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The ALPACA experiment (2025-)

Gamma ray or BG cosmic ray

Air shower (𝝁, 𝜸, 𝐞)
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258 m   Muon Detector  x  (16+48)  (3,700 m  )2

1 m   AS Detector  x  (97+304)  (82,800 m  )

Ver.1.0
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M. Ohnishi

Surface air shower Detectors (SDs) 
(Coverage: 83,000 m2) 
§ 1 m2 Scintillation detector (× 401)

§ Wide dynamic range is achieved by 

using two PMTs with different gains

§ Determine the primary energy and 

its arrival direction

Underground Muon Detectors (MDs) 
(Total area: 3,600 m2)
§ Under 2 m soil

§ 56 m2 / cells × 64 cells

§ A 20-inch PMT is installed each cell

§ Discriminate between gamma rays and 

cosmic rays  by the number of muons in 

showers

300 m

ü Goal: Gamma-ray observation from sub-PeV energies in the southern sky
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Motivation of this research
O

ut
pu

t c
ha

rg
e 

of
 P

M
T

Input-light intensity
(Number of particles)

Dynamic range

Linearity break
§ Space charge effect
§ Insufficient current 

supply

Ideal output

Actual output

ü Extending the dynamic range of FT-PMT enables 
the experiment w/ only FT-PMTs

2-inch 𝜙

Fast Timing PMT
Mainly used to 
determine direction
(up to several tens 
of particles)

1.5-inch 𝜙

Wide Dynamic range PMT
(up to several thousands of 
particles)

Ø Why need to extend the dynamic range 
of 2-inch-diameter PMT?

1 m
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FT-PMTD-PMT
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Required dynamic range for ALPACA

ü Need to extend the dynamic range of FT-PMT up to ~1,000 particles 
equivalent to a few PeV gamma-ray shower

Lateral distribution

Target: 1,000 particles

The number of particles 
detectable by FT-PMT: 
≲ several tens of particles

102 TeV γ (MC)
1 PeV γ (Scaled)

Distance
K. Kawata, et al., Experimental 
Astronomy, 44:1-9 (2017).

Use data for energy reconstruction
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Results reported at 2023 Autumn Meeting

DY1 DY2 DY5DY3 DY4 DY6 DY9 DY10 DY11DY12

10 k⌦

10 nF

PK

Anode output

Dynode output

+HV input

10 k⌦ 51⌦ 51⌦ 51⌦ 300 k⌦ 10 k⌦

10 k⌦

4.7 nF

470 pF

2.2 nF2.2 nF2.2 nF

DY7 DY8

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13

R7725 (2-inch-diameter PMT)
• Made by Hamamatsu Photonics K.K.
• High voltage: 1750 V (Max.: 2000 V)
• Number of dynodes: 12
• Made three dividers with different 

ratios of voltage distributions

Anode readout

9th-dynode readout

Divider 1 (normal) Divider 2 Divider 3
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Results reported at 2023 Autumn Meeting
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PK

Anode output

Dynode output

+HV input
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470 pF

2.2 nF2.2 nF2.2 nF
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R7725 (2-inch-diameter PMT)
• Made by Hamamatsu Photonics K.K.
• High voltage: 1750 V (Max.: 2000 V)
• Number of dynodes: 12
• Made three dividers with different 

ratios of voltage distributions

Anode readout

9th-dynode readout

~1,000 ptcls ~1,000 ptcls ~1,000 ptcls

Divider 1 (normal) Divider 2 Divider 3
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DY1 DY2 DY5DY3 DY4 DY6 DY9 DY10 DY11DY12

10 nF

PK

Anode output

8th Dynode output

+HV input

10 k⌦ 51⌦ 51⌦ 100 k⌦

10 k⌦

10 k⌦

4.7 nF

470 pF

DY7 DY8

620 k⌦ 130 k⌦

10 k⌦

100 k⌦

10 nF
9th Dynode output

100 k⌦
330⌦

330⌦

10M⌦

10 nF10 nF10 nF10 nF10 nF10 nF10 nF

300 k⌦ 130 k⌦ 130 k⌦ 200 k⌦ 300 k⌦ 390 k⌦ 390 k⌦ 390 k⌦ 390 k⌦ 620 k⌦ 300 k⌦

Divider design for ALPACA 2024

• The total resistance is ~4.3 MΩ.
• The sum of the ratios from the cathode (K) to the anode (P) is normalized to 100.
• The tapered ratio referred to the previous study* using the same PMT.

* Y. Zhang et al., JINST, 12, P11011 (2017).

R7725 (2-inch-diameter PMT)
• Made by Hamamatsu Photonics K.K.
• High voltage: 1750 V (Max.: 2000 V)
• Number of dynodes: 12

→ Anode readout

Dynode readout

Voltage distribution ratios
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Irradiation system of pulse laser to test PMT linearity

Percent filters
Optical fiber

2inch PMT

Digit filters

Mirrors

Laser diode
• Tholabs NPL41B
• Peak power: 38 mW
• Wavelength: 405 nm
• Pulse width: 20 or 40 ns
• Rate: 50 Hz

Stepping motors

<latexit sha1_base64="frEw2U6LN3fFl04x25MPsSeDOno="></latexit>

Filter ransmittance

m, n Digit filter % filter

1 (1.08± 0.01)⇥ 10�1 0.828± 0.004

2 (0.939± 0.021)⇥ 10�2 0.767± 0.006

3 (0.587± 0.004)⇥ 10�3 0.801± 0.003

4 (1.11± 0.02)⇥ 10�4 0.594± 0.004

5 (0.475± 0.021)⇥ 10�5 0.518± 0.003

6 0.410± 0.002

7 0.282± 0.002

8 0.210± 0.002

9 0.123± 0.001

Motor driver

Raspberry Pi

UV laser

(NIM)

(CMOS)
Level converter

(⇠ 2V)

Gate gen.

1µs

2inch PMT

Fan-in/out

ADC

OUT

Gate

Ch1

Ch2

Anode

Dynode

IN

External trigger

Filter transmittance
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MIP measurement
üGain is set at high voltages so that the signal amount of one 

particle corresponds to 120 pC/ptcl.

Charge [pC]
120 pC

N
um
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r o

f e
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s

Serial No.: CA3215, HV: 1625V

*Convoluted Landau and Gaussian Fitting Function.
(See langau.C: https://root.cern/doc/master/langaus_8C.html)

1 m

𝜇

Test PMT

Probe detector
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Measurement results of PMT linearity 
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What has been accomplished in this study
Lateral distribution

Target: 1,000 particles

102 TeV γ (MC)
1 PeV γ (Scaled)

Achieved: ~700 particles (~3 PeV) 

K. Kawata, et al., Experimental 
Astronomy, 44:1-9 (2017).

Use data for energy reconstruction

ü The 8th-dynode readout enables us to measure up to ~3PeV. 
→ almost achieved target

ü Even the 9th dynode allows us to measure up to at least 1PeV.
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Divider design fixed for ALPACA 2024
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Summary

• The ALPACA experiment will start the observation of sub-PeV gamma rays in the 
southern hemisphere in 2025.

• Each 1m2 scintillation detector needs a dynamic range of up to 1,000 particles (a 
few PeV).

• Attempted to extend the dynamic range of 2-inch PMT, R7725 by two methods, 
anode/dynode readouts and tapered divider.

☆Dynamic range extended up to 700 particles (~3 PeV) with 8th-dynode signal.
→ almost achieved target

☆Hamamatsu Photonics K.K. checked the divider circuit, including withstand 
voltage, and found no problems
→ The design was fixed for ALPACA 2024 (model number: H11284-50-02)

☆We already placed a large order with Hamamatsu Photonics K.K.
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Backup slide
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Anode output
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+HV input
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10 k⌦

4.7 nF

470 pF

2.2 nF2.2 nF2.2 nF

DY7 DY8

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13

Designs of the voltage dividers made in this research

• Each ratio is calculated from the catalog values of the resistances used.
• The total resistance of each divider is ~4.3 MΩ.
• The sum of the ratios from the cathode (K) to the anode (P) is normalized to 100.
• The “Tapered 1” ratio referred to the previous study* using the same PMT.

* Y. Zhang et al., JINST, 12, P11011 (2017).

R7725 (2-inch-diameter PMT)
• Made by Hamamatsu Photonics K.K.
• High voltage: 1750 V (Max.: 2000 V)
• Number of dynodes: 12

→ Higher gain than R7724
• Made three dividers with different ratios 

(Normal, Tapered 1 & Tapered2)

Anode readout

Dynode readout

21.4 5.65 11.1 5.65 5.65 5.65 5.65 5.65 5.65 5.65 5.65 11.1 5.65

14.5 3.03 6.99 3.03 3.03 4.66 6.99 9.09 9.09 9.09 9.09 14.5 6.99

8.39 4.20 8.39 4.20 4.20 4.20 4.20 4.20 5.13 6.29 8.39 19.1 19.1

K DY1 DY2 DY3 DY4 DY5 DY6 DY7 DY8 DY9 DY10 DY11 DY12 P

Normal

Tapered 1

Tapered 2

Electrode

Voltage distribution ratios
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How to extend the dynamic range of PMT??

1. Dynode readout
○ Less expensive than using two PMT
× One more channel needed than the tapered PMT

2. Divider of tapered-voltage ratio
○ Even less expensive than dynode readout
× Decreased gain

Dynamic-range-extension method

1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 2 2 3 4 4
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<latexit sha1_base64="KxNVYekculyfJmIYwVp6IJPpBAE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oNGChqKqm+6uIJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2L1gJOE+xEdKhEKRtFK93f983654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbzyM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdW7qNZua5V6LY+jCEdwDKfgwSXU4QYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/TfY13</latexit>

R3
<latexit sha1_base64="tLPnTYz4TWqyG5O8MDO9mZUNFbQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu77tX654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfUuq7W7WqVey+Mowgmcwjl4cAV1uIUGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/VAY14</latexit>

R4
<latexit sha1_base64="/WLR5HphyExzypmbb2OswPvdURw=">AAAB6nicbVDJSgNBEK1xjXGLevTSGARPYUbicgx48RiXLJAMoadTkzTp6Rm6e4Qw5BO8eFDEq1/kzb+xk8xBEx8UPN6roqpekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4b530SuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5XvEuK9W7arlWzeMowDGcwBl4cAU1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/WhY15</latexit>

R5
<latexit sha1_base64="R5p2sDoPDqZsLyDg4t7Wz7Tui1I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0J0WPAi8f4yAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4b5f65fKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0ijYEb/nlVdK6rHi1SvWuWq5X8zgKcApncAEeXEEdbqEBTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wfYCY16</latexit>

R6
<latexit sha1_base64="vIaoi76M/UKg5QCUY8WIIlVyM9w=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JxmPAi8f4yAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4b5f65fKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0ijYEb/nlVdK6rHhXlepdtVyv5nEU4BTO4AI8qEEdbqEBTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wfZjY17</latexit>

R7
<latexit sha1_base64="fdDPvUrHtdHXwiEXi6FZNFyyATU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JmmPAi8f4yAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4b5f65fKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6RRuCt/zyKmldVryrSvWuWq5X8zgKcApncAEeXEMdbqEBTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wfbEY18</latexit>

R8

<latexit sha1_base64="+ewDyGzNJyJWg93GTlHsvslAtBA=">AAAB6nicbVDJSgNBEK1xjXGLevTSGARPYUaCyy3gxWNcskAyhJ5OTdKkp2fo7hHCkE/w4kERr36RN//GTjIHTXxQ8Hiviqp6QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh/veda9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7QheIsvL5PmecW7qFTvquVaNY+jAMdwAmfgwSXU4Bbq0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8A3JWNfQ==</latexit>

R9
<latexit sha1_base64="+qB+KgCA0M851IKtl3mXYDst3OM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx6jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye17vtZ4E/75Ypf9edAqyTISQVyNPrlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2Yza+dojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+DjMmk9RSSRaL4pQjq9DsdTRgmhLLJ45gopm7FZER1phYF1DJhRAsv7xKWhfV4LJau6tV6rU8jiKcwCmcQwBXUIdbaEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQQWjrs=</latexit>

R10
<latexit sha1_base64="AFv741xYKVOrqrQ4t6lWD5OeDkU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lIUY8FLx6r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCUf7CRhQUyGkkecEuuk1n0/w3jaL1f8qj8HWiU4JxXI0eiXv3oDRdOYSUsFMaaL/cQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ05ZYAipV1Ji+bq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigVyCo0ex0NuGbUiokjhGrubkV0RDSh1gVUciHg5ZdXSeuiii+rtbtapV7L4yjCCZzCOWC4gjrcQgOaQOERnuEV3jzlvXjv3seiteDlM8fwB97nDwWbjrw=</latexit>

R11

Normal

Tapered

<latexit sha1_base64="u4B/+BNk1e+N2a7xhwW4c7GJDd0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu77Xr9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHqX1dpdrVKv5XEU4QRO4Rw8uII63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wfQdY11</latexit>

R1
<latexit sha1_base64="v+iE6Ni5tsRQE0KLqrAwyEUBX6w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx7rR2uhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMr2f+4xMqzWP5YCYJ+hEdSh5yRo2V7u/6tX654lbdOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzyMy6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtWtW7qNZv65VGPY+jCCdwCufgwSU04Aaa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz/R+Y12</latexit>

R2
<latexit sha1_base64="KxNVYekculyfJmIYwVp6IJPpBAE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oNGChqKqm+6uIJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2L1gJOE+xEdKhEKRtFK93f983654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbzyM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdW7qNZua5V6LY+jCEdwDKfgwSXU4QYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/TfY13</latexit>

R3
<latexit sha1_base64="tLPnTYz4TWqyG5O8MDO9mZUNFbQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu77tX654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfUuq7W7WqVey+Mowgmcwjl4cAV1uIUGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/VAY14</latexit>

R4
<latexit sha1_base64="/WLR5HphyExzypmbb2OswPvdURw=">AAAB6nicbVDJSgNBEK1xjXGLevTSGARPYUbicgx48RiXLJAMoadTkzTp6Rm6e4Qw5BO8eFDEq1/kzb+xk8xBEx8UPN6roqpekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4b530SuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5XvEuK9W7arlWzeMowDGcwBl4cAU1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/WhY15</latexit>

R5
<latexit sha1_base64="R5p2sDoPDqZsLyDg4t7Wz7Tui1I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0J0WPAi8f4yAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4b5f65fKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0ijYEb/nlVdK6rHi1SvWuWq5X8zgKcApncAEeXEEdbqEBTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wfYCY16</latexit>

R6
<latexit sha1_base64="vIaoi76M/UKg5QCUY8WIIlVyM9w=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JxmPAi8f4yAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4b5f65fKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0ijYEb/nlVdK6rHhXlepdtVyv5nEU4BTO4AI8qEEdbqEBTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wfZjY17</latexit>

R7
<latexit sha1_base64="fdDPvUrHtdHXwiEXi6FZNFyyATU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JmmPAi8f4yAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4b5f65fKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6RRuCt/zyKmldVryrSvWuWq5X8zgKcApncAEeXEMdbqEBTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wfbEY18</latexit>

R8
<latexit sha1_base64="+ewDyGzNJyJWg93GTlHsvslAtBA=">AAAB6nicbVDJSgNBEK1xjXGLevTSGARPYUaCyy3gxWNcskAyhJ5OTdKkp2fo7hHCkE/w4kERr36RN//GTjIHTXxQ8Hiviqp6QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh/veda9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7QheIsvL5PmecW7qFTvquVaNY+jAMdwAmfgwSXU4Bbq0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8A3JWNfQ==</latexit>

R9
<latexit sha1_base64="+qB+KgCA0M851IKtl3mXYDst3OM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx6jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye17vtZ4E/75Ypf9edAqyTISQVyNPrlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2Yza+dojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+DjMmk9RSSRaL4pQjq9DsdTRgmhLLJ45gopm7FZER1phYF1DJhRAsv7xKWhfV4LJau6tV6rU8jiKcwCmcQwBXUIdbaEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQQWjrs=</latexit>

R10
<latexit sha1_base64="AFv741xYKVOrqrQ4t6lWD5OeDkU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lIUY8FLx6r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCUf7CRhQUyGkkecEuuk1n0/w3jaL1f8qj8HWiU4JxXI0eiXv3oDRdOYSUsFMaaL/cQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ05ZYAipV1Ji+bq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigVyCo0ex0NuGbUiokjhGrubkV0RDSh1gVUciHg5ZdXSeuiii+rtbtapV7L4yjCCZzCOWC4gjrcQgOaQOERnuEV3jzlvXjv3seiteDlM8fwB97nDwWbjrw=</latexit>

R11

<latexit sha1_base64="JOLQAFI+GUBDKqltWDBQVw0tnB8=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0lKUY8VLx4rmLbQhrLZTNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZouBTyaXqhUQDZwJ8wwyHXqqAJCGHbji5m/vdJ1CaSfFopikECRkJFjNKjJX8WyEjGFZrbt1dAK8TryA1VKA9rH4NIkmzBIShnGjd99zUBDlRhlEOs8og05ASOiEj6FsqSAI6yBfHzvCFVSIcS2VLGLxQf0/kJNF6moS2MyFmrFe9ufif189MfBPkTKSZAUGXi+KMYyPx/HMcMQXU8KklhCpmb8V0TBShxuZTsSF4qy+vk06j7l3Vmw+NWqtZxFFGZ+gcXSIPXaMWukdt5COKGHpGr+jNEc6L8+58LFtLTjFziv7A+fwBp+aOjA==</latexit>

Anode
<latexit sha1_base64="Fsnrpzc/NFzqfmUU7v5MdTh4t+Y=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi4L3bisYB/QDiWTuW1DM5MhyQhl6Ee4caGIW7/HnX9j2s5CWw8EDufcS849QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8tUMWwzKaTqBVSj4DG2DTcCe4lCGgUCu8G0ufC7T6g0l/GjmSXoR3Qc8xFn1Fip26RmIkMclitu1V2CbBIvJxXI0RqWvwahZGmEsWGCat333MT4GVWGM4Hz0iDVmFA2pWPsWxrTCLWfLePOyZVVQjKSyr7YkKX6eyOjkdazKLCTkc2n172F+J/XT83ozs94nKQGY7b6aJQKYiRZ3E5CrpAZMbOEMsVtVsImVFFmbEMlW4K3fvIm6dSq3k21/lCrNOp5HUW4gEu4Bg9uoQH30II2MJjCM7zCm5M4L86787EaLTj5zjn8gfP5AzLTj3E=</latexit>

Cathode
<latexit sha1_base64="Ffq0sHhPRdYSh1Vq/RDztxmJXPY=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WWwFTyUpRT0W9OCxgv2ANpTNZtIu3WzC7kYMoX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82LOlLbtb6uwsbm1vVPcLe3tHxwelY8rXRUlkkKHRjySfY8o4ExARzPNoR9LIKHHoedNb+Z+7xGkYpF40GkMbkjGggWMEm2kUblym4rIB1wbahaCwo5dG5Wrdt1eAK8TJydVlKM9Kn8N/YgmIQhNOVFq4NixdjMiNaMcZqVhoiAmdErGMDBUELPIzRa3z/C5UXwcRNKU0Hih/p7ISKhUGnqmMyR6ola9ufifN0h0cO1mTMSJBkGXi4KEYx3heRDYZxKo5qkhhEpmbsV0QiSh2sRVMiE4qy+vk26j7lzWm/eNaquZx1FEp+gMXSAHXaEWukNt1EEUPaFn9IrerJn1Yr1bH8vWgpXPnKA/sD5/ABfDkyI=</latexit>

Dynode ⇥10 <latexit sha1_base64="nkqIqRyCwbxI4bscUuZoH0KAiG8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi4rblxWsA9oh5LJZNrQTDImmUIZ+h1uXCji1o9x59+YtrPQ1gOBwzn3cG9OkHCmjet+O4WNza3tneJuaW//4PCofHzS1jJVhLaI5FJ1A6wpZ4K2DDOcdhNFcRxw2gnGd3O/M6FKMykezTShfoyHgkWMYGMl/1bIkCIbCGVqBuWKW3UXQOvEy0kFcjQH5a9+KEkaU2EIx1r3PDcxfoaVYYTTWamfappgMsZD2rNU4JhqP1scPUMXVglRJJV9wqCF+juR4VjraRzYyRibkV715uJ/Xi810Y2fMZGkhgqyXBSlHBmJ5g2gkClKDJ9agoli9lZERlhhYmxPJVuCt/rlddKuVb2rav2hVmnU8zqKcAbncAkeXEMD7qEJLSDwBM/wCm/OxHlx3p2P5WjByTOn8AfO5w+S6JHw</latexit>

Anode readout

<latexit sha1_base64="F9pM9LuP6RgX3j9cABfISsuKx8U=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4KjOlqMuCLlxWsA9ox5LJ3GlDM8mQZJSh9D/cuFDErf/izr8xbWehrQcCh3Pu4d6cIOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWqKLSo5FJ1A6KBMwEtwwyHbqKAxAGHTjC+nvmdR1CaSXFvsgT8mAwFixglxkoPN5mQIWCbCGVqBuWKW3XnwKvEy0kF5WgOyl/9UNI0BmEoJ1r3PDcx/oQowyiHaamfakgIHZMh9CwVJAbtT+ZXT/GZVUIcSWWfMHiu/k5MSKx1Fgd2MiZmpJe9mfif10tNdOVPmEhSA4IuFkUpx0biWQU4ZAqo4ZklhCpmb8V0RBShxhZVsiV4y19eJe1a1buo1u9qlUY9r6OITtApOkceukQNdIuaqIUoUugZvaI358l5cd6dj8Vowckzx+gPnM8fefeSdg==</latexit>

Dynode readout

<latexit sha1_base64="CnZ/trLyGc6CXfTngwDZlvq7shU=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmLiiewSoh5JvHDERMAENqRbutDQ3W7aWRKy4W948aAxXv0z3vw3FtiDgi+Z5OW9mXbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOzjlGpZrzNlFT6KaCGSxHzNgqU/CnRnEaB5N1gcr/wu1OujVDxI84S7kd0FItQMIpW6jfFaEymSiId8UG54lbdJcgm8XJSgRytQfmrP1QsjXiMTFJjep6boJ9RjYJJPi/1U8MTyib27Z6lMY248bPlznNyZZUhCZW2FSNZqr8nMhoZM4sC2xlRHJt1byH+5/VSDO/8TMRJijxmq4/CVBJUZBEAGQrNGcqZJZRpYXclbEw1ZWhjKtkQvPWTN0mnVvVuqvWHWqVRz+MowgVcwjV4cAsNaEIL2sAggWd4hTcndV6cd+dj1Vpw8plz+APn8wfKgJF9</latexit>

High voltage

<latexit sha1_base64="N0KNeqv0DDaNbfEcd2WXWlPGvEQ=">AAACAXicbVDLSgMxFL1TX7W+Rt0IboJFcFVmpKgrKbhxWcE+oB1KJpNpQzPJkGSEUurGX3HjQhG3/oU7/8a0nYW2HriXwzn3ktwTppxp43nfTmFldW19o7hZ2tre2d1z9w+aWmaK0AaRXKp2iDXlTNCGYYbTdqooTkJOW+HwZuq3HqjSTIp7M0ppkOC+YDEj2Fip5x51SSSNXu49t+xVvBnQMvFzUoYc9Z771Y0kyRIqDOFY647vpSYYY2UY4XRS6maappgMcZ92LBU4oToYzy6YoFOrRCiWypYwaKb+3hjjROtREtrJBJuBXvSm4n9eJzPxVTBmIs0MFWT+UJxxZCSaxoEipigxfGQJJorZvyIywAoTY0Mr2RD8xZOXSfO84l9UqnfVcu06j6MIx3ACZ+DDJdTgFurQAAKP8Ayv8OY8OS/Ou/MxHy04+c4h/IHz+QNsXpeE</latexit>· · · · · · · · · · · ·
<latexit sha1_base64="+OfN+WjOXc5ctau1+AIFiGlrvuU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSj4/ZxbRXrrhVdw6ySrycVCBHo1f+6vZjlkYoDRNU647nJibIqDKcCZyWuqnGhLIxHWLHUkkj1EE2P3ZKzqzSJ4NY2ZKGzNXfExmNtJ5Eoe2MqBnpZW8m/ud1UjO4CTIuk9SgZItFg1QQE5PZ56TPFTIjJpZQpri9lbARVZQZm0/JhuAtv7xKmpdV76pau69V6rU8jiKcwCmcgwfXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fqkuOjw==</latexit>
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H11284 (球R7725) ゲイン個体差
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Conversion of UV-light intensity to the number of particles

ü Estimate the conversion factor from filter transmittance to the number of ptcls.
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Origin of PeV cosmic rays

PeVatron Earth

𝛾

Cosmic ray

Molecular cloud

≃ 3	PeV

Energy spectrum of all particles

Knee

M. Amenomori et al. ApJ, 678, 1165 (2008)

Indirect observation of cosmic rays:

𝑝 PeV + 𝑝 → 𝜋! + 𝑋

𝜋! → 𝛾 + 𝛾 (sub-PeV)

PeVatron: PeV-cosmic-ray accelerators in our galaxy
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PeVatron candidate: Supernova remnant (SNR)

DownstreamUpstream

Shock wave

E1

E2

��!u1 �!v = ��!u1 +�!u2https://www.nasa.gov/image-feature/the-
tycho-supernova-death-of-a-star

Diffusive shock acceleration

+ Cosmic-ray propagation

Spectral index of cosmic rays (Γ ∼ −2.7) can be explained.
22/15



Sub-PeV gamma-ray observation
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ⌃Nµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the ⌃⇢, where ⌃⇢ is roughly proportional to energy, and ⌃⇢ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ⌃Nµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ⌃Nµ = 10 ⇠ 30 depending on ⌃⇢. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ⌃Nµ to the ⌃Nµ on the muon cut line in Fig. 2 at the observed ⌃⇢. Three
events among 24 photon-like evens have ⌃Nµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
⌃Nµ to the ⌃Nµ value on the muon cut line in Fig. 2 at the observed ⌃⇢. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.

Tibet AS 𝛾 Collaboration, 
PRL 123, 051101 (2019)

We have looked for correlations between the sources of
systematic uncertainty and have not found any. Therefore, the
effect of each source of systematic uncertainty can be added in
quadrature to the others. The systematic uncertainties on each
of the fit parameters in the log-parabola likelihood fit can be
seen in Table 5.

The major sources of systematic uncertainty are described
below. Figure 13 shows the shift due to systematics in
E2dN/dE as a function of energy for each estimator.

4.5.1. Angular Resolution Discrepancy

A discrepancy in the 68% containment between data and
simulation can be seen in Figure 8. While the cause of this is
not immediately clear, it is thought to be at least partially
caused by the shower curvature model used during reconstruc-
tion not yet having an energy dependence.

The 68% containment in the Monte Carlo is underestimated
by approximately 5%. The effect of this has been investigated
by scaling the PSF up by this amount and refitting the Crab
Nebula. The maximum effect on the flux is ∼5%, occurring at
the lowest energies (see Figure 13). At the highest energies this
effect is almost completely negligible.

4.5.2. Late Light Simulation

This was the largest source of uncertainty (∼40% in flux) in
Abeysekara et al. (2017a) and arose from a mismodeling of the
late light in the air shower. This is thought to stem from a
discrepancy between the time width of the laser pulse used for
calibration and the time structure of the actual shower. From
simulation, it is expected that the width of the arrival time
distribution of single photoelectrons (PEs) at the PMT should
be 10 ns, but examining the raw PE distributions in data
shows a discrepancy above 50 PEs. Improved studies of the
PMTs have decreased the size of this uncertainty in this work,
although it is still one of the dominant sources of uncertainty.
Systematic uncertainties have been derived by varying the size
of this effect and observing the impact on the flux.

4.5.3. Charge Uncertainty

The charge uncertainty encapsulates how much a PMT
measurement will vary for a fixed amount of light, as well as
the relative differences in photon detection efficiency from
PMT to PMT. The amount of uncertainty has been varied and
the effect on the flux studied. This is not a dominant source of
systematic uncertainty.

4.5.4. Absolute PMT Efficiency/Time Dependence

The absolute PMT efficiency cannot be precisely determined
using the calibration system (see Abeysekara et al. 2017a for a
discussion). Instead, an event selection based on charge and
timing cuts is implemented to identify incident vertical muons.
Vertical muons provide a monoenergetic source of light and
can be used to measure the relative efficiency of each PMT by
matching the muon peak position to the expected one from the
MC simulations. These efficiencies were determined for
different epochs in time and used to measure the range of
uncertainties. This is one of the dominant sources of
uncertainty, along with the late light simulation.

Figure 12. Significance map above 56 TeV in reconstructed energy for the GP (left) and NN (right). The maximum significance is 11.2σ for the GP and 11.6σ for the
NN. Both significance maps have been smoothed for presentation purposes.

Table 5
Systematic Uncertainties on Fit Parameters

Estimator Parameter Sys. Low Sys. High

GP f0 −2.11×10−14 2.00×10−14

α −0.03 0.01
β −0.03 0.01

NN f0 −1.69×10−14 3.23×10−14

α −0.02 0.03
β −0.02 0.02

Note. The systematic uncertainties on the fit parameters, for each estimator.
The units for f0 are TeV cm−2 s−1.
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>56TeV

HAWC Collaboration, 
ApJ 881:134 (2019)

Extended Data Fig. 5 | Phenomenological fits to the γ−ray observations of 
LHAASO J1908+0621, and previous observations of potential counterparts. 
The inset shows the KM2A significance map, indicating the potential 
counterparts of the UHE γ-ray source. The colour bar shows the significance 
( TS). The green circle indicates the PSF of LHAASO. The Fermi LAT points for 
LHAASO J1908+0621 analysed in this work, as well as ARGO48, HESS49 and 
HAWC4 data, are shown together with the LHAASO measurements. The dotted 
curve shows the leptonic model of radiation, assuming an injection of electron/
positron pairs according to the pulsar’s spin-down behaviour, with a breaking 
index of 2 and an initial rotation period of 0.04 s. A fraction of 6% of the current 
spin-down power of the pulsar PSR J1907+0602 at a distance of 2.4 kpc is 
assumed to be converted to e± pairs to support the γ-ray emission. The injection 
spectrum of electrons is assumed to be N E E E( ) ∝ exp{−[ /(800 TeV)] }e

2
e
−1.75 .  

The solid curves correspond to the hadronic model of radiation. Two types of 
energy distributions are assumed for the parent proton population: (i) a single 
power-law spectrum of parent protons, N(E) ≈ E−1.85exp[−E/(380 TeV)] (thin solid 
curve); (ii) a broken power-law spectrum with an exponential cutoff of parent 
protons, with indices 1.2 and 2.7 below and above 25 TeV, respectively, and a 
cutoff energy of 1.3 PeV (thick solid curve). In the inset sky map, the black 
diamond shows the position of PSR J1907+0602, the black contours correspond 
to the location of supernova remnant SNR G40.5-0.5 and the white circle is the 
position and size of HESS J1908+063. The cyan regions are the dense clumps 
described in Methods. The average density in the whole γ-ray emission region is 
estimated to be about 10 cm−3. γ-ray absorption due to photon–photon pair 
production (see Methods) is taken into account in the theoretical curve.

LHAASO Collaboration, Nature, 594, 33-36 (2021)

best-fit Nishimura-Kamata-Greisen (NKG) function [20].
The energy resolutions with S50 are roughly estimated to
be 20% and 10% for 100 and 400 TeV, respectively. The
absolute energy scale uncertainty was estimated to be 12%
from thewestwarddisplacement of theMoon’s shadowcenter
due to the geomagnetic field [21]. The live time of the dataset
is 719 days fromFebruary 2014 toMay 2017, and the average
effective detection time for the Galactic plane observation is
approximately 3700 h at the zenith angle less than 40°. The
data selection criteria are the same in our previous work [12]
except for the muon cut condition. According to the CASA-
MIA experiment, the marginal excess along the Galactic
plane in the sub-PeV energies is 1.63 σ, and the fraction of
excess to cosmic-ray background events is estimated to be
approximately 3 × 10−5 [18]. In order to search for signals
with such a small excess fraction,we adopt a tightmuon cut in
the present analyses requiring for gamma-ray-like events to
satisfyΣNμ < 2.1 × 10−4 ðΣρÞ1.2 or ΣNμ < 0.4, where ΣNμ

is the total number of muons detected in the underground
muon detector array. This is just one order of magnitude
tighter than the criterion used in our previous work [12]. The
cosmic-ray survival ratio with this tight muon cut is exper-
imentally estimated to be approximately 10−6 above 400TeV,
while the gamma-ray survival ratio is estimated to be 30% by
the MC simulation. The comparison between the cosmic-ray
data and the MC simulation is described in Fig. S1 in
Supplemental Material [22].
Results and discussion.—Figure 1 shows arrival direc-

tions of gamma-ray-like events in (a) 100ð¼102.0Þ < E <
158ð¼102.2Þ TeV, (b) 158ð¼102.2Þ<E<398ð¼102.6ÞTeV,
and (c) 398ð¼102.6Þ < E < 1000ð¼103.0Þ TeV, remaining
after the tight muon cut. It is seen that the observed arrival
directions concentrate in a region along the Galactic plane
(see also Fig. 2). Particularly in Fig. 1(c), 23 gamma-ray-
like events are observed in jbj < 10° which we define as the
on region (NON ¼ 23), while only ten events are observed
in jbj > 20° which we define as the off region (NOFF ¼ 10).
Since the total number of events before the tight muon cut
is 8.6 × 106, the cosmic-ray survival ratio is estimated to be
1.2 × 10−6 in jbj > 20° above 398 TeV. We use NOFF in
jbj > 20° to estimate the number of cosmic-ray background
events, because the contribution from extragalactic gamma
rays in E > 100 TeV is expected to be strongly suppressed
due to the pair-production interaction with the extragalactic
background light. The mean free path lengths for the pair
production for 100 TeV and 1 PeV are a few megaparsecs
and 10 kpc, respectively [29].
Since the ratio (α) of exposures in on and off regions is

estimated to be 0.27 by the MC simulation with our
geometrical exposure, the expected number of background
events in the on region with jbj < 10° is NBG ¼ αNOFF ¼
2.73, and the Li-Ma significance [30] of the diffuse gamma
rays in the on region is calculated to be 5.9 σ. The number
of events and the significances in each energy bin are
summarized in Table S1 in Supplemental Material [22].

The observed distribution of the number of muons for
E > 398 TeV after the muon cut is consistent with that
estimated from the gamma-ray MC simulation as shown in
Fig. S2 in Supplemental Material [22]. The highest-energy
957ðþ166

−141ÞTeV gamma ray is observed near the Galactic
plane, where the uncertainty in energy is defined as the
quadratic sum of the absolute energy-scale error (12%) and
the energy resolution [12]. Solid circles in Fig. 2 display
NON − NOFF as a function of b in (a) 100 < E < 158 TeV,
(b) 158 < E < 398 TeV, and (c) 398 < E < 1000 TeV.
The concentration of diffuse gamma rays around the
Galactic plane is apparent particularly in Fig. 2.
In order to estimate contribution from the known

gamma-ray sources, we searched for gamma-ray signals

FIG. 1. The arrival direction of each gamma-ray-like event
observed with (a) 100 < E < 158 TeV, (b) 158<E<398TeV,
and (c) 398 < E < 1000 TeV, respectively, in the equatorial
coordinate. The blue solid circles show arrival directions of
gamma-ray-like events observed by the Tibet ASþMD array.
The area of each circle is proportional to the measured energy of
each event. The red plus marks show directions of the known
Galactic TeV sources (including the unidentified sources) listed
in the TeV gamma-ray catalog [9]. The solid curve indicates the
Galactic plane, while the shaded areas indicate the sky regions
outside the field of view of the Tibet ASþMD array.

PHYSICAL REVIEW LETTERS 126, 141101 (2021)
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LETTERSNATURE ASTRONOMY

cosmic ray density profile above 100 GeV from ref. 19, which clearly 
favours the 1/r profile. Alternatively, the 1/r profile is less striking 
for TeV cosmic rays because of their escape time.

The angular size of the Cygnus Cocoon is about 2.1°, which trans-
lates into a radius of r = 55 pc at 1.4 kpc. The size of the Cocoon is 
similar in both the TeV and GeV energy range. Assuming a loss-free 
regime, the particles from tens of GeV to hundreds of TeV diffuse 
in the region over a time tdiff given by tdiff = r2/(2D) (ref. 20), where D 
is the particle diffusion coefficient. If D(E*) = β D0(E*), where D0(E*) 
is the average diffusion coefficient in the Galaxy at a given energy E* 
and β is the suppression coefficient, then at 10 GeV
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The diffusion time (tdiff) of 10 GeV particles detected with 
Fermi-LAT needs to be shorter than the age of the Cyg OB2 associa-
tion tage, that is, tdiff (10 GeV) < tage ≈ 1−7 Myr (ref. 21), which yields 
β > 0.002. By contrast, the diffusion time of 100 TeV particles must 
be longer than the light-travel time to the edges of the Cocoon, 
tdiff (100 TeV) ≫ Rdiff/c, where Rdiff is the diffusion radius and c is the 
speed of light. With D0(100 TeV) = 3 × 1030 cm2 s−1, we obtain β ≪ 1. 
The combination of observations by the GeV and TeV instruments 
provides unique insights to particle transport in the Cocoon super-
bubble. The ‘suppression of the diffusion coefficient’ (β) is found to 
be 0.002 < β ≪ 1. This confirms that closer to particle injectors, high 
turbulence is driven by the accelerated particles, and cosmic rays 
are likely to diffuse more slowly than in other regions of the Galaxy.

As discussed in ref. 10, although the PWN powered by PSR 
J2021+4026 and PSR J2032+4127 cannot explain this extended 
Cocoon emission, we cannot rule out that the emission could be 
from a yet-undiscovered PWN. The nearby γ Cygni SNR might 
not have been able to diffuse over the Cocoon region because of 
its young age10. The γ-ray emission measured from the Cocoon 

region over five orders of magnitude in energy is likely produced by  
protons in the GeV to PeV range that collide with the ambient dense 
gas. The spectral shape in the TeV energy range is well described by 
a power law without an indication of a cut-off up to energies above 
100 TeV. Therefore, it might be the case that the powerful shocks 
produced by multiple strong star winds in the Cygnus Cocoon can 
accelerate particles, not only to energies up to tens of TeV as previ-
ously indicated by the Fermi-LAT detection, but even beyond PeV 
energies. However, the presence of a cut-off or a break in the GeV to 
TeV γ-ray spectrum at a few TeV, as evidenced in the measurements 
of both ARGO and HAWC detectors, argues against the efficiency 
of the acceleration process beyond several hundred TeV.

The break in the γ-ray spectrum around a few TeV could be due 
to either leakage of cosmic rays from the Cocoon or a cut-off in the 
cosmic ray spectrum injected from the source. In the first scenario, 
the γ-ray emission is dominated by recent starburst activities less 
than 0.1 Myr ago. The diffusion length in the Cocoon is 100–1,000 
times less than that in the interstellar medium owing to strong mag-
netic turbulence10 that is plausibly driven by starburst activities. The 
lower-energy cosmic rays are confined by the magnetic field of the 
Cocoon, whereas higher-energy cosmic rays escape from the region 
before producing γ rays, which results in a spectral break from GeV 
to TeV regime. An injection index of α ≈ −2.1 for the cosmic ray spec-
trum is needed to explain the Fermi-LAT observation. Such a spec-
trum can be achieved by different particle acceleration mechanisms, 
for example through shock acceleration. An example of the leakage 
model is illustrated as the thick solid grey line in Fig. 2a. Assuming 
a recent activity that happened 0.1 Myr ago and a gas density of 30 
nucleons per cm3 as suggested by H i and H ii observations22, the 
proton injection luminosity is found to be Lp ≈ 4 × 1037 erg s−1 above 
1 GeV (Methods). The data above 100 TeV suggest that the stellar 
winds inject protons to above PeV with a hard spectrum.

In the second scenario, the γ-ray emission is produced by contin-
uous starburst activities over the OB2 star lifetime, 1–7 Myr. In this 
scenario, a hard cosmic ray spectrum of α ≈ −2.0, depending on the 
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declination (dec.) = 41.51° ± 0.04°), which is a slightly extended 
source with a Gaussian width of 0.27° and is possibly associated 
with the PWN TeV J2032+4130 (refs. 12,13), and HAWC J2030+409, 
which is a very-high-energy counterpart of the GeV Cygnus 
Cocoon10 (Methods). The region after subtraction of HAWC 
J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni) is shown  
in Fig. 1b.

HAWC J2030+409 contributes ~90% to the total flux detected 
at the ROI and is detected with a test statistic (equation (1), likeli-
hood ratio test), TS, of 195.2 at the position RA = 307.65° ± 0.30°, 
dec. = 40.93° ± 0.26°. The extension is well described by a 
Gaussian profile with a width of 2.13° ± 0.15° (stat.) ± 0.06° (syst.). 
The location and the Gaussian width of the source are consistent 
with the measurements by Fermi-LAT from above 1 GeV to a few 
hundred GeV.

The spectral energy distribution of the Cygnus Cocoon 
has been extended from 10 TeV in the previously published  
measurement by the ARGO observatory14 to 200 TeV in this 
analysis. The measurement above 0.75 TeV can be described 
by a power-law spectrum E/�E& = /

�

(&�&
�

)Γ , with 
E0 = 4.2 TeV being the pivot energy. The flux normalization is 
/

�

= ���

+���

−���

(TUBU�)+����

−����

(TZTU�)×10−13 cm−2 s−1 TeV−1 and the spec-
tral index is Γ = −����

+����

−����

(TUBU�)+����

−����

(TZTU�). The flux is compat-
ible with an extrapolation from the Fermi-LAT measurement at 
1–300 GeV (refs. 10,15). Compared to Γ = −2.1 in the Fermi-LAT GeV 
data, a significant softening of the energy spectral density is evident 
at a few TeV in the ARGO data14 and persists beyond 100 TeV in the 
HAWC data (Fig. 2a).

GeV γ rays observed by Fermi-LAT can be produced either by 
high-energy protons interacting with gas or by high-energy elec-
trons upscattering stellar radiation and dust emission10. Above a few 
TeV, the inverse-Compton process between relativistic electrons 
and stellar photons is suppressed by the Klein–Nishina effect. If 
produced by electrons, the γ-ray emission is therefore not expected 

to be peaked toward the stellar clusters, but rather trace the dif-
fuse dust emission across the entire Cocoon. This adds difficulty to 
the task of distinguishing the leptonic and hadronic origins of the 
γ-ray radiation. The measurements of the Cygnus Cocoon emission 
above 10 TeV break the degeneracy of the two origins. As shown 
in Extended Data Fig. 1, we find it unlikely that a single electron 
population produces γ rays from GeV to the highest energy by 
inverse-Compton emission without its synchrotron radiation vio-
lating the flux constraints posed by radio16 and X-ray17 observations. 
The leptonic origin of the γ-ray radiation by the Cygnus Cocoon is 
therefore disfavoured as uniquely responsible for the observed GeV 
and TeV flux.

The cosmic ray energy density above a proton energy of 10 TeV 
is calculated for four annuli up to 55 pc from Cyg OB2 (Fig. 2b). We 
find that the cosmic ray energy density in all spatial bins is larger 
than the local cosmic ray energy density of 10−3 eV cm−3 based on 
Alpha Magnetic Spectrometer measurements18. Therefore, as for the 
GeV γ rays10, TeV γ rays come from the freshly accelerated cosmic 
rays inside the Cygnus Cocoon, rather than from the older Galactic 
population.

The radial profile of the cosmic ray density yields information 
on the mechanism that accelerates particles in the Cygnus Cocoon. 
Assuming that a cosmic ray accelerator has been active in the cen-
tre of the region at a radius of r = 0, roughly at the location of Cyg 
OB2, a 1/r dependence of the cosmic ray density would imply that 
the acceleration process has continuously injected particles in the 
region for 1–7 Myr. A continuous acceleration process, which can-
not be guaranteed by a single supernova explosion event, could be 
produced by the combined and long-lasting effect of multiple pow-
erful star winds. Conversely, a constant radial profile would imply a 
recent (< 0.1 Myr) burst-like injection of cosmic rays, such as from a 
supernova explosion event. Although the measured cosmic ray pro-
file seems to agree with a 1/r dependence, a constant profile, namely 
a burst-like injection, cannot be excluded. This is in contrast to the 
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< Erec <

∆ ◦± ◦ ∆ ◦± ◦

liQaWiRQ (Dec) UelaWiYe WR Whe kQRZQ CUab SRViWiRQ (R.A. =
83.63 , Dec = 22.02 , J2000.0 eSRch) aUe VhRZQ iQ Fig.
15. The laVW eQeUg\ SRiQW iQ Fig. 15 iV RbWaiQed XViQg Whe
biQV ZiWh 100 TeV 1 PeV. WheQ a cRQVWaQW YalXe
iV  XVed  WR  fiW  Whe  SRViWiRQV  aW  all  eQeUgieV,  Ze  RbWaiQ
R.A. = í0.024 0.016 ,  Dec = 0.035 0.014 .

◦
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◦ >
σ

∆
◦± ◦ ∆ ◦± ◦

The  CUab  NebXla  caQ  be  RbVeUYed  b\  KM2A  fRU
abRXW  7.4  hU  SeU  da\  ZiWh  a  ]eQiWh  aQgle  leVV  WhaQ  50 ,
cXlPiQaWiQg aW  7 .  The RbVeUYaWiRQ WiPe fRU ]eQiWh aQgle
leVV  WhaQ  30   iV  4.3  hU  SeU  da\.  TR  check  fRU  a  SRVVible
V\VWePaWic SRiQWiQg eUURU aW laUge ]eQiWh aQgleV, Whe RbVeU-
YaWiRQ  Rf  Whe  CUab  NebXla  aW  ]eQiWh  aQgleV  higheU  WhaQ
30   iV  aQal\]ed  VeSaUaWel\.  AW  eQeUgieV  25  TeV,  Whe
achieYed  VigQificaQce  iV  12 ,  aQd  Whe  RbWaiQed  SRViWiRQ
UelaWiYe  WR  Whe  kQRZQ  CUab  SRViWiRQ  iV  R.A.  =
í0.073 0.042 ,  Dec  =  0.074 0.032 .  ThiV  UeVXlW  iV
URXghl\ cRQViVWeQW ZiWh WhaW RbWaiQed XViQg all daWa ZiWh-
iQ VWaWiVWical eUURUV.

◦

AccRUdiQg  WR  WheVe  RbVeUYaWiRQV  Rf  Whe  CUab  NebXla,
Whe  SRiQWiQg  eUURU  Rf  KM2A  fRU  Ȗ-Ua\  eYeQWV  caQ  be
dePRQVWUaWed WR be leVV WhaQ 0.1 .

D.    AQJXODU UHVROXWLRQ

◦

θ2

θ

σPSF

AccRUdiQg  WR  a  UeceQW  HESS  PeaVXUePeQW  [30],  Whe
iQWUiQVic  e[WeQViRQ Rf  TeV Ȗ-Ua\ ePiVViRQ fURP Whe CUab
NebXla  iV  abRXW  0.014 .  CRPSaUed  ZiWh  Whe  PSF  Rf  Whe
KM2A  deWecWRU,  Whe  iQWUiQVic  e[WeQViRQ  iV  Qegligible.
TheUefRUe,  Whe  aQgXlaU  diVWUibXWiRQ  Rf  Ȗ-Ua\V  deWecWed  b\
KM2A fURP Whe CUab NebXla VhRXld be PaiQl\ dXe WR Whe
deWecWRU  aQgXlaU  UeVRlXWiRQ.  FigXUe  16  VhRZV Whe   PeaV-
XUed  aQgXlaU  diVWUibXWiRQ  iQ  KM2A  daWa  iQ  WZR  eQeUg\
UaQgeV. The VRlid-aQgle deQViW\ Rf UecRUded eYeQWV iQ Whe
YiciQiW\ Rf Whe CUab NebXla iV VhRZQ aV a fXQcWiRQ Rf  ,
ZheUe    iV Whe  aQgle  WR  Whe  CUab diUecWiRQ.  The diVWUibX-
WiRQ  iV  geQeUall\  cRQViVWeQW  ZiWh  Whe  aQgXlaU  UeVRlXWiRQ
RbWaiQed  XViQg  MC  ViPXlaWiRQV.  FRU  each  eQeUg\  biQ,  a
GaXVViaQ  fXQcWiRQ  iV  XVed  WR  fiW  Whe  aQgXlaU  diVWUibXWiRQ
VhRZQ iQ Whe lefW-haQd aQd Piddle SaQelV Rf Fig. 16. The
UeVXlWiQg    fURP CUab daWa  iV  cRQViVWeQW  ZiWh  ViPXla-

WiRQV, aV VhRZQ iQ Whe UighW-haQd SaQel Rf Fig. 16.

E.    6SHFWUDO HQHUJ\ GLVWULEXWLRQ

s
σNs

= J ·Eα

α χ2

The Ȗ-Ua\ flX[ fURP Whe CUab NebXla iV eVWiPaWed XV-
iQg Whe QXPbeU Rf e[ceVV eYeQWV (N ) aQd Whe cRUUeVSRQd-
iQg VWaWiVWical XQceUWaiQW\ ( ) iQ each eQeUg\ biQ. The Ȗ-
Ua\ ePiVViRQ fURP Whe CUab NebXla iV aVVXPed WR fRllRZ
a  SRZeU-laZ  VSecWUXP  f(E) .  The  UeVSRQVe  Rf  Whe
KM2A deWecWRU ZaV ViPXlaWed b\ WUaciQg Whe WUajecWRU\ Rf
Whe CUab NebXla ZiWhiQ Whe FOV Rf KM2A. The beVW-fiW
YalXeV Rf J aQd   aUe RbWaiQed b\ PiQiPi]iQg a   fXQc-
WiRQ fRU 7 eQeUg\ biQV:

χ2=

7∑

i=1
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Nsi
−NMCi

(J,α)
σNsi

)2
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SiQce Whe fiW Rf Whe VSecWUXP iV fRUZaUd-fRlded, Whe bi-
aVeV aQd eQeUg\ UeVRlXWiRQ iQ Whe eQeUg\ aVVigQPeQWV aUe
WakeQ iQWR accRXQW. The iQflXeQce cRPiQg fURP Whe aV\P-
PeWU\  iQ  eQeUg\  UeVRlXWiRQ  VhRZQ  iQ Fig.  8  caQ be   Qeg-
lecWed.  The  UeVXlWiQg  diffeUeQWial  flX[  (TeV   cP   V )

σSFLJ. 14.      (cRlRU RQliQe) SigQificaQce PaSV ceQWeUed RQ Whe CUab NebXla aW WhUee eQeUg\ UaQgeV.    iV Whe VigPa Rf Whe 2-diPeQViRQ
GaXVViaQ WakeQ accRUdiQg WR Whe PSF Rf KM2A. The cRlRU UeSUeVeQWV Whe VigQificaQce. S iV Whe Pa[iPXP YalXe iQ Whe PaS.

 

 

FLJ. 15.    (cRlRU RQliQe) The ceQWURid Rf Whe VigQificaQce PaS
aURXQd Whe CUab NebXla iQ R.A. aQd Dec diUecWiRQV aV a fXQc-
WiRQ Rf eQeUg\. The daVhed liQeV VhRZ cRQVWaQW YalXeV WhaW fiW
Whe ceQWURid fRU all eQeUgieV.

ObVeUYaWiRQ Rf Whe CUab NebXla ZiWh LHAASO-KM2A í a SeUfRUPaQce VWXd\ ChiQ. Ph\V. C 45, 025002 (2021)
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Extended Data Fig. 1 | Spectral gamma-ray energy distribution of G106.3+2.7. a, The flux data points with 1σ statistical error bars include measurements 
by Tibet AS+MD (red dots; this work), Fermi30 (blue squares), VERITAS14 (purple pentagons) and the Dominion Radio Astrophysical Observatory’s 
Synthesis Telescope2 (turquoise blue dots). The two red downward arrows above 1014 eV show 99% C.L. upper limits obtained by this work. Note that 
all the VERITAS data points are raised by a factor of 1.62 to account for the spill-over of gamma-ray signals outside their window size of 0.32∘ radius. 
The best-fit gamma-ray energy spectrum in the leptonic model is shown by the black solid curve, with the flux by the electron synchrotron radiation (the 
orange solid curve), the IC scattering of CMB photons (the green dashed curve) and the IC scattering of IR photons (the light blue dash-dotted curve). The 
gray open diamond shows the flux of PSR J2229+6114 obtained in the 2!−!10 keV range6. b, The best-fit gamma-ray energy spectrum in the hadronic model 
is shown by the turquoise blue solid curve. The lower panels show the residual Δσof the fit.
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package18, which allows us to estimate the parent particle spectrum 
to best reproduce the observed gamma-ray energy spectrum. For 
the energy distribution of the parent particles, we assume an expo-
nential cut-off power-law form of dN=dE / E!α exp !E=Ecutð Þ

I
. 

We provide the best-fit gamma-ray spectra for hadronic and lep-
tonic models (Extended Data Fig. 1) and list the best-fit param-
eters (Supplementary Table 2). In the hadronic model, we obtain 
Ecut ≈ 0.5 PeV and α ≈ 1.8. The value of α falls between that pre-
dicted in the standard diffusive shock acceleration (α = 2) and the 
asymptotic limit of the very efficient proton acceleration (α = 1.5)  
(refs. 19,20). The total energy of protons with energies >1 GeV 
(>0.5 PeV) is estimated to be ~5.0 × 1047 erg (3.0 × 1046 erg) for a tar-
get gas density of 10 cm−3. One might argue that, considering the 
estimated SNR age of 10 kyr, PeV protons escape the SNR much 
earlier than the present time in the standard theory of cosmic-ray 
acceleration. Given that Ecut ≈ 0.5 PeV and that the maximum energy 
of protons that remain inside an SNR is proportional to τ−0.5 where 
τ is the SNR age21, protons should be accelerated up to ~1.6 PeV at 
τ = 1 kyr in the case of G106.3+2.7. This suggests that the accelera-
tion of protons at G106.3+2.7 should be efficient enough21 to push 
their maximum energy up to ~1.6 PeV during the SNR free expan-
sion phase. In addition, G106.3+2.7 has a dense molecular cloud 
nearby that is indispensable for accelerated protons to produce 
TeV gamma rays via π0 production. With α ≈ 1.8, the proton energy 
spectrum does not appear softened, which implies that protons may 
not be able to escape the SNR easily owing to the suppression of the 
diffusion coefficient (Supplementary Information). Future observa-
tions of the physical parameters of G106.3+2.7 such as the magnetic 
field and the particle density could provide useful information for 
these theoretical studies on its mechanisms of particle acceleration 
and confinement.

Alternatively, the observed gamma-ray emission might result 
from protons accelerated by the SNR up to 0.1 PeV and then 
re-accelerated up to 1 PeV by the adiabatic compression of the 
Boomerang pulsar wind nebula (PWN) inside the SNR22. If the 
adiabatic compression ended at an age of 5 kyr as estimated in ref. 22,  
accelerated PeV protons need to travel a distance of 6 pc from the 
Boomerang PWN to the molecular cloud during the lapse time 
of T = 5 kyr until the present time. The diffusion coeffiicient of a 
0.5 PeV proton in the interstellar medium with a magnetic field of 
3 μG would be D ≈ 2 × 1030 cm2 s−1 (ref. 23), which gives a diffusion 
length of L ! 2

ffiffiffiffiffiffiffi
DT

p

I
 = 380 pc (ref. 24) for T = 5 kyr. As the diffusion 

length around an SNR could be shorter by a factor of 10 or more25, 
we then estimate L ≲ 38 pc. As this is much larger than 6 pc, it would 
be possible for 0.5 PeV protons to diffuse from the Boomerang 
PWN to the molecular cloud and emit TeV gamma rays through π0 
production. This scenario might not be natural, however, consid-
ering that TeV gamma-ray emissions have not been detected from 
other molecular cloud clumps around the source (Fig. 1, green con-
tours) although protons should also be able to diffuse up to them, 
and considering that the proton spectrum needs to be kept hard 
with α ≈ 1.8 after the diffusion of 6 pc for T = 5 kyr.

In the leptonic model, we obtain Ecut ≈ 190 TeV, α ≈ 2.3 and an 
SNR magnetic field strength of ~9 μG. The total energy of relativistic 
electrons with energies >10 MeV is estimated to be ~1.4 × 1047 erg. 
We estimate (Supplementary Information) that electrons need to be 
newly accelerated within 1 kyr if they originate from the SNR, and 
that electrons provided by the Boomerang PWN are not likely to 
produce the observed gamma-ray emission in view of the energy 
budget and the gamma-ray morphology. The X-ray flux for the 
small 2′-radius region at PSR J2229+6114 has been measured in the 
2−10 keV range6, whereas the X-ray flux for the extended region 
of our gamma-ray emission region with the 1σ extent of 0.24° has 
not been published yet, although X-ray data of the region observed 
by Suzaku, XMM-Newton and Chandra are publicly available 
(https://www.darts.isas.jaxa.jp/astro/suzaku/data/public_list/). We 
point out that a flux upper limit on the synchrotron spectrum at 
the X-ray band would provide important information to rule out 
the leptonic scenario for particle acceleration at the gamma-ray 
source (Supplementary Fig. 1). In a scenario presented in previous  
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Fig. 1 | Significance map around SNR G106.3+2.7 as observed by 
Tibet AS+MD above 10!TeV. The inset figure shows our point spread 
function (PSF). The red star with a 1σ statistical position error circle is 
the centroid of gamma-ray emissions determined by this work, whereas 
the magenta open cross, the black X mark and the blue triangle are the 
centroids determined by VERITAS14, Fermi29 and HAWC15, respectively The 
black contours indicate 1,420!MHz radio emissions from the Dominion 
Radio Astrophysical Observatory synthesis telescope16,17, and the cyan 
contours indicate 12CO emissions from the Five College Radio Astronomy 
Observatory survey3. The grey diamond at the northeast corner of the radio 
emission marks the pulsar PSR J2229+6114.
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SNR G106.3+2.7

SFR Cygnus cocoon

Diffuse

LHAASO J1908+0621

PWN,? SNR?

PeVatron searches have been mainly performed in the northern sky
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Let’s start southern sky survey!!

ü So many high-energy gamma-ray sources found in the southern sky 
(~100 sources in HGPS)

ü Some sources, including GC, are prominent PeVatron candidates

TeV gamma-ray map by H.E.S.S. Galactic Plane Survey

H.E.S.S. Collaboration, A&A 612, A1 (2018).
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Performance of ALPACA
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Energy resolution of ALPACA

M. Amenomori et al., Phys. Rev. Lett. 123, 051101 (2019).

5%

ダイナミックレンジの線形性のずれが5%以内
であることが必要
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ALPACA sensitivity to the Galactic Center

ü ALPACA can detect GC abv. 100 TeV in one year
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H.E.S.S. Collaboration, Nature 531, 476–479 (2016).

• Hard spectral index (~-2.3) toward sub-PeV !?
• Correlation with molecular cloud distribution
• Diffuse gamma-ray component (CR origin)

→ Promising PeVatron candidate

100 TeV

~100 pc
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Prototype array: ALPAQUITA (2022-)

ü ALPAQUITA can detect some gamma-ray sources abv. 10 TeV 
in one year

300 m

Full ALPACA AS and MD
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258 m   Muon Detector  x  (16+48)  (3,700 m  )2
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Ver.1.0

2

M. Ohnishi

15m

ALPACA 401 SDs + 4 MDs

ALPAQUITA 97 SDs + 1 MD 

18,450 m2

82,800 m2

Fig. 17 Sensitivity curve of ALPAQUITA (the thick black curve) for a gamma-ray point source together
with the energy spectra of the H.E.S.S. [26, 46] and HAWC [17] gamma-ray sources that are in the
ALPAQUITA field of view. The thick purple curve shows the estimated sensitivity of ALPACA. The
ALPACA curve is derived by scaling the sensitivity curve of Tibet ASγ [40] considering the ratio of the
areas of these two experiments. Regarding the energy spectra, different colors indicate different source
species: supernova remnants (SNR) in red, pulsar wind nebulae (PWN) in blue, composite SNRs (Com-
posite) in green, compact binary systems (Binary) in magenta and unidentified sources (UNID) in gray,
respectively. The Crab Nebula spectrum modeled by M. Amenomori et al. (2019) [14] is shown in orange.
Solid and dashed lines show observed and extrapolated regions, respectively. In extrapolating the spectra,
the attenuation of gamma rays due to the e+e− pair production with the interstellar radiation field is not
taken into consideration

and the declination dependence of exposure does not affect the conclusion about the
source detection.

HESS J1702-420A HESS J1702-420A is a gamma-ray point source discovered by
H.E.S.S. along with the surrounding extended source HESS J1702-420B [46]. The
relation between these two sources is not clear. The energy spectra of both sources
extend up to ≃ 100 TeV without showing cutoff, and HESS J1702-420A domi-
nates the total gamma-ray flux beyond 50 TeV with its extremely hard spectral index
(≃ 1.5). Although SNR G344.7-0.1 and PSR J1702-4128 are in the vicinity of the
gamma-ray emission region, it is not easy to consider these objects as the origin of
the emission [48, 49]. The absence of X-ray flux [50, 51] and the observation of
gamma rays in 10GeV to 30 TeV [52] do not favor the leptonic origin scenario of the
VHE gamma-ray emission, but the hadronic scenario is not conclusive because of the
lack of clear correlation between the VHE gamma-ray emission region and the ISM
distribution [46, 53]. According to Figs. 17 and 18, ALPAQUITA will detect HESS
J1702-420A above ≃ 300 TeV with its one calendar year observation if the spectrum
extends without cutoff and to provide data to discuss the mechanism of the particle
acceleration taking place in this peculiar object.

��� #VNCPGKCLR?JϦ�QRPMLMKWϦ������Ϧ�����«���

100 TeV

S.Kato et al., Experimental Astronomy (2021) 
52:85-107

• Start data taking on september 2022
• 1 MD construction to be completed in 2023
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HESS J1702-420A: Unidentified Gamma-Ray Source

𝐼𝑛𝑓𝑟𝑎𝑟𝑒𝑑	24𝜇𝑚 HI	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛	(𝑅𝑎𝑑𝑖𝑜) CO	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛	(𝑀𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑟𝑒)

(ArXiv:2106.06405v2)

HESS J1702-420A

Flux map

Energy spectrum ・Point source
・Hard spectral index (Γ〜1.5)
・No clear correlation with the ISM 

(from radio, IR, mm,…)

・Hot science topic for ALPAQUITA such as
・Detection byd. 300 TeV?
・Cutoff exists?

・Maximal CR energy (PeVatron?) 29/15



Data acquisition system

ü Intensity of the UV laser light is constant
→ Need to adjust the intensity with filters

Gate gen.

1µs

PMT

Gate

Ch1

Discri.

�100mV

100 ns

High voltage

Attenuator

20 dB

0.25 pC/count

ADC

2249W

Pulse width: 40 ns

Irradiation system
of UV light

Trigger out

Pulse width: 
20 or 40 ns

0 or -20 dB

LeCroy chg. ADC 2249W
(0.25 pC/count)Threshold: -100 mV

width: 100 ns

RG174u (6 m)
 or

 3.5D-HFA (200 m) + RG58C/u (20m)

(CAMAC crate)
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Filter transmittance
↓ Catalog values and 

measured value using nitrogen gas laser (337 nm)

wavelength (nm)
tr

an
sm

itt
an

ce
 (%

)

405

? %

ü Each transmittance needs re-measurement 
using the UV laser (405 nm).

Digit filters % filters

*Measured by spectrometer (Hitachi 228A)
M. Nishizawa et al., Nuclear Inst. and Methods in 
Physics, A285, p532-539 (1989).
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Measurement transmittances of the % filters

𝑇:;: digit filter w/ the catalog value of transmittance 10<:

𝑇=
>: % filter w/ the catalog value of transmittance 1 − 0.1×𝑛

ü To determine the transmittance of each filter, data points are moved along the 
horizontal direction so that they are put on the dashed line
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Measurement of transmittances of the digit filters

ü Linearity range of PMT is typically about two orders of digits
Ø Difficult to measure transmittances of all digit filters with a single PMT and HV

ü H7195 (2-inch 𝜙) and H3178 (1.5-inch 𝜙) were used for each digit, 
and each HV was adjusted to measure in the linear region.

Filter transmittance
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50 V

Digit filters: catalog values 10"#
% filters: calibrated values
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Filter transmittance
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ü Linearity range of PMT is typically about two orders of digits
Ø Difficult to measure transmittances of all digit filters with a single PMT and HV

ü H7195 (2-inch 𝜙) and H3178 (1.5-inch 𝜙) were used for each digit, 
and each HV was adjusted to measure in the linear region.

Measurement of transmittances of the digit filters
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Filter transmittance
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ü Linearity range of PMT is typically about two orders of digits
Ø Difficult to measure transmittances of all digit filters with a single PMT and HV

ü H7195 (2-inch 𝜙) and H3178 (1.5-inch 𝜙) were used for each digit, 
and each HV was adjusted to measure in the linear region.
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Uniformity of the filter transmittance

1.125°/step

𝜃

Filter angle (degree)
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An example of 
the measured uniformity (𝑇"#)

ü The middle of the two edges is 
regarded as the center of the filter (𝜃 = 0∘)

ü Non-uniformity of  
• % filters: ~5%
•  digit filters: ~10%

ü The filter’s center is put on the path of the laser in all measurements

Edges of the filter
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Center

Systematic uncertainty in transmittance
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透過率一様性の再現性

Filter angle (degree)
20− 15− 10− 5− 0 5 10 15 20

C
ha

rg
e 

[p
C

]

0

200

400

600

800

1000

Digit filter (m = 2)

Filter angle (degree)
20− 15− 10− 5− 0 5 10 15 20

C
ha

rg
e 

[p
C

]

0

200

400

600

800

1000

1200

Digit filter (m = 2)

Filter angle (degree)
20− 15− 10− 5− 0 5 10 15 20

C
ha

rg
e 

[p
C

]

0

100

200

300

400

500

Digit filter (m = 3)

Filter angle (degree)
20− 15− 10− 5− 0 5 10 15 20

C
ha

rg
e 

[p
C

]

0

100

200

300

400

500

600

700

800

Digit filter (m = 3)

39/15



%フィルター透過率の確認
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桁フィルターの一様性
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パーセントフィルターの一様性
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