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Development of Atmospheric Cosmic-Ray Showers
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The depths of shower maximum of cosmic-ray showers have been determined in the
sea-level size range 10 & N, & 10 with use of atmospheric Cherenkov techniques. The
mean depth has been found to increase rapidly in the middle of this range, suggesting a
change in the mean primary composition from heavy to light nuclei.

Studies of the longitudinal development of cos-
mic -ray extensive air showers can give informa-
tion on the energy spectrum and composition of
the primary particles and also enable us to in-
vestigate some of the basic parameters of parti-
cle interactions at energies not yet available at
accelerator s. Unfortunately, in interpreting the
outcome of any experiment there is often uncer-
tainty in separating out the effects of all the poor-
ly known parameters. However, these difficul-
ties are less critical near the shower maximum,
and the most basic and useful shower measure-
ments are then those which aim to determine and
interpret the electron number at shower maxi-
mum and the atmospheric depth at which it oc-
curs. We therefore wish to discuss the way in
which interesting astrophysical and particle prop-
erties influence the depth of electron maximum
observed in our experiments.

Early stages of air-shower development depend
critically on the initial primary-particle interac-
tion mean free path, the interaction inelasticity,
and secondary-particle multiplicity, Also, the

inelasticity and multiplicity of the secondary-
pion (etc.) interactions and the development of
the electromagnetic cascades' are important.
Exceptionally early shower development can be
caused by a short initial mean free path, a high
inelasticity, or a high multiplicity. It can also
be associated with a high-atomic-number pri-
mary particle which is expected to have a short
mean free path and a relatively high initial mul-
tiplicity. ' These early stages are difficult to ob-
serve and their interaction parameters are often
studied by interpreting observations of the depth
in the atmosphere of shower maximum as a func-
tion of shower size. Ideally, this is measured
by the elongation rate (rate change in depth of
shower maximum for a factor-of-e change in pri-
mary-particle energy) and the absolute depth of
shower maximum for one given primary energy.
Linsley' has shown that, with general arguments
and few assumptions about particle physics, for
a constant primary-particle composition the
elongation rate (X,) is bounded from above by
the characteristic length of cascade theory, X,
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FIG, 1. The measured relationship between the depth of air-shower maximum and sea-level shower size. The
filled circles are our data. Open circles are Cherenkov observations of Ref. 8. The stippled band is a Cherenkov
result from Ref. 12. The crosses are direct airplane observations of Ref. 18. The lines correspond to simple mod-
el relationships for proton primaries (dashed line) and iron primaries (dot-dashed line) as described in the text.
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(- 38 g cm ' in aiz'), and is most probably (1
-B)X„where B is the exponent of the pion mul-
tiplicity formula [multiplicity ~ (energy), with
B ~ 0.5; scaling models predict multiplicity
~ 1nE, with a low effective value for B].

We have demonstrated" that the full width at
half maximum (FWHM) of the atmospheric Cher-
enkov-light pulse from extensive air showers is
strongly dependent on the sea-level size PT,) for
N, - 10' showers. We have also shown" that cal-
culations relating FWHM to the height of shower
maximum indicate a rapid increase in depth of
shower maximum [X (g cm ')] with N, 's over
our range of observation (10'sN, s 10'). The
corresponding elongation rate is - 60 g cm '. Be-
cause this is significantly greater than the maxi-
mum expected from any conventional shower mod-
el, we are led to examine the possibility of a
change in chemical composition over our observed
size range.

Let us consider in a simple way the shower de-
velopments for different primary nuclei using
the cosmologically significant nuclei of iron and
protons as two species to be compared. We wish
to examine their variation of depths of shower
maximum with observed sea-level size. We as-
sume an increase in X of 75 g cm ' (X,) per
decade of primary energy for both species (see,
e.g. , Kalmykov et al.)'. The mean free path of
a 10"-eV primary iron nucleus in air' is taken
to be 14 g cm and that of a 10 -eV proton' is
taken to be 55 g cm '. The shower attenuation
length (X) is assumed to be 200 g cm 2 (see, e.g. ,
Ashton et al. '0). With the understanding that the
model is crude, we use the common approxima-
tion that the iron-induced shower develops at 56
independent showers after the first interaction.
It is also assumed that, to a first approximation,
shower size at maximum is proportional to the
primary energy. For a 10"-e7 iron nucleus,

X =Xo+ 14+75 log, o(10'/56)

=Xo+ 333 g cm

for a 10"-eV proton,

X =Xo+ 55+V5 log, o(10')

=X,+ 505 g cm"'.

For the purposes of this calculation, Xp is an
arbitrary constant and will depend critically on
interaction multiplicities, etc. The assumption
of a common Xo is similar to assuming independ-
ent nucleon in.eractions after the first nucleus
interaction.

The proton shower has its maximum - 170 g
cm ' closer to sea level than the iron shower,
and hence will have a sea-level size greater by

= exp(1V0/200) = 2.3.N, (10"p)

Thus we know the relationship between the sea-
level sizes and also between the depths of rnaxi-
mum for the two showers. It can be shown that
the change of X with a factor of e inN, for a
particular primary species is

X I—

As with Linsley, ' this should be ~ 32 g cm '/
change in N, by a factor of e. We will now com-
pare these changes in X with N, to those ob-
tained when X is derived from the Cherenkov
FWHM.

The data were recorded during 1978 and 1979
at the sea-level Buckland Park air-shower array"
with use of a Mullard XP2040 photomultiplier and
a Tektronix 7912 transient recorder in the non-
store mode. The system FWHM of 5.3 ns was
removed from the data under the assumption that
the system FWHM and the signal FWHM add in
quadrature. ' A total of 317 events in the core
distance range 150&Xi', &350 m, and withN, from- 10' to - 107, were used. The FWHM at 300 m
from the core [~»0(ns)] was calculated for each
shower with the assumption that' FWHM -A'~,
and the distance of shower maximum from the ob-
server (H ) was derived with use of'

H = 1V.05 —19.17 log, o(7',0$ km.

The depth of shower maximum was calculated
from K and the shower zenith angle for an ex-
ponential atmosphere of scale height 7.1 km and
a vertical depth of 1000 g cm ~. The results are
shown in Fig. 1 along with three points from
Cherenkov observations of Kalmykov e~ al. ,' a
stippled band corresponding to observations of
Hammond et al. ,'~ and direct airplane observa-
tions of Antonov and Ivanenko. " Near N, =106,
we find X,'- 60 g cm, which is much greater
than the 32 g crn, derived above, implying'
that more is probably needed than merely a
change in the particle-interaction mechanism.

The two lines in Fig. 1 are from the above cal-
culations with use of X, =100 g cm ' under the
assumption and that for a 10"-eV primary pro-
ton showerN, =1.5&&10'. These are in reasonable
agreement with calculations presented by Dixon
and Turver. ' It can be seen that the experimen-
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tal data match the iron line atN, -10', but atN,- 107 they fit the proton line much better. Al-
though X is changing rapidly with N, near N,- 106, the data of Kalmykov et al. 8 indicate that
this trend does not continue past a few times 10'.
For small shower sizes there is some suggestion
that the rate again decreases and the direct air-
plane observations of Antonov and Ivanenko" tend
to confirm this opinion. We therefore believe
that the experimental results are consistent with
a changing primary composition with increasing
energy from "iron" to "protons" for showers
with sea-level sizes - 106 particles.

Experiments by other workers" are in the main
consistent with early development at - 10~' ev
primary energy. However, interpretations of
the observations in terms of composition are not
consistent. The observations usually cited as
the strongest evidence of a nonheavy nuclear com-
position at the lower energies are those concern-
ing fluctuations in the muon- to electron-shower
size ratio at sea level. ' These fluctuations
should mirror large fluctuations in the depth of
shower maximum such as those associated with
large-interaction-mean-free-path proton pri-
maries. However, these experimental observa-
tions are mainly for showers with sizes above
N, - 10 and the observations may be consistent
with fluctuations due to a composition change in
this sea-level size range. Vernov eI' al."have
demonstrated that the observed muon- to elec-
tron-shower size ratio at N, - 10' is compatible
with iron primaries in that size range even with
the slowly developing showers derived with use
of the scaling model of nuclear interactions but
they also claim that complete agreement with ex-
periment is not possible at any energy with a
scaling model since high interaction multiplici-
ties are needed if observations of high-energy
hadrons are to be explained. Ouldridge and Hil-
las' have disputed the latter suggestion and shown
that a development of a scaling model for shower
development and a mainly proton composition
with energy-dependent hadron cross sections can
explain most observations above - 10' eV. The
remaining problem has been that the observations
of Antonov and Ivanenko" have not been fitted into
an accepted scheme of shower development.

Our data, together with those of Antonov and
Ivanenko, "strongly suggest that development is
early for showers with sea-level sizes of - 10'
and that the development becomes "normal" for
showers above - 5 && 10 thus suggesting that a
corresponding composition change occurs in this
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size region from predominantly heavy (iron) pri-
maries to mainly proton primaries. This change
occurs at the same sea-level size as the well-
known break in the sea-level shower-size spec-
trum" which has speculatively been associated
by Karakula, Osborne~ and Wdowczykxs with an
end to a primary component associated with pul-
sar acceleration.
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ERRATA

INFLUENCE OF EXTRA NEUTRONS ADDED TO
THE ' C+ "0 SYSTEM: GROSS STRUCTURES IN
y-RAY YIELDS FOLLOWING THE "C+"0AND
"C+"0 REACTIONS. Y.-d. Chan, H. Bohn,
R. Vandenbosch, R. Sielemann, J. G. Cramer,
K. G. Bernhardt, H. C. Bhang, and D. T. C.
Chiang [Phys. Rev. Lett. 42, 687 (1979)].

The scaling factor for the "Mg —,''-2' 585. l-keV
transition ("C+"0) in Fig. 2(a) should read
(x10), instead of (X2).

EXCLUSIVE PROCESSES IN QUANTUM CHROMODYNAMICS: THE FORM FACTORS OF BARYONS
AT LARGE MOMENTUM TRANSFER. G. Peter Lepage and Stanley J. Brodsky [Phys. Lett. 43, 545
(1979)I.

The expression for T, in Eq. (6) is missing one term. The correct result is

1 1 1 1 1

xp, (1 -x,) y~, (1 —y, ) x,(1 -x,)' y, (1 —y, )' x,(1 —x,)'y, (1 —y,)' '

The lowest anomalous-dimension term in Eqs. (7) and (8) is then -e
~,

(not ep s ~~) This correction
only introduces minor modifications in the prediction for G„~ (Q ) for typical initial wave-function con-
ditions. The revised Fig. 2 given below, illustrates the predictions for Q G~~(Q') if one assumes an
initial wave-function condition p(x, , y) cc 6(x, —3)6(x, —3) with x'=2 GeV' and various quantum-chromo-
dynamic scale parameters A'= 1, 0.1, 0.01, and 0.001 GeV'.

The ratio G„(Q')/G„" (Q') is a sensitive measure of the nucleon wave function. For the initial condi-
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