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• The principles of detection of ionising radiation
• Interaction of charged and neutral particles with matter

• Gaseous sensors

• Semiconductor sensors

• Scintillators

• Sensor systems used in particle and nuclear physics
• Calorimeters

• Tracking detectors

• Neutrino detectors

What is this lecture about?



• Semiconductor sensors have replaced gas-based sensors in almost every particle 
tracking application (except TPC)

• Scale of silicon sensor systems has expanded from < 0.1 m2 silicon (1980s) to 200 m2

(CMS tracker at LHC).

• e/h pairs separated by external reverse bias in the depletion region

• Signal comes from electrons and holes moving under an external electric field.

• XY readout possible from a single silicon plane using p on n and n+ on n strips on 
opposite sides

• Sensors are intrinsically fast due to small distance over which e/h move plus high 
mobilities.

Key points from previous lecture



• Figures/text from a number of sources. 
• F. Hartmann Nuclear Instruments and Methods in Physics Research A 666 (2012) 25–46 F

• W. Snoeys Nuclear Inst. and Methods in Physics Research A 938 (2019) 41–50

• P. Allport Nature Reviews: Physics 1 (2019) 567-576

• C. Da Via et al, Nuclear Inst. and Methods in Physics Research A 694 (2012) 321–330

• D.M.S. Sultan et al, JINST 10 (2015) C12009
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CMOS 
resistors

From a presentation by Prof. Franco Maloberti (Laboratorio di Microsistemi Integrati - Via A. Ferrata 1, 27100, Pavia, Italy) 



Timeline

P Allport Nature Reviews:Physics 1 (2019) 567-576



Radiation damage

The different defect level locations and their 
effects. All relevant defect levels due to 
radiation are located in the forbidden energy 
gap. (a) Mid-gap levels are mainly 
responsible for dark current generation, 
according to the Shockley–Read–Hall 
statistics, and for decreasing the charge 
carrier lifetime of the material. (b) Donors in 
the upper half of the band gap and acceptors 
in the lower half can contribute to the 
effective space charge. (c) Deep levels, with 
trapping times larger than the detector 
electronics peaking time, are detrimental. 
Charge is ‘‘lost’’; the signal decreases and the 
charge collection efficiency is degraded. 
Defects can trap electrons or holes. (d) The 
theory of the inter-center charge transfer 
model says that combinations of the 
different defects in defect clusters can 
additionally enhance the effects. 

F. Hartmann / Nuclear Instruments and Methods in Physics Research A 666 (2012) 25–46 



Radiation damage

F. Hartmann / Nuclear Instruments and Methods in Physics Research A 666 (2012) 25–46 

Leakage current vs particle fluence Depletion voltage vs particle fluence



Monolithic Active Pixel (MAPS)

• Michael Kramer [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)]

Nikon Z7 camera

46 M pixel CMOS sensor (designed 
by Nikon, Sony Fab).



MAPS concept
• Commercial CMOS optical sensor explosion (webcams, mobile phone, DSLR etc.)

• Build local electronics (amplifier, charge storage etc.) into every single pixel on a sensor 
chip (complete opposite to the charged coupled device CCD concept)

• Piggyback off the commercial processes to build fast radiation tolerant radiation sensors.

W Snoeys Nuclear Inst. and Methods in Physics Research A 938 (2019) 41–50



Tower Jazz standard imaging CMOS

W Snoeys Nuclear Inst. and Methods in Physics Research A 938 (2019) 41–50



Tower Jazz modified CMOS

W Snoeys Nuclear Inst. and Methods in Physics Research A 938 (2019) 41–50



Passive 
Sensors

P Allport Nature Reviews:Physics 1 (2019) 567-576



Active & Fast Timing Sensors

P Allport Nature Reviews:Physics 1 (2019) 567-576



Monolithic Sensors

P Allport Nature Reviews:Physics 1 (2019) 567-576



3D concept
• Decouple the active thickness  (and thus 

signal size due to ionisation) from the 
charge collection distance L.

C Da Via et al, Nuclear Inst. and Methods in Physics Research A 694 (2012) 321–330
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• Layout showing “active edge” 
concept for SINTEF sensor

• 8 sensors from SINTEF (from 
the same wafer) showing full 
depletion at (or below) 10 V. 
Three sensors show 
breakdown at very low 
voltages and would not be 
used in an actual experiment.

C Da Via et al, Nuclear Inst. and Methods in Physics Research A 694 (2012) 321–330



Double sided 3D

Column diameter at top (b) and bottom (c) 
of etched n-type column

D.M.S. Sultan et al, JINST 10 (2015) C12009



Double sided 3D strip

I-V characteristic of 
all strips on a number 
of sensors from the 
same wafer.

D.M.S. Sultan et al, JINST 10 (2015) C12009


