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Atmospheric shower fluctuations and the constant intensity cut method

Jaime Alvarez-Mun˜iz,* Ralph Engel,† T. K. Gaisser, Jeferson A. Ortiz,‡ and Todor Stanev
Bartol Research Institute, University of Delaware, Newark, Delaware 19716
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We explore the constant intensity cut method that is widely used for the derivation of the cosmic ray energy
spectrum, for comparisons of data obtained at different atmospheric depths, for measuring average shower
profiles, and for estimates of the proton-air cross section from extensive air shower data. The constant intensity
cut method is based on the selection of air showers by charged particle or muon size and therefore is subject
to intrinsic shower fluctuations. We demonstrate that, depending on the selection method, shower fluctuations
can strongly influence the characteristics of the selected showers. Furthermore, a mixture of different primaries
in the cosmic ray flux complicates the interpretation of measurements based on the method of constant
intensity cuts. As an example we consider data published by the Akeno Collaboration. The interpretation of the
Akeno measurements suggests that more than 60270 % of cosmic ray primaries in the energy range 1016

21017 eV are heavy nuclei. Our conclusions depend only weakly on the hadronic interaction model chosen to
perform the simulations, namelySIBYLL andQGSJET.
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I. INTRODUCTION

Measuring extensive air showers~EAS! is currently the
only way to study the cosmic ray spectrum and chem
composition at energies above 1014 eV, as well as the basic
properties of hadronic interactions atAs above 1.8 TeV.

EAS can be detected with air shower arrays which m
sure densities of shower particles such as electrons, mu
photons, and sometimes hadrons arriving at the dete
These densities are typically fit to lateral distribution fun
tions to derive the total number of charged particles, el
tronsNe and muonsNm at detector level. The particle num
bers are functions of the primary cosmic ray energyE and
the mass numberA of the primary particle, and depend o
the atmospheric depth of the observation level. At energ
E*1017 eV the shower evolution can also be directly o
served by measuring the fluorescence light from the at
spheric nitrogen that is excited by the ionization of t
charged shower particles. In the following we will conce
trate on air shower arrays. Imaging methods such as fluo
cence or Cherenkov light techniques will be discussed e
where@1#.

One of the classical methods in the analysis of air sho
data is the constant intensity cut method. The idea is ba
on the fact that, due to the isotropy of the primary cosmic
flux, showers generated by primary particles of the sa
energy and composition will arrive at the detector with t
same frequency, assuming 100% detection efficiency. Se
ing showers arriving at the detector with the same freque
under different zenith angles allows the measurement of
mean longitudinal shower profile. At large atmosphe
depths after shower maximum, the shower size decre
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approximately exponentially with depth with a length sca
commonly referred to as theattenuationlength.

On the other hand, selecting showers with the same
tures ~i.e. shower size, muon size etc.! at observation level
and different incident angles allows the measurement of
absorptionlength which determines how the flux of the s
lected showers decreases with atmospheric depth.

Measurements of the attenuation length are commo
used to correct observed particle densities to those of equ
lent vertical showers. By unfolding the geometry-related
tenuation of showers an experiment can use the meas
intensities of showers with fixed size to derive the prima
all-particle flux.

The absorption length is inherently related to the me
free path of the EAS initiating primary particle. For examp
the rate of proton air showers having the first interact
point (Xint) at a slant depth greater thanX decreases as
exp(2X/lint), where l int is the mean free path forp2air
collisions. On this basis, several methods of extracting
p2air cross section@23# from measurements of EAS hav
been applied in air shower experiments@2–7#.

Air shower arrays cannot measure the depth of the fi
interaction of the primary particle generating the observ
shower, which directly relates to the mean free path. T
decrease with zenith angle of the frequency of showers h
ing the same electronNe and muonNm sizes at observation
level is studied instead. In the absence of intrinsic show
fluctuations these measurements would reflect the depth
tribution of primary interactions. However, the longitudin
development of showers is itself subject to large fluctuatio
To disentangle these fluctuations from those of the first
teraction point is not an easy task.

This problem is usually addressed by introducing a co
ficient ~k! which relates the observed shower absorpt
length (Lobs) and the inelastic cross section through t
equationLobs5k3l int @8#. The numerical value ofk has to
be obtained from simulations of EAS. The coefficientk re-
flects the influence of the features of the hadronic inter
tions model on the fluctuations in the shower developme
©2002 The American Physical Society04-1
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The value ofk depends on the cross sections, secondary
ticle multiplicity and elasticity in the hadronic interactio
model. Due to the necessary extrapolation of hadronic m
tiparticle production to unmeasured regions of the ph
space and to high energy, the extracted cross section
comes model dependent.

Further difficulties in determining the inelastic p-air cro
section from EAS measurements are related to experime
uncertainties and limitations in the determination of the
velopment of air showers, and also to the fact that the cos
ray flux might be ‘‘contaminated’’ with primaries heavie
than protons which in principle tend to decrease the obse
mean free path.

In this article we shall study the importance of intrins
shower fluctuations for the experimentally observed atten
tion and absorption lengths by considering two examples~i!
the reconstruction of the primary cosmic ray spectrum us
charged particle shower sizes, and~ii ! the measurement o
the proton-air cross section, following closely the meth
applied first by the Akeno group@2,4# which we call the
constantNm ,Ne method.

In the process of~ii ! we found that the Akeno observa
tions can best be understood if there is a large fraction
heavy nuclei present in the cosmic ray beam from 10 to
PeV.

The paper is structured as follows. In Sec. II we study
possible errors introduced in the derivation of the prima
cosmic ray spectrum by shower fluctuations when the c
stant intensity method is applied. Section III consists of th
parts. Section III A summarizes the basics of the cons
Ne2Nm method. In Sec. III B we describe the predictions
this method for proton induced showers and in Sec. III C
discuss the more realistic situation of a mixed primary c
mic ray composition. Section IV concludes the paper.

II. DERIVATION OF THE COSMIC RAY
ENERGY SPECTRUM

The constant intensity cut method has been used for s
ies of the primary cosmic ray spectrum for at least 40 ye
Let us give as an example the interpretation of the result
the BASJE air shower array at Mt. Chacaltaya performed
1965 @9#. Since Mt. Chacaltaya is at an altitude of 5220
above sea level (540 g/cm2 depth!, the shower size distribu
tions obtained with the constant intensity cut could be u
to estimate the size of the showers at shower maxim
Under the assumption that the size at maximum is prop
tional to the primary energyE, this gave directly the primary
energy spectrum within a constant which was estimated to
;2 GeV/particle at shower maximum.

In this work we apply the constant intensity cut method
a different way, similar to what more contemporary expe
ments do~see for instance@10#!.

For illustrative purposes we first apply the method assu
ing the primary spectrum is composed of pure protons.
have simulated proton-induced showers at zenith angleu
50°, 15°, 30° and 45° down to the altitude of the Ake
array, corresponding to a vertical depth ofXv5920 g/cm2.
Shower energies were drawn from anE23 differential injec-
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tion spectrum in the energy range between 1016 and 1018 eV.
We used a hybrid air shower simulation program to ge

erate large samples of showers in an efficient and fast m
ner @11#. The hybrid method consists of calculating show
observables by a direct simulation of the initial part of t
shower, tracking all particles of energy aboveEthr50.01E.
Presimulated showers for all subthreshold particles are t
superimposed after their first interaction point is simulat
The subshowers are described with parametrizations
give the correct average behavior, and at the same time
scribe the fluctuations in shower development of both el
trons and muons.

The procedure we use to reconstruct the primary spect
is the following. First, from the simulations we obtain th
relation between shower energy~E! and shower size at ob
servation level in vertical showers (Ne

0). This relation is
given in Table I. Our simulations predict the shower si
spectra at Akeno level for different zenith angles, and
treat them as if they were actual experimental data, replac
the detector induced fluctuations in log10Ne by a Gaussian
resolution function of widthD log10Ne50.05. Since we do
not simulate showers of energy below 1016 eV there is an
artificial break in the size spectra at low energy. To avoid
we chooseNe5107 as a threshold value above which o
‘‘array’’ is fully efficient, and we only deal with showers
havingNe above this value.

We apply cuts at constant shower intensity, and by stu
ing the decrease with zenith angle of the size correspond
to each intensity, we obtain the shower attenuation len
which we use to estimate the shower size atu50° from the
known size at zenith angleu. ~We checked that the attenua
tion length obtained from the simulated data in this w
agrees with the attenuation length of the averaged profile
the input showers.! This is the classical integral applicatio
of the method. GivenNe

0 we can use the previously obtaine
relation betweenE and Ne

0 to estimate the energy of eac
individual shower. The energy spectrum for different zen
angles can then be reconstructed and compared to the
jected spectrum. Figure 1 shows the shower energy res
tion we achieve with this procedure. The distribution of d
ferences between reconstructed and injected energie

TABLE I. Results of the fit to the relation between shower e
ergy and size at observation level for vertical showers at differ
depthsXv and assuming different cosmic ray primaries. The l
row corresponds to the energy-shower size relation obtained f
mixed composition assuming equal fractions of p, He, CNO and

The function used to do the fit isE5Ê(Ne
0)(12e).

Primary Xv (g/cm2) log10(Ê/eV) e

p 700 9.29 0.019
p 870 9.81 0.072
p 920 9.91 0.077
He 920 10.07 0.089
CNO 920 10.24 0.103
Fe 920 10.63 0.143
mixed 920 10.21 0.103
4-2
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highly asymmetric. The asymmetry depends on zenith an
as showers at larger zenith angles are further away from t
maximum where the fluctuations in shower size are small
There is a clear tendency to misreconstruct showers o
certain injected energy assigning them a higher energy.

In Fig. 2 we compare the reconstructed and injected sp
tra for different zenith angles. The spectra are multiplied
E2.5 for a better resolution. Although we draw showers fro
an E23 differential spectrum, the cut inNe decreases the
contribution of the lower energy cosmic rays and creates
turnaround seen in Fig. 2. The larger the zenith angle,
higher the shower energy must be to exceed theNe cut,
producing a strongly zenith angle dependent energy cut.

Besides, as mentioned previously, with increasing ze
angle the shower is sampled further away from shower m
mum and the fluctuations inNe grow, producing a broaden
ing of the injected spectrum. These two effects, howev
vanish almost completely in the reconstructed spectra.

FIG. 1. Energy resolution of proton-induced showers for diff
ent zenith angles. TheSIBYLL 2.1 hadronic generator code was us
to simulate the showers.

FIG. 2. Reconstructed~points! and injected~histograms! energy
spectra~multiplied by E2.5 at different zenith angles!. Note that
larger zenith angles contribute to the derived cosmic ray spect
in a limited energy range because of theNe.107 threshold.
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Imposing a cut inNe produces a corresponding cut inE
through the relation between energy and size at observa
level. In our case Ne.107 implies that log10E
.16.36, 16.66, 17.16 at zenith angle 0°, 30° and 45°
spectively. As a consequence all the low energy injec
events are reconstructed with energies above these va
and they pile-up rendering a simple power law. A fit to t
reconstructed spectra reveals that the differential spectra
dex decreases by only about 223 %. This is an important
effect which should be present in experiments reconstruc
the spectrum which use a relation between shower ene
and shower size at observation depth, for instance at a ce
distance from the core of the shower. Although the spec
shape is preserved almost completely there is a slight,
noticeable difference in the absolute normalization of
spectra reconstructed from showers at different zenith ang
The energies derived from showers at nonvertical angle
always overestimated, which leads in principle to an art
cially increased normalization. Figure 2 shows that incre
for an angle of 30°, however the normalization from the 4
showers is again lower. This may be due to the energy re
lution distribution that peaks well below 0 for these showe
Independently of the exact reason for the changing norm
ization, Fig. 2 demonstrates that the exact energy deriva
depends strongly on the shape of the shower fluctuatio
Since these fluctuations change with the atmospheric de
so does the reconstruction accuracy. As a whole, though
method works quite well.

The reconstruction of the shower energy fromNe is af-
fected even less by the shower fluctuations if the depth of
detector is close to the depth of shower maximum. In t
case the danger is in the inclusion of showers that have
yet achieved their maximum development. Such show
may introduce a significant bias when their size is conver
to vertical size by using the attenuation length. In the e
ample discussed above, the mean depth of shower maxim
is ;650 g/cm2 with a standard deviation of;70 g/cm2, so
that only a small fraction;0.5% of the vertical showers
have their maxima below observation level. This fraction
much smaller for inclined showers.

Further difficulties in the reconstruction arise in the mo
realistic case when the primary spectrum consists of a mi
composition of different nuclei. The heavier the prima
nucleus, the further away is the observation level fro
shower maximum. From this point of view the spectrum
construction for a mixed primary composition is analogo
to using proton showers to very large zenith angles.

To explore this point we have simulated a primary co
position consisting of equal fractions of protons, He, CN
and Fe. We obtained theE2Ne relation at 920 g/cm2 ~shown
in Table I! from this particular mixture of nuclei, and applie
the same procedure as before to reconstruct the prim
spectrum. The reconstruction is again affected by the cu
Ne as explained above. The result is that both the spec
index and the normalization of the reconstructed spectr
differ from the corresponding values in the injection spe
trum by only a few percent.

It is important to note that we have made use of our pr
knowledge of the injected primary composition to reco
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struct the spectrum. We expect the reconstruction metho
work either when the primary composition is known or wh
a composition independent energy estimator is used.~The
density at 600 m from the cores of large showers is an
ample of a measure of shower energy chosen because
relative insensitivity to primary mass@12#.! We have checked
that using theE2Ne relation obtained for pure protons tend
to underestimate the normalization of a mixed spectrum.
reason is that a shower of energyE initiated by a heavy
nucleus has on average a smaller size at observation
than a proton shower of the same energy. A smaller energ
then assigned to the shower when theE2Ne relation for
protons is used. As expected, we observed the opposite
havior when theE2Ne relation for pure iron~also shown in
Table I! is used to reconstruct the mixed composition sp
trum.

The most difficult case is obviously that of changin
chemical composition. Because of the changes of the s
trum normalization for different primary nuclei the shape
the spectrum can also be derived incorrectly. The comp
tion and spectrum then have to be reconstructed simu
neously from different shower parameters.

We conclude that the integral application of the const
intensity cuts method for the derivation of the primary co
mic ray spectrum works well when the cosmic ray compo
tion is known. The use of wrong composition models c
lead to erroneous conclusions for the energy spectr
mostly in the determination of its normalization. The meth
is not strongly affected by the intrinsic fluctuations in t
shower in the energy range we have explored.

III. THE CONSTANT NeÀNµ METHOD

The total column density of atmosphere available
shower development increases with the incident angleu as
secu. The total number of electrons at a fixed slant de
after the shower maximum reflects the stage of evolution
the shower. If shower fluctuations were absent, selec
showers of fixed energy at different zenith angles which h
the same electron sizeNe , woulda priori guarantee that they
have developed through the same column of atmosphere
tween the first interaction point and observation level. T
selected showers would only differ in the depth at which
first primary p-air interaction had occurred. The proton-
interaction lengthlp2air and the corresponding cross secti
sp2air would then be measured. The fact is, however, t
Ne does have large fluctuations.

To address this problem and select showers of fixed
mary energy, experiments often require that the show
have the same muon size at observation levelNm . Unlike
electrons, the number of muonsNm remains almost constan
after maximum, and hence it is a good estimator of the
mary energy at essentially any observation depth be
shower maximum. Selecting the showers with large elect
sizes within the sameNm bin increases the probability tha
they are induced by protons. The higher the size is, the lo
is the contamination from heavier primaries.

Once showers are selected in this way, the frequency~f! of
showers falling in a given (Nm ,Ne) bin is measured for dif-
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ferent zenith angles. The ratio of the frequency of selec
showers at two zenith angles (u1 and u2) is related to the
observed absorption length by

R~u1 ,u2!5
f ~Nm ,Ne ,u1!

f ~Nm ,Ne ,u2!

5expF2
Xv

Lobs
~secu12secu2!G , ~1!

whereXv is the vertical depth of the detector.
Clearly, intrinsic fluctuations of the shower profile wi

change the relation between the first interaction point and
electron and muon number at larger depths. In the follow
we will study how such fluctuations influence the observ
absorption length, using detailed, up-to-date hadronic in
actions models. For definiteness we will concentrate on
implementation of the method as used by the Akeno gro
@2,4#. A similar procedure was also used more recently by
EAS-TOP Collaboration@7#.

A. Application to proton-induced showers

In general, the primary cosmic ray flux consists of nuc
of a variety of mass numbers. Since we want to study
constantNe2Nm method itself we simplify the problem an
start with the assumption that all primary particles are p
tons. If the procedure does not give the correct cross sec
for a purely proton flux, the correct derivation for a mixe
cosmic ray composition would be impossible.

We have performed simulations of proton-induced sho
ers at several zenith angles and calculated the frequenc
showers havingNm muons andNe electrons at observation
level. The detector was chosen to be located at Akeno
tude, corresponding to a vertical depth ofXv5920 g/cm2.
Shower energies were drawn from anE23 differential spec-
trum in the energy range between 1016 and 1018 eV. We per-
formed the simulations for fixed zenith angles (u50°, 15°,
30° and 45°). We thus simplify the problem once again
neglecting the errors introduced by the experimental sho
zenith angle reconstruction.

To study the dependence on the hadronic interac
model we have performed our simulations with two mode
namelySIBYLL 2.1 @13,14# andQGSJET98@15#. The two mod-
els give similar predictions for the shower development
the energy range 101621018 eV @11#. As will be shown, our
results depend only weakly on the choice of model.

For a realistic simulation of the observed shower para
eters one should account for the experimental uncerta
and fluctuations due to the detector. A detailed simulation
the biases and efficiencies of the detectors is beyond
scope of this paper. It requires the use of specifically
signed Monte Carlo programs of each particular ground
ray. We replace instead the detector induced fluctuation
log10Nm and log10Ne by Gaussian resolution functions o
widths D log10Nm50.1 and D log10Ne50.05 respectively.
These are the experimental errors reported by the Ak
group @4#. For each of the simulated showers modifi
log10Nm and log10Ne are sampled according to the theoretic
4-4
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values and the detector resolution.
It is possible and even likely that, due to different ener

thresholds and absorbing materials, the experimental de
tion of Ne does not coincide exactly with the correspondi
quantity that the Monte Carlo generates. In such a case
should apply a correction factor to achieve a full reprod
tion of the experimental result. As we show further belo
however, a possible small discrepancy in the definition ofNe
would not alter the conclusions of this study.

We have simulated a sample of 500 000 proton show
comparable to the statistics of the full event sample repo
by the Akeno Collaboration in@4#. We apply the constan
Ne2Nm method by first selecting showers which ha
log10Nm between 5.25 and 5.45 at observation level,
muon number of the first bin of the Akeno analysis@4#. Only
muons with energyEm.1 GeV3secu, which is the muon
energy threshold of the Akeno experiment@4#, are consid-
ered. In the top panel of Fig. 3 we plot the energy distrib
tion of showers selected after applying the muon cut.
fixed primary energy the mean muon number is smalle
large zenith angles as compared to vertical showers. Th
due both to the dependence of the energy threshold on ze
angle, and to the increase of the probability for muon de
when the zenith angle increases and muons have to trav
more column depth of atmosphere. As a consequence
energy distribution shows a dependence on zenith angle
selecting showers with the same number of muons does

FIG. 3. Top panel: Simulated energy distribution of proto
initiated showers after applying the muon cut. The selected show
have log10Nm between 5.25 and 5.45. The muons have energy ab
Em

thr51 GeV3secu at 920 g/cm2. The distribution is shown for
different zenith angles. TheSIBYLL 2.1 hadronic generator code wa
used to simulate the showers. Bottom panel: same as top panel
applying the constant intensity cut.
12300
y
i-

ne
-
,

s,
d

e

-
r
t
is
ith
y
rse
he
.e.
ot

perfectly guarantee that they have the same energy distr
tion. One can correct for theNm attenuation by the constan
intensity cut method shifting slightly the log10Nm bin so that
the intensity of showers is the same at all zenith angles. T
is equivalent to a correction of the shower muon longitudi
profile as a function of the zenith angle. The bottom pane
Fig. 3 shows the energy distribution of the selected show
after applying the constant intensity cut method. The c
stant intensity cut method works almost perfectly, giving
distribution of selected shower energies independent of
nith angle. The width of the shower energy distribution
determined by the width of theNm bin, and by theNm
shower to shower fluctuations.

Once showers of the same energy have been selected
select in addition showers with constantNe , as was done by
the Akeno team. The top panel of Fig. 4 shows theNe spectra
of showers having log10Nm between 5.25 and 5.45 for th
four nominal zenith angles. The two vertical lines mark t
bin in log10Ne chosen by the Akeno Collaboration to perfor

rs
ve

fter

FIG. 4. Top panel: Shower size at 920 g/cm2 depth in proton-
initiated showers having between 105.25 and 105.45 muons at
920 g/cm2. The size distribution is shown for showers initiated
different zenith angles. Histograms correspond to showers si
lated using SIBYLL 2.1, and points to showers simulated wi
QGSJET98. Bottom panel: Energy distribution of the showers fallin
in the Ne bin indicated by the vertical bars in the top panel.
4-5
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ALVAREZ-MUÑ IZ et al. PHYSICAL REVIEW D 66, 123004 ~2002!
their analysis of the showers in the 5.25–5.45 bin
log10Nm . The bottom panel of Fig. 4 shows the energy d
tribution of showers in the selectedNe bin. It shows that the
energy estimate that was very good after theNm bin selection
with constant intensity cuts, is now again angle depende

We have compared theNe(E) dependence calculated b
the Monte Carlo code to the experimental one used by
Akeno experiment@16#. In the log10Ne bin 6.8 – 7.0 the
Akeno formula gives log10(E/eV)516.40 and the Monte
Carlo code usingSIBYLL 2.1 yields 16.43. Both values ar
estimated at the center of the bin. The differences when u
theNm(E) are higher. The Akeno Collaboration@16# derived
log10(E/eV)516.25 in the log10Nm bin 5.25–5.45.SIBYLL

2.1 gives log10(E/eV)516.55 andQGSJET98 log10(E/eV)
516.48 in the same log10Nm bin.

In Fig. 5 we further illustrate this dependence by show
the frequency ratios of the showers in Fig. 4, in depende
of the selected electron size. The ratio is only plotted
adjacent zenith angles. It depends strongly on theNe bin
used for shower selection. According to Eq.~1! this ratio
should be constant over a certain range inNe for all different
zenith angle combinations. Figure 5 shows that theNe ranges
where the ratio is approximately constant depend on
shower angle combination. For bothSIBYLL 2.1 andQGS-

JET98 models they lie above log10Ne of 7.4 for the log10Nm
bin 5.25–5.45. The bin inNe chosen by Akeno for the cros
section analysis is clearly in a region where the intens
ratios depend strongly onNe .

The ratio of two ratiosR for different combinations of
zenith angles can be used as a consistency check of th
sults. The expected values of the double ratio are@see Eq.
~1!#

log10R~15°,30°!

log10R~0°,15°!
5

sec~30!2sec~15!

sec~15!2sec~0!
;3.4 ~2!

log10R~30°,45°!

log10R~0°,15°!
5

sec~45!2sec~30!

sec~15!2sec~0!
;7.4. ~3!

FIG. 5. Ratios of number of proton-initiated showers havi
between 105.25 and 105.45 muons and electron sizeNe at 920 g/cm2

as a function ofNe . Histograms correspond to showers simulat
usingSIBYLL 2.1, and points to showers simulated withQGSJET98.
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It is easy to verify that this is not the case for the selec
showers falling in the bin in log10Ne between 6.8 and 7.0
These numbers are, however, the approximate scaling fac
when comparing the plateaus of the ratios in Fig. 5. T
figure suggests that zenith angle dependent bins in elec
size should be used in order to get an angular-indepen
value of Lobs, provided of course the selected showers
initiated by protons as in our simulation.

A similar consistency check can be performed by plotti
the observed shower intensity as a function of secu. Figure 6
shows the intensity of proton-initiated showers falling in t
log10Nm55.2525.45 bin for differentNe bins. The deviation
from straight lines, which are expected for exponential
tenuation of showers with secu, demonstrates that the con
stantNe2Nm method fails to select similar showers, unless
large value ofNe is selected. The intensity of the selecte
showers certainly does not decrease as exp(2X/Lobs) in the
(log10Nm , log10Ne)5(5.2525.45,6.827.0) bin. Formal fits
of the three higherNe bins plotted in Fig. 6 giveLobs values
of 138636, 8568 and 6863 g/cm2 for log10Ne of 7.0–7.2,
7.2-7.4 and 7.4-7.6 respectively. Compared to the proton
cross section of 456 mb inSIBYLL 2.1 these values lead tok
values of 2.6060.67, 1.6160.14, and 1.2860.06.

The analogous analysis carried out withQGSJET98for the
same muon number bin and log10Ne57.427.6 givesLobs
56962 which corresponds to ak-factor of 1.2660.04.
Within the statistical uncertainty this value agrees with t
one derived fromSIBYLL 2.1 simulations. The weak mode
dependence is not unexpected. The energy of the sho
considered here is only one order of magnitude higher t
the equivalent energy of the Tevatron collider. Both mod

FIG. 6. Zenith angle dependence of the intensity of proto
induced showers having constant log10Nm55.2525.45 and constant
log10Ne for different values of log10Ne . Empty squares log10Ne

56.827.0, filled squares log10Ne57.027.2, empty circles
log10Ne57.227.4 and filled circles log10Ne57.427.6. Showers
were simulated withSIBYLL 2.1. The points are joined by straigh
lines to guide the eye. To avoid overlapping, the results for differ
Ne bins were multiplied by different arbitrary factors.
4-6
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were tuned to reproduce the Tevatron measurements and
dict rather similar muon and electron numbers forE
!1019 eV.

B. Shower fluctuations

The ultimate reason why the constantNe2Nm method
does not work is that the discussed shower selection is do
nated by the intrinsic fluctuations in shower developme
This is illustrated in Fig. 7 in which we plot the distributio
of ‘‘shower lengths’’ of showers with (log10Nm , log10Ne)
5(5.2525.45,6.827.0) for different angles. We arbitrarily
define the shower length as the difference between the s
depth of observation level (Xobs) and the slant depth of th
first interaction point. If the longitudinal shower profile we
not biased by the selection criteria all four histograms wo
be very similar. They are instead very different and dem
trate that the selection is on the width of shower devel
ment rather than on the depth of the first interactionXint .
Indeed, for all angles most of the selected showers have
first interaction point near the top of the atmosphere. Eve
the largerNe bins the situation is not qualitatively differen
as can be seen in Fig. 6.

In Table II we give the average values and the widths
the distributions shown in Fig. 7. For the method not to
dominated by intrinsic fluctuations, the average value
Xobs2Xint should be independent of zenith-angle. The
crease of atmospheric depth fromu50° to 45° should lead
to a shift of the first interaction point by about 400 g/cm2.

FIG. 7. Distribution inXobs2Xint of the showers that fall in the
(log10Nm , log10Ne)5(5.2525.45,6.827.0) bin.
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Due to the fluctuations the actual mean shift is only by ab
110 g/cm2.

A way to quantify which part of the longitudinal showe
development, namely the first few interactions or the lat
interactions, contributes most to the fluctuation in show
length, is calculating the average values and widths of
distributions ofXmax2Xint andXobs2Xmax. This is shown in
columns 3 and 4 in the table. The tail of the shower contr
utes more to the overall fluctuation in shower length than
first few interactions, although the contribution depends
the zenith angle. In terms of the ratio ofs/DX the angular
dependence is bigger for (Xobs2Xmax), where it changes
from 0.054 for vertical showers to 0.136 for showers dev
oping under 45°.

C. Composition

In contrast to our findings summarized in Fig. 6, the A
eno Collaboration reports a secu dependence of the observe
frequencies of showers selected by the constantNe2Nm

method which is compatible with an exponential attenuat
~see Fig. 1 in Ref.@4#!. By looking at Figs. 4 and 6 it is clea
that the intensity of proton showers in the nominal bin is n
large enough at small zenith angles to produce a straight
Proton showers penetrate too much in the atmosphere
thus have large electron sizes at observation level. In p
ciple, this statement depends on the hadronic interac
model used in the simulations. A model which predicts t
same muon number at lower shower energy can lead to
increase of the vertical shower intensity in the conside
bin. However, simulations withQGSJET, which predicts the
largest muon multiplicity among the contemporary hadro
interaction models, show that this conclusion is unchange
the muon multiplicity in the considered energy range is
creased by up to 20%.

A way to increase the intensity of the selected show
would be to ‘‘contaminate’’ the sample with heavy primarie
These give rise to showers which are less penetrating, s
ing the distribution in electron size to smaller values. This
illustrated in the top panel of Fig. 8 for a primary compos
tion consisting of 85% Fe, 10% CNO, 4% He and 1% p
tons. The bottom panel of Fig. 8 shows the contributions
the total electron size distribution from showers initiated
the different primaries. It is remarkable, and to our und
standing a coincidence, that the tail of the total distribution
electron size has roughly the same slope as the tail of
contribution from proton-induced showers alone.
TABLE II. Average values and standard deviations~in parentheses! of the distributions ofXobs2Xint ~see
also Fig. 7!, Xmax2Xint and Xobs2Xmax for proton-initiated showers belonging to the (log10Nm , log10Ne)
5(5.2525.45,6.827.0) bin.

u (deg) Xobs (g/cm2) (Xobs2Xint) (g/cm2) (Xmax2Xint) (g/cm2) (Xobs2Xmax) (g/cm2)

0 920.0 881.3~35.7! 581.4~31.1! 300.1~42.6!
15 952.2 911.1~37.6! 585.8~31.6! 325.2~42.3!
30 1062.3 1002.0~50.6! 613.7~39.5! 388.2~51.3!
45 1301.1 1152.9~109.7! 699.7~95.1! 453.8~92.5!
4-7
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Figure 9 shows the ratio of the electron size distributio
shown in the top panel of Fig. 8 for adjacent zenith angles
the Ne range where the ratios are flat, they have numer
values very similar to the expected ratios for protons sho
in Fig. 5 in the corresponding plateau regions, i.e. althou
the primary spectrum is dominated by heavy primaries
analysis method gives a value of the cross section simila

FIG. 8. Top panel: same as Fig. 4 for a primary cosmic
composition consisting of 85% Fe, 10% CNO, 4% He and 1
protons. The bottom panel shows theu530° size distribution that is
plotted in the top panel illustrating how the different cosmic r
primaries contribute to build it up.

FIG. 9. Ratios of number of proton-initiated showers havi
between 105.25 and 105.45 muons and electron sizeNe at 920 g/cm2

as a function ofNe for a primary cosmic ray spectrum consisting
85% Fe, 10% CNO, 4% He and 1% protons. Showers were si
lated withSIBYLL 2.1.
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but somewhat higher than that obtained for pure protons
The composition we chose in this analysis is complet

‘‘ad hoc.’’ In particular we have assumed an energ
independent ratio of the different elemental contributio
However, we have repeated the analysis for many differ
combinations of primary fractions, and only those with
large fraction of iron produce an exponential decrease of
intensity of showers with zenith angle. This is shown in F
10.

We have not attempted to perform a fit to the intens
versus zenith angle using the different fractions of primar
as parameters in the fit. Such an analysis would require
use of a true detector Monte Carlo simulation and could o
be performed by the experimental group. However from
combinations we have experimented with we conclude t
at least 60–70 % of iron is needed to produce a straight
in the nominalNm ,Ne bin. The only way we can reproduc
the experimental result is to assume that a large fraction
iron is present in the cosmic ray spectrum in the ene
region between 1016 and 1017 eV. It is difficult to draw a
more quantitative conclusion because of the differences
the muon number definitions of the experiment and in o
calculations. We, however, obtain very similar results wh
using log10Ne57.027.2 bin, which may be closer to th
showers selected by the Akeno experiment.

This conclusion is in qualitative agreement with rece
analyses of the region around and above the knee in
cosmic ray spectrum~for example, KASCADE@17# and
HiRes-MIA @18# measurements, see also@19#!. Finally, we
note that an early analysis@20# using the method of constan
intensity cuts reached a similar conclusion about heavy c
position in this energy range based on data from the BAS
air shower experiment on Mt. Chacaltaya@9#.

y

u-

FIG. 10. Zenith angle dependence of the intensity of show
having constant (log10Nm , log10Ne)5(5.2525.45,6.827.0) for dif-
ferent primary compositions. Showers were simulated withSIBYLL

2.1. The points are joined by straight lines to guide the eye.
avoid overlapping of the results for different compositions, they
multiplied by different arbitrary factors.
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IV. DISCUSSION AND CONCLUSIONS

We have investigated the influence of air shower fluct
tions on the widely used constant intensity cut method.
consider two types of applications: the classic integral
proach to the derivation of the cosmic ray energy spectr
and the differentialNm ,Ne cut used for the derivation of th
proton-air cross section.

We find that the constant intensity cuts method can w
for comparisons of data taken at different atmospheric de
and different angles. This is however possible only when
chemical composition of the primary cosmic rays is w
known. The use of incorrect chemical composition can le
to a shift in the normalization of the energy spectrum. In
case of energy dependent composition the normalization
rors for different cosmic ray flux components could also
fect significantly the derived spectral indexg. Such shifts are
also possible close to the detectorNe threshold, where mea
surements at different zenith angles would detect shower
different composition. The larger the zenith angleu, the
lighter would be the composition of the detected shower

The influence of shower fluctuations is much bigger wh
the constant intensity cut is used in a differential way
compare showers with the same electron and muon s
detected at different zenith angles. The selection by the m
size Nm with constant intensity cuts is indeed a very go
method and leads to a good angle independent energy s
tion. This is the result of the much slower absorbtion of t
shower muons as well as the smallerNm fluctuations in
showers with fixed primary energy.

The constantNe2Nm method, which is used for deriva
tion of the proton-air production cross section, is domina
by fluctuations even in the case of a pure proton comp
l
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tion. The accuracy of this method improves with the sel
tion of showers with largeNe for a fixedNm bin, where an
experiment would run out of statistics. A possible improv
ment of the method would be to use Monte Carlo show
simulations to determine zenith angle dependentNe bins.
This, however, would represent a new method which is v
different from the original idea of constant intensity cuts.

The Akeno data that were used for the derivation of
proton-air production cross section can be interpreted
terms of cosmic ray composition. The angle independent
ponential slope of the shower absorption length indicate
substantial fraction of heavy primaries in the energy range
1016–1017 eV. Because of the differences in the definitio
of Nm in the Monte Carlo results and those defined in Re
@2,4# we cannot draw more definite quantitative conclusio
based on the Monte Carlo results. We encourage the exp
mental group to update this analysis with the help of the n
event generators, because the measurement of the cosm
chemical composition in this energy range is an import
result. Our analysis of the experimental results in terms
cosmic ray composition demonstrated that the conclusi
depend only mildly on the hadronic interaction model us
in the simulation.
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