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Abstract: Chemical composition of is one the important unanswered questions in the field of ultra high energy
cosmic rays. Combined with flux and arrival direction measurements, chemical composition of UHECRs will
provide clues as to the origin and propagation of these rarest particles observed arriving at the Earth. In the ultra
high energy regime (1018 eV and above), chemical composition can not be directly measured due to the very
low flux. Large telescopes observing the calorimetric energy deposit by an UHECR air shower and large surface
arrays on the Earth’s surface measuring the footprint of the shower on the surface must be built to infer properties
of the primary particle which initiated the shower. Telescope Array combines both techniques, utilizing three
fluorescence detector stations and 507 scintillator surface detectors covering 750 km2. Combining information
from fluorescence and ground arrays in a hybrid measurement greatly constrains the timing and geometry of
UHECR events, providing a superior measurement of energy and arrival direction of the shower. The methods
used by Telescope Array to measure the composition of UHECRs using the hybrid technique will be presented at
the conference.
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1 Introduction
Because the physical processes that accelerate particles
and nuclei to the ultra high energy regime (∼ 1018 eV and
above) are not clearly understood, the arrival direction,
energy spectrum, and composition of ultra high energy
cosmic rays (UHECRs) are of keen interest in astrophysics.
The composition of UHECRs will influence their models
of origin and propagation which at this time can not fully
explain these issues. Understanding UHECR composition
can also help eliminate models of cosmic ray origin such
as those in which extra-galactic sources have an upper
bound to the energy to which they can accelerate particles
and nuclei or explain features such as the “ankle” and the
suppression of the spectrum above ∼ 1019.75 eV. See [1] for
a discussion of how composition affects UHECR models.

The flux of UHCERs is a steeply falling power law which
goes approximately as E−3, so at extremely high energies
direct detection of cosmic rays is not feasible. To measure
the particle species which initiate a cosmic ray extended air
shower (EAS) an indirect measurement technique utilizing
fluorescence detectors to observe the shower profile, in
particular the depth of shower maximum, Xmax, must be
employed.

For a given shower, the depth of shower maximum
depends upon the depth of first interaction (X0), which
decreases with log(E0), where E0 is the primary particle
energy, and the depth over which the shower cascade takes
to develop until the mean energy per secondary particle
falls below some critical energy at which collision losses
exceed radiative losses. Though all of the details needed
to completely model ultra high energy air showers are
not completely understood (cross sections, multiplicities,
etc.), [2] describes a simple branching model of air shower
development introduced by Heitler which reveals several
important characteristics of these air showers that can be
used to understand their chemical composition: Xmax is

proportional ln(E0) and the elongation rate, defined as
d〈Xmax〉/dlogE, which is the change in mean Xmaxwith the
logarithm of the primary particle energy, is constant for a
given primary particle species.

The Heitler model can be extended to showers initiated
by nuclei of any given atomic number A by invoking
the superposition principle. In this case we can treat the
shower as A primary showers each with initial energy E0/A.
Showers initiated by heavier nuclei develop faster (i.e., Xmax
will be smaller) and shower-to-shower fluctuations in their
development will be reduced by approximately 1/

√
A due

to averaging effects. This phenomena is only approximate
due to the statistical nature of nuclear fragmentation and
fluctuations in what depth the first inelastic interaction
among the fragments occurs for example. We therefore
expect the width of the distribution of Xmax to be sensitive
to the primary particle as well. The behavior of the shower
maximum for a primary particle of atomic number A can
then be described by

Xmax = α(lnE0− lnA)+β (1)

where α and β are constants independent of the primary
particle energy.

The distribution of Xmax observed in a given energy bin
is dependent upon the statistical fluctuations of shower de-
velopment (depth of first interaction and cascade develop-
ment) in the atmosphere as well as the resolution of the
detector. Using the Heitler model we expect a spectrum
composed of light particles (e.g., protons) to have larger
mean Xmax and a distribution width larger than that of a
heavier species (e.g., iron). Additionally if the composition
is unchanging over different energies the elongation rate
will remain constant.
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2 The Telescope Array Detector and hybrid
observations

The Telescope Array (TA) detector is the largest cosmic ray
observatory in the Northern Hemisphere and is described
in [3] and [4]. Located in Millard County, Utah, it is a
hybrid detector employing 507 surface detectors spread
over 750 km2 using scintillating material to detect charged
particles reaching the ground, and 38 fluorescence detecting
telescopes which observe the electromagnetic cascade of the
air shower as it passes through the atmosphere. This paper
will describe how Xmax is measured at Telescope Array
via a hybrid detection method. Hybrid detection requires
simultaneous observation of a cosmic ray air shower by 1
or more surface detectors, as well as observation by 1 or
more fluorescence telescopes. While TA has 3 fluorescence
detector stations, the work in this paper will describe hybrid
detection by either of the Black Rock (BR) or Long Ridge
(LR) fluorescence stations, both of which employ FADC
electronics as part of their DAQ system.

Hybrid reconstruction combines the timing and geomet-
rical observables of 2 independent sets of detectors to better
constrain the shower in space and time, thereby allowing
for much more accurate determination of shower Xmax. For
example, typical monocular FD resolutions at TA for ψ

and Xmax are 6◦ and 60 g/cm2 respectively, while hybrid
resolution for the same parameters are 0.5◦ and 17 g/cm2.
Hybrid geometry reconstruction is done by fitting a 4 com-
ponent χ2 function combining the SD and FD data. The
information from (1) FD triggered tube pointing directions,
(2) FD tube trigger times, (3) SD trigger times, and (4) SD
geometric center of charge are simultaneously fit with re-
spect to the following shower parameters: shower core (xc,
yc), zenith angle (θ ), azimuth angle (φ ), and time the core
reaches the ground (tc).
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