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Origin of cosmic rays?

Credit: NASA

Centaurus A

Cosmic-ray energy spectrum
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See e.g. Thoudam+ 2016

LHC

Supernova remnants
Pulsars
Pulsar Wind Nebulae
Wolf-Rayet Stars …

Credit: NASA Credit: NAOJ

GRB 020819B 

Gamma-ray Bursts
Active Galactic Nuclei …

Extra-
Galactic



Astronomy @ 1 Trillion times the energy 
of optical photons

TeV gamma-ray sources
(overlaid over the Fermi GeV sky)
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H.E.S.S
Imaging Atmospheric Cherenkov Telescopes

VERITAS

MAGIC

Main limitations:-

•Limited Field-of-View ~ 4o

•Limited duty cycle: Dark moonless night

Credit: TeVCat

CTA

•LST: 20-200 GeV; FoV ~ 4.5o

•MST: 100 GeV - 10 TeV; FoV ~ 7o-8o

•SST: Few to 300 TeV; FoV ~ 9o
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TeV sky from HAWC

HAWC

150m

Water Cherenkov detectors (WCDs)
[FoV ~ 60o, 100% duty cycle]

Credit: HAWC Collaboration

- Northern Hemisphere (Mexico)
- Altitude 4.1 km a.s.l
- 300 WCD detectors
- Energy range ≳ 1 TeV



- Northern Hemisphere (Mexico)
- Altitude 4.1 km a.s.l
- 300 WCD detectors
- Energy range ≳ 1 TeV
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150m

TeV sky from HAWC

Water Cherenkov detectors (WCDs)

- Southern Hemisphere (Chile/Argentina) 
- Altitude 5.1 km a.s.l -> Lower threshold
- Energy range ≳ 200 GeV
- Sub-ns timing -> Better angular resolution
- 1242 small-sized WCDs
- Scintillator detectors

160m

ALTO

}Better sensitivity

HAWC

[FoV ~ 60o, 100% duty cycle]

Credit: HAWC Collaboration



Science with ALTO
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• Transients & highly variable sources: 
- Gamma-ray bursts
- Fast radio bursts
- Blazars

• Extended sources: 
- Active Galactic nuclei
- Fermi bubbles
- Galactic diffuse emission

• High-energy end of spectrum

• PeVatrons (Galactic sources->1015 eV)

• Monitoring/Survey: 
- Known gamma-ray sources
- Galactic center region

• Cosmic-ray measurement: 
- Spectrum
- Composition
- Anisotropy

• Complementary observations & alerts
 to other observatories like CTA

Credit: NASA GSFCCredit: NASA/CXC/CfA

Credit: NAOJ

Centaurus A Fermi Bubbles

GRB 020819B 

  3

ALTO Science Goals

Daily monitoring of Southern targets: 

● Transients and variable sources;

● Active Galactic Nuclei, Gamma-Ray Bursts (if spectra 
favourable), X-ray binaries; 

● Galactic centre and central region;
● Alerts to other observatories;

● Multi-year light-curves;

● High-end of the sources’ spectra;

● Search for Pevatrons;

H.E.S.S. PKS 2155-304 (blazar) flare

Credit: NASA/DOE/Fermi LAT 
Collaboration, Capella 
Observatory, and Ilana Feain, 
Tim Cornwell, and Ron Ekers 
(CSIRO/ATNF), R. Morganti 
(ASTRON), and N. Junkes 
(MPIfR)

Cen A

Study of 
extended sources: 

Fermi Bubbles, 
Vela SNR, 
AGN radio lobes;

Other accessible goals:

● Search in past data if detections of:
● gravitational waves or 
● neutrinos;

● Study of the cosmic-ray composition and 
anisotropy;

● Dark matter searches;
● EBL studies (if threshold low enough);
● Search for Lorentz invariance violation; 
● Axion-like particles from distant AGNs. 

Crab flux level

PKS 2155-304 (blazar)
H.E.S.S

PeVatron (H.E.S.S)

H.E.S.S. Collaboration: Observations of RX J1713.7�3946
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Fig. 3: H.E.S.S. energy flux spectrum. Upper panel: the black data points with statistical 1� error bars are the energy spectrum of
the full SNR RX J1713.7�3946, using an extraction radius of 0.6� centred on R.A.: 17h13m33.6s, Dec.: �39d45m36s. The binning
is chosen to match the energy resolution, requiring a minimum significance of 2� per bin. The grey solid line shows the best-
fit exponential cut-o↵ power-law model, (2) from Table 3. The dashed red line shows the corresponding best-fit model from the
previous H.E.S.S. publication (Aharonian et al. 2007). The experimental flux systematic uncertainty of ±32%, described further in
the main text, is indicated as a light red band. Lower panel: the residuals are shown including statistical and systematic uncertainties.

Table 3: Results of the spectral fitting procedure on the full remnant analysis for a number of spectral models. The fits are performed
using a finely binned SNR energy spectrum, whereas the spectrum shown in Fig. 3 has coarser binning for presentation purposes.

Spectral Model � Ecut F(> 1 TeV) F0, at 1 TeV �2 / ndf
(TeV) (10�11 cm�2 s�1) (10�11 cm�2 s�1 TeV�1)

(1) : F0E�� 2.32 ± 0.02 - 1.52 ± 0.02 2.02 ± 0.08 304 / 118

(2) : F0E�� exp
⇣
�(E/Ecut)1

⌘
2.06 ± 0.02 12.9 ± 1.1 1.64 ± 0.02 2.3 ± 0.1 120 / 117

(3) : F0E�� exp
⇣
�(E/Ecut)2

⌘
2.17 ± 0.02 16.5 ± 1.1 1.63 ± 0.02 2.08 ± 0.09 114 / 117

(4) : F0E�� exp
⇣
�(E/Ecut)1/2

⌘
1.82 ± 0.04 2.7 ± 0.4 1.63 ± 0.02 4.0 ± 0.2 142 / 117

the previous analysis of RX J1713.7�3946. The dramatic expo-
sure loss (23 hours remaining from an initial 164 hours of obser-
vation time) is therefore calling for a new, modified approach.

For this purpose, we employed the reflected-region tech-
nique on smaller subregions of the SNR. The circular ON region
of 0.6� radius, centred on R.A.: 17h13m33.6s, Dec.: �39d45m36s

as in Aharonian et al. (2006b, 2007), is split into 18 subregions
each of similar size. The exposures of these regions vary be-
tween 97 and 130 hours. For each of the subregions, the ON
and OFF energy spectra are extracted using the reflected-region-
background model, and then they are combined yielding the
spectrum of the full SNR with improved exposure and statistics.

During the combination procedure, we need to account for
partially overlapping OFF background regions. This is carried
out by correcting the statistical uncertainties for OFF events that
are used multiple times in the background model (60% of the
events). Moreover, the exposure is not homogeneous across the
subregions, which may lead to biasing e↵ects towards more ex-
posed regions in the combined spectrum. To deal with this issue,
the spectrum of the whole SNR is determined as the exposure-
weighted sum of all subregion spectra, rescaled to the average
exposure of the SNR before merging, and conserving the orig-
inal statistical uncertainties through error propagation. The re-
sulting spectrum of the full SNR is shown in Fig. 3, and the
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946
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Fig. 3: H.E.S.S. energy flux spectrum. Upper panel: the black data points with statistical 1� error bars are the energy spectrum of
the full SNR RX J1713.7�3946, using an extraction radius of 0.6� centred on R.A.: 17h13m33.6s, Dec.: �39d45m36s. The binning
is chosen to match the energy resolution, requiring a minimum significance of 2� per bin. The grey solid line shows the best-
fit exponential cut-o↵ power-law model, (2) from Table 3. The dashed red line shows the corresponding best-fit model from the
previous H.E.S.S. publication (Aharonian et al. 2007). The experimental flux systematic uncertainty of ±32%, described further in
the main text, is indicated as a light red band. Lower panel: the residuals are shown including statistical and systematic uncertainties.

Table 3: Results of the spectral fitting procedure on the full remnant analysis for a number of spectral models. The fits are performed
using a finely binned SNR energy spectrum, whereas the spectrum shown in Fig. 3 has coarser binning for presentation purposes.

Spectral Model � Ecut F(> 1 TeV) F0, at 1 TeV �2 / ndf
(TeV) (10�11 cm�2 s�1) (10�11 cm�2 s�1 TeV�1)

(1) : F0E�� 2.32 ± 0.02 - 1.52 ± 0.02 2.02 ± 0.08 304 / 118

(2) : F0E�� exp
⇣
�(E/Ecut)1

⌘
2.06 ± 0.02 12.9 ± 1.1 1.64 ± 0.02 2.3 ± 0.1 120 / 117

(3) : F0E�� exp
⇣
�(E/Ecut)2

⌘
2.17 ± 0.02 16.5 ± 1.1 1.63 ± 0.02 2.08 ± 0.09 114 / 117

(4) : F0E�� exp
⇣
�(E/Ecut)1/2

⌘
1.82 ± 0.04 2.7 ± 0.4 1.63 ± 0.02 4.0 ± 0.2 142 / 117

the previous analysis of RX J1713.7�3946. The dramatic expo-
sure loss (23 hours remaining from an initial 164 hours of obser-
vation time) is therefore calling for a new, modified approach.

For this purpose, we employed the reflected-region tech-
nique on smaller subregions of the SNR. The circular ON region
of 0.6� radius, centred on R.A.: 17h13m33.6s, Dec.: �39d45m36s

as in Aharonian et al. (2006b, 2007), is split into 18 subregions
each of similar size. The exposures of these regions vary be-
tween 97 and 130 hours. For each of the subregions, the ON
and OFF energy spectra are extracted using the reflected-region-
background model, and then they are combined yielding the
spectrum of the full SNR with improved exposure and statistics.

During the combination procedure, we need to account for
partially overlapping OFF background regions. This is carried
out by correcting the statistical uncertainties for OFF events that
are used multiple times in the background model (60% of the
events). Moreover, the exposure is not homogeneous across the
subregions, which may lead to biasing e↵ects towards more ex-
posed regions in the combined spectrum. To deal with this issue,
the spectrum of the whole SNR is determined as the exposure-
weighted sum of all subregion spectra, rescaled to the average
exposure of the SNR before merging, and conserving the orig-
inal statistical uncertainties through error propagation. The re-
sulting spectrum of the full SNR is shown in Fig. 3, and the
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RXJ1713.7-3946 (H.E.S.S)
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Air shower

Astrophysical
source Cosmic ray

(protons)

Gamma ray

Major challenge

• No. of gamma rays < 1% the 
cosmic-ray background

• Requires background 
rejection @ 99.9%
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An ALTO detector unit
4.15 m

2.5 m

25 cm

80 cm

Water tank

Concrete slab

Concrete pillar
Liquid scintillator

8” PMT
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How does an ALTO detector work?
Energetic 
Particle

Cherenkov
light

Scintillation
light

Water tank

Concrete slab

Concrete pillar
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• All material properties are included 
- Density, refractive index as function of wavelength
- Photon reflectivity, absorption and scattering coefficients as function of wavelength

• All important physical processes are included 
• Electro-magnetic processes: 

- Υ’s: Photoelectric effect, Compton scattering, Pair production, Rayleigh scattering
- e±, μ±, π±, nuclei: Multiple scattering, ionisation, bremsstrahlung, annihilation (positrons)
- Unstable particles: Decay

• Optical processes: 
- Cherenkov and Scintillation photons production
- Their emission spectrum, absorption, scattering …..

• Particle tracking 
• All particles are completely tracked by GEANT4 except for optical photons inside water tank
• Optical photons (Cherenkov/Scintillation) are produced ~100,000 in each tank
• For optical photons inside water tank:

- Only those that would hit the PMT are allowed to track by GEANT4
• For optical photons inside scintillator:

- They are all tracked by GEANT4

Detector simulation: GEANT4 (version 10.2)

10

Air shower simulation: CORSIKA (version 7.4000)
• Realistic model of Earth’s atmosphere, magnetic field, refractive index, …. 
• Electromagnetic and hadronic interactions based on particle physics models



μ- (1 GeV)

Different detector response to different type of particle
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e- (1 GeV)
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Strong signal
in the scintillator
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Gamma ray Cosmic-ray proton

12

Simulated Air shower events of 1 TeV observed with ALTO

• Building virtual experiment in computer
• Make it as realistic as possible
• Perform the virtual experiment

=> Design study and optimisation 
=> Gives expected performance of the   
     experiment

18

Simulations

Air shower

Gamma ray
-More compact
-Regular pattern

Cosmic ray
-Clumpy
-Hot spots in the 
scintillators at large 
distance from the core
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Expected performance of ALTO:
Based on simulation results for gamma-ray showers
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• Detector design: Finalised

• Measurement of optical properties of the tanks: Ongoing

• Measurement of PMT light response: Ongoing

• Signal/background discrimination study: Ongoing

• Prototype construction in LnU campus
- Preparations almost ready

14

The ALTO prototype and the 
Laboratory setups

Y Becherini, JP Ernenwein, M Punch, S Thoudam
August 21st 2017

Current status
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Thank you for your attention !

http://alto-gamma-ray-observatory.org

http://alto-gamma-ray-observatory.org

