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The very to ultra high energy gamma-ray regime up to several 100 TeV is the key to spectrally
resolve the cutoff regime of the long-sought Pevatrons, the Galactic cosmic-ray PeV accelerators.
One component of the TAIGA hybrid detector is the TAIGA-HiSCORE shower-front sampling
timing array, which currently consists of 28 wide angle (0.6 sr) air Cherenkov timing stations dis-
tributed on an area of 0.25 km?, and which will be doubled in area by fall 2017. We report on the
status and first results of the HISCORE timing array after the first two operation seasons, including
calibration studies on timing and pointing, cross calibration with data from the first TAIGA-TACT,
observations with the timing array of a LIDAR operating on the ISS, a measurement of the Cos-
mic Ray spectrum, and a search for high energy gamma-rays from Galactic sources such as the
Crab Nebula.
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1. Introduction

More than 150 sources of very high energy (E>100 GeV) gamma rays [1] are known today.
The ultra high energy (UHE, E>10TeV) gamma ray regime is still only poorly covered. Given
the quick drop of the flux of astrophysical sources with increasing energy, very large instrumented
areas are required to access this regime. A cost effective method to realize large areas and a wide
field of view is the shower-front timing technique (also: shower-front sampling). The weak point
of such a non-imaging technique is a poor gamma-hadron separation at low energies. This can be
compensated by a hybrid combination with a small number of small sized imaging air Cherenkov
telescopes (IACTs), such as currently constructed by the TAIGA (Tunka Advanced Instrument for
Gamma ray and cosmic-ray Astrophysics) experiment [18, 3, 4]. The hybrid approach combines
the timing and imaging techniques using a new hybrid reconstruction (see e.g. [12, ] and [13, 14]).

The main astrophysical motivation of TAIGA is the spectroscopic measurement of the cutoff
regime of known Galactic sources. Some of these sources might be cosmic-ray accelerators reach-
ing up to the knee energies (around 3 PeV proton energy), i.e. the long-sought Pevatrons. More
astrophysical motivations are given in [5, 6]. Here, we present the status and first results of the
timing detector component of TAIGA: HiSCORE (High Sensitivity Cosmic ORigin Explorer).

2. The HiSCORE detector component of TAIGA

2.1 Detector layout

The TAIGA-HiSCORE timing array currently consists of 28 timing stations distributed over
an area of 0.25km? in the Tunka valley in Siberia (51°48°47.5” N, 103°04°16.3”E, 675m a.s.L.).
The distance between stations ranges from 75 m to 150 m (see Fig. 1). Ongoing deployment (until
October 2017) will extend the array to a total of 58 stations on 0.6 km?. This array is an implemen-
tation of the HISCORE wide-angle timing array concept [7]. A TAIGA-HiSCORE station consists
of four 8 inch-photomultiplier tubes (PMTs), each equipped with light a concentrator (Winston
cone), resulting in 0.5 m? light collection area, and a field of view of 0.6 sr per detector station.
The PMTs, voltage-divider, preamplifiers, and light concentrators are installed under a protective
plexiglas cover with a heating-wire system (to prevent condensation) in a box with a sliding lid
mechanism. All other electronics parts for local station DAQ and slow control are installed in a
separate heated electronic box. The optical axis of the stations can be tilted in the north-south direc-
tion, therewith varying the part of the sky covered throughout the year. In the northern hemisphere,
tilting to the north results in a smaller total sky area covered, but at deeper exposure (about 1000 h
per year). Tilting to the south increases the coverage at the expense of exposure per square-degree.
During the first two operation seasons, the stations were tilted to the south, allowing observations
of the Crab Nebula. In addition to the timing array, a first small IACT (4.75 m dish diameter) was
built in 2016 and has taken first data in the last observation season. The IACT detector part is
addressed in an overview of the TAIGA experiment in [18] and in [20].

*Speaker.
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Figure 1: Left: The Layout of the 2017
HiSCORE TAIGA array (satellite picture
by google-earth). Right: 3 HISCORE sta-
tions with their electronic boxes.

2.2 Station DAQ

The DAQ is based on fast GHz signal sampling and operates at a trigger rate of the order of
20Hz [8]. The PMTs are operated in a high noise environment (night-sky background) at a gain
of the order of 10*. The anode of each PMT is read out and sampled at 2 GHz with a DRS 4-based
readout board. An analog summator board is used to split the anode signals. If the analog sum of
the anode signals is in excess of a programmable threshold value, a trigger is issued and the anode
signals are sampled with the DRS 4 chip. In order to increase the dynamic range for the signal am-
plitude, also the Sth dynodes are read out. The high-gain channel (anodes) is amplified with a factor
of 30, and the low-gain channel (dynodes) with a factor 4. The 9th channel of the DRS 4-based
readout board is used for sampling of a central 100 MHz clock which is distributed over optical
fiber from the central DAQ. The clock is used by a custom-made time synchronization system and
combined with an ethernet-based WhiteRabbit system, providing a central GPS-disciplined Rubid-
ium clock [18]. Upon local trigger, station data are transferred via optical fiber to the central DAQ.
Event building is processed offline using the sub-ns precision time-stamps.

2.3 Performance, and reconstruction quality

Estimations of the sensitivity of TAIGA [15], based on previous simulations [7, 13, 11], result
in a sensitivity at the level of 2.5-10713TeV cm 2 s~! at 100 TeV for a hybrid timing-imaging-array
with an instrumented area of 1 km? and 3 IACTs (funded and planned for 2019) [18].

The energy threshold of the current HISCORE array is estimated to be 50 TeV for gamma
rays. This value was obtained using a full detector simulation, reproducing the observed trigger
rates with simulated hadronic air showers. The observed rates could be reproduced using a station
threshold of 250p.e., resulting in a differential gamma ray spectrum with a maximum at 50 TeV.
The same result was obtained using an independent approach, based on the normalization of the
observed array trigger rate to the known flux of cosmic rays (see Figure 2). In an earlier stage of
the experiment, these methods were cross-checked by measurements and simulations of the trigger
rate as a function of the discriminator threshold. The found value of the threshold is currently
dictaded by the chosen station discriminator thresholds that limit the station trigger rate to 20 Hz.
A faster local station readout system in combination with online air shower event filtering/building
can further reduce this energy threshold. In a future stage of the experiment also a higher altitude
site might be envisaged, allowing a lower energy threshold at the cost of a higher station density.
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2.4 Event reconstruction

Parameters used for reconstruction are the signal amplitude, charge, and half-rise time, using
methods developed for Tunka-133 and HiISCORE [10, 11, 9]. The shower core is first reconstructed
with a simple center-of-gravity method, and then refined using a fit of station light densities to a
lateral density function. Alternatively, a fit to the amplitude distribution function (ADF) can be
performed. A first order direction is obtained from a fit of station arrival times to a plane, followed
by more realistic arrival time models, such as a cone-fit, or an analytical model of the arrival times
depending on the primary direction, shower core, and shower height. An event display for one
reconstructed air shower event is shown in Figure 3. Shown are the core reconstruction using the
ADF, as well as a arrival time fit for directional reconstruciton. The shower height is also deduced
from the slopes of the LDF or ADF fits. As energy estimator, the value of the LDF at a certain
distance to the shower core (typically 200 m) is used.
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The reconstruction quality was investigated using comparisons of Monte Carlo Simulations to
real data. The chessboard method was used to verify our understanding of the detector performance
in Monte Carlo simulations [15]. As shown in Figure 4, the angular resolution of the HISCORE
detector approaches 0.1° at high station multiplicities. The energy resolution is of the order of

Angular resolution VS triggered stations

—
T

Figure 4: The angular resolution of TAIGA-
HiSCORE as a function of the station multiplic-
ity, i.e. the number of stations in the event. This
dependence was obtained from simulations of
the 28-station array. The Monte Carlo simula-
tions were previously validated using real data
(see text).
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typical values for air Cherenkov experiments, reaching 10 % at high energies.

2.5 Time calibration

Previously, it was shown that a station time jitter of better than 1 ns (rms) is required in order
to reach optimum angular resolution [11]. Two independent station time synchronization methods
were successfully employed, and shown to meet these requirements [9, 8, 18].

As opposed to this 1 ns station clock stability, relevant for the point-spread function of the
detector, the constant relative time-delays between detector stations, or time-offsets Az,¢7; (elec-
tronics/sensor/cable delays etc.) must also be known with ns-precision, since they may introduce a
systematic mis-pointing of the array. Several independent methods, using external light sources of
known location, have been developed to determine Az, ..

o [ED-calibration: a nsec-pulsed LED emits light horizontally over the array. Diffuse light
reflectors deflect the light into a subset of HISCORE stations. The time offsets Az,zy,; are
derived from measured arrival times and geometry (see e.g. for HISCORE-9, [9]).

o Combined EAS- and LED-calibration: EAS events can be used to obtain an approximate
time-offset calibration, by iterating the offsets Az,rs; to minimize the x? when reconstruct-
ing the EAS shower front (for high-multiplicity events). As shown in [17], the inherent
mispointing of this approach (which is small if all initial offsets are only a few ns), can be
corrected by adding a few LED-determined time-offsets ("Hybrid method").

e [SS-calibration: the regularly recorded CATS-LIDAR events from the ISS (see Section 2.6,
and [16]) provide, for clear weather conditions, a calibration beam, similar to an LED placed
at extremely large distance. The Az, ; can be derived from the measured arrival times and
the known location of the ISS (i.e. the laser). An advantage of the method is the instantaneous
illumination of the full array.
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The results of the different time offset calibrations performed for one run are shown in Figure 5.
The deviations between the calibration methods are shown on the left side. The distributions of the
time delays over the array is shown on the right side, amounting to only few ns (rms).
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Figure 5: Resulting absolute time offsets Az,¢¢; per station i. The calibration results are shown for the
different procedures described above for one run. Left: Deviations between methods. Right: Distribution of
the deviations of all stations over the array.

2.6 First results

Background study and Crab Nebula data: Applying a standard ring background method on a
large test region of 12° x 12° blinded real data, the field of view was found to be free of fluctuation
artifacts in excess of what is statistically expected (see Figure 6). Performing the same analysis (no
optimization, no g/h separation) on the position of the Crab Nebula, a hint of a signal is found [19,
these proceedings]. While not significant, these observations are compatible with reasonable Crab
Nebula flux extrapolations to higher energies. We expect to reach better sensitivity optimizing the
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Figure 6: Left: Excess map of blinded real data using the ring background method. No significant excess
is expected. In the shown 12 by 12 degree field of view, fluctuations agree with statistical variations, demon-
strating the applicability of the ring background model over a wide field of view. Right: All-particle cosmic
ray spectrum as observed by TAIGA-HiSCORE compared to results from other experiments.
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analysis, increasing the area as planned, and combining the timing array with IACTs.

The cosmic ray energy spectrum: Using the reconstruction methods developed for the Tunka-
133 cosmic ray array and for HISCORE [10, 11], the energy spectrum of cosmic rays was recon-
structed for the data of the HISCORE-TAIGA array. As can be seen in Figure 6, the obtained
all-particle spectrum is consistent with previous measurements.

The ISS CATS LIDAR: the serendipitous detection of the CATS LIDAR onboard the ISS is
discussed in [16], and was previously reported in [15]. The LIDAR laser provides a short pulsed,
powerful and highly focused 532 nm light beam, registered by HISCORE as a plane wave. Eleven
passages were detected during the past two observation seasons. Simultaneous observations of
HiSCORE and the optical telescope MASTER-Tunka [22] allowed to verify that the absolute point-
ing of HiSCORE is better than 0.1°. These data are used for TAIGA timing calibration and for
various precision performance checks. Possibly, also atmospheric light scattering studies between
space and ground could be done with the same data.

HiSCORE local sky
180°

ISS-TLE
¢ HiS-28 data peak
X MASTER-IMAGE peak

225°

Figure 7: Reconstructed directions of CATS
LIDAR events observed by HiSCORE (blue
dots) during a passage of the ISS over the ar-
ray. The orbital path of the ISS is superimposed
to the image. An optical image from the MAS-
TER telescope (peak shown as red cross) con-
firms the ISS path. The reconstructed HISCORE
directions were calculated using the Combined
LED-EAS time-delay calibration.

90°

0°

3. Summary

The HISCORE-TAIGA timing array is a part of the hybrid timing-imaging TAIGA experiment.
Since October 2015, 28 timing stations distributed over an area of 0.25km? are being operated in
the Tunka valley in Siberia. The total detector area is currently being upgraded to 0.6km? (30
additional stations). A first IACT is in commissioning since the last observation season. The hy-
brid array (1 km?, 3 IACTs) is expected to have a sensitivity of 2.5-10713 TeVem 2 s~ ! at 100 TeV
by 2019. Comparisons of timing array real data to Monte Carlo simulations show that the HiS-
CORE detector is reasonably well understood. While our Crab Nebula data show a hint to a signal,
compatible with expectations based on UHE flux extrapolations. In the current stage, no signifi-
cant excess is expected from the Crab Nebula. The CATS-LIDAR onboard the ISS (seredipitously
detected) is now regularly used for precision time calibration and a verification of the absolute
pointing of the experiment.
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