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Abstract: Different methods are applied to derive the attenuatiogttesn of hadrons in air showers
with the KASCADE experiment. A data set of unaccompaniedaslis used (where only a hadron is
registered with a calorimeter) as well as full air showerksere also the number of electrons and muons
is registered with a field array. The different attenuatiemgths obtained are discussed.

I ntroduction (£, > 0.23 GeV) shower components are regi
tered with a200 x 200 m? scintillator array [3].

The measurement of the attenuation lengths of Different methods are discussed to derive atten
hadrons in air showers provides a suitable exper- tion lengths. The values obtained are not a pri
imental access to the properties of high-energy comparable to each other since they are base:
hadronic interactions. different definitions. The first part deals with una
Main detector for the present analysis is tltex companied hadrons, i.e. only one hadron is re
20 m? hadron calorimeter of the KASCADE ex- tered with the calorimeter, followed by an analy:
periment [1]. An iron sampling calorimeter com- of hadrons in air showers.

prising of nine layers of liquid ionization cham-
bers interspaced with absorbers of lead, iron, and
concrete. It measures the energy, as well as point
and angle of incidence for hadrons with energies _
E), > 50 GeV. It has been calibrated at an acceler- FOr the following analyses the actual ver
ator beam [2]. In addition, for a part of the analy- @l thicknessX, of the atmosphere above tt

ses discussed here the electromagnetic and muonid¢ASCADE experiment is needed. The ave
age ground pressure during the observation ti

Unaccompanied Hadrons
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Figure 1: Attenuation lengths derived from the
measurement of unaccompanied hadrons applying
different methods, see text. For comparison, the
open symbols represent the proton-air and pion-air
interaction lengths according to QGSJET 01. spheric ground pressuge In addition, the mea:
sured rate of unaccompanied hadrons depend
the temperaturé’, of the atmosphere, measurt

amounts to 1004 hPa, corresponding to an average _
X,=1023 g/cm. 200 m above KASCADE. The temperature effec

k caused by the fact that for a given pressure (or «
The first method relates the flux observed above the |, .., density) a higher temperature yields a sma

atmosphere to unaccompanied hadrons measureqjlir density and thus more pions decay. Appr
at ground level. Simulations show, that unaccom- imating the atmosphere as ideal gas a temp
panied hadrons mostly originate.from primary pro- ,re change relates to a change of the heigh
tons [4]. Therefore, the flux of primary proto®s o gtmospheric layer. Motivated by CORSIK
as measured gbove the atmosphere by satellite an%] air shower simulations it is assumed that me
ballqon experiments [5] and the flux of unaccom- pions in air showers are generated at an atr
panied hadron®; as measured by KASCADE [4] - gpheric depth of about 150 g/émcorresponding
are used and an attenuation length is derived to Hy ~ 14 km. Applying the ideal gas law th
applying @y = ®gexp(—Xo/Ae). The values .4 ction height is approximated 85(T00) =
obtained range from: 250 g/cn? at low energies Ho(1 + 3.4 - 10-3(Thoo — Tp)) with Ty = 15°C.
to values around 100 g/évand are presented in .
The pressure and temperature dependencie

Fig. 1 as function of hadron energy.
N u ! gy the observed rates are described by the n
The following methods use the change of the mea- ;45 By(p) x exp(—p/A,) and B (Taoo) ox
4

sured hadron rate caused by variations of the ab- exp(—H/l,), respectively. The values, andlo
sorber thickness. One possibility is to investi- 5.6 getermined through an iterative procedure
gate the hadron rate as function of the zenith an-nich the rates are normalized to a standard te
gle © of the haQrons, which implies a change in perature and pressure. The data have been
the absorber thicknes¥' = X,/ cos(©). This |y e in two zenith angle intervals 6f — 21° and
yields an attenuation lengthe with (0) 21° — 50°. The results fon,, are depicted in Fig. 1
exp(—X/Ae). Fits to the measured data for differ- 5 fnction of energy. The values for the two zen
ent energy intervals yield values fag as shown angle ranges agree well with each other, and st
in Fig. 1. The values increase slightly as function a decrease from values around 190 g/aan low
of energy frome 110 g/cn? to about 140 glcrh energies to about 100 g/@mat higher energies.
The last method described uses a change in the ab-

sorber thickness caused by variations in the atmo-

Figure 2: Lorentz factor, versusyg, see text.
The solid line corresponds tg, = g and the
dashed one tg, = yg/4.

672



30TH INTERNATIONAL CosmiC RAY CONFERENCE

S 04F * al ? . S 7 i ED
= - @ light ‘ < ‘ L 10
Ll — =
\10.35 = B heavy ¢&* ;’ 6.5 E
N 03E o, w* g s 7
-y . 2
§0.25F ..’*** [ +.o 2 55 = 10
S 02E ® x m 5 3
Eoz @M g e f
2 = * € -
0.15F r. 45 = 10
g E W **** 2 heavy =
5 0.15— 4 ]
005:— 35 H\‘H\\‘HH‘HH‘\\H‘H\\‘HH‘HH‘HH‘HH ,71
E\ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ 1111 35 4 4.5 5 5.5 6
0
55 6 6.5 7 75 8 85 Number of muons Ig(Nu‘)
Energy I9(E,) [GeV] Figure 4: Number of electrons and muons for t

Figure 3: Fraction of energ¥.Fy /Ey reaching measured showers.

the ground in form of hadrons as function of es-

timated primary energy, for all data and for a  tjon lengths according to the model QGSJET

selection of light and heavy primaries. [7]. Over the three decades shown they decre
slightly with energy starting with,_ ;- ~ 90 and

. Ar—air ~ 120 glcn? at 100 GeV. In the analy
As a plausibility check, the temperature depen- ses presented, the measured hadrons are treat

dence has been used to estimate the charged pion

life time. [y is taken as the decay length of pions, tsﬁév,!\ljl:gcggnr?a%igzrﬂggin;oﬁgvﬁ%ég rfﬁgti
yielding for the life timer = I, /c. With the life P y

time of pions in the rest system = 2.2 - 10-% s bris of small air showers interacting in the upg

. atmosphere. Hadrons reaching ground level h
the_ Lorentz factor of the r_eglstered hadrons can be undergone about two to five interactions. Thi
estimatedy, = 7/7,. Since the energy of the

! . ) . the measured attenuation lengths are larger as ¢

hadrons/pions is measured independently with the . : .

. .~ pared to the interaction lengths of the particles
calorimeter, a second Lorentz factor can be esti- the model
matedyr = Egy/m, with the rest mass of the ’
pionsm, = 140 MeV. In an ideal case both values
derived fory should agree. However, a comparison Hadronsin Air Showers
of the values obtained for different energy bins, as
shown in Fig. 2, exhibits that the quantiti_e; diff(_ar The second part deals with hadrons in air she
py afaqtor of abogt4. On the other.hand itis quite grs. The primary energi, of the shower induc-
mtgrestlng to realllzg that such a simple approach ing particle is roughly estimated based on the nt
d_ehvers results within the expected order of mag- gy of electronsV, and muons\V’. registered with
nitude. the KASCADE field arraylg Ey ~ 0.191g N, +
The attenuation lengths obtained applying the 0.791g N;, + 2.33. The "surviving energy” in
different methods yield values between about form of hadron® Ey is measured with the hadro
100 g/cnt and~ 250 g/cn?. It is obvious that  calorimeter. Thus, a fractioR = Y Ep/Ey of
the different methods yield different attenuation hadronic energy reaching ground level can be
lengths. In particular, they are not expected to ferred as function of primary energy as shown
agree with the interaction lengths for pions and/or Fig. 3. In the energy range investigated about 0.
protons. to 0.35% of the primary energy reach the obs
Nevertheless, to give a hint towards the expected vation level in form of hadrons. With an avera
magnitude of the attenuation lengths in Fig. 1 also elasticitye ~ 0.25 [8] and R = ¢V the average
expectations according to a hadronic interaction number of generationd in the shower can be es
model are shown. The open symbols representtimated and it turns out that the registered hadr
the proton-air\,_,;, and pion-air\,_,;, interac- have undergone about four to five interactions.
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Figure 5: Attenuation lengthg as function of es-
timated primary shower energy.
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Figure 6: Attenuation length\p as function of

the measured hadronic energy sum at observa

level.

The two-dimensional distribution of the number of

3fﬁgfer:jsir?rl‘:? nlluc')rnhsefggt?rieslg erzsl#;esiﬁthtﬁve\'?;i;is yet another definition for an attenuation leng
P 9.4 ErSKS rep The results for all data, as well as for the light a

probable values of the distribution. The dashed : R .

X . . heavy selection are presented in Fig. 6. Again,

line, obtained by a fit to the most probable values :

is used to separate the registered data into a "light” measured attenuation lengths are comparedto:

and "heav "psam le Thg enerav fraction rea?:h- ulations for primary protons and iron nuclei anc

in observétion IeF\)/eI.is shown inggi 3 as well for reasonable agreement between measured and
90 . . 9- ulated values can be stated.

the light and heavy primaries. As expected from

a simple superposition model, proton-like showers

transport more energy to the observation level as References

compared to iron-like showers.
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