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UK landscape – STFC funded projects

ISS AGATA R3B TRT

FAUST HYPATIA ……*

CERN

FRIB RIBF Detectors for
EIC
JLAB
ALICE

*Apologies to those projects that I may have forgotten

FAIR



All types of detectors are based on the same fundamental 
principle: the transfer of part or all of the radiation energy to 
the detector mass where it is converted into some other form 
more accessible to human perception (W.R. Leo).

One is typically interested in extracting the:

Energy deposition (of ionising particle)

Timing (of interaction)

Position (of interaction within the detector)

Type of particle (PID)

Incident rate or dose

…..

Ionising radiation detectors



Interactions of ionizing radiation with matter 

Detection technology

Electronic readout and signal processing

Data analysis

The basic ingredients for detection



Interactions of ionizing radiation with matter 

Detection technology

Electronic readout and signal processing

Data analysis

The basic ingredients for detection
of this Lecture

γ rays

Semiconductors, HPGe arrays

position sensitive

for g-ray tracking

Background and motivation



https://www.triz.co.uk/problem-solving---facilitation-
workshops

RESOLVING POWER or “finding a needle  in the haystack”
The elevator Speech
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“Spectroscopic history” of 156Dy

According to Mark Riley



Development of new detectors and techniques have always 

led to discoveries of new and unexpected phenomena.



Interactions of ionizing radiation with matter 

Detection technology

Electronic readout and signal processing

Data analysis

γ rays
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Interaction of γ rays with matter

Photo effect

Pair production

Compton scattering

A photoelectron is ejected
carrying the complete
gamma-ray energy (- binding)

Elastic scattering of a 
gamma ray off a free electron.
A fraction of the gamma-ray 
energy is transferred to the Compton electron

If gamma-ray energy is >> 2 moc2 

(electron rest mass 511 keV), a 
positron-electron can be formed in 
the strong Coulomb field of a nucleus.
This pair carries the gamma-ray 
energy minus 2 moc2 .
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Exercise 1:
Anatomy of a high resolution gamma-ray spectrum

?

?

What are the characteristic 

features?

???
?

Think of the origin of all 

characteristic peaks and 

structures, all based on 

the previous slide! 
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Analysing a high resolution gamma-ray spectrum

Full energy peak (photo-peak)

Compton scattered tail

Compton scattering formula
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Gamma ray

Ge Background from
Compton scattering

Full energy
photopeak

unsuppressed

suppressed

Photopeak event

Energy (keV)

C
ou

nt
s

The concept of Compton Suppression
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Gamma ray

Background event

Ge Background from
Compton scattering

Full energy
photopeak

unsuppressed

suppressed

Energy (keV)

C
ou

nt
s

The concept of Compton Suppression
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Gamma ray

Ge
BGO

Improves peak-to-total ratio considerably!

Background from
Compton scattering

Full energy
photopeak

unsuppressed

suppressed

Suppress background

Energy (keV)

C
ou

nt
s

The concept of Compton Suppression
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Compton suppressed arrays: 
Excellent peak-to-total ratio but limited efficiency

The concept of Compton Suppression

superdeformed band 196Pb

A.K. Singh et al., Nucl. Phys. A 707, 3 (2002)

Gamma-ray
source

http://euroball.hiskp.uni-bonn.de/publications_en.html
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Widely used quantities for high res. gamma-ray detectors

Peak to Compton = !"#$%& '( )%'&')"*+
,-".. 0'12&3 #2 4'5)&. )6*&"*1

Efficiency 
(often relative to a 3”x3” NaI (cylinder))

P/T = Peak to Total = 4'12&3 #2 &%" )"*+ *."*
7'&*6 0'12&3 #2 &%" 3)"0&.15

Resolution (δE)

average spacing between gammas (SΕγ)

and resolving power (RP)

Background from
Compton scattering

Full energy
photopeak

unsuppressed

suppressed

Suppress background

Energy (keV)

C
ou

nt
s
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Evolution of gamma-ray detection technology

A.O. Macchiavelli

Resolving power:
Energy resolution (dE), 

Efficiency (e),
Peak-to-total (P/T)
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Evolution of gamma-ray detection technology

δE/E=10-3

A.O. Macchiavelli

channel number

C
ou

nt
s

1173 keV
1332 keV
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Evolution of gamma-ray detection technology

A.O. Macchiavelli

Background from
Compton scattering photopeak

unsuppressed

suppressed

Energy (keV)

C
ou

nt
s
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Evolution of gamma-ray detection technology

Gamma-ray tracking arrays

A.O. Macchiavelli

Energy (keV)

C
ou

nt
s
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Gamma-ray tracking:
Principle of operation

Gamma-ray
source

Gamma-ray
source

Fu
lly

 a
bs

or
be

d
(a

cc
ep

te
d)

Com
pto

n s
ca

tte
red

rej
ec

ted

Fully absorbed
and 

Compton scattered

are used

Ge

BGO

Ge

The idea is: Do not to reject but track instead!
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Gamma-ray tracking:
Principle of operation

Gamma-ray
source

Ge

(x, y, z, e) + Compton formula à Tracking

needs a 3D position sensitive Ge detector
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Gamma-ray
source

Gamma-ray tracking:
Principle of operation

(x, y, z, e) + Compton formula à Tracking

needs a 3D position sensitive Ge detector Ge

To proceed from here 
we should look back 
at the basics



Interactions of ionizing radiation with matter 

Detection technology

Electronic readout and signal processing

Data analysis

The basic ingredients for detection
of this Lecture

Semiconductors
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Ge crystal
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Semiconductor Detectors
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Crystal

Each Si atom forms four covalent bonds with
four neighbouring silicon atoms. These four
neighbours are located at the corners of a
regular tetrahedron surrounding the atom.
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Crystal

Each Si atom forms four covalent bonds with
four neighbouring silicon atoms. These four
neighbours are located at the corners of a
regular tetrahedron surrounding the atom.

valence electron
free electron
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Energy Band Structure

Si Ge
Energy gap [eV] ~1.2 ~0.75
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SD detector characteristics

Average energy per electron-hole creation in Si & Ge

Si Ge
300 K 3.62 eV -

77 K 3.81 eV 2.96 eV

In principle, using these numbers we can estimate the number
of electron-hole pairs per incident gamma-ray (e.g. for 1 MeV energy 
deposition) which dictates also the statistical variation often dominates 
the resolution (but note the need for the Fano Factor!)



Stefanos Paschalis |  

Exercise 2: Fano Factor

Fano factor is introduced as a factor to relate the observed variation 
(s2

exp) to that predicated by the Poisson distribution ( s2
calc =  no)

Assume a detector measures a 60 keV gamma ray with a 1 keV 
FHWM resolution
and a 662 keV gamma ray with a 2.3 keV resolution. 

à Estimate the Fano Factor.
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Charge carriers

• At	T=0	K,	all	electrons	in	the	valence	band	participate	in	covalent	bonding	between	the	lattice	atoms.
• Si	&	Ge	have	four	valence	electrons,	four	covalent	bonds	are	formed.
• At	T	>	0	K	(normal	temperatures)	electrons	thermally	excite	to	the	conduction	band.
• The	hole	can	be	filled	by	neighboring	valence	electrons	and	so	on.
• The	electric	current	in	a	semiconductor	arises	from:

• Movement	of	free	electrons	in	conduction	band
• Movement	of	holes	in	valence	band

Probability (Fermi-Dirac) that an 
energy level
is occupied:

valence electron
free electron
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Drift and Mobility

The mobility of electrons and holes is defined as : 

ve= µeE    E – magnitude of Electrical Field applied
vh= µhE    v – drift velocity

e.g. in Si@300K  µe=1350 cm2 V-1 s-1

µh= 480 cm2 V-1 s-1

@77K   µe= 21400 cm2 V-1 s-1

µh= 11000 cm2 V-1 s-1

Compare with electron-ion mobilities in gas detectors
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Drift and Mobility
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Drift and Mobility

•Saturation velocity (velocity

becomes independent of further

increase in the electrical field)

In SD the time required to collect

charge carriers over typical

dimension of 0.1 cm or less is <10 ns,

i.e. thin semiconductor detectors can

be used for fast timing purposes
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Doped Semiconductors 
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n-type Semiconductors

weakly
bound
electron

singly 
positively 
charged 
atomic 
centre

free
electron
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n-type Semiconductors: 
Energy Band Structure

Conduction bandConduction band

Valence band Valence band

El
ec

tro
n 

en
er

gy

unoccupied states
occupied states

electron
hole

occupied 
donor 
state

ionised donor
(perturbed Fermi)
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p-type Semiconductors
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p-type Semiconductors: 
Energy Band Structure

El
ec

tro
n 

en
er

gy

unoccupied states
occupied states

electron
hole

(perturbed Fermi)

ionised 
acceptor

empty acceptor 
state

Conduction bandConduction band

Valence band Valence band
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Semiconductor junctions 

• The functioning of a SD is based on the formation of a SD “junction”

• Junctions can be formed in several ways

• pn junction (simple configuration)
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pn junction

• pn junction is formed by between a p-type material with an n-type material (in practice from a 
single crystal)

• Because of the difference in the concentration of electrons and holes, there is an initial diffusion 
of holes towards the n-region and electrons towards the p-region

• Holes capture electrons on the n-side

• Electrons fill up holes on the p-side

• Charge build up on either side of the junction

• p-region becomes negative

• n-region becomes positive

• electric field across the junction which eventually halts the diffusion process à region of 
immobile space charge

See schematic plot of pn junction in the next slide
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pn junction (no bias)

depletion region
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Depletion region of pn junctions and its electrical properties (no 
bias)

region over which the charge imbalance exist & 
extends into both the p & n side of the junction

low concentration of electrons and holes

in the depletion region the net charge is 
provided by the fixed ions (donors or 

acceptors) that have been left uncovered by 
majority carrier diffusion. 

The electric field across the depletion region 
causes any electrons created in the region to be 
swept back towards the n-type material and 

any holes towards the p-type. Their motion 
constitutes a basic electric signal.

depletion region
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Depletion region of pn junctions and its electrical properties (no 
bias)

• When equilibrium is reached, the charge
density is approximated by the displayed step
function.

• Potential difference across the junction is called
“contact potential” or “build in potential” and

has values ~ 1V

depletion region

This is already a detector but… 
• very small active area (depletion region)

• Inefficient collection of electron and holes

not a good one!
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Depletion region of pn junctions and its electrical properties 
(reverse bias)

depletion region
Solution: Apply reversed-bias voltage 
(negative voltage to the p-region and positive to the 
n-region)
• holes will move towards the p-contact and away 

from the junction
• Electrons will move towards the n-contact and 

away from the junction

increased depletion region + 
faster and efficient charge collection
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Planar HPGe detectors



Stefanos Paschalis |  

Coaxial HPGe Detectors
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Depletion volume in a Coaxial Ge crystal (AGATA type)

Remaining non-depleted volume 

Increasing applied reverse bias



Interactions of ionizing radiation with matter 

Detection technology

Electronic readout and signal processing

Data analysis

The basic ingredients for detection
of this Lecture

position sensitive
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The Shockley-Ramo theorem

The Shockley–Ramo theorem states: 

The charge Q and current i on an 

electrode induced by a moving point 

charge q are given by:

Remember 
Drift and Mobility
slide
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Shockley-Ramo theorem

Prescription :
1. Apply V (Volts) to the electrode

in consideration and ground

(0V) to all the other electrodes.
2. The induced charge due to

travel of a charge q over
distance is

3. Repeat this exercise with all

the electrodes.
Note:
Both electron and hole movement 
contributes to  the signal!!
The charge induced/generated does not 
depend on the high voltage applied on the 
detector !

d : detector thickness



Planar detector:
position sensitivity from pulse shape
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Time evolution of signal

pn+-junction

Depletion zone

time

am
pl

itu
de

d : detector thickness



Coaxial detector: 
position sensitivity from pulse shape

NA (the acceptor concentration)



Coaxial detector with electrical segmentation:
HPGe position sensitivity

36 segmented HPGe detector

Net charge

Net charge
in central contact

segment 4 where the γ-ray 
interaction occurred

neighbouring segment



Digital signal processing: 
to fully exploit the signal variety

GRETINA Digitiser module 
(designed & produced LBNL)
14bit, 100 MHz, Pulse shape

CAEN desktop digitiser
DT5730 - 8 Ch. 14 bit 500 MS/s

A digitised signal pulse
100 MHz à signal is sampled every 10 ns 



Pulse Shape Analysis for position 
reconstruction of γ-ray interaction

From F. Recchia, PSD8 conference



From F. Recchia, PSD8 conference

Pulse shape analysis concept



From F. Recchia, PSD8 conference

Pulse shape analysis concept



Pulse shape analysis concept

From F. Recchia, PSD8 conference



Pulse shape analysis concept

From F. Recchia, PSD8 conference



Pulse shape analysis concept

From F. Recchia, PSD8 conference



Pulse shape analysis concept

From F. Recchia, PSD8 conference



Exercise 3: Pulse-shape analysis
(using chi2 minimisation)

Prepared by Sidon Chen

The text file contains: 
• in the 2nd column the 

recorded waveforms in 
9 neighboring segments 
and the CC for a single 
measured event

• in columns 3rd - 11th it 
has the same 
information for 9 pre-
calculated basis points

Compare the traces and extract the x, y, z interaction position 
(from the corresponding basis points) that gives the best-fit to 
the recorded data



9 cm

A realistic 
basis



Collimated source of 137Cs 662 keV

sx,y,z~ 2 mm

Gamma ray
beam

A realistic position reconstruction



• Collimated beam of 137Cs 663 keV
• Highest energy point from signal decomposition

singles sx,y,z~ 2 mm

Position resolution

Gamma ray
beam
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Gamma–Ray Tracking

Pulse Shape Analysis
to decompose

recorded waves 

Highly segmented 
HPGe detectors

·
·

Identified 
interaction points

(x,y,z,E,t)i
Reconstruction of tracks 
evaluating permutations 

of interaction points

Digital electronics
to record and 

process segment 
signals

1

2
3

4

Reconstructed
gamma-rays



Gamma-ray tracking: 
Principle of operation

Determine 
scattering
sequence

A 3D position sensitive Ge detector
• Electrically segmented
• Pulse shape analysis
of position sensitive signals

9 cm

Determine
interaction
points
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Any two points with 
Δθ< θp are grouped

into the same 
cluster

First step in tracking is to find clusters of interaction points which likely belong to a single γ-
ray scattering in the detector – based on opening angle into the Ge shell

TRACKING: CLUSTERING
Tracking: clustering
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Problem: 3!=6 possible sequences

Assume: 
• Eγ = Ee1 + E e2 + Ee3  

• γ-ray from the source

Sequence with the minimum χ2

→ correct scattering sequence
→ rejects escaped (Compton) and wrong 
direction

 

Ee = Eg 1-
1

1+
Eg

0.511
1- cosq( )

æ 

è 

ç 
ç 
ç 

ö 

ø 

÷ 
÷ 
÷ 

Eg

COMPTON TRACKING
Tracking: Compton scattering formula
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Exercise 4: γ-ray tracking

A Geant4 simulation assumes a 2MeV gamma-rays emitted from 0.5c moving 
particles, and detected by 4Pai-AGATA array. 

1,000,000 events are simulated. 

The analysis is performed with OFT tracking and the Doppler correction is applied. 

The branches in the tree are:
EntryID: event id in simulation
Energy: gamma energy without Doppler correction
EDopp: gamma energy with Doppler correction
FOM: in the OFT tracking, the FOM is calculated as the probability, so large 

FOM means tracking
ninter: number of interactions in one event

Prepared by Sidon Chen



Broadening of detected gamma-ray energy due to:
• velocity change in target (unknown interaction depth), momentum spread
• Dθ due to opening angle detector and trajectory of nucleus

Moving nucleus

γ-ray detector

𝜐 ± Δυ

Δθr

Dθd

θ

Doppler shift and broadening
γ



Doppler Broadening β = 40%
Δθ = 2.4ο

Δβ = 0.03
ΔΕintr = 0.002

0.01

0.51

1.01

1.51

2.01

2.51

3.01

3.51

4.01

0 20 40 60 80 100 120 140 160 180 200

dE
/E

 (%
)

Theta (degrees)

Energy resolution

(dE/E) Total
dtheta
dbeta
(dE/E) Intr.



Broadening of detected gamma-ray energy due to:
• velocity change in target (unknown interaction depth), momentum spread

– E.g. thin target (or MINOS)
• Dθ due to opening angle detector and trajectory of nucleus

– E.g. position resolution of gamma-ray detector and Spectrometer/detector

Moving nucleus

γ-ray detector

𝜐 ± Δυ

Δθr

Dθd

θ

Doppler Broadening
γ

LH2



Doppler correction using position 
information

From F. Recchia, PSD8 conference



Doppler correction using position 
information

From F. Recchia, PSD8 conference



Doppler correction using position 
information

From F. Recchia, PSD8 conference



Advantages of Tracking

Advantages of Tracking

Efficiency No solid angle lost to suppressors

Peak-to-background Reject Compton events

Doppler correction Position of 1st interaction

Polarization Angular distribution of the 1st scattering

Counting rate Many segments

Particularly important for experiments with fast secondary beams 
delivered by the fragmentation facilities

bonus



Summary

Interactions of ionizing radiation with matter 

Detection technology

Electronic readout and signal processing

Data analysis

γ rays

Semiconductors, HPGe arrays

position sensitive

for g-ray tracking

Background and motivationIn this Lecture we discussed:


