
Astroparticle Physics 39–40 (2012) 109–119
Contents lists available at SciVerse ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier .com/ locate/ast ropart
The energy spectrum of Telescope Array’s Middle Drum detector
and the direct comparison to the High Resolution Fly’s Eye experiment

T. Abu-Zayyad a, R. Aida b, M. Allen a, R. Anderson a, R. Azuma c, E. Barcikowski a, J.W. Belz a,
D.R. Bergman a, S.A. Blake a, R. Cady a, B.G. Cheon d, J. Chiba e, M. Chikawa f, E.J. Cho d, W.R. Cho g,
H. Fujii h, T. Fujii i, T. Fukuda c, M. Fukushima j,t, D. Gorbunov k, W. Hanlon a, K. Hayashi c, Y. Hayashi i,
N. Hayashida l, K. Hibino l, K. Hiyama j, K. Honda b, T. Iguchi c, D. Ikeda j, K. Ikuta b, N. Inoue m, T. Ishii b,
R. Ishimori c, D. Ivanov a,n, S. Iwamoto b, C.C.H. Jui a, K. Kadota o, F. Kakimoto c, O. Kalashev k, T. Kanbe b,
K. Kasahara p, H. Kawai q, S. Kawakami i, S. Kawana m, E. Kido j, H.B. Kim d, H.K. Kim g, J.H. Kim d,r,
K. Kitamoto f, S. Kitamura c, Y. Kitamura c, K. Kobayashi e, Y. Kobayashi c, Y. Kondo j, K. Kuramoto i,
V. Kuzmin k, Y.J. Kwon g, S.I. Lim s, S. Machida c, K. Martens t, J. Martineau a, T. Matsuda h, T. Matsuura c,
T. Matsuyama i, J.N. Matthews a, I. Myers a, M. Minamino i, K. Miyata e, Y. Murano c, S. Nagataki u,
T. Nakamura v, S.W. Nam s, T. Nonaka j, S. Ogio i, M. Ohnishi j, H. Ohoka j, K. Oki j, D. Oku b, T. Okuda i,
A. Oshima i, S. Ozawa p, I.H. Park s, M.S. Pshirkov w, D.C. Rodriguez a,⇑, S.Y. Roh r, G. Rubtsov k, D. Ryu r,
H. Sagawa j, N. Sakurai i, A.L. Sampson a, L.M. Scott n, P.D. Shah a, F. Shibata b, T. Shibata j, H. Shimodaira j,
B.K. Shin d, J.I. Shin g, T. Shirahama m, J.D. Smith a, P. Sokolsky a, T.J. Sonley a, R.W. Springer a, B.T. Stokes a,
S.R. Stratton a,n, T.A. Stroman a, S. Suzuki h, Y. Takahashi j, M. Takeda j, A. Taketa x, M. Takita j, Y. Tameda j,
H. Tanaka i, K. Tanaka y, M. Tanaka h, S.B. Thomas a, G.B. Thomson a, P. Tinyakov k,v, I. Tkachev k,
H. Tokuno c, T. Tomida b, S. Troitsky k, Y. Tsunesada c, K. Tsutsumi c, Y. Tsuyuguchi b, Y. Uchihori z,
S. Udo i, H. Ukai b, G. Vasiloff a, Y. Wada m, T. Wong a, M. Wood a, Y. Yamakawa j, R. Yamane i, H.
Yamaoka h, K. Yamazaki i, J. Yang s, Y. Yoneda i, S. Yoshida q, H. Yoshii aa, R. Zollinger a, Z. Zundel a

a University of Utah, High Energy Astrophysics Institute, Salt Lake City, UT, USA
b University of Yamanashi, Interdisciplinary Graduate School of Medicine and Engineering, Kofu, Yamanashi, Japan
c Tokyo Institute of Technology, Meguro, Tokyo, Japan
d Hanyang University, Seongdong-gu, Seoul, South Korea
e Tokyo University of Science, Noda, Chiba, Japan
f Kinki University, Higashi Osaka, Osaka, Japan
g Yonsei University, Seodaemun-gu, Seoul, South Korea
h Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki, Japan
i Osaka City University, Osaka, Japan
j Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba, Japan
k Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
l Kanagawa University, Yokohama, Kanagawa, Japan
m Saitama University, Saitama, Saitama, Japan
n Rutgers University, Piscataway, NJ, USA
o Tokyo City University, Setagaya-ku, Tokyo, Japan
p Waseda University, Advanced Research Institute for Science and Engineering, Shinjuku-ku, Tokyo, Japan
q Chiba University, Chiba, Japan
r Chungnam National University, Yuseong-gu, Daejeon, South Korea
s Ewha Womans University, Seodaaemun-gu, Seoul, South Korea
t University of Tokyo, Institute for the Physics and Mathematics of the Universe, Kashiwa, Chiba, Japan
u Kyoto University, Sakyo, Kyoto, Japan
v Kochi University, Kochi, Japan
w University Libre de Bruxelles, Brussels, Belgium
x Earthquake Research Institute, University of Tokyo, Bunkyo-ku, Tokyo, Japan
y Hiroshima City University, Hiroshima, Japan
z National Institute of Radiological Science, Chiba, Japan
aa Ehime University, Matsuyama, Ehime, Japan
0927-6505/$ - see front matter � 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.05.012

⇑ Corresponding author.
E-mail address: doug@cosmic.utah.edu (D.C. Rodriguez).

http://dx.doi.org/10.1016/j.astropartphys.2012.05.012
mailto:doug@cosmic.utah.edu
http://dx.doi.org/10.1016/j.astropartphys.2012.05.012
http://www.sciencedirect.com/science/journal/09276505
http://www.elsevier.com/locate/astropart


110 T. Abu-Zayyad et al. / Astroparticle Physics 39–40 (2012) 109–119
a r t i c l e i n f o a b s t r a c t
Article history:
Available online 2 June 2012

Keywords:
UHECR
Cosmic ray
Telescope Array
Energy spectrum
High Resolution Fly’s Eye
Monocular
Hybrid
HiRes
Fig. 1. Map showing the location of Telescope Array
Dugway, Utah (the location of the high resolution fl
Lake City to Delta is 136 miles.
The Telescope Array’s Middle Drum fluorescence detector was instrumented with telescopes refurbished
from the High Resolution Fly’s Eye’s HiRes-1 site. The data observed by Middle Drum in monocular mode
was analyzed via the HiRes-1 profile-constrained geometry reconstruction technique and utilized the
same calibration techniques enabling a direct comparison of the energy spectra and energy scales
between the two experiments. The spectrum measured using the Middle Drum telescopes is based on
a three-year exposure collected between December 16, 2007 and December 16, 2010. The calculated dif-
ference between the spectrum of the Middle Drum observations and the published spectrum obtained by
the data collected by the HiRes-1 site allows the HiRes-1 energy scale to be transferred to Middle Drum.
The HiRes energy scale is applied to the entire Telescope Array by making a comparison between Middle
Drum monocular events and hybrid events that triggered both Middle Drum and the Telescope Array’s
scintillator ground array.

� 2012 Elsevier B.V. All rights reserved.
1. Telescope Array

The Telescope Array (TA) is the largest cosmic ray experiment in
the northern hemisphere. It was designed to help resolve physics
differences between the High Resolution Fly’s Eye (HiRes) experi-
ment, the Akeno Giant Air Shower Array (AGASA) [2], and the
Pierre Auger Observatory [3]. TA consists of three HiRes-like
fluorescence telescope stations overlooking 507 AGASA-like
scintillator surface detectors (see Figs. 1 and 2). The surface
detector (SD) array was deployed in a square grid with a 1.2 km
separation, covering � 700 km2 [1]. Each SD unit is composed of
two layers of 3 m2 � 1:2 cm scintillating plastic sheets separated
by a thin steel sheet. The light from each layer is collected by
wavelength-shifting optical fibers and directed into separate
photo-multiplier tubes (PMTs).

Three telescope stations view the sky over the scintillator array.
The northernmost fluorescence station, known as the Middle Drum
(TAMD) site, consists of 14 telescopes refurbished from the HiRes
experiment’s HiRes-1 site. These were deployed between Novem-
ber, 2006 and October, 2007 and were arranged to view � 120�

in azimuth and 3� � 31� in elevation. Compared to HiRes-1 [4],
the Middle Drum site has only 1=3 of the azimuthal coverage but
observes twice the elevation, as it was deployed into two rings,
relative to Salt Lake City and
y’s eye). The route from Salt
each covering 14� in elevation. Each telescope unit uses sample-
and-hold electronics with a 5.6 l s gate. Each telescope camera
consists of 256 PMTs covered with an ultra-violet band-pass filter.
The Black Rock (TABR) and Long Ridge (TALR) telescope stations
were described by Tokuno et al. [5].

The goals of the Middle Drum spectral analysis are threefold.
The primary goal of this analysis is to determine the flux of parti-
cles using the same calibration and analysis processing tools used
to produce the monocular spectrum from the HiRes-1 data. The
second goal is to compare the spectrum measured by the Middle
Drum detector with that of HiRes-1. Since the telescope units used
in both of these detectors are composed of the same equipment,
the results of this comparison produce a direct link in the energy
scale between these two experiments. Finally, by comparing
events observed by Middle Drum and any of the other TA detectors,
the energy scale of the entire Telescope Array experiment can be
compared to that of the HiRes experiment. In this paper, this com-
parison is performed between the geometries of the events ob-
served by Middle Drum and reconstructed using the monocular
technique to those events that triggered both Middle Drum and
the SD array and analyzed using a hybrid technique. The results
of this approach are expected to show the direct difference be-
tween the energy scales of Middle Drum and HiRes-1. It is expected
that this will be the only method required to transfer the energy
scale of HiRes to TA.

2. Event reconstruction and selection

The Middle Drum data and Monte Carlo events (described in
Section 3) were processed using the same programs created for
HiRes-1 analysis [6]. The only changes made were for the location
and pointing directions of the telescopes. The HiRes-1 analysis was
unique in that there was limited elevation coverage and a tradi-
tional monocular reconstruction could not be performed on the
data. Instead, a combined geometrical-profile reconstruction was
developed by Abu-Zayyad [7] which improved the resolution of
the observed showers. In this technique, the energy and the geom-
etry are reconstructed concurrently, only needing to vary the angle
between the shower axis and the direction of the core position, w.
This ensures that the reconstruction of the observed signal im-
proves the accuracy of the pointing direction and primary energy
of the cosmic ray. This technique was not required in the analysis
of Middle Drum data since the increase in elevation angle coverage
would allow an accurate geometrical reconstruction based on a fit
to the arrival time of light for the tubes in the shower-detector
plane. However, the profile-constrained geometry reconstruction
was used for consistency in order to limit the differences for the
energy scale comparison.
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Fig. 2. Map of the Telescope Array detectors. The telescope stations (Middle Drum,
Long Ridge, and Black Rock) are indicated by blue triangles. The scintillator
detectors are indicated by black dots and the Central Laser Facility by a red square.
The ground array occupies about 700 km2 west of Delta, Utah. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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As at HiRes, lasers are used for light-attenuation calibration,
aerosol measurements, and relative-timing variances between
the three fluorescence detector sites. Most of the events observed
by the Middle Drum detector belong to these calibration lasers
which are primarily removed by only processing those events that
are downward-tending, since the lasers are fired in either upward
or horizontal directions. Some of these laser shots appear to be
downward-going events due to preliminary calculations using
the timing and pointing directions of the triggered tubes. These
are removed using the GPS trigger time-stamp and the GPS mea-
sured site positions.

After filtering out laser events, most of those events that remain
are due to electronic noise triggers, airplanes, and muons that pass
through the camera’s PMTs. These are removed by determining a
correlation between the time and geometrical pattern of the trig-
gered tubes. Triggered tubes are clustered into groups of three or
more tubes with difference limits on the trigger-time of 2.0 l s
and the pointing-direction of 1:2� from the previously triggered
tube. These clusters are then combined into a single event-track
from which a shower-detector plane (SDP) is determined. The
tubes in a track are then iteratively checked and removed if greater
than 3 RMS deviations away in either time or angle from the mean
[6].

The Middle Drum data and Monte Carlo simulations are recon-
structed in monocular mode with the geometry determined by the
equation
TAMD
ti ¼ t0 þ
RP

c
tan

p� w� vi

2

� �
; ð1Þ
 Energy (eV)
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log
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Fig. 3. The parameterization of the mean of the Middle Drum aperture compared to
that for the HiRes-1 detector. Statistical uncertainty is minimized by generating
� 10� the Middle Drum observed exposure. Systematic uncertainty is assumed to
be the same as HiRes-1 [9].
where ti and vi are the respective trigger time and pointing direc-
tion of tube i;RP is the impact parameter of the shower with respect
to the detector, w is the angle the axis of the shower makes with
respect to the direction of the core impact position around the
detector, and t0 is the time the shower is calculated to be at RP .
The profile of the shower is calculated using the Gaisser–Hillas
parameterization [8]

NeðxÞ ¼ Nmax �
x� X0

Xmax � X0

� �Xmax�X0
k

e
Xmax�x

k ; ð2Þ

where NeðxÞ is the number of charged particles (measured from the
signal strength) at a given slant depth, x, in g=cm2; Nmax is the max-
imum number of secondary particles produced in the extensive air
shower, located at Xmax; X0 is a fit parameter associated with the
depth of the first interaction; and k is a fit parameter defining the
width of the shower profile.

To reconstruct the Middle Drum data, as was done for HiRes-1,
the time-fit was constrained by the shower profile reconstruction.
This was performed by setting k to a constant 60 g=cm2 and X0 to a
constant �100 g=cm2 in order to constrain the width and initial
depth of the shower. These constants are in good agreement with
average simulated shower measurements [6]. An inverse-Monte
Carlo reconstruction is then made by simulating showers that clo-
sely resemble the true event using the triggered tubes. This is per-
formed by choosing a series of Xmax values for individual Monte
Carlo events over all energies in the shower library. To determine
a best-fit profile reconstruction, a comparison is made between
the light signal actually observed to the one simulated for each
tube considered in the reconstruction. This is effective since both
the timing and the profile fits are only dependent on the trigger
time and pointing directions of the tubes used in the reconstruc-
tion, which determine the slant depth of the shower that each tube
is observing along the axis of the shower. The comparison between
the observed and simulated signal can be performed since the cal-
ibrations of the atmosphere and electronics are necessarily, and
accurately, depicted in the Monte Carlo [6].

Separate chi-square minimizations are then performed on the
timing and the profile reconstructions for each of the constant
Xmax values chosen. The timing chi-square is calculated by

v2
time ¼

X
i

1
r2

i

ti � t0 þ
RP

c

� �
tan

p� w� vi

2

� �� �� �2

ð3Þ

with the error, ri, determined by the time to cross the face of a PMT.
The profile chi-square is calculated by



112 T. Abu-Zayyad et al. / Astroparticle Physics 39–40 (2012) 109–119
v2
profile ¼

X
i

1
r2

i

� �
ðSo

i � Se
i Þ

2 ð4Þ

where, as in the timing fit, the sum is performed over the tubes
within 3 RMS deviations away from the shower-detector plane,
The observed signal, So

i , is also used to calculated the uncertainty,
r2

i , which is estimated to be So
i þ S. The constant, S ¼ 200, is ob-

tained through adding in quadrature the sky noise and electronic
fluctuations. Details of the reconstruction codes can be found in
the dissertation by Abu-Zayyad [7].

The optimal reconstruction is then determined by calculating a
best combined chi-squared for each Xmax fit using

v2
comb ¼ v2

profile þ v2
time ð5Þ

where v is the normalized chi-square value calculated as

v2 ¼ v2
fit �

NDFmin

v2
min

ð6Þ

where vfit is the chi-square of the fit for each Xmax and NDFmin and
vmin are the number of degrees of freedom and the chi-square,
respectively, for the smallest chi-square reconstruction. As men-
tioned previously, this innovative technique was developed to
reconstruct HiRes-1 data which had a limited elevation coverage.
Future analyses of Middle Drum data will include traditional mon-
ocular reconstruction techniques. Again, this method was used in
this current analysis to provide a direct comparison to the spectrum
observed by HiRes-1. Additionally, this technique results in a better
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Fig. 4. Comparison of the data and Monte Carlo distributions of the impact
parameter, RP , in three energy ranges: 1018:0�18:5 eV, 1018:5�19:0 eV, and > 1019:0 eV.
The Monte Carlo (red histogram) is in excellent agreement with the data (black
points with error bars). The number of entries indicates the number of data events
observed in that energy range. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
resolution and aperture than an unconstrained time fit, even for the
longer tracks observed at the Middle Drum site.

After the selection of candidate events is obtained, quality cuts
are performed on the fully reconstructed showers to remove any
event that exhibits anomalous behavior. These cuts were opti-
mized for the short shower tracks observed by HiRes-1 [7]. The
HiRes-1 analysis was ideal for cosmic rays with energy greater
than 1018 eV since they could be observed from farther away and
would appear as short tracks in the lower elevations. These cuts
are applied to Middle Drum events since the higher-energy events
would still have shorter tracks and the overlapping energy range
between HiRes-1 and Middle Drum could then be directly com-
pared. Additionally, this gives a baseline to future analyses. An
event is retained if:

1. The event reconstructs well, as determined by
� not rejecting too many off-plane tubes,
� there are enough slant-depth bins to fit a profile,
� a v2 minimum is attained, and
� the modified geometry still parameterizes the timing fit;

2. the angular track-length is P 7:9�, so that there are enough trig-
gered tubes to provide a reliable reconstruction;

3. the shower depth into the atmosphere observed by the first
tube used in the reconstruction is < 1000 g=cm2, so the fit is
not focusing on the tail of the shower;

4. the in-plane angle, w, is < 120�, to make sure the detector is not
overwhelmed with Čerenkov radiation; and

5. the area of the mirror observing the fitted track (away from the
mirror/tube edges) is > 0:9 m2, to ensure there is not a bias in
the reconstructed signal strength.
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3. Monte Carlo simulation

The energy-dependent aperture of the detector is the product of
the effective area and the solid angle of acceptance:

ðAXÞ0 ¼
Z 2p

0

Z hmax

0

Z RP�max

RP�min

r sin hdrdhd/: ð7Þ

Integrating over the solid angle and radial distance over which the
simulated showers are generated, the aperture is calculated using
the equations

ðAXÞ0ðm2sterÞ ¼ 2p2 R2
p�max � R2

p�min

� 	
� 1� cos hmaxð Þ ð8Þ

and

AXðEÞ ¼ ðAXÞ0
NreconðEMC�reconÞ

NgenðEMC�genÞ
; ð9Þ

where RP is the distance of closest approach of the shower, h is the
zenith angle of the shower, Nrecon is the number of events recon-
structed with energy EMC�recon, and Ngen is the number of events gen-
erated with energy EMC�gen. Providing a maximum zenith angle
ensures that Čerenkov light does not overwhelm the detector.
Counting the number of events reconstructed at a certain energy,
rather than generated at a certain energy, calculates the effective
aperture which incorporates resolution smearing due to ‘‘spill-
down’’ from the � E�3 spectral index. Alternatively, the detector
efficiency at a certain energy can be calculated by replacing
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Fig. 6. Comparison of the data and Monte Carlo distributions of the azimuthal
angle, /, in three energy ranges: 1018:0�18:5 eV, 1018:5�19:0 eV, and > 1019:0 eV. The
Monte Carlo (red histogram) is in excellent agreement with the data (black points
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observed in that energy range. The mean of this distribution indicates that most
events are pointing away from the detector. (For interpretation of the references to
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NreconðEMC�reconÞ with the number of events retained with a certain
generated energy, NreconðEMC�genÞ.

The CORSIKA-simulated shower library used by Middle Drum
was the same generated for HiRes, using QGSJET01 as the hadron
interaction model [4]. These showers were thrown with an isotro-
pic distribution and consisted of � 10� the exposure of the Middle
Drum collected data, which minimized the statistical uncertainty
of Eq. (9). The Monte Carlo simulated only proton events between
1017:5 eV and 1021:0 eV using values as measured by HiRes below
the GZK cutoff [9] [10]. A spectral index of 3.25 was used below
1018:65 eV and 2.81 above. The spectral set was thrown without
simulating the GZK suppression [11] [12]. The lower energy range
was generated out to a range of RP�max ¼ 25 km from the telescope
site, well beyond where the detector becomes incapable of trigger-
ing on the fluorescence light of a 1018:65 eV cosmic ray shower. The
higher energy range was generated out to RR�max ¼ 50 km. The sim-
ulated showers of both energy regions were thrown with an
RP�min ¼ 100 m and a hmax ¼ 80�. The CORSIKA output is fed into
the detector Monte Carlo resulting in events which look exactly
like real data and are subjected to the same reconstruction pro-
grams and quality cuts.

The aperture of the Middle Drum detector has been calculated
to be � 60% that of HiRes-1 for reconstructed energies of
1019:0 eV, falling linearly to 40% at 1020:0 eV (see Fig. 3). Since the
true aperture is difficult to ascertain from observed measurement
limitations, the uncertainty is taken from the resolution of the
Monte Carlo reconstruction. Since the same analysis technique is
applied to both the observed events and the simulated events,
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the accuracy of this is dependent upon the data-Monte Carlo
geometry distribution comparisons. The systematic uncertainty
of the aperture calculation is dependent upon the accuracy of the
detector calibration and the atmospheric and energy-reconstruc-
tion corrections. Since the HiRes-1 telescope units were refur-
bished for Middle Drum, these uncertainties are currently
assumed to be the same [9]. Work is currently being performed
to measure this for Telescope Array.
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Fig. 10. Integrated data collection time as a function of elapsed time for the Middle
Drum fluorescence telescope site.
3.1. Data-Monte Carlo comparison

To verify the adequacy of the Monte Carlo used for the aperture
calculation and to confirm that the Monte Carlo closely models the
real data, it is important to compare the distributions of the recon-
structed Monte Carlo events and the data. These are shown in three
energy ranges (1018:0�18:5 eV, 1018:5�19:0 eV, and > 1019:0 eV) in or-
der to demonstrate that the Monte Carlo has the same energy evo-
lution as the data. The variables chosen for this comparison are
those that directly determine the aperture: the impact parameter,
RP (Fig. 4); the shower zenith angle, h (Fig. 5)); and the shower azi-
muthal angle, / (Fig. 6).

The impact parameter distribution directly determines the
effective area of the aperture, and, as expected, the mean of the dis-
tribution increases along with the spread, or RMS, as the energy in-
creases. The zenith and azimuthal angles directly determine the
solid angle of acceptance. For all three parameters, the (black) data
points and (red) Monte Carlo histogram distributions are in excel-
lent agreement.

It should also be noted that since the Middle Drum telescopes
are pointing in the South–East direction, and that there is a quality
cut removing many of those events that are pointing towards the
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detector, there is a depletion observed in the azimuthal distribu-
tion in this direction. This variance decreases with increasing en-
ergy since the impact parameter moves farther away from the
detector and, therefore, there are fewer showers pointing above
the 120� limitation.

3.2. Resolution

Resolution plots indicate how well the detector simulation and
reconstruction programs perform by comparing reconstructed val-
ues to generated values in Monte Carlo simulated events. The three
primary parameters that show the quality of the reconstruction are
the impact parameter (RP) and the in-plane angle (w) obtained
from the geometrical reconstruction, and the energy, obtained
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from the profile reconstruction. These are determined for the same
three energy ranges as the data-Monte Carlo comparisons to show
trends in the reconstruction. With increasing reconstructed energy,
the geometrical parameters show a trend of improving resolution
(see Figs. 7 and 8). For all energy ranges, the energy resolution is
on the order of 20% (see Fig. 9).

As discussed above, in order to have a consistent comparison
between HiRes-1 and Middle Drum, the quality cuts applied to
Middle Drum were those determined for HiRes-1 (see Section 2).
The long tails observed in the resolution plots are a result of apply-
ing HiRes-1, short-shower track restrictions to the longer shower
tracks observed by Middle Drum. Further analysis is being per-
formed to optimize the energy resolution of Middle Drum observed
tracks while minimizing the number of events removed in the
Monte Carlo. That analysis will not be discussed here as this work
is to show a direct comparison between the two detectors.
Fig. 16. The core positions of the Middle Drum events observed and reconstructed in mo
and 1018:4 eV. The locations of the fluorescence stations (BRM, LR, and MD), as well as th
surface detector (SD) array is indicated with lines. At these lowest energies, virtually al
4. The energy spectrum

The measured energy flux spectrum includes data collected
using the Middle Drum fluorescence telescope station between
December 16, 2007 and December 16, 2010 (see Fig. 10). The spec-
trum only includes data collected on clear, moonless nights with
< 50% cloud cover in the combined Eastern, Southern, and over-
head directions. This amounts to � 2400 site-hours of data collec-
tion, corresponding to a 9% duty cycle. Multiplying this on-time
with the aperture determines the Middle Drum exposure to be
� 1=3 that of the final HiRes-1 exposure.

After three years of collecting data, 3859 events were observed.
For each energy bin in which Middle Drum has observed events,
the average number of events is � 32:5% that observed by
HiRes-1. This is consistent with the Middle Drum exposure calcu-
lation. As was mentioned previously, an inverse-Monte Carlo tech-
nocular mode (indicated by the points) for tenth-decade energy bins between 1018:0

e Central Laser Facility (CLF), are indicated by stars. The perimeter of the scintillator
l core locations are outside of the SD array.
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nique is used in order to determine the energy of the shower. The
Monte Carlo shower library, parameterized by the Gaisser–Hillas
equation (see Eq. (2)), is sampled for similar Xmax values and pro-
jected along the calculated geometry. The signal for each slant-
depth bin of the simulated shower is then compared to the ob-
served shower and chi-square values are calculated for a series of
w angles. The minimum chi-square value for a combined geometry
and profile is determined to be the best-fit reconstruction. The
showers are then distributed into tenth-decade energy bins from
1018:0 � 1021:0 eV. The raw energy distribution for the data is shown
in Fig. 11.

The flux is calculated by combining the number of events and
the exposure per energy bin using the equation

JðEÞ ¼ nðEÞ
AXðEÞ � Dton � DE

; ð10Þ

where nðEÞ is the number of events in a given energy bin, E; DE is the
width of the energy bin; AXðEÞ is the energy-dependent aperture
calculated from Eqs. (8) and (9); and Dton is the on-time of the
detector. This flux is often multiplied by the cube of the energy to
flatten the spectrum in order to more clearly show the subtle fea-
tures of the flux of these particles. Fig. 12 shows the spectrum as
determined from the Middle Drum data overlaid with those from
the two HiRes detectors’ monocular reconstructions [9]. These are
in excellent agreement in both normalization and shape. A consis-
tency between the spectra measured by the Middle Drum detector
and the HiRes-1 detector is determined by:

DJ ¼ JTAMD � JHiRes�1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

TAMD þ r2
HiRes�1

q ð11Þ

with the number of degrees calculated using

m ¼
r2

TAMD þ r2
HiRes�1

� �2

r4
TAMD þ r4

HiRes�1

ð12Þ

where JTAMD and JHiRes�1 are the measured flux and rTAMD and rHiRes�1

are the statistical uncertainties observed by the Middle Drum and
HiRes-1 detectors, respectively (see Fig. 13). This calculation only
Fig. 17. The core positions of the Middle Drum events observed and reconstructed in mo
and 1018:6 eV. Compared to those events shown in Fig. 16, as the event energy increases
included those energy bins in which both Middle Drum and
HiRes-1 observed events. This difference shows that the flux mea-
sured by Middle Drum is within 0:4r� 0:6r of HiRes-1. These are
consistent with the same flux level and there is no clear energy
dependence (see Fig. 14).

Further, the Middle Drum spectrum can be quantitatively com-
pared to the HiRes-1 spectrum by determining the v2 between the
flux measurements on a bin-by-bin basis. The v2 value is calculated
by summing over the square of each DJ given in Eq. (11). The result
is a v2=N:D:F: ¼ 5:52=14 for all of the overlapping bins and
v2=N:D:F: ¼ 3:30=9 for bins P 1019:0 eV. Fig. 12 shows that the v2

is dominated by the difference in the measured flux in the
4:47� 1018 eV (1018:6 eV) energy bin.

Since Middle Drum measured the spectrum with the same
equipment and calibration techniques and obtained the same re-
sult as HiRes-1, the HiRes-1 energy scale is thus transferred to Mid-
dle Drum. Had the energy scale changed, the rapidly falling E�3

spectrum would have shifted by twice that increment.
5. Middle Drum hybrid geometry comparison

The transfer of the energy scale from the HiRes-1 spectrum to
the Middle Drum spectrum creates a direct link between the HiRes
and Telescope Array experiments. The next step to completely
bridge the two experiments is to determine the energy scale be-
tween those events observed by the Middle Drum detector to those
that also triggered the ground array. This Middle Drum monocular-
hybrid comparison will then transfer the energy scale of HiRes to
the rest of Telescope Array. Work is still being performed on the
full hybrid analysis and this will be the subject of a future paper.
The information presented here is only for the preliminary recon-
struction produced elsewhere [13] with only as much background
as necessary to present a clear comparison between the two
analyses.

The hybrid analysis begins by improving the geometrical recon-
struction. Specifically, time and pulse height information of the
triggered ground array scintillator detectors (SDs) are used to im-
prove the time-versus-angle fit. Details can be found in the work
nocular mode (indicated by the points) for tenth-decade energy bins between 1018:4

, an increasing percentage of cores are observed within the SD array.
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presented by Allen [13]. This is performed by calculating the SD
core using the modified Linsley shower-shape [14] to obtain a lat-
eral distribution function (LDF) which is then used to constrain the
monocular time-versus-angle fit performed for the FD.

After the improved shower geometry is determined, the profile
fit is performed using the inverse-Monte Carlo technique pre-
sented in this paper; however, in this fit, the geometry determined
above was not adjusted to scan for a better profile fit. The hybrid
data selection cuts use a combination of Middle Drum and SD
information. Events are retained if:

1. the profile fit reconstructs well, as is determined in the monoc-
ular reconstruction;

2. the geometry fit has a v2=NDF < 7;
3. the zenith angle is < 56�, providing a well-reconstructed SD

core impact location of simulated showers thrown up to 60�;
4. the SD calculated core must be no less than 500 m of the SD

boundary, so there is no bias in the LDF reconstruction;
5. the SD calculated core must be within 600 m of the shower-

detector plane, so the shower track remains consistent between
the two detectors;

6. the angular track length is > 7:9�, to provide a reliable profile
fit; and

7. Xmax is observed by Middle Drum, for reliable composition
studies.

Events reconstructed with 1018:0
6 Emono < 1018:5 have

j ln ECor=EGenjK 10% between 4.5 km K RP K 10.5 km (see
Fig. 15). Since the boundary of the ground array begins � 7 km
from the Middle Drum site, depending upon the azimuthal angle
about TAMD, most of the monocular events with Emono 6 1018:4 eV
fall outside of the ground array (see Figs. 16(a) through 16(d)).
Above this energy, roughly half of the events observed monocu-
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Fig. 18. Comparison of event energy for cosmic ray events reconstructed in
monocular mode using data collected from the Middle Drum fluorescence telescope
station (abcissa) versus the energy when reconstructed in hybrid mode (ordinate)
incorporating information from the scintillator surface array. The solid line drawn
indicates where the two measurements would be equal. There is excellent
agreement between the measurements.
larly have core positions within the boundary of the ground array
(see Fig. 17). Because of this, only events with a reconstructed en-
ergy of 1018:5 eV or greater are compared.

Fig. 18 shows a comparison of the energy for events recon-
structed from the Middle Drum data in monocular mode to the
same events reconstructed in Middle Drum-hybrid mode. Only
events retained in both the monocular and hybrid analyses were
compared, using the Middle Drum event time-stamp to ensure
the same event is compared with itself. For those events
with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Emono � Ehybr

p
> 1018:5 eV, the monocular and hybrid energies

are in good agreement (see Fig. 19). This provides a direct link
between the events observed by Middle Drum in monocular mode
to those events that also trigger the ground array. A direct
comparison is thus made between HiRes and all of the Telescope
Array detectors.

6. Conclusions

The Telescope Array’s Middle Drum observatory uses refur-
bished telescopes from the High Resolution Fly’s Eye experiment.
A spectral measurement was made using the first three years of
the Middle Drum data collection. Both the data and simulated
events were analyzed monocularly using the profile-constrained
geometry reconstruction technique that was developed for the
HiRes-1 data. The energy and geometrical resolutions of the
Monte Carlo simulations show good agreement between what
was generated and what was reconstructed and the data-Monte
Carlo comparisons are in excellent agreement between simulated
and real extensive air showers. The calculated Middle Drum
energy spectrum is shown to be in excellent agreement with
the spectra produced by the HiRes-1 monocular analysis with
the difference between them less than the energy resolution of
the Middle Drum reconstruction. The HiRes energy scale can
now be transferred to the entire Telescope Array for further
comparisons now under way.
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