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Evidence for a Primary Cosmic-Ray Particle with Energy 4 X 102' eV
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We describe the analysis of an extremely energetic air shower produced by a primary
cosmic-ray particle of energy 4&& 10 ' eV. The arrival direction of this cosmic ray is
right ascension 20 h 14.5 min and declination 24 . The directions of 3C409 (radio source)
and AP2015+28 (pulsar) are inside the uncertainty of the arrival direction. Information
on muons and the total number of charged particles in this air shower indicates no dras-
tic change of nuclear interactions from 10~7 to 10 eV.

Analysis of an extremely large air shower
(LAS) observed by the Institute for Nuclear Study,
University of Tokyo (INS), air shower (AS) array
and the INS LAS array at 17 h 55 min (JST) on
10 November 1970 indicates that the total number
of charged particles (size) was 2&&10". The en-
ergy of the primary particle which produced the
air shower was 4 &&10" eV. This energy is more
than ten times higher than the energies of the
largest showers reported previously. ' '

The INS I AS and AS arrays are shown in Fig.
1. The INS I AS array consists of four stations
and the INS AS array is inside the INS I.AS array
and is separated by 300 m from station I. Each
station of the INS I AS array consists of two un-
shielded 2-m' scintillation detectors separated
by 50 m. Station IV was being constructed when
the shower described in this paper was recorded.
The INS AS array consists of 22 unshielded 1-m'
scintillation detectors, a 20-m' spark chamber,
four 2-m' scintillation detectors underground at
a depth of 5 m (E„~1.5 GeV), four 2-m' scintil-
lation detectors underground at a depth of 15 m
(F-„=-5.0 GeV), and five —,'-m' fast-timing detec-
tors. When the shower was recorded, ten +-m'
scintillation detectors shielded with 1 cm of iron
and thirteen 4-m' scintillation detectors shielded
with 1 cm of iron and 15 cm of lead were also
being operated.

The arrival direction of the shower was deter—

mined by both the time differences of three sta-
tions of the INS I AS array and those of five —,'-m'
fast timing detectors of the INS AS array. The
arrival directions determined by both methods
are consistent, and the zenith angle is 20 and
the azimuthal angle is shown in Fig. 1. Uncer-
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FIG. 1. INS LAS array with INS AS array inside, and
the density pattern of the shower. The numbers near
the stations and the INS AS array show the number of
particles per m2. A is the location of the shower axis.
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tainty of the arrival direction of the shower is
+ 4'. The right ascension and the declination of
this arrival direction are o = 20 h 14.5 min and
5 = 24', respectively. The numbers near the sta-
tions and the INS AS array in Fig. 1 show the
number of particles per square meter observed
in the unshielded detectors, The characteristic
feature of the density pattern over the INS AS
array is that the densities in unshielded detec-
tors are almost uniform over a circle of radius
50 m. The density measured by the spark cham-
ber (6, ) is 1135/m', and the density measured

Sp

by scintillation detectors (6„)is 2050/m'. After
correction for the inefficiency of the spark cham-
ber at high densities, we obtain 1.0 for b, „/6, .
This means that the size of the shower deter-
mined from the densities measured by scintilla-
tion detectors is the true size.

The density measured under 1 cm of iron is
1424/m', and the density measured under 1 cm
of iron and 15 cm of lead is 457/m'. The density
of muons above 1.5 GeV is (86.3+10.0)/m', and
the density of muons above 5.0 GeV is (27.4 a 5.5)/
m'. The integral energy spectrum of muons
above 1.5 GeV thus measured is proportional to
E ' . The distance between the shower axis and
the underground detectors is 690 m as described
below. The energy spectrum at this distance is
consistent with Greisen's formula for muons. '

Now we will locate the shower axis and deter-
mine the size of the shower. We can estimate
the distance (r) between the axis and the INS AS

array, assuming a form for the lateral distribu-
tion of charged particles and considering that the
density pattern over the INS AS array is flat.
must be larger than 600 m for Nishimura-Kama-
ta-Greisen (NKG) lateral distributions with S =1.4
and $ = 1.0, and r must be larger than 800 m for
NKQ lateral distribution with S =0.6. Using Lins-
ley's lateral distribution' where the characteris-
tic scattering length and the zenith angle are ad-
justed for sea level, we determined the location
of the shower axis as A is Fig. 1 and estimated
the size to be (2~ 1) x10". The solid line in Fig.
2 shows the lateral distribution. The dotted line
shows the lateral distribution of Linsley's largest
shower' (V = 5x10") after adjustment of the char-
acteristic scattering length. This figure clearly
shows that the size of the shower we observed is
more than ten times larger than the size of the
largest shower which Linsley reported. The lat-
eral distribution of the shower is also fitted by
an NKG function with S = 0.8, and the size of the
shower is (2-3)x10".
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FIG. 2. Lateral distribution of the shower expressed
as the densities (number per square meter) versus the
distances from the shower axis. Solid line, present
shower; dotted line, Linsley's largest shower (N =5
~ 10").

In order to determine the size of the shower,
we assumed that the lateral distribution is ex-
pressed by Linsley's lateral distribution or NKG
functions even at smaller distances than 690 m
which is the shortest distance from the axis for
this shower. However, the real shower size de-
pends very much on the lateral distribution from
the axis to 690 m for which we do not have any in-
formation. Depending on the assumption about
lateral distribution at these distances, the shower
size is estimated to be 8 &10"for S=1.0, and
3 x10" for S= 1.2. We have much information on
the lateral distribution within several hundred
meters from the axis for smaller showers. The
lateral distribution whose S value is larger than
1.0 seems to be unreal for a shower as large as
the present one. Therefore, the minimum esti-
mate of the size is set as about half of the esti-
mate mentioned before.

The estimation of the energy of the primary
cosmic-ray particle is achieved both from the
size of the shower and from the number of muons.
At present, there is no analytical or Monte Carlo
calculation on the relation between the primary
energy and the size or the number of muons for
energies above 10" eV. Therefore, we extrapo-
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late the calculations up to 10" eV. As to the con-
version of the size to the primary energy, the
multiplicity law for the production of mesons is
most important. Assumptions of inelasticity,
interaction mean free path, and energy distribu-
tion of the produced mesons are treated as sec-
ond-order effects, and these effects are included
1Q the 61 I'ol foI' energy es't1IDRtlon undeI' Rn Rs-
sumption of multiplicity law. The energy esti-
mates axe as follows:

(1) E'~'-law multiplicity, '

E,= (4",) X10" eV;

(2) E'~'-law multiplicity, '

E,= (1.5+0.5) x10" ev;

(3) lnE-law multiplicity, '

E,= (6+3) &&10" eV.

In the errors given above, the error from the un-
certainty of the size is also included. The den-
sity of muons above 1.5 GeV at 690 m from the
axis is converted to the total number of muons
above 1.5 GeV by the lateral distribution of mu-
ons reported by the Sydney group, "p„~r "(1
+x/320) ~""""' '. Comparing the number
with the extrapolation of the calculation above
10 ' eV, we obtain the primary energy from mu-
ons:

(1) E' ~'-law multiplicity, '"
0 2X«0

(2) lnE-law multiplicity, 9

Eo=8&&«0" eV.

Although the estimated energy varies from 1
& «0" eV to 9 X10" eV depending on the models,
we take 4x10" eV as a moderate estimate of the
energy of the primary particle because the E'~'
multiplicity law was mainly used for energy es-
timation of the largest showers. Then this show-
er is evidence for the most energetic primary
cosmic-ray particle ever observed. Even if we
take 1x10"eV, the energy is still one order of
magnitude higher than the highest energies re-
ported already.

For the energy conversion at this extremely
high eneIgy, we have to check the processes
which are not effective at lower energy. A com-
petition between spontaneous decay of neutral
pions and nuclear interactions in the atmosphere
is not important even at the primary energy of
4 x10" eV. I Rndau-Pomeranchuk-Migdal" ef—

fects for pair creation by a high-energy gamma
ray and for bremsstrahlung of a high-energy
electron just begin to work for the F.'~4 multi-
plicity law at the primary energy of 4 x «0" eV.
Therefore, the energy estimate described before
is not revised.

This extremely energetic shower is important
not only for the energy but also for the fact that
the shower provides information on electrons as
well as on muons. Comparing the ratio of the
number of muons to the size of this shower with
extrapolations of calculations up to the order
of 10" eV, we conclude that there is no indication
of R dx'Rstlc cllRnge 1Il QucleRx' 1nteI'Rctlons from
10"to 10" eV beceuse the ratio is consistent
with the extrapolations of ealeulations based on
conventional models which explain the experimen-
tal results below «0'7 6V.

It is worthwhile to mention that the directions
of a pulsar, AP2015+28, and a radio source,
3C409, are inside the uncertainty of the arrival
direction of shower. The distance between Earth
and AP2015+28 is estimated to be several hun-
dreds of parsecs. The direction of R cosmic ray
with energy 4 &10" eV from an astronomical ob-
ject at this distance is not affected by the galactic
magnetic field. The distance between Earth and
3C409 is estimated to be 100 Mpe from the mea-
sured angular dimension" of 3C409 when the di-
mension is assumed to be a few times 10 kpc,
tI16 dimension of the ideQtlf led extI'Rga, lRc'tlc I'R-
dio source. The intensity of the metagalactic
magnetic field is estimated to be 2 && «0 ' G."
The radius of curvature of a cosmic-ray proton
with energy 4 && «0" eV in metagalactic space is
therefore to equal or larger than 2 && «0' pc.
Therefore, the deflection of a cosmic ray which
may come from 3C409 to the earth is 3' or less.
(The possibility that the particle has a charge ex-
ceeding 1 is excluded at this energy by the photo-
disintegration which would occur in a much short-
er distance. ) Thus both AP2015+ 28 and SC409
are candidates for objects which accelerated the
cosmic ray. Although we cannot say anything
defln1te on the ol 1gln of th18 veI'y enex'getlc cos-
mic ray at px'esent, this stimulates us to further
study on the importance of radio sources and
pulsRx's Rs the o11glQ of h1gh-ene1gy cosnllc x'Rys.
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Many rare neutron-rich isotopes in the range 16~ & 34 can be synthesized from seed
nuclei exposed to explosive carbon burning. This process, which involves no new astro-
physical parameters, can solve most of the outstanding problems in the thermonuclear
synthesis of elements in the range & 34.

For a theory of the origin of the atomic nuclei
to be satisfactory, it must account quantitatively
for the abundances of all of the stable nuclei, not
just the more abundant ones. The explosive burn-
ing of oxygen and silicon nuclear fuel during rap-
id hydrodynamic ejection from stars produces the
nuclei between silicon and nickel with convincing
success' except for the relatively rare neutron-
rich species "8 "Ar, 4 K '""Ca, 'Sc, ""Ti,
"V, "Cr, "Fe, and "Ni. We are thus led to
seek within the general picture of exploding stel-
lar shells a naturally occurring circumstance for
the synthesis of these nuclei from sources other
than the primary fuels. We have discovered that
a very promising site for this synthesis is in the
shells that explosively burn carbon as a primary
fuel, resulting in the primary products Ne,
"Na, """Mg, and "Al. During this nuclear
combustion a brief but intense flux of neutrons
and protons converts already existing trace

amounts (hereafter called seed nuclei) of the
more common isotopes primarily s2S "Ar
"Ca, and "Fe, into neutron-rich species with ap-
proximately the proper yield to account for many
of the rare species. This process naturally ac-
companies the carbon combustion and thus re-
quires no ad hoc hypotheses.

Quantitatively our calculations are based on the
following reasoning. The previous theronuclear
evolution of the star through hydrogen and helium
burning has resulted in a stellar shell of "C and
"0 in roughly equal amounts. Heavier nuclear
species, such as "Ca, exist at that time only by
virtue of their inclusion in the original material
of the star. For example, we expect "Ca to be
present with the mass fraction Xo(~'Ca) =8.11
& 10 ' characterizing its natural abundance in the
sun. ' lf this shell is now ejected in such a way
that the explosive burning of carbon produces
"Ne, "Na, and "'""Mg in their observed abun-
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