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Abstract: The Dual Imaging Cherenkov Experiment (DICE) detector was constructed to directly measure the
energy spectrum and primary composition of cosmic rays in the 100 TeV to 10 PeV energy range. Previous
analysis of the DICE data set revealed a dual slope power law energy spectrum with spectral index −2.55±0.01
below 4 PeV and −2.92± 0.1 above this energy[1]. The primary composition measurement, based upon the
observed “Depth of Shower Maximum” (Xmax), indicated a mixed composition of both light and heavy nuclei,
with a potential reduction in the fraction of heavy nuclei above the 4 PeV. We have performed an updated, self-
consistent analysis of the energy spectrum and cosmic ray composition incorporating a more detailed detector
model, and the latest version of CORSIKA[5] (CORSIKA 7.3500). The revised DICE energy spectrum is found to
contain similar slope and spectral break to the previous results. The revised primary composition analysis shows a
primary composition which is approximately constant above 1 PeV, and does not show the previously reported
trend toward lighter composition in this energy range. It is also found the primary composition measurement
below 1 PeV cannot be reliably ascertained from the DICE data due to the composition dependence of these
detection bias effects.
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1 Introduction
The DICE observatory [1, 2] was the ground-based cosmic-
ray observatory that employed an imaging Cherenkov tech-
nique to study the primary composition of cosmic rays in
the PeV energy region. The DICE telescopes operated from
1994-1996. The two DICE telescopes were located near the
center of the CASA-MIA air shower array[3], sited at the
Fly’s Eye II cosmic ray observatory in Dugway, Utah[4].
Each DICE detector employed a 2m diameter f/1.16 spheri-
cal mirror to directly image the longitudinal distribution of
Cherenkov light emitted by PeV energy cosmic rays. Each
DICE telescope was located on a fixed mount, with the tele-
scope pointed vertical to provide a 16◦×13.5◦ view of the
night sky around the zenith. Each DICE telescope used an
array of 256 close packed 40mm hexagonal photomultipli-
ers (PMTs) to instrument the focal plane with 1◦ diameter
pixels. Electronic preamplifiers are attached to each PMT.
The electronic signals travel to the controlling electronics,
where event triggering conditions are checked, and charge
is integrated and digitized. The two DICE telescopes were
separated by approximately 100 m center-to-center.

Cosmic ray events within the telescope field of view
produce a focal plane image at the photomultiplier cam-
era recording the longitudinal and lateral development of
Cherenkov light emitted from the air shower generated by
the primary cosmic ray. Data from the two DICE telescopes
and CASA-MIA are merged together using the timestamps
of the events. Only events with data from both telescopes
and the CASA surface array are retained in the data set. The
CASA data was used to independently reconstruct the origi-
nal direction of the air shower and the location of shower
core at the ground level. Once this geometrical information
is known, simple geometry can be used to reconstruct the
amount of light received from each altitude of the exten-

sive air shower. The amount of Cherenkov light produced
at each altitude is strongly correlated with the number of
electrons at that atmospheric depth. The electron size as a
function of depth in the atmosphere is then fit to a longitudi-
nal development profile from which the primary energy and
the depth of shower maximum (Xmax) can be determined.
This procedure is essentially geometrical and is indepen-
dent of Monte Carlo simulations, except for calculations
that determine the angular distribution of Cherenkov light
around the shower axis.

2 Improved Modeling of Detector
Characteristics

The DICE telescopes have several physical features that can
affect the calculation of the primary energy and longitudinal
development. The first effect is due to the design of the tele-
scope optics. The DICE mirrors are constructed from four
spherical segments, with a two chords cut on each mirror
to form a right angle, allowing the mirror segments to be
joined together to produce a clover leaf pattern. Each mirror
surface has small surface imperfections that determine the
on-axis spot size at the focal plane. Each mirror segment is
mounted and focused separately to produce an on-axis focal
plane spot size smaller than the PMT diameter on axis (< 1
in), but the spherical aberration and coma will increase the
spot size beyond a single PMT diameter as the image moves
more than 2◦ off-axis. These effects combine to produce a
spreading of the photons between PMTs, which distorts the
Cherenkov image shape and the ability to reconstruct the
longitudinal shower development.

A second effect is related to the uniformity of the focal
plane response. The PMT photosensors on the focal plane
have hexagonal front surfaces, and are close packed together
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as tightly as possible. However, each PMT is wrapped with
a thin layer of plastic and mu-metal magnetic shielding.
Additionally, the photosensitive surface of the PMT does
not extend fully to the outer edge-to-edge dimension of the
PMT glass envelope; the outermost 1mm of the envelope
is solid glass which has no photosensitivity. Photoelectron
collection efficiency across the face of the PMT is not
uniform, it also decreases as a function of the radial offset
from the center of the PMT. These effects combine to
produce a deadspace gap between the photosensitive camera
pixels. This deadspace reduces the number of photons
collected in a Cherenkov image.

The gain of the PMTs and the electronic preamplifiers
and charge integrators were tuned to produce the best
sensitivity near the knee of the spectrum. However, the
electronics can be saturated by large photon counts. Either
the preamplifier is saturated by peaks in the signal reaching
maximum voltage, or the charge integrator is saturated by
too much total charge, or both. These effects combine to
produce a loss of measured photons in the brightest channels
of the brightest events.

In the original DICE analysis, the geometric calculation
of deadspace was estimated from flasher calibrations, but
the mirror spot size and electronic saturation were not
included in the analysis.

3 Detector Simulations
Detailed computer simulations of the detector were conduct-
ed to determine the composition and energy dependence of
the effects of the detector characteristics on the resulting
energy and depth of shower maximum calculations. The
CORSIKA simulation package [5] is used for shower sim-
ulations and for generating the Cherenkov light emission.
Shower thinning was used with energy ratio of 10−5 and
maximum weight of 100. Cherenkov photons were generat-
ed with maximum packet size of 100. 18,000 primary show-
ers were generated at fixed energies from 0.1 PeV to 50
PeV; 1/2 proton and 1/2 iron. Each air shower event was
sampled 100 times at randomly placed core locations.

The CORSIKA-generated Cherenkov photon bundles are
ray-traced to ground-level, past the camera box, reflected
from the mirror, and to the plane of the camera pixels.
Camera box shadows, mirror shape, mirror imperfections,
mirror reflectivity and PMT deadspace are all tracked in the
ray-trace algorithm. The photon bundles are then converted
to photoelectron counts at the surface of the PMT, using the
quantum efficiency profile of the PMTs. The photoelectron
current is then amplified using the PMT gain. All photon ray-
tracing and electron profiles are tracked with arrival times
to produce a charge per time profile for each PMT signal.
The charge per time profile is convoluted with the impulse
function of the preamplifier/signal cable combination to
produce the output signal at the digitizer board. The rise
and fall time of the preamplifier impulse response and
cable rise time dominates over the PMT signal rise time.
The power supply of the preamplifier creates a saturation
voltage at the output of the preamplifier; the output voltage
cannot exceed this saturation voltage. The effect of the
preamplifier saturation voltage is applied to the simulated
output signal, creating a truncation of strong signals. The
final output signal is then integrated by a simulated sample-
and-hold circuit, and the integrated charge is then digitized
by a simulated A/D converter. The A/D converter includes

saturation of the integrated charge due to the conversion
range of the A/D converter.

After all PMT signals have been processed, a discrimi-
nator and multi-pixel DICE trigger is also simulated. If the
event triggering conditions are met, the event data is col-
lected into a data packet of the same format as real DICE
data. The simulated data is then processed with the same
data analysis pipeline used for real DICE data.

During the simulation process, event data is duplicated
and each detector characteristic under study (spot size, dead
space, saturation) is turned on independently to asses the
influence of each factor. A set of simulated data is also split
off which has the full combination of all three effects. Thus
the exact same set of showers are studied with and without
the various characteristics, allowing analysis of the various
contributions of each effect.

4 Effect on Light/Energy Measurement
As expected from geometrical arguments, the deadspace
between PMTs removes 26% of the signal strength, in a
manner which is largely independent of primary composi-
tion and primary energy. An exception to this rule occurs
at the lowest energies, where loss of signal strength causes
fewer PMT channels to trigger their discriminators, making
the event trigger requirements more difficult to satisfy. Thus
the overall trigger rate is negatively biased at low energies.
This can provide curvature in the primary energy spectrum
if it is not properly compensated .

The mirror spot size effects are also very small, and
generally independent of primary composition and energy.
An exception occurs at the lowest energies, where a narrow
photon signal can be split across multiple adjacent PMTs,
some of which do not trigger. The net result is an additional
negative bias in the overall trigger rate at low energies. In
addition, higher energy showers with longer tails extending
to the edge of the mirror are also affected: the wider coma
at the edge of the mirror shifts the distribution of light to a
wider profile, and changes the calculated atmospheric depth
of Cherenkov light emission.

At energies well below 5 PeV, the electronic readout
saturation has no effect; no individual PMT channel has
a strong enough signal to saturate the preamplifier or to
exceed the charge integrator’s maximum digital count. Near
5 PeV, some showers have a few channels that saturate the
electronics, causing an average loss of 5% of the integrated
signal. By 50 PeV nearly 50% of the signal is lost on
average. This effect is moderately independent of primary
composition, with a 5% relative difference between iron
and proton primaries.

5 Effect on Primary Energy Spectrum
The total effect on the reconstructed shower energy can be
seen in the plots below.

Figure 1 shows the reconstructed energy by energy and
primary as measured by DICE analysis and CORSIKA
input energy for the same set of simulated showers. From 1
PeV to 10 PeV, the fit is good for both primaries. At higher
energies, the effects of the electronic saturation are obvious.
At the lower energies, the effect of fewer triggering channels
results in lower energy calculation. The effect is stronger
for iron than proton due to the shower developing higher in
the atmosphere.
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Fig. 1: The average energy reconstructed by DICE analysis
for proton and iron primaries at discrete energies compared
to the input energy for the shower simulation.

Figures 2 and 3 show histograms of the energy recon-
structed by the detector analysis compared to the input en-
ergy for CORSIKA, for energies from 1PeV to 10PeV.
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Fig. 2: Distribution of the energy reconstruction by DICE
analysis for proton primaries at select energies.

6 Effect on Depth of Shower Maximum
Measurement

The resolution of the measurement of Xmax is strongly
affected by the detector characteristics. For low energy
showers, Xmax is within a few camera pixels of the start
of the shower, with poor resolution. However, high energy
showers have improved Xmax resolution with the Xmax
centrally located between dozens of individual camera
pixels.

The deadspace characteristic does not cause major effects
above 1 PeV, where a percentage loss of high photon counts
do not dramatically change the measured peak. However it
produces large shifts in the observed Xmax at lower energies,
due to the loss of signal in the smaller number of pixels
available. The effect causes a significant deepening of
observed Xmax for these showers.

The mirror spotsize also causes large deepening of Xmax
for energies below 1 PeV. In this energy range, photons from
along the shower axis are spread to neighboring channels,
and a significant portion of the signal is lost in PMTs that
do not trigger. With only a few pixels to build the profile
from, this loss causes Xmax to be reconstructed up to 50%
deeper than the true value.
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Fig. 3: Distribution of the energy reconstruction by DICE
analysis for iron primaries at select energies.

The electronic saturation has no effect on events with less
than 5 PeV, where no channels have sufficiently high photon
counts to cause saturation. For energies at 5 PeV and up,
the effect quickly causes a deepening of the reconstructed
Xmax. This is due to pixels pointing lower in the atmosphere
covering shorter distances of the longitudinal development
and therefore receiving fewer photons. In the reconstruction
phase of analysis, geometry weighs the measured photons
more heavily. At these energies, Xmax may be reconstructed
20 to 50 % deeper than the actual shower.

The total effect on Xmax can be seen in the figures below.
Figure 4 shows the event survival rate as it is processed

through the DICE trigger, analysis and cut software. In
effect, events with Xmax less than about 450 g/cm2 have a
very low survival rate. This has the effect of biasing the
mean Xmax to larger depths.
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Fig. 4: The fraction of events that trigger both telescopes
and pass the quality fit cuts as a function of depth of shower
maximum.

Figure 5 shows the mean depth of shower maximum
by energy and primary as measured by DICE analysis and
CORSIKA fits for the same set of simulated showers. Proton
showers tend to be fit more accurately than iron showers,
due to the detector’s better resolution of deeper portions of
the shower.

Figures 6 and 7 show histograms of the depth of shower
maximum reconstructed by the detector analysis compared
to the depth of shower maximum measured by CORSIKA,
at energies from 1PeV to 10PeV. Note the general deepening
of the reconstructed values, with the best fits between 2PeV
and 5PeV.
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Fig. 5: The average depth of shower maximum reconstruct-
ed by DICE analysis for proton and iron primaries com-
pared to the shower maximum fit by the CORSIKA shower
simulation.
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Fig. 6: Distribution of the depth of shower maximum recon-
struction by DICE analysis for proton primaries at select
energies.

7 Conclusions
The DICE energy spectrum and primary composition analy-
sis has been updated with an improved model of the detec-
tor characteristics, using detector simulations with the most
recent CORSIKA extensive air shower simulation. The en-
ergy calculations were found to be similar to previous re-
sults with small effect occurring below 1 PeV and above 20
PeV. The analysis shows that DICE detector is not effec-
tive for determining primary composition below 1 PeV or
above 10 PeV. The primary composition between 1-10 PeV
appears to be a mixed composition, without the previously
observed trend toward lighter composition above 4 PeV.
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Fig. 7: Distribution of the depth of shower maximum re-
construction by DICE analysis for iron primaries at select
energies.
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