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Detectors: specific challenges for medical 
application

• Interaction particle-matter 

• Gaseous Detectors 

• Scintillators 

• Semi-conductors  

• Applications
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➡To detect a particle, an energy loss mut be observed in the sensor

vertex detector upgrade with DMAPS
the VTX project

Jerome Baudot
on behalf of Belle II VTX collab.

International workshop on the High Energy CEPC
24-28 October 2022

➙ The SuperKEKB / Belle II project

➙Rationale & requirements for an upgrade

➙VTX proposal concepts

➙ Full simulation results

➙OBELIX sensor & prototype ladders

➡ I will not present ALL kind of detectors and ALL kind of medical applications 

➡ “Personal” choice
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Interaction particle – matter (i)
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❑  Energy loss for charged particles: 

• Loss given by Bethe – Bloch formula:

γ =
1

1 − β2
β = v/c

−
dE
dx

=
ZN

4πϵ2
0

×
z2e4

β2mec2 [ln( 2mec2β2γ2

I0 ) − ln(1 − β2) − β2 − δ −
Ck

Z ]
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Depend on 

- Velocity  and charge  of the impinging particle  

- Charge density of medium  

- Ionisation factor  , shell  and charge  corrections
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ZN
I0 Ck δ
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Gas formula I0 (eV )
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Carbone dioxyde CO2 13.7
Argon Ar 15.8
Neon Ne 21.6
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- Minimum of ionisation: ~95% of mass 

- Classical behaviour:    

- Relativistic rising:   

- Fermi plateau: 

β ≪ 1,
dE
dx

∝ 1/β2

dE
dx

∝ ln(β2)

β ≳ 0.95

Electromagnetic interactions of charged particles 
with matter, F. Sauli
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❑  Energy loss for neutral particles: 

• Loss by nuclear scattering: 

- Elastic scattering  

n +A
Z X → n +A

Z X

  

Diffusion du neutron (scattering)

Collision sur un noyau atomique

modifie l'énergie et la direction du neutron

● Diffusion élastique     A(n,n)A   

probabilité indép. de l'énergie

● Diffusion inélastique   A(n,n)A* 

Noyau composé et désexcitation. 

Seuil en énergie, résonances

Ralentissement des neutrons (diffusions successives) 

→ Matériau « modérateur »  (cours Ralentissement)

➡ Losing energy by successive collisions  
  

➡Does not include capture or fission reaction

- Inelastic scattering 

n +A
Z X → n +A

Z X * → n +A
Z X + γ
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❑  Energie loss for photons: 

• 3 main processes:
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σc ∝ 1/γ (γ ≫ 1)

- Compton effect
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❑ Response as function of  HV:

Operating conditions

Delayed 
cathode
signals

Anode signal

Time difference
depending on position

Readout method
! Charge division;

Resistive arrays gives charge difference, but few µs shaping time 
→ charge pile-up effect at few kHz beam rate

! Delay line;
LC delay makes time difference from either end using fast ns signal 
→ fast measurement for few MHz beam rate

! Gas available;
Need pure quenching gas of C4H10(W = 23.7 eV), 
C3F8(W = 34.4 eV)
due to lack of quenching properties at low gas pressure 

! HV; ≥ 100 V/mm, adjustable by beam energy & mass

! Read out avalanche signals from anode and cathode;  
Anode for time & triggering, cathode for position
measurementDiagram of Avalanche

Signal example after amplifier

6 ICABU2017, Geongju

d
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❑ Primary ionisation: 

• Probability to have n pairs of -ion created for 
 μ0 ionisa3ons created in gap d ( ): 

e−

μ0 = d /λ

P(μ0, n) =
μn

0e−μ0

n!

- : nb of interac3ons per length 

- : energy to create a pair
nint

Wi

λ

- : mean free path btw 2 interactions λ
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F. Sauli. Principles of operation of multiwire proportional and drift chambers. CERN Internal Report, vol. 09, 1977. 

<latexit sha1_base64="L5u0nQGGbUevLA8CdQ/wTieF7zs="></latexit>

Gas formule Z nint Wi �E
(cm�1) (eV ) (keV/cm)

Iso-butane C4H10 34 46 23 4.50
Carbone dioxyde CO2 22 34 33 3.01

Argon Ar 18 30 26 2.44
Neon Ne 10 12 36 1.41
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❑  Charge amplification:

• Gain:

• Townsend coefficient: α = 1/λ

• Gap et E constants: 

- Gain: G(E, p) = e(αd)

• Avalanche length: 

Lav =
Nλ

α

G(E, p) = exp[∫
d

0
α(E, x)dx]
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❑  Charge mobility: 

• Defini3on:  where  (electric field) 
- Electrons: 

 (where )

⃗v = μ ⃗F ⃗F = e ⃗E

μe =
e

2me
E × τ τ = λ /v

<latexit sha1_base64="ZgAyYzbrqG37/mAxOzo9O/SexDo="></latexit>

Gas Ion Mobility (cm2
/V/s)

Neon Ne
+ 4.14

Argon Ar
+ 1.53

Carbone dioxyde [CO2]+ 1.09

- Ions:  

μion =
v
E

F. Sauli. Principles of operation of multiwire proportional and drift chambers. 

CERN Internal Report, vol. 09, 1977. 

1.3. PROCESSUS DANS UN DÉTECTEUR GAZEUX 25

γ

− +

AnodeCathode

e

e

V

0 d
E

N_eaN_ic

N_ec

ion

Fig. 1.11 – Dispositif de Paschen : deux plaques métalliques séparées d’une distance d et
soumis à un potentiel V . Le dispositif est plongé dans une enceinte vitrée remplie de gaz. Les
paramètres Nic, Nec et Nea étant respectivement le nombre d’ions recueillis sur la cathode, le
nombre d’électrons recueillis sur la cathode et sur l’anode.

d’un plasma conducteur dans lequel les charges sont rapidement évacuées. On parle de
mode de décharges rapides ou encore de mode streamer.

Décharges lentes

Townsend, dès 1909, proposa une théorie [Townsend 47] permettant d’expliquer les
décharges observées par Paschen34 [Paschen 89], en 1889, entre deux plaques métalliques
séparées d’une distance d soumises à un potentiel fixe, dans un tube de verre. Dans ce
cas, un électron, produit par exemple par photo-ionisation grâce à une lampe UV, traverse
le milieu gazeux et créé une avalanche (voir fig.1.11). Le nombre d’électrons Ne(x) dans
l’avalanche à une distance x de la cathode s’écrit dans ce cas (voir equ 1.34) :

Ne(x) = Ne(0) × eαx (1.51)

avec Ne(0) le nombre d´électrons proches de la cathode. Pour une distance entre les
plaques grande par rapport au libre parcours moyen d’ionisation (par un rayonnement
UV ou une particule ionisante), la distance entre la cathode et la première ionisation peut
être considérée comme négligeable.

Il y a une probabilité η non nulle que les photons créés lors du processus de l’avalanche
puissent atteindre la cathode et produire une photo-ionisation. De même il est possible
qu’un ion arrache un électron, par choc inélastique, sur la plaque métallique. Comme nous
l’avons déjà mentionné, ce dernier processus est moins probable. Pour que les photons
atteignent la cathode, il est nécessaire que le libre parcours moyen des photons dans le
gaz soit plus grand que la distance inter-plaque, ce qui est généralement le cas pour des
gaz à basses pressions. Le coefficient η est lié au nombre Nic de paires électron - ion dans
l’avalanche proche de la cathode. Par conséquent le nombre d’électrons proches de la
cathode s’écrit comme une superposition des électrons primaires et secondaires créés par
photo-ionisation de la plaque. Le nombre total d’électrons à une distance x de la cathode
peut prendre la forme :

34Friedrich Paschen : physicien allemand né le 22 janvier 1865 à Schwerin, mort le 25 février 1947 à
Postdam. Il est connu principalement pour ses travaux sur les décharges électriques. Il fut le premier à
observer les raies d’hydrogène dans l’infrarouge, qui portent d’ailleurs son nom.

➡Mobility of   ~10-100 times greater than  μe μion
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d’un plasma conducteur dans lequel les charges sont rapidement évacuées. On parle de
mode de décharges rapides ou encore de mode streamer.

Décharges lentes

Townsend, dès 1909, proposa une théorie [Townsend 47] permettant d’expliquer les
décharges observées par Paschen34 [Paschen 89], en 1889, entre deux plaques métalliques
séparées d’une distance d soumises à un potentiel fixe, dans un tube de verre. Dans ce
cas, un électron, produit par exemple par photo-ionisation grâce à une lampe UV, traverse
le milieu gazeux et créé une avalanche (voir fig.1.11). Le nombre d’électrons Ne(x) dans
l’avalanche à une distance x de la cathode s’écrit dans ce cas (voir equ 1.34) :

Ne(x) = Ne(0) × eαx (1.51)

avec Ne(0) le nombre d´électrons proches de la cathode. Pour une distance entre les
plaques grande par rapport au libre parcours moyen d’ionisation (par un rayonnement
UV ou une particule ionisante), la distance entre la cathode et la première ionisation peut
être considérée comme négligeable.

Il y a une probabilité η non nulle que les photons créés lors du processus de l’avalanche
puissent atteindre la cathode et produire une photo-ionisation. De même il est possible
qu’un ion arrache un électron, par choc inélastique, sur la plaque métallique. Comme nous
l’avons déjà mentionné, ce dernier processus est moins probable. Pour que les photons
atteignent la cathode, il est nécessaire que le libre parcours moyen des photons dans le
gaz soit plus grand que la distance inter-plaque, ce qui est généralement le cas pour des
gaz à basses pressions. Le coefficient η est lié au nombre Nic de paires électron - ion dans
l’avalanche proche de la cathode. Par conséquent le nombre d’électrons proches de la
cathode s’écrit comme une superposition des électrons primaires et secondaires créés par
photo-ionisation de la plaque. Le nombre total d’électrons à une distance x de la cathode
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34Friedrich Paschen : physicien allemand né le 22 janvier 1865 à Schwerin, mort le 25 février 1947 à
Postdam. Il est connu principalement pour ses travaux sur les décharges électriques. Il fut le premier à
observer les raies d’hydrogène dans l’infrarouge, qui portent d’ailleurs son nom.

➡Mobility of   ~10-100 times greater than  μe μion
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❑ Collected charge

• Total charge: Qtot = − eμ0e(αd)

• Shape: 
- Rise time mostly induced by electron movement  

- Fall time mostly due to ion movement 22 CHAPITRE 1. PRINCIPE DES DÉTECTEURS GAZEUX

Signal

0 Temps (u.a.)

90%

10%

Tm

Fig. 1.9 – Vue schématique d’un signal recueilli sur l’anode. Est aussi représentée, la définition
du temps de montée Tm.

Sachant que la charge q s’exprime par q = eN0eαd, avec e la charge de l’électron, le
nombre total de charges électroniques induit Q− par mouvement entre le point xbar et
l’anode est donnée par :

Q− = −
eN0

d
eαd

∫ d

(d− 1
α

)
dx = −

eN0

αd
eαd (1.45)

De la même manière nous pouvons calculer le nombre totale de charges ioniques induit
par mouvement entre le point xbar et la cathode :

Q+ =
eN0

d
eαd

∫ 0

(d− 1
α

)
dx = eN0(

1

αd
− 1)eαd (1.46)

Dès lors, la charge totale Qtot induite par le mouvement des charges sur l’anode sera
la somme des deux contributions :

Qtot = −eN0e
αd (1.47)

La charge induite sur la cathode est identique mais de signe opposé. Du fait des mo-
bilités différentes des électrons et des ions, la collection des charges électroniques est plus
rapide, avec des valeurs du temps de montée Tm

32 typiquement inférieures à la nanose-
conde. Tandis que la collection des charges ioniques est beaucoup plus lente, généralement
bien au-delà de la nanoseconde voire la microseconde (dépendant du mode opératoire). Se
rajoute à cela une disparité dans la distance de dérive des ions par rapport aux électrons.
Dans le cas d’un détecteur à plaques parallèles, cela se traduit dans le signal recueilli sur
l’anode par une montée rapide, due principalement aux électrons, et une lente descente,
due essentiellement aux ions. Une illustration d’un tel signal est donnée dans la figure 1.9.

1.3.6 Fluctuation du nombre de charges

Après un aperçu sur la formation de l’avalanche et du signal associé, nous allons nous
intéresser aux fluctuations inhérentes à ce genre de processus. En effet, le processus d’am-

32Temps que met un signal pour passer de 10 % à 90 % de sa valeur maximale.

• Signal:  

- : rise constant 

- : decay constant

S = Ae−τr × Beτd

τr

τd

Operating conditions

Delayed 
cathode
signals

Anode signal

Time difference
depending on position

Readout method
! Charge division;

Resistive arrays gives charge difference, but few µs shaping time 
→ charge pile-up effect at few kHz beam rate

! Delay line;
LC delay makes time difference from either end using fast ns signal 
→ fast measurement for few MHz beam rate

! Gas available;
Need pure quenching gas of C4H10(W = 23.7 eV), 
C3F8(W = 34.4 eV)
due to lack of quenching properties at low gas pressure 

! HV; ≥ 100 V/mm, adjustable by beam energy & mass

! Read out avalanche signals from anode and cathode;  
Anode for time & triggering, cathode for position
measurementDiagram of Avalanche

Signal example after amplifier

6 ICABU2017, Geongju
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❑ Properties: 

• Principle: 
- dE/dx converted into light  

- Detection via photosensor (e.g. photomultiplier, …) 

• Main Features: 
- Sensitivity to energy 

- Fast time response (rise time < 10 ns decay time < few 100 ns) 

- Pulse shape discrimination  

• Requirements: 
- High efficiency for conversion of exciting energy to fluorescent radiation  

- Transparency to its fluorescent radiation to allow transmission of light  

- Emission of light in a spectral range detectable for photosensors 
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❑ Organic scintillator (contains C): 

• Mechanism: 
- Singlet molecular states  

- Triplet molecular states  

• Emission/absorp3on spectrum :
 

S1 ➛ S0 [< 10-8 s]  

T0 ➛ S0 [> 10-4 s] 

vibrational  
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De-excitation from lowest vibrational state

Excitation time scale 	:	 10-14 s 
Vibrational time scale	:	 10-12 s 
S1 lifetime 		 	 	 	 :	 10-8 s

S1
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➡Transparent to its own light

UV range (320 nm)
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❑ Inorganic scintillator (i): 

• Mechanism: 
- Energy deposition by ionisation  

- Energy transfer to impurities  

- Radiation of scintillation photons  

• Emission/absorp3on spectrum (visible): 

➡Transparent to its own light

Inorganic Crystals	

Materials:

Sodium iodide (NaI)
Cesium iodide (CsI)
Barium fluoride (BaF2)
...

conduction band

valence band
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q
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impurities
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scintillation
[luminescence]

Mechanism:

Energy deposition by ionization
Energy transfer to impurities
Radiation of scintillation photons

electron

Time constants:

Fast: recombination from activation centers [ns ... μs]
Slow: recombination due to trapping [ms ... s]

Energy bands in 
impurity activated crystal

showing excitation, luminescence,
quenching and trapping

Inorganic Crystals – Light Output
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ity

 [a
.u

.]

Wavelength [nm]

Scintillation Spectrum
for NaI and CsI 

NaI(Tl)  
CsI(Na)
CsI(Tl)

Strong 
Temperature Dependence
[in contrast to organic scintillators]
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❑ Inorganic scintillator (ii): 

• Light produc3on, Birk’s Law: 

 with  Birk coefficient 

• Examples: 
- Sodium Iodide (NaI): good photon yield, available in big 

volumes, cheep but hygroscopic. 

- Cesium Iodide (CsI): better photon yield than NaI, but slow. 

- Baryum Fluoride (BaF2): fast timing (rise time << 1 ns), 
poor photon yield. 

- Bismuth Germanate (BGO): highly efficient, but very slow 
(decay time : 300 ns), poor photon yield. 

- Lanthanum Bromide (LaBr3)/Cerium Bromide (CeBr3): 
excellent photon  yield, very fast  (rise time ≲ 10 ns), but 
hygroscopic and expensive (+ lanthanum is radioactive). 

dL
dE

= L0

dE
dx

1 + kB
dE
dx

kB
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❑ Scintillator coupling (need to convert photon to signal): 

• Photomul3plier: (most used) 
- Photon converted in e- by photocathode (photoelectric effect) 

- Amplification of signal by set of dynodes
- Efficiency ∝ length wave 

- Quantum efficiency (e- emitted by a 
incident photon) at most 25%. 

- Gain: ,  n number of dynodes and δ 
dynode emission coefficient: ~ 106-108 

- HV: 1-2 kV

A = δn

UB

Photomultipliers – Dynode Chain

Electrons accelerated toward dynode
Further electrons produced ➛ avalanche

Secondary emission coefficient: 
 δ = #(e– produced)/#(e– incoming)

Multiplication process:

 δ = kUD; G = a0 (kUD)n

dG/G = n dUD/UD = n dUB/UB

Typical:  δ = 2 – 10
       n = 8 – 15

  ➛ G = δn = 106 – 108

Gain fluctuation:

Dynodes

Electron

Anode

Voltage divider
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• Silicon photomul3plier (APD, SiPM, …): 
- Gain: ~ 106 

- HV: < 100 V 

- Not sensitive to magnetic field 

- Sensitive to temperature

24.05.07 Alexander Tadday 4

SiPM Layout

Avalanche region

Silicon PhotomultipliersSilicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)
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)

Reverse Bias Voltage

no amplification

linear 

amplification
non-linear 

Geiger mode

Breakdown Voltage

Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium
tracks on the surface connect all pixels to the common bias voltage.

ICFA Instrumentation Bulletin
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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Figure 2: SiPM pulse height spectra.

Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p�-doped
material on the low resistive substrate serves as a drift region (see also right side of the picture). An
electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the
electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental
impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].

2.3.1 Gain and Single Pixel Response

Since every microcell of the SiPM is operated above the breakdown-voltage, high gain in the
range of typically 105 � 106 can be obtained which is comparable to the value obtained with
a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is
shown in the following figure: • AULL, LOOMIS, YOUNG, HEINRICHS, FELTON, DANIELS, AND LANDERS

Geiger-Mode Avalanche Photodiodes for Three-Dimensional Imaging

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

FIGURE 5. Passive-quenching circuits. (a) In Geiger mode,
the APD is charged up to some bias above the breakdown
voltage V and then left open circuited. (b) Subsequently,
once an avalanche has been initiated, the APD behaves ac-
cording to a simple circuit model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage
source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel

24

Doping Structure of SiPM [1]

Pixelized photo diodes 
operated in Geiger Mode

Single pixel works as a binary device 

Energy = #photons seen by
summing over all pixels

Principle:

Granularity	 :	 103 pixels/mm2

Gain	 	 	 : 	 106

Bias Voltage	 :	 < 100 V
Efficiency	 	 :	 ca. 30 %

Works at room temperature!
Insensitive to magnetic fields

Features:

E,
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❑ Cherenkov light in scintillator 

• Cherenkov radia3on: 

- Happens when a particle velocity  > light speed in 

material  

- Light cone appears:  where n is the 

refraction index

β

cos(θ) =
1

βn

 
Page 8 of 23 

  
Fig. 4. Light emission time responses from Geant4 simulations for Cherenkov radiation and scintillation in SiO2 
and CO2 radiators (left) and typical spectra of Cherenkov radiation and scintillation (right) [47]. Examples of 
sensitive EM wavelength for both UV photodiode and IR photovoltaic detectors to selectively detect Cherenkov 
radiation are also presented (right). 

 

2.4. Transition radiation 

When a muon passes through inhomogeneous media such as a boundary between two radiators, 
photons are emitted and they are called transition radiation. Transition radiation is sometimes 
misinterpreted as Cherenkov radiation because both have directional photon emission as shown in Fig. 5. 
However, transition radiation is neither related to particle energy loss by collisions at boundaries nor 
deceleration of muons. Especially, transition radiation that emits photons with a visible wavelength is called 
optical transition radiation (OTR) and a mean yield of OTR, when γ ≫ 1 is given by [48]: 

𝑁𝑡𝑟 =
𝑧2𝛼

𝜋
[(ln 𝛾 − 1)2 +

𝜋2

12
] , (14) 

where z is the muon charge, α is the fine structure constant, and γ is the Lorentz factor. Expected optical 
photon intensity is not significant (10-3~10-4) when the number of physical boundaries is small and 
momentum range is not greater than 10 GeV/c [49].  

 

Junghyun Bae1 et al.,  School of Nuclear Engineering, Purdue University, IN 47906
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Junghyun Bae1 et al.,  School of Nuclear Engineering, Purdue University, IN 47906

❑ Scintillating fiber 

• Core: mainly polystyrene, 
• Cladding: PMMA, plas3c, … 
• Very thin diameter could < 0.5 mm 
• Flexible
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When a muon passes through inhomogeneous media such as a boundary between two radiators, 
photons are emitted and they are called transition radiation. Transition radiation is sometimes 
misinterpreted as Cherenkov radiation because both have directional photon emission as shown in Fig. 5. 
However, transition radiation is neither related to particle energy loss by collisions at boundaries nor 
deceleration of muons. Especially, transition radiation that emits photons with a visible wavelength is called 
optical transition radiation (OTR) and a mean yield of OTR, when γ ≫ 1 is given by [48]: 

𝑁𝑡𝑟 =
𝑧2𝛼

𝜋
[(ln 𝛾 − 1)2 +

𝜋2

12
] , (14) 

where z is the muon charge, α is the fine structure constant, and γ is the Lorentz factor. Expected optical 
photon intensity is not significant (10-3~10-4) when the number of physical boundaries is small and 
momentum range is not greater than 10 GeV/c [49].  

 

Junghyun Bae1 et al.,  School of Nuclear Engineering, Purdue University, IN 47906

❑ Scintillating fiber 

• Core: mainly polystyrene, 
• Cladding: PMMA, plas3c, … 
• Very thin diameter could < 0.5 mm 
• Flexible

➡Could be assembled in ribbons
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❑ Scintillators comparison:

Plastic
➡Efficiency propor3onal to density 

➡Energy resolu3on propor3onal to yield

<latexit sha1 _base64="8qcOrkwqHeE3ocnmq7hDWEN+03M="></latexit>

Scintillator Density Yield �E/E Decay Constant
Name (g/cm3) (photons/MeV) @ 662 keV (%) (ns)
Polystyrene 1.05 10000 11 2.5
BGO 7.13 7500 12 300
Y AG 4.60 8000 11 70
BaF2 4.88 10000 9.0 0.8
LY SO(Ce) 7.10 32000 8.0 40
CsI(Na) 4.51 34000 7.5 630
NaI(T l) 3.70 38000 6.0 230
CeBr3 5.10 75000 4.0 20
LaBr3 5.06 86000 3.0 16
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❑ Frontend and backend electronics

Amplifier

Discriminator 

Pre-amplifierDetector Energie 
(ADC, QDC)

Time 
(TDC)

Digigser

• Discriminator: compute start of signal t0 (LE, CFD, etc… algorithms)  
• ADC: Analog to digit converter, compute the amplitude of the signal 
• TDC (TAC+ADC): 3me to digit converter, compute the 3me informa3on 
• QDC: charge to digit converter, compute the charge (integral) of the signal inside a give gate 
• Digi3ser (flash-ADC): compute the amplitude of the signal at a given frequency  

Charge

Am
pl

it
ud

e

LE
: 

th
re

sh
ol

d

t0
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❑ Acquisition modules 

• Scheme

Discriminator 

Energie 
(ADC, QDC)

Time 
(TDC)

Digigser

Coungng rate

Mulg-channel 
analysis

0 200 400 600 800 1000 1200 1400 1600 1800 20000

100

200

300

400

500

60Co137Cs_1200HV
hCharge0_Cal

Entries  50000Res = 3.8 %

Res = 2.8 %
Res = 2.7 %

60Co137Cs_1200HV

Waveform  
analysis

• Event building: 
- Build with data arriving in a given time (generated by dedicated detectors )  

- Trigger-less, a common clock provides the TimeStamp 

➡Build event offline
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❑ Properties (i): 

• Principle: 
- Based on electronic band structure  

- Ionising leads e- to conduction band 

• Extrinsic detector:  
- n doping brings an e- in valence band 

- p doping remove an e- in the valence 
band  

• Intrinsic detector:  
- No doping, hyper pur crystal 

Overlapping 

Conduction band

Valence band

Fermi Level

Energy

Metal Semi-conductor Isolator

Forbidden gap
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❑ Properties (i): 

• Principle: 
- Based on electronic band structure  

- Ionising leads e- to conduction band 

• Extrinsic detector:  
- n doping brings an e- in valence band 

- p doping remove an e- in the valence 
band  

• Intrinsic detector:  
- No doping, hyper pur crystal 

Overlapping 

Conduction band

Valence band

Fermi Level

Energy

Metal Semi-conductor Isolator

Forbidden gap

• Produc3on pair (e- hole):   
➡~10 times smaller than for gaseous detector 

➡Except for wide-bandgap  detectors:  

SiC, GaN, ZnO ( ), diamond ( ) 

• Most used: silicon and germanium detector 

Wi ≲ 3 eV

Wi ≳ 2 eV Wi ≲ 13 eV
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❑ Germanium detector: 

• Advantages 

- High energy resolution: ~ 0.1 %  

➡Use for E measurements 

• Drawbacks 

- Poor efficiency: ~ 50 % of NaI crystal 

- Slow charge collection: few ten of 𝜇s 

- Need to amplify the signal 

- Need to cool down cos  very low (77º K) 

- Very expensive for large volume (when possible) 

➡ Not portable measurements 

Wi = 2.62 eV
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❑ Silicon detector: 

• Properties 

- Pair creation energy:  

- Mobility:  

 

Wi = 3.69 eV

μ(e,h) =
e

2m(e,h)
E × τ(e,h)

 μe(300K ) ≃ 1450 cm2/V/s

μh(300K ) ≃ 450 cm2/V/s

Silicon Detectors 6

1.1 Material Properties  
Drift velocity and mobility

Drift velocity
For electrons: and for holes:

Mobility
For electrons: and for holes:

e … electron charge
Ε …  external electric field
mn , mp … effective mass of e- and holes
τn , τp … mean free time between collisions

      for e- and holes

Source: S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985

µn(Si, 300 K) ≈ 1450 cm2/Vs µp(Si, 300 K) ≈ 450 cm2/Vs

M. Krammer, F. Hartmann  EDIT 2011
S.M. Suze, Semiconductor Devices , J. Wiley & Sons, 1985

E: electrical field  

: mean free time between 2 collisions (cf. gaseous detector) τ(e,h)
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❑ p-doping:  

• Doping 3 atom (e.g. B, Al, Ga, In). One valence bond remains open. This open bond 
a=racts electrons from the neighbour atoms:

Silicon Detectors 10

1.2 Doping  
Bond model: p-doping in Si

•  The energy level of the acceptor is just
 above the edge of the valence band. 

•  At room temperature most levels are
 occupied by electrons leaving holes in
 the valence band.

•  The fermi level EF moves down. 

M. Krammer, F. Hartmann  EDIT 2011

Doping with an element 3 atom (e.g. B,
 Al, Ga, In). One valence bond remains
 open. This open bond attracts electrons
 from the neighbor atoms.
The doping atom is called acceptor. 

➡ Less electron density (acceptor of e)

Conduction band

Valence band

Energy

Fermi Level
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❑ n-doping:  

• Doping with 5 atom (e.g. P, As, Sb). The 5th valence electron is weakly bound:

➡Higher electron density (donor of e)

Conduction band

Valence band

Energy

Fermi Level

Silicon Detectors 11

1.2 Doping  
Bond model: n-doping in Si

•   The energy level of the donor is just
 below the edge of the conduction
 band. 

•   At room temperature most electrons
 are raised to the conduction band.

•   The fermi level EF moves up. 

M. Krammer, F. Hartmann  EDIT 2011

Doping with an element 5 atom (e.g. P, As, Sb).
 The 5th valence electrons is weakly bound.
The doping atom is called donor
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• Depletion width depend on electric field 

- Without external field:

Silicon Detectors 12

1.3 The p-n Junction 
Creating a p-n junction

At the interface of an n-type and p-type semiconductor the difference in the fermi
 levels cause diffusion of surplus carries to the other material until thermal equilibrium
 is reached. At this point the fermi level is equal. The remaining ions create a space
 charge and an electric field stopping further diffusion.
The stable space charge region is free of charge carries and is called the depletion
 zone.

M. Krammer, F. Hartmann  EDIT 2011 Silicon Detectors 15

Example of a typical p+-n junction in a silicon detector:

Effective doping concentration Na = 1015 cm–3 in p+ region and Nd = 1012 cm–3 in
 n bulk.

1.3 The p-n Junction 
Width of the depletion zone

p+n junction

Without external voltage:
Wp = 0.02 µm 
Wn = 23 µm

Applying a reverse bias voltage of 100 V:
Wp = 0.4 µm 
Wn = 363 µm

with
V … External voltage
ρ … specific resistivity
µ  … mobility of majority charge carriers
Neff … effective doping concentration

Width of depletion zone in n bulk:

M. Krammer, F. Hartmann  EDIT 2011

❑ The p-n junction 

• At the interface of an n-type and p-type semiconductor: 
- Fermi level different: diffusion til ions space charge stops it 

- The stable space charge region is free of charge carries and is called 
the depletion zone

 Wp = 0.02 μm

Wn = 23 μm

- With external field:

 Wp = 0.4 μm

Wn = 360 μm
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❑ p-n junction silicon detector 

• Impinging charged par3cles create e-h+ pairs in the deple3on zone. These charges drip to the 
electrodes. The drip (current) creates the signal on each strip/pixel.  

• From fired strips/pixels possible posi3on reconstruc3on.

2.2 Microstrip Detector  
DC coupled strip detector

Silicon Detectors 22

★  p+n junction:  
Na ≈ 1015 cm-3, Nd ≈ 1–5·1012 cm-3

★  n-type bulk: ρ > 2 kΩcm 
➔ thickness 300 µm 

★  Operating voltage < 200 V.
★  n+ layer on backplane to improve

 ohmic contact
★  Aluminum metallization 

Traversing charged particles create e-h+ pairs in the depletion zone (about 30.000
 pairs in standard detector thickness). These charges drift to the electrodes. The
 drift (current) creates the signal which is amplified by an amplifier connected to
 each strip. From the signals on the individual strips the position of the through
 going particle is deduced. 

A typical n-type Si strip detector:

M. Krammer, F. Hartmann  EDIT 2011

2.3 Strip vs. Pixel Detectors 

Silicon Detectors 46

★  A strip detector measures 1 coordinate only. Two orthogonal arranged strip
 detectors could give a 2 dimensional position of a particle track. However, if
 more than one particle hits the strip detector the measured position is no
 longer unambiguous. “Ghost”-hits appear! 

★  Pixel detectors produce unambiguous hits! 

True hits and ghost hits in two
 crossed strip detectors in case
 of two particles traversing the
 detector:

Measured hits in a pixel detector
 in case of two particles
 traversing the detector:

M. Krammer, F. Hartmann  EDIT 2011

➡Front/backend electronics mostly directly on the chip
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❑ Beam monitoring: 

• Gaseous detectors 
• Semi-conductors
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❑ Beam monitoring: 

• Gaseous detectors 
• Semi-conductors

❑ PET-(SPECT)- pCT imaging: 

• Scin3llators
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❑ Beam monitoring: 

• Gaseous detectors 
• Semi-conductors

❑ PET-(SPECT)- pCT imaging: 

• Scin3llators

❑ Online dose control: 

• Scin3llators 
• Silicon tracking devices

 

12/33#
 
 

4%Z% TECHNIQUES%�
�	��	�/���	%ET%METHODOLOGIE%

A. Synthèse%du%prototype%

Comme#le#montre#la#figure#5��6/�=C=>G7/�.Q37+1/<3/�>/6�;?/�89?=�6/�:<F@9C98=�-97:9<>/�éléments#
distincts#:#

 Un% hodoscope#à# fibres#scintillantes#qui#permet#de#connaître#avec#
précision#la#position#transverse#du#faisceau#incident#et#donc#de#tous#
les#ions#carbone#à#chaque#instant.#Ce#détecteur#est#analogue#à#celui#
qui#est#?>363=F�:9?<�6Q37+1/<3/�:29>983;?/�:+<�>/7:=�./�@96#

 Un# télescope# E/ �� /8� =-38>366+>/?<� ;?3� :/<7/>� .Q3./8>303/<� />� ./�
7/=?</<�6QF8/<13/�./=�:+<>3-?6/=�secondaires.#

 Un% système% de% «%trajectographie%»% constitué# de# capteurs#
silicium#pixel#type#CMOS#qui#permet#de#déterminer#la#trajectoire#des#
protons# émis# et# ainsi# de# remonter# a?� @/<>/B� .Q38>/<+->398�./=� 398=�
carbone#avec#la#cible.#

 ��� $)$%,��� �1��"&�$�%� �# et# de# visualisation# qui# permet# de#
remonter# à# la# position# du# pic# de# Bragg# en# temps# réel# lors# de#
6Q3<<+.3+>398#

figure 5 : Schéma de pr incipe du système �0� ���%������)�%'�*�#%"'"!��!)�&��-�#"(%����#%"��' 

B. Hodoscope%faisceau%

Les#expériences#effectuées#au#GANIL#et#au#GSI#pour#une#caméra#gamma#prompts#98>�798><F�;?Q36�
F>+3>�8F-/==+3</�.Q?>363=/<� 6+� technique#de#temps#de#vol#pour#discriminer#les#photons#détectés#du#
bruit# (induit# principalement# par# les# nombreux# neutrons# produits# également# lors# des# réactions#
nucléaires).# Un# hodoscope# de# faisceau# a# donc# été# développé# dans# le# cadre# du# programme#
�?<9:F/8�/>�./�6Q� #�:<F-F./77/8>�-3>F=�pour#déterminer#6/�>/7:=�.Q+<<3vée#des#ions#incidents#et#
leur#position#transverse.##

�Q29.9=-9:/�.93>�H></�-+:+,6/�.Q+>>/38.</�./=�0<F;?/8-/=�./�-97:>+1/�./�6Q9<.</�./���8#ions/s#et#
une#résolution#en#temps#de#1#8=���/�:<9>9>C:/�+->?/6�.Q29.9=-9:/,#constitué#de#fibres#scintillantes#
lues#par#des#photomultiplicateurs#flatTpanels#(ou#des#galettes#microTcanaux#multivoies#MCPTPMT)#a#
été#testé#avec#succès#au#GANIL#en#octobre#2009#:#la#résolution#temporelle#est#proche#de#500#ps#
(FWHM)#et# la# durée#de# vie# des# fibres# scintillantes# correspond#à# plusi/?<=� =/7+38/=� .Q?>363=+>398�
.+8=�?8�-/8></�-6383;?/���QF6/-><983;?/�./�6/->?</�frontTend#(c'estTàTdire#au#plus#près#du#détecteur)#
./�-/>�29.9=-9:/�/=>�.F@/69::F/�D�6Q�" ���.+8=�6/�-+.</�.Q?8/�>2G=/�-9T038+8-F/�:+<�6Q� #�/>�6/�
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technique#de#temps#de#vol,#afin#de#discriminer#les#photons#des#particules#diffusées,#principalement#
des#neutrons.#Pour#cela#un#hodoscope#placé#en#amont#du#patient#fournit#la#position#transverse#et#
6Q38=>+8>�./�:+==+1/�./�-2+;?/�:+;?/>�./�0+3=-/+?���/=�./?B�7F>29./=�./�.F>/->398�./=�:29>98=�
sont#:#

 Une# caméra# collimatée# composée#de# cristaux# LYSO#placés# derrière# un# collimateur#multiT
fente# à# 90°# de# la# direction# du# faisceau.# Cette# caméra# fournit# une# information# sur# la#
profondeur# à# laquelle# sont# émis# les# gamma# prompts.# Un# démonstrateur# a# été# testé# en#
mars#2010#avec#des#résultats#très#encourageants.#Les#développements#futurs#auront# lieu#
/==/8>3/66/7/8>�.+8=�6/�-+.</�.Q?8/�>2G=/��:<94/>�/?<9:F/8�� %�#'�$�! ��/8�:+<>/8+<3+>�
+@/-�6Q38.?=><3/6�����/>�6/�-/8></�./�:<9>98>2F<+:3/�.Q!<=+C���"!��#

 Une#caméra#Compton#composée#de#plusieurs#diffuseur=�/>�.Q?8�+,=9<,/?<��$98�+@+8>+1/�
est# de# fonctionner# avec# une# collimation# électronique.# On# peut# en# effet,# sous# certaines#
-98.3>398=��9,>/83<�?8/�3809<7+>398�=?<�6+�.3</->398�.Q38-3./8-/�./=�<+C98=�1+77+�D�:+<>3<�
./� 6+� :9=3>398� />� ./� 6QF8/<13/� .F:9=F/� 69<=� ./=� .300?=398=� �97:>98� 9?� ./� 6Q/00/>�
:29>9F6/-><3;?/� ./=� <+C98=� 1+77+� .+8=� 6/� .300?=/?<� />� 6Q+,=9<,/?<#:# cette# direction#
.Q38-3./8-/� =/� ><9?@/� =?<� ?8� -I8/� .98>� 6/� =977/>� /=>� 6/� 63/?� ./� 6+� :</73G</� .300?=398�
Compton.#Un#prototype#de#cette#caméra#doit#être#dF63@<F�038�	��
�.+8=�6/�-+.</�./�6Q� #�
GamHadron.#

figure 2 : Schéma des deux types de systèmes de contrôle « gamma prompts » par temps de vol étudiés par le 
groupe de Lyon. 

iii) Imagerie%de%vertex%protons%

&8/�+6>/<8+>3@/�D�6Q37+1/<3/�$"��%�/>�%�"�:9?<�6/�7983>9<+1/�/8�6318/�./�6Q2+.<98>2F<+:3/�-+<,98/�
consiste#à#détecter# les#protons#secondaires# issus#de# la# fragmentation.#En#effet# les#protons#sont#
émis#avec#une#grande#probabilité,#et#leur#distribution#angulaire,#centrée#autour#de#la#direction#du#
projectile,#conduit#à#des#rendements#élevés#aux#angles#avant.#Ceci#est#illustré#par#exemple#sur#la#
figure#3,#qui#représente#6/=�>+?B�./�:<9>98=�7/=?<F=�+?��$��:9?<�?8�0+3=-/+?�.Q398=�-+<,98/�.98>�
le#parcou<=�/=>�./���-7�.+8=�6Q/+?���B-/:>F�+?B�:/>3>=�+816/=��6/=�=37?6+>398=�GEANT4#entreprises#
dans# le# groupe# ./� 6Q�" �� en# étroite# collaboration# avec# le# CREATISTINSA# reproduisent# bien# les#
rendements#mesurés.#

© C. Ray
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❑ Beam monitoring: 

• Gaseous detectors 
• Semi-conductors

❑ PET-(SPECT)- pCT imaging: 

• Scin3llators

❑ Cross-section measurement:  

• Scin3llators (in-organic) 
• Silicon tracking devices 
• Gaseous detectors

Calorimeter
Time Of Flight

Multi Strip Detector

Inner Tracker

Vertex tracker

Beam monitor

Start Counter

Magnets

❑ Online dose control: 

• Scin3llators 
• Silicon tracking devices
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figure 2 : Schéma des deux types de systèmes de contrôle « gamma prompts » par temps de vol étudiés par le 
groupe de Lyon. 

iii) Imagerie%de%vertex%protons%

&8/�+6>/<8+>3@/�D�6Q37+1/<3/�$"��%�/>�%�"�:9?<�6/�7983>9<+1/�/8�6318/�./�6Q2+.<98>2F<+:3/�-+<,98/�
consiste#à#détecter# les#protons#secondaires# issus#de# la# fragmentation.#En#effet# les#protons#sont#
émis#avec#une#grande#probabilité,#et#leur#distribution#angulaire,#centrée#autour#de#la#direction#du#
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Detectors for medical applications
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❑ Beam monitoring: 

• Gaseous detectors 
• Semi-conductors

❑ PET-(SPECT)- pCT imaging: 

• Scin3llators

❑ Cross-section measurement:  

• Scin3llators (in-organic) 
• Silicon tracking devices 
• Gaseous detectors

Calorimeter
Time Of Flight

Multi Strip Detector

Inner Tracker

Vertex tracker

Beam monitor

Start Counter

Magnets

❑ Dosimetry: 

• Passive detectors 
• Gaseous detectors 
• Semi-conductors

❑ Online dose control: 

• Scin3llators 
• Silicon tracking devices
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Beam Monitoring (i)
❑ Gaseous detectors 

• Parallel plate Ionisa3on chamber 

- Gas at atmospheric (low) pressure  

- Applied HV ~ 100V 

- Simply read out a current  

➡ Sustains high beam flux 

➡Need calibra3on 
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Beam Monitoring (i)
❑ Gaseous detectors 

• Parallel plate Ionisa3on chamber 

- Gas at atmospheric (low) pressure  

- Applied HV ~ 100V 

- Simply read out a current  

➡ Sustains high beam flux 

➡Need calibra3on 
2

Detector specs & goals

Detector specs.

● Drift chamber of 11cm x 11cm x 20cm

● 12 staggered layers with 3 drift cells per layer

● Rectangular cell shape (16mm x 10mm)

● Ar/CO2 @ 80/20%

 Purpose in FOOT

● Incident beam direction

● Primary position

2

Detector specs & goals

Detector specs.

● Drift chamber of 11cm x 11cm x 20cm

● 12 staggered layers with 3 drift cells per layer

● Rectangular cell shape (16mm x 10mm)

● Ar/CO2 @ 80/20%

 Purpose in FOOT

● Incident beam direction

● Primary position

- Gas mixture Ar+Iso/CO2 (10-20%) 

- Beam profile resolution ~100-200 𝜇m 

➡Limited by beam flux ( ) 

➡Need calibra3on for drip velocity

≪ 104/cm2/s

• Drip chamber 

- Field wire at HV potential (~1-2kV) 

- Sense wire to read out the charge
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Beam Monitoring (ii)
❑ Semi-conductors 

• Silicon detector   
- Bulk, strip or pixels 

- Good radiation tolerance 

➡Charge resolution ~ 3-4% 

➡Excellent beam profile resolution ( ) 

➡Limited beam flux tolerance ( )

≪ 100 μm
≪ 107/cm2/s

modeling proton interactions along its path, including the Au
scattering foil, the Al collimator, and extraction foil (interface
vacuum–air) at the end of the beam line, and secondary par-
ticles. Also, for LET calculations simulating biological
experiment conditions, the water-equivalent thickness of the
Petri dish and the energy straggling were taken into account.
In this model, the participating particles, that is, primary par-
ticles or particles generated during the cascade process, are
described by means of Gaussian wave functions. Also, a
range cut of 1 mm and a step size of 0.1 mm were applied,
which is sufficiently small as demonstrated in several stud-
ies.33–35

2.D. Dose-averaged LET calculation

The LET is usually averaged over a target volume and an
energy spectrum of a specified type of charged particles. In
this study, we used the dose-averaged LET (LETd),

9,36

including both the dose and the original definition of the
LET. LETd distributions are generated by scoring each energy
deposition in the medium. At each energy deposition associ-
ated with a particle energy loss (dE), the length of the particle
step (dx) was obtained. All values were scored voxel by voxel
(v) and as dose-to-tissue to calculate the LETd in MeV/g cm²:

LETdðvÞ ¼
P

events dE $ ðdE=dxÞ 1
qP

events dE
(1)

The electronic stopping power ðdE=dxÞ is used in the cal-
culation (PSTAR database), which implies that LET is calcu-
lated without the production of delta electrons. Also, the
nuclear stopping power is neglected and q is the mass density
of the current medium (here, water) where proton energy is
deposited.

2.E. Calculation of the absorbed dose

An analytical algorithm, referred to as PStar Databased
(PSD) function, was developed to define the weight of each
Bragg peak composing the SOBP delivery in small animal
tumors.25 It is noteworthy that the PSD function is valid for

low-energy protons (below 50 MeV) and applicable for vari-
ous geometry and size of tumors, but in this study, an exam-
ple of a 6-mm-thick xenograft tumor will be considered. It
consists in a calculation based on the study by Bortfeld
et al.37 using the proton range extrapolated from the PSTAR
database.38 The PSD function implements the range strag-
gling rR, and the influence of aluminum thicknesses (energy
degrader) on the transmitted proton beam. Indeed, proton
beam fluence decreases due to nuclear reactions between
incident protons and the target. Also, to reproduce the beam
propagation in the target, a multiple scattering calculation
was used. Using the PSD function, the irradiation duration to
deliver the right number of protons for each proton beam
energy to cell samples and composing the SOBP is set to
deliver the proper dose into the target volume.

3. RESULTS

3.A. Beam characterization

The two-dimensional beam fluence was assessed with the
CMOS sensor located behind the 10-mm collimator with a
fluence fixed at approximately 6.7 9 107 cm%2 (correspond-
ing to &25 cGy) in the plateau region of the beam path
(Fig. 4, left panel) at maximum energy (24.85 MeV). After
extraction in air the beam energy entering the CMOS sensor
was 23.52 ' 0.15 MeV (30 mm from the exit window). The
beam lateral profiles were assessed with the CMOS sensor
and compared to Geant4 calculation and the PSD function
(Fig. 4, right panel). The lateral profiles were flat in the cen-
tral region, then fall off rapidly in the penumbral region. Spa-
tial heterogeneities obtained with the CMOS sensor were:
'1.8% on the X-axis (cyan line) and '2.1% on the Y-axis
(cyan dots) over a circular region of 9 mm diameter. A slight
increase on the right edge of the Y profile can be observed
and is due to a misalignment of the beam since no vertical
control centering is available to date. The full width at half
maximum of lateral profiles were in agreement within a dis-
tance of 0.1 mm between the CMOS sensor, Geant4 simula-
tions, and the PSD function, demonstrating the validity of the
in-house lateral scattering calculation of the proton beam.

FIG. 4. Fluence maps measured with the complementary metal oxide semiconductor (CMOS) sensor (left panel) and comparison of the fluence lateral profiles
between the CMOS sensor, Geant4, and the PSD function.

Medical Physics, 0 (0), xxxx

4 Constanzo et al.: 25-MeV protons for radiobiology research 4
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• Diamond detector   
- Wide-bandgap (low noise) 

- Very good radiation tolerance 

- Fast time response (< 2 ns) 

➡Excellent beam profile resolution ( ) 

➡Good beam flux tolerance ( )

≪ 100 μm
∼ (109 − 1012)/cm2/s
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energy to cell samples and composing the SOBP is set to
deliver the proper dose into the target volume.

3. RESULTS

3.A. Beam characterization

The two-dimensional beam fluence was assessed with the
CMOS sensor located behind the 10-mm collimator with a
fluence fixed at approximately 6.7 9 107 cm%2 (correspond-
ing to &25 cGy) in the plateau region of the beam path
(Fig. 4, left panel) at maximum energy (24.85 MeV). After
extraction in air the beam energy entering the CMOS sensor
was 23.52 ' 0.15 MeV (30 mm from the exit window). The
beam lateral profiles were assessed with the CMOS sensor
and compared to Geant4 calculation and the PSD function
(Fig. 4, right panel). The lateral profiles were flat in the cen-
tral region, then fall off rapidly in the penumbral region. Spa-
tial heterogeneities obtained with the CMOS sensor were:
'1.8% on the X-axis (cyan line) and '2.1% on the Y-axis
(cyan dots) over a circular region of 9 mm diameter. A slight
increase on the right edge of the Y profile can be observed
and is due to a misalignment of the beam since no vertical
control centering is available to date. The full width at half
maximum of lateral profiles were in agreement within a dis-
tance of 0.1 mm between the CMOS sensor, Geant4 simula-
tions, and the PSD function, demonstrating the validity of the
in-house lateral scattering calculation of the proton beam.

FIG. 4. Fluence maps measured with the complementary metal oxide semiconductor (CMOS) sensor (left panel) and comparison of the fluence lateral profiles
between the CMOS sensor, Geant4, and the PSD function.

Medical Physics, 0 (0), xxxx

4 Constanzo et al.: 25-MeV protons for radiobiology research 4

• Diamond detector   
- Wide-bandgap (low noise) 

- Very good radiation tolerance 

- Fast time response (< 2 ns) 

➡Excellent beam profile resolution ( ) 

➡Good beam flux tolerance ( )

≪ 100 μm
∼ (109 − 1012)/cm2/s

➡Also other detectors exist: PEPITES, FastPix, micromegas, GEM, plas3c, fibres, etc…. 
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❑ Mostly three techniques used, correlation btw Bragg preak and nuclear reactions 

• Prompt gamma method reconstruc3on
J. Krimmer et al, NIMA 878 (2018)

S. Jan et al., IEEE (2012)
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❑ Mostly three techniques used, correlation btw Bragg preak and nuclear reactions 

• Prompt gamma method reconstruc3on
J. Krimmer et al, NIMA 878 (2018)

• Secondary par3cle vertex reconstruc3on
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• Inline PET reconstruc3on 

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VERSION NOVEMBER 22, 2012 5

with the deposited dose. In this case, L artificially decreases
from 9 with S1 to 7.5 mm with S

⇤
1 , leading to a 20% dif-

ference (Table II), which demonstrates that data quantification
is biased with a simplified approach to model the imaging
system.

Fig. 4. Comparison between configurations S⇤
1 and S1. It illustrates the

differences between the PET images obtained with Gaussian smoothing (S⇤
1 )

and the ones obtained with a complete PET system simulated by Monte Carlo
(S1).

Configurations L (mm) Peak position (mm)
S1 (full PET) 9.0 180

S⇤
1 (Gaussian PET) 7.5 177
�L(S⇤

1 ;S1) 20 %

TABLE II
Quantitative differences between Gaussian-based PET modelling and full

system simulation

We also studied the contribution of the 15O isotope to
the final PET images by comparing configurations S

⇤
3 and

S3. Figure 5 illustrates the differences between the two PET
images. These differences were around 4.5%, as quantitatively
presented in Table III. Indeed, it is known that 11C production
is higher than 15O production by a factor of 4-5 and that the

half-life is 2 minutes for 15O and 20 minutes for 11C. These
two effects, combined with a PET scan for 10 minutes, explain
the results illustrated in Fig 5. Thus, it is not necessary at this
level of knowledge to develop a dedicated method to correct
the 11C PET image from the 15O contribution.

Fig. 5. Comparison between configurations S3 and S⇤
3 to illustrate the

influence of the 15O isotope on the PET image. The top image was obtained
by considering 11C only, and the middle image considering both 11C and
15O.

Configurations L (mm) Max peak position (mm)
S3 (11C only) 11 176

S⇤
3 (11C and 15O) 10.5 176
�L(S⇤

3 ;S3) 4.5 %

TABLE III
Difference between PET images obtained from

11
C only and from both

11
C

and
15

O

The third analysis concerns the influence of the dose on
PET image quality (configurations S1, S2, and S3). Table IV
and Fig. 6 show the high sensitivity to the level of delivered
dose. In particular, L varies from 9 to 11 mm (22%). These
results mean that care must be taken when DFO is studied
from PET images.

S. Jan et al., IEEE (2012)
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❑ Mostly three techniques used, correlation btw Bragg preak and nuclear reactions 

• Prompt gamma method reconstruc3on
J. Krimmer et al, NIMA 878 (2018)

• Secondary par3cle vertex reconstruc3on
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• Inline PET reconstruc3on 

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VERSION NOVEMBER 22, 2012 5

with the deposited dose. In this case, L artificially decreases
from 9 with S1 to 7.5 mm with S

⇤
1 , leading to a 20% dif-

ference (Table II), which demonstrates that data quantification
is biased with a simplified approach to model the imaging
system.

Fig. 4. Comparison between configurations S⇤
1 and S1. It illustrates the

differences between the PET images obtained with Gaussian smoothing (S⇤
1 )

and the ones obtained with a complete PET system simulated by Monte Carlo
(S1).

Configurations L (mm) Peak position (mm)
S1 (full PET) 9.0 180

S⇤
1 (Gaussian PET) 7.5 177
�L(S⇤

1 ;S1) 20 %

TABLE II
Quantitative differences between Gaussian-based PET modelling and full

system simulation

We also studied the contribution of the 15O isotope to
the final PET images by comparing configurations S

⇤
3 and

S3. Figure 5 illustrates the differences between the two PET
images. These differences were around 4.5%, as quantitatively
presented in Table III. Indeed, it is known that 11C production
is higher than 15O production by a factor of 4-5 and that the

half-life is 2 minutes for 15O and 20 minutes for 11C. These
two effects, combined with a PET scan for 10 minutes, explain
the results illustrated in Fig 5. Thus, it is not necessary at this
level of knowledge to develop a dedicated method to correct
the 11C PET image from the 15O contribution.

Fig. 5. Comparison between configurations S3 and S⇤
3 to illustrate the

influence of the 15O isotope on the PET image. The top image was obtained
by considering 11C only, and the middle image considering both 11C and
15O.

Configurations L (mm) Max peak position (mm)
S3 (11C only) 11 176

S⇤
3 (11C and 15O) 10.5 176
�L(S⇤

3 ;S3) 4.5 %

TABLE III
Difference between PET images obtained from

11
C only and from both

11
C

and
15

O

The third analysis concerns the influence of the dose on
PET image quality (configurations S1, S2, and S3). Table IV
and Fig. 6 show the high sensitivity to the level of delivered
dose. In particular, L varies from 9 to 11 mm (22%). These
results mean that care must be taken when DFO is studied
from PET images.

➡Tag the Bragg peak at best  ≳ 1 mm

S. Jan et al., IEEE (2012)
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❑ Prompt gamma method reconstruction 

• Collimated, sli=ed devices or Compton camera 

 

10/33#
 
 

technique#de#temps#de#vol,#afin#de#discriminer#les#photons#des#particules#diffusées,#principalement#
des#neutrons.#Pour#cela#un#hodoscope#placé#en#amont#du#patient#fournit#la#position#transverse#et#
6Q38=>+8>�./�:+==+1/�./�-2+;?/�:+;?/>�./�0+3=-/+?���/=�./?B�7F>29./=�./�.F>/->398�./=�:29>98=�
sont#:#

 Une# caméra# collimatée# composée#de# cristaux# LYSO#placés# derrière# un# collimateur#multiT
fente# à# 90°# de# la# direction# du# faisceau.# Cette# caméra# fournit# une# information# sur# la#
profondeur# à# laquelle# sont# émis# les# gamma# prompts.# Un# démonstrateur# a# été# testé# en#
mars#2010#avec#des#résultats#très#encourageants.#Les#développements#futurs#auront# lieu#
/==/8>3/66/7/8>�.+8=�6/�-+.</�.Q?8/�>2G=/��:<94/>�/?<9:F/8�� %�#'�$�! ��/8�:+<>/8+<3+>�
+@/-�6Q38.?=><3/6�����/>�6/�-/8></�./�:<9>98>2F<+:3/�.Q!<=+C���"!��#

 Une#caméra#Compton#composée#de#plusieurs#diffuseur=�/>�.Q?8�+,=9<,/?<��$98�+@+8>+1/�
est# de# fonctionner# avec# une# collimation# électronique.# On# peut# en# effet,# sous# certaines#
-98.3>398=��9,>/83<�?8/�3809<7+>398�=?<�6+�.3</->398�.Q38-3./8-/�./=�<+C98=�1+77+�D�:+<>3<�
./� 6+� :9=3>398� />� ./� 6QF8/<13/� .F:9=F/� 69<=� ./=� .300?=398=� �97:>98� 9?� ./� 6Q/00/>�
:29>9F6/-><3;?/� ./=� <+C98=� 1+77+� .+8=� 6/� .300?=/?<� />� 6Q+,=9<,/?<#:# cette# direction#
.Q38-3./8-/� =/� ><9?@/� =?<� ?8� -I8/� .98>� 6/� =977/>� /=>� 6/� 63/?� ./� 6+� :</73G</� .300?=398�
Compton.#Un#prototype#de#cette#caméra#doit#être#dF63@<F�038�	��
�.+8=�6/�-+.</�./�6Q� #�
GamHadron.#

figure 2 : Schéma des deux types de systèmes de contrôle « gamma prompts » par temps de vol étudiés par le 
groupe de Lyon. 

iii) Imagerie%de%vertex%protons%

&8/�+6>/<8+>3@/�D�6Q37+1/<3/�$"��%�/>�%�"�:9?<�6/�7983>9<+1/�/8�6318/�./�6Q2+.<98>2F<+:3/�-+<,98/�
consiste#à#détecter# les#protons#secondaires# issus#de# la# fragmentation.#En#effet# les#protons#sont#
émis#avec#une#grande#probabilité,#et#leur#distribution#angulaire,#centrée#autour#de#la#direction#du#
projectile,#conduit#à#des#rendements#élevés#aux#angles#avant.#Ceci#est#illustré#par#exemple#sur#la#
figure#3,#qui#représente#6/=�>+?B�./�:<9>98=�7/=?<F=�+?��$��:9?<�?8�0+3=-/+?�.Q398=�-+<,98/�.98>�
le#parcou<=�/=>�./���-7�.+8=�6Q/+?���B-/:>F�+?B�:/>3>=�+816/=��6/=�=37?6+>398=�GEANT4#entreprises#
dans# le# groupe# ./� 6Q�" �� en# étroite# collaboration# avec# le# CREATISTINSA# reproduisent# bien# les#
rendements#mesurés.#

➡Since low sta3s3cs need efficient crystal 

➡Fast 3me response if 3me ga3ng 

➡Good energy resolu3on if ray tagging 

➡Mostly used: NaI, LYSO, most recently PbF2 

➡ good comprise btw proper3es and prices

© C. Ray © V. Regazzoni

© S. Marcatili
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❑ Secondary particle vertex reconstruction 

• Using silicon tracking device to reconstruct ver3ces 

➡Since low sta3s3cs need efficient sensor 

➡Good spa3al resolu3on 

➡ Pixelised silicon detector 

 

12/33#
 
 

4%Z% TECHNIQUES%�
�	��	�/���	%ET%METHODOLOGIE%

A. Synthèse%du%prototype%

Comme#le#montre#la#figure#5��6/�=C=>G7/�.Q37+1/<3/�>/6�;?/�89?=�6/�:<F@9C98=�-97:9<>/�éléments#
distincts#:#

 Un% hodoscope#à# fibres#scintillantes#qui#permet#de#connaître#avec#
précision#la#position#transverse#du#faisceau#incident#et#donc#de#tous#
les#ions#carbone#à#chaque#instant.#Ce#détecteur#est#analogue#à#celui#
qui#est#?>363=F�:9?<�6Q37+1/<3/�:29>983;?/�:+<�>/7:=�./�@96#

 Un# télescope# E/ �� /8� =-38>366+>/?<� ;?3� :/<7/>� .Q3./8>303/<� />� ./�
7/=?</<�6QF8/<13/�./=�:+<>3-?6/=�secondaires.#

 Un% système% de% «%trajectographie%»% constitué# de# capteurs#
silicium#pixel#type#CMOS#qui#permet#de#déterminer#la#trajectoire#des#
protons# émis# et# ainsi# de# remonter# a?� @/<>/B� .Q38>/<+->398�./=� 398=�
carbone#avec#la#cible.#

 ��� $)$%,��� �1��"&�$�%� �# et# de# visualisation# qui# permet# de#
remonter# à# la# position# du# pic# de# Bragg# en# temps# réel# lors# de#
6Q3<<+.3+>398#

figure 5 : Schéma de pr incipe du système �0� ���%������)�%'�*�#%"'"!��!)�&��-�#"(%����#%"��' 

B. Hodoscope%faisceau%

Les#expériences#effectuées#au#GANIL#et#au#GSI#pour#une#caméra#gamma#prompts#98>�798><F�;?Q36�
F>+3>�8F-/==+3</�.Q?>363=/<� 6+� technique#de#temps#de#vol#pour#discriminer#les#photons#détectés#du#
bruit# (induit# principalement# par# les# nombreux# neutrons# produits# également# lors# des# réactions#
nucléaires).# Un# hodoscope# de# faisceau# a# donc# été# développé# dans# le# cadre# du# programme#
�?<9:F/8�/>�./�6Q� #�:<F-F./77/8>�-3>F=�pour#déterminer#6/�>/7:=�.Q+<<3vée#des#ions#incidents#et#
leur#position#transverse.##

�Q29.9=-9:/�.93>�H></�-+:+,6/�.Q+>>/38.</�./=�0<F;?/8-/=�./�-97:>+1/�./�6Q9<.</�./���8#ions/s#et#
une#résolution#en#temps#de#1#8=���/�:<9>9>C:/�+->?/6�.Q29.9=-9:/,#constitué#de#fibres#scintillantes#
lues#par#des#photomultiplicateurs#flatTpanels#(ou#des#galettes#microTcanaux#multivoies#MCPTPMT)#a#
été#testé#avec#succès#au#GANIL#en#octobre#2009#:#la#résolution#temporelle#est#proche#de#500#ps#
(FWHM)#et# la# durée#de# vie# des# fibres# scintillantes# correspond#à# plusi/?<=� =/7+38/=� .Q?>363=+>398�
.+8=�?8�-/8></�-6383;?/���QF6/-><983;?/�./�6/->?</�frontTend#(c'estTàTdire#au#plus#près#du#détecteur)#
./�-/>�29.9=-9:/�/=>�.F@/69::F/�D�6Q�" ���.+8=�6/�-+.</�.Q?8/�>2G=/�-9T038+8-F/�:+<�6Q� #�/>�6/�

© C. Ray



Christian Finck September 8-13thEJC2024 : Saint-Pierre d’Oléron

Online dose control (iii)

33

❑ Secondary particle vertex reconstruction 

• Using silicon tracking device to reconstruct ver3ces 

➡Since low sta3s3cs need efficient sensor 

➡Good spa3al resolu3on 

➡ Pixelised silicon detector 
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./�-/>�29.9=-9:/�/=>�.F@/69::F/�D�6Q�" ���.+8=�6/�-+.</�.Q?8/�>2G=/�-9T038+8-F/�:+<�6Q� #�/>�6/�

© C. Ray • Example M28
- Area 2x2 cm2 

- 1 Mpixels 

- Efficiency > 99 % 

- Spatial resolution ≪ 10 μm
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❑ Inline (offline) Positron Emission Tomography reconstruction  

• Using the 511 keV 𝛾-rays from annihila3on 𝛽-decay with medium

© A. Guillou

- Need to reconstruct the road of the two 𝛾-rays 

- Good timing resolution to avoid false reconstruction  

- Wash out phenomena   

- Need a 3D reconstruct (could take time)

➡Mostly used: LYSO, good comprise btw proper3es and prices
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❑ Proton(carbon)-computed tomography 

• Using same par3cle for treatment and imaging (avoid conversion)

- Need to reconstruct the most probable part of protons 

➡Fast tracking system 

➡Good resolution on energy or path  

Sinogram       

Proton  
Tomography 

Imaging      Tomography

Proton imager

© Y. Karakaja
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❑ Proton(carbon)-computed tomography 

• Using same par3cle for treatment and imaging (avoid conversion)

- Need to reconstruct the most probable part of protons 

➡Fast tracking system 

➡Good resolution on energy or path  

Sinogram       

Proton  
Tomography 

Imaging      Tomography

Proton imager

© Y. Karakaja

➡Mostly proposed:  

- Tracking: Scintillating fibers diameter < 1 mm 

- Residuals: (stack of) scintillators for energy or range-meter Geant4 simulation
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❑ Using different type of detector for different purpose 

• Geiger-Müller counter  
- Simple ionisation wired tube 

- Count number of interaction (wide range in energy/particle) 

• Ionisa3on chamber (see before) 
- Give an good dose measurement  

- Wide dynamic range 

• Semi-conductors 

- Use for 𝛾-spectroscopy (isotope identification) 

- Accurate energy resolution   

• Proton recoiled neutron detector  
- Using a converter (hydrogenated) 

- Detect the proton to reconstructed neutron properties: 

En = Ep /cos2(θ)

• Etc…
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❑ Nuclear reactions during hadrontherapy (12C and 16C) 

• During  treatment ~50% of beam loss due to reac3ons 
• Extra dose aper Bragg peak 
• Need to measure cross-sec3on as func3on of angle/energy 
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❑ Nuclear reactions during hadrontherapy (12C and 16C) 

• During  treatment ~50% of beam loss due to reac3ons 
• Extra dose aper Bragg peak 
• Need to measure cross-sec3on as func3on of angle/energy 

❑ Exclusive measurements (i) 

• Placing detector at given angles 

• Using 𝛥E1(-𝛥E2)-E telescope or 𝛥E-ToF telescope for isotope Id 

E600 experiment @ Ganil

Incident beam

Target

START
(Plastic scint.)

ΔE+ToF

(CeBr3)

Recoil Proton Telescope
Neutrons

Charged
particles

VETO

STOP

CLINM experiment @ CNAO



Christian Finck September 8-13thEJC2024 : Saint-Pierre d’Oléron

Cross-section measurement (ii)

38

❑ Exclusive measurements (ii): 

• Results (highlights):

E600 experiment @ Ganil (D. Juliani)

12C+12C @ 95MeV/u

70 Chapitre 2. Étude de l’expérience E600

FIGURE 2.26: Distributions angulaires totales des différentes charges produites lors de la réac-

tion sur la cible de carbone.

pour les faibles angles. À plus grands angles, la distribution gaussienne n’est plus observée.

Une deuxième composante apparaît correspondant à une distribution exponentielle (linéaire

en échelle logarithmique) liée à une émission issue de la "boule de feu" (fireball). Ces deux

composantes expliquent les changements de pente observés pour les distributions angulaires

[Gol97][Mat05][Dud13b]. La Fig. 2.26 montre que ces variations de pente sont plus prononcées

pour les fragments les plus lourds comparées à celle des ions hydrogène ; ceci indique que

la contribution du quasi-projectile (distribution gaussienne) est d’autant plus importante que la

charge du fragment est grande.

b. Spectres en énergie

La Fig. 2.27(a) présente les spectres en énergie à 4� (télescope TELE1) des isotopes les plus

représentés pour chaque numéro atomique. Bien que l’énergie du faisceau soit de 94,6 MeV/n,

la gamme en énergie s’étend jusqu’à 280 MeV/n. À cet angle, nous pouvons observer une

distribution présentant un maximum centré sur l’énergie du faisceau, et cela quel que soit le

type de particule. Néanmoins, en s’éloignant de l’axe du faisceau, nous pouvons voir sur la Fig.

2.27, pour différents isotopes, que l’énergie moyenne et l’amplitude de ce pic décroissent avec

72 Chapitre 2. Étude de l’expérience E600

(a) 4� (b) 1H

(c) 4He (d) 6Li

(e) 7Be (f) 10B

FIGURE 2.27: Distributions en énergie pour un isotope de chaque charge à différents angles

(b-f). Comparaison des distributions pour chacun d’eux à 4� (a).
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❑ Exclusive measurements (ii): 

• Results (highlights):

E600 experiment @ Ganil (D. Juliani)

12C+12C @ 95MeV/u
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❑ Inclusive measurements: 

• Full coverage for a given angular acceptance  
• Need different type of detector

FOOT experiment @ CNAO

- Start counter: plastic detector  

- Beam monitoring: drift chamber  

- Tracking system: silicon pixel and strip detector 

- Momentum reconstruction: Permanent magnet 

- Time of flight: plastic scintillators 

- Calorimeter: BGO crystal

Calorimeter
Time Of Flight

Multi Strip Detector

Inner Tracker

Vertex tracker

Beam monitor

Start Counter

Magnets
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• Required performances: 

-  

-  

-

σ(p)/p < 5 %
σ(ΔE)/E < 5 %
σ(ToF) < 50 ps
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• Full coverage for a given angular acceptance  
• Need different type of detector

FOOT experiment @ CNAO

- Start counter: plastic detector  

- Beam monitoring: drift chamber  

- Tracking system: silicon pixel and strip detector 

- Momentum reconstruction: Permanent magnet 

- Time of flight: plastic scintillators 

- Calorimeter: BGO crystal

• Results (highlights) 
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➡Analysis ongoing

• Required performances: 

-  

-  

-

σ(p)/p < 5 %
σ(ΔE)/E < 5 %
σ(ToF) < 50 ps
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❑ In many fields (not all covered here) in medical applications, nuclear physics detectors are used   

• Beam monitoring 
• PET-SPECT-pCT Imaging 
• Cross-sec3on measurement  
• Online dose control 
• Dosimetry 
• Etc….
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❑ Also many fields were still improvement and development are need to face  
existing or forthcoming chalenges: 

• Beam monitoring: flash therapy  

➡Sustain high flux in a short 3me (40-100 Gy/s) 

• PET-pCT Imaging:  

➡increase 3me resolu3on and decrease acquisi3on 3me 

• Online dose control: 

➡ Increase Bragg peak correla3on resolu3on (new technique / new detectors ?) 

• Cross-sec3on measurement:  

➡Increase the number of measurements, including the exis3ng data in TPS 

• Dosimetry: 

➡Increase sensi3vity (neutrons for instance) and decrease acquisi3on 3me 

• Etc….
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