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Longitudinal development of cosmic-ray showers
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We report on new measurements of atmospheric Cherenkov radiation in cosmic-ray
showers of primary energy 2 10" to 10'® eV. The measurements are interpreted with
the aid of detailed computer simulations to give the dependence of the depth of shower
maximum upon primary energy. The change of depth of maximum between 5X 10'® and
2% 10" eV is found to be greater than expected from plausible models with constant pri-

mary cosmic-ray composition.

There have been many attempts to estimate the
nuclear-mass composition (NMC) of primary
cosmic rays at energies above 10'° eV. These have
involved many components of extensive air
showers (EAS’s); for example, the muon/electron
number ratio, the lateral distribution from the EAS
axis of several components, and the detailed
behavior of the hadrons in the EAS core. That no
consensus as to the NMC at EAS energies present-
ly exists is due to (a) the difficulty in identifying
those experimental quantities which are sensitive to
the NMC, (b) the lack of statistical precision in
much EAS data (for example, when using local
densities to estimate the number of muons in an
EAS, Poissonian fluctuations often dominate), and
(c) the lack of a suitable and consistent model at
the higher energies with which to interpret the
data.

Boley,'! and Fomin and Khristiansen? suggested
that the longitudinal development of EAS is
mapped into the detailed shape of the pulse of op-
tical Cherenkov radiation which is emitted in the
atmosphere by shower electrons. The quantities
most easily measurable (the lateral distribution and
the duration of the Cherenkov-light pulse) are sen-
sitive to the longitudinal development of EAS, are
not limited by Poissonian statistics, and can be
used to estimate the atmospheric depth of max-
imum development of individual showers.

Recent papers®~7 have described the rate of
change of electron cascade maximum of cosmic-
ray showers with primary energy (the elongation
rate) as a means of detecting changes in the NMC.
A major difficulty in establishing variations in the
elongation rate arises from the necessity of compil-
ing data from a number of widely differing experi-
ments, each requiring a different derivation of the
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depth of cascade maximum. We report here data
from a series of observations in an experiment cov-
ering the energy range 2 10'°—10'® eV. The data
were obtained in measurements employing the
Cherenkov-light technique and are interpreted us-
ing a consistent method and model. The data were
recorded during 1978 — 1980 with the Dugway ex-
periment.® An array of eight detectors of flexible
geometry has been employed to measure the pulse
shapes and lateral distributions of Cherenkov light
in showers at zenith angles 0°—45°. The array was
deployed with a radius of 400 m optimized for
measurements in showers of energy ~ 107 eV, 200
m for showers of energy ~ 10'® eV, and 100 m for
showers of energy ~3X 10" eV. For each
shower/array size, appropriate development-
sensistive parameters have been chosen; overlap be-
tween meaurements at the same primary energy us-
ing the different arrays was available and ensured
reliable combination of results across a wide energy
range.

The measurements are interpreted using Monte
Carlo calculations which are specific to the experi-
ment and its environment, and which are success-
ful in providing a consistent representation of
many facets of the electromagnetic cascade.” The
calculated mean depth of cascade maximum is of
course dependent on the choice of primary cos-
mic-ray mass, primary energy, and model of in-
teractions used in generating the hadronic cascades.
However, it is found® !© that the correspondence
between depth of cascade maximum and Cheren-
kov observable is single valued (for a fixed zenith
angle) and independent of these conditions to
within the accuracy of the calculations [ +(10—20)
gem™?2]. This arises because the Cherenkov ob-
servable depends primarily on the broad features of
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the electron cascade and not on the detail of the
hadronic cascade from which the electrons were
generated.

Typical data on the lateral distribution of the
Cherenkov photon density are shown in Fig. 1 for
near-vertical showers (sec 6 < 1.05) in narrow pri-
mary energy intervals. The ratio R(r; r;) between
the Cherenkov light densities at core distances 7,
and r, is sensitive to the depth of cascade max-
imum. The distances r; and r, appropriate to, and
well measured by, each array size are shown in
Fig. 1. We show in Fig. 2 the variations of
R(r,,ry) with zenith angle for data in showers
grouped in three bands of primary energy. The
solid lines represent the model calculations’ ap-
propriate to the zenith angle, altitude, and atmos-
pheric profile of these measurements. Each of
these figures (and other examples for other energy
intervals) leads to a single accurate estimate of the
depth of maximum, which is not dependent upon
the exact model of the high-energy hadronic in-
teractions. The values of depth of maximum so
obtained'! are shown in Fig. 3.

Independent data on pulse shapes [full width at
half maximum (FWHM) as a function of core dis-
tance] from the same experiment are available for
showers with primary energy 3 10'—10'8 eV.

These values allow further independent experimen-
tal estimates to be made of the depth of max-
imum.'? In this procedure, the FWHM is inter-
preted by comparing it with model predictions
made for its particular core distance and the zenith
angle of the shower. This contrasts with the
method adopted in previous work,>® in which the
lack of appropriate model predictions made neces-
sary the extrapolation of measurments to a single
reference core distance and zenith angle before
comparison with a restricted model. Values of the
depth of maximum at four energies are included in
Fig. 3. The depth of maximum deduced from syn-
chronized timing measurements'® in large showers
is also shown in Fig. 3.

The intercalibration of the energy response of
the Dugway and Haverah Park arrays using
Cherenkov-light densities, and comparison of
depths of maximum measured using both arrays in
the energy range 10'”—10'® eV, allows the reliable
combination of data from both experiments. Pub-
lished data from four experiments'*~!7 at Haverah
Park in the energy range 10'”—10% eV are there-
fore added to Fig. 3. The estimates of depth of
maximum from Ref. 16 have been normalized to
pass through 760 gcm ™2 at an energy of 10'% eV,
since only the elongation rate, and not absolute

T.
X ‘1
10+ M 4 10+ " - 10+ x o
— ) [ b
<.\' { 7 |
E | | x
> x
— % . x
(V2]
5 10 . - 08 S T = .
X
= x x
5 . i
o X
o %
10°- — 100~ - 105~ -
SMALL ARRAY MEDIUM ARRAY LARGE ARRAY
sec o=10-105 sec 8=10-105 sec e=1.(1)7-1.05
(65x1072v) (23x10'%v) (2.0x10"ev)
] 1 | 1 | 3 | ! 1 1 1 |
10 100 20 100 100 500

CORE DISTANCE (m)

FIG. 1. The measured optical Cherenkov lateral distribution functions for EAS of energies 6.5% 10", 2.3 10¢, and
2.0X 10" eV. The measurments were made using arrays of three sizes. The distances r; and r, at which the density

ratio R(ry,r,) is defined are shown for each array.
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FIG. 2. The measured variation of the density ratio R(r,,7,) with zenith angle for showers with primary energies of
6.5X10'5, 2.3 10, and 2.0 10'7 eV recorded with the three sizes of Cherenkov-light array. Also shown (solid lines)
are our computer simulations of these ratios for showers with the indicated depths of electron cascade maximum.

depths of maximum, has been published. Similar-
ly, the data of Ref. 17 yield only a value of the
elongation rate, and this result has been normalized
to the same point.
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FIG. 3. A compilation of the measured depths of
maximum of electron cascades as a function of primary
energy. Points denoted by @, B, and X are from lateral
distribution measurements of the Cherenkov radiation
using the small, medium, and large arrays at Dugway
(Ref. 11); O are from measurements of the FWHM of
the Cherenkov signal at Dugway (Ref. 12); I is from the

synchronized timing measurements at Dugway (Ref. 13).

Other data points are H, our earlier optical Cherenkov
observations at Haverah Park (Ref. 14); M, measure-
ments of the muon-core angle (Ref. 15); +, measure-
ments of the deep-water-tank rise time by Walker and
Watson (Ref. 16); A, interpretation of the deep-water-
tank lateral distribution by Craig et al. (Ref. 17).

Lateral distribution data from other Cherenkov-
light experiments may be interpreted using predic-
tions from the present simultations. At 103 eV
(Ref. 18) the derived depth of maximum is 500
gem ™2 At energies between 2% 10'7 and 2 108
eV (Ref. 19) values in the range 780 —860 gcm 2
are obtained, in agreement with the present esti-
mates. Similar interpretations of FWHM measure-
ments in large showers?® provide an estimate of the
depth of maximum of 775+25 gcm ™2 at an energy
of about 3 10! eV. For the energy range
4x%10—10" eV, the other FWHM obsevations’
are published only as values of the depth of max-
imum derived using a different model in showers
of specified sea-level electron size (rather than pri-
mary energy). These results have not been includ-
ed in Fig. 3 to avoid the possible introduction of
systematic errors in the primary energy domain.

A plausible interpretation of the data of Fig. 3 is
that the mean primary mass number is close to 56
at 10'® eV. Between 5% 10'® and 2 10'7 ¢V the
elongation rate is greater than the expectation for
constant primary mass composition, implying a
reduction in the mean primary mass number. At
energies greater than 2X 107 eV, the mass number
is <10. At even higher energies the interpretation
becomes complicated due to the effect of the in-
creasing cross section upon the depth of maximum.
Such behavior of the primary mass number has
been suggested®’ although the energies at which
the changes in the elongation rate occurred have
varied. Several experiments to measure the mass
composition using other techniques are currently in
progress. Measurements of the arrival time distri-
bution of high-energy hadrons,?! for example, sug-
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gest the presence of an increasingly large fraction
of heavy nuclei at 10'° V. Our data might be ex-
plained by the failure of the magnetic containment
within the Galaxy for the (predominantly heavy)
primaries at ~5X 10'® eV, leaving a residual extra-
galactic component of lighter mass at higher ener-
gies. This is, of course, not the only possible inter-

pretation. Confirmation of the observed behavior
of mass composition with primary energy may
come from fluctuation measurements over the
same energy range. Extension to lower energies

< 10" eV (where little data presently exist) may be
achieved by experiments employing Cherenkov-
light systems using flux collectors.'®?2
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