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Abstract: The Telescope Array’s Middle Drum fluorescence detector wasbuilt using refurbished telescopes from the
High Resolution Fly’s Eye’s HiRes-1 site and calibrated using the same techniques. As such, a direct comparison can be
made between the energy scales and spectrum of the two experiments. Both sets of data represent measurements made
via monocular observation and were analyzed using the profile-constrained geometry reconstruction technique developed
for HiRes-1. The HiRes-1 data represents almost nine years of exposure and was collected between May 29, 1997 and
May 26, 2006. The current Middle Drum spectrum uses data collected over a three-year period, between December 16,
2007 and December 16, 2010. The results of these comparisonsare presented.
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1 Telescope Array Middle Drum

The Telescope Array is a collaboration composed of in-
stitutions from the U.S., Japan, Korea, Russia, and Bel-
gium. The experiment consists of three fluorescence tele-
scope detectors overlooking 507 surface detectors arrayed
over∼ 750 km2. The northernmost fluorescence detector,
known as Middle Drum, consists of 14 telescopes refur-
bished from the High Resolution Fly’s Eye (HiRes) exper-
iment. These were arranged to view∼ 120◦ in azimuthal
coverage and between3◦ and31◦ in elevation. Each tele-
scope unit uses the HiRes-1 observatory’s sample-and-hold
electronics with a5.6 µs gate with floating tube-thresholds,
allowing each photomultiplier tube to have an individual
firing rate of∼ 200 Hz. Each telescope camera consists
of 256 photomultiplier tubes covered with an ultra-violet
transmissive filter.

1.1 Goals of Middle Drum

Since the Middle Drum detector has been operating for
over three years, the primary goal of this analysis is to
determine the flux of particles observed using the same
Profile-Constrained Geometry Fit (PCGF) analysis tech-
nique used to produce the HiRes-1 monocular spectrum
[1]. Secondly, since the telescope units are composed of
the same equipment used at HiRes, a direct comparison be-
tween Middle Drum and HiRes can be performed. This
results in a direct link in the energy scale between these
two experiments. Future studies can transfer the energy
scale of HiRes to the entire Telescope Array experiment by

comparing events observed by Middle Drum and any of the
other detectors.

2 Exposure

The Telescope Array Middle Drum detector was refur-
bished and deployed between November, 2006 and Octo-
ber, 2007 [2]. The first year of data was collected between
December 16, 2007 and December 8, 2008. This data
was analyzed and compared to HiRes, but statistics limited
a comparison between the experiments [3]. The current
spectrum now contains data collected through December
16, 2010, collected only on nights that had at least three
hours of full-dark: no sunlight and no moonlight. The fi-
nal collected time (see figure 1) consisted of∼ 2900 hours
(∼ 68% of available dark time) of which∼ 2400 hours
(∼ 82% of collected time) were considered good, i.e. min-
imal cloud cover in the view of the detector. This correlates
to a∼ 9% duty cycle with∼ 1/4 the ontime of HiRes-1.

The aperture of the Middle Drum detector was determined
using Monte Carlo simulations. The potential aperture is
defined as the effective area times the solid angle of accep-
tance. The detector aperture is then determined by multi-
plying the potential aperture by the ratio of the number of
simulated events that were reconstructed in a given energy
bin divided by the number of events thrown in the same
bin. The aperture of the Middle Drum detector has been
calculated to be roughly half that of the HiRes-1 detector
for energies above1019.0 eV (see figure 2). The exposure
of the detector is defined as the multiplication of running
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Figure 1: On-time of Middle Drum data collection over
three years.
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Figure 2: Middle Drum aperture compared to HiRes-1
aperture.

time and aperture. The exposure of Middle Drum is then
∼ 1/3 the exposure of HiRes-1.

3 Monte Carlo

The Monte Carlo was thrown with an isotropic distribution
and sent through the same processing cuts and PCGF re-
construction that was performed on the data. The Monte
Carlo was thrown with a HiRes spectrum between1017.5

eV and1021.0 eV: using a spectral index of 3.25 below
1018.65 eV and 2.81 above that energy. The Monte Carlo
spectral set was thrown without the GZK cutoff [4, 5]. The
HiRes-1/Middle Drum Monte Carlo uses the Gaisser-Hillas
parameterization to determine the number of charged par-
ticles at each slant depth into the atmosphere. The amount
of energy deposited into the atmosphere is estimated using
the Hillas dE/dx parameterization.

3.1 Resolution

Resolution plots show how well the reconstruction pro-
grams perform by determining the difference between the
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Figure 3: Middle Drum energy resolution for events with
energy between1019.0 and1021.0 eV.

thrown and the reconstructed energy and geometry in
Monte Carlo simulations. The three primary parameters
that show the quality of the reconstruction are the energy,
the impact parameter,RP , and the in-plane angle,Ψ. These
are determined for three energy ranges to show trends in
the reconstruction:1018.0−18.5 eV, 1018.5−19.0 eV, and
> 1019.0 eV. The upper range shows to have a good res-
olution for these reconstructed events (see figures 3, 4, and
5).

3.2 Data-MC Comparison

The aperture is solely based on the Monte Carlo simulation
of real events and how they are observed by our detector.
In order to show how well we can rely upon our aperture,
data-Monte Carlo comparisons are made. The same three
energy ranges used in the resolution are again compared
with the upper range showing the most important events
observed by the detector. The two reconstructed parame-
ters compared here are the impact parameter,RP , and the
zenith angle,θ (see figures 6 and 7). Due to the small statis-
tics in the actual data the error bars on the data points are
quite large. Nevertheless, it can be seen that the Monte
Carlo histogram is in excellent agreement with the data.

4 The Middle Drum Three-Year Spectrum

After three years of collecting data, 3859 events were ob-
served with energy above1018.0 eV. Only one event has
been observed with energy above1020.0 eV and three
events have been observed above the HiRes measured GZK
value of 5.6 × 1019 eV [6, 1]. Dividing the number of
events by the exposure the flux is determined for each
tenth-decade energy bin. The Middle Drum flux spectrum
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Figure 4: Middle DrumRP resolution for events with en-
ergy between1019.0 and1021.0 eV.

appears consistent with that of the HiRes monocular spec-
trum (see figure 8) [6].

5 Middle Drum Comparisons

Observing the individual bin differences between the
HiRes-1 and Middle Drum spectra in the overlapping en-
ergy range, a calculation can be made of an overallχ2 dif-
ference between the two spectra. Using only those bins
with more than seven observed events, theχ2 is calculated
by

χ2 =
∑

[

(

AE3JTAMD −AE3JHiRes−1

)2

σ2

Internal

]

(1)

whereE3J is the measured flux for Middle Drum and
HiRes-1, respectively, multiplied by a reduction factor,
A = 10−24, and

σInternal =

√

(AσGL)
2
+ (AσSU )

2 (2)

whereσGL is the lower (L) error of the flux in the spectrum
with a greater (G) flux, andσSU is the upper (U ) error of
the flux in the spectrum with a smaller (S) flux for indi-
vidual bins. This caluclation results in aχ2/N.D.F. =
12.21/10 for all of the overlying bins andχ2/N.D.F. =
4.47/5 for bins≥ 1019.0 eV. Creating this bridge between
the two detectors now allows any future corrections to the
Middle Drum spectrum to be translated back to the HiRes
spectrum.
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Figure 5: Middle DrumΨ resolution for events with energy
between1019.0 and1021.0 eV.
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Figure 7: Middle Drumθ Data-Monte Carlo comparison
for events with energy between1019.0 and1020.5 eV.

Energy (eV)

1810 1910 2010

)
-1

 s
-1

 s
r

-2
 m2

J 
(e

V
3

E

2310

2410

2510

Data Set

HiRes-1

HiRes-2

TAMD (12/16/07-12/16/10)

Figure 8: Middle Drum energy spectrum compared to
HiRes.


