.0

1140

I 5.3

I 3.2

I 2.0

1 4.0

1 2.0

± 0.8

± 0.4

t 0.3

± 0.3

I 0.16 ± 0.02

I 0.93 ± 0.05

I 0.13 ± 0.01 I

0.67 ± 0.05 I 0.54 ±0.04 I 0.74 ± 0.08

0.13 ± 0.01 I 0.075 ±0.009 I 0.13 ± 0.02

1101.0

I 28.0

I 12.0

I 5.1

I 2.9

I 18

I 0.72

I 0.01

±3.0

±1.0

±1.0

±0.4

±0.3

±0.2

±0.06

1106.0

I 28.0

I 11.0

I 4.7

I 2.8

I 1.5

I 0.51

±3.0

±1.0

±1.0

±0.4

±0.3

±0.2

±0.05 I
±0.014 | 0.078 ±0.01 I
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2-4. b) Neutron Induced showers.
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2-4. с) Pion Induced showers.

300 soo 1000 2000 5000 10000 20000
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±0.4

±0.3
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I 0.68 ±0.07 I 0.54 ±0.06 I 0.43 ±0.06 I
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I 0.0008±0.0006I 0.003 l 0.0021 0.002 ± 0.001 I 0.001 ItO.OOOSI 0.0008±0.0005I 0.0005±0.0003I 0.0007±0.0004|



Table 2-5. Reduced lateral energy deposition of p, n,n~ Induced showers at the first iron row.

(105/E 0 )(AE F 8 1 /AR) at 10cm depth of Fe/Ar sandwich.

(Ecul=100MeV. N=5000. the 1-st Interaction Is forced on Fe1).

a) Proton Induced showers.

Ol
i.

2.

4.

6.

в.
to.

20.

40.

BO.

150.

300 500 1000 2000 5000 10000 20000

168.0

114.0

I 5.0

I 1.9

I 1.2

I 0.65

I 0.17

±2.0

±1.0

±0.2

±0.1

±0.1

±0.07

±0.01

156.0
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I 3.5

I 1.5

I 0.75

I 0.4

I 0.11

±2.0

±1.0

±0.2

±0.1

±0.06

±0.05

±0.01
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I 6.1

I 0.2

I 0.1

±2.0
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I 3.8
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±0.3
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I 0.8
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I 0.2
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I 0.012 ±0.002 I 0.043 ±0.005 I 0.03

I 0.026 ±0.006 I 0.027 ±0.008 I 0.015 ±0.004 I 0.022 ±0.007 I 0.003

I 0.0033 ±0.00071 0.0027 ±0.001 I 0.007 ±0.0042 I 0.003 ±0.002 I 0.002

I 0.0004 ±0.00021 0.0005 ±0.00011 0.0001 ±0.000011 0.0001±0.OO001l 0.0

± 1.0 118.0 ± 1.0 111.0 ±1.0 I

l 0.3 I 1.4 ± 0.16 I 0.67 ±0.1 I

±0.1 I 0.49 t 0.05 I 0.31 ±0.05 I

± 0.03 I 0.2 1 0.04 I 0.096 ±0.01 I

±0.03 10.11 ±0.02 10.051 ±0.01 I

± 0.07 I 0.094 i 0.03 I 0.033 ±0.007 I

± 0.005 I 0.024 ± 0.0061 0.019 ±0.005 I

± 0.00071 0.003 t 0.001 I 0.0019±0.0007 I

± 0.001 I 0.0005 ±0.00021 0.0009±0.0005 I

I 0.0 I 0.0 I



2 - 5 . b) Neutron Induced showers.
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I O.OOOIiO.OOOOtI 0.0007± 0.00051 0.0 I 0.0 I 0.0 I 0.0 I 0.0 I



2-5. с) Pion Induced showers.
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Table 2-6. Reduced lateral energy deposition or p, n,n~ induced showers at the sixth iron row.
(103/E0)(uEFe6/uR) at 110cm depth of Fe/Ar sandwfr.h.

, N=5000, the 1-st interaction is forced on Fei).

a) Proton induced showers.
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2-6. с) Pion induced showers.
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Table 2-7. Coefficlentt uiad In thaparamelrttatlon of dE/dX

(formula (2.0). Eo la In GaV.

The prtmarg ts a proton

o =-0.5 (,0 2) • 0 8 (tO.l ) Igb

ь = 0.01 (tO.OOZ)igEo

с г 1.1 (jO.I ) igEa

d= I.I dO.1) « O.35(tO.O6) IgEa

lgWL - 0 6 (jC.2) - 1.0 dO.OB) IgEo

The primary is a neutron

6 г -O.5(tO2) . 0.7S(t0.08) IgEo

b- 001(i0 002) IjEo

с = 1.3 (tO.2) IgEo

d= 0.7 (,0.4) • 0 5 (,0.l ) IgEa

lgWu= 1.2 (,0.3) - 1.1 (,0.09) IgEo

The primary К a «-maeon

a =-0.7 (,0.3) «0.9 (tO.l) IgEo

bs 0.0ido.003)igEo

С = 1.4 (,0 2) IgEo

a . i e ( , 0 S ) «0.3 (,01) IgEo

1gWL3 1.0 (,0.4) -1.4 (tO.l) IgEo

Table 2-8. Coefficient» used In tha peromotrlzatlon of XIM»
(formula (2.61).

I The prtmargl

I 6.0
I 6.0
I 6.1

•T I

02 I
0.2 I
0.2 I



с) The primary Is a n-meson.

IE,,, GeVI 300 I 500 I 1000 I 2000 5000 I 10000 I 20000 I

I N, I 0 . 2 0 6 s 0 004l0.20et0.004l 0 2 0 , 0 . 0 0 4 1 0 . 1 8 iO.OO4IO.I9 ,0.00410.18 ,0.0041 0 18,0.0041

I WT I 0 . 6 0 . ,0.06 10.69 ±0.05 I 0.57,0.04 10.73 ,0,17 | 0 52 , 0 0 2 10.62 , 0 1 1 I 0 5 1 , 0 . 1 2 I
I p, 15 71 , 0 7 3 1 6 2 9 , 0 6 8 1 1 1 . 7 9 , 1 7 0 1 3 3 9 , 0 6 1 1 6 9 8 , 0 63 I \ 9 7 ,1.50 110.10,3 2 I
I p, I 1.27 ,0.12 I 1.04 ,0.12 | 1.55,0.11 I I.II , 0 3 2 | 1.54 ,0.06 I 1.49 ,026 I 1.94,032 I

I x ' I <.552 10.959 I 1.709 11.061 10.604 10.379 I 1.11 I

Table 2-10. Leakage from the 'PION' calorimeter. The 1-it interaction is forced on Pol, number of
showers Is 5000. nadron cutoff energy Is iO0M»v.

a) The primary is a proton.

llncldent I L e a k a g e
I I — --

E n e r g y , G e v I I
• INumber of leakage Particles I

energy.

TeV

0 3
1 0.5,

1.

2.
5.

10
20.

H e a r

Backwed

0.536

o.4 ie
0.479

0.6
0.6
099 '

. 1532

one

Forward

14 28

2332
59.41

140.9
365.2
864 2

1603.

Side

0.262
0.IS7
0.573
0.757
1673
3558
6316

LOW-
Pnarnn

Photons I

tnirgy i они i

Neutrons lEiectronsl

0.151
0.2
0.273
0.337
0.474
0696
0.602

2.387 |

3.7341
11.31 |
25.99 I
73.79 I

Totel

17.62
27.85

72.04
168.6
442.2

1J25 11062.
428.3 12320.

1

IBockwerdl Fo. ward

1
1
1

r
1
1
1

3.2
2.6
2.9

38
5.3
66

10.5

123
20.7
45.
76.7

190.4
395.
704

Side

1.7
0.8
3.6
46

10.0
19 8

•34 2

2-10. b) The primary Is a neutron.

llncldent I ' L e a k a g e E n e r g y , , G e v I I
I | . INumber of Leakage Particles I

I Energy.

TeV I Backward I Forward I Side INeutrons lEiectronsI

I Low- I Photons I
- I Energy I and I Total

Backwardl Forward

1 2.5
1 2.7

1 5.3

1 31
I 4 6

1 9 6
1 7.7

143
2 1

44.9

90.4
211.8

396.4
701.7

Side I

1.2 1
2.1 1
2.3 1
S.3 1

141 1

17.4 1
I 17.4 1

0.3
0.5
I.

2.
5.

10.
20.

0.384
0.45
0.715
0.481
0.677
1.372
1.21

13.64
22.59
62.33

139.7
400.
835.

11766..

0223 I 0.169
0.403 I 0.214

0.493 I 0.28
1.071 I 0.361
2.274 I 0.449
3.233 I 0.581

2.3381 16.75
40631 27.72
9.4681 73.29

27 93 I 169.4
62.16 I 465.5

178.9 11019.

3.314 I 0.719 1443.1 12215.

.23.



2-10. с) Tim primary ts a plon.

llncldentl

1 1-
1 Energy. 1

L e

H a d

I TeV I Backward

1 0.3 1

1 0.S 1

1 1. 1
1 2. 1
1 5. 1
1 10. 1
1 20. 1

0.241

0.223
0.318
0.331
0.394
0.S3
0 6 9

а к a g

r on s

1 Forward

1 9.621
1 21.4
1 39.3
1 82.3
I 320.
1 666.
It 240.

e E

Stda

0.143
0.492
0.355
0.349
0.905
0.B4
1.808

П t Г g

Low-
Energy

Neu'-ons

0.125
0.138
0.14
0.177
0.256
0.335
0.291

y , G e V

Photons 1

Electronsl

1.8511

3.6211
7.151 1

15.59 1
5064 1

160.3 1

11.98
25.87
47.31
99.74

3724
827.9

3186 I1S6I.

NumDir of Leakage

Beckwardl Forward

1.7
1.6
2.1

2.1
25
3.4

4.9

9.7
13.7
30.9
51.8

1368
249.9
387.6

Side

08 1

3.9
2. 1
2.1

5.8
4.4 1

106 1

Table 2-11. Leo' age from the "PION" calorimeter. The 1 -st Interaction Is anywhere In Pb/Ar/Fe,
number of showers Is 5000, hadron cutoff energy ts lootiev.

o) The primary ts a proton.

Incident

Energy,

TeV

0 3

0 5

1.

2.
5.

10

1 20.

L e

H l d r

Bockwird

oo?;
0.055
0.106
0 1 7

0.24S
0.226
0.344

а к a g e E n e г g

o n s | Low-

-———« ~— ~_ _
Energy

У, GeV

____ _
Photons I

and 1 Total
Forward 1 Side INeutronslElectronsI

2552
45.84

112 1
240.7

647.5
1367.

2692.

0.288
0.425
0.38
0.744

1605
2.571
1.573

0.029,
0.03 Г
0.041

0.042
0.034
0.051

0 098

3.0621 28.99
7 232 1 53 58

19.76 1 132.3
50.54 1 292.2

144.9 1 794.3
371. 11741.

817. 13511.

Number of Leakage

Beckwordl Forward

0 6

0 3

0 8

1 2

1.7

1.5

2.4

185
3 2 2

6 4 6

121.8
221.7
448.4

728.9

1
OrllCIv» 1

Side 1

1.7 1
2.7 1
2. 1
4.

9.6

13.9 1

7.9 1

2-11 b) The primary Is a neutron.

llncldentl

I Energy,

TeV

L в е к a g e E n e r g y . GeV I I
INumber of Leakage Particles I

I Low- I Photons I I |
..' . 1 Energy I and I Total I
Backward I Forward I Side INeutroni lElectronil IBackwerdl Forward I Side

H a d r o n s

03
0.5

2.
_ 5.
' 10.

20.

0057
0 058
0.087
0.094

0.123.
0.244
0.195

27.51
465

1046
2322
648.7

1392.
2784.

0.177 1
0.163
0.278
1.256 1
0.662
t.153
2.74

3.87 I
7.07 I

0.022 I
0.036 I
0.038 I 19.41 I 124.4
0.028 : 5.03 | 278.6
0.033 I 153.5 I 603.
0.114 1350.6 11744.
0.073 1748.7 13536.

31.63 I
S3.B3 I

I
I
I

• I.

0.4
0.4
0.6
0.6
0.9
1.7
1.4

17.9
29.
55.4

114.6
216.3
456.7
712.7

OB
1.5
7.3
3.6
6.9

14.

24



2-11. c) Trte primary te a pton.

llncldcnt I L e a k a g e
I I
I Energy, I H a d r o n s

I :

E n e r g y . B e v

I Low- I Photon» |
-1 Energy I and I Total

I I
• INumber or Leakage Particles I

TeV I Backward I Forward I Side [Neutrons lEIectrons! IBackwardl Forward I Side

0 3
0.5
I.
2.
5.

10.
20.

0.02
0.037
0.062
0.053
0.046
0.091
0 1

24.26
«ее

1 89.41
210.3

1 567.6
1 931.7
1 2107.

0 075
0.102
0.214
0.332
0.577
1.863
1.454

0021 1
0.021 1
0.022
0.026
0.037
0.033
o.oei

4.073 I 28 45
7.1891 54.22

18 92 | 1086
49.82 I 260.6
156.5 I 724.7
266.4 11200.
583 2 12692.

0 1
0.2
0.4
0.4
0.3
0.7
0.7

15 8
2 4 6
40.3

108.7
21 IB
284.7
417.5

0.4
0.6
1.4

2.
3 4

10.9
10.3

TeDle 2-12 Leakage from the 'PION' calorimeter. The l-st Interaction Is on Fel, number or showers
IS 5000. hsdroncutorr energy Is lOOMeV.

a) The primary is a proton.

llncldentl L e a k a g e E n e r g y . GeV I I
I | + (Number ol Leakage Particles I

Energy,

Tev

1 0.3
1 0.5

1.
1 2.

5.
10

1 20.

H a d r o n s

Backward

0.268
0.31
0.477

1 0.41
0.516
1.197
0.792

Forward

16.19
30.45
66.74

151.9
4 3 8 3
9 4 5 8

20B5.

Side

0.202
0.265
0.625
0.793
1.544
1.963
2.745

LOW-

Energy
Photons

and
1
1

Neutrons lEiectronsI

0.092
0.127
0.135
0.177
0.228
0.339
0.312

21291
5.401 1

10.24
2834
9B74
207.3
548.9

1
1
1

Total

1888
3655
78.22

181.6
5393

II 157.
12638.

Backwardl Forward

1.7
1.9
2.6
27
3.3
7.6
54

1 17.4
1 23.5
1 49.5
1 92.9
1 211.
1 383
1 715.

Side

1.
16

"3-2
44
В 1

11.5
17.9

2-12. b) The primary i t a neutron.

llncldenl I L а а к a g a E n e r g y, GeV

Energy.

Tev

1 0.3
1 0.5

1.

1 2.
5.

10.
20.

H a d r o n s

Backward 1 Forward

0.242
0.266
0.266
0.477
0.S5I
0.557
1.096

1418
26.99
68.52

161.1
480.4

1027.
I860.

Side

0.221
0.163
O.3S3
0.506
2.689
2.554
2.669

LoW-
Energy

Photons 1
and 1 Total

Neutrone lElectronsI

0.102
0.104
0.138
0.189
0.26
0.262
0.343

2.0491 16.8
3.4B7I 31.01

12.74 1 82.01
29.19 1 191.5

102.3 1 586.2
195.6 11226.
4 6 0 6 I232S.

Number or Leakage Partlcl

Backwerdl Forword

t.5
1.6
1.6 •

32
3.6
3.9
8.1

IS.
20.1
52.6
84.7

199.1
416.8
'610.4

Side

1.2
1.
2.2
3.1

17.0
14.2
121



2-12. с) Tht primary Is a plon.

llncldenl I En e r g y, GeV

IEnergg, I H i g r o n i I Low- I Photons I
I . 1 Energy I and I Total

TaV I Backward I Forward I Side Neutrons lElectronsI

03
O.s

2.
S.

10.
20.

0.127
0.175
0.197
0.167
0.288
0.308

1204
23,09
56.92

114.
371.4 •
718.4

0 198 I 0.063
0.141
0.311
0.307
0.688
1.092

0.278 11684. t 2.165 I 0.243 1402.9 12089.

0.069
0.098
0.113
0.147
0.218

187 I 14.29
3.3581 26.83
9.325 I 66 33

2! B8 I 1J65
79.71 I 432.2

142.8 I 862.8

1
Number of Leakage Particles I

leackwardl Forward

1 0 8
1 1.2

1.4
1 1 1
1 1.8
1 2.1
1 2.1

10.2
18.6
37.3
*2

183.6
2565
4566

Side

0.9 1
1.
1.8
1.9
4.1
6.2

11.7

g- 2.1

26
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FIGURE CAPTIONS

Fig. 2.1. Artists view of the "PION" setup.

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 or the total laterally Integrated energy

deposition on depth In Iron absorber.

Fig. 2.5. Reduced lateral shower profiles.

Fig. 2.6. The average longitudinal shower profile In the PION

calorimeter. The primary is a SOOOGeV proton, the cutoff energy Is

lOOMeV, the number of shower histories is 5000.

Fig. 2.7. Longitudinally Integrated lateral shower prof lies: 4 -

lower scale, ф - upper scale. Lateral shower profile at the shower

maximum: ^ - lower scale, ^ - upper scale. The primary Is 5000GeV

proton.

Fig. 2.8. Longitudinal shower profiles for proton a), neutron -b)

and pion - c) initiated showers.

Fig. 2.9. Longitudinally Integrated lateral profiles for proton - a),

neutron - b) and pion - c) Initiated showers.

F1g. 2.10. Dependence of the shape parameters of eq. (2.1) on

primary energy for proton - i), neutron - ^ and pion - ф Initiated

showers.

Fig. 2.11. Dependence of shower maximum depth on Incident

energy for proton (o), neutron (A) and pi on (D) induced showers. The

shower depth is evaluated from the first Interaction point.

41



Fig. 2.12. The fraction of electromagnetic energy deposition os а

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 Induced showers.

Fig. 2.15. The same as In fig. 2.14 for pion Induced showers.

Fig. 2.16. Longitudinally integrated lateral shower profiles: a)

- 300GeV pions, b) - lOTeV pions, c) - 2TeV protons.

Fig. 2.17. Dependence of the leakage energy for proton, neutron

and pi on induced showers on primary energy (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 pi on Induced showers on

incident energy.

Fig. 2.20. Dependence of the average number of albedo particles on

Incident energy for proton neutron and pi on Induced showers (see

also Table 2.12).

Fig. 2.21. Dependence of the total leakage energy on incident

energy for proton, neutron and pfon induced showers(see also Table

2.12).

Fig. 2.22. Dependence of the total number of leakage 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 and pi on
Induced showers.

Fig. 2.24. The energy spectrum of leakage particles (protons,
neutrons and charged pions). The primary Is a proton, the first
interaction Is forced on Fei, cutoff - lOMeV, N=5000 - Eo =1TeV,
the total number of leakage particles Is: 11.5 protons, 50.2 neutrons,
31.7 pions; E0=2TeV, the total number of leakage particles

Is: 12.8 protons, 82.2 neutrons, 48.6 pions; Eo =20TeV, the total

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 Fet,cutoff - 10MeV,
N=5000 - Eo= ITeV, 8.96 albedo neutrons; - Eo =2TeV,

12.8 neutrons; Eo =20TeV, 40.3 neutrons.
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