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here; for, although we have considered a complex plane
of orderings in the procedure of Sec. VI, there exists a
considerable variety of other types of ordering. The
three ways of ordering the operators p and q considered
in Sec. IV of I, for example, are easily generalized to a
complex plane of q, p orderings.

If, however, the relation (10.13) should apply to the
s-ordered products for some value of s, then, by forming

the ensemble average of the series (2.7) for D(&,s), we

would obtain the relation

X(&,s) = e&
' '&w(n)m'd'n, (10.14)

which upon Fourier inversion would imply
w(n) =W(n, s).
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The results of a series of Monte Carlo simulations of extensive air showers are compared with experi-
mental data from the Sydney 64-scintillator array and other experiments. The work has had two main

objectives: (a) the study of the composition of cosmic radiation around 10' GeV; (b) the study of nuclear
interactions at very high energies. In the first field, evidence is produced to show that the composition of
cosmic radiation is much the same at 10'5 eV total energy as at 5 X 10' eV total energy. Above about 3&10'5
eV the composition changes, the beam becoming progressively richer in heavier nuclei up to energies of
about 10'~ eV. In the second field, the main result reported is that at energies above 10"eV there is evidence
that much higher transverse momenta occur than at machine energies. If true, this implies that a force is
acting which is much stronger than the normal strong interaction.

l. INTRODUCTION

ERY high-energy nuclear interactions can only be
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studied using the cosmic radiation. Up to energies
of ~2&(10" eV, occasional interactions in very large
emulsion stacks can be found. Above that energy the
events become too rare for this method, and then air-
shower techniques (sometimes involving emulsions)
must be used. Several recent experiments' have sug-
gested that new fundamental processes may become
important above 10" eV; hence it is more important
than ever to study this region. In particular, we wish
to know the composition of the radiation and how it
varies with energy, both because this would make our
study of the fundamental interactions easier and also
because it is of considerable interest to astrophysicists.
In recent years considerable progress has been made

experimentally. We can now study the core region of
air showers in considerable detail. Until recently, how-

ever, progress was hindered because the mathematical
methods available were not able to relate these detailed
properties of the fundamental parameters of the basic
nuclear reactions and the nature of the primary particle.
However, this is no longer so. With the improvement in

speed and storage capacity of modern computers it has
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become possible to calculate quite one details in air-
shower core structure and so on from the fundamental
parameters using Monte Carlo techniques. In this
paper we report the results of such calculations using
four different primary particles (with A =1, 4, 16, and
64), eight diferent models of the fundamental nuclear
interaction, and three diGerent primary energies. These
theoretical calculations are then compared with the
results of experiments at Sydney and elsewhere.

We conclude that there is good evidence for the
occurrence of very high transverse momenta in nuclear
interactions at energies &10'4 eV and that this implies
the existence of some very strong force; that the com-
position of the cosmic ray beam is roughly constant
up to about 2&(10" eV; and that from this energy up
to about 10'~ eV it becomes progressively richer in
heavier nuclei.

2. SIMULATION PROCESS

In the simulation process we supposed that incident
particles of atomic weight A and energy E„were in-
cident vertically on an exponential atmosphere and
aimed at the center of a 9&9array of scintillators. Each
scintillator measured 0.5X0.5m, and they were in
contact. The position in the atmosphere of each inter-
action of all hadrons was sampled by the Monte Carlo
technique from a distribution giving a mean free path
of X g/cm'. The numerical value of X was 90 g/cm' for
protons and pions, and 65, 43, and 42 g/cm', respec-
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TABLE I. Parameters used in diBerent models. y* is the Lorentz y of the 6reball in the center-of-momentum system.

Model name He1 01 Cu1 He4

Atomic weight of primary
Mean free path of primary

in g/cm'
Mean multiplicity of pions

proportional to
Sampled y*
Fireball's fraction of inci-

dent energy
Isobar decay pions fraction

of incident energy
Mean transverse momentum of

isobar or nucleon in Gev/c

1
90

lnE

Yes
~0 5

None

1.0

1
90

El/4

Yes
~0 5

None

1.0

1
90

El/4

No
0.5

6xed
None

1.0

1
90

lnE

No
0.25
axed

0.25

1.0

4
65

lnE

Yes
~0 5

None

1.0

16
43

InE

None

1.0

64
42

lnE

None

1.0

lnE

Yes
0.5

None

See
text

tively, for n particles, oxygen nuclei, and copper
nuclei.

All interactions were considered to be nucleon-
nucleon or pion-nucleon collisions (with the exception
of the initial interaction of a heavy primary). In all
cases, two fireballs were produced with mean secondary
multiplicities proportional to lnE or to E'" and Pois-
sonian distribution. The type of secondary was chosen
at random with a probability of 0.6 for charged pions,
0.3 for neutral pions, and 0.1 for nucleons. The direction
of emission was chosen at random in the fireball refer-
ence frame, and the momentum was chosen with a
mean of 0.5 GeV/c for pions and 1.0 GeV/c for nucleons
and distributed like pe ~. The momentum of the last
fi,reball secondary was chosen to make the total mo-
mentum zero. The backwards fireball was the mirror
image of the forwa, rd one. In some models the gamma of
the fireball in the c.m. frame (y*) was sampled from a
pe "distribution with a mean chosen to make the mean
inelasticity=0. 5. The resulting distribution of inelas-
ticity varied somewhat with energy but was very
roughly uniform over the interval 0—1. In other models
the inelasticity was fixed and y* adjusted to balance
energies. In some models the fireballs themselves were
given sampled transverse momenta. These will be
described in detail later. All secondary pions and
nucleons with energies below 50 GeV were discarded.

In all cases, the backward-emerging nucleon or isobar
was ignored although they balanced the momentum of
their forward-moving counter parts. The forward-
energing particle carried away all the remaining energy
and, if it was a nucleon, was given a transverse mo-
mentum sampled from a pe & distribution with a mean
of 1 GeV/c in most cases. In one model we assumed two
isobars to be produced in addition to the fireballs. This
model had no secondary nucleons emitted from the
fireballs. The isobar mass was taken to be 1.5 GeV.
The decay was assumed to be into a single pion and a
nucleon with a cos'0 angular distribution in the isobar
system, since it is likely for these isobars to have some
intrinsic spin. 25%%uz of the total energy went into the
fireballs, with the result that on the average 50%

went into the nucleon from the isobar and the remaining
25% went to the isobar pion. This pion had a proba-
bility of 3 of being neutral.

Secondary neutral pions decayed immediately into
two photons. Charged pions could decay to muons or
interact in a similar way to nucleons (possibly with
different parameters) and without isobar formation.

For the fi,rst interaction of heavy primaries, the im-
pact parameter was sampled at random and determined
the number of nucleons actually taking part in nucleon-
nucleon collisions in the first interaction. All remaining

incoming nucleons were given a transverse momentum
individually sampled from pe "distribution with mean
0.3 GeV/c. Table I gives a summary of the parameters
used in the different models.

Nucleons and pions were followed until they decayed
or interacted. When neutral pions decayed to two p
rays the direction (in the pion frame of reference) of one
of the decay photons was chosen at random, thus de-
termining the energies and directions of both photons.
The size and "age" of the resulting electromagnetic
cascade from each photon was calculated using the one-
dimensional shower theory (in approximation 8), while
the lateral distribution of the electrons was calculated
using the numerical approximation to their theoretical
structure function developed by Kamata and
Nishimura. '

The program calculated the number of electrons
striking each scintillator of a 9)&9 scintillator grid at
five different atmospheric depths, namely, 200, 400,
600, 800, and 1000 g/cm'. It gave the number and
energies of all hadrons (of energy )50 GeV) striking
the same grids. In addition, it gave the total number of
electrons and muons at each of the depths, and various
other parameters which will be described when neces-
sary. The mean time to simulate one shower using an
English Electric KDF9 was 15 minutes. The KDF9 in
this application, is about twice as fast as an IBM 7040.
Over 800 showers were simulated.

'K. Kamata and J. Nishimura, Progr. Theoret. Phys. (Kyoto)
Suppl. 6, 93 (1958).
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REAL SHOWERS SIMULATED EYENTS

FrG. 2. Four maps of the dis-
tribution of electrons on a 4-m
X4-m-seintillator array at sea level.
Two of the maps are real events
detected by the Sydney 64-scintil-
tor array and two are events
simulated by the Monte Carlo
program for proton primaries of
10"eV. All four events are classed
as single-cored showers. For the
upper pair contour lines are at
density intervals of 500 particles
per scintillator; for the lower pair,
at 100 particles per scintillator.
For real events, a blank means
that the scintillator performance
on test was substandard.
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Experimentally, the determination of the join point
of the number spectrum is difFicult. The point at which
the change of slope takes place is not clearly de6ned.
The statistical errors are large and the apparatus used
at the diferent heights vras not standardized. In par-
ticular, the array used at Kl Alto vras much larger than
at the other altitudes. Nevertheless, it is obvious that
the two sets of figures have common features.

C. Electron Core Structure

In addition to the total number of electrons in the
shower, our program also gives the distribution of the
electrons close to the axis of the shower (+2.25 m from
axis) at the five different altitudes. This allows us to
determine the maximum electron density hitting a scin-
tillator in any shower (which we will call 6,) and also
to classify the cores as "single" or "multiple. "In many
cases this classification is unambiguous. Figure 2 shovrs
four shovrers, two of them real and two simulated, vrhich
we classify as single-cored events. Four multicored
showers are shown in Fig. 3; again tvro are real and two
are simulated.

In a few cases, however, classification is difEcult.
Accordingly, vre have adopted the follovring objective
procedure to define single-cored showers. We take the
ratio lL, i/h, 2 of the density in the most dense scintil-
lator to that in the second most dense. If d, i/h, &~&1.5,
we call the shovrer a single-cored event; if not, a rnulti-
cored event. We have reclassided all real and simu-
lated events using this definition and find that for 88%
of all events we get agreement with our previous
"subjective" assignation. A similar system has been
adopted by the Osaka group~ for their experiment on
Mt. Norikura. They call single-cored shovrers those
with h, i/h, 2&» 3.Such an increase is probably necessary
to compensate for the difference in altitude.

D. h, ,-N Diagram

In Flg. 4 we plot ~c against the total number Qf

particles E in the shovrer for shovrers initiated by four
different types of primary (protons, I2 particles, 0

S. Miyake, K. Hinotani, ¹ Ito, S. Kino, H. Sasaki, H.
Voshii, H. Sakuyama, and E. Kato, Can. J. Phys. (to be
published).
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REAL SHOWERS SIMULATED EVENTS
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Fro. 3. Four multicored showers.
Again, two are real events and two
are simulated events assuming a
heavy primary of 10'5 eV total
energy. The number in each square
is the number of electrons striking
that scintillator. Contour lines are
at intervals of 25 particles per
scintillator. Ã is the total number
of particles in the shower.
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Rnd Cu nuclei), each of total energy 1OI5 ep.
Open figures represent single-cored showers; solid
figures, multicored showers. Figure 5 is the same scatter
diagram for real air showers whose cores struck the
Sydney 64-scintillator experiment from April 1963 to
January 1965. The bounding lines of the experimental
distribution (labeled p and Fe) have also been drawn
on the simulated distribution. No normalization was
necessary. The experimental distribution is, of course,
for primary pa, rticles of many diGercnt energies. It can
be seen that, while the simulated showers show wide
variations in both 6, and E, the region they occupy on
the diagram is rather limited. At any particular 6„the
width of the distribution is only 2.5 to 1. Hence we
would get complete separation of the distributions for
10"- and 2.5&(10'~-CV primaries. Within the distribu-
tion duc to prllrla, I'lcs of 10 cV lt ls riot gcncI'ally
possible to determine the nature of a primary un-
ambiguously from a knowledge of 6, and lV. There are
two regions where one can do this —all showers with
~,&15 were due to copper primaries and all showers
with 6,& 1400 were due to protons. In other regions, one

can only give probabilities that a given shower was due
to a particular type of primary.

Table IV gives the sea-level mean and median values
of X, h„and the maximum hadron energy striking any
olle scllltlllR'tol' t EII(lllax) j.Tllls lRst qllRlltlty Is I elRt ed

to the experimental quantity ~. , the maximum number
of particles striking any one of the scintillators shielded
by 30 cm of lead. Table IV also gives the percentage of
showers with single cores. This is done for two different
models of the basic nuclear interaction (6reball pl, and
isobar p4) for protons and for the fireball model for
helium (A=4), oxygen (3 =16), and copper (2=64)
primaries. In all cases the total primary energy was
10"eV.

Perhaps the most important point brought out by
Table IV is that these properties are fairly insensitive
to the model of the nuclear interaction but are changed
greatly by changing the nature of the primary particle.
One sees also that increasing the atomic weight of the
primary decreases the central electron density, the
maximum hadron energy, and the shower size at sea
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level, and increases the probability of the shower having
a multicored structure.

IO 000

E, Variation of Core Structure arith Altitude

The values in Table IV are for sea level (1000 g/cm',
to be precise). As one goes up in altitude, the values
change considerably. In particular, the proportion of
single-cored showers increases. This is shown in detail
in Table V.

%e can use Table V to compute the fraction of
single-cored showers to be expected at sea level and at
750 g/cm' (Mt. Norikura). To do this, we assume (a)
that the composition of cosmic radiation is the same at
10'~ eV total energy as it is at "geomagnetic energies, "
and (b) that the slopes of the energy spectrum are the
same as at these energies. '%e can compare these pre-
dictions with the results of the Sydney 64-scintillator
experiment at sea level (Fig. 5) and with those of the
Osaka experiment with 48 scintillators of the same size
on Mt. Norikura. ~ The d,-X plot of the Osaka group
is shown in Fig. 6. There are some obvious similarities
between these two distributions. In both cases, the
experimental points can be bounded by two lines
(labeled p and Fe in the diagrams) which have slopes
of unity and intercepts on any ordinate in the ratio
56:1.In both cases, single-cored showers tend to favor
the higher values of 6,. For instance, on Mt. Norikura
the percentage of single-cored showers between the
lines labeled p and a is 96%, while between the lines

IO OOG

IO 10 IO

SHOitEtER SIZE

FIG. 4. A plot of the maximum central electron density (4.)
at sea level against the total number of charged particles (E)
in the shower for simulated showers initiated by 10" eV total
energy protons, a particles, oxygen nuclei, and copper, respec-
tively. Open symbols represent single-cored showers, closed sym-
bols are multicored showers. The lines marked p and Fe are the
experimental bounds from Fig. 5.

FIG. 5. The experimental distribu-
tion of 6, and Ã from the Sydney
64-scintillator experiment. The two
steeper lines are the bounds of the
simulated distribution for 10"-eV
primaries shown in Fig. 4. Open circles
represent single-cored showers.
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s Y. Pal, in Handbook of I'hysjcs (Mcoraw-Hill Book Co., New York, to be published).
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Tanzx IV. Average values and ranges of A„ fV, and En (max) for shower initiated by different primaries of 109 eV total energy.

Primary

Model

b, ~ mean
median
range

10 4E mean
median
range

En(max) (GeV) mean
median
range

/~ Single cores
No. of showers

262
130

5—2685
95
7.6

1.3-47
12 234

4267
0-122 200

92
80

Fireball

318
175

23-2300
16.4
15.0

5.8-44
15 697

4013
0-235 170

69
85

He

Fireball

250
125

22-1324
13.2
11.5

4.6-28.9
14 370

4840
194-236 528

60
50

0

73
52

15-406
7.3
7.0

3.8—17.0
4649
2597

0-34 952
- 28

50

CQ

Fireball

29
21

6-192
4.6
4.1

2.6-13
1923
1020

0-12 306
11
47

labeled 0 and Fe it falls to 71%. At sea level the re-
spective figures are 80% and 2%. It is also obvious
that there is a higher proportion of multicored showers
at sea level. To compare with the calculated results vre

take a slice of the experimental h,-Eplots corresponding
to a total primary energy of 10'5 eV. This slice must be
taken at shower sizes on Mt. Norikura higher by a
factor of 4 as we have seen earlier. The results are
given in Table VI. The agreement between the pre-
dicted and observed distributions is reasonable, sug-
gestin. g that at 10"eV the composition of cosmic radia-
tion is the same as at geomagnetic energies.

F. Comyosition of Cosmic Radiation
at ~0'5 and. &0~6 eV

Supporting evidence comes from emulsion observa-
tions. In the Sydney 20-liter stack vre found 52 protons,
is o, particles, and 42 heavier nuclei of energy greater
than 10"eV. The ratio at the same total energy (around
5)&10" eV) is 2.2:1:3.2, which is in reasonable agree-
ment with our proportions once vre allovr for the greater
loss of the heavier nuclei in the 6 g/cms of atmosphere

TmLE V. Percentage of single-cored showers for diR'erent pri-
maries (total energy 10'~ eV) at diG'erent atmospheric depths.
The same detector sizes were used at all altitudes.

Atmosphe
depth (g/

. 0

69Fo 60'Fo 28'Fo 11'
88'Fo

100% 100% 90%%u,
'

38/~
100% 100% 96% 83%
100% 100ojo 100'%%uo 100%

above the Bight. At even higher energies, a proton' of
2&10'4 eV oxygen. and calcium nuclei'0 of 2 and 4X 40'4

eV, respectively, and an iron nucleus" of 1,2X10"eV
have all been observed. It is worth observing that the
breakup of a heavy nucleus allovrs rather good deter-
mination of its primary energy.

At energies higher than 10'~ eV, the situation is
diGerent. We have already seen that the change of slope
of the number spectrum and its variation with altitude
suggest that there is a cuto6 in the energy spectrum of
at least part of the cosmic radiation at a given energy
per nucleon. Since the change in slope comes at around
5&10' particles at sea level, vre would expect this cutoG
to be at 2-5&10'~ eV. In Sec. 4 we vol see that
studies of both the air-shovrer density. spectrum and the
high-energy hadron component at sea level confirm this.
At the moment, we wish to point out that both the
Osaka and Sydney groups have found appreciable num-

bers of multicored showers of sizes greater than j.0'
particles. In fact, at sea level, the Sydney group (Fig.

TAMz VI. Predicted and observed values of the fraction of
single-cored showers at sea level and at '/50 g/cm'.

Sea level
Mt. Norikura

Predicted Observed

28 +aof

75 +10fF

lo
I

Io
SHOWER SlZE

FM. 6. The experimental distribution of 6, against E
at Mt. Norikura (Ref. 22).

lO'

9 J. Kidd (private communication).I M. Koshiba (private communication).
"X.C.E.F. Data Book Event 348 (unpublished).



REAL SHOWERS SIMULATED EVENTS

22 30 22 202

IOI 228

32 30 18 294 86 143 83 249 114 1029
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Fro. 7. Four maps of the
distribution of hadron energy
on a 4-mx4-m 64-scintillator
array. Two are for real showers
on the Sydney 64-scintillator
experiment. Two are simulated
events using 10"-eV proton
primaries. All are classed as
single-cored showers. For the
real showers the energy is
represented by the number of
particles hitting each scintil-
lator under a 30-cm Pb shield;
for the simulated events the
actual energy in GeV falling
on that scintillator is given.
"Sat" means that the scintil-
lator is saturated (&4000 par-
ticles per scintillator). A blank
space means that no particles
hit the scintlllator.
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5) find very few single-cored showers of size greater than
IO'. These large multicored showers lead to some very
interesting speculations, which are dealt with in the
next section. Their preponderance at sea level for
E'&10' implies that the proton component is much
reduced in this size region (10' to 5X10~ particles).
(Using mode 6 p3 and proton primaries of energy
5X10', 10', and 2X 10' GeV we get 31%%u~, 50%, and 71%
single-cored showers at sea level, respectively. The
respective mean sizes were 0.44)&10', 0.85&10', and
2.60X10' particles. )

C. HADRON COMPONENT IN AIR
SHOWER CORES

A. Hadrons and the Resyonse of
Shielded Scintillators

Our program calculated the number and energy of the
hadrons falling on each scintillator of the 9&9 array
at each of 6ve atmospheric depths. ExperimentaOy,
what one can measure is the response of a scintiBator
shielded by some sufhcient amount of material (30 cm

I5 5
N0, 41PROTONfp5 IOeV N=1.5xl0

of lead in the case of the Sydney experiment). Obvi-
ously, then, it is not possible to make such a direct
comparison between prediction and experiment as was
the case with the electron component. The Sydney
group" have ca1culated that the mean number of par-
ticles (e) observed in a scintillator beneath 30 cm of
lead, and the energy E in GeV of an incident hadron
are connected by E=1.6(n) GeV.

This was done using a Monte Carlo calculation of the
nucleon cascade in lead, . Some experimental tests of
part of this calculation have been made„but the overall
test of seeing a particle of given energy strike the lead
and observing the scintillator response has not yet been
possible. One must always remember, too, that this
refers to the average response and Quctuations may be
large. In fact, it is quite possible for an individual
hadron to pass through 30 cm of lead without inter-
acting.

In Fig. 'l we show four events which produced typi-
cal single-cored showers both in the electron and in

"M. M. Winn, R. H. Wand, J. Ulrichs, M. H. Rathgeber,
P. C. Poole, D. Nelson, C. B. A. McCusker, D. L. Jauncey,
D, F. Crawford, and A. D. Bray, Nuovo Cimento 36, 701 (1964).
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REAL SHOV/EBS SIMULATED EVENTS
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Fzo. 8. The distribution of
hadron energies in four multi-
cored showers. Again, two are
real events which hit the Syd-
ney 64-scintillator array and
two are simulated events initi-
ated by heavy primaries of
10"eV total energy.
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the hadron component. Two of the showers are real
events observed vrith the Sydney 64-scintiBator array
and two are simulated events. Figure 8 shows four
multicored shovvers; again, two are real and tvro are
simulated. We And that for the hadron component as
for the electron component there is a strong tendency
for proton primaries to produce single-cored showers,
and for copper primaries to produce multicored showers.

Ke call the maximum hadron energy observed on one
scintiHator in anyshower E~~(max). Table IV gives the
mean and median values of EH(max) at sea level and
its range for the diferent types of pnmary particie
(each of total primary energy 10"eV). Just as for the
electron component, (E~(max)) is not very dependent
on the nuclear mode1 chosen for any given primary
particle, but does vary considerably in going from proton
to coppcl primaries of thc same tota]. energy.

100 1000

five di8erent ranges of d, . This is for the isobar model

p4, using proton primaries. This model gives a higher
density of hadrons in the center of the shower than

3. ESect of Hadrons on Unshielded Scinti1latox's
b f h d n f energy greater thanPro. 9. The mean number of hadrons of energy greater t an

~ . 50 GeV hitting the central scintillator plotted against the central

the central scintillator plotted against the mean 6 f«protons. The isobar model was used.
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any other. One sees, for instance, that the mean number
of hadrons hitting the central scintillator is six for a
central density of 1000 electrons per scintillator. It is
of interest to calculate what effect these hadrons could
have on the electron density measurement made by
the scintillator. Whatever the e6ect is, it will be an
upper limit, since all other scintillators are struck by
fewer hadrons. The hadrons which interact can deposit
energy in the scintillators in four ways, viz. , by produced
charged mesons, by evaporation prongs, by knock-on
protons (grey tracks), and by the soft cascade from 7ro

mesons. In addition to the six hadrons mentioned, we
must allow for hadrons whose energy is less than our
cutoff of 50 GeV. Details of the computation are given
in Appendix A. The result is that the upper limit for the
total energy lost in the central scintillator due to hadron
interactions is 134 MeV, which is the equivalent of
6—7 particles at minimum ionization, an increase of
0.6% in 6,. For other scintillators within 2 m of the
core, the value is much lower (23 MeV). Thus the sug-
gestion of the Riel group, " that the multiple cores
which they and other groups observe are due to local
nuclear interactions in scintillators or in their material
above the detectors, is untenable.
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C. Hadron Energy and the Electron Density Spectrum

The maximum hadron energy varies rapidly with
altitude. Figure 10 shows the median value of the
maximum hadron energy plotted against depth in the
atmosphere. The same figure also shows the median

5

SOO
I I I I I

400 500 600 700 BOO 900 X I 000
g/cm~

Fro. 10. A graph of the average value of the maximum hadron
energy at a given atmospheric depth plotted against atmospheric
depth for simulated showers using proton primaries of 10'5 eV.
The mean energy of the surviving proton primary is also shown.

10 '

FIG. 11.The scatter diagram of
the maximum hadron energy at
400 g/cm' I E~, (400)j against the
central electron density at sea
level (6,) for 50 simulated showers
initiated by 10"-eV proton. The
line is for E~,x(400)=30002. "
GeV.
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"E.Bohm, W. Buscher, R. Fritze, V. J. Roose, M. Samorski, R. Staubert, and J. Trumper, Can. J. Phys. 46, 41 (1968).
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paratus, the spectrum itself can be representedal most
exactly by a simple power law over a range of density
of at least 500 to 1, and when the change in slope does
appear it is quite rapid. The density spectrum obtained
by the Sydney and Calgary"'~ groups on Sulphur
Mountain (781 g/cm') is shown in Fig. 12. lt can be
seen from the figure that the differential spectrum at
that altitude is quite closely approximated by two
power laws of slopes —2.43+0.04 and —4.96+0.45
joining at a density of 5600+300 particles/m'. At sea
level the spectrum has a similar shape but the join
point comes at a much lower density (560+180 par-
ticles/m'). Figure 13 shows the way in which the
density at the join point of the two power laws varies
with altitude.

It was fi,rst pointed out by Norman" that the change
in slope of the density spectrum could be due to a cutoff
in the primary energy per nucleon spectrum. If this is
so, then one expects the density at which the spectrum
steepens to increase rapidly with altitude, so that Fig.
13 is experimental conirmation of Norman's hypothesis.

PARTICLES PER CHAMBER

FIG. 12. The density spectrum of extensive air showers deter-
mined on Sulphur Mountain, Alberta (781 g/cm'). The solid
curve is for two power laws of exponents n and p, respectively,
joining at a density pz= 5600 particles/m'.

value of the energy of the surviving proton primary. It
is worth noting that if we take the mean elasticity to
be 0.5 (which is what we put into the calculation), then
the interaction mean free path of the protons comes out
as 90 g/cm' (which is a check on the accuracy of the
calculation since that also is what we put in). However,
the maximum hadron energy falls off more slowly. The
way in which Elr(max) falls oB with altitude is of great
interest experimentally. It is this quantity which con-
trols the maximum energy of neutral pions at a given
altitude. This in turn controls the maximum observed
electron density at lower altitudes. This is shown in
Fig. 11, where we plot a scatter diagram of Err(max)
at 400 g/cm' against 6„the maximum electron density
at sea level. Again this is for proton primaries, using the
isobar model. For other primary particles the Quctua-
tions are much smaller. For protons, the two quantities
are related by

CO
LU

O
I-
K
0

8
IO

7
IO

Err (max, 400) =3000[6,(sea level) ]'rs GeV.

The determination of the density spectrum of air
showers is a much easier experiment than the deter-
mination of the number spectrum. For the number
spectrum one can only sample the number of particles,
and generally the extrapolation factor from sample to
number is of the order of 10'. Moreover, a structure
function must be assumed. For the density spectrum
the measurement of the number of particles hitting a
small area can be exact. The experiment can be (and
has been) done at differing altitudes with the same ap-

ECHO
LAKE

e'
Io

700

SULPHUR ALIU-
MOUNTAIN 0UERQUE CALOARY

Jk

I I
I' I I

750 800 850 900 950 IOOO I050
ATMOSPHERIC DEPTH IN g/cm

FxG. 13. The variation of the join-point density of the density
spectrum with altitude. The join-point density is obtained by
ending the best three-parameter 6t to the experimental density
spectrum at each altitude.

"J.B. T. McCaughan, C. B. A. McCusker, S. H. Sect, R. H.
Wand, B. O'Donnell, J. D. Prescott, and B. G. Wilson, Nuovo
Cimento BS, 697 (1965}."D. B. Swinson and J. R. Prescott, Can. J. Phys. 46, 292
(1968}."R. J. Norman, Proc. Phys. Soc. (London) A69, 803 (1936).
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Fro. 16.The scatter diagram of the
number of muons (E„) in a shower at
sea level plotted against the number
of electrons (E,) for showers produced
by proton and copper primaries, each
of total energy 10"eV. Crosses repre-
sent proton showers.
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prolonged. Then, as any nucleon cascades down the
atmosphere it will wander away from the axis. In our
simulations using the isobar model we "tagged" the
primary proton. Figure 15 shows the mean distance
from the axis in meters of the primary proton (using
model p5) after a given number of collisions. After nine
coHisions, the spread increases very rapidly. For a
primary iron nucleus of the same total energy, this
rapid increase in spread would occur five or six colli-
sions earlier, since the energy per nucleon starts out 56
times less and 1/56=X" if X=0.5.

Model p5 was similar to p4 except that we tried a
high mean transverse momentum for 6,reball and isobar
L(pr) =4 GeV/c]. This rapid increase of the spread of
the nucleons as they go down the atmosphere is im-
portant when comparing results with different apparatus
at different altitudes, e.g., the BASJE array at 520
g/cm' with 2-mX2-m scintillators, and the Sydney
array at 1030 g/cm' with 0.5-mX0.5-m scintillators.

Quctuations for proton primaries than for copper pri-
maries is obvious. In fact, for copper primaries, E„
Quctuates only within narrow limits —it is almost a
characteristic of a particular primary energy.

B. Lateral Distribution of Muons

Figure 17 shows the average lateral distribution of
muons of energy &50 GeV in the showers. The curves
labeled p and Cu are for simulated showers having,
respectively, proton and copper primaries of total
energy 10'5 eV. In both cases we were using the fireball
model with a mean transverse momentum of the sec-
ondary ~ mesons of 0.5 GeV/c. The dashed curve is the
experimental result of Earnshaw et al. '7 for rather large
showers (mean size 2X10' particles) which we have
converted to a mean size of 1.5&(10' particles, using
their experimental law

5. MUON COMPONENT IN AIR SHOWERS

A. Numbers' of Muons in Show'ers

It can be seen that the agreement is not good. In
both simulated cases, the falloG in muon density with
radius is much too rapid. This suggests that there may

The scatter diagram of E„against S, the total num-
ber of particles in the shower for both proton and K E'Tu'««and'A '~ ~alton' p,oc Ih&s S« ~l.ondon~ yg'
copper primaries, is given in Fig. j.6. The much greater 91 (1967).



TanLu VII. Values of res/h in GeV/c for 10 randomly selected simulated showers due to copper primaries. h, ~ and &,s are the highest
and next highest number of electrons hitting the scintillator. Their corrected values are corrected for the background electron Qux.

Cascade
No. 10 '&(Size

Corrected
~e» ~c2

Separation rI'I./h in
in meters GeV/c

4
9

11
12
17
27
32
35
42

0.47
0.39
0.77
0,37
0.41
0.42
0.44
0.55
0.37
0.73

66 25
28 21
50 35

7
21 17
12 10
17 13
42 26
36 26
83 65

53 12
22 15
30 15

5 5
16 12
6 4

11 7
31 15
25 15
45 25

2.0
2.2
2.0
3.4
2.5
1.7
2.5
2.2
2.1
0.7

0.77
0.72
0.60
0.51
0.72
0.33
0.51
0.84
0.67
0.45

be some process operating at high energies which gives
average transverse momenta to the produced particles
much larger than 0.5 GeV/c.

6. TRANSVERSE MOMENTUM PRODUCED IN
VERY-HIGH-ENERGY COLLISIONS

and very much higher central densities are observed.
If we attempt to increase our simulated central density
either by using a higher primary energy or by going to
a higher altitude (see Table V), we find that the sepa-
rate peaks coalesce onto one scintillator and we observe
a single-cored shower.

Many experiments have shown multicored structures
in the cores of extensive air showers'~25.

It has been suggested by many of these workers that
this demonstrated the existence of processes producing
transverse momenta much larger than 0.5 GeV/c, the
normal value at accelerator energies. However, before
this idea is considered seriously it needs to be shown by
adequate Monte Carlo simulation that the same effects
could not be produced by heavy primary showers using
the normal transverse momenta.

Figures 3 and 4 show that in the simulated showers
copper primaries commonly generate multicored showers
at sea level. For a total primary energy of 10'5 eV, the
central electron density can be as high as 65 and the
separation of the peaks up to 3 m. However, in the ex-
perimental results'~22 peaks with similar separations
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M. M. Winn, and A. Ueda, Nuovo Cimento 32, 827 (1964).
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C. Schnier, R. Staubert, K. 0, Thielheim, J. Triimper, L.
Wiedecke, and W. Wolter, in I'roceeChwgs of the Xiwth Ieterriatjonal
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Fxo. 17. The average lateral distribution of muons of energy
greater than 50 GeV (8=particles) in simulated showers initiated
by different types of primary and various assumptions about the
transverse momentum. The experimental curve from Ref. 17 js
also shown.
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FgG. 18. A plot of the quantity
HEI,/h in GeV/c for all multicored
showers with E&10' observed in the
Sydney 64-scintillator experiment to-
gether with a random selection of
multicored showers from the same
experiment with X&10'particles. The
solid circles are for simulated showers
using 10"-eV copper primaries and a
mean transverse momemtnum of 0.5
GeV/c.
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It appears, then, that to get the mell-separated peaks
of high central density observed experimentally, we
must try a much higher transverse momentum either
throughout the cascade or at the higher energies. We
first tried the effect of this for proton primaries using
the isobar model. This model (called p6) was identical
with p4 except that the isobar was given a mean trans-
verse momentum throughout the cascade of 4 GeV/c.
We found that this large increase produced no eGect
on the nature of the shower cores. At all altitudes the
fraction of single-cored showers was almost or entirely
100%. It seems, then, that to get the effect one re-
quires not only a high transverse momentum but also a
heavy primary. One still has a choice between a con-

stant high transverse momentum and one that is high
only at high energies.

There is some crude experimental guidance to this
choice. From the central electron density of the separate
peaks in a multicored shower, one can estimate the
height of production h and the energy (hence the
longitudinal momentum Pz) of the pions responsible
for the cascades. The separation 2r of the separate
peaks can be directly measured. The quantity rP7/h
then has the dimensions of momentum and, if the pions
had both been produced in the one interaction, would
be close to their transverse momentum. If the pions
come from interactions of diferent surviving nucleons
of the parent nucleus, then rP7/h will be a rough mean
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/
72 231 I48 I02 I13 79

55 4l

52 40

46 58 73 64 5I 44 37 32

36 42 50 48 4 I 35 3 I 28

6I 97 94 76 68 56 44 36

35 45 56 64 6I 6I 80 46

39 54 8 I I 8 93 7I 62 7 I

41 61 115 I ~569 } 127
F4

70 68

40 56 86 I 23 I IO 108 92 64

36 47 62 78 IO3 3I 4 I 755 7I

32 39 49 6I 86 I 4I 126 64

28 33 40 49 70 69 63 54

FIG. 19. The electron distribution
maps at a depth of 600 g/cm' in the
atmosphere of two simulated showers
initiated by a-particle primaries of
10"eV total energy, using a model in
which the mean transverse momentum
increased linearly above 10'4 eV.
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of the transverse momenta from the top of the atmos-
phere down to the point of production of the pions. We
can check this statement by carrying out a determina-
tion of rPr/h for simulated showers having copper
primaries, where we know that the mean transverse
momentum is 0.5 GeV/c. The results are shown in
Table VII.

The mean value of rPz/h is 0.61 GeV, close to the
value (0.5) of the mean transverse momentum per
interaction put into the simulation.

When the same procedure is applied to real showers,
we get the results shown in Fig. 18. All multicored
showers of size &10' particles are shown. Because the
number of showers with size &10' is very large, we
have only included a random selection of those events.
The simulated showers of Table VII are shown as solid
circles. For the real showers h, ~ and h, 2 have been cor-
rected not only for background but also for the
"scintillator-to-Geiger" ratio."It can be seen that for
shower sizes less than 10' particles (i.e., for total pri-
mary energies less than about 10"eV) the real showers
have values of rPz/Il, , very similar to those of simulated
showers using a mean transverse momentum of 0.5
GeV/c. For real showers of size greater than 10' par-
ticles, rPz/h increases almost linearly with the primary
energy. Since we believe we are dealing with showers
due to heavy primaries (with A going from 4 through
56) it seems that this increase in transverse momentum
is setting in at an energy per nucleon between 10"and
10'4 eV.

To check this we have used an isobar model, with
helium primaries of 10"eV and with a transverse mo-
mentum for the isobar constant up to 10"eV, then in-
creasing linearly with energy (we call this model He4).
Figure 19 shows two multicored showers resulting from
this simulation. It can be seen that this model can
produce multicored showers with fairly high central
densities.

'7. COMPARISON WITH OTHER WORK

A Monte Carlo simulation, almost identical in method
to our own, has been carried out by Bradt and Rappa-
port. "The main differences are that it was smaller in
scope and designed to simulate the effect on the well-
known BASJE array on Mt. Chacaltaya. They used
three different nuclear models, two diferent primary
particles (proton and iron), and sampled at two alti-
tudes, 530 and 970 g/cm'. Where the two simulations
can be compared, there is excellent agreement. Both
find that for proton showers Ã, can vary by a factor
of 30:1 at sea level; both find that Quctuations for

I~A. D. Bray, D. F. Crawford, D. L. Jauncey, C. B. A,
McCusker, D. Melley, D. Nelson, P. C. Poole, M. H. Rathgeber,
S. H. Sect, J. Ulrichs, R. H. Wand, and M. M. Winn, Rev. Sci.
Instr. 36, 587 (1965).

~7H. V. Bradt and S. A. Rappaport, Phys. Rev. 164, 1567
(1967).

heavy primaries are much less than for protons; both
find that the effects of changing the primary from
proton to iron are much greater than those of changing
the nuclear model for proton primaries; and both find
that the normal "machine" distribution of transverse
momenta is in disagreement with several experimental
observations.

The calculations of De Beer et al.2' depend more on
analytic methods and less on the Monte Carlo tech-
nique. Also, they were mostly interested in the muon
component. Again, however, where the two calculations
can be compared, there is good agreement. For instance,
they find, as we do, that the number of muons at sea
level in a shower due to a heavy nucleus of a given
energy is almost a b function. They also observe that
the normal accelerator distribution of transverse mo-
mentum produces too few muons of energy &40 GeV
at large distances from the axis.

8. CONCLUSIONS

(1) Emulsion results show that up to 2&(10" eV
elements from hydrogen up to iron are still present in
the beam.

(2) This situation continues up to 2X 10"eV. This is
shown by (a) the constancy of slope of the density and
number spectra up to densities and energies correspond-
ing to this energy, (b) the existence of single-cored
showers of high central density in the size range 105—10'
particles at sea level (all attempts to simulate such
showers using copper primaries have failed), and (c)
the existence of multicored showers of sizes around 10'.
Simulated showers using proton primaries always have
a large proportion of single-cored showers at sea level.

(3) Between 2&&10" eV and 6X10"eV the primary
beam loses first its protons and then progressively
heavier nuclei. This is shown by (a) the increase in
slope of the number and density spectra beyond num-
bers and densities corresponding to this energy, (b) the
way in which their join points change with altitude, and
(c) the decrease in the fraction of single-cored showers
at sea level for showers of size greater tha, n 106 particles.

(4) Processes may occur at energies greater than
10"—10" eV which produce much higher transverse
momenta than are seen around 10' eV (0.5 GeV/c).
These transverse momenta seem to increase with in-
creasing energy. This is suggested by (a) the occurrence
of multicored showers of size greater than 10' particles,
and the large values of rPz/h associated with them,
(b) the failure of "normal" values of transverse
momentum in our simulated showers to produce multi-
cored showers of high central electron density, even
using copper primaries, and (c) the failure of our
simulated showers to produce the rather Qat lateral

~8 J. F. DeBeer, B.Holyoak, J. Wdowczyk, and A. W. Wolfen-
dale, Proc. Phys. Soc. (London) 89, 567 (1966).
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distribution function for muons of energy &50 GeV,
which is found experimentally.
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Energy of initial
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in scintillator

APPENDIX A: EFFECT OF NUCLEAR
INTERACTIONS IN SCINTILLATORS

In estimating the effect of nuclear interactions in the
scintillators, and whether these can form subsidiary
peaks, one has to consider the following products:
(1) relativistic tracks (mostly charged v mesons), (2)
v.v mesons, (3) knockon targets —or grey tracks, and
(4) evaporation tracks from the struck nuclei —or
black tracks.

(1) Relativistic tracks If one k.nows the mean number
of nuclear active particles of a given energy E which
fall on a particular scintillator per shower $0(E)dEj,
and, in addition, if the multiplicity of nuclear inter-
actions and the mean free path of the particles is
known, the effect of the minimum-ionizing tracks can
be estimated. The energy 8 lost per scintillator per
shower is given by

8 (MeV) =
oo $0 41 10—x

20is(E) e "'*X' lnE dhdE,
ln16 100 0

Scintillator g (MeV)

Central
In a region 0-2 m from core
2-5 m
5—10 m

72
11
1.8
0.4

where n(E)dE is defined above and can. be estimated
from the Monte Carlo output. (Although this output
only tags nuclear active particles of energy &50 GeV,
this can be extrapolated to 1GeV—i.e., the point where
we have assumed zero multiplicity. ) V is taken to be
1/90 cm ' for all nuclear active particles (i.e., a mean
free path of 90 cm).

The multiplicity dependence on energy is taken to
vary logarithmically starting from m, =0 at 8=1 GeV,
and normalized to n, =4.1 at 16 GeV.

The term 20(10—h)/10 is the energy lost by a mini-
murn-ionizing track starting from a point x cm from the
top of the scintillator whose thickness is 10 cm. (A
relativistic track loses 20 MeV on passing straight
through the scintillator. )

Neglecting any sec8 terms due to inclined tracks
(we are only interested in the magnitude involved), we
find for showers of primary energy 2X 10"eV and using
model p4.

(3) Grey tracks. It can be simply shown that the
minimum kinetic energy such a target can have is 250
MeV if the inelasticity of a nucleon-nucleon collision is
0.5. Since the slowest tracks have the highest ionization
loss, we assume that all tracks produced have kinetic
energy=250 MeV. A 250-MeV proton has a range in
scintillator material of about 60 cm, so that it is safe
to assume that very little slowing down occurs. One
then obtains for the gray-track contribution.

Scintillator Ep (MeV)

Central
0—2
2- 5
5—10

9.6
1.82
0.36
0.096

(4) Evaporatioe tracks Finally, .we must consider
the bla.ck tracks. To maximize this effect we assume
that for any interaction (i.e., with a carbon nucleus) all
the 12 nucleons involved are evaporated and each
carries 30 MeV which is lost entirely to the scintillator.
This gives as the evaporated energy transferred to the
scintillator.

Scintillator E~ (MeV)

Central
0- 2
2- 5
5—10

52
10.3
1.9
0.52

Hence we can sum these effects to gain an idea of the
total energy lost per scintillator.

Scintillator
~p+~a+8

(Mev)

Central
0- 2
2—5
5—10

133.6
23.1
4.0
1.05

Thus the maximum one co~ld observe would be be-
tween 6—7 "effective tracks" —not nearly enough to
explain the observed subsidiary cores of 100 or more
particles. This estimate is consistent with the results
of the test run of the 64S array with 32 scintillators
directly above the remaining 32 (the "meatless sand-
wich" run).
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APPENDIX 3:DETAILS OF 124 REAL SHOWERS WHICH STRUCK THE SYDNEY 64-SCINTILLATOR
ARRAY AND 124 SIMULATED EVENTS

Ser. No.

26068
33929
43158
42911
30839
38360
36379
43297
28229
35233
33825
30259
42552
38563
42151
40203
29390
40221
42503
40035
39778
34928
28617
33543
30419
31463
27997
30703
28503
43087
43326
40169
43142
32624
28586
40127
43250
43973
42090
40624
29972
43381
43022
29240
43633
28003
42477
43359
30779
42714
29839
33818
26046
36421
42139
39596
33049
31659
35386
42970
26954
42513
40100
38481
29862
28716
28825
32700
34684
34910
34933

~c

&2675
&2385
&2335

2325
2150
2075
1975
1785
1755
1595
1565
1525
1365
1245
1195
1115
1065
1045
928
905
865
845
845
795
785
765
735
695
695
558
552
527
523
515
505
473
465
453
450
439
438
407
384
383
360
357
348
336
335
331
312
310
303
292
288
284
277
274
268
241
240
229
229
222
221
212
209
205
203
200
197

Rea1 showers
1V

3.5
3.3
5.1
5.2
2.2
4.2
3.4
2.3
4.6
2.1
2.1
4.1
2.3
3.3
2.3
2.2
2.8
3.3
2.8
3.2
2.7
1.9
2.6
2.5
3.2
3.2
1.9
1.5
2.3
2.6
2.9
1.8
2.3
1.2
1.2
2.7
2.2
2.3
2.4
1.8
1.4
1.2
2.4
1.8
2.3
2.0
1.1
1.5
1.6
1.4
2,0
1.9
1.5
1.5
1.2
2.1
1.3
1.6
1.2
0.93
1.2
0.93
1.0
1.8
1.3
0.78
1.0
1.5
1.4
1.2
1.9

~ah

2000
1265

175
375
225

1805
235

&3000
400
355
93

1600
0

296
0
0

&4575
1100

&2405
565
505

0
0

2000
0

~2500
0

173
1200

0
375
194

0
0

2800
795
343
309

0
296
335
114
90
0

184
400

0
0

47
402
98

825
0

1625
288
183

0
174
185

0
0

324
0
0

335
0

141
68
53
94
0

Type

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

8
M
8
8
8
8
8
8
M
M
M
M
M
8
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
8
8
M
M
M
M
M
M
8
M
M
M
M
8
M
M
M
M
M

Primary
and No.

p4
p76
p32
n30
p25
n6
p6
p75
n17
p74
p46
p9
n16
p43
p55
p69
ps
p48
n35
P73
n22
n44
n36
n41
03
p78
pg0
p/0
p47
p63
n12
n21
p66
p14
P23
08
n7
pi1
P3
nii
023
n25
p49
p27
n47
n14
n28
p39
01
p67
042
n9
p62
p41
011
p31
p65
p83
p63
n18
P7
p68
p56
048
n40
p60
p36
02
033
p35
p59

~c

2262
1656
1408
1324
1048
997
873
786
655
613
602
592
583
561
557
543
542
535
503
503
497
4g2
469
439
406
369
367
352
345
342
328
320
299
287
269
266
226
225
221
210
205
198
194
193
191
185
184
179
177
176
175
170
165
162
162
159
157
151
142
137
137
136
132
132
126
123
123
122
119
115
109

2.1
4.4
3.1
2.9
1.7
2.8
3.5
32
2.'?
3.0
2.4
2.4
1.6
2.2
2.0
1.8
2.6
1,4
2.1
1.9
1.4
2.1
2.2
2.0
1.7
2.2
1.6
2.1
2.4
1.2
1.8
1.2
1.6
1.6
1.9
1.1
1.7
1.8
2.1
0.93
1.5
1.2
1.6
1.5
1.6
1.7
1.2
1.5
1.0
1.6
0.91
1.1
1.1
1.5
1.3
1.1
1.4
1.5
1.2
1.4
1.5
1.2
1,3
1.1
1.2
1.2
1,1
0.83
1.1
1.2
0.95

235 176
5337
3958

236 528
44 542
66 320

7890
10 194
18 869
11 427
69 364
18 092
18 869
34 662
10 130
37 876
53 426
25 542
21 549
48 866
17 426
36 822

6768
4869

13 457
5358

15 937
5691

18 951
1981
8336

15 652
2648
7221

76 916
1854

15 851
4013
3130

23 519
16 g85

4g21
1859
5193

15 092
3406
7791
3735
3886
5874
985

13 415
15 411

1040
4541
1538
2605
4172
1981

11 180
3002

10 563
258

4347
69 640

3160
3694
2052

753
2943
1299

SimuIated events
N E~(max) Type

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
M
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
M
8
8
8
M

8
M
8
M
8
8
8
8

8
8
8
8
8
M
M
M
M
8
8
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APPENDIX 3 (Continued).

Ser. No.

39790
35498
40160
42280
42727
29725
43111
40192
36928
41728
30726
42791
43383
34689
31236
36958
34995
41700
42048
33879
38513
27168
41525
43831
32238
32254
40719
36351
43883
43976
36932
32014
27301
43594
30695
41577
28630
27819
3S292
43847
32608
43071
40162
42945
36370
43879
39791
34771
35429
27887
42190
38412
35419

~c

197
197
192
183
182
170
170
164
161
157
157
156
154
152
142
138
136
129
127
126
120
116
116
116
109
104
104
99
95
92
89
87
87

79
78
77
/6
75
75
74
67
64
61
58
58
56
Si
46
45
42
41
33

Real shoe ers
E

1.3
1.5
1.9
0.82
1.1
1.3
1.4
0.90
1.7

I.)
1.2
1.2
0.7/
1.6
1.0
1.4
1.2
0.70
1.5
1.4
1.0
0.66
1.2
1.1
0.85
1.4
1.0
1.1
1.3
1.1
0.84
1.1
1.2
0.59
0.97
0.72
1.1
0.74
1.2
1.2
0.78
0.84
0.78
1.1
0.44
0.99
0./6
0.52
0.77
0.82
0.59
0.79

0
115
69
0
0
0

163
127
300

0
156

0
0
0
0

78
0
0
0
0

178
0
0
0

0
0

28
92
0

279
0

40
188

0
475

0
0

108
185

0
0
0
0

162
0

24
0
0
0
0

35

Type

M
3E
M
M'
N'
M
M'

M
M
M
M
8
N
S
M
M
M
5
M
M
M'

M
M
M
M
M
3E
N'
M
M

3E
M
M
M
M
3f
S
M
3f
M
3f
3f
M'

3f
M
3f
M
M
3f
3E
M
M

Primary
and No.

cx37
p81
cx33
p79
p28
e29
031
026
p8
p44
046
n50
cx3

p64
022
040
017
0/
pi
Cui
cxS

p50
p84
032
p18
p13
Cu6
p2
p58
035
013
013
p38
021
09
p20
038
Cu9
n24
027
p72
Cu28
ai0
p12
Cu32
p71
p16
034
045
050
Cu35
Cu40
p22

103
103
97
95
94
94
92
85
84
83
82
80
76
76
75
73
71
70
69
66
66
65
64
61
61
60

60
60
59
57
56

52
52
52
51
50
49

46
45
45
42
42
39
38
37
37
37
36
36
35

0.87
1.2

1.1
0.95
0.91
1.1
0.71
1.1
1.1
0.66
0,93
0.91
1.0
1.0
0.83
0.79
0.58
0.77
0.47

0.93
0.87
0.72
0.83
0.75
0.60
0.95
0.91
0.84
0,71
0.84
0.75
0.70
0.74
0.80
0.76
0.//
0.71
0.81
0.63
0.45
0.77
0.72
0.55
0.79
0.81
0.57
0.62
0.61
0.38
0.61
0.67

2917
2774
1283
4510
2403
7393
688

1773
2747

245
7164
1088
2024
4775
3318
8526
1451

34 952
5755

169
837

3051
2040
6040

227
1296
3939

254
1420
2492
4645
1015
1311

13 655
391

1312
0

662
0

4553
5818
1715

0
547

7412
900

2851

65
6363
484

1337

Simulated events
S E~ C'max)


