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A Study of the Chemical Composition of Cosmlc Rays
Around 10'® eV

We compare the depth of maximum distribution of showers observed by the Fly’s
Eye detector to the results of detailed Monte Carlo calculations, including detector
efficiency and reconstruction errors. The comparison shows that the cosmic ray
composition in the region of 10'® eV is quite heavy. Nuclei of mass > 20 comprise
about 80% of the cosmic ray flux at ~5 x 10'7 eV. At higher energy we observe
a light (H + He) component, characterized by a relatively flat energy spectrum,
which is consistent with some models of acceleration of ultra-high energy cosmic
rays, and may signal the emergence of an extragalactic cosmic ray component.

1. INTRODUCTION

The energy range under consideration, around 10'® eV/nucleus,
lies in a smooth part of the cosmic ray spectrum, between its two
main features: “the knee” at ~5 X 10" eV, where the differential
spectrum steepens from E~27 to approximately E~3!, and “the
ankle” above 10! eV, where the spectrum may flatten again. The
common wisdom is that “the knee” marks the energy where gal-
actic sources of cosmic rays become less efficient in particle ac-
celeration, and that “the ankle” is due to extragalactic cosmic ray
flux. A measurement of the composition of the cosmic ray flux at
this energy could then be relevant both to the higher end of the
galactic component and the lower end of the extragalactic com-
ponent of the cosmic rays. It can contribute towards answering
some important astrophysical questions, such as the nature of the
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galactic sources of very high energy cosmic rays, the general struc-
ture and strength of galactic magnetic fields, and the power that
luminous extragalactic objects emit in the form of nuclei.

In the 10°-10"" eV energy range the composition of cosmic rays
is well measured and understood. It is dominated by H, He and
other light nuclei. The recent measurements'=> at higher energy,
which extend to 10" eV/nucleus,* show that the energy spectra of
medium and heavy nuclei are flatter than those of H and He and
the cosmic ray composition has changed significantly. Around 104
eV/nucleus the flux could be represented* as the sum of five com-
ponents (H, He, C-O, Ne-S, and Z > 17) that contribute ap-
proximately equally to the total particle flux, which becomes in-
creasingly heavy.

The derivation of the chemical composition at higher energy
from air shower data has failed to provide a consistent result. While
some types of experiments and analyses®~7 derive a proton dom-
inated composition, others®~!! see the continuation of the trend
toward heavier composition observed by direct experiments.

A heavier composition at higher energies is not unexpected since
the accepted acceleration model—diffusive shock acceleration'?!3—
has a maximum rigidity which implies a mass dependent maximum
energy E_... After the accelerator is exhausted for singly charged
H nuclei, only higher Z nuclei can be accelerated. Supernova blast
shocks in the interstellar medium, believed to be the source of the
bulk of cosmic rays, cannot accelerate particles to energies above
E..« ~ 10" eV x Z.'? The existence of cosmic rays above these
energies requires either a different class of acceleration sites or
reacceleration on a larger spatial scale. With a few notable
exceptions'*-'® mechanisms of cosmic ray sources at higher energies
also use rigidity dependent diffusive shock acceleration, which sug-
gests a second transition from light to heavy composition for this
new componerit.

In this paper we report on a measurement of cosmic ray com-
position through analysis of giant air showers detected by the Fly’s
Eye.!” In Section 2 we give a brief outline of the experimental

*We discuss here the cosmic ray flux in terms of energy/nucleus, since air showers
reflect the total energy of the cosmic ray nuclei.
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technique and the data analysis. In Section 3 we summarize the
experimental results on the cosmic ray composition around 10'%
eV/nucleus and then discuss their astrophysical implications and
evaluate parameters in different models of the cosmic ray origin
in Section 4.

2. EXPERIMENTAL TECHNIQUE AND DATA ANALYSIS

An air shower commences when a high energy cosmic ray particle
interacts inelastically in the atmosphere and produces multiple
secondary hadrons. A cascade develops and reaches its maximum
size (number of charged particles) at an energy-dependent atmo-
spheric depth X, * In(Ey/A). The cascade then attenuates as
particles stop due to ionization energy loss. For primary nuclei of
energy 10'® eV the number of charged particles at shower maxi-
mum, most of them electrons, is close to 10°. The sensitivity of
the shower development to the cosmic ray composition comes from
the different rates of energy dissipation in showers initiated by
primaries of different mass. Showers generated by heavy nuclei
develop faster and reach X,,,, at shallower atmosphéric depths.
At 10'® eV, the average X, for proton showers is about 100
g/cm? larger than for iron showers. |

Unlike other shower experiments, which study the air shower
characteristics only at the Earth’s surface, the Fly’s Eye observes
the longitudinal development of the air showers. The charged shower

“particles excite the nitrogen atoms in the atmosphere and cause

fluorescence emission of approximately 4 photons per meter per
electron. The light is observed at the ground by multiple mirror/
photomultiplier systems at two locations separated by 3.4 km. A
geometrical reconstruction then determines the amount of light
emitted at different atmospheric depths along the shower trajec-
tory, which is a measure of the number of charged particles at
those depths. The integral of shower size with respect to atmo-
spheric depth is proportional to the primary energy E,, as is Ny,
the number of shower particles at X,,,,. Thus both X, ,, and E,
are measured in a direct ‘way which is not possible for a ground
array. In contrast to the showers’ Cherenkov radiation, the scin-
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tillation light is emitted isotropically, allowing very remote detec-
tion of showers over areas of hundreds of square kilometers.

The current Fly’s Eye configuration consists of Fly’s Eye I with
67 mirrors and a total of 880 phototubes and Fly’s Eye II with 36
mirrors and 464 phototubes. A technical description of the detector
is given in Ref. 18.

The idea of the data analysis is to simulate showers generated
by primaries of different mass with an £~ energy spectrum, “trig-
ger” the detector with the simulated showers in Monte Carlo fash-
ion, reconstruct the simulated showers with the same algorithm
used to treat the experimental events, and then fit the experimen-
tally observed X,,,, distribution with some combination of the
simulated sets. The best fit shows the cosmic ray composition.

Technically the Monte Carlo simulation is divided into two parts:
a shower Monte Carlo and a detector Monte Carlo. The shower
Monte Carlo implements the high energy physics input, simulates
the shower development in the atmosphere and calculates the num-
ber of charged particles in individual showers as a function of the
atmospheric depth. Since there are no accelerator measurements
at the energies involved (which in the cénter of mass of the inter-
acting nuclei are near those of the SSC) the particle physics input
is determined by the interpretation of measurements at lower en-
ergy and their extrapolation. For the purposes of this work we
have used three different particle physics models tuned to repro-
duce equally well the main observed features of high energy had-
ronic interactions. These are the statistical model,'® a QCD Pom-
eron model,?® and the QCD mini-jet model.?!

The detector Monte Carlo simulates the triggering conditions
and the detector response. It uses showers created by the shower
Monte Carlo as input. In the shower Monte Carlo, each shower
is assigned a random direction, zenith angle and impact distance
to the detector. The amount of light is calculated as a function of
the atmospheric depth as a sum of the nitrogen fluorescence and
direct and scattered Cherenkov radiation. Solid angle effects and
light extinction due to atmospheric Rayleigh and aerosol scattering
are taken into account. The optical and electronic characteristics
of the detectors are modeled to calculate the photoelectron pulse
in each phototube. The output consists of a list of triggered pho-
totubes with their timing and amplitude information, exactly like
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data from real events. This output is finally analyzed using the
standard analysis technique!’ to generate a sample of simulated
events corrected for the triggering efficiency, acceptance and re-
construction resolution of the detector.

The set of Monte Carlo programs was used to study the sensi-
tivity of the data analysis to different assumptions used in the
reconstruction program, and of the final results to different particle
physics input. A full description of the data analysis technique is
given in Cassiday ef al.'” and Gaisser et al.?* In the latter paper
we examine the uncertainties possibly introduced by different stages
of the simulation and data analysis algorithms and we discuss in
more detail the different models of hadronic interactions we have
used. The estimated experimental systematic shift in X, is not
more than 20 g/cm? and the estimated systematic shift in the Monte
Carlo predictions is 10 g/cm?. As in Ref. 22, the Monte Carlo
predictions have been shifted by —25 g/cm?, since otherwise even
iron nuclei could not account for the early rise of the experimental

X, distribution. This shift is consistent with the systematic un-
certainty and does not change the qualitative conclusions on the
composition of cosmic rays. The current detector resolution in X,
is =45 g/cm?. Since the expected separation in X, between H.
and Fe is ~ 100 g/cm?, our present results should be considered
preliminary, and should be confirmed by a higher resolution de-
tector such as the High Resolution Fly’s Eye.** The derived cosmic
ray composition is, however, extremely interesting and may have
broad astrophysical implications, which we discuss below.

3. EXPERIMENTAL RESULTS

The data set used in this analysis consists of 2529 showers of energy
above 3 x 107 eV collected in 2649.1 hours of observation between
November 1986 and June 1990. Only data in stereo (i.e., viewed
simultaneously by both FE I and FE II) are used. The experimental
cuts required good X,,,, reconstruction (relative error in X, less
than 12%), viewing angle between FE I and FE II greater than
20°, and small contamination by Cherenkov light.

The data set was divided into three groups of energy: 3—-5 X
10'7, 5-10 x 10! and >10'® eV. The composition fits were per-
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formed with a x*> minimization procedure using for each energy
set three sets of simulated showers, generated by H, C, and Fe
primaries. The Tesults of the fits are given in Table I for the KNP
particle interaction model, which gives the best overall fits. The
table also shows the preliminary all particle flux measured** by the
Fly’s Eye experiment and the x? values for fits with pure H, C and
Fe cosmic ray beams. Figure 1 shows the comparison of the fitted
Xmax distribution to the experimental one for showers of energy
greater than 10'® eV.

The calculations were done using H, C, and Fe components to
approximate the more complicated actual composition. This is jus-
tified by considering the experimental resolution in X, (45
g/cm?) and the fact that X, ,, varies slowly (approximately loga-
rithmically) with A, the atomic weight. Previous simulations® have
shown that H and He are not distinguishable at this energy, because
their cross sections for inelastic collisions in the atmosphere are
almost identical. Thus, the H component approximates the com-
bined effect of H and He. Similarly, elements in the vicinity of the
CNO group are approximated by the C component and heavier
elements are approximated by the Fe component.

The disagreement of the experimental data points with the as-
sumption of a pure composition is obvious from an inspection of
the reduced x? values in Table I. It is interesting to notice, though,
that the x? value for a pure proton composition is very strongly
energy dependent. The lowest x? is the one for pure C at E > 10'8
eV. At this energy the C component peaks in the X,,,, distribution
at the same depth as the data do, and the x* value reflects the
insufficient width of the distribution. The mixed composition fits
generally show a much better fit to the data, although they are
obviously worse in the lowest energy bin, which might be a re-
flection of less precise modeling of the detector close to its energy
threshold. The biggest contribution to the x? in this energy bin
comes from showers that appear to develop earlier than the cal-
culation for Fe.

Table I shows that the fitting program tends to neglect the C
group. This happens because the fits need the Fe fraction to de-
scribe the rising edge of the X ,, distribution and the H fraction
to describe its tail. The combined width of these two components
is enough to describe the experimental distribution without the C
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component which peaks between the other two components. When
we fix the Fe fraction at a suitable value, we obtain a 3-component
fit almost as good as the 2-component one. For the E > 108 eV
group, e.g., fixing the Fe component at 40% leads to a normalized
x? minimum of 1.19 near 20% C and 40% H, the same fraction
as the unrestricted fit yields. The comparison of these two fits
emphasizes the conclusion that while the H fraction of the cosmic
ray flux (plus an unknown contribution from He) is well measured,
the Fe fraction in Table I might include a wide range of heavier
nuclei, including some of the CNO group. Finally it should be
mentioned that the other particle physics models which were tested
require an even heavier composition in order to fit the data set.??

4. DISCUSSION AND CONCLUSIONS

Table I shows a cosmic ray chemical composition (assuming the
KNP model® of hadronic interactions), which is very heavy at
energy above 3 x 10'7 eV. It contains, however, an emerging light
component that grows to ~40% of the total flux above 10'® eV.
A separate analysis of the data also supports this conclusion. This
analysis involves the measured elongation rate L. Ly is the rate
of change of the average depth of maximum (X_,,,) with energy,
which should be close to constant at ~50 g/cm? per energy decade
for constant composition. The data shows instead Ly = 75 = 4
g/cm?, which is indicative of a composition that becomes lighter
at higher energy. We conclude, therefore, that the cosmic ray
composition is heavy at 3 x 107 eV and that the composition
becomes lighter at higher energies. It is interesting to test different
theoretical models against these conclusions.

The results of our analysis are clearly inconsistent with models
which predict very light composition for cosmic rays above the
“knee.” For example, they would constrain some of the models
of Protheroe and Szabo'® which predict a flux of pure hydrogen
generated by neutron leakage from active galactic nuclei. For their
model in which the acceleration rate is highest and the radiation
environment is most favorable for acceleration (curve a of Fig. 2
of Ref. 16) a proton flux could dominate from ~3 x 10" to ~10'8
eV, and this appears to be ruled out by the data.
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In a traditional®® cosmic ray composition model, where every
component goes throuzh a rigidity dependent spectral break with
Ay = 0.4 one can estimate the enrichment of the cosmic ray flux
with heavy nuclei. Assuming that all heavy nuclei are Fe and all
light nuclei H, the maximum enrichment possible after the spectral
break is 26°4 = 3.7. The observed ratio of the light (H + He) to
the heavy (A > 4) component decreases from 3/2 at GeV energies
to 1/4 at 3 x 10V eV, a change by a factor of 6. Our data does
not support models that explain the cosmic ray spectrum only with
a rigidity dependent escape from the galaxy, although the current
accuracy is not sufficient to rule them out completely.

Ip and Axford?” propose a reacceleration of the cosmic ray flux
at large scale galactic shocks (possibly groups of old supernova
remnants, or superbubbles). There is no sharp bend and the spec-
tral index changes cont:nuously until a maximum acceleration en-
ergy E...,. is reached. With the restriction that the proton gyro-
radius is smaller than 150 pc (to fit in the galactic disk) and an
average magnetic field strength of 6 nG, their calculation yields
an exponential cutoff for the maximum acceleration energy (E,,.)
for H of 3 x 10'7 eV, i.e., at the lowest energy bin of the Fly’s
Eye data. At this energy they estimate that the cosmic ray beam
is still dominated by hydrogen nuclei, which is inconsistent with
our results. Our data do not allow for proton E,,, greater than
~(2-3) x 10'® eV. At much lower energy the model of Ip and
Axford is also inconsistent with the direct measurements of JACEE*
that already show a decrease of the H component at 10'* eV.

Volk and Biermann®® have developed a model that accelerates
particles beyond 10'* x Z with blast shocks in the heavy and highly
magnetized presupernova wind of exploding Wolf Rayet stars. For
a magnetic field strengta of 3 G at a fiducial distance of 10'* cm
they obtain E_,, = 107 x Z eV. This number would also be
inconsistent with the results in Table I if the composition of the
Wolf Rayet wind were not very heavy. Another feature of the
same general model, developed recently in some detail by Bier-
mann,?® predicts both a rigidity dependent “bend” in the spectra

- of the accelerated nuclei (following from plasma physics consid-

erations), and a cutoff. The additional “bend” energy parameter,
limited by the theory only in order of magnitude to ~10* eV,
brings the prediction to qualitative agreement3” with our data.
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We can use the numbers in Table I* to evaluate the emerging
H flux. For dN,/d In E we find 5.3 = 1.8,2.4 £ 1.1,and 0.73 =+
0.07 x 107! per cm?.s.sr at E equal to 0.38, 0.63 and 1.41 EeV,
respectively. These numbers could be treated as an upper limit of
the extragalactic flux of H (and He) nuclei. They give an exponent
v = 2.5 = 3 for a differential power law spectrum of the light
cosmic ray component in the vicinity of 10'® eV, which is not
inconsistent (bearing in mind a small but not insignificant galactic
contribution) with a very flat (y = 2) spectrum for the extragalactic
component.

To emphasize this point we plot on Fig. 2 the three data points
on top of models of extragalactic cosmic rays accelerated in AGN
jets.*! The theoretical curves represent the sum of the contribution
of all AGN including evolution and propagation effects. The thin
lines represent spectra with yq; = 2.1, 2.5 and 2.8, consistent with
the experimental data. No additional renormalization of the the-
oretical model was performed. The model curves are in agreement
with the three data points. The maximum acceleration energy for
the three models is 3, 10 and 30 x 10*eV. This model also explains
why the extragalactic cosmic ray flux should be deficient in heavy
nuclei. The composition of the ultra-high energy cosmic rays re-
flects the composition of the intergalactic medium, where the abun-
dance of heavy nuclei is ~1/3 of the solar abundance.?' At very
high energies nuclei suffer photodisintegration on the microwave
background during propagation. The energy of 10!® eV is, how-
ever, too low*? for photodisintegration on the 3 K field.

All source injection spectra’! on Fig. 2 have vy = 2 and the
spectrum at earth is modified®3-** in interactions on the microwave
background during propagation. The cutoff at 5 X 10! eV (Gre-
isen—Zatsepin cutoff) is due to photoproduction interactions p +
v— A™. The interaction products cause the pile-up just below the
cutoff. The plateau above 10'® eV is caused by energy lossine*e™
pair production. The energy range of the Fly’s Eye is in the lower
end of this region, where the modification of the injection spectrum
is less significant. Although the predictions also depend on the

*The flux values in Table I are based (Ref. 24) on the preliminary results from
a high statistics sample of mono (i.e., only observed by FE I) showers.
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intergalactic diffusion coefficient, which determines the propaga-
tion time from the sources to the vicinity of the earth, our results
are still somewhat sensitive to the extragalactic source spectrum.

In summary, we have measured the chemical composition of the
cosmic rays at energies around 10'® eV. We observe a composition
rich in heavy nuclei in agreement with direct data at 10" eV and
with the conclusions from the analysis of some types of air shower
data.®-!! These composition results are consistent with models that
require a change of slope of the “knee” component at about =(2-
4) x 10" x Z eV. Higher values are allowed if the ‘knee”
component has an inherently heavy composition. We also detect
a light component, consisting of hydrogen and possibly helium
nuclei, which increases with energy to about 40% of the flux of
all particles above 10'® eV. This component has a distinctly dif-
ferent spectral index, much flatter than the shape of the all particle
cosmic ray spectrum, which may signal the emergence of an ex-
tragalactic cosmic ray component. The absolute value of this light
component is consistent with the model of Rachen and Biermann®*
for particle acceleration in AGN jets.
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