INTERNATIONAL ATOMIC ENERGY AGENCY
UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION

i
(¢ oy
r((zd’

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE UTALY) - 0. B. 680 - MIRAMARE - STRADA COSTIERA 11 - TELEUIBONE: 2240-1
CABLE: CENTHRATOM - TELEX 480302-1

H&4.SMR 346/ 12

SCHOOL ON
NON-ACCELERATOR PHYSICS
25 April - 6 May 1988

EXTENSIVE AIR SHOWER ARRAYS

by

G. Navarra
Istituto di Cosmogeofisica del CNR

Torino




L. Kol - . ae L
thoc (% cec, 2 2y

=000 0O d:z

CERENKOV
CovNTERS

(Hsz}

.p f SEL 2 (Tt ok "'"ﬂ-\e -l

.M‘ln

“ji:Q_O

0O OOEB | | ~

i;F‘

0 em.

F'I"I'
twe lupers of

I

HEAQ-Y CT detector configura

Infices tm, = p g 16K .0
"’Ql l&l llsllj

128 tiash tubes. Time of flight system between C

ﬂmCle‘JCnnIm ters with
=134 -I.DI!-M meters
hodoscope whth four trays, each o1 which
1 ond €3

GRIGoRoV M"-L
: 1*45
(R ORMETERS

Tsnizotiin

L}
‘ln:‘:T.l':rt: ‘\\\\\\\\\\“\\\\ = “,‘"‘* .
. TN

k\\\\\\\\\\\\\\\\\

/&\\\x\\\\\\\\\\\\ Tonizitin

4&\\\\\\\\\\\\@ taterimeter
P - Srepertisnst
Pt o

ACTONNNARNAN
4 AN
\ DDA
\\\\\\\\\\\\\\\\\\
B A Y S AN AR

—— . et FIG. 1, Dalloon-borae foatzation.
z Y BCH . 1, spectrometer, SC,,
“‘{"mm é omtars ¥ 8C,, 8C,, apd 5C, wre wire-grid spark chambers with t
foL core readout W determine the trajectory of the jocident ¢
““",':?“" particle and ‘0 help [n rejeciing background events, t
I ¥ N

S (4 }'z)

M A S rt— r—— o ot —— =

clear cascade process. The deteclors on the top,

.RY&UJ‘-{
vRL 21

' ‘lfS'((ﬁ,L)

»

! The delector sysiem was desigeed po that a very wide
mdwwumuﬂuhm'm
& single iwitrument, .

e .




uopINTOsI1 IEFI-IFI0N ®» aog ‘*3ejunod 19B3Fal W3 £q 308 »1Sur mnuixwe
W43 3T oS°T Inoqe URYITA ©3 Puv POURPTIUT TESTIINA 10] ol upyiia o3
peInsYen 39 iin setao3defway ST ssajed £'Xx onl jo EI9S oA UF 2q
118 sausfd § jo P13 ¥V -Sujowds ®aga wa ¢ s¥Y (E) pdoosopoy ARIUNOD
sucyaacdoid @Yl 93 o3 5 wo1j JPISnu TV J0F XOT Inoqw uvojanyosax KBisul
Yy woa>ru /A 09 - 0 afura Byl 1IA0C EJUITRINSVIL ABasus T¥TIVIIL TP
spjacad TIFH (1) 393uUned ADNUIIFD s3f 8yl *9andfj sya ugp ATTRITIwmRYde

" umoys ST TG6T WF usoll ¥4 03 ca3eds UOTHTNE-393IUNOT PTIGAY WL
+yopIWMIOIUT £B2909-38anq §F TN g¢w '810310939p DFIFNCOE W3 10]
ze887a3 1dmoad ® papiacad aw3ewiloTEd A yavauag paoed 203BTTIULIS.Y
«39319WFa01RD WY1 U sa3e7d pyeT W3 JO so8pe anoj Y3 03 KIIOnpELEII AITP
7d puoq @ aswaa2 suocdr3y Juysn Aq IyBFT) 0B6T 93 UJ PpIIEII FEA 3UAe
Agasua 3®aYBIY W43 joO VOFINFAIP DFIENOIV *uoj3oas Jeowds W3 pokotd
—we ySITF PIWIN-TIN] 83T ¥ Aruo anq *eayByTy TEIS-TINJ O3 383

sya U pU¥ ays77y BupaeeufBua a3 UE UAOTH gua 10312939p DFEVq STUL

6c-up oyaverd a1qwya33 (€ :
wyrj Aea-x 9diy-N BINAES (¢4 o

g9 puv € sad{y 'suolsTnuwd aewITonu LN 181070939 VAJITRUGS AIWIL
2 aeywse 307 T > ‘92 07 T - ZJZV uopInyeeds sEam
tsnayonu Kavwyad (T
0 1eapwagwy kwa-k (1
: a/av

" : suopanyoss L8aeug
a4 103 MaBuIT vOTIFEAIILE aveTonu §°Q _
suojosd 307 Yatudl gejadwaeauy aweTonu 7°0 1 (#372n7) TAIvwyIew s3eBawl
~ uoj3des awowds UTITA . :
gi2[=-0 jo DojIvAIREqO suoaTonu /AR 07 <1
wi¥] Lwi-x U} »ks payvu 03 WIQISIA

SIPEOEFY oj3suBemo1ldenld ruoaTonu AR 00 T 3 . ".-v.uoz-s..:._u. ABaeug

as zu ¢°F $13032%] 91a39WORD
W) 9°9¢ X WO Q0T X W (B tsuoTwueTL(d
S ops :ou¥Ie

JE1SAS NOI10313d FALISSVE FHL 0 STENLVAI INITTVE .
*3030939p 243 jO
seInIvej IUIFIVE IYI 2478 o1qwy SuiAolIej wul +puncafxdwq £31sus soT PYI
Sujaoefex PTTYN sjuaaa ABiaus yETYy 943 fujaoeITed 307 I030¥] .—-u«uuoaouu
sfazyw () PUT ¢4819u9.Jo Juapusdapul A1TFiIuasse uvojanfosea LBasu> ITA
suofIPuTmIFIIp 4Basve eTqeTie3 (7) '43isud jo juapuadaput A1res:3omad
voganyosea 2¥amd yIA yeranu Lirvmyad syl 203 suojIvujmasdep #8avy> 938
-naow (1) s3IusTriadie pascdoad 343 aed sjuamaajnbaz eTqEIoU I #IFIET
398 ulEap ITUL +391IWFIOTED UOISTNEI=pER] ¥ (y) pue fuojaoes asdeds ¥
() °‘wocravas 982w ® (7) ‘ernpou edawyd Kawwpad ¥ (1) ©3UF pRIVITEIS EF
Jpnaum3Isu WUl C (PIHI @ ¢"Z Pu¥ p°1) FIIYE PR pus *wasdeds Aaysulp
AOT *§1032929P {6C~U2) #TPYDIP fgoyyj Avi-x ‘BIIwIIEQNE T430wy3aw I Py

voiojn QOG U0 FUCTSInE? I¥ITINU pa3woo-A1qnOp JO SIBFSUOD unf..ﬂ..u%

“WEfE{nGe ur S usomy UIIQ EVY Ivys 9% 2035939p eajesud DyeEq SUL
snyvawcIy

T
~gejfaaua pur $38aTYd uACUY Atauepuadapuy Suyasy $27573awd Jo $10IIDW
=3930 SRPTINU-ENITING JO BOSTONU/ARD OZ VWD ae3weal s»fBavue 3 eITpnIs
apaad osT¥ ITIA 31 egay$T17 SnoTARad Syl UT pIsn 931032939p saysswd

3 jo UOTIRIQITED YBITIVT IDATP aprA0ad TITA 3T (a8 ;B 2°0) 103093
{eo1a39wodd paonpId £1awea% w aawmy TIN snywawdde pyaqiy sTYI Y.0QITY
+1579WTAOTEY UOTSINES DFSRQ I 03 UOTITPPY UF (I0IVITTIVERE o13sefd

ezl
-18 - ~

P e L ]

pogm————

e e

© e

PRTSERRY ai

s o — — T ——

V] " -

a».«..-‘-sg.’.%ml .
FHE- Tivime w1 0T

p——— e e R eeied

sooyaaodoad “ssITPUT BATIORIJEI JUSASITP
| *A0AUBIDD s38) sasaunc> sFucIIVeIe Koydae
weades 307 peuurrd 8T JydFY] WU L 3ThA
F “eay s g» OIY ANOQE 3O
. [3 ®#aya essul  “OB6I 2990320 BT 34 0f 20]
jz 303 wuo fsune] ‘SUTISOTEZ WO PIYIUNEY
167 43H U uede[ U} 393UP) UOOTTWH NAYIUNS
#9a¥ i@#3awnb-3uc ® JO Iy8y7y Suraeanutiue
[émod uINq BAWY saysyYs eyl /8 v -
3 saom joj pesodxe eq 3Ena 3] *is o® §°7
08 W SWY 3020039p JTEVQ UL *seataonfqo
s3ySTIF uwooTIvq uogavanp-Euo] 19a0ASS
=auspusdap LBaeue 87 uorIFsoducd
»3ep up dY9y TIIM suozoad puv ‘0 + D ‘8Z
{epou Axsed pesoTd pus ‘xoq Aywe] paiseu
. 92 Fo BTIpOR aeyndod ATauesand oy ussAIwy
FTONU/ARL 3T FRIINU edanos (0 + J) wnypes
1) WBIT Jo o7 ayy uo wawg saj8asue
n3 jo sene09q (SYE) SIPAONS 1TV WATEUNIXE
uoFI¥AINNGO WYL +goyediydolasy A2 OFEEOD
ococ.&uu.nu«uucm ARU 30j S9Yd1ss8 ‘SUDTIOW
STONU-FTETINU JO SOIPTIS SATOAUT SRATION[
g01d puy UORTIRU/ARL T 93 dn jatonu Lawsy
oyusod Jurpdpnas Jo ssodand syl a0] PYSEY ,
der up sdnoaf useslag uoTavIOqRTIeY ¥
_ WoFIONPOIIUY ] |
3 30 VOTAWAQTIYD IYBITIUT IVIITP BPTA
fopdwe TTFA 1067 aequaades Ui BT
ut pesandaasiuy SULE) fwa-x Bujuuwas
. £Sasue eyl ‘vausmaInswem sTiwyd 103
uy pasn vam sopaseTd wIqeyell  *3eIw
eEawy ‘upyl T AW POASTYIW §F 1032W]
L QOT usyd ¥aom 03 APL T woaj sejlasus
]

13HIE0TY) NOISINHI -

i

LD
Exan tWER

!

——— ¥3IV4S =t W1

|

%

"

|

¥3)n00Yd

4= JINO0K 4 +——
- FOUIH)

_uuu-n- £8aauw puw suotapscduc> »dawyd e
3 pusn Sujeq =aw ‘9IYBFTJ voollvg

NYAVE *A3Fsasatup wpeswA ‘TAPAVL ey puv ‘yuAl °r ‘JUSEAVH 1
vsn ‘uoaButysey jo fapeasatun CEIATIA °C 4 puv ‘paoy ‘Il t3aeuang °H ‘L
ysii *eyTIARIURH TymequETY JO AITUIRATUN *£ao¥9an *2 'r
_ NVEV[ *A37839ATU0 WASP0 ‘yanmwdTH "0 -
yso ‘a93ua) BT woudg TYWYSIVK VSVN ‘1ieuawd ¥ °L
ysn "£1c3eaoqr] faraxaeg WOUIIAT] ‘useno3H *H R puv.2epueTPITAL "R 3
NYave ‘Aaysasatuf 090X sySpumol "1 pue ‘TARd 'K ‘sxvd °S
aNViod ‘soyeIX ‘3Nl syaeon g puU® *39170M ‘M *Awanr ¥ spasulted ¥
RVaYD ‘ofdol go Kaysasajug ¥l ‘o3jes °1 puv ¥avig ‘L

. vsh fo80L V1 *e8noy uolIwy
- L3psasajunl #I¥3S PLRISTNOT
LmouoaaIsy puw sofséug 3o ausmiawdeq

e s———————

JuswymieL *% puv ‘BIUOL. TA. 1A fasqung *d .m..uuouua: o Ut |
@ oy NOLSTIE HATLVERE00D NVOTYZV-FSINVAVE N
° ]

-1l . -
et -8'.




J. ). Engelmann et 2l.: Source energy spectra of cosmic rays derived from HEAO-3 data
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Significant differences exist in these spectra.
spectrum appears to reach a peak at v 10 GeV/nuc corresponding to
*? spectrum and then approaches a spectral index ~ -2.7 at
This high energy spectral index is identical to
'r‘he spectra for O and Fe reach their maxima,

that for protons.
corresponding to a E 2

manenTrahente
.
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Energy (GeV/nuc

Heasurements of Fe nuclei intensities above 1 GeV/nuc.

5 spectrum, at higher energies, perhaps as
high as 50 GevV/nuc for Fe, and the spectral slope appears to con—
. tinue to increase at higher energies, possibly becoming » -2.7
" but but it is difticult to verify this because of lack of
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230 Gicserre Cocconi: Extensive Air Showers, Sect. 4.

can be be represented by the equation?

. 0.31 3
R N{is,.n =--ﬁ-=— cxp[l(l— o lugs)] {4.1)
where I = : is the thickness of air in radiation wnits, S, =log jrl' cand s=_ fi."i'ﬁ"
[} — [ "<l
”' T T T T T T Y "!-——.—Fﬂ /- H

{ 20 "w 7] 77 1000 2% gon - WK
Duckness of o

Fig. 1. The tota nunber of chctrons, a3 a function of the thickness {2 €274 of air erssed, produced by photans of various

encrgies, 1,, im ev. The paramcier 3 is the ape of the shower at dilfcrent stages of its development,

Tor E>¢,, the integral energy spectrum of all the electrons in the shower
is given by the expression T

A\ 0135 3 4 )
‘ \ -‘(“.-E.')-—-—ﬂ;iexp[lli—?logs)] (4.2)
where - :
. ,ﬁ=log-% -and ’=_-:'5f!

Exact handling of the electrons and phoinns below the critical encrgy allows

the determination of the integral spectrum for encrgies E<¢, (RICHARDS and

NoRrpHEM)®, .

In Fig. 2 we have ploited the spectrum in the neighborhood of the maximum -

development of the shower. _ '

The parameter s is known as the “age” parameter and is simply related to
most of the characteristic properties of the shower: its behavior is plotted in
Fig. 1. For instance, from Eq. (4.1) it follows that the maximum development
of the shower is reached when s=1, i.e., at the thickness

R P w

Ap——

-- K, GuESEN: Progress in Cosmic Ray I'hysics, Vol. M1, Amsterdam: North Holland -

Publishing Co. 1956.
? J. A. Rucuanps and L. W. Noxouein: Phys. Rev. 74, 1106 (1948).
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23> Gieseres Coccaxi: Extensive \ir Slusvers. Sect. 5.

- . - ; . ... n the analyvsis of
where £ = 21.2 Mev. The natural mit of length of lateral displacement in air i . the unit of later

S— thus ’ s

X y . s r . i

! n= 2 Xe=0350gcm = 7'," .. m (.1)

N Ty —— LR

- (£ in awmosphere and T in *K}.

1

f Referring 10 Mouiike's artice for an ana
i here we give only the resul
Kasatal, that probably
results can be consider.

The dependence «
The normaliz

lysis of the methods of solution,
ts of the caleulations performed by NiSHIMURA and
are the most extended and accurate thus far, These

i re
0 and for an homogeneous atmosphere is plotted ' ;I;:‘ll;saft(’;fl?e) :ﬁga

The following expression, given by GREISEXS, represents quite well the results | .
i of NisHIMURA and KasmaTa for 0655518 and 0.01< -::510; | I j\:;)}
r _ Lu—l .,-. £—4.3 - ;.u__‘

= (7) = o (e, € am, 52

. e
”~p.

where Cfs} assumes the following values: :

'
]
'
Sy

- $=06 08 10 12 14 16 48, L
; LN -
. Cls) =022 031 040 044 043 036 0.5, C
- —_— Since the distribution does not depend strongly on s and since the s of showers . ¥
. obscrved under the same thickness of matter changes slowly as a function of the st
ine primary energy 17, it is justified to assume, in first approximation, that all . I
. the showers within a not too great energy range, observed, e.g., at sea level, : m‘; Al
- have the same radial distribution of electrons around the core. This conclusion Y )
' is convenient for the interpretation of many experimental results, -
t The curves of Fig. 3 have been evaluated for an homogeneous atmosphere T 3 asirilurion fu
i and could be considered valid for the real atmosphere if the equilibrium between . the fallowing noris
) the shower and the medium were very good. In this case the variation of the : .
| o atmospheric pressure, when considering experiments done at different altitudes - is the total num
above sea level, would change only the geometrical length of 7, and showers of falling in air on
Jp— the same age would cover areas proportional to P-t, Actually the equilibrium the distance r fr
with the medium is not perfect and the lateral distribution at a certain level is .
- - influenced by that at higher levels, where the pressure is smaller. An evaluation -
of this effect has led GREISEN? to formulate the rule that in the lower atmosphere )
L - the lateral spread is equal to that observed in a uniform atmosphere having the ' _4(r) is called the
' pressure P, of the level two radiation units higher i.e. easily measured
L P P — 0.07Fatm, . 6. Energy de‘]
. - 2= o7ra in the shower wi
. 1 J. Xisuruma and K. KAMATA: Prog;. Theo;. 'Ph‘ys. 7. 185 {1952). — Kamara and ; : in the interpret:
- NisHiucra {Suppl. Progr. Theor. Phys. 6, 03 (1955)] give & three-parameter expression However, somet
that fits their curves somewhat Letter than that given below {5.2), the particles in 1
o * Actually the age parameter r as deﬁ;\"ed by Nissimcra and Kauata differs slightly : useful paramete
from that of Eq. (4.1). Here s = mﬁ and is a slowly varying !uﬁctwn of o par::clc§ \\'ll}l t;:
“ "] 7/r, that coincides with our s only for sfr,m ). In the lower atmosphere (1 a 25, B, & 1) - a function of th
. £ changes by about 15% when rfr, changes by a factor of 10. -
- ? K. GREISEN; DProgress in Cosmic Ray Physics, Vol. HI, Amsterdam: North Holland ! A. BomsELLr:
] Publishing 1936. . i
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3. RESULTS AND DISCUSSIONS
The obtained experimental results about the lateral

electron distribution in near vertical showers ( 6« 30°)
with constant gizes: A - Ne =%(1.8-3.2).107; B - Ne =

= (1.0-1.@):10 cannot be described by means of the NKG
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- dels of the hadron interactione

cagcade curvea for intensities: 10- 'Y, 10 "", 10 °~

e

toya results [4) and in appropriate agr
old data (5] end MSU resulis.

The grimary energy spectrum was reconstunucted on
bage of the experimental obtained[gﬁimary mass compos

and their change with the energy
By the 8

tion wes taken into account the body angle dependence
the wuon number and shower size. The from the electro
gize and muon number specira evoluted correspondent p
maxy energy spectra R(>E,) and F. (>E,)
very good form agqgement and the absolut intensity re
tion by £o = 107 eV is {R(>E )/ E(>E)] £ 1.24 The

sec"1ater-1 are in contradiction with the new Chacal-
ement with their

the
jtion

gnd traditional mo-
ectra recalcula=-

of
n
ri-

are in

lag=-
ob=

tained primary energy specirum (fig.3) in good agreement

with the ballon and satellite experiments {71

and Hillas (A) °
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primary spectrum prediction [8) end in contradiction
ihe Chacaltaya results [4]. The extrapolation of our
gpectrum is in good agreement with the Haverah Park
and Yakutsk {10] results,
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Figure 13: The differential eergy spectrun from 10'*-102"ev. No-

attempt has been made to normalise data from different experi-

ments. A systematic change in the energy assignment of 20%
would shifc each point as shown by the arrow; such a systema=
tic effect could well be present in any data set and probably
accounts for much of the scatter. :

Table 3
Array Exposure (kn®ysr)  Eveats >10%% ev
Volcano Ranch A 100 1
Haverah Park (0C 5.1-3) 320 (8 < 459) L)
660 (used for ani- 8
sotropy)

Yakutsk (0C 5.1-17) 200 0
Sydney (Horton et al 1985a) 1000 8
‘Fly's Eye (Baltrusaitis et sl 145 .0
1985a) _ Total .1_1"-
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The Baksan group has used two methods to derive the composition. The
first one is similar to the approaches of the two other groups [HE 5.5-12]
Figure 4 shows the multiplicity distribution in the detector compared with '
predictions for pure compositions of different £ (solid lines) and two compo-
sition models. A light energy-independent composition with {A) = 3.5 best
\'-__ fits the data. (A) = T 5;42/ T BiA;, where B; is the fraction of nuclei with
‘mass A; on E/nucleon basis.

'Illll i el 1

€ V. Budl ko ot L
Pz, 15T RC
B 24 (1985)

I(n)-m3+3 A=56

Fig. 4. Comparison of Baksaz] multiplicity distribution with predic-

tions from pure (solid lines and mixed compositions.

Note that because of the relatively shallow and large detector (E; > 0.22
TeV) the observed multiplitities reach very high values. ——

The second approach is more interesting, because it involves an estimate
of the primary energy [HE 5.1-13]. It is based on a calculated relation of the
energy of the muon-induced showers in the detector to the primary energy
per nucleon, which fits some other properties of the detected muon groups.

Figure 5 shows the observed dependence of the muon multiplicity Ny
on the primary energy Eo/A estimated through the energy of muon-induced
showers in the detector. Curve 2 corresponds to a composition with (4) = 3.5
and curve 3, which seems to fit data quite well, has (A) =4.5.

The conclusion from both approaches is that the primary composition
does not change with energy and is dominated by protons up to 10t% eV.
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if the composition is the same as at low energies. “This suggests that
heavy primaries are absent at energics above 10'" eV per nucleon. Its
significance will be discussed in Chapter 6.

The existence 'of y-primaries may be seen from the existence of few .

mon events. The distribution of N/N for 5 X 10° < N<5x10°
observed at distances from the axis greater than 25 meters at Mount
Chacaltaya is similar to that in Fig. 5.29, but at the smallest part we
find a peak, as shown in Fig. 5.31a. The frequency of such showers is
5 % 107* of the total frequency of EAS of the same size. At larger
sizes, N =5 x 10%, the peak is not seen, as shown in Fig. 5.31b.
Whether or not the low muon peak belongs to a different kind of EAS

may be determined by observing the zenith-angle distribution, which

80
2} : . i
p & LM H VH
680t 4 4 T 4 4 -
s } i
("4}
5
2wl -
&
30} ]
[+
¥ .l .
ao - lll... -4
°9 o5 0 5 20 25 30

NORMALIZED MUON NUMBER

Fig. 5.30 The distribution of muon size (Toyoda 65). Data are laken from 280
EAS with N = 5 X 10", The solid curve represents a Gaussian distribution, expected
if primary particles consist of protons alone. The dashed curve represents a dis-
tribution expected if the composition of primary cosmic rays is the same as at fow
energies; p, , elc., and arrows indicate the positions of peaks of the N,-distributions
due to the various primary particles,
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jev et al.(EA4-1) have added Cerenkov detectors to their AS
are placed at distances from 30 to 245 m from the center
the lateral distribution of Cerenkov photons(LDC). The
re of Cerenkov light at 200 - 300 m was measired by .
al.(EA4-6) by 7 photomultipliers(PM) with a conical mirror
:a 1240 cm .
‘he time resolution is 11 ns (FWHM). The pulse widths
) — 260 m are normalized to tw(200m)
Singe their observation level is too near the shower
g/cm”}, their result may be a lower limit for t{max) and .

3 plotted
an arrow.

arenkov
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or LDC
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(Kalmykov
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and the
rgy can
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DEPTH OF SHOWER MAXIMUM(6/cM)

- conference.

Showers with zenith angles less than 35° were

according to

o DuGwAY(1981) Tw N . *
e BuCKLAND(1980)Tw
e YAKUTSK(1981) Tw )
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Fig.2 Summary“heasurements of t(max) at this
Some earlier work based on tw are also
plotted as small symbols. - :
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Fig. 2 Muon - electron correlations for proton and iron initiated /=1
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(Xabanova et al., 1 73 and Machavarianid et 2l.. 1979), the
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1983). b, (8% ICRC 4 191 (1983)

Vool ~f eneca dnss NOL allow us to summarize the hadron data
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