
Structure	
  of	
  the	
  course	
  
1)  Introduc1on	
  

2)  Interac1on	
  of	
  par1cles	
  with	
  ma9er	
  	
  } 	
  principles	
  /	
  tools	
  
3)  Therapy	
  with	
  proton	
  and	
  ion	
  beams	
  	
  
4)  X-­‐	
  ray	
  sources 	
   	
   	
   	
   	
   	
   	
   	
  sources	
  
5)  Sources	
  for	
  nuclear	
  medicine	
  	
  

6)  Image	
  quality 	
   	
   	
   	
   	
   	
   	
   	
  } 	
  objec1ve	
  
7)  X-­‐ray	
  imaging	
  
8)  Computed	
  tomography	
  
9)  Planar	
  scin1graphy	
   	
   	
   	
   	
   	
   	
  imaging	
  modali1es	
  
10)  Emission	
  tomography	
  
11)  Magne1c	
  Resonance	
  Imaging	
  	
  
12)  Mul1modal	
  systems	
  
	
  
The	
  course	
  will	
  not	
  cover	
  ultrasound	
  and	
  op1cal	
  imaging	
  

M
edical	
  im

aging	
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1.	
  Therapy	
  	
  	
  
Par1cle	
  of	
  interest:	
  	
  	
  	
  	
  photons,	
  electrons,	
  protons,	
  ions	
  
Energy	
  range: 	
   	
  ~1-­‐500	
  MeV	
  
	
  

2.	
  Imaging	
  	
  	
  	
  
Par1cle	
  of	
  interest:	
  	
  	
  	
  	
  photons	
  
Energy	
  range: 	
   	
  ~10-­‐511	
  keV	
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Therapy	
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When	
  ionizing	
  radia1on	
  comes	
  in	
  contact	
  with	
  a	
  cell	
  any	
  or	
  all	
  of	
  the	
  following	
  may	
  happen:	
  
1.  It	
  may	
  pass	
  directly	
  through	
  the	
  cell	
  without	
  causing	
  any	
  damage.	
  
2.  It	
  may	
  damage	
  the	
  cell	
  but	
  the	
  cell	
  will	
  repair	
  itself.	
  
3.  It	
  may	
  affect	
  the	
  cell’s	
  ability	
  to	
  reproduce	
  itself	
  correctly,	
  possibly	
  causing	
  a	
  muta1on.	
  
4.  It	
  may	
  kill	
  the	
  cell.	
  The	
  death	
  of	
  one	
  cell	
  is	
  of	
  no	
  concern	
  but	
  if	
  too	
  many	
  cells	
  in	
  one	
  

organ	
  such	
  as	
  the	
  liver	
  die	
  at	
  once,	
  the	
  organism	
  will	
  die.	
  

Direct	
  damage	
  of	
  ionizing	
  radia1on	
  	
   Indirect	
  damage	
  via	
  radical	
  forma1on	
  



Interac1on	
  of	
  par1cles	
  and	
  ma9er	
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Interac1on	
  of	
  par1cles	
  and	
  ma9er	
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Proton	
  momentum	
  	
  



Medical	
  imaging	
  

6	
  

absorption of particles 
proportional to material density
anatomical structure 

rate of emissions depends on 
concentration of particles
concentration related to the 
func%onal)ac%vity)of)cells)) 

X-­‐ray	
  photons:	
  10-­‐100	
  keV	
   Gamma	
  photons:	
  100-­‐511	
  keV	
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Two	
  key	
  ques1ons:	
  
1.  What	
  processes	
  occur	
  in	
  the	
  body	
  ?	
  
2.  What	
  processes	
  to	
  use	
  for	
  the	
  detec1on	
  /	
  which	
  materials	
  ?	
  	
  



Detec1on	
  of	
  photons	
  
•  Interac1ons	
  of	
  photons	
  and	
  ma9er	
  

–  Relevant	
  energy	
  range	
  10-­‐511	
  keV	
  	
  

•  Conversion	
  of	
  photon	
  energy	
  into	
  a	
  measurable	
  signal	
  	
  
–  Detector	
  principles	
  (scin1llator	
  +	
  photo-­‐detector,	
  silicon?	
  gas?)	
  	
  	
  
	
  

•  Readout	
  of	
  the	
  signal	
  	
  
–  Energy	
  measurements	
  	
  
–  Time	
  measurements	
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Interac1ons	
  of	
  photons	
  with	
  ma9er	
  
Characteris1c	
  for	
  interac1ons	
  of	
  photons	
  with	
  ma9er:	
  
A	
  photon	
  is	
  removed	
  from	
  the	
  “beam”	
  aber	
  one	
  single	
  interac1on	
  	
  
either	
  because	
  of	
  total	
  absorp1on	
  or	
  sca9ering	
  	
  
	
  
	
  

1)  Photoelectric	
  Effect 	
  	
  2)	
  Compton	
  Sca9ering	
  

2)  	
  	
  	
  

3)  Pair	
  Produc1on 	
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I	



I-dI	



I(x) = I0e
−µx, µ = N

A
σ ii=1

3
∑

λ =1/µ Mean free path 

x	





Interac1ons	
  of	
  photons	
  with	
  ma9er	
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Relevant	
  range	
  of	
  energy	
  	
  40-­‐150	
  keV	
  
PET:	
  511	
  keV	
  



Interac1on	
  of	
  photons	
  with	
  ma9er	
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Relevant	
  range	
  of	
  energy	
  	
  40-­‐150	
  keV	
  
PET:	
  511	
  keV	
  

Silicon	
  

Water	
  



Photoelectric	
  effect	
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From energy conservation: 
  Ee = Eγ −EN = hυ − Ib
Ib = Nucleus binding energy 
       introduces strong Z dependence 
 
è Photon “disappears” and transfers ALL 

its energy to an electron 
 
è Convert electron energy into charge to 

obtain a measurable signal 

 



Compton	
  sca9ering	
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Best known electromagnetic process 
(Klein–Nishina formula) θ	



for Eγ <<mec
2

ε =
Eγ
mec

2

Thompson	
  cross-­‐sec1on:	
  
	
  σTh	
  =	
  8π/3	
  re2=	
  0.66	
  barn	
  

σ c ∝σ Th (1− 2ε + 26
5 ε

2 )

è  Photon	
  is	
  deviated	
  and	
  transfers	
  PART	
  of	
  
its	
  energy	
  to	
  an	
  electron	
  



From	
  E	
  and	
  p	
  conserva1on	
  get	
  the	
  energy	
  of	
  
the	
  sca9ered	
  photon	
  
	
  
	
  
	
  
Kine1c	
  energy	
  of	
  the	
  outgoing	
  electron:	
  
	
  
	
  

Compton	
  sca9ering	
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Max.	
  electron	
  recoil	
  	
  
energy	
  for	
  θ = π:	

 Tmax = Eγ

2ε
1+ 2ε

Transfer	
  of	
  complete	
  γ-­‐energy	
  
via	
  Compton	
  sca9ering	
  not	
  possible:	
  
	
  
	
   ΔE = Eγ −Tmax = Eγ

1
1+ 2ε

Important	
  for	
  single	
  photon	
  detec1on;	
  if	
  photon	
  is	
  not	
  completely	
  absorbed	
  a	
  
minimal	
  amount	
  of	
  energy	
  is	
  missing	
  (Compton	
  rejec1on	
  in	
  PET)	
  

ε =
Eγ
mec

2
Eγ ' =

Eγ
1+ε(1− cosθ )

Te = Eγ −Eγ ' = Eγ
ε(1− cosθ )
1+ε(1− cosθ )



Spa1al	
  distribu1on	
  of	
  Compton	
  photons	
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Eγ ' =
Eγ

1+ε(1− cosθ )

•  X	
  rays	
  (60keV)	
  emi9ed	
  during	
  L	
  to	
  K	
  shell	
  transi1ons	
  in	
  X	
  ray	
  machines’	
  favorably	
  sca9er	
  forward	
  
through	
  the	
  pa1ent	
  although	
  back	
  sca9ering	
  also	
  occurs	
  

•  Photons	
  generated	
  through	
  positron	
  anihila1on	
  (511keV)	
  during	
  PET	
  rarely	
  sca9er	
  back	
  
•  Gamma-­‐ray	
  bursts	
  (10MeV)	
  almost	
  exclusively	
  forward	
  sca9er	
  

γ	


ε =

Eγ
mec

2



Conversion	
  of	
  photon	
  energy	
  into	
  a	
  signal	
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1.  the	
  incident	
  photon	
  (40-­‐511	
  keV	
  )	
  liberates	
  an	
  electron	
  from	
  the	
  
material	
  lalce	
   	
  è	
  photo-­‐electron	
  or	
  Compton	
  effect	
  	
  

2.  The	
  electron	
  ionizes	
  further	
  atoms	
  in	
  the	
  lalce	
  (what	
  is	
  the	
  typical	
  
electron	
  energy?)	
  	
  

3.  The	
  ioniza1on	
  charge	
  is	
  either	
  collected	
  directly	
  (semiconductor)	
  
	
  or	
  used	
  to	
  produce	
  visible	
  light*	
  (scin1llator)	
  	
  
	
  	
  

	
  
	
  
	
  

	
  *	
  Note:	
  visible	
  light	
  has	
  energy	
  in	
  the	
  range	
  of	
  	
  1-­‐3	
  eV,	
  for	
  100%	
  
	
  conversion+collec1on	
  efficiency	
  (unrealis1c)	
  a	
  511	
  keV	
  photon
	
  should	
  generate	
  O(511000)	
  visible	
  photons.	
  In	
  reality,	
  the	
  
	
  efficiency	
  is	
  only	
  5-­‐10%.	
  



Absorp1on	
  of	
  photons	
  in	
  silicon	
  

17	
  

>200	
  um	
  to	
  absorb	
  68%	
  of	
  10	
  keV	
  photons	
  	
  

10-­‐1000	
  keV	
  photons	
  require	
  more	
  than	
  standard	
  wafer	
  thickness	
  	
  

Si:	
  A	
  =	
  14,	
  density	
  =	
  2.65	
  g/cm³	
  è	
  need	
  a	
  denser	
  material	
  

I(x) = I0e
−x/λ

λ =1/µ



Scin1llator	
  proper1es	
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NaI	
   BGO	
   GSO:Ce	
   LSO:Ce	
   LuAP:Ce	
   LaBr3:Ce	
   LuAG:Ce	
  
Density	
  [g/cm3]	
   3.67	
   7.13	
   6.71	
   7.40	
   8.34	
   5.29	
   6.73	
  
Atomic	
  number	
   51	
   75	
   59	
   66	
   65	
   47	
   63	
  
Decay	
  1me	
  [ns]	
   230	
   300	
   30-­‐60	
   35-­‐45	
   17	
   18	
   60	
  

LY	
  [103	
  hν	
  /	
  MeV]	
   43	
   8.2	
   12.5	
   27	
   11.4	
   70	
   >25	
  
Peak	
  emission	
  [nm]	
   415	
   480	
   430	
   420	
   365	
   356	
   535	
  
Refrac1on	
  index	
   1.85	
   2.15	
   1.85	
   1.82	
   1.97	
   1.88	
   1.84	
  

*	
  Remember	
  green-­‐blue	
  photon	
  energy	
  is	
  in	
  the	
  range	
  1-­‐2	
  eV	
  	
  
	
  	
  	
  è	
  1	
  MeV	
  =	
  1-­‐0.5	
  106	
  green-­‐blue	
  photons	
  	
  	
  	
  
	
  	
  	
  typical	
  light	
  yield	
  is	
  5-­‐10%	
  of	
  the	
  total	
  energy	
  è	
  conversion	
  efficiency	
  

*	
  	
  

1962	
  	
  	
  	
  	
  1977	
  	
  	
  	
  	
  	
  	
  1995	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1999	
  	
  	
  	
  	
  	
  	
  2001	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2003	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2007	
  



Absorp1on	
  of	
  
photons	
  in	
  crystal	
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I(x) = I0e
−µx,

µ =1/ λ
linear	
  a9enua1on	
  coefficient	
  
	
  
100	
  keV:	
  	
  	
  	
  	
  λ	
  ~	
  1	
  cm	
  
	
  
Typical	
  length	
  of	
  crystals	
  in	
  
PET/SPECT	
  systems:	
  
~	
  1	
  –	
  5	
  cm	
  	
  
	
  
•  Nothing	
  like	
  a	
  100%	
  

photon	
  containment!	
  	
  
•  Cost/efficiency	
  

op1miza1on	
  
	
  
	
  



Inorganic	
  scin1llator	
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Mechanism:	
  
•  Energy	
  deposi1on	
  by	
  ioniza1on	
  
•  Energy	
  transfer	
  to	
  impuri1es	
  
•  Radia1on	
  of	
  scin1lla1on	
  photons	
  
	
  
	
  
Unwanted	
  effects:	
  
•  Trapping	
  in	
  impuri1es	
  	
  
•  quenching	
  
	
  
	
  
Time	
  constants:	
  
Fast:	
  recombina1on	
  from	
  ac1va1on	
  centers	
  [ns	
  ...	
  μs]	
  
Slow:	
  recombina1on	
  due	
  to	
  trapping	
  [ms	
  ...	
  s]	
  
	
  
Materials:	
  
Sodium	
  iodide	
  (NaI),	
  Cesium	
  iodide	
  (CsI),	
  Barium	
  fluoride	
  (BaF2)	
  



Time	
  constants	
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Fast:	
  recombina1on	
  from	
  ac1va1on	
  centers	
  [ns	
  ...	
  μs]	
  
Slow:	
  recombina1on	
  due	
  to	
  trapping	
  [ms	
  ...	
  s]	
  



HEP	
  and	
  PET	
  scin1llator	
  volume	
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Crystal	
  growth	
  

•  the	
  melt	
  contained	
  in	
  a	
  Mo	
  crucible	
  is	
  
progressively	
  frozen	
  from	
  one	
  end	
  by	
  
slow	
  pulling	
  down	
  to	
  the	
  cold	
  zone.	
  

•  the	
  seed	
  material	
  determines	
  the	
  
crystallographic	
  orienta1on	
  of	
  the	
  
grown	
  single	
  crystal.	
  

•  The	
  container	
  determines	
  its	
  shape	
  
•  Typical	
  growth	
  rate:	
  mm/h	
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Y3Al5O12:Ce	
  

Bridgman–Stockbarger	
  technique	
  

seed	
  



Detec1on	
  of	
  visible	
  photons	
  
	
  

Scin1lla1on	
  light	
  is	
  emi9ed	
  in	
  the	
  visible	
  (blue)	
  range!	
  	
  
	
  
Next	
  step:	
  
Detect	
  visible	
  photons	
  (1-­‐3	
  eV)	
  	
  

24	
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Reading	
  out	
  light	
  from	
  a	
  scin1llator	
  	
  

Photo-­‐mul1plier	
  tubes	
  are	
  the	
  past!	
  	
  
	
  
Be	
  modern:	
  go	
  silicon!	
   CMS	
  ECAL	
  

Crystal	
  with	
  	
  
	
  	
  	
  	
  	
  Hamamatsu	
  APD	
  
	
  

Hamamatsu	
  PM	
  tube	
  

SiPM	
  

PMT	
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New	
  photo-­‐detecotrs	
  
•  Main	
  drawbacks	
  of	
  PMTs:	
  bulky	
  shape,	
  the	
  high	
  price	
  and	
  the	
  sensi1vity	
  
•  to	
  magne1c	
  fields.	
  

•  Photodiodes	
  are	
  semiconductors	
  light	
  sensors	
  that	
  generate	
  a	
  current	
  or	
  
•  voltage	
  when	
  light	
  illuminates	
  the	
  p-­‐n	
  junc1on.	
  	
  

•  è	
  Allow	
  detec1on	
  of	
  light	
  in	
  200-­‐1150	
  nm	
  

p-­‐n	
  junc1on	
   p-­‐n	
  junc1on	
  +	
  (Ubias>	
  U	
  breakdown)	
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Working	
  principle	
  

-­‐small	
  deple1on	
  region	
  ~	
  2µm	
  
-­‐strong	
  electric	
  field	
  (2-­‐3)x105	
  V/cm	
  
-­‐carrier	
  drib	
  velocity	
  ~	
  107	
  cm/s	
  
-­‐very	
  short	
  Geiger	
  discharge	
  development	
  <	
  500	
  ps	
  
Photoelectric	
  conversions	
  occur	
  above	
  the	
  mul1plica1on	
  layer	
  

	
  è	
  electrons	
  drib	
  to	
  the	
  mul1plica1on	
  layer	
  
Random	
  excita1ons	
  occur	
  mainly	
  below	
  the	
  mul1plica1on	
  layer	
  

	
  è	
  holes	
  drib	
  to	
  the	
  mul1plica1on	
  layer	
  
	
  

p-­‐on-­‐n	
  type	
  



28	
  

Silicon	
  Photo-­‐mul1plier	
  

A	
  matrix	
  of	
  N	
  x	
  N	
  pixels	
  operated	
  in	
  Geiger	
  
mode	
  (each	
  pixel	
  digital	
  Geiger	
  signal)	
  	
  
Read	
  out	
  as	
  a	
  sum	
  of	
  all	
  pixels	
  	
  
	
  
è	
  Gain	
  ~	
  106	
  electrons	
  /	
  1	
  detector	
  photon	
  	
  

SPAD	
  poly-­‐silicon	
  quenching	
  R	
  

è	
  typically	
  100-­‐1000	
  pixels	
  /	
  mm²	
  	
  

Some	
  typical	
  pixel	
  parameter:	
  
-­‐pixel	
  size	
  ~20-­‐30µm	
  
-­‐pixel	
  capacitance	
  Cpixel	
  ~	
  50fmF	
  	
  
-­‐quenching	
  resistor	
  	
  Rpixel	
  ~	
  1-­‐10	
  MΩ	
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Detector	
  Signal	
  	
  
	
  
	
  

•	
  Detector	
  signal	
  generally	
  a	
  short	
  current	
  pulse:	
  
	
  

	
  i	
  =V/R	
  	
  (R	
  =	
  50Ω,	
  oscilloscope	
  termina1on)	
  
	
  
–	
  thin	
  silicon	
  detector	
  (10	
  –300	
  μm): 	
  100	
  ps–30	
  ns	
  
–	
  thick	
  (~cm)	
  Si	
  or	
  Ge	
  detector: 	
   	
  1	
  –10	
  μs	
  
–	
  propor1onal	
  chamber:	
   	
   	
   	
  10	
  ns	
  –10	
  μs	
  
–	
  Microstrip	
  Gas	
  Chamber: 	
   	
   	
  10	
  –50	
  ns	
  
–	
  Scin1llator+	
  PMT/SiPM: 	
   	
   	
  100	
  ps–1	
  μs	
  

E∝Qs = is (t)dt∫

t	
  

V	
  

oscilloscope	
  picture	
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Signal	
  measurements	
  

Various	
  measurements	
  of	
  this	
  signal	
  are	
  possible	
  
Depending	
  on	
  informa1on	
  required:	
  
	
  
-­‐  Signal	
  above	
  threshold	
  	
  

	
  digital	
  response	
  /	
  event	
  count	
  	
  
	
  

-­‐  Integral	
  of	
  current	
  =	
  charge	
  	
  
	
  è	
  energy	
  deposited	
   	
  	
  

	
  

-­‐  Time	
  of	
  leading	
  edge	
  	
  
	
  è	
  1me	
  of	
  arrival	
  (ToA)	
  or	
  1me	
  of	
  flight	
  (ToF)	
  

	
  

-­‐	
   	
  Time	
  of	
  signal	
  above	
  threshold	
  
	
  	
  è	
  energy	
  deposited	
  by	
  TOT	
  

	
  
and	
  many	
  more	
  …	
  

t	
  

V	
  

oscilloscope	
  picture	
  

threshold	
  



Key	
  points	
  of	
  this	
  lecture	
  

1.   Relevant	
  par1cles	
  and	
  energies	
  for	
  radio	
  therapy	
  è	
  physics	
  of	
  interac1on	
  

2.   Relevant	
  par1cles	
  and	
  energies	
  for	
  medical	
  imaging	
  	
  

3.   Detec1on	
  of	
  photons	
  (physics	
  and	
  detectors)	
  :	
  

-­‐  Photons	
  40-­‐511	
  keV	
  interact	
  in	
  ma9er	
  mainly	
  via	
  photo-­‐electric	
  or	
  
Compton	
  effects	
  

-­‐  All	
  /	
  or	
  a	
  part	
  of	
  the	
  photon	
  energy	
  is	
  transferred	
  to	
  an	
  electron	
  

-­‐  The	
  electron	
  ionizes	
  the	
  medium	
  1ll	
  it	
  is	
  fully	
  absorbed	
  

-­‐  A	
  detector	
  transforms	
  this	
  energy	
  into	
  measurable	
  charge	
  via	
  ioniza1on	
  or	
  
visible	
  light	
  genera1on	
  

-­‐  Visible	
  light	
  is	
  measured	
  with	
  a	
  photo-­‐detector	
  	
  

-­‐  The	
  charge	
  signal	
  from	
  the	
  detector	
  is	
  interpreted	
  by	
  the	
  readout	
  
electronics	
  to	
  obtain	
  energy	
  and/or	
  1me	
  measurements	
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Readout	
  architecture	
  for	
  E	
  meas.	
  
Most	
  front-­‐ends	
  follow	
  a	
  similar	
  architecture	
  	
  

 

• 	
  Very	
  small	
  signals	
  (fC)	
  -­‐>	
  need	
  amplifica1on	
  (charge	
  pre-­‐amplifier)	
  
• 	
  a	
  shaper	
  converts	
  the	
  charge	
  into	
  voltage	
  
• 	
  measurement	
  of	
  	
  voltage	
  amplitude	
  (Analog	
  to	
  Digital	
  Converter,	
  ADC)	
  

Charge	
  	
  
preamplifier	
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Readout	
  architecture	
  for	
  t	
  meas.	
  
Most	
  front-­‐ends	
  follow	
  a	
  similar	
  architecture	
  	
  

 

• 	
  Very	
  small	
  signals	
  (fC)	
  -­‐>	
  need	
  amplifica1on	
  (voltage	
  pre-­‐amplifier)	
  
• 	
  …	
  if	
  voltage	
  output	
  larger	
  than	
  threshold	
  voltage	
  …	
  (discriminator)	
  
• 	
  measurement	
  1me	
  of	
  threshold	
  crossing	
  (Time	
  to	
  Digital	
  Converter,	
  TDC)	
  

discriminator	

 TDC	
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SiPM	
  proper1es:	
  single	
  pixel	
  resolu1on	
  
SiPM	
  output	
  is	
  the	
  analog	
  sum	
  of	
  all	
  pixel	
  signals	
  

1600	
  pixels/mm²	
  
Hamamatsu	
  

high	
  gain	
  è	
  pixel	
  signal	
  visible	
  on	
  scope	
  	
  
-­‐	
  signal	
  rise	
  1me	
  <	
  1	
  ns	
  
-­‐	
  fast	
  fall	
  ~	
  5-­‐10	
  ns	
  
	
  

recovery	
  1me	
  tunable	
  by	
  choice	
  of	
  quenching	
  R	
  
τ ~	
  RpixelCpixel	
  ~	
  20	
  –	
  500	
  ns	
  

AMPD	
  tested	
  in	
  LNP	
  JINR	
  and	
  PSI	
  	
  


