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a b s t r a c t

We have measured the lateral distributions of atmospheric C�erenkov photons associated with extensive
air showers to study the chemical composition of the primary cosmic rays in the energy range from 1014.5

to 1016 eV, so called knee region. The atmospheric C�erenkov photon detectors were installed in the EAS
array at Mt. Chacaltaya. The measured lateral distributions were fitted with an empirical formula with a
parameter which is sensitive to mass numbers of primary cosmic rays. A three species model (proton,
carbon, and iron nuclei) is used for the chemical composition study of the present experiment. To deter-
mine the mixing ratio of the three species, the distributions of the parameter for the observed events
were examined to reproduce those for the simulated ones calculated with the CORSIKA code using the
QGSJET hadronic interaction model. From the obtained mixing ratio of the three species, we determined
the mean logarithmic mass numbers of primary cosmic rays, hlnAi, in the knee region. The present result
shows that the values of hlnAi are higher than the logarithmic mass number for carbon and the proton
component is no more dominant at the knee.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The energy spectrum of cosmic rays is expressed by power law
in the wide energy range from 1010 to 1020 eV. A number of de-
tailed studies on the fine structure of the spectrum revealed that
the power law index changes from �2.7 to �3.0 around 1015.5 eV
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(e.g. [1]). In particular, in this energy region known as the ‘‘knee”,
some experimental results have suggested that the cosmic ray pri-
mary composition also changes with increasing energies (e.g. [1]).
These changes at the knee are of special interest in cosmic ray
physics, because they must be related to the origin of the cosmic
rays, and to both acceleration mechanisms at the sites and propa-
gation mechanisms in the Galaxy (e.g. [2–5]). Further investigation
of the chemical composition of the primary cosmic rays into details
is required to solve those problems. In the energy region below the
knee, primary cosmic rays are detected directly with balloon-borne
and satellite equipments (e.g. [6,7]). On the direct measurements
charges of the primary cosmic rays are determined through ioniza-
tion losses in the detectors, and these types of detectors have the
ability to discriminate primary cosmic rays among several groups.

mailto:htokuno@icrr.u-tokyo.ac.jp
http://www.sciencedirect.com/science/journal/09276505
http://www.elsevier.com/locate/astropart


-60

-40

-20

0

20

40

60

-60 -40 -20 0 20 40 60 80 100

(m)

(m
)

Cherenkov
Density
Fast Timing
D,FT
D,FT 4m2

Trigger detector

L

LH

L

LH
L

H H
H

H
LHL

Fig. 1. Layout of the MAS array detectors and atmospheric C�erenkov photon
detectors. The array consists of 1 m2 particle density detectors (diamond), 1 m2 fast
timing (FT) detectors (triangle), 1 m2 density and FT detectors (open circle), 4 m2

density and FT detectors (open square). Filled squares are 4 m2 density and FT
detectors used as the trigger detectors in the low energy mode, and filled circles are
1 m2 density and FT detectors used as those in the high energy mode. Asterisks
labeled ‘‘L” are the atmospheric C�erenkov detectors used in low energy mode,
asterisks labeled ‘‘H” are those in the high energy mode.
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Therefore with these measurements one can obtain component
spectra for several mass groups of species. According to these mea-
surements, it is obvious that the dominant component below
1014 eV is protons. On the other hand, in the energy region at
and above the knee it is difficult to measure the spectra of the pri-
mary particles by such direct measurements because of their low
intensities and limited aperture of the detectors. Therefore, the
chemical composition in this energy region is determined through
the measurement of extensive air shower (EAS).

The BASJE group had carried out EAS experiments of two inde-
pendent measurements to study the chemical composition, and we
have reported the results of the mean logarithmic mass number of
primary cosmic rays hlnAi. First, we observed atmospheric C�eren-
kov photons simultaneously with EASs and determined the chem-
ical composition through analysis of time structures of C�erenkov
photon pulses [8]. Second, we investigated the chemical composi-
tion through the equi-intensity analysis of the measured EAS size
spectra of different incident directions [1]. The time structures of
atmospheric C�erenkov photon pulses are good indicators of the
longitudinal developments of EASs at their early stages, i.e. above
the observation site: since they strongly depend on the primary
species, it is possible to investigate the chemical composition. On
the other hand, the equi-intensity method is useful to evaluate
the longitudinal developments ‘‘below” the observer’s altitude. At
the altitude of Mt. Chacaltaya in Bolivia (5200 m a.s.l., atmospheric
depth of 550 g cm�2), the maximum development points of EASs
are clearly seen in the equi-intensity curves of the EASs initiated
by primary protons with energies above 1015 eV. Thus we can
examine the chemical composition from the observations of the
longitudinal developments above and below their maximum
points. Both of these results show that hlnAi increases with ener-
gies at the knee [1,8]. Most of other experimental results also have
the same tendency: hlnAi above the knee is increasing with ener-
gies (e.g. [1,8–11]). However these results of absolute values of
hlnAi are different from others around the knee. In order to reduce
the systematic uncertainties and to determine the chemical com-
position in good accuracies, we consider the following require-
ments: (1) Measure EASs near maximum development points
which have less affect of EAS fluctuations. (2) Use an unbiased trig-
ger threshold for heavy components of primaries, of which EAS
developments are faster than those of light components at a same
energy. (3) Measure the electro-magnetic components which are
less dependent on hadronic interaction model than the muon com-
ponent in EASs. (4) Require a separation capability between the
three species (proton, carbon, and iron nuclei). (5) Measure the
chemical composition with wide energy range (from direct mea-
surement region to above the knee). The high altitude of our site
meets the (1–2) requirements. For the (3–5) requirements, we
have measured lateral density distributions of atmospheric C�eren-
kov photons associated with EASs. Our MC studies showed that the
distributions of atmospheric C�erenkov photons of EASs contain
integrated information of EAS developments from the first interac-
tion points to the altitude of the observation site, and thus good
probe for a chemical composition study. The MC studies also
showed that this analysis has a separation capability between
the three species below and above the knee, and we can detect suf-
ficient photons per event because C�erenkov photons emitted by
EASs arrived at the ground with suffering little attenuation by
the air.

We performed the experiment from August 2001 to October
2002 and we collected more than 3000 atmospheric C�erenkov pho-
tons events associated with EASs. The lateral distributions of the
C�erenkov photons are fitted to an empirical formula with the
parameters as primary particle estimators obtained from our
Monte-Carlo (MC) studies. We used the three component model
(proton, carbon, and iron nuclei), and determined the mixing ratio
of these species in primary cosmic rays by comparing the parame-
ter distributions obtained from both of the experiment and the
simulated showers. We also calculated the mean logarithmic mass,
hlnAi.

2. Experiment

The atmospheric C�erenkov photon detectors were installed in
the EAS array called the minimum air shower (MAS) array [1] at
Mt. Chacaltaya to measure the lateral photon density distributions
to study the chemical composition of primary cosmic rays.

2.1. The MAS array

The MAS array consists of 69 scintillation detectors. The
arrangement of the array is shown in Fig. 1. The particle detectors
measure both or either of the local particle densities and the arrival
timings. Using the data obtained with the array we determined the
EAS parameters, i.e., arrival directions, core positions, and air
shower size Ne. The data acquisition system of the MAS array is
triggered by a fourfold coincidence of the fast timing signals with
amplitudes greater than 0.8 particle level within 4 ls time win-
dow. In order to obtain EAS events efficiently in a wide energy
range, the observations were carried out in two modes, the low en-
ergy mode (1014–1015 eV) and the high energy mode (1015–
1016 eV), by changing the triggering detectors as shown in Fig. 1.
The trigger efficiencies are 100% in both of the observation modes.
A further description about the hardware of the array and the de-
tails of the analysis procedures are described in previously pub-
lished papers (e.g. [1,12]).

The determination accuracies for the EAS parameters depend on
species of primary particles and their primary energies. We evalu-
ated the accuracies in determination of the EAS parameters (sizes,
arrival directions) with MC simulations. The CORSIKA code [13]
version 5.61 was employed with the QGSJET hadronic interaction
model [14] for the three primary types, proton, carbon, and iron
nuclei. The simulated events were reconstructed using the same
analysis program to be used in the analysis of the observed data.
Fig. 2 shows the simulation results for EASs of incident zenith an-
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Fig. 2. The measurement errors of 90% C.L. with the MAS array. Upper panel shows
the determination accuracy of EAS core positions. Lower panel shows the
determination accuracy of arrival directions.
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gles less than 30� and core locations within 20 m (for energies
<1015 eV) and 30 m (for energies >1015 eV) from the array center.
This figure shows that the accuracy in determination of core posi-
tions is 2 m for every species with energies above 1015 eV, whereas
the arrival directions are determined within the accuracy of 1�.
Fig. 3 displays reconstructed Ne as a function of the primary ener-
gies for each species. Systematic differences in logNe, (DlogNe),
among the species are shown. For example, DlogNe between pro-
ton and iron nuclei is 0.3 at primary energy of 1014.5 eV and it is
less than 0.2 above 1015.0 eV. We used those DlogNe as Ne bin sizes
in our analysis. Fig. 4 represents the determination accuracy of Ne
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Fig. 3. This panel is the simulated relations between EAS sizes obtained with the air
shower analysis and primary energies, for each primary species. The error bars
represent 1r in this figure.
as a function of a primary energy for each species, and one can see
that the determination errors are smaller than 15%.

2.2. Atmospheric C�erenkov photon detector

To measure lateral density distributions of atmospheric C�eren-
kov photons, we installed several photon detectors in the MAS
array, and these detectors simultaneously operated with the array,
i.e., with common data acquisition triggers. Each of the C�erenkov
photon detectors installed in the MAS array consists of a 5-inch
photo multiplier tube (PMT), HAMAMATSU-R1250. The schematic
view of the photon detectors is shown in Fig. 5. Each detector
has a field of view of about 1.8 sr. This field of view is determined
to obtain atmospheric C�erenkov photons from EASs with their ar-
rival zenith angles of smaller than 30�, since more than 99% of
atmospheric C�erenkov photons are concentrated within 15� from
the EAS axis. The faceplates of every PMT are covered with a UV fil-
ter (Schott-BG3) to reduce the night-sky background (NSB) pho-
tons by a factor of about 50%. The output signals of the PMTs are
recorded with digital oscilloscopes (Tektronix-TDS303x, TDS3012,
Tek2440) with the sampling frequencies of 1 GHz. To achieve a
wide dynamic range for the measurements we used two input
channels with different vertical ranges for each PMT output. The
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Fig. 5. Left panel is the cross sectional view of one atmospheric C�erenkov photon
detector, and right panel is the top view of it.



Table 1
Observation summaries of the C�erenkov experiments

Energy mode Period (observation time) Triggered
events

DAQ rate
(Hz)

L 2001 August 9–October 23 (165 h) 739,347 1.3
H 2002 June 5–October 9 (200 h) 565,864 1.0

The row labeled ‘‘L” is the summary of the low energy mode observations, and the
row labeled ‘‘H” is that of the high energy mode.
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Fig. 6. An observed lateral density distribution of atmospheric C�erenkov photons
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maximum voltage for each of the channels is 200 mV and 2 V. The
triggering signals of these C�erenkov detectors are generated by the
MAS array. The digitized signals on the digital oscilloscopes were
stored in the hard disk in a personal computer through the GPIB
interface.

The PMT gains are subject to fluctuation mainly caused by vari-
ations of temperatures and anode currents. In this experiment, we
monitored the relative gain variations within 3 min in every hours
during the observations. In the PMT calibrations, a stable radio iso-
tope light pulser is used: YAlO3:Ce scintillator and 241Am (e.g.
[15,16]). The typical magnitude of the PMT gain fluctuations was
evaluated as smaller than 2% in an observation night. The main
source of these fluctuations can be explained in terms of the vari-
ations in temperatures. Using the calibration data of the PMT gains,
we corrected the numbers of atmospheric C�erenkov photons in the
analysis procedure.

2.3. Observation

The experiment was carried out with two observational mode.
In the low energy mode observations from August to October
2001, the target primary energy of cosmic rays was from 1014 to
1015 eV. We installed seven C�erenkov photon detectors in the array
at the distances from 10 to 70 m. In the high energy mode observa-
tions from June to October 2002, the target energy of cosmic rays
was from 1015 to 1016 eV, and we used eight detectors installed
in a wider area to measure the lateral distributions of atmospheric
C�erenkov photons within 130 m from the air shower cores. The
C�erenkov photon detector configurations are shown in Fig. 1.

The data acquisition rate was limited by the data transfer speed
from the oscilloscopes to the PCs through GPIB interface, and the
rate is about 1 Hz in each observation mode. The total observation
times are about 360 h, and the duty cycle was approximately 8.5%.
The number of total triggered events is 1.3 � 106 (Table 1).

3. Atmospheric C�erenkov photon Simulation

Hillas et al. proposed a parametrized formula of the lateral den-
sity distribution of atmospheric C�erenkov photons emitted from
EASs applicable for sea level experiments [17]. In some experi-
ments at lower altitudes the expression has been adopted in their
analyses (e.g. [9]), however, it does not give the best fit for our
experiment. Therefore we studied lateral density distributions of
atmospheric C�erenkov photons q(r) as a function of the shower
axis at the altitude of our site. From EAS simulations using the
CORSIKA code with the QGSJET hadronic interaction model, we
found an empirical formula,

qðrÞ ¼ a � r
R0

� ��ðbþr=R0Þ

; ð1Þ

where R0 is a constant determined from the simulation, a is a nor-
malization factor, and b is the fitting parameter. The parameter b in
the exponent is a good indicator of the primary species, and the sep-
aration power using b depends on choices of the constant, R0. By our
simulation study, we found that R0 = 70–110 m gives more robust
results, and systematic uncertainties on hlnAi are smaller than
0.3 in each energy mode. We chose R0 = 90 m to obtain the most
efficient separations using the parameter b. Fig. 6 is the plot of an
example of the observed data (core distance = 29 m, zenith an-
gle = 29�, and logNe = 6.1), and the line on this figure is the result
of fitting with the formula we employed in this work. In this figure
the bars are due to the Poisson fluctuations of the photons at the
detectors and the uncertainties in the EAS core determinations.

To examine the chemical composition as a function of the en-
ergy, we obtained the distributions of the parameter b from the
simulation studies for each of the three species (proton, carbon,
and iron nuclei) in some intervals of the shower sizes. We choose
the bin size in Ne from the determination accuracy for EAS Ne men-
tioned in Section 2.1. The observed EAS events are classified by
their sizes Ne, and then the observed b distribution in each Ne bin
is compared with the distribution obtained from the simulation.
To reduce simulation times, we used the thinning option of the
CORSIKA code [18]. From the simulations with various thinning
levels, the thinning factor of 10�6 and confirmed that it is most
effective in reducing the computation times and does not bring
obvious systematic errors. In these simulations, we assumed that
the differential cosmic ray energy spectrum is of power law with
the index of �2.7 below 1015.5 eV and of �3.2 above this energy
(refer to our previous result [1]). In the simulation of the atmo-
spheric C�erenkov photon emission, we used the US standard atmo-
sphere model and considered the Rayleigh and the Mie scatterings.
We also considered the contamination of the signals by the NSBs
using the atmospheric monitoring data. To reproduce the wave-
form from the simulated/observed data, we took account of the
system responses including the detector configurations and the
signal attenuation in the cables.

4. Analysis

We employed a data cut to select well determined EAS events
with the criteria listed in the Table 2. The number of the selected
events was 3100. Furthermore, these events were selected in the
analysis of the C�erenkov photons with the following criteria; the



Table 2
The event selection criteria of air shower sizes and core locations, and the numbers of
the remained events

logNe Core distance (m) Number of events

5.0–5.3 (L) <10 327
5.3–5.6 (L) <20 383

5.5–5.7 (H) <30 1260
5.7–5.9 (H) <30 626
5.9–6.1 (H) <30 293
6.1–6.3 (H) <30 130
6.3–6.5 (H) <30 74

The label ‘‘(L)” indicates a condition for the low energy mode observations, and the
label ‘‘(H)” indicates that for the high energy mode.
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reduced v2 of the fitting to the lateral density distribution function
is smaller than 4; the number of hit detectors with output pulses
with amplitudes larger than 9r above the NSB is greater than 4.
With this hit condition more than 99% of accidental hits by fluctu-
ations of NSB are eliminated. We confirmed that there are no selec-
tion bias for every species by these criteria described above. After
these data cuts, 3093 events remained (Table 2). To determine
the mixing ratio of the three species xi (

P
xi = 1, i = proton, carbon,

and iron nuclei), we employed a method based on the maximum
likelihood technique. We calculated the probability distribution
function (PDF) of the parameter b, pi(b), from the simulation stud-
ies for each of the shower size bins. Once the PDFs of b are known,
we can evaluate an expected distribution of b for a given mixing ra-
tio x

Pðb; xÞ �
X

i

xipiðbÞ: ð2Þ

The problem we tackle is to find the mixing ratio xmax to reproduce
the observed distribution of b, as p(bobs) = P(b; xmax). The maximum
likelihood method tells us that the best estimate of x is such that
maximizes the likelihood function defined as

LðxÞ ¼
YN

j¼1

Pðbobs
j ; xÞ; ð3Þ
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Fig. 7. The distributions of the fitting parameter b for the observed events and those
simulated in the size bin of logNe = 5.0–5.3.
where N is the number of events in the shower size bin of interest.
We showed the distributions of the observed parameter b obs

j in
Figs. 7–13. From these observed bobs

j we obtained the maximum
likelihood ratio of the three primary nucleus types, for example
xmax (logNe = 5.5–5.7) = (0.22, 0.45, 0.33) (Table 3). The simulated
PDFs of b for the three species with the mixing ratio of xmax

(logNe = 5.5–5.7) obtained from the maximum likelihood method
are superimposed on the histogram of b for observed events in
Fig. 9.

The 90% confidence intervals of xmax were evaluated by a likeli-
hood ratio test. First, we obtained a PDF of b from the simulated
events of the same number of the observed events with obtained
xmax. Second, the mixing ratio of the three species xest was esti-
mated using the previous maximum likelihood method. The esti-
mated mixing ratio xest could differ from the xmax by the
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Fig. 9. The distributions of the fitting parameter b for the observed events and those
simulated in the size bin of logNe = 5.5–5.7.
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Table 3
The measured mixing ratio of three species, x = (xproton, xC, xFe) in each size bin

logNe xproton (%) xC (%) xFe (%)

5.0–5.3 (L) 46þ15
�15 37þ31

�33 17þ21
�16

5.3–5.6 (L) 54þ17
�20 0+33 46þ16

�21

5.5–5.7 (H) 22þ7
�6 45þ10

�12 33þ10
�6

5.7–5.9 (H) 3þ6
�3 74þ11

�12 23þ9
�9

5.9–6.1 (H) 13þ11
�13 42þ18

�38 45þ13
�25

6.1–6.3 (H) 8þ14
�7 43þ27

�29 49þ22
�23

6.3–6.5 (H) 10þ19
�10 17þ34

�17 73þ20
�46
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separation capability. Third, we determined a log-likelihood ratio
statistic

j ¼ ln
LðxmaxÞ
LðxestÞ

: ð4Þ

To obtain the j distribution, these procedure are contained with
1000 times for each Ne size bin. From the j distribution, we obtain
the ‘‘critical limit” of j90 (j < j90 appears with the 90% probability).
The group of x with j < j90 includes xmax within 90% confidence le-
vel, and indicates the 90% confidence level of the mixing ratio for
each of the three species. To calculate hlnAi, we assume that the
indices of energy spectrum of the three species is constant in an en-
ergy bin, and use the power law spectrum index of all particle spec-
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shown.

Table 4
The systematic difference of obtained hln Ai (1r) for each species by three species
analysis

logNe P He C Mg Fe

5.0–5.3 (L) +0.24 �0.02 ±0.00 �0.17 �0.29
5.3–5.6 (L) +0.21 �0.24 �0.02 �0.23 �0.17

5.5–5.7 (H) ±0.00 �0.29 ±0.00 �0.06 ±0.00
5.7–5.9 (H) ±0.00 �0.24 ±0.00 �0.02 ±0.00
5.9–6.1 (H) ±0.00 �0.22 ±0.00 �0.08 ±0.00
6.1–6.3 (H) +0.04 �0.12 ±0.00 �0.03 ±0.00
6.3–6.5 (H) +0.05 �0.17 ±0.00 �0.11 ±0.00
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Fig. 15. The present result of the mean logarithmic mass hlnAi compared with the
results of other experiments BASJE [1,8], CASA-BLANCA [9], CASA-DICE [10],
KASCADE(non-parametric) [11], EAS-TOP [19], and direct measurements (JACEE [6]
and RUNJOB [7]).
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trum to our previous result [1]. The mixing ratio of the three species
in the energy range E � E + dE is calculated as

xi ¼
x0i
R

FiðE;Ne;dNeÞE�cdEP
x0i
R

FiðE;Ne;dNeÞE�cdE
; ð5Þ

where Fi(E, Ne, dNe) is the PDF of energy E for showers reconstructed
in the size range Ne � Ne + dNe, x0i is a constant in the energy bin. The
all particle spectrum is expressed as E�c. For all of the three species
the index of differential energy spectrum c was adopted �2.7 below
1015.5 eV and �3.2 above. The confidence intervals of x0 with the
90% confidence level were estimated by the likelihood ratio test de-
scribed above. Fig. 14 shows the obtained hlnAi as a function of
energy.

We evaluated systematic errors of these results. First, we con-
sider the systematic errors due to the assumption of the cosmic
ray all particle spectrum and the knee energy on the basis of our
previous observations. Since the spectral index and the position
of the knee used in this work contain errors as Dc = ±0.1 and
DlogEknee = ±0.1, respectively, we calculated the systematic effects
on hlnAi with MC simulations. We found that the differences on
hlnAi are smaller than 0.03 at 1014.5 eV and smaller than 0.01 at
1016 eV. We conclude that the systematic error due to the assump-
tion on the spectrum is negligibly small compared to the statistical
errors shown in Fig. 14.

The other systematic error is attributed to the three species
model used in this analysis. We evaluated the determination accu-
racy for hlnAi by three species model for the three species them-
selves and their middle components; we are concerned here with
helium and magnesium. From the simulation studies, determina-
tion accuracy for hlnAi for each species (the three species, and mid-
dle components: helium and magnesium) are obtained, and shown
in Table 4. In the each bin the largest systematic differences of
them are employed as the systematic errors and are shown in
Fig. 14. These systematic errors are less than 0.3 on hlnAi.

From the above analyses, we obtained the following result. The
values of hlnAi are higher than the logarithmic mass number for
carbon (lnA = 2.49) at the knee, as shown in Fig. 14. This result is
not affected by the systematic error from the determination accu-
racy for hlnAi. The best-fit rate of dhlnAi/dlogE for the whole en-
ergy range is 0.65 ± 0.4 with v2 = 0.44. A constant composition
model gives a fit of hlnAi = 2.8 with v2 = 3.4. Our result suggests
an increase of heavier component fractions with primary energies
of cosmic rays, but the constant composition model cannot be ex-
cluded because of the experimental errors. In Fig. 15 we also plot
the results of the direct and the indirect measurements. Our pres-
ent result is consistent with the direct measurement results of JA-
CEE [6] and RUNJOB [7] within the errors at the energies from
1014.5 to 1015.0 eV. It must be emphasized that our present result
is in agreement with the results of our previous experiments, the
measurement of the C�erenkov photon pulse time structures [8]
and the equi-intensity method analysis of the EAS size spectra
[1]. On the other hand, our results are apparently inconsistent with
the results of CASA-BLANCA [9], CASA-DICE [10], KASCADE = non-
parametric [11] at the energies around the knee. There are other
experiments which did not calculate hlnAiwith the primary energy
using their results [20–24], and some results in those experiments
suggest that the heavy component is enriched at the knee [22–24].

5. Discussion

One of the causes of the systematic uncertainties in the chemi-
cal composition is from the hadronic interaction models used in
the EAS simulations. In our simulations the parameter b has a mod-
el dependence to a certain degree, because this parameter is sensi-
tive to the EAS developments at their early stages. In this work we
used the QGSJET model which gives the most rapid development
among the major models (SYBILL, QGSJET, DPMJET, and neXus)
[25]. Note that the QGSJET model gives more rapid development
than that from the newest version QGSJET-II [26]. We found that
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hlnAi calculated by using these interaction models are larger than
that obtained using the QGSJET model. For example, the hlnAi
increases by 0.2 using the SYBILL model compared to that in the
case of QGSJET at logNe = 5.5–5.7. Therefore the present result with
QGSJET gives the ‘‘lower limit” of hlnAi. The other origin of system-
atic uncertainties in the chemical composition is from the uncer-
tainty in the energy determination using the Ne. The uncertainty
in the energy determination, which includes the difference of
EAS development and that of fluctuation, depend on species of pri-
mary particles and their primary energies. For example, the energy
estimations for protons have larger uncertainties than those for
heavier nuclei, because the developments of EASs induced by
proton have larger fluctuations. Therefore, a part of the protons
of lower energies (i.e. of higher intensity) affect the chemical com-
position at higher energies (i.e. of lower intensity). From this effect,
the chemical composition must be estimated lighter than nature
systematically. Moreover if the proton energies are overestimated,
this systematic effect will be more significant. In this work the
effect on the chemical composition is compensated using function
(5). The degrees of the effect on hlnAi are less than 0.6 below the
energy 1015 eV. Above 1015.5 eV the error caused by this effect
become smaller (less than 0.1), because the relations between Ne

and primary energies and their fluctuations for different species
are almost same above this energy (see Fig. 3). We conclude that
the present result below 1015.5 eV is compensated using function
(5) and above this energy is robust for the uncertainties.

For the origins of cosmic rays with energies up to 1014 eV, the
diffusive shock accelerations in supernova blast waves in the Gal-
axy are extensively discussed. On the other hand, for cosmic rays of
above 1014 eV, their origins and acceleration mechanisms are still
unknown. At the knee one of the most important problems in cos-
mic ray studies is whether the cosmic ray origins are of galactic or
not. The energy spectrum of the species is continuous and the
change in the chemical composition is monotonically below and
above the knee [1]. The change can be explained in terms of a rigid-
ity dependence (e.g. [1]) without supposing contributions by extra-
galactic components.

In addition, it is predicted that the composition of extra-galactic
cosmic rays are dominated by protons, because of nuclear spalla-
tion in their propagation process and easiness of leakage from their
parent galaxy. However, the light components are not dominant at
the knee from our results. Therefore, the contribution of extra-
galactic cosmic rays is considered to be small at the knee.

What kind of objects in the Galaxy do accelerate cosmic rays
above 1015 eV? Ellison [27] pointed out that in the Galaxy few
supernova remnants with a high magnetic field can accelerate nu-
clei to energies above 1015 eV. If most SNRs are incapable of accel-
erating cosmic rays to such high energies, we need to consider the
other acceleration mechanisms and/or sites such as the re-acceler-
ation mechanism at the termination shocks of galactic winds [28]
and the shock accelerations with supernova explosions of massive
stars with strong stellar winds [3], etc.

The knee in the energy spectrum can be explained in terms of a
rigidity dependence (e.g. [1]). From our previous paper [1] the en-
ergy spectrum of each of the species shows a bend at the fixed
rigidity at 1014.5 V. It was pointed out that the position of a cut-
off in cosmic ray spectrum in terms of rigidity depends on some
mechanisms, e.g. a decrease of the acceleration efficiency or an in-
crease of the escape probability from the acceleration site or the
Galaxy (e.g. [2]). It is difficult to give a conclusion of the rigidity
dependence from our results. To solve this problem we need an
experiment such that primary particle type can be identified
event-by-event. Above 1015 eV, it is possible from a high density
measurement of lateral density distributions of atmospheric
C�erenkov photons. Event-by-event analysis also needs a small bias
for the primary energy estimation. At our altitude, Ne can be useful
for that, because of small systematic differences of observed Ne be-
tween species, and the same order of fluctuations and determina-
tion accuracies (Fig. 3).

6. Conclusions

We have measured the lateral density distributions of atmo-
spheric C�erenkov photons associated with EASs at Mt. Chacaltaya
to study the chemical composition of the primary cosmic rays.
We have obtained hlnAi in the range from 1014 to 1016 eV. The
present result is consistent with the direct measurement by JACEE
and RUNJOB within the experimental errors, and also consistent
with the previous BASJE results [1,8]. Our result shows that the val-
ues of hlnAi are higher than the logarithmic mass number for car-
bon and the proton component is no more dominant at the knee.

Acknowledgements

We would like to thank all the staffs of Instituto de Investi-
gaciones Fisicas, Universidad Mayor de San Andres for their daily
support to our experiment. We also wish to acknowledge helpful
support by the staffs of Institute for Cosmic Ray Research, Uni-
versity of Tokyo. From the Ministry of Education, Culture, Sports,
Science and Technology of Japan, this work was supported by a
grant-in-aid for Scientific Research, and HT was supported by
the 21st Century COE Program at Tokyo Tech ‘‘Nanometer-Scale
Quantum Physics”.

References

[1] S. Ogio et al., Astrophys. J. 612 (2004) 268.
[2] B. Peters, Nuovo Cimento 14 (1961) 436.
[3] P.L. Biermann, Astron. Astrophys. 271 (1993) 649.
[4] A.D. Erlykin, A.W. Wolfendale, J. Phys. G 23 (1997) 979.
[5] K. Kobayakawa et al., Phys. Rev. D 66 (2002) 083004.
[6] Y. Takahashi et al., Nucl. Phys. B (Proc. Suppl.) 60B (1998) 83.
[7] A.V. Apanasenko et al., Astropart. Phys. 16 (2001) 13.
[8] Y. Shirasaki et al., Astropart. Phys. 15 (2001) 357.
[9] J.W. Fowler et al., Astropart. Phys. 15 (2001) 49.

[10] S.P. Swordy, D.B. Kieda, Astropart. Phys. 13 (2000) 137.
[11] T. Antoni et al., Astropart. Phys. 16 (2002) 245.
[12] F. Kakimoto et al., Nucl. Inst. Meth. A373 (1996) 282.
[13] D. Heck et al., Report FZKA 6019, Forschungszentrum Karlsruhe, 1998.
[14] N.N. Kalmykov, S.S. Ostapchenko, Yad. Fiz. 56 (1993) 105.
[15] M. Kobayashi et al., Nucl. Inst. Meth. A337 (1994) 355.
[16] C. Rozsa et al., IEEE NSS, 1999.
[17] J.R. Patterson, A.M. Hillas, J. Phys. G: Nucl. Phys. 9 (1983) 1433.
[18] D. Heck, J. Knapp, Report FZKA 6097, Forschungszentrum Karlsruhe, 1998.
[19] M. Aglietta et al., Astropart. Phys. 20 (2004) 641.
[20] F. Arqueros et al., Astron. Astrophys. 359 (2000) 682.
[21] K. Bernlöhr et al., Astropart. Phys. 8 (1998) 253.
[22] M.A.K. Glasmacher et al., Astropart. Phys. 10 (1999) 291.
[23] J. Huang et al., Astropart. Phys. 18 (2003) 637.
[24] M. Amenomori et al., Phys. Lett. B 632 (2006) 58.
[25] D. Heck, in: Proceedings of the International Cosmic Ray Conference, 2001, p.

233.
[26] S. Ostapchenko, D. Heck, in: Proceedings of the International Cosmic Ray

Conference, 2005, p. 135.
[27] D.C. Ellison, Space Sci. Rev. 99 (2001) 305.
[28] J.R. Jokipii, G.E. Morfill, Astrophys. J. 290 (1985) L1.


	The cosmic ray primary composition at the knee region from lateral distributions of atmospheric {\curr C}^{\hskip-3\breve}\, !Cbreve erenkov photons in extensive air showers
	Introduction
	Experiment
	The MAS array
	Atmospheric {\curr C}^{\hskip-2\breve}\,erenkov photon detector
	Observation

	Atmospheric {\curr C}^{\hskip-2\breve}\,erenkov photon Simulation
	Analysis
	Discussion
	Conclusions
	AcknowledgementAcknowledgements
	References


