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Inelasticity in hadron-nucleus collisions from emulsion chamber studies
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The inelasticity of hadron-carbon nucleus collisions in the energy region exceeding 100 TeV is estimated
from the carbon-emulsion chamber data at Pamirs teke = 0.65+0.08. When combined with the recently
presented data on hadron-lead nucleus collisions taken at the same energy range it resits inA€ mass
number dependence of inelasticity. The evaluated partial inelasticity for secondarg)(interactions,
K,~1=0.2, suggests that the second and higher interactions of the excited hadron inside the nucleus proceed
with only slight energy losse$S0556-282(99)00301-X]

PACS numbses): 13.85.Tp, 25.40.Ve, 96.40.De

I. INTRODUCTION

of lead-emulsion sandwiches, see Fig. 1. In the(®8ich is
a shallow calorimetgronly the energy transferred to the

The inelasticity of hadronic reactions, understood as thelectromagnetic component is measured,

fraction of the incident beam energy not carried off by frag-
ments of the projectile, inext to the inelastic cross sectjon
the most significant variable for all cosmic ray experiments

involved in cascade developmenit$,2]. The low-energy
data (in the 100-200 GeV rangeshow that the stopping

Ef=K,-Ep 1)

(here the coefficienK, denotes the respective electromag-

power of nuclei is rather lo3,2]. At higher energies there netic part of the inelasticify and in the hadronic block a

is no accelerator data for inelasticit§] and only rough in-
dications from cosmic ray experiments are availgldle?].

given nuclear-electromagnetic casc&ad&C) produces spots

with optical densityD on x-ray film. The general methodical

Recently[5] the inelasticity in hadron-lead collisions was Problem of hadronic block measurements of how to obtain

estimated in the energy region exceeding 100 TeV. In the
present paper we discuss hadron-carbon nucleus collisions
observed by carbon emulsion chamber, which are exposed to
cosmic rays at the Pamirs. In the next section we present the
experimental method usdevhich is similar to that used in
Ref. [5] and more straightforward than the one explored in
Ref.[3]). Section Il contains our results, which, when com-
bined with those of Ref[5], allow us to deduce the mass
number dependence of inelasticity directly from experimen-
tal data. In Sec. IV we discuss tlimodel-dependehnotion

of partial inelasticity providing the information on the char-
acter of secondary interactions in the nuclaibeit in

a model-dependent wayThe last section summarizes and
concludes our presentation.

Il. EXPERIMENTAL METHOD—REPEATED
REGISTRATION OF CASCADES

In the Pamir experiments, among others, multilayer x-ray
film emulsion chamber¢EC) with large area two-carbon-
generator$the so-called hadronigH) blocks| have been ex-

%
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H-block

FIG. 1. The scheme of the carbon emulsion chamber with a

posed[6]. The carbon chamber designed to observe hadront?/pical nuclear-electromagnetic cascdti#=C). The incoming had-

consisted of d" block of 6 cm Pb(corresponding to 0.36
and 10.5 c.y.and twoH blocks of carbon layer of 60 cm
thickness each (66g/ém0.9\,2.5 c.u.), followed by 5 cm
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ron initiates NEC in which leading particle and secondary hadrons
(solid lineg interact repeatedly while the electromagnetic comp-
nent, i.e.,y quanta froms® decays(broken line$, are recorded as
total energie€; andE, deposited in the two lead-emulsion sand-
wiches following, respectively, upper and lowrblocks. Notice
that in reality transverse dimensions of NEC are very sifudlthe
order of 100 um) and particles are not separated experimentally.
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chromatic beam of nucleons of enerBy entering our EC
and let us neglect for a moment the NEC in the target. In this
case for each event we have

Ex  (1-(K))Ex(K,)
E;  (K)Eg

04

€= =1-(K), 4

03
where(K) is the (mean total inelasticity. Notice tha{K )
from Eq. (1) drops out from the rati@. Similarly, the rela-
tive number» of hadrons repeatedly registered in the two
subsequenitd blocks of thicknesx/\ each is

01

N N.(1— —X/\
= N_z:1(N—e)q>(<}<>)=(1—e‘x")¢(<K>)-
1 1

. . . . . (5

2

whered>=f§mm<p(K)dK accounts for the energy thresholds

FIG. 2. Dependence of=N,/N; on the energy thresholE¥ Etlh and Etzh, which leads to the fact that from the inelasticity
in the second hadronic block fofk)=0.65 (solid line), (K)  distribution ¢(K) only the inelasticities K> K yin=E3/
=0.50(dotted ling, and(K)=0.80(black dot3, compared with the (1—<K))Etlh are observed. In the case @{K)=const one

i tal data.
experimental data gets®((K)) =1— K.
. . However, in a true event one has to account for the fol-
the energy of the incoming hadrog;,, from data on the lowing facts
optical densitieD, i.e., the transitioD —Ef—Ey,, was ex- (i) The incoming cosmic ray flux is not monochromatic
amined in Ref[7]. but has typical energy spectruN(Ey)~E, ? and all ener-

This specific structure of the carbon-emulsion Chambebies should be considered. In the region of interest t6.es

allows for a relatively straightforward estimation of the total 3¢ the mountain altitudes and energy region where data were
inelasticity for hadron-carbon nucleus interactions. Althoughjjecteqd y=3[9-11].

such a possibility was pointed out already in R@f it has (i) Cosmic ray flux at mountain altitudes considered here
not been utilized so far. We shall use it now to estimate thgnains not only nucleons but also mesons produced in pre-
inelasticity of hadron-carbon interactions at energies exceedjg ;s cascading processes in the atmospfE2g
ing 100 TeV. The proposed method is connected with the jj) |y reality EC do not register individual hadrons but
repeatgd registration of the same NEC in the two subsequepliner NEC developed by them. In Fig. 1 the incoming had-
hadronic blocks. IfN; denotes the number of cascades regqp griginates in the uppéd-block NEC, which then devel-
istered in the first hadronic blodleach cascade with visible ops further. Its electromagnetic component is registered as
energy greater than some threshold enerBy)(] andN,  yisible energies; andE, [cf. Eq.(1)] released in the upper
denotes the number of cascades repeatedly registered alsogfd lowerH blocks, respectively14]. Each cascade is there-
above the thresholdgy). ], then it turns out that the quantity g,

To account for these points one therefore has to resort to

N, the Monte Carlo simulation calculations.
=N, 2
ll. INELASTICITY IN HADRON-CARBON

is sensitive to the totgimean inelasticity(K). Similarly, for NUCLEUS INTERACTIONS
each event where NEC develops both in the upper and lower
H blocks depositing there energiEs andE,, respectively,
the ratio

The experimental data collected from 11¢° oarbon EC
containN;= 70 cascades with energies>30 TeV among
which N,=24 cascades have energiEs>2 TeV. They
give the value of»=0.27+0.06 (at energy threshold,
_ E 3 >4 TeV, being free from the detection bjamd the energy
E; ratio e=0.24+0.07. These data were then recalculated by
using the simulated(E}) dependencg?]. The repeated
also depends ofK). The weak dependence of both quanti- registrations of cascades has been simulated by the standard
ties on the methodical errofsvhich to a large extent cancel sHowersiIMMonte Carlo event generatpt5]. Primary had-
in the ratig and the ease with which the experimental datarons (assumed to consist of 75% nucleons and 25% pions
may by obtained render this method very useful and promf13,12)) were sampled from the power spectrum representing
ising for possible future applications. distribution of the initial energy with a differential slope
To illustrate the sensitivity of both quantitiesand» on  equal toy=3 [9,10]. In each cascade gamma quanta and
the inelasticity let us first consider simplified case of mono-electrons above 0.01 TeV, reaching the detection level

€
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03 ' ' ' ' : ' : above ~100 TeV is most probably choice for the mean

value of inelasticity at this energy for hadron-carbon colli-
sions. This is the main result of our work.

Recently an analysis of similar succesive hadron interac-
tions registered in other emulsion chambers exposed at
Pamirs, in the so-called thick-lead-emulsion chambers
(60 cm Pb or 3.2 mean free pathsf inelastic collision of
nucleon have been reportelb]. The corresponding inelas-
ticity distribution of hadron-lead collisions in the energy re-
gion exceeding 100 TeV was estimated by using distribution
of the energy ratiez=E;/ZE; obtained from 74 events of
sl 4 hadron interactions. The resulting average value of the in-

elasticity is(Kpp=0.83+0.17. Comparing now this result
with our estimation of inelasticity for hadron-carbon nucleus
0.1 ' s ' ' - ' R results in the following mass number dependence of inelas-
HN ' ' ticity: K~ A0086

FIG. 3. Dependence af=E,/E; on the thicknes#i/\ of car-
bon targetthe plotted curves correspond to differékt) as in Fig.

2). The experimental point a_1|/>\_: 1.1 _corresponds to our specific Following the work of Ref[2] we shall now consider for

carbon emulsion chambéwith inclusion of the averaging over the padron-nucleus collision the so-called partial inelastici-

zenith angle distribution of incoming hadron which shifts the value;os ik This is model-dependent quantity and in the frame-
- b

H/A=08 10 1.3. work of Glauber multiple scattering formalispi6] it is de-

within the radius of 5 mm, were recorded and the corre—]clned in the following way:

sponding optical densities were calculated within the radii v
utilized in the experiment. Only cascades with the energies (1-K)= E PVH (1-K;), (6)
aboveE;=30 TeV andE,=2 TeV were selected. =1 i=1

The ratio » of the number of cascades repeatedly regis-
tered in two hadronic blocks and the number of all cascadewhere P, is the probability for encountering exactly
registered in the first hadronic block is presented in Fig. 2 fowounded nucleons in a target of masand(1—K;) is the
different total inelasticities{K)=0.5,0.65, and 0.80. Note mean elasticity of the leading hadron in the encounter with
that the ratioy is more sensitive to the mean value of inelas-thei™ wounded nucleon. We assume now that partial inelas-
ticity (K) than the energy ratie, shown for illustration in ticity K; is determined by hadron-proton scattering and shall
Fig. 3. In Fig. 4 we show the® per degree of freedom treat the remaining partial inelasticitigs,. =K, as one
obtained fory fits plotted as a function of the assumed in- free parametef2] constrained by fitting thé-nucleus data.
elasticityK. The comparison of experimental data with simu- The total elasticity can be now written as
lated dependences indicates th@kc)=0.65+0.08 for
hadron-carbon nucleus collisions at the hadron energies of <1_K>:(1_K1)V21 (1-Kp)" 1P, . 7)

IV. PARTIAL INELASTICITY K,

3 T T T

The ratio of elasticities in collisions on Pb and C targets,

1-K
= ﬂ, ®)
] (1-Kg)
depends only oK, once theP,, is known. Assuming now,
for simplicity, Poisson distribution for the number of re-
peated collisions,

(v—1)v1
P,,=Wexq—<v—l)) (fOf V=1,2,...),
9
04 0f5 016 0?7 0{8 we Obtaln that
<K>
FIG. 4. The quality ofp—EY fit shown by they? per degree of = exp(—(vpp— 1)Ky) = In «

freedom (Npp) ploted versus the mean inelasticity of hadron-carbon exp(—(vc—1)K)) 2 (wpp)—(ve)”
nucleus collisions. (10
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ity K,~1<Kj is characteristic to all string-type interaction
models(e.g., the quark-gluon string model7] or dual par-

ton model[18]). On the other hand the SIBYLL model
[2,19 predicts a much smaller value &f, in the examined
energy region. In DPM and QGS models, when only one
target nucleon is wounded, a constituent quétkquark
belonging to the projectile hadron couples to a string that in
turn connects to a di-quafkiguark belonging to the wounded
nucleon. In the case where there are two or more wounded
nucleons in the target, the additional nucleons can couple
only to the sea quarks of the projectile. In this way the de-
sired physics can be reproduced by the model. In particular,
the excited hadron, being off mass-shell, does not interact
repeatedly as a physical hadron inside the nucleus.

0.8

0.6 -

K

04

0.2 -
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FIG. 5. The dependence of partial inelastidity on the power V. SUMMARY
index a (in the formula{v)~A®) for the experimental value of
=0.5. For hadron-carbon nucleus collisions in an energy region

exceeding 100 TeV the inelasticity is estimated to be equal

In Fig. 5 we show, for different mass number dependence ofo (K:)=0.65+0.08. This value, when compared with the
mean number of wounded nucleons as provided by the exralue (Kp,)=0.83+0.17 obtained recently for hadron-lead
ponenta: (v)~ A%, the dependence of the partial inelasticity collisions, results in the mass number dependence of inelas-
K, on the power indexx and for the value ok=0.5 which ticity given by K ~A%%8 Essentially the sam& dependence
is obtained from the comparison of data on Pb and C nuclehas been reported in RdB] (the lower values of inelastici-
The value ofK, for the expected mean number of woundedties obtained there can be attributed to the fact that in our
nucleons( v)=A(rh,p/ahA~A1’3, is therefore equal t&,  case we estimate total inelasticity whereas in R&finelas-
=0.2. Notice that there is a tacit assumption made here rdicity was estimated more indirectly from the production and
garding this value of partial inelasticitg¢,, namely, that the distribution of charged secondary particles onijhe evalu-
ultimate identity of the final state nucleon is determined onlyated partial inelasticityK ,~,=0.2 leads to the(model-
once during the interaction with the nuclefwghich in Ref.  dependent conclusion that the second and higher interac-
[2] corresponds to the valyé=1 for the parameter speci- tions of the excited hadron inside the nucleus are relatively
fyng the fraction of isospin preserving reactipns elastic. Our estimation oK~ at energies above 100 TeV

Our estimation ofK, at energies above 100 TeV is con- [20] is consistent with the low-energy data-{00 GeV)
sistent with low energy dat@ee Ref[2]). Note that inequal- and coincides with the string-type model predictions.
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