
::Ie. R R- R~ pl)~T- 45'4- CJ'l - llLC 

J £.vt\. l q cr ~ 

JAN 5 2000 

HE.l.2.07 C q q - Of - JI (rc...l<c. tt'l t '.. ; I 
Characteristics of hadron-induced calcade showers in a 

thick lead chamber and their physics implication 

M.Tamada1, A.Ohsawa2 

1Faculty of Science and Engineering, Kinki Uni'versity, Osaka 577-8502, Japan 
2 Institute for Cosmic Ray Research, University of Tokyo, Tokyo 188-8502, Japan 

Abstract 

Structures of hadron-induced cascade showers observed by Pamir thick lead chmubers are compared 
with those of sirnlllated ones. The simulation calculations are carried out assllllling two nlodels 
VENUS and QGSJET for hadron-nucleus interactions. Applying the same procedure of the analysis 
both to the experimental data and simulated ones, it is shown that none of those models explain the 
observed characteristics of hadron-induced cascade showers. The result indicates that the average 
inelasticity of hadron-Pb interaction in the energy region Eh ~ 1014 eV is considerably smaller than 
usually a..'~sunled. 

1 Introduction: 
Series exposure of homogeneous-type thick lead chamber, composed of 60 cm thick of lead and 59 

sensitive layers, were carried out at the Pamir by Pamir collaboration experinlCnt. After processing, 
some parts of the chambers were shipped to Japan under agreement of joint analysis between Moscow 
State University and Waseda University, and measurement was done. Some results on the analysis of 
atmospheric families observed by the chamber have been reported by Kopenkin and Fujimoto (1996). 
The homogeneous-type thick lead chanIber has an advantage that we are able to observe the whole 

--'ushower development of hadron-induced showers and to study in detail characteristics of hadron-Pb 
interaction of hadron energy Eh ~ 102 TeV. In the paper (Barroso et a1., 1997), an attempt to 
estimate inelasticity of hadron-Pb interaction was made by analysing structure of shower transition 
on spot darkness of the observed hadron-induced showers. A ratio of released energy E] at the first 
interaction to the total energy EEl released at successive interactions during passage through the 

_ whole charnber are compared to theoretical calculations assuming inelasticity as a paramcter~ and the 
II'" average inelasticity of hadron-Pb interaction is estimated to be < Kind >rv O.G~ considerably smaller 
-:. than usually considered. In their analysis, El and EE, were estimated by luanually decolnposing 

i!!!!!~ shower transition into a mllnber of successive interactions in experimental data, therefore it still 
~-~ remains an ambiguity whether the experimental result can be compared directly wit.h theoretical 
e= C calculations or not. In order to make direct comparison, here we carry out silIlulation calculations for 
~ ;;;;;~ hadron-induced showers and apply just the same procedure both to experinlCntal data and sirnulated 
!!!iM ones. 
!!!!!c 
- 2 Pamir thick lead chambers: 

-------- Each unit of the chamber has an area of 10rn2 and is composed of 60 layers of lead plates of 1 
cnl thickness. The Russian RTG-type X-ray films are inserted every 1 cnl of lead except for the first. 
2 cm of lead. Shower spot due to electron showers initiated by local nuclear interaction are traced 
down through the entire depth of the chanlber. The darkness of the shower Hpot, D, is Ineasured 
by a 200 x 200/.lm2 square slit on every-recording fihn. Detection threshold darkness, Dmin, of the 
shower spot is 0.1 rv 0.2. Here we set Dmin = 0.2. 

3 Simulation calculations: 
We usc two models for hadron-Pb interaction, one is VENUS (Werner. 1993) and the other is 

QGSJET (Kahnykov, Ostapchenko & Pavlov, 1994), both of which are considered to be based on 
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lnodern QeD-inspired theory and arc widely accepted one of the standard models. We calculate 
development of nuclear and electromagnetic cascade in the lead initiated by hadron-Pb interaction 
under the assumptions; 
(1) energy spectrum of hadrons arriving upon the chamber is power-law type, I(~ E) ex E-1.8 

(2) 7.enith angle distribution of arrival hadrons is 1(5: cosO) ex: (cos (})-8 

(3) the total thickness of the chamber is 60 cmPb and sensitive layers are inserted under every 1 clnPb. 

For cross-section of hadron-Pb interaction of energy E(GeV), we use following approximations; 

ar~fb(E) = 1565 + 68.4log(E) rnb 

a~:erb(E) = 1329 + 81.0 log(E) rnb 

3,000 protons and pions of E 2:: 50TeV are respectively sampled from the above spectruln, and 
nuclear cascades initiated from interactions of those are traced down until energy of all hadrons falls 
below 0.2 TeV. For gamma-rays of E, ~ 0.2 TeV which are decay products of produced hadrons, 
mainly neutral pions, we calculate further three-dimensional electromagnetic cascade development 
using Monte-Carlo code formulated by Okamoto and Shibata (1987), in which LPM effect is also 
taken into considerations. Electrons and photons are traced down until their cncrgy bccomes 1 MeV. 
Electron nUlnber density, Pe, is transformed into darkness, D, of X-ray film, mea..-.;ured by 200 x 200flm,2 
slit, by using characteristic relation of the Russian RT6-type X-ray film, and finally we obtain shower 
transition on spot darkness throughout the chamber. 

4� Estimation of total released energy, ~E" and released energy, 
E 1 , at the first interaction: 

I • VENUS Io QGSJET 

Dmin=O.2 

4.1 Total released energy: Total en

> ... ·~~t+[ ergy, 'EE" of a hadron released in fornl of 
(I) ..... gamma-rays during passage through the chaln
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~	 bel' is estimated from a sunl, 'EDi of the shower
W 
~ v� ~,~ t . spot darkness of Di ~ 0.2 in its shower tran

sition. We can see rather good correlation be......~ ••~t_ . tween "EE, and "EDi. In Fig.1 we show an aver
age dependence of 'EE, 011 ~Di in the simulated 
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Figure 1: Correlation diagram on 'ED and ~E, 

in simulated hadron-induced showers 

4.2 Released energy E 1 at the first interaction: We define the "first interaction" as the 
first interaction among successive interactions which give rise to released energy larger than detection 
threshold energy, 4 TcV, during passage through the chamber. In order to extract: shower transition 
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due to the "first interaction" in the whole shower transition of the event, following fitting procedure 
is applied for the first 6 layers in which spot darkness is D ;::: 0.2. Out of the set of standard 
transition curves D vs.T of showers of electron-pair origin, calculated for the chamber which has 
a structure just same to the experimental one, the best fit is selected out by choosing the energy 
value, E[it, and the first pair-creation depth, ~T, by applying computer algorithm for fitting. We 
also calculate deviation of experimental shower transition from the best-fitted one beyond fitting 
range by 8 == Ebeyond(Di - Dr,tand)/ai, where ai is a dispersion of darkness of standard transition 
curve at i-th layer. Fig.2 shows an example of the above procedure which applied to a simulated 
hadron-induced shower. Fig.3 shows a distribution on E{it / El. The distribution has a clear peak 

around E{it /E1 = 1, indicating our present procedure more or less works well. 
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Figure 2: An example of extracting "first" interaction Figure 3: Distribution on E{it / E1 in the 
by computer fitting. Solid curve is best-fitted transi simulated hadron-induced showers using 
tion curve for the first 6 layers indicated by 8. QGSJET model. 

5 Selection of the events: 
Emulsion chamber detects both gamma-ray- and hadron-induced showers. Here we identify a 

shower as a hadron-induced one if it has ~T ~ 3 cmPb and/or 8 ~ 50. Almost all gamma-ray
induced showers are rejected by these criteria. Further we put selection criteria that darkness at 
shower Illaximum, D ma:l' , in the shower transition is less than 3 because our standard photoIllCtric 
measureIuent is limited up to D = 3, and sum of spot darkness, EDi(Di ~ 0.2), is larger than 10, 
corresponding to total released energy EE, ;::: 30 TeV (see Fig.1). In the Pamir thick lead chamber of 
57nt2 yea:r exposure, we have 89 showers which satisfy the above criteria. AUlOUg them 41 arc found 
as a meillber of atmospheric faIllilies and the other 48 as singly-isolated. The saIne selection criteria 
are also applied to simulated hadron-induced showers. 

6 Results: 
We apply the procedure described in the section 4 and get E[it and EE, for each of the above 

selected events both in the experiment and simulation. FigA shows a distribution on z == E{it /EEr 
which is considered to be closely related to inelasticity of the interaction. As is seen in the figure, the 
experiIllental data give more ore less fiat distribution except for the region z 0.1. Simulated showers,f"V 

however, show Inore events in higher z region. It indicates most of the energy is released in the first 
interaction in simulated eventfl because of la.rger inelasticity assumed in the IllOdels. Inelasticity which 
is defined by encrgy fraction carried by most cnergetic baryon (Illcson) in proton (pion)-Pb interaction 
is 0.75 at E = 100TeV both in VENUS and QGSJET models. The above z-distribution indicatesf"V 

that the inelasticity in experimental hadron-Pb interaction is sillaller than assumed in the lllOdcls. 
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In order to know how the inelasticity changes the distribution on z, as a trial we calculated proton
induced cascade showers assunling distribution of secondaries in proton-Ph interaction is just same 
to that in proton-proton interaction. In the figure we show also a result for the case of p-p interaction 
using QGSJETmodel where the inelasticity is assumed as < Kine! >"" 0.55. As is seen in the figure, 
the experimental distribution is much closer to p-p case. Thus direct comparison of experimental data 
with simulation calculations also indicates that inelasticity of hadron-Ph interaction is slllaller than 
that usually considered. The same conclusion is also obtained in the analysis on width of hadron
induced showers (Tamada, 1997). 
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Figure 4: Distribution on z 
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