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Abstract

The energy spectrum of cosmic rays with primary energies between 1014 eV and 1016 eV has been studied with the CASA-
MIA air shower array. The measured differential energy spectrum is a power law (dj/dE ∝ E−γ) with spectral indices γ
of 2.66± 0.02 below approximately 1015 eV and 3.00± 0.05 above. A new method is used for measuring primary energy
derived from ground-based data in a compositionally insensitive way. In contrast with some previous reports, the “knee” of
the energy spectrum does not appear sharp, but rather a smooth transition over energies from 1015 eV to 3.0× 1015 eV. c©
1999 Elsevier Science B.V.

1. Introduction

Over 80 years after the initial discovery of cos-
mic rays, their source and acceleration mechanism are
still not fully understood. Currently, supernovae are
the most favored candidate sources for lower energy
cosmic rays. The upper limit of acceleration expected
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from supernovae, however, is in the range of 1014 to
1015 eV in most models. Cosmic rays have been ob-
served with energies much higher than this 1 up to
over 1020 eV. Clearly, supernova acceleration, at least
as it is currently understood, cannot be used to explain
the entire range of cosmic ray energies.

The energy spectrum of cosmic rays can be a very
useful tool for probing their origin and acceleration
mechanism. Existing models make predictions about
the cosmic ray spectrum which can be compared to
observations. The spectrum has been previously ob-
served by many ground-based experiments to resem-
ble two power laws, having a form dj/dE ∝ E−γ,
with γ = 2.7 below about 1015.5 eV, and then steepen-
ing to γ = 3.1 above this energy [1]. The change in
the spectrum at around 1015.5 eV, called the spectral
“knee”, occurs near the maximum energy attainable
from supernova acceleration, inviting the suggestion
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that the break is related to this limit. Another possibil-
ity is that the “knee” is formed as cosmic rays attain
enough energy to escape the Galaxy. Again, a bend
in the spectrum is expected, at an energy determined
by the strength and geometry of the Galactic mag-
netic field. The energy is coincidentally quite simi-
lar to the maximum energy available from supernovae
shock wave acceleration.

One difficulty with the models, however, is that
they do not well reproduce the experimentally ob-
served knee, which appears to be rather abrupt, i.e.,
the change in the spectral index occurs over a small
range of energies. The knee was first reported as an
anomaly in the spectrum of electron sizes of air show-
ers by the Moscow group [2]. Since that result, there
have been many confirmations of the effect, both in
the electron size spectrum and in the energy spectrum.
The most recent experimental results have been well
summarized by Watson [3]; eight of nine experiments
report a rather sudden spectral steepening in the range
216× 1015 eV, with only the Tibet Air Shower Array
exhibiting a smooth transition in this energy range [4].

Ground-based experiments typically infer the en-
ergy spectrum in one of two ways. In one method,
electron sizes are measured and then the energy
spectrum is calculated from a simulation-based cor-
respondence formula. Another technique uses optical
measurements of Čerenkov or fluorescence light from
showers, providing a more calorimetric determination
of the energy. The latter method is presumed to be
more insensitive to assumptions about the primary
composition. The electron size-energy technique must
assume some specific mixture of primary nuclei in
the calculation. If the assumed composition is taken
as unchanging, then the shape of the energy spectrum
will be identical to that of the measured electron size
spectrum. The work reported here uses a new com-
bination of electron and muon sizes which will be
shown to be insensitive to the type of primary particle.

A sharp spectral change in the primary energy
spectrum is difficult to produce with most cosmic ray
models. Some have proposed that detector effects may
be responsible for the observed sharpness of the knee,
or perhaps cause it entirely. The Akeno group has
published a very sharp knee feature [5], but have re-
cently discussed systematic trigger and reconstruction
effects which may influence the observation [6]. Sev-
eral large ground-array experiments (EAS-TOP [7],

KASCADE [8], and HEGRA [9]) have recently
given energy spectra measurements with intensities
which are in reasonably good agreement with the
Tibet experiment, except for knee features which are
sharper to varying degrees. Note that the Tibet group
uses a technique which, while measuring shower par-
ticles at the ground, is nevertheless fairly insensitive
to the nuclear composition of the primary cosmic
rays, as will be further discussed below. HEGRA, us-
ing optical measurements, reports a fairly sharp knee
in two separate analyses, but these two results are not
entirely in agreement with each other [3].

It will be shown here that the CASA-MIA detector
also observes a cosmic ray energy spectrum with a
smooth knee, while recording a size spectrum with a
sharper spectral change. This suggests compositional
and detector effects which may have been the cause
of the sharp knee observed in other experiments. In
the present CASA-MIA results, the energy has been
derived in a compositionally insensitive way, and is
therefore free of the biases present in many previous
measurements.

2. The CASA-MIA detector

The CASA-MIA detector (more thoroughly de-
scribed elsewhere [10]) is a ground-based array of
1089 surface particle detectors (CASA) and 1024
underground muon detectors (MIA) located at the
Dugway Proving Grounds southwest of Salt Lake
City, Utah. The mean atmospheric overburden is
870 g cm−2. The layout is shown in Fig. 1.

The squares in Fig. 1 represent the CASA detec-
tor stations. Each station contains four counters, each
of which consists of a two inch diameter photomulti-
plier tube glued to a square sheet of acrylic scintilla-
tor 61 cm on a side and 1.5 cm thick, wrapped in a
black plastic tray. Each station has a thin (1 radiation
length) lead sheet on its top, which converts some of
the photons in the air shower, resulting in a net in-
crease of the scintillator signal.

The CASA stations are spaced 15 m apart on a
square grid and connected to each of their four neigh-
bors by timing cables. The array triggers when any
three stations report at least three hit counters each.
Stations with two or more counters reporting hits are
“alerted” and digitize and store their data.
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Fig. 1. The layout of the CASA-MIA array. CASA is on the
surface, and MIA is buried 3 meters underground. The CASA
stations are 15 meters apart.

The MIA counters are arranged in 16 patches, each
of which contains 64 individual counters. Each counter
is a 1.6 m by 1.9 m sheet of acrylic scintillator viewed
by one 5 inch diameter photomultiplier tube. The MIA
patches are buried 3 meters underground and so reg-
ister muons with energies exceeding about 750 MeV
at the surface. Electromagnetic punch-through to the
muon counters is negligible in comparison to the muon
signal.

The data acquired are processed through a series
of fits to determine the direction, core location, “elec-
tron size” (Ne∗) and muon size (Nµ), among other
quantities, of the shower. The subscript “e*” is used
here to emphasize that, strictly speaking, the quantity
Ne∗ does not simply represent the number of electrons
above some threshold energy, but includes a fraction of
shower photons and positrons as well (see Section 6).
The sizes are obtained by fitting either an Nishimura1
Kamata1Greisen (NKG) [11] function (for surface
data) or a Greisen function [12] (for underground
data) to the observed particle densities as they dimin-
ish with distance from the shower core.

Descriptions of the detector, its calibrations, and the
standard fits have been previously published [10].

3. Data

Several strict selection cuts are employed in the
present analysis to ensure the integrity of the data.
First, for vertical spectra, no events were accepted
which arrived more than 14◦ from the zenith. (Specif-
ically, the cut requires that cosθ > 0.97; spectra at
angles other than vertical are examined separately, in
bins of equal cosine of the zenith angle.) This an-
gular range corresponds to a systematic deviation in
shower size of about 3% between showers of a given
energy arriving from vertical and those at the max-
imum zenith angle allowed (14◦). Second, to avoid
the effects of the edge of the array, only events which
fall within a square 300 m on a side, centered in the
array, are used. Third, events for which any one of the
fitting routines (core location, direction, size) failed
are rejected as well.

After these cuts are performed, 54 million events re-
main for use in studying the vertical spectrum. These
represent a live-time equivalent to 342 days of contin-
uous running.

4. Simulation

An air shower simulation is necessary to connect the
measurements of air shower properties at the ground
with the properties of the initiating cosmic ray primary.
The MOCCA [13] shower simulation program, using
the SIBYLL [14] hadron interaction codes, was cho-
sen here for this purpose. AnE−1 differential spectrum
of over one thousand iron and one thousand proton
showers of energies between 1013 and 1016.5 eV was
generated. To conserve computing time, the algorithm
employs a technique called thinning, where air shower
particles are only selectively tracked when their ener-
gies are below 10 GeV (100 GeV), in showers whose
primary energy was less than (greater than) 1016 eV.

The simulated air shower particles are then pro-
cessed through a simulated detector to account for the
effects of particle detection, the array trigger, and the
electronics. The detector simulation followed the par-
ticles in as much detail as possible 1 statistically cov-
ering the steps from the deposit of energy in the scintil-
lator to the generation of a signal from the photomul-
tiplier, including time slewing. After running through
the detector calibration and triggering procedures, the
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Fig. 2. Comparisons of the distributions of surface and underground particles for the simulation (◦ 1 protons, M 1 iron) to data (•).
These distributions for showers with more than 60 and less than 200 alerts are averaged. The simulation showers are weighted to correct
their flat spectrum to the observed cosmic ray spectrum.

simulated showers closely resembled real data show-
ers, enabling the use of the same set of reconstruction
codes that are used on actual data. The resulting core
location, shower direction, and shower sizes are then
retained for further analysis.

Fig. 2 compares the electron and muon lateral dis-
tributions obtained from the data to those from the
simulated iron and proton showers. In both cases, the
data lie between the “extremes” of iron and protons,
giving confidence that the simulation is accurately rep-
resenting the data. Many other comparisons have been
made which show good agreement between the data
and simulation [15], including examination of quanti-
ties such as the arrival times of particles at the ground,
the shape of the shower front, and the distributions of
alerted and triggered surface stations.

5. Energy determination

The sensitivity of measurements of electron size at
the ground to the nuclear species of the primary cos-
mic ray has been a potential problem for previous
composition measurements. However, using the muon
information available from CASA-MIA, a good mea-
surement of the energy which is not dependent on the
underlying nuclear composition can be obtained.

The bulk of the energy of the primary cosmic ray is

dissipated through ionization losses of the particles in
the resulting air shower. This energy loss is roughly
proportional to the primary energy. The remaining en-
ergy (also proportional to the primary energy) reaches
the ground in the form of kinetic energy of individ-
ual particles, divided mainly between the electromag-
netic portion (electrons, positrons, and photons) and
the muons and neutrinos from hadronic interactions.
CASA-MIA measures a significant portion of this en-
ergy, missing only the neutrinos.

It might be expected that a suitable combination of
the number of muons and the number of electrons at
ground level will give a quantity that is simply related
to the primary energy and independent of the type
of primary particle. The number of muons in show-
ers from heavy nuclei is greater than that from proton
showers (at the same primary energy), but the num-
ber of electrons is less. The latter effect is due both
to less of the shower energy flowing into electromag-
netic channels as well as more rapid attenuation of the
electron and photon numbers with depth after shower
maximum. The shower maximum is higher in the at-
mosphere for heavy primaries.

Fig. 3 shows the empirically determined optimal
value of the energy parameterization (Ne∗+60×Nµ)
as a function of energy, for two sets of vertical sim-
ulation showers, one purely protons and the other all
iron.Ne∗ andNµ are obtained from the standard fits of
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Fig. 3. The energy parameter log10(Ne∗+ 60×Nµ) as a function
of energy for protons (◦) and iron (N). The two species are
almost indistinguishable as desired for an energy parameterization.
Over 900 proton and 900 iron vertical showers are included.

events (described in the next section as well as [10]).
This parameterization is logarithmically linear with
energy and insensitive to the primary particle type. The
factor of 60 multiplying Nµ in this expression gives
the most compositional insensitivity, though anything
between about 55 and 65 would yield good results too.
The best value increases slightly with zenith angle,
reaching about 65 for a zenith angle of 45 degrees.
As an illustration, Fig. 4 shows the best expression at
a larger zenith angle (Ne∗ + 64 × Nµ), for data at
cos θ = 0.80. Again, the parameterization is logarith-
mically linear with E and independent of composition.
Similar relations are found to hold at all zenith angles
to 45◦.

The relative weighting of Nµ and Ne∗ suggests
that the above parameterization is closely related to
the total particle kinetic energy arriving at ground
level. A typical muon energy at the ground is about
1 GeV, while electrons and photons are usually less
than 20 MeV, due to their more significant energy
losses from scattering in the air.

This method of energy determination yields system-
atic differences between the iron and proton energy
assignments of less than 5%. The average absolute val-
ues of the energy reconstruction errors decreases from

Fig. 4. Energy parameterization as in Fig. 3, except here for
inclined showers (cos θ = 0.8). The relation varies slightly with
zenith angle (here, log 10(Ne∗ + 64×Nµ) is best), but remains
insensitive to composition.

about 25% near 1014 eV to about 16% above 1015 eV.
Such compositional insensitivity is crucial to pro-

ducing an accurate energy spectrum. That is, if the
composition changes in some energy region of inter-
est, then the relationship between measured electron
size and inferred energy will also change. Without an
independent means of assessing the composition, an
energy spectrum determined fromNe∗ alone is subject
to (unknown) systematic shifts. The weighted combi-
nation of Ne∗ and Nµ is a robust way of determining
the energy without these systematic uncertainties.

6. The size spectrum

As a first step in assembling the cosmic ray energy
spectrum from CASA-MIA data, size spectra are ex-
amined. The electron size related parameterNe∗ is de-
rived from the normalization of the fitted lateral dis-
tribution function of observed particle densities in the
surface array. As such, Ne∗ has no dependence on
models or simulations. Similar remarks pertain to the
measured muon sizeNµ. The fits are described in more
detail in [10], and are shown to be well behaved for
the purposes of generating a spectrum in [15].
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Fig. 5. The vertical cosmic ray Ne∗ spectrum from CASA-MIA.
The error bars are statistical. Hatched regions are those in which
the data are not reliable. The spectrum is a double power law
(dj/dNe∗) ∝ N−γe∗ with spectral indices of 1.69±0.02 below the
knee, and 2.12± 0.05 above (dashed lines). The knee is clearly
visible around 105.8 particles.

It is problematic to attempt to equate Ne∗ precisely
to the number of electrons above some energy thresh-
old in an air shower. Ne∗ actually represents a combi-
nation of electrons, positrons, and photons at ground
level, owing to the thin lead sheets atop the CASA
counters. The photon detection efficiency is small, but
their numbers are abundant, so they contribute signif-
icantly to the signal. Thus, this size in not exactly the
“proper” electron size, and it is prudent to use caution
when comparing Ne∗ to size measurements reported
by other experiments. Nevertheless, it is seen from
simulation studies that Ne∗ is a robust fitted quantity
which is approximately equal to the number of shower
electrons above a few MeV.

Fig. 5 shows the vertical Ne∗ spectrum measured
with CASA-MIA. Only events which arrived from
within 14◦ of the zenith and within 150 m of the cen-
ter of the array are included. The detector is seen to
reach full efficiency around 104.6 particles. Values of
Ne∗ larger than 106.6 particles are potentially prone
to reconstruction error as the events begin to extend
beyond the edge of the array, even if their cores are
at the very center. In such large events, significant
numbers of CASA stations may also become individ-

ually saturated. For these reasons, events whose fits
result in sizes below full efficiency (Ne∗ < 104.6 par-
ticles) or above saturation (106.6 particles), denoted
by the “hatched” region of Fig. 5, are not included in
this analysis. This spectrum represents over 54 mil-
lion events, over 12 million of which are in the ac-
ceptable region of Ne∗. Of those rejected, about 2700
were above the upper cutoff point.

The differential Ne∗ spectrum in Fig. 5 appears as
two power laws, each of the form

dN

d logNe∗
∝ Ne∗

−γ , (1)

with a spectral transition at a size of aboutNe∗ = 105.8

particles. The spectral index γ is 1.69± 0.02 for sizes
smaller than this, and 2.12 ± 0.05 for larger sizes.
The dashed lines in Fig. 5 are the best fit power law
equations (which are primarily visible here as they
extend beyond the fitted points).

A good test of whether the observed knee of the
spectrum is actually a characteristic of the underly-
ing energy spectrum or, perhaps, a detector effect is
to examine the Ne∗ spectrum at different zenith an-
gles. Showers at different zenith angles have passed
through different amounts of atmosphere, and thus are
at different locations along their longitudinal devel-
opment when measured at the ground. At some given
primary energy, a shower from a larger zenith angle
will have passed through more atmosphere and there-
fore will be diminished in size when compared to a
similar shower which arrived from the vertical. If a
feature in the size spectrum appears at the same size
regardless of zenith angle, then it is likely a detector
effect (such as an error in the size fitting routines) and
is not necessarily indicative of a corresponding feature
in the energy spectrum. On the other hand, a feature
in the size spectrum which does move to smaller sizes
with increasing zenith angle suggests that it may be a
feature in the energy spectrum, though certain detec-
tor effects could mimic this as well.

Fig. 6 shows Ne∗ spectra at several angles from
CASA-MIA data. The points shown overlaying the
data are given to indicate the location of a spectral
change. They are derived from fitting the data to two
power laws, each with a distinct spectral index, joined
at the position shown by the point. The fit was per-
formed such that the location of the spectral break,
as well as the normalizations and slopes of the two
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Fig. 6. The cosmic ray Ne∗ spectrum at various angles. To better
display the knee, the spectrum was multiplied by N2.5

e∗ . Labels
indicate the range of zenith angles from which showers were
accepted for each histogram. Points show the location of the knee
from double power law fits.

power laws on either side of it, were all simultane-
ously allowed to vary until a best fit was found. The
displayed points are thus accurately reflecting the lo-
cation of the break (or “knee”), which is seen to move
to smaller Ne∗ with increasing zenith angle. The indi-
cated change-points are useful for comparison to one
another, but are systematically slightly different from
change-points derived from other types of spectral fits
(e.g., in the fits shown later in Fig. 10).

Detector or fitting systematics such as edge effects
or systematic errors in reconstruction could possibly
introduce a knee feature in the Ne∗ spectrum or cause
the observed movement of the knee with zenith an-
gle. Extensive studies have been performed to rule out
these possibilities [15]. The intensity and shape of the
spectrum are insensitive to the core-cut used in data
selection. The largest showers studied are neither sat-
urating the detector nor extending beyond its bound-
aries in a way to produce misfits of shower size.

Fig. 7 exhibits the r.m.s. spread in the reconstructed
value of log10(Ne∗) as a function of energy for simu-
lated iron and proton events. This spread includes re-
construction errors and the intrinsic size fluctuation of
the events. The combination of both sources of uncer-
tainty is necessary to assess their potential influence
on the shape of the size spectrum. The variance de-
creases smoothly with energy, showing no systematic

Fig. 7. The r.m.s. spread in reconstructed log10 Ne∗, from simulated
iron (N) and proton (◦) showers. This spread includes both
intrinsic size fluctuations and reconstruction errors. The accuracy
improves with energy and displays no unusual systematic effects
related to composition. The relative size error, estimated the graph
(see text), is less than 25% in the vicinity of the knee.

anomalies in the knee region. No significant composi-
tion dependence is apparent. The magnitude of the er-
rors are insufficient to cause a sharp change in the size
spectrum [15]. Similar remarks apply to the muon re-
construction; studies of the net error in energy recon-
struction are described in the next section.

The relative size uncertainty can be estimated from
Fig. 7 by multiplying by 2.30. For example, near
1015 eV, the spread is about 10%, corresponding to
DNe∗/Ne∗ ≈23%. A significant portion of this is due
to intrinsic fluctuations.

In summary, the change in the slope of the size
spectrum is not due to detector effects or systematic
errors. Its change with zenith angle is strong simula-
tion independent evidence that the observed knee is a
feature of the parent energy spectrum.

7. The energy spectrum

Using the energy relationship derived in Section 5,
Fig. 8 shows the energy spectrum for vertical cosmic
ray showers. Table 1 contains several values from this
histogram. As in the previous section, a core cut of



298 M.A.K. Glasmacher et al. / Astroparticle Physics 10 (1999) 2911302

Table 1
Measured differential energy spectrum (vertical data)

log10(E,TeV) dj/dE × E (m−2 sec−1 sr−1)

2.2 (4.94± 0.02)× 10−5

2.3 (3.32± 0.02)× 10−5

2.4 (2.29± 0.01)× 10−5

2.5 (1.56± 0.01)× 10−5

2.6 (1.08± 0.01)× 10−5

2.7 (7.13± 0.07)× 10−6

2.8 (4.89± 0.06)× 10−6

2.9 (3.43± 0.05)× 10−6

3.0 (2.27± 0.04)× 10−6

3.1 (1.41± 0.03)× 10−6

3.2 (9.8± 0.3)× 10−7

3.3 (6.1± 0.2)× 10−7

3.4 (4.0± 0.2)× 10−7

3.5 (2.5± 0.1)× 10−7

3.6 (1.5± 0.1)× 10−7

3.7 (9.6± 0.8)× 10−8

3.8 (6.3± 0.7)× 10−8

3.9 (4.8± 0.6)× 10−8

4.0 (2.9± 0.4)× 10−8

Fig. 8. The vertical cosmic ray energy spectrum. The error bars
are statistical. Hatched areas are those in which the data may
be subject to detector effects. The spectrum is a double power
law (dj/d logE) ∝ E−γ with indices of 1.66 ± 0.02 below the
knee and 2.00 ± 0.05 above (dashed lines). The knee is clearly
visible around 103 TeV. (Error bars represent statistical errors only.
Systematic effects due to reconstruction errors are not shown.)

150 meters and a zenith angle cut of 14o are included.
Over 35 million events appear in the spectrum, with
over 4 million of these above full efficiency and be-
low whole detector saturation. (The hatched regions
in Fig. 8 denote energies below full efficiency or above
whole detector saturation which are not used in fur-
ther analysis. These constant energy cuts roughly cor-
respond to the location of the cuts in the Ne∗ spec-
trum.) Another 10 million events were assigned ener-
gies below 10 TeV and do not appear in the figure. The
total data examined for the vertical energy spectrum
is roughly equal to that of the vertical Ne∗ spectrum.
The fraction of events falling in the acceptable region
is lower than for the Ne∗ spectrum because of the de-
tector’s composition dependent threshold. A shower
from a light primary will generate more particles at
the ground than a shower from a heavier particle of
the same energy. So more low energy proton events
than iron showers will trigger the detector. The region
over which the detector is not fully efficient spreads
due to this compositional effect.

As was the case for the Ne∗ spectrum, the differ-
ential energy spectrum displays a knee feature, near
an energy of 1015 eV. The energy spectrum is seen to
have a power law form

dN

d logE
∝ E−γ , (2)

with spectral indices of 1.69 ± 0.02 below the knee
and 2.07± 0.05 above. These are denoted by dashed
lines in Fig. 8, which are mainly seen as they extend
beyond the fitted points. Correcting these numbers for
the systematics introduced by the combination of en-
ergy error, binning, and the steep spectrum gives in-
dices of 1.66 ± 0.02 and 2.00 ± 0.05 (see [15] for
details).

To further support the interpretation that the ob-
served bend is a feature of the energy spectrum, Fig. 9
shows the spectra for several different angles. To more
clearly show that the position of the knee does not
change with zenith angle, all spectra were multiplied
by E2.5 and an arbitrary factor to bring them out of
vertical alignment for display purposes. The circles
represent the location of the knee according to a dou-
ble power law fit as performed for the Ne∗ spectrum in
Fig. 6. Its location does not change significantly with
zenith angle.
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Fig. 9. The cosmic ray energy spectrum at various angles. In each
case, the number of events was multiplied by a factor to bring
the spectra out of vertical alignment so the behavior of the knee
can be seen. The location of the knee, represented by the circles,
is constant with zenith angle. (Error bars represent statistical
errors only. Systematic effects due to reconstruction errors are not
shown.)

The absolute intensity of the cosmic ray flux at
zenith angles other than vertical vary by less than 8%
from the values given in Table 1 in the knee region.
No systematic variation is seen with zenith angle.

As described in the previous section for the size
spectrum, systematic errors or detector effects are
ruled out as causing the knee itself. Moreover, stud-
ies have been carried out to investigate whether the
smoother steepening change of the energy spectrum
when compared to the size spectral knee could possi-
bly arise from such errors [15]. Among these studies
are the following: (i) The single-power-law relation,
nearly linear, between the energy parameter and pri-
mary energy (recall Figs. 3 and 4) shows no system-
atic shifts with energy. (ii) The energy spectrum’s
shape and intensity have no zenith angle dependence.
(iii) The error in energy reconstruction is mod-
est (see Section 5), is independent of composition
assumptions, and smoothly improves with energy.
Studies of artificially generated spectra smeared by
the measured resolution function do not significantly
alter the shape of those spectra.

Fig. 10. A closer look at the knee. The energy spectrum (top) does
not appear to have a single break, but a transition occurring over a
range of energies. The Ne∗ spectrum (bottom) has a sharper break.
(In the upper graph, dj/dE ∗ E2.5 is given in eV1.5/(m2 sec sr),
and in the lower, dj/dNe∗ , is given in arbitrary units.) Note that
the fits used here differ from those done for Fig. 6, so the location
of the intersection of the two power laws above differs slightly
from the indicated “break” points in Fig. 6.

8. The knee

With an accurate, compositionally independent all
particle spectrum, the question of the sharpness of
the knee of the cosmic ray energy spectrum observed
by previous experiments can be addressed. Fig. 10
shows a more detailed view of the knee in both the en-
ergy spectrum and the Ne∗ spectrum as measured by
CASA-MIA. The change in spectral index of the en-
ergy spectrum does not appear to be sharp, but rather to
undergo a transition over the range of energies 1015 eV
to 1015.4 eV. The Ne∗ spectrum, in contrast, undergoes
a sharper change.

The dashed lines in Fig. 10 show fits of single power
laws, done separately on data well above and well be-
low the knees in both the size and the energy plots.
Their intersections are shown only to help qualitatively
gauge the “sharpness” of the transition of the mea-
sured data spectra. Since these fits differ from those
described earlier (Sections 6 and 7; Figs. 6 and 9),
the intersections do not correspond to the break-points
given there.

Further understanding of the situation can be gained
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Fig. 11. The calculated energy spectrum compared to the spectrum
which would have resulted from computing energies based only
on Ne∗ and an assumed composition. (Shown for pure iron and
pure proton assumptions.)

from Fig. 11. The energy spectrum obtained from data
is shown, as well as dashed lines which represent the
energy spectrum which would have been obtained had
the energy been computed using Ne∗ only (i.e., using
no muon information). The relationship between Ne∗
and E is dependent on assumptions made about the
nuclear type of the primary, so two such curves are
shown, one assuming the particles are entirely pro-
tons, and the other for pure iron. Each of these curves
was obtained by converting the observed Ne∗ spec-
trum to an energy spectrum using formulae obtained
from studies of simulated events,

log10(E) = 1.03× log10(Ne∗)− 3.19 for protons,
(3)

log10(E) = 0.81× log10(Ne∗)− 1.56 for iron. (4)

The energy spectra converted from Ne∗ spectra are
only drawn over the ranges of energies which corre-
spond to reliable Ne∗ spectrum measurements. If cos-
mic rays were in fact purely protons, then our observed
spectrum should overlap the dashed curve labeled “p”;
if the data were all iron, its curve would coincide with
the “Fe” line. A mixed composition which does not
change with energy would lie between these curves
and have the same shape and slopes.

When viewed in this way in Fig. 11, the data sug-
gest a change of composition from light to heavy over
this energy range. The details are more thoroughly ad-
dressed in [15] and will be the topic of a forthcoming
paper [16]. A smooth rolling over of the energy spec-
trum can become a sharper break in the Ne∗ spectrum
if the composition is becoming heavier (with corre-
sponding smaller shower sizes). Indeed, this effect
could arise if the smooth energy knee in the observed
all-particle spectrum is the sum of several sharper
breaks found in the spectra of individual component
species. While supernova acceleration and galactic es-
cape models predict that higher mass species should
exhibit a spectral change or cutoff at higher energy
(proportional to their charge Z), these heavier species
would also register smaller shower sizes on the ground
than their equal energy but lower mass counterparts.
This would tend to allow various spectral breaks from
several nuclear species to more closely align in mea-
sured size, causing a much sharper break in the size
spectrum than observed in the energy spectrum.

The smoothness of the transition in the energy
spectrum seen here is in contrast with some previous
observations [1,3], for example those of the Akeno
group [5]. This is a very interesting result, as the
sharpness of the knee of the cosmic ray spectrum has
been a fundamental source of problems for theories
attempting to explain it. Moreover, the sharpness of
the Ne∗ spectrum’s knee measured by CASA-MIA is
evidence that the sharpness observed in some of the
previous energy spectrum measurements which were
derived from electron size could have originated in a
compositional change in this region.

9. Comparing with the Tibet Air Shower Array

The Tibet Air Shower Array group has also seen
a smooth knee in the energy spectrum [4]. The high
altitude of the Tibet array allows measurements near
shower maximum, where the size is less sensitive to
composition than at lower altitudes.

The spectrum as measured with the Tibet array [4]
and the Akeno array [5] are compared to the CASA-
MIA result in Fig. 12. Both the absolute intensity of
the flux and the location of the knee in the spectrum
appear to be slightly different. However, the majority
of the visually dramatic difference in the figure is at-
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Fig. 12. The CASA-MIA experiment compared to Tibet and Akeno.
The observed differences are likely due primarily to how each
experiment’s simulation assigns energies (see Fig. 13). The Tibet
and Akeno results are from [4] and [5], respectively.

tributable to the factor of E2.5 by which the spectra
are multiplied. This factor magnifies differences, in
particular those between the energies assigned by the
different experiments and their simulations. Fig. 13
shows the Tibet and Akeno spectra after their energy
scales are each modestly shifted down by 20% of their
reported values (i.e., δ logE = −0.11). Such a shift
in energy moves each curve both down and to the left
in the plot. The differences in the Tibet and Akeno
magnitudes between this figure and the previous one
are only due to the energy shift and related E2.5 fac-
tor. The agreement between CASA-MIA and these re-
sults is now much more obvious 1 the majority of the
discrepancy observed in Fig. 12 is possibly due to a
systematic difference between the simulations used in
each case to assign energy. Note also that the shape
of the energy spectra are unaffected by the uniform
energy shift.

The Tibet group used a different simulation from
that used in this work and applied it at a different
altitude. The required energy shift (20%) is relatively
small 1 about the size of the statistical uncertainty in
energy assignment due to shower fluctuations. These
differences could easily account for an energy shift of
this magnitude.

With the above energy shift, the entirely indepen-
dent Tibet and CASA-MIA results agree quite well.

Fig. 13. The CASA-MIA experiment compared to energy shifted
Tibet and Akeno results. The reported Tibet and Akeno results are
presented here after decreasing each data point’s energy by about
20%. The close agreement between CASA-MIA and Tibet as to
the shape of the knee is apparent. (Tibet and Akeno results are
from [4] and [5], respectively.)

CASA-MIA’s ability to reproduce the sharp break
when using a compositionally sensitive method of
examining the spectrum, and produce a smooth knee
when using a compositionally insensitive one (recall
Fig. 11), is evidence that compositional factors or de-
tector effects may have played a major, unaccounted
for role in previous measurements.

10. Conclusions

CASA-MIA observes a smooth spectral chance
(“knee”) in the cosmic ray primary energy spectrum,
a feature which does not arise from detector effects.
This spectrum is obtained using an energy recon-
struction algorithm which is insensitive to the type of
primary cosmic ray particle. Sharper spectral changes
would result from the use of algorithms which do
depend on assumptions about the nature of the pri-
maries. A comparison of spectra obtained in these
two ways suggests that the composition is becoming
heavier with energy. Both the shape of the energy
spectrum and the apparent composition change are
consistent with a supernova shock wave model of
cosmic ray acceleration with either the source turning
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off or with cosmic ray escape from the galaxy. While
the CASA-MIA results cannot distinguish between
these models, they can exclude models which predict
a sharp knee in the spectrum or a mass composition
which becomes lighter with energy through the knee.
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