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• test structures (minis, Test Chips and MD8 diodes)  cut to 1x1 cm2

• structures on light weight support at variable angles wrt. beam
• G10 (up to ~ 170 mm thickness) material put in front of samples
• 7 layers of aluminium foils  28 Al pieces cut from the foils for dosimetry 
 proton fluence measured from radioactivity of Na-24 in Al foils after irradiation 

Target fluences:
• 1.0e14 neq/cm2

• 5.1e14 neq/cm2

• 1.0e15 neq/cm2

• 1.6e15 neq/cm2

• Beam at fixed
positon for each
fluence

• Strip Sensors in ATLAS ITk requirement: 
 Collected Charge (CC) for a MIP at Vbias = 500 V after irradiation to Фeq = 1.6e15 neq/cm2 : CC > 6350 electrons

 too low CC measured after irradiation with 24 GeV/c  protons at CERN PS in several experiment

Introduction

24 GeV p
beam

test structure – mini strip + diode 

• PS proton beam narrow (FWHMx = 7.8 mm, FWHMy = 9.7 mm) test structures irradiated at shallow angle 
beam at fixed position, no scanning during irradiation of line of samples  non-uniform irradiation

• we suspect two causes: shallow angle and material effects. Simulation  indicated that fluences might be larger than 
planned because of secondaries generated by 24 GeV/c protons in the material of the support structure and in the 
silicon of test structures due to shallow angle in the beam
 low CC because true fluences larger than planned

1 cm
• Samples in cut-outs at 1.5° to beam
• G10 (6 mm thick) material in front 

of samples

Setup for irradiation in 2023

Dosimetry and simulation

Target:

• delivered fluence lower than targeted
• significant increase of fluences by G10 material
 leakage current in MD8 diodes confirms the effect

• Geant4 simulation to calculate NIEL in 6 layers
of mini sensors for primary protons and secondary particles
 increase of NIEL by scattering material confirmed

by simulation
 studies ongoing to understand discrepancies 

with measurements

Fluences from Al foil activation

Collected charge

• collected charge measured with Sr-90 source on Alibava system
• charge well above the QA acceptance level (6350 el. @500 V)
• significant effect of G10 material  increase of effective fluence
 lower collected charge than samples at same target fluence but without G10

• effect of angle visible for samples without G10 material around

Annealing

• fluences < 1.2e15 neq/cm2 : significant beneficial 
annealing until up to ~ 200 minutes at 60°C 
 “usual”

• fluence ~ 1.2e15 neq/cm2 : no beneficial annealing
 “unusual”

• related to “double peak” velocity profile measured 
with E-TCT

Front (strip) side Back plane

Usual short annealing

• effects of long annealing at 60°C  similar for  high and low proton fluences
 depletion depth drops with  annealing time

Sr-90

E-TCT E-TCT

Mixed irradiation

• more than 50% of bulk damage in ATLAS ITK strip detector will be caused by neutrons and the rest by charged hadrons
• the largest fluence of charged hadrons in the most exposed part of detector is ~ 7e14 neq/cm2

 sample irradiated with 7.2e14 neq/cm2 PS protons was irradiated with 8.8e14 neq/cm2 neutrons in reactor in Ljubljana
 total fluence Фeq = 1.6e15 neq/cm2 , max. fluence for ATLAS ITk strips after 4000 fb-1 (including safety factor of 1.5)

• collected charge above QA acceptance level, charge increases with annealing
 E-TCT: usual annealing behavior, no significant double peak 
 double peak and unusual annealing  related to proton fluence , not total fluence

SR-90

E-TCT

• scattering in the material of irradiation support structure and geometrical effect in narrow beam 
can significantly increase effective fluences to which samples are exposed

• effects of irradiation with fast charged hadrons different than neutrons, so at high fluence we observe: 
 double peak electric field profile seen with E-TCT  lower collected charge
 unusual annealing behavior
 effects significant at 24 GeV proton fluence above ~ 1.2e15 neq/cm2 

• in ATLAS ITk strips will be exposed to charged hadrons and neutrons
 max. expected fluence of charged hadrons (including safety factors) ~ 7e14 neq/cm2

• mixed irradiation with 7.2e14 neq/cm2 (p) + 8.8 neq/cm2 (n) = 1.6e15 neq/cm2 

 high charge collection and usual annealing behavior
 double peak and unusual annealing related to proton fluence, not total fluence

• charge collection of ATLAS ITk strip sensors good up to highest fluences

Conclusions 
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low charge because of:
• uncertain fluences due to support material and shallow angle, 
• effects of 24 GeV/c protons (PS) at high fluences

Points added to the plot from  
K. Hara et al., NIMA 983 (2020) 164422
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• unusual annealing seen before, irradiation with      
24 GeV/c in year 2022 (in IRRAD shuttle)

• 24 GeV/c protons at PS, Фeq = 1.7e15 neq/cm2 

• irradiated at 90°, no G10 material

 charge drops after short annealing
 effect may be larger than in the above  

measurements due to higher fluence

Sr-90

Geant4

Acknowledgments: 

• The authors would like to thank the crew at the TRIGA reactor in Ljubljana for help with irradiations. The authors acknowledge the 
financial support from the Slovenian Research and Innovation Agency (research core funding No. P1-0135 and project No. J1-3032).

• This work is part of the Spanish R&D grant PID2021-126327OB-C22, funded by MCIN/ AEI/10.13039/501100011033 and by ERDF/UE.
• This work was supported by the European Structural and Investment Funds and the Czech Ministry of Education, Youth and Sports of the 

Czech Republic via projects LM2023040 CERN-CZ, LTT17018 Inter-Excellence, and FORTE - CZ.02.01.01/00/22_008/0004632.
• The work was supported in part by USA Department of Energy, Grant DE-SC0010107.
• This work was supported by the Canada Foundation for Innovation and the Natural Sciences and Engineering Research Council of Canada.

Charge after 80 min. annealing

Bias 500 V

Charge after 80 min. annealing

No G10 material

Delivered:

90° 12° 6° 1.5°

Unusual short annealing

78 mm 35 25 35 25

Lightweight sample holders:

https://doi.org/10.1016/j.nima.2020.164422

