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Here we present a summa~ of joint discussions on the results of three mountain experiments 
with large-scale emulsion chambers, at Pamir, Mt. Fuji and Chacahaya. Observations cover 
gamma quanta, hadrons and their clusters (called "families"). 

The following topics are covered, concerning the characteristics of nuclear interactions the 
energy region 1014- 1016 eV: (i) rapid dissipation seen in atmospheric diffusion of high-energy 
cosmic-rays; (i.i) multiplicity and Pt increase in produced pi-mesons in the fragmentation region; 
(iii) existence of large-P t jets, (iv) extremely hadron-rich family of the Ccntauro type: (v) exotic 
phenomena in the extremely high energy region beyond 1016 eV. 

I. Introduction 

D u r i n g  1981, the first resul ts  of  co l l id ing  p r o t o n  and  a n t i p r o t o n  b e a m s  wi th  

par t ic le  energies  of  a few h u n d r e d  GeV are expected  to be  o b t a i n e d  at C E R N .  Then ,  

the days  of  the next  gene ra t i on  of  accelera tors  will soon  come,  with p r o t o n  b e a m  

in te r sec t ing  s torage  rings, which  are p l a n n e d  to inves t iga te  the energy  reg ion  up  to 
3000 × 3000 G e V  2. 
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Therefore, it is of interest to look at the cosmic-ray experimental data available at 
present, trying to see which kinds of new phenomena will be met in the concerned 
high energy region of 1014- 1016 eV in the laboratory system. This is also useful for 
planning future cosmic-ray experiments, which are bound to shift their working 
range towards higher particle energies. For this purpose, a symposium on high-energy 
cosmic-rays was held at Nakhodka, USSR, on 20-29 October, 1980. 

The meeting was primarily devoted to the presentation of results from the three 
large-scale experiments using emulsion chambers exposed to cosmic-rays at moun- 
tain altitudes [1]; one at Pamir, Soviet-Poland Collaboration; one at Mt. Fuji, 
Japanese interuniversity Collaboration, and one at Chacaltaya, Brazil-Japan Col- 
laboration. Comparison was made of the experimental results of the three, and there 
were further discussions on their comparison with information from other cosmic-ray 
experiments, such as those on underground cosmic-rays and on extensive air 
showers. As is known, in a number of investigations of extensive air showers, serious 
indications were obtained about an essential change of strong interaction features at 
super high energies [2]. The present article describes a summary of the results from 
the symposium with conclusions which were arrived at through joint discussions. 

The emulsion chamber is an apparatus composed of a combination of photo- 
sensitive layers for the registration of showers (X-ray films and /o r  nuclear emulsion 
plates) and of material blocks for the generation of electron showers and for a 
nuclear interaction target. The simple chambers structure and the stability of the 
photo-sensitivity have allowed the performance of a cosmic-ray experiment with 
emulsion chambers of large area exposed over long periods at high mountain 
altitudes, yet keeping fine spatial resolution and good accuracy in shower energy 
measurements. 

A brief description of the chambers and their exposure in the three mountain 
experiments is given in table 1 and fig. 1. 

2. Gamma quanta and hadrons 

Emulsion chambers can be classified into the following two categories: one of thin 
type and another of thick type, referring to the nuclear mean free path. The thin 
chamber records mostly electrons and gamma quanta (both will simply be called 

TABLE I 
Mountain emulsion chamber experiments 

Atmospheric depth Exposure (m 2. year) 
Experiment (altitude) (g/cm 2 ) Thin-type Thick-type 

Chacaltaya (5200 m) 540 281 225 
Pamir (4370 m) 594 1300 570 
Mr. Fuji (3750 m) 650 685 135 
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Fig .  1. Structure of typical emulsion chambers in Pamir, Mr .  F u j i  and Chacaltaya experiments. 

gamma quanta, hereafter) arriving at the chamber from the atmosphere, while the 
thick chamber also observes hadrons, through their nuclear interactions in the 
chamber. The detection threshold for a shower, Ethre ~, is around 2 - 4  TeV, depending 
mostly on the type of X-ray film used in the chamber. This restricts the observation 
of gamma quanta with energy Er 1> Ethre s, and hadrons with E h ~ Ethres /k  v, where 
kr expresses the gamma inelasticity, i.e., the fraction of energy released into gamma 
quanta in a nuclear interaction. 

The information on observed gamma quanta and hadrons allows the determina- 
tion of their fluxes, energy spectra and zenith angle distribution. The flux can be 
expressed as a function of energy, arrival direction and atmospheric depth of the 
observation station in the following way: 

d2N ( E ) -(#+') 
d--E-~-~2-I ~ exp(--t/•ab.,COSO ), ( ! )  
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TABLE 2 
Flux measurement  on g a m m a  quan t a  and  hadrons  

Exper iment  

[reference] 

G a m m a - q u a n t a  H a d r o n s  

vertical flux vert ical  flux absorp t ion  

with E v >I 3 TeV power  in wi th  E~ Y~/> 3 TeV power  in mean  free pa th  
(m 2 .  yr ~ • sr i )  energy spec t rum (m 2. y r -~  • s r - i )  energy spec t rum ( g / c m  2 in air) 

Chaca l t aya [3 ]  91 ~ 10 2.05 "-0.05 142-+ 9 1 . 8 0 = 0 . 1 0  1 0 4 - ' 4  
Pamir [4 ]  60 ~ 6 2.00 • 0.05 9 6 -  + 18 2 .00-+0.10 103 : 4 

Mt. Fuji [5] 32 -+ 5 2.00 = 0.05 66 ' 10 1.80 -+ 0.10 105 = 5 

where t expresses the atmospheric depth at the observational level, ~abs is the mean 
free path for absorption and 0 the zenith angle of arrival direction. For gamma 
quanta, E stands for E~,, while, for hadrons, one is to replace E by E~ r) = kyE h. 

Table 2 presents a summary of the results from the three experiments, Pamir, Fuji 
and Chacaltaya. The errors given are statistical only. Taking difficulties in the 
absolute calibration of energy measurement into account, the three sets of results are 
reasonably consistent. 

Flux information on the cosmic-ray components in the atmosphere could be a 
useful source of knowledge of the characteristics of high-energy nuclear interactions, 
if we had accurate information on the primary cosmic-rays coming into the atmo- 
sphere. But, unfortunately, the only direct information at present available on the 
primaries is restricted to the lower energy region, and we have to rely on indirect 
estimation from various sources. Even with such ambiguities on the primaries, 
particularly their chemical composition, it can be made clear that the simple scaling 
model of nuclear interactions is ruled out under the assumption of normal composi- 
tion. That is, if the known composition of primaries can be extended to higher 
energy regions of - 10 j5 eV without a significant change, extrapolation of the scaling 
assumption of nuclear interactions predicts flux values of atmospheric gamma 
quanta five to ten times higher than the observed value. Thus, we find that the 
atmospheric diffusion of cosmic-rays must be accompanied by a more rapid dissipa- 
tion than in the case of the above assumption. 

Such an analysis can be extended into a still higher energy region - 1016 e V ,  by 
observing the frequency of arrival of groups of high-energy cosmic-ray gamma 
quanta and hadrons. This phenomenon is called the "cosmic-ray family", the details 
of which will be discussed in the next section. Its comparison with the primary 
cosmic-ray intensity again shows a significant discrepancy in the case of the simple 
scaling assumption with primaries of normal composition. Thus, the above conclu- 
sion of rapid dissipation of high-energy cosmic-rays in the atmosphere applies up to 
the region of ~ 1016 eW. 

Simulation calculations were made extensively by a number of authors, covering 
various possibilities for the primary cosmic-rays and for the model of nuclear 
interactions [6]. It was found that a better fit is obtained by either of the following 
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Fig. 2. Energy spectrum of gamma ray families (Ethre s ---- 2 TeV) observed in the Mt. Fuji experiment. 
Simulation results by Kasahara, Torii and Yuda [6] are shown as follows: PS: proton scaling, PSI: proton 
scaling with increasing o, PFI: proton fireball (Et~/4 law) with increasing o, MSI: mixed primal' 
composition scaling with increasing o, FeS: iron primary scaling. Assumed power of primary spectrum: in 
proton case (P) and in iron case (Fe), - 1.7; in mixed composition case (M), - 1.8 for proton and alpha, 
- 1.6 for L, M, H and - 1.3 for Fe at < 1015 eV and all -2.0 beyond. Absolute intensity is normalized to 

Grigorov's results. 

assumptions or their combinat ion:  increase of  the multiplicity, increase of the 

nuclear cross section a n d / o r  inelasticity, or increase of  the heavy pr imary content,  

as the energy goes higher. A slow increase of the cross section has already been 

found in the present accelerator energy region, but its simple extrapolation has 

proved insufficient. Fig. 2 presents examples of  such simulation analyses reported at 
the Nakhodka  symposium. 

3. Families of gamma quanta 

The emulsion chamber  often records a group of showers, parallel in their arrival 
direction and clustering in an area of  small dimensions, often several cm and 

sometimes up to a few tens of  cm. Such a group of showers is called a "family",  

because it shows the arrival of a bundle of  high energy cosmic-ray gamma quanta  
and hadrons which have originated from one and the same pr imary particle. We will 

first discuss the average behaviour of  families of  gamma quanta  (hereafter called 

gamma families) observed in emulsion chambers  of  both thin and thick types. 
A family is a result of  nuclear and electromagnetic cascade processes in the 

a tmosphere  originating from the arrival of a single pr imary particle. Therefore, the 
characteristics of  high-energy nuclear interactions, which we are interested in, will be 

part ly smeared out  by the stochastic nature of  the atmospheric  processes. There are 

various approaches to high-energy physics studies through the observat ion of gamma 
families. A m o n g  these, extensive simulation calculations were carried out in several 
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laboratories covering wide varieties of nuclear interaction models [6]. Their results 
are useful not only for comparison with the experimental data but also for a better 
understanding of the family phenomenon. 

It was noticed that higher energy gamma quanta in a family bring more direct 
information on the parent interaction than lower energy ones, because the electro- 
magnetic cascade processes will be more dominant for gamma quanta with lower 
energy [7]. Thus the spectrum of fractional energy of gamma quanta, f', is con- 
structed for each family, taking out lower energy ones in a way independent of 
family size. The quantity f '  is defined as f'=E.~/Y/E~,, where the summation Y/is 
made over an energy interval with self-consistently defined lower limit E~n = 
f~,Y/E~,. Here, the value of f~n is set at 0.04 for comparison of the three experi- 
ments. Fig. 3 presents the distribution of multiplicity n' of such gamma quanta with 
f '  ~>fn~n for families with Y.'Ev i> 100 TeV. Comparison with the simulation calcula- 
tion shows that the scaling model is excluded. The experiment shows a larger 
frequency of high n' families. The models with a rapid multiplicity increase with 
energy, such as that with an E~/4 law, give good agreement. This statement is also 
confirmed by fig. 4, where the mean value (n')  is presented at various intervals of 
family energy, Y/Ey, from the results of the Pamir and Fuji experiments, and 
compared with the results of simulation calculations made with various models. 

Lateral spread of gamma quanta in a family is another quantity closely related to 
the parent nuclear interactions, because their observed spread is, in almost all cases, 
well above that expected from electron multiple scattering in atmospheric cascade 
processes and therefore its main part must be due to the angular spread in the 
nuclear interactions themselves. Fig. 5 presents the average lateral spread (Rv) of 
gamma quanta in a family, at different intervals of family energy, ZE,, from the 
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Fig. 3. Integral distribution of n', the multiplicity of gamma quanta with f '  >f,~i, = 0.04, for families 
with E 'E r = 100 - 200 TeV. 0 :  Pamir experiment, X: Fuji experiment, O: Chacaltaya experiment. The 
simulation result of the Pamir group [6] is shown by a broken line (scaling in the fragmentation region 

with increasing dissipation at x ~ 0, called the quasi-scaling model of FIAN, M4). 
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Pamir  and Fuji experiments. Here again, the scaling model is ruled out, since the 

scaling simulation calculation gives too small an average lateral spread. If  we want to 

interpret the observed large spread by the increase of  Pt alone, the average value 

( P  t) in the nuclear interaction has to be made as large as twice the value in the 

accelerator energy region. It should be pointed out here that increase of  both 
multiplicity and heavy pr imary content  have the same effect of increasing the lateral 

spread, because, for a fixed YE~, both lead to smaller effective energies of gamma 

quanta  at their birth in the parent  interaction. 
Now we know that every average aspect of  gamma fami l i e s - the  energy distribu- 

tion and the lateral spread of gamma  q u a n t a - c o n f i r m s  the previous conclusion of 

rapid dissipation in atmospheric  diffusion of  high-energy cosmic-rays. Furthermore,  

they show that such rapid dissipation can not just  be due to an increase of cross 

section or inelasticity, and that we cannot  do without  the rapid multiplicity enhance- 
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shown for comparison. (Pt,,) is 330 MeV/c for the scaling case (PS and MSI) and 400 MeV/c for the 

fireball case (PFI). 
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ment taking place in the foremost region of the jets, i.e., the so-called fragmentation 
region. In other words, the energy distribution (x-distribution) of secopdary hadrons 
is becoming softer. If we assume an increase of multiplicity such as one with the 
traditional E~I~/4 law, then the lateral spread necessitates a slow increase of the 

average Pt of produced secondary pions. 

The above conclusion of broken scaling is based on the assumption that the 
chemical composition of primary cosmic-rays undergoes no significant change up to 
the concerned high-energy regions. An increase in the content of heavy nuclei among 

the primary particles, if it exists, gives almost the same effect on the families as an 
increase of pion multiplicity in hadronic interactions. We may visualize that a 

primary heavy nucleus of mass number A will behave approximately equivalent to 
an incoming bundle of A nucleons. In fact, the simulation calculations show that 
differences between the two alternatives can hardly be seen in the average behaviour 
of gamma families hitherto studied. 

It is pointed out that such broken scaling in the nuclear interaction seen from 
family study is in agreement with the result of the Chacaltaya emulsion chamber 

experiment on target nuclear interactions [8a]*. The study of these target nuclear 
interactions, though covering a lower energy region of ~ E  v = 20-100 TeV, is free 
from ambiguities inherent in the studies of atmospheric cosmic-ray phenomena such 
as the gamma-families. There it was found that half of the interactions are just on 
the scaling extrapolation of those in the accelerator energy region, while the other 

half have significantly larger multiplicity and increased Pt. The average behaviour 
over all the events follows along the Ed/4 law of increase of multiplicity. 

Thus, the above characteristics found in the gamma families are connected to 
broken scaling characteristics of the nuclear interaction itself in the energy region of 

1015 eV. 

4. Decascading and jet analysis 

It is an ideal in a study of gamma families to reconstruct the original atmospheric 
nuclear interactions themselves. The first step towards the ideal is the procedure 
called "decascading", which intends to trace back the atmospheric cascade processes 
for reconstruction of the original gamma quanta at the point of their production [9, 
8]. In gamma-ray families, we are able to recognize such local clusters of gamma 

quanta as those from the atmospheric cascade processes. 

* After completion of the ori~nal manuscript, the authors were informed of the latest simulation 
calculation publication by Ellsworth, Gaisser and Yodh on target nuclear interactions [8b]. Here, they 
found reasonable agreement on the average distributions of gamma quanta with the Chacaltaya 
experimental data, if the two components (normal Pt and high Pt) are introduced for the produced 
pions. Their introduction of the high-P t component yields an increase of average Pt as well as of 
gamma quanta multiplicity in the rapidity scale. 
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The decascading procedure commonly adopted in the three experiments is to use 
the parameter zik between ith and k th gamma quanta in a family, defined as 

z,k = E,E~ R , k / (  E, + e~ ), (2) 

where E i and E k a r e  the respective energies and Rik their mutual distance. If z,k < K, 
the quantum pair is decascaded into a single quantum with energy E, + E k at the 
position of the energy center of the two. Repeating the process of joining the two 
over all possible pairs of quanta, we arrive at the "decascaded" family where every 
pair of quanta satisfies the condition zck. > K, meaning that between no pair of 
quanta does there exist any kinship through the atmospheric electromagnetic cascade 
processes. The numerical value of K in the criterion is chosen as 10, 11 and 12 
TeV. mm at Fuji, Pamir and Chacaltaya, respectively. 

The decascaded family gives us the configuration of original gamma quanta at the 
point of production, though their energies E* do not give their initial value at the 
parent interaction and no information is yet available on the height of their 
production. (Quantities referring to the decascaded quanta are expressed with an 
asterisk.) It has been shown that the product E'R* of the decascaded quanta is 
approximately proportional to Pt at the parent interaction, irrespective of the height 
of interaction [9, 8]. This approximate rule holds over a wide range of height, unless 
the interaction happens very near the chamber (~> 500 m) or very far away (~> 5 km). 
Fig. 6 gives the diagram of E* versus R* for every decascaded gamma quantum, R* 
being the distance from the family center. Also shown is the E-R diagram of gamma 
quanta in the target interaction from the Chacaltaya experiments, where the distance 
to the production point is fixed and, moreover, the decascading procedure is not 
necessary [8]. Their comparison confirms the above approximate relation on E 'R*,  
and makes it possible to fix the proportionality constant at P t ( Y ) - E * R * / I  km, 
meaning that the effective height of production is about 1 km. 

What is remarkable about the decascaded family is that we often see the cluster 
structure even after the decascading procedure. Such a cluster structure cannot be 
attributed to the electromagnetic cascade processes, but the origin must be looked 
for in the nuclear interaction. Anticipating them to be high-P t jets seen in accelerator 
experiments, for example, the following procedure is applied commonly to the data 
of the three experiments. We construct z,* k defined as in (2) on a pair of the 
decascaded gamma quanta, ith and kth, and impose the criterion z~ < K * .  for 
putting the pair jointly into one. Repeating the procedure over all possible combina- 
tions of pairs, we finally arrive at a family composed of jets. The value of K* in the 
criterion is set as 200, 220 and 240 TeV.mm, for the three respective experiments. 
Since the effective production height is about 1 km, the above value amounts to 
assuming that the Pt of gamma quanta perpendicular to the jet axis is ~< 240 MeV/c. 

Fig. 7 presents the diagram of E¢~ ~ and Rjc t, the gamma quanta energy sum and 
the distance from the family center of all jets reconstructed by applying the above 
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p rocedure  on g a m m a  families with ~Ev >1 100 TeV. Fo r  compar ison ,  the result of je t  

analysis  on the target  in teract ions  is also presented.  Fig. 8 shows the spec t rum of  the 

p roduc t  E ~ R j c t  for the same set of  gamma families, together  with that  for target 

interact ions.  It is seen that  the E]eVt)Rjet d i s t r ibu t ion  for g a m m a  families extends 

towards  higher E R  region, while that  for the target in teract ions  has a sharp drop.  

Jets with large E R  in gamma families are unambiguous  clusters of  showers located 

far away from the family center,  and one can think of  the following possibi l i t ies  of 

their  origin. One is p roduc t ion  of high-P t je ts  in nuclear  interact ions,  the existence of 

which has been a l ready known in the present  accelera tor  region. The t ransverse 

m o m e n t u m  of a jet .  Pt(jet), can be approx imate ly  es t imated as, 

Pt( jet)  ~ E ~ R j ¢ t / k y ( j e t )  • 1 km. ( 3 )  

Here, the effective produc t ion  of height is ~ 1 km, where kv(jet)  expresses the 

fract ion of energy of  a je t  given to gamma quanta ,  in a s imilar  way as the gamma 

inelast ici ty ky does for the nuclear  in teract ion case. One sees that  the h igh-P t jets ,  

found par t icu lar ly  in g a m m a  families but  not  in target  interact ions,  are those with 

P , ( j e t ) ~  5 G e V / c ,  assuming k v ( j e t ) - 0 . 5 .  Though the d is t r ibu t ion  app rox ima te ly  
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follows Ptd Pt/Pt 4, one should notice that their frequency of occurrence, i.e., 0.38 " 
0.08 per family, is much higher than found from accelerator and target interaction 
experiments. For the target interactions, Shibata analysed their high-P t gamma 
quanta and found the frequencies to be consistent with expected values from the 
model of hard scattering between subhadronic constituents [10]. 

Another possibility is that a cluster of showers with large ER comes from an 
atmospheric interaction of a secondary hadron with a long path in the atmosphere 
after its production. The case is studied by simulation calculation and the results are 
shown in fig. 8. It is seen that simulation with ordinary nuclear interaction models 
gives less frequency to the high-ER jets and some extra source of high-P t hadrons 
will be necessary for interpretation of the experimental results. 

5. Binocular families 

The existence of a large-P t jet in gamma families was first noticed through the 
observation of families of "binocular" type, i.e., those consisting of two distinct 
clusters with a large distance between them [11]. Fig. 9 presents typical examples of 
such binocular families. The probability of a chance coincidence, i.e., that of two 
independent families being mistaken as a binocular family, depends on the accuracy 
of the direction measurements of the events, but it generally turns out, for YEv >~ 100 
TeV, to be of the order of 10 -3 of all the gamma families, which is significantly 
smaller than the actual observed rate of binocular ones, i.e., several percent of the 

whole. 
It is clear just from visual observation that the binocular families will have large 

Pt(jet) between the two constituent clusters. One may then ask, inversely, whether or 
not families with large Pt(jet) are of binocular type. Results of the jet analysis of 
gamma families, described in the previous section, can give an answer. It is found 
that, among families with high Pt(jet), about half are of binocular type with Nje t = 2, 
while the rest have large Nje t. Nje t expresses number of jets in a family defined by the 
procedure of the previous section. Thus, the binocular families (Nje t = 2) can be 
considered, in fact, as a specific type of family, reflecting some particular type of 
parent nuclear interactions. At the same time, one notices that the families with very 

large Nje t are almost always associated with high-P t jets. 
The same conclusion can be arrived at by the analysis of the azimuthal asymmetry 

of gamma families made by the Pamir group [12]. They introduce a parameter a, for 

describing the asymmetry, with the following definition, 

a =  ( ~ c o s 2 e i j ) / n v ( n  v - 1 ) .  (4) 
i v~j 

e u is the azimuthal angle between the ith and j t h  gamma quantum in a family. The 
summation here runs over all possible combinations of pairs in a family. With such a 
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Fig. 9. Examples of target maps of binocular fanulies. (a) one from Chacahaya experiment (event 
16-S180): (b) one from Pamir experiment (event no. 1714). 

definition, the case with a = 0 corresponds to complete isotropy, while a - -  1 gives 
the opposite extreme case of coplanar families. Fig. 10 presents the average ( a )  of 

observed families in different energy intervals and also of the simulated ones in the 
corresponding energy intervals. It is seen from comparison that the large multiplicity 
model, such as the HS model of the Pamir group, gives too small an ( a ) ,  though the 
same model has already been found to give an over-all agreement on other average 
aspects of families. Thus, one now knows that families with large azimuthal 
anisotropy constitute a certain fraction of events, and they are of a type outside the 

currently adopted model of nuclear interactions. It is the low-Nit t, high-P t families 
that constitute such anisotropic families. 

Further detailed study is made of the binocular families with increased statistics, 
applying the following common criteria for selection of the binocular type events: 

(i) Y+Ey > 100 TeV, E I and E 2 > 10 TeV and E t + E 2 > 0.8 Y+Ev, where E I and E 2 
are the energy of the first and second cluster in a family; 

(ii) Rl2 > 5( ( r ) l  and (r)2) ,  where ( r ) l  and ( r )2  are the average lateral spread for 
the first and second cluster and Rt2 is the distance between the two clusters. 



S.G. Bayburina et al. / High energy' cosmic rays 17 

0.~ 

03 
A 

v 0.2 

0.1 

x+o 
I 

÷ °+ 
X X 

A 
& 

50 lo0 2O0 
E E~( TeV ) 

, I , 

5OO 

Fig. 10. Average value of anisotropy parameter ( a )  for gamma farmlies of different YE v intervals. Pamir 
experiment: O, Panur simulation: × for scaling (S), [] for scaling with doubled Pt (NS) and A for heavy 

fireball (HS). 

Fig. 11 presents the frequency of binocular families defined in this way, where the 
distance between the two clusters is expressed by the energy-normalized quantity, 
representing their two-body gamma-ray invariant mass times the production height, 
X 12 = R 12(El E2)1/2. The results are compared with the simulation results. 

An interpretation of such binocular families was presented by the Chacaitaya 
group [11]. They proposed the production of a hypothetical particle "geminion" in 
the parent interaction, which decays into two particles (hadrons but not pi-mesons) 
with Q-value as large as 20-30 GeV. Here, two particles of the decay product are 
considered to be responsible for clusters of binocular families. 

6. Hadron families and their accompanied gamma quanta 

One of sensations of the Chacaltaya experiment is the discovery of families of 
extreme composition, called Centauro and Mini-Centauro, rich in hadrons and poor 

Z 
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Fig. I 1. X~2 distribution for binocular families. For the definition of Xl2 and the selection criteria for 
binocular families, see t e x t . . :  Pamir experiment, O: Fuji experiment, O: Chacaltaya experiment. The 
simulation results of Fuji group are presented together. Full curve, MSI; dashed curve, PS; dot-dashed 

curve, PF. 
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TABLE 3 
,Scanning results for Centauro-type families: Criteriaa): 
(i) ZE.~ + Zt/~ Y~ I> 100 TeV: (ii) N h > 30; (iii) Nh > ,~  

Total exposure of 
Altitude thick-type chamber Number of Centauro 

Experiment (g /cm 2 ) (m 2 year)  expected b~ observed 

Chacaltaya 540 200 5 
Pamir 596 600 6 I 
Mt. Fuji 650 135 I - 2 I 

:'~'¥h is after the correction for detection los.,,. 
h~Expected values are derived from Chacaltaya data. 

in gamma quanta [13]. The families called Centauro are interpreted by them as from 
a parent interaction with the emission of about one hundred hadrons without any 
accompaniment of gamma quanta (neutral pi-mesons). Events containing a smaller 
number of hadrons, almost without gamma quanta, were called Mini-Centauro. 

The first question is whether families with such extreme composition have been 
observed in other mountain experiments with comparable frequency. Table 3 
presents a summary of experimental situation for the three experiments in the search 
of hadron-rich families. Fig. 12 shows the diagram of number of gamma-quanta, Ny, 
and of hadrons, N h, for observed families in the three experiments. Here, the number 
of hadrons, N h, is the estimated number of hadrons arriving at the chamber after 
applying corrections for detection efficiency, which varies from one chamber to 
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Fig. 12. Diagram of number of gamma quanta, Ny, and of hadrons, N h, for families with Y.( E,  -~ E~ *)) > 
100 TeV. O:  Centauro and Mini-Centauro of the Chacaltaya experiment; 0 :  events of the same type of 
the Pamir experiment. Simulation events of the Pamir group, with the assumption of normal pion 

production and proton primary, are presented by small dots. 
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another. It is seen that there are families of extreme composition and, in particular, 
one Pamir experiment shows hadron-rich composition comparable to Chacaltaya's 

Centauro. 
The next question is, of course, whether events with such an extreme composition 

as Centauro and Mini-Centauro can be attributed to trivial fluctuation in the 
nuclear cascade processes in the atmosphere. To check this, simulation calculations 
were carried out by several laboratories with various models of nuclear interaction 
and primary composition [5, 14]. The results with proton primary are presented in 
fig. 12. It can be seen that the Centauro-type events are located far from the 
simulated events and have to be attributed to some new process of nuclear 
interaction. Meanwhile, the Mini-Centauro events can be reproduced by the simula- 
tion calculation based on ordinary assumptions of nuclear interactions, as far as one 
is concerned with their distribution in the diagram of fig. 12. 

It was suggested that the hadron/gamma quanta abundance in a family has to be 
studied not only as reflected by their particle number but also by the energy 
fractions carried by them. Fig. 13 presents one such improved diagram, where the 
number of hadrons, N h, and the energy fraction in the hadron component, 
Y, Ptv~/ver(v)  + Ev), are used as the parameters. The simulation calculation shows 

L-, h / ~  L~ h 

that fluctuation in nuclear cascade processes can only rarely generate a family with 
high values for the two parameters at the same time. It is possible to have a 
hadron-energy-rich family by fluctuation. In this family, however, a large part of the 
energy flow is in general carried by the surviving nucleon and therefore the hadron 
number is small. 

The Chacaltaya group reported two new events of Mini-Centauro type, both of 
which were fortunate enough to allow a geometrical measurement on the height of 
parent interaction in the atmosphere. In both events distances between the shower 
cores are measured in both the upper and lower chambers, located a vertical distance 
of 180 cm from each other. The divergence of arrival direction between several pairs 
of penetrating shower cores comes out to be beyond the experimental error, and the 
results give 300 ± 100 m for event ~ 139S-105I in chamber no. 19 and 160 ± 30 m 
for event ~18S-18I in chamber no. 12 as the estimated height of their parent 
interaction. Some description of the events is given in table 4. They give new support 
to the existence of Mini-Centauro as a new type of nuclear interaction, and at the 
same time give a definite knowledge of the Pt of hadrons produced in the interaction. 
The average value of et for hadrons comes out as ett~ ) =0.35 ±0.1 GeV/c ,  in 
agreement with that observed for the event Centauro I by the same geometrical 
method. 

7. Exotic events of very high energy 

There were reported a number of exotic events which suggest the existence of new 
phenomena in the extremely high energy region beyond 1015 eV. Of these, a short 
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6 and 22 c.u. of depth in the chamber. 

description will be presented for the two events, "Tatyana" of the Pamir experiment 
[15] and "Titan" of Fuji experiment [16], because of their distinct character. 

Tatyana, Pamir experiment, has a total visible energy of more than 13000 TeV, 
meaning that it is one of the highest energy events observed so far in emulsion 
chambers. The event was recorded by the thick chamber consisting of a gamma-layer 
and four hadron layers with carbon block, the total thickness of the chamber being 
26 cm Pb plus 320 cm carbon, i.e., nearly 5 nuclear mean free paths or 55 radiation 
units. As is seen in fig. 14, what is remarkable here is that there is a penetrating 
black core with halo all through the chamber. The energy estimation of the core with 
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TABLE 4 
Two new events of  Mini-Centauro type, Chacaltaya experiment 

21 

(A) Event ~ 139S-105I in chamber no. 19 

E Pt ~v~ 
Shower no. (TeV) (GeV/c )  Remark 

# I 14.9 0.49 A-jet 
# 2 6.8 0.14 Pb-jet-upper 
~:3" 18.0 0.16 A-jet 
a:4 21.6 0.23 A-jet 
~: 5* 16.0 0.34 Pb-jet-upper 

6" I 1.1 0.45 Pb-jet-upper 
~ 7  8.0 0.50 A-jet 
~ 8  ~ ~ 15 14.0 0.79 A-jet 

(B) Event ~: 18S-18I in chamber no. 12 

E p, 
Shower no. (TeV) (GeV/c)  Remark 

~: I * 3.3 0.17 Pb-jet-upper 
:g: 2 67.0 0.48 Pb-jet-upper 

3" 40.0 O. 16 Pb-jet-upper 
~r 4 14.0 0.22 Pb-jet-upper 

5 20.0 0.51 Pb-jet-upper 
6 18.0 0.38 Pb-jet-upper 

~: 7 20.0 0.36 Pb-jet-upper 
8 80.0 0.25 C-jet 

:n: 9 14.0 0.18 C-jet 
10 5.0 0.035 Pb-jet-upper 

~: I I 20.0 0.13 Pb-jet-lower 
:n: 12 2.0 0.063 Unidentified 

13 14.0 0.22 Unidentified 
~: 14 2.3 0.073 Unidentified 

15 9.5 0.38 Unidentified 
:g: 16 3.5 0.21 Pb-jet-upper 
Z: 17 3.8 0.17 Unidentified 
~: 18 3.1 0.13 Unidentified 
:n: 3' 17.0 0.063 Pb-jet-lower 

Showers with an asterisk have a collimated core both in the upper and the lower chamber and are used 

f o r  the geometry measurement.  

halo is carried out by integrating the darkness in X-ray films, and it gives 8000 TeV. 
This is a lower limit, because the blackness of  the core does not show any sign of 
attenuation down to the bottom of the chamber, so that a considerable fraction of 
the energy must have been lost in penetrating such large thickness. Outside the 
region of core with halo, of diameter of about 1 cm, there are numerous showers. 
Altogether, there are 224 gamma quanta with YEy ~ 3200 TeV and 66 hadrons with 
EE(h Y) ~ 1500 TeV in the peripheral region. 
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Fig. 15. Target diagram of the event "Titan" of the Fuji experiment. Showers of large energy are listed 
below. 

Visible energy k ~, Pt ~'~ 
Shower (TeV'I (GeV/c)  Remarks 

A 91 I. 1 hadron 
B 119 1.8 hadron 
C 43 0.5 hadron 
D 164 2. I can be hadron 
E 52 0.8 can be hadron 
F (cluster) 130 0.5 can be A-jet 

~Produclion height H = I km is assumed for estimation. 



S.G. Bq~'burina et al. / Iligh energy cosmic rays 

TABLE 5 
Hadron-rich family with large Pt 

23 

Shower no. 

Event # 198S-154I in the chamber no. 19 

E Pt 
(TeV) (GeV/c) Remark 

I* 90.0 4.57 
2 13.7 0.80 
3 13.0 0.95 
4 17.2 1.21 
5 4.7 0.44 
6 2.9 0.31 
7 10.6 0.59 
8* 70.0 1.46 
9 13.8 0.74 

10 35.4 1.27 
11 28.6 2.65 
12" 14.2 1.20 
13 38.1 3.81 
14 4.0 0.48 
15 12.5 0.77 

Pb-jet-upper 
Pb-jet-upper 
Pb-jct-upper 
Pb-jet-upper 
Pb-jet-upper 
Pb-jct-upper 
A-jet 
Pb-jet-uppcr 
Pb-jet-upper 
A-jet 
A-jet 
A-jet 
A-jet 
Pb-jet-upper 
C-jet 

Showers with an asterisk have a collimated core both in the upper and lower chamber and are used for 
the geomet~ measurement. 

Because of  the penetrat ing power, a large part  of  the central core with halo must 

be composed of hadrons,  but with no electromagnetic component .  The double 

maximum structure of  the shower transition curve and existence of  subcores in the 

lateral structure suggest that the central core is composed of  a bundle of  collimated 
hadrons, at least three of  comparable  energy. 

It is interesting to make a comparison with the event " A n d r o m e d a "  of the 

Chacal taya experiment, which is also one of  the highest energy events so far 

observed. Here, we recognize a large black core with halo at the center, the total 

energy of  which is estimated as about  20000 TeV. But the core with halo here shows 
steady at tenuation in the chamber,  so that it is interpreted as caused by a bundle of  

high-energy atmospheric  gamma quanta  of  very large number.  Observation of the 

hadron componen t  is approximate  because the chamber  contained only 18 cm Pb 

without carbon blocks. After correction for the detection efficiency, the observed 
hadron energy flow is estimated as Y.E~ v) ~ 4000 TeV. 

Thus, one sees that the two, Ta tyana  and Andromeda ,  have quite different 
composit ion,  i.e., Ta tyana  is rich in hadrons  and Andromeda  is rich in gamma 
quanta,  though the two are with comparable  energy beyond  1016 eV. 

Titan, Fuji experiment ,  was observed by a thick chamber  of  solid Pb block of  40 
cm thickness. As is seen in fig. 15, the main part  of  Titan consists of  a few very high 

energy hadrons.  As is stated in the caption, it is possible that all the secondaries are 
hadrons  at the point  of  their production.  As is stressed by the authors, a remarkable 
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characteristic of the event is its large Pt. Pt estimation is given in the caption 
assuming the production height to be about ! km, and the average value turns out to 
be (Ptt~)) - 1.1 GeV/c .  The value can very well be an underestimate, because 
survival of a large fraction of secondary hadrons without atmospheric interaction 
makes it more plausible that the height of production is less than one mean free 
path, i.e., 1 km of atmosphere. 

Recently, there was found one event from Chacaltaya, which shows hadron 
production with such large Pt- It is the event named # 198S-1541 in chamber no. 19 
observed in the two-storey chamber with carbon target. As is seen in table 5 for 
summary of the event, the family is as rich in hadron content as Centauro or 
Mini-Centauro. Since the event penetrated through both the upper and lower 
chambers, we were able to apply the geometrical measurement of the arrival 
directions of the penetrating showers, and the result gives a production height 
estimate as 330-+ 30 m above the chamber. This allows estimation of Pt for the 
observed secondaries, as is seen in the table. The average value turns out to be 
(Pt~))  ~ 1.42 GeV/c ,  a lower bound from the energy measurement for penetrating 
showers, of the same order of magnitude as of Titan. 

Thus, the parent interaction of these events cannot be Mini-Centauro, but their 
experimental data suggest the existence of some new species of nuclear interaction. 
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