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Gamma-ray and Cosmic Ray Astrophysics from 10 TeV to 1 EeV
with a large-area> 10 knv) air-shower Detector
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Abstract. We propose to explore the so-far poorly UHE Gamma-Ray Sky (S >5 o, E > 10 TeV), May 2009
measured cosmic ray and gamma-ray sky (accelera- =
tor sky) in the energy range from 10 TeV to 1EeV.
New physics questions might be addressed in this
last remaining observation window of gamma-ray
astronomy. The very high beam-energies provided
by Cosmic accelerators and the air-shower detection
technique naturally imply an entanglement between
fundamental questions of astroparticle physics and
particle physics. The new large-area (10 kr#) wide-
angle (1sr) air Cherenkov detector SCORE (Study
for a Cosmic ORigin Explorer) is based on non-
imaging Cherenkov light-front sampling with sen-
sitive large-area detector modules of the order of Fig- 1. The Ultra High-Energy Gamma-Ray Sky in Galactic coor-
1m2. The lateral photon density and arrival-time célnates. Shown are sources so far detected with more thaab®ve

>10TeV. Status as of May 2009.
distribution will be sampled up to large distances
from the shower core. The physics motivations, the

detector concept and first simulation results will be detector for a ground-based wide-angle large-area air-

presented. _ _ _ shower detector for non-imaging gamma-ray astronomy
Keywords: Non-imaging Cherenkov, Ultra-high En-  and cosmic ray physics from 10TeV to 1EeV. With a
ergy Gamma-Ray Astronomy, New Experiment wide field of view of the order of 1sr (continuously

monitoring a large part of the sky) and a focus on
|. THE LAST GAMMA -RAY OBSERVATION WINDOw  the highest energies, this project is complementary to

(yet independent of) existing and planned experiments.

The sensitivity level of existing and currently planne&CORE is understood as a first step towards a 100 km

gamma-ray detectors is optimized for the very highjetector of similar design, CORE (Hundred Square-
energy regime (VHE, 100 Ge¥ E < 30 TeV). The sen- km Cosmic Origin Explorer).
sitivity to the ultra-high energy gamma-ray regime |n addition to its capabilities for gamma-ray observa-
(UHE, E>30TeV) is limited because previously, th&jons, a large area air-shower array such as SCORE is the
trend in development of detectors for gamma-ray agfeal detector for cosmic ray physics, allowing observa-
tronomy was dominated by the focus on low energijons of primary cosmic rays in the domain of transition
thresholds. So far, the number of sources detected ab@gyeen the Galactic and the extra-galactic component.
10TeV is less than 10 (see Figure 1), and above 100 Te¥je detection technique of SCORE is based on shower
no detection has .been rep.orted so far. A number gfnt sampling and timing with Cherenkov light (non-
_fundamental physics questions need to be addres:v‘ﬂ%cg‘ging technique). SCORE provides a unique approach
in the UHE gamma-ray regime. Future and planneg measure the entire longitudinal development using the
experiments such as CTA [14], HAWC [17] or LHAASOghower-front arrival-time distribution (at distancesrfro
[7] will improve the situation in the UHE gamma-raythe shower core>100m), allowing detailed spectral
regime. However, due to dropping event statistics Withng composition measurements, and allowing gamma-
rising energy, the key to UHE gamma-ray astronOmyagron separation via reconstruction of the shower-
is a very large instrumented area of the order of 1@epth_ With an instrumented area of 10knSCORE
to 100 kn?. While such large instrumented areas SeeRbvers an energy range for measurements of the primary
impracticable using the well-established imaging aggosmic ray spectrum and the chemical composition
Cherenkov technique (order of 10000 channel$km from 100 TeV — overlapping with direct cosmic ray
the non-imaging air Cherenkov technique provides gsservations — to 1 E€\V- overlapping with fluorescence
complementary possibility that comes along with somgeasurements.
advantages, such as a small number of channels per KMy the next section the main physics objectives of
(few 100 per km) and a wide field of view (order of
sr). We have started the development of SCORE (StUdlehe number of detected cosmic rays above 1EeV is expected to
for a Cosmic ORIgin Explorer), a 10Kmprototype be 10 per year
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SCORE will be addressed, followed by a description afnderline the necessity to carry out observations in
the detector principle (section IIl) and first simulation rethe UHE regime. As opposed to previous experiments,
sults (section V). The event reconstruction is describeé’iCORE is specifically designed for the UHE gamma-
in a dedicated contribution to this conference [11]. ray regime and for spatially extended emission. With the
SCORE experiment, we aim at identifying cosmic ray
Il. PHYSICS OBJECTIVES accelerators by searching for hard spectra reaching up to
A. Cosmic Ray Origin few 100 TeV, therwith contributing to the resolution of
\tpe mystery of the origin of cosmic rays. The observation

is the most natural energy regime for a solution of th f UHE gamma-ray emission from extended gas clouds

almost 100-year-old mystery of the origin of cosmid uminated by nearby cosmic ray sources, might open up

rays. Gamma-rays are emitted at the site of cosm?%ri)gsesn'g/“ty to map the Galactic cosmic ray acceleration

ray acceleration via hadronic interactions of the coé”
mic rays with ambient matter, producing neutral pions
subsequently decaying into gamma-rays (and neutrin%s
from charged pions). At least some Galactic acceleratorsAt such high energies as considered here, gamma-rays
— the pevatrons — are expected to accelerate cosmaie attenuated via'e~ pair production with the photons
rays via shockfront acceleration [9] up to knee energie$ the Galactic interstellar radiation fields (IRF) and
(=4 PeV). The gamma-ray spectral energy distributionith the Cosmic Microwave Background (CMB). It was
of a pevatron is expected to reach up to several 106 TeShown that for Galactic objects the attenuation reaches a
(see Figure 3). An additional spectral hardening (flattemaximum around 100 TeV from the Galactic IRF and at
ing) below the cut-off energy is predicted in diffusive2 PeV from the CMB [16]. While the former depends
shock acceleration theory when non-linear effects aoh the Galactic longitude and local radiation fields,
taken into account [19], [4]. the latter is universal. If the distance of the observed
In the VHE regime, an ambiguity in gamma-raygamma-ray sources is known, the density of the IRF
spectra arises from the fact that gamma-rays can alsight be inferred from the strength of the absorption
be produced by leptonic acceleration processes (inveksepair production (or from spectral features). Inversely,
Compton scattering). Therefore, if observations onl@alactic absorption might also open up a new possibility
provide spectra up to few tens of TeV, the underlying infer distances from the measurement of gamma-ray
production mechanism of a gamma-ray signal needs gpectra, if the IRF in the line of sight is known. Such a
be resolved with precise spectral measurements ovenew method for distance estimation of Galactic objects
wide range in energy (multi-wavelength) and detailethight also be possible if the universal absorption by
comparisons to predictions from hadronic and leptontbe CMB could be measured. The expected attenuation
scenarios. Luckily, the ambiguity of gamma-ray spectigy pair production might be altered by photon/axion
disappears in the UHE regime, where the inverse Comgenversion (e.g. [18]). Photons produced at the source
ton scattering cross-section enters the Klein-Nishinteavelling through the Galactic magnetic field might
regime, loosing efficiency. This results in a softening. (i.econvert into axions propagating without absorption. If a
steepening) of gamma-ray spectra from leptonic acceleeconversion of these axions back into photons happens
ators beyond 10 TeV. As opposed to that, a hard (i.e. fldi¢fore arriving at earth, the photon signal would appear
gamma-ray spectrum continuing up to few hundred Ted be stronger than expected. The same effect could arise
would be a clear signature of hadronic acceleration. Fidrphoton/hidden-photon oscillations [20] would occur.
comparison, the observed spectral energy distribution Ahother effect that might alter the expected absorption
the shell-type supernova remnant RXJ1713.7-3946 [1]liy pair production is the modification of thete~
shown as a dotted line in Figure 3. The spectrum of thigir production threshold in case of Lorentz invariance
supernova remnant — as well as of any other object so faolation.
detected in the VHE regime — can still be accomodated
within leptonic acceleration scenarios. Comparing theé. The Local Supercluster
mesured spectra with expected pevatron spectra show

that an expectedly existing population of PeV acceler_fJItra-h|gh-energy cosmic rays from the local super-

ators might have been missed out completely by VHEuster are expected to interact with the CMB, initiating

: o wﬁergalactic pair cascades that could be observable in
experiments, even more so when considering that suc

accelerators might be widely extended structures lar gmma-rays. The emission is expected to match the
grge scale of the local super-cluster structure and would

The energy range from 10 TeV to several 100 Te

Propagation and Absorption

than the field of view of the most sensitive instrumen ; o L
e measurable as anisotropic diffuse emission in the

(IACTs, 3-5). Recent detections of partly unidentifie otal field of view of the experiment. Alternativeley, the

sources (H.E.S.S., Milagro) yield hard gamma-ray SpecE:celerators of ultra-high-energy cosmic rays might ex-

ns of TeV. These resulfs, .~~~ o . .
tra that extend up to few tens of Te ese resu S|b|t point-like emission or halo-like structures resuogi

2The cut-off energy in gamma-ray spectra is roughly a factoroof 1ffOM the interactions of the accelerated particles with
lower than in the underlying hadronic spectrum. the surroundings of the source.
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D. Cosmic Ray Composition

By measuring the longitudinal development of
hadronic air-showers (using the shower-front arrivaletim <
distribution), detailed spectral and cosmic ray compo-
sition measurements are possible from 100 TeV to 1
EeV. SCORE will detecR x 107 cosmic rays per year
above 1PeV and 10 cosmic rays per year above 1Ee)
Furthermore, the reconstruction of the shower deptt
will allow an independent measurement of the inelasticg 1
proton-proton cross-section overlapping and exceedin
LHC energies.
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IIl. THE DETECTORCONCEPT

The detector principle is based on the shower-froftd: 2. Lateral photon density function (LDF) of Cherenkayht
on sea level for airshowers initiated by a 10 TeV gamma-ray show

sampling technique using Cherenkov light. A large alf&Yrey area) and a 100 TeV gamma-ray shower. The sensitivigl lev

of wide-angle light-sensitive detector stations is usedi one SCORE detector station is indicated by the solid lifer

The concept of the detector modules used as Working &ﬁmparison, the corresponding sensitivity level for AIRGBI is also
. shown (dashed grey box).

sumption for the SCORE detector was adapted from pre-

vious gamma-ray experiments, such as THEMISTOCLE
[10], [3], HEGRA AIROBICC [15], or BLANCA [8].  Each detector station consists of four photomulti-
Slmllar qetector modules are alsg used in the currentﬂ)\ﬁer tubes (PMTs) equipped with four light-collecting
being built TUNKA array for cosmic-ray physics [6]. AS\yjinston cones of 30 half-opening angle pointing to
compared to the previous experiments, three aspectsygl senith. All four modules (PMT+cone), including
SCORE will be different: an |'nstrumented area larger %e trigger, readout electronics and communication are
more than an order of magnitude, larger detector Stat'%fhnned to be encased in a box equipped with a sliding
areas and Iarg_er inter-station spaci_ng (see Table I). Agy The advantages of using four PMT channels per
vances made in technology allow improvements to thgaiion are the possibility to suppress false triggers from
original detector components such as improved photghtsky background (NSB) light by a local coincidence
sensitive detectors, fast trigger and readout electronu,;,sigger condition and the requirement of a large light
therewith allowing a measurement of the Cherenkoé’ollecting aread). A total area ofa = 0.5n? can be
photon arrival time distribution. . _ achieved when using four 8" PMTs and a Winston cone
A very large instrumented area (10Kis required peight of 0.5m. The final design of the Winston cones
to reach sufficiently large event statistics at ultra-higly \york in progress. Different solutions are envisaged
energies, and is achieved with a low array density, i.g the cone structure (plastic mold, segmented metal
large inter-station spacings. A reasonable value for thgeets) and for the reflective inner surface (vaporization,
detector station spacing can be derived from the latefakective foils). A fast signal readout and digitization in
photon density function (LDF) of Cherenkov light alpe GHz regime are needed. Different solutions such as
observation level, shown in Figure 2. V\/_|’Fh|n a rad'“%malog ring samplers or domino ring samplers (DRS) are
of 120m around the shower core position the LDEnqer study. We are currently testing usage of the DRS 4

is roughly constant, but shows a large spread froghip that was developed by the PSind which is also
shower to shower. Fluctuations are much lower beyondqq by the MAGIC experiment.

120 m. With the envisaged station spacing of 100-200 M, 1 envisaged trigger scheme encompasses two lev-

SCORE will primarily be sensitive to the outer pargs A |ocal station trigger is issued when the sum of
of the LDF (promising good reconstruction quality), ag| four PMT signals passes a given threshold (few
lllustrated with the solid lines in Figure 2. The lowgpgye NSB level). In the second level, a two-fold station
photon density far away from the shower core justifiegyincidence is required from a sub-array of detector
the cho'sen large individual Qetector station areas. Fghtiong (%3 or 4x4) and the signals are then sent to the
comparison, the corresponding sensitive range of s acquisition. Individual sub-arrays overlap to avoid
AIROBICC experiment is also shown (dashed linesyq,q trigger zones. Alternatively a smart station concept
illustrating the novel approach chosen with SCORE, |4 he implemented, issuing a trigger based on a next-
Another important aspect for the reconstruction Withgighpour station condition. For a large array such as
the SCORE detector is the usage of the full imingcoRE, with large inter-station spacings, relative timing
information from the arrival time distribution of thejs 5 critical issue. A relative timing accuracy of better
Cherenkov photons at each detector station. The evepl, 5 ns is required to limit the impact on reconstruction

reconstruction of SCORE is based on the combination gf,5inly angular resolution). For time synchronization we
information from the lateral photon density d|str|but|orb|an to use optical fibers for clock distribution to the
and the arrival time distribution of Cherenkov photons

(see [11], this conference). 3http://midas.psi.ch/drs
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TABLE |
BASIC DESIGN CHARACTERISTICS OF THESCOREDETECTOR AND FOR THE POSSIBLE EXTENSIOK; SCORE. @RRESPONDING VALUES
FORTUNKA, AIROBICC AND BLANCA ARE ALSO GIVEN.

SCORE | H;SCORE | TUNKA | BLANCA | AIROBICC | THEMISTOCLE
Instrumented areal[km?] 10 100 1 0.2 0.04 0.08
Detector station area[m?] | 0.5-1.5 | 0.5-1.5 0.2 0.1 0.13 0.5
Field of View FoV [sterad] | 0.84 0.84 1.8 0.12 1 0.008
Inter-station distancd[m] 100-200| 100-200 85 35 30 50-100
Number of detector stations| O(100) 2601 133 144 49 18
100 TeV and significantly extends the energy range in
% = SCORE, 5yr - i
T L T e HISCORE. byt the UHE gamma-ray regime.
S E e H.E.S.S., 50h
> F —— CTA, 50h V. CONCLUSION AND OUTLOOK
Lol e HAWC, 5 years . .
§10 E roums Froness s With the developement of the SCORE detector we aim
D pp— at opening up the last remaining observation window
2] E .
F of gamma-ray astronomy, the UHE gamma-ray regime.
107 Furthermore, cosmic ray spectral and chemical com-
E position measurements from 100 TeV to 1 EeV will be
wrE possible with SCORE. First simulation results show a
N IR W ik e competitive sensitivity above 100 TeV and demonstrate
ot 1 A . Ly a good potential for new physics in the UHE regime.
With further improvements of reconstruction and
Fig. 3. Sensitivity of SCORE (solid line) after 5 years of qgion. gamma/hadron separation power, we hope to improve

Further sensitivities are given for H.E.S.S., CTA and HAWGr éom-
parison, the expected pevatron spectrum (exponentiabf€gnergy
was 4 PeV, linear acceleration: solid grey line, non-lineezeleration:
dashed grey line) and a fit to H.E.S.S. data from the sheé-$pR
RXJ1713.7-3946 (dotted grey line), as well as an upper limithe
KASCADE experiment [2] are given.

local station clocks.
An extension of the concept we studied so far is td1l
equip the underside of each sliding lid of the station,,
boxes with scintillator material. With such a setup,3]
continuation of data taking during daytime would be
possible using SCORE as a very large charged particié

shower front sampling array. [5]
(6]
IV. FIRST SIMULATION RESULTS 71

Air showers were simulated using CORSIKAv675
[12]. The detector simulationsim score was imple-
mented on the basis thact package [5]. We included
signal pulse shaping and used basic assumptions on P
quantum efficiency and Winston cone reflectivity. In or-
der to estimate the sensitivity of the SCORE detector, tiie]
effective trigger area was calculated for mono-energetit?!
gamma-rays and protons. These results were used|qg
estimate the number of signal events (for a pevatrof4]
like spectrum as in Figure 3) and background events
based on the parametrization of the cosmic ray spectryyg;
by [13]. An energy-dependent angular resolution as
found in simulations (see [11], this conference) and [&°]
Quality factor for gamma-hadron separation of 1.5 wefg
assumed. The point-source sensitivity of SCORE was
calculated for a detection of at least 50 gamma-rays!

S ) X 9]
at a significance level of & in 5 years (see Figure 3,
thick solid line). The SCORE sensitivity is competitive20]
with existing and currently planned instruments around

(8]

the expected sensitivity of the SCORE detector. With a
larger array of 100 krm (HiSCORE, thick dashed line
Figure 3), the sensitivity could further be enhanced.
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