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X-­‐ray	
  Computed	
  Tomography	
  (CT)	
  

•  Non-­‐destruc,ve	
  imaging	
  technique	
  providing	
  a	
  3D	
  
image	
  of	
  the	
  internal	
  structure	
  of	
  the	
  scanned	
  object	
  	
  

•  CT	
  is	
  based	
  on	
  X-­‐ray	
  aEenuaFon	
  i.e.	
  removal	
  of	
  
photons	
  from	
  a	
  beam	
  of	
  x-­‐rays	
  as	
  it	
  passes	
  through	
  
maEer	
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Historical	
  background	
  

•  1895	
  Roentgen	
  discovers	
  X-­‐
rays	
  (1901	
  Nobel	
  prize)	
  

•  1917	
  Radon	
  develops	
  the	
  
mathemaFcal	
  principle	
  behind	
  
CT	
  reconstrucFon	
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Roentgen	
  1845-­‐	
  1923	
  

Radon	
  1887-­‐	
  1956	
  



Historical	
  Background	
  

•  1972	
  Hounsfield	
  builds	
  the	
  
first	
  X-­‐ray	
  CT	
  scanner	
  	
  

•  1979	
  Hounsfield	
  and	
  
Cormack	
  receive	
  the	
  
Nobel	
  Prize	
  for	
  Medicine	
  

•  1980s	
  CT	
  extended	
  and	
  
adapted	
  to	
  a	
  wide	
  variety	
  
of	
  non-­‐medical	
  tasks	
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How	
  a	
  CT	
  system	
  works	
  
•  Sample	
  irradiated	
  by	
  X-­‐ray	
  beam	
  
•  Detector	
  measures	
  X-­‐rays	
  transmiEed	
  through	
  the	
  sample	
  at	
  

one	
  angle	
  à	
  transmiEed	
  intensity	
  is	
  a	
  funcFon	
  of	
  X-­‐ray	
  energy,	
  
path	
  length,	
  and	
  sample	
  material	
  	
  

•  Many	
  different	
  projecFons	
  (angles)	
  collected	
  by	
  rotaFng	
  the	
  
sample	
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a. Fan beam 

 
b. Cone beam 

 
Figure 2.6 (a) Fan beam acquisition system. The X-ray beam is collimated to a fan 
beam that irradiates only a thin slice of the object.  The data are retrieved by a linear 
detector. (b) Cone beam CT system. The object is fully illuminated by the X-ray beam. 
The data are retrieved by an area detector. 
 

 

 

 

 

 

 



How	
  a	
  CT	
  system	
  works	
  

•  The	
  data	
  are	
  sent	
  to	
  a	
  computer	
  and	
  reconstructed	
  in	
  a	
  
3D	
  image	
  by	
  using	
  a	
  CT	
  reconstrucFon	
  algorithm	
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Projections 

 

CT	
  RECONSTRUCTION	
  

3D	
  reconstructed	
  volume	
  



Principles	
  of	
  X-­‐ray	
  CT	
  

•  AEenuaFon	
  of	
  a	
  monoenergeFc	
  beam	
  through	
  a	
  
homogeneous	
  material	
  is	
  Beer's	
  Law:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ix	
  =	
  I0	
  exp(	
  –μ’ρx)	
  	
  

I0	
  	
  =	
  incident	
  beam	
  intensity	
  	
  
Ix	
  	
  =	
  transmiEed	
  beam	
  intensity	
  
x	
  	
  	
  =	
  length	
  of	
  the	
  X-­‐ray	
  path	
  through	
  the	
  material	
  	
  
μ’	
  	
  	
  =	
  mass	
  absorpFon	
  coefficient	
  for	
  the	
  material	
  being	
  
scanned	
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Mass	
  absorpFon	
  coefficient	
  	
  

•  Mass	
  absorpFon	
  
coefficient	
  is	
  a	
  
funcFon	
  of:	
  
– Photon	
  energy	
  	
  
– Atomic	
  number	
  of	
  the	
  
material	
  being	
  
irradiated	
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Physical	
  processes	
  responsible	
  for	
  X-­‐
ray	
  aEenuaFon	
  

•  Photoelectric	
  absorpFon	
  	
  
the	
  total	
  energy	
  of	
  an	
  incoming	
  X-­‐ray	
  
photon	
  is	
  transferred	
  to	
  an	
  inner	
  
electron,	
  causing	
  the	
  electron	
  to	
  be	
  
ejected	
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Physical	
  processes	
  responsible	
  for	
  X-­‐
ray	
  aEenuaFon	
  

•  Photoelectric	
  absorpFon	
  	
  
•  Compton	
  scaEering	
  
the	
  incoming	
  photon	
  interacts	
  
with	
  an	
  outer	
  electron,	
  ejecFng	
  
the	
  electron	
  and	
  losing	
  only	
  a	
  
part	
  of	
  its	
  own	
  energy,	
  aier	
  
which	
  it	
  is	
  deflected	
  in	
  a	
  different	
  
direcFon.	
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Physical	
  processes	
  responsible	
  for	
  X-­‐
ray	
  aEenuaFon	
  

•  Photoelectric	
  absorpFon	
  	
  
•  Compton	
  scaEering	
  
•  Pair	
  producFon	
  
the	
  photon	
  interacts	
  with	
  a	
  nucleus	
  
and	
  is	
  transformed	
  into	
  a	
  positron-­‐
electron	
  pair	
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Physical	
  processes	
  responsible	
  for	
  X-­‐
ray	
  aEenuaFon	
  

•  The	
  photoelectric	
  effect:	
  low	
  
energies	
  (up	
  to	
  ~	
  50-­‐100	
  keV)	
  	
  

•  Compton	
  scaEering:	
  
intermediate	
  energies	
  (up	
  to	
  
5-­‐10	
  MeV)	
  

•  Pair	
  producFon:	
  high	
  energies	
  
(above	
  5-­‐10	
  MeV)	
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In	
  X-­‐ray	
  CT	
  only	
  photoelectric	
  absorpFon	
  and	
  
Compton	
  scaEering	
  need	
  to	
  be	
  considered	
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(a) Compton scattering 
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(c) Pair production 
 
 

 
 
 

  
x� Photoelectric effect: produces a scattered photon and an electron, varies as ~ 

Z4/E3 
 
x� Compton effect: produces an electron, varies as ~ Z 

 
x� Pair production: produces an electron and a positron, varies as ~Z2 
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Physical	
  processes	
  responsible	
  for	
  X-­‐
ray	
  aEenuaFon	
  

•  Photoelectric	
  absorpFon	
  α	
  Z4	
  
•  Compton	
  scaEering	
  α	
  Z	
  
	
  	
  	
  Z	
  	
  =	
  material	
  atomic	
  number	
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Low-­‐energy	
  X-­‐rays	
  are	
  more	
  sensiFve	
  to	
  differences	
  in	
  
composiFon	
  than	
  higher-­‐energy	
  X-­‐rays	
  



X-­‐ray	
  CT	
  system	
  components	
  

Main	
  components	
  of	
  a	
  X-­‐ray	
  CT	
  system:	
  	
  
•  X-­‐ray	
  source	
  to	
  irradiate	
  the	
  sample	
  
•  RotaFon	
  stage	
  to	
  rotate	
  the	
  sample	
  	
  
•  Detector	
  to	
  measure	
  X-­‐ray	
  intensity	
  
aEenuaFon	
  

	
  



CT	
  scanner	
  configuraFons	
  

•  Fan	
  beam	
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a. Fan beam 

 
b. Cone beam 

 
Figure 2.6 (a) Fan beam acquisition system. The X-ray beam is collimated to a fan 
beam that irradiates only a thin slice of the object.  The data are retrieved by a linear 
detector. (b) Cone beam CT system. The object is fully illuminated by the X-ray beam. 
The data are retrieved by an area detector. 
 

 

 

 

 

 

 

Fan	
  beam	
  	
  

X-­‐rays	
  are	
  collimated	
  and	
  measured	
  using	
  a	
  linear	
  
detector	
  array	
  
+	
  ScaEer-­‐free	
  images	
  
-­‐	
  Only	
  one	
  slice	
  image	
  is	
  acquired	
  à	
  sample	
  
translaFon	
  needed	
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CT	
  scanner	
  configuraFons	
  

•  Fan	
  beam	
  	
  
•  Cone	
  beam	
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Cone	
  beam	
  
X-­‐ray	
  are	
  measured	
  using	
  an	
  area	
  detector.	
  The	
  beam	
  is	
  no	
  longer	
  
collimated	
  
+	
  Data	
  for	
  an	
  enFre	
  object	
  can	
  be	
  acquired	
  in	
  a	
  single	
  rotaFon:	
  hundreds	
  
or	
  thousands	
  of	
  slices	
  at	
  a	
  Fme	
  
+	
  More	
  acquisiFon	
  Fme	
  can	
  be	
  spent	
  at	
  each	
  angular	
  posiFonà	
  	
  low	
  
noise	
  images	
  
-­‐	
  Data	
  are	
  subject	
  to	
  blurring	
  and	
  distorFon	
  the	
  further	
  one	
  goes	
  from	
  
the	
  central	
  plane	
  
-­‐	
  Data	
  suffer	
  from	
  scaEering	
  à	
  reconstrucFon	
  arFfacts	
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a. Fan beam 

 
b. Cone beam 

 
Figure 2.6 (a) Fan beam acquisition system. The X-ray beam is collimated to a fan 
beam that irradiates only a thin slice of the object.  The data are retrieved by a linear 
detector. (b) Cone beam CT system. The object is fully illuminated by the X-ray beam. 
The data are retrieved by an area detector. 
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CT	
  scanner	
  configuraFons	
  

•  Fan	
  beam	
  	
  
•  Cone	
  beam	
  
•  Parallel	
  beam	
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Parallel	
  beam	
  
Parallel-­‐beam	
  scanning	
  is	
  done	
  using	
  a	
  synchrotron	
  beam	
  line	
  as	
  
the	
  radiaFon	
  source.	
  
-­‐	
  	
  The	
  object	
  size	
  is	
  limited	
  by	
  the	
  width	
  of	
  the	
  X-­‐ray	
  beam	
  à	
  
sample	
  translaFon	
  may	
  be	
  needed	
  
+	
  Synchrotron	
  radiaFon	
  has	
  very	
  high	
  intensity	
  à	
  fast	
  data	
  
acquisiFon,	
  low	
  noise	
  images	
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RadiaFon	
  sources	
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RadiaFon	
  sources	
  

•  Radioisotopes	
  
	
  

A.	
  Miceli	
  University	
  of	
  Rome	
  Tor	
  Vergata	
  



Radioisotopes	
  

Isotopes	
  used	
  for	
  X-­‐ray	
  imaging:	
  
– Cesium	
  137	
  à	
  monochromaFc	
  energy	
  of	
  662	
  keV	
  
– Americium	
  241à	
  monochromaFc	
  energy	
  of	
  60	
  
keV	
  

•  Pros:	
  MonochromaFc	
  source	
  
•  Cons:	
  	
  

•  TransportaFon	
  (they	
  can	
  not	
  be	
  switched	
  off)	
  	
  
•  Low	
  flux	
  à	
  Long	
  exposiFon	
  Fme	
  needed	
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RadiaFon	
  sources	
  

•  Radioisotopes	
  
•  X-­‐ray	
  tubes	
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X-­‐ray	
  tubes	
  
•  Most	
  used	
  radiaFon	
  source	
  in	
  X-­‐ray	
  imaging	
  
•  Main	
  components	
  of	
  X-­‐ray	
  tubes:	
  	
  	
  

•  source	
  of	
  electrons	
  
•  high	
  acceleraFng	
  voltage	
  
•  metal	
  target	
  (tungsten)	
  	
  

	
  

Filament X-ray Tube 

Invented by Coolidge in 1913. 
The most widely-used laboratory X-ray source. 
Major components are a water-cooled target (anode) and a tungsten filament 
(cathode) that emits electrons. 
A high potential (up to 60 kV) is maintained between the filament and the 
anode, accelerating the electrons into the the anode and generating X-rays. 
Cooling water is circulated through the anode to keep it from melting (>99% of 
input power generates heat). 
Interior of the tube is evacuated for the electron beam; thin beryllium windows 
transmit the X-rays. 

Ceramic Diffraction X-ray Tube – 
Schematic View 

Arturas	
  Vailionis,	
  	
  Stanford	
  University	
  



X-­‐ray	
  tubes	
  
•  Electrons	
  are	
  emiEed	
  from	
  the	
  hot	
  filament	
  surface	
  
(thermionic	
  emission)	
  

•  Electrons	
  are	
  accelerated	
  towards	
  the	
  posiFvely	
  charged	
  
anode	
  by	
  an	
  applied	
  electric	
  field	
  

•  X-­‐rays	
  are	
  produced	
  when	
  accelerated	
  electrons	
  collide	
  
with	
  the	
  anode	
  

	
  

Filament X-ray Tube 

Invented by Coolidge in 1913. 
The most widely-used laboratory X-ray source. 
Major components are a water-cooled target (anode) and a tungsten filament 
(cathode) that emits electrons. 
A high potential (up to 60 kV) is maintained between the filament and the 
anode, accelerating the electrons into the the anode and generating X-rays. 
Cooling water is circulated through the anode to keep it from melting (>99% of 
input power generates heat). 
Interior of the tube is evacuated for the electron beam; thin beryllium windows 
transmit the X-rays. 

Ceramic Diffraction X-ray Tube – 
Schematic View 
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X-­‐ray	
  tube	
  spectrum	
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Properties of the Characteristic Spectrum 

Usually only the K-lines are useful in x-ray diffraction. 
There are several lines in the K-set. The strongest are KD1 , KD2 , KE1 . 
D1 and D2 components are not always resolved – KD doublet. KD1 is always 
about twice as strong as KD2 , while ratio of KD1 to KE1 averages about 5/1. 

Some Commonly Used X-ray K  wavelengths 
(Å) 

Element KD (av.) KD1 KD2 KE1 

Cr 2.29100 2.28970 2.29361 2.08487 

Fe 1.93736 1.93604 1.93998 1.75661 

Co 1.79026 1.78897 1.79285 1.62079 

Cu 1.54184 1.54056 1.54439 1.39222 

Mo 0.71073 0.70930 0.71359 0.63229 

•  ConFnuous	
  spectrum	
  	
  
•  CharacterisFc	
  peaks	
  

wavelength	
  (nm)	
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ConFnuous	
  spectrum	
  

•  ConFnuous	
  spectrum	
  arises	
  
due	
  to	
  the	
  deceleraFon	
  of	
  the	
  
electrons	
  hipng	
  the	
  target	
  

•  The	
  electron	
  slows	
  down	
  and	
  
changes	
  direcFon	
  as	
  it	
  speeds	
  
past	
  the	
  atom	
  emipng	
  a	
  X-­‐
ray	
  photon	
  

•  This	
  type	
  of	
  radiaFon	
  is	
  know	
  
as	
  bremsstrahlung	
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Continuous X-ray Spectrum 

Continuous spectrum arises due to 
the deceleration of the electrons 
hitting the target. 
 
This type of radiation is know as 
bremsstrahlung, German for 
“braking radiation”. 
It is also called polychromatic, 
continuous or white radiation. 
 
Some electrons lose all the energy 
in a single collision with a target 
atom. 

atom 
 
electron 
 
x-ray 

E0 

E0 

E0 

E0 – E2 

E0 – E1 

E0 – E3 

hQ = E2 

hQ = E1 

hQ = E3 

x-­‐ray	
  

electron	
  
	
  
	
  
	
  
	
  

nucleus	
  

Stanford	
  lecture	
  -­‐	
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  University	
  



CharacterisFc	
  spectrum	
  	
  

•  The	
  characterisFc	
  
peak	
  is	
  created	
  
when	
  a	
  hole	
  in	
  the	
  
inner	
  shell,	
  created	
  
by	
  a	
  collision	
  event,	
  
is	
  filled	
  by	
  an	
  
electron	
  from	
  higher	
  
energy	
  shell	
  

•  CharacterisFc	
  lines	
  
are	
  very	
  narrow	
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The Characteristic Spectrum 

Discovered by W.H. Bragg and 
systematized by H.G. Moseley. 

Incident 
electron 

Scattered 
incident electron 

Ejected K-shell 
electron 

Hole in 
K-shell 

Hole in 
L-shell 

X-ray 

sss	
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RadiaFon	
  sources	
  

•  Radioisotopes	
  
•  X-­‐ray	
  tubes	
  
•  Synchrotons	
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Synchrotron	
  radiaFon	
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•  Synchrotron	
  radiaFon	
  	
  ~1010	
  brighter	
  than	
  X-­‐
ray	
  tubes	
  

•  Broad	
  conFnuum	
  energy	
  spectrum:	
  infrared	
  –	
  
X-­‐rays	
  

	
  

ELETTRA,	
  Trieste	
  



Synchrotron	
  radiaFon	
  	
  
•  Electron	
  gun	
  produces	
  a	
  

stream	
  of	
  low	
  energy	
  
electrons	
  

•  Linear	
  accelerator	
  increases	
  
their	
  energy	
  

•  Booster	
  synchrotron	
  further	
  
accelerates	
  the	
  electrons	
  
to	
  their	
  final	
  energy	
  (GeV)	
  

•  Storage	
  ring	
  maintains	
  the	
  
energy	
  and	
  confines	
  the	
  
electron	
  beam	
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Synchrotron	
  radiaFon	
  

•  Synchrotron	
  
radiaFon	
  is	
  
generated	
  by	
  high-­‐
energy	
  electrons	
  
accelerated	
  in	
  the	
  
magneFc	
  fields	
  of	
  the	
  
storage	
  ring	
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Synchrotron	
  radiaFon	
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  LocaFon	
  



Synchrotron	
  radiaFon	
  

•  Pros:	
  	
  
– MonochromaFc	
  
– High	
  flux	
  
– Coherent	
  	
  
– Parallel	
  beam	
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  Vergata	
  

•  High	
  spaFal	
  resoluFon	
  
•  Good	
  signal	
  to	
  noise	
  raFo	
  
•  Fast	
  data	
  acquisiFon	
  
•  Image	
  quality	
  superior	
  to	
  
X-­‐ray	
  tubes	
  	
  	
  



Synchrotron	
  radiaFon	
  	
  

•  Cons:	
  
– Non	
  easily	
  accessible:	
  large	
  scale	
  faciliFes	
  
– Sample	
  must	
  be	
  transported	
  to	
  the	
  facility	
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DetecFon	
  System	
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DetecFon	
  System	
  

Most	
  X-­‐ray	
  CT	
  systems	
  use	
  scinFllator	
  detectors.	
  	
  
•  ScinFllator:	
  converts	
  energy	
  deposited	
  by	
  x-­‐
ray	
  photons	
  into	
  visible	
  light	
  

•  Light	
  guide/mirror:	
  guides	
  scinFllaFon	
  light	
  to	
  
photosensor	
  

•  Photosensor:	
  converts	
  light	
  into	
  a	
  detectable	
  
electronic	
  signal	
  

A.	
  Miceli	
  University	
  of	
  Rome	
  Tor	
  Vergata	
  



A.	
  Miceli	
  University	
  of	
  Rome	
  Tor	
  Vergata	
  

CCD 

Light guide 
X-ray 
source 

Scintillator 

CCD  Sample 

Light	
  guide	
  based	
  CT	
  system	
  

BeEuzzi,	
  University	
  of	
  Bologna	
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Mirror 
X-ray 
source 

Scintillator 
Screen 

CCD camera 

Sample 

Mirror	
  based	
  CT	
  system	
  

Lens 



ScinFllators	
  

•  Absorb	
  and	
  re-­‐emit	
  energy	
  as	
  visible	
  light	
  
•  Incoming	
  X-­‐rays	
  produce	
  flashes	
  of	
  light	
  	
  

l	
  

X-­‐ray	
  	
  

light	
  emiEed	
  

scinFllator	
  



ScinFllators	
  

Requirements:	
  
•  High	
  density	
  and	
  Z-­‐value	
  à	
  High	
  detecFon	
  efficiency	
  	
  
•  High	
  light	
  yield	
  (light	
  output	
  per	
  MeV	
  of	
  deposited	
  

energy)	
  à	
  Large,	
  easily	
  detectable	
  signal	
  
•  Transparency	
  to	
  its	
  fluorescent	
  radiaFon	
  to	
  allow	
  

transmission	
  of	
  light	
  
•  Emission	
  of	
  light	
  in	
  a	
  spectral	
  range	
  detectable	
  for	
  

photosensors	
  
•  Short	
  scinFllaFon	
  decay	
  Fme	
  à	
  Fast	
  response	
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ScinFllators	
  
Common	
  scinFllaFon	
  materials:	
  	
  
– Thallium	
  doped	
  Cesium	
  Iodine	
  	
  CsI(Tl)	
  
– Bismuth	
  Germanate	
  BGO	
  
– Terbium	
  acFvated	
  Gadolinium	
  Oxysulfide	
  GOS	
  
(Gd2O2S:Tb)	
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Scin,llator	
   Density	
  	
  (g/cm3)	
   Light	
  Yield	
  
(photons/keV)	
  

Scin,lla,on	
  Decay	
  
Time	
  (ns)	
  

CsI	
  (Tl)	
   4.5	
   54	
   1.0	
  μs	
  

BGO	
   7.1	
   8	
   0.3	
  μs	
  

GOS	
   7.3	
   30	
   >	
  1	
  ms	
  



ScinFllators	
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Bright	
  scinFllator	
  Low	
  detecFon	
  efficiency	
  



ScinFllators	
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  μs	
  

BGO	
   7.1	
   8	
   0.3	
  μs	
  

GOS	
   7.3	
   30	
   >	
  1	
  ms	
  

Yields	
  small	
  amount	
  of	
  light	
  High	
  detecFon	
  efficiency	
  

Short	
  decay	
  
Fme	
  

Common	
  scinFllaFon	
  materials:	
  	
  
– Thallium	
  doped	
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  Iodide	
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ScinFllators	
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Slow	
  scinFllator	
  
High	
  detecFon	
  efficiency	
  

Common	
  scinFllaFon	
  materials:	
  	
  
– Thallium	
  doped	
  Cesium	
  Iodide	
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  Image	
  ReconstrucFon	
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ReconstrucFon	
  	
  methods	
  

•  ReconstrucFon	
  of	
  a	
  3D	
  image	
  from	
  measured	
  
projecFon	
  data	
  	
  

•  Most	
  used	
  reconstrucFon	
  method:	
  filtered	
  
back	
  projecFon	
  

•  IteraFve	
  reconstrucFon	
  method	
  
-­‐	
  CT	
  Large	
  dataset	
  à	
  ComputaFonally	
  very	
  intense	
  

+	
  Works	
  well	
  with	
  truncated	
  or	
  low	
  count	
  data	
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Back	
  ProjecFon	
  
•  An	
  individual	
  

sample	
  is	
  back	
  
projected	
  by	
  
sepng	
  all	
  the	
  
image	
  pixels	
  along	
  
the	
  ray	
  poinFng	
  to	
  
the	
  sample	
  to	
  the	
  
same	
  value	
  

•  The	
  final	
  back	
  
projected	
  image	
  is	
  
the	
  sum	
  of	
  all	
  the	
  
back	
  projected	
  
views	
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Taken	
  from	
  Digital	
  Signal	
  Processing,	
  S.W.	
  Smith	
  	
  



Filtered	
  Back	
  ProjecFon	
  

•  Each	
  
projecFon	
  is	
  
filtered	
  before	
  
back	
  
projecFon	
  

•  Removes	
  the	
  
blurring	
  
present	
  in	
  the	
  
back	
  
projecFon	
  
algorithm	
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Taken	
  from	
  Digital	
  Signal	
  Processing,	
  S.W.	
  Smith	
  	
  



IteraFve	
  method	
  

5/12/14	
   A.	
  Miceli	
  University	
  of	
  Rome	
  Tor	
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   51	
  Summer	
  school	
  	
  -­‐	
  PET	
  

IniFal	
  esFmate	
  of	
  an	
  image	
  is	
  made	
  

ProjecFons	
  are	
  computed	
  from	
  the	
  image	
  and	
  
compared	
  with	
  the	
  measured	
  projecFons	
  	
  

CorrecFons	
  based	
  on	
  the	
  
difference	
  between	
  esFmated	
  and	
  
measured	
  projecFons	
  are	
  made	
  to	
  

improve	
  the	
  esFmated	
  image	
  	
  

Difference	
  between	
  esFmated	
  and	
  measured	
  projecFons	
  <	
  C	
  ?	
  

End	
  

YES	
   NO	
  



IteraFve	
  method	
  

•  Aier	
  N	
  iteraFons	
  the	
  image	
  converges	
  to	
  the	
  
soluFon	
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ReconstrucFon	
  ArFfacts	
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Beam	
  Hardening	
  
•  PolychromaFc	
  beams	
  only	
  
•  Cause:	
  the	
  increase	
  in	
  mean	
  energy	
  or	
  “hardening”	
  
of	
  the	
  X-­‐ray	
  beam	
  as	
  it	
  passed	
  through	
  the	
  sample	
  

•  Cupping	
  arFfact:	
  the	
  edges	
  of	
  an	
  object	
  appear	
  
brighter	
  than	
  the	
  center	
  

a	
   a	
  

Reconstructed	
  slice:	
  
beam	
  hardening	
  arFfact	
  

Reconstructed	
  slice:	
  
monochromaFc	
  beam	
  
	
  



ScaEering	
  radiaFon	
  
•  Cause:	
  X-­‐rays	
  scaEered	
  by	
  the	
  sample	
  and	
  detected	
  à	
  
wrong	
  counts	
  in	
  the	
  detector	
  à	
  the	
  object	
  appears	
  to	
  be	
  
less	
  aEenuaFng	
  than	
  in	
  reality	
  

•  UnderesFmaFon	
  of	
  aEenuaFon	
  	
  
•  Image	
  blurring	
  
•  Cupping	
  and	
  streak	
  arFfacts	
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[9-12]. The evaluation and correction of the scattering are therefore essential to  

improve the image quality [13]. Figure 1.1 shows the effects of the scattered radiation 

on a cylinder head. Blurring of the image, reconstruction artifacts, and 

underestimation of the attenuation are clearly visible.  

 

 

Figure 1.1 (a) Cylinder head made of aluminum of dimensions 60 x 30 x 20 cm3. (b) A 
reconstructed image of the object obtained using a fan-beam CT system (well 
collimated), where the scattered radiation is negligible. (c) A reconstructed slice of 
the object obtained using a cone-beam CT system, where the scattered radiation is not 
negligible. 
  

 

Scattering and methods to reduce its effects are well known in medical CT [11, 12, 14, 

15], whereas studies in industrial CT (energies up to 450 keV) are rather limited [16]. 

Besides, the studies reported in literature deal with the scattering generated by the 

object, neglecting completely the scattered radiation created by the CT system 

structure and walls (environmental scatter). The scatter correction methods reported 

for medical CT can be classified in mechanical and numerical techniques. Mechanical 

techniques, such as anti-scatter grids, attempt to prevent scatter from reaching the 

detector. Numerical techniques are based on the estimation and subtraction of the 

scatter contribution in acquisition data. Anti-scatter grids and their effectiveness in 

reducing scattered radiation are well known for energies encountered in medical CT 

(30-140 keV) [17, 18], while studies extending to “high energy”  (up to 450 keV) as 
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ScaEer-­‐free	
  image	
  



X-­‐ray	
  CT	
  -­‐	
  Pros	
  

	
  
•  EnFrely	
  non-­‐destrucFve	
  3D	
  imaging	
  
•  No	
  sample	
  preparaFon	
  required	
  
•  Easily	
  accessible	
  (X-­‐ray	
  tubes/radioisotopes)	
  
•  Fast	
  acquisiFon	
  
•  High	
  spaFal	
  resoluFon	
  ~	
  micrometer	
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X-­‐ray	
  CT	
  -­‐	
  Cons	
  

•  Thick	
  dense	
  samples	
  cannot	
  be	
  penetrated	
  by	
  
X-­‐rays,	
  reducing	
  resolving	
  capability	
  

•  Not	
  all	
  features	
  have	
  sufficiently	
  large	
  
aEenuaFon	
  contrasts	
  for	
  useful	
  imaging	
  (i.e.	
  
carbonate	
  fossils	
  in	
  carbonate	
  matrix)	
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ApplicaFons	
  
•  Cultural	
  Heritage	
  

–  Study	
  internal	
  structure	
  of	
  arFfacts	
  	
  
•  Bio-­‐medicine	
  

–  characterizaFon	
  of	
  the	
  internal	
  structure	
  of	
  trabecular	
  bone	
  
•  Materials	
  science	
  

–  characterizaFon	
  of	
  the	
  internal	
  structure	
  of	
  metal	
  foams	
  
•  Engineering	
  

–  determinaFon	
  of	
  size	
  and	
  shape	
  of	
  cracks	
  inside	
  turbine	
  blades	
  
•  Environmental	
  science	
  	
  
•  Nanotechnology	
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ApplicaFons	
  to	
  CH	
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•  Site:	
  “Isola	
  Sacra” 
necropolis	
  

	
  

Prehistoric	
  tooth	
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  Miceli	
  University	
  of	
  Rome	
  Tor	
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Depart.	
  of	
  Physics,	
  University	
  of	
  Bologna	
  (Prof.	
  Casali)	
  and	
  Paleo-­‐anthropological	
  Museum	
  
“Pigorini”-­‐	
  Rome,	
  Italy	
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a) 

  

b) 
 

Fig. 4.15 : a) La figura presenta la ricostruzione tomografica 3D del dente fornitoci dal 

museo Pigorini di Roma. b) La figura mostra due tagli eseguiti sul volume lungo il piano 

perpendicolare alle slice ricostruite. 
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Fig. 4.16: Tagli eseguiti sul volume ricostruito lungo la direzione delle slice. Essi 

permettono di indagare i fori presenti nel dente senza intervenire in modo distruttivo su di 

esso. 



Prehistoric	
  tooth	
  –	
  3D	
  ReconstrucFon	
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DanF’s	
  Globe	
  

•  Globe	
  of	
  Ignazio	
  DanF	
  
(Uffizi,	
  Florence)	
  

•  Goal:	
  find	
  the	
  best	
  
conservaFon	
  and	
  
restoraFon	
  procedures	
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Alma HeritageScience
Integrated Research Team

Globe built by Egnazio Danti in 1567 
(Palazzo Vecchio - Florence).

CT systems for large
size works of art

3D tomographic reconstruction 
which highlights the different 
components of the iron inner 
structure.

DanF’s	
  globe	
  (1567),	
  Florence	
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DanF’s	
  Globe	
  –	
  3D	
  ReconstrucFon	
  

•  3D	
  reconstrucFon	
  
of	
  the	
  iron	
  inner	
  
structure	
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Alma HeritageScience
Integrated Research Team

Globe built by Egnazio Danti in 1567 
(Palazzo Vecchio - Florence).

CT systems for large
size works of art

3D tomographic reconstruction 
which highlights the different 
components of the iron inner 
structure.
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Ancient	
  coins	
  

•  Dummy	
  sample:	
  pot	
  
with	
  ancient	
  coins	
  

A.	
  Miceli	
  University	
  of	
  Rome	
  Tor	
  Vergata	
  

M.P.	
  Morigi,	
  F.	
  Casali,	
  R.	
  Brancaccio,	
  M.	
  BeEuzzi,	
  Department	
  of	
  Physics	
  –	
  University	
  of	
  
Bologna	
  and	
  EMPA,	
  Duebendorf	
  (Switzerland)	
  



Ancient	
  coins	
  –	
  3	
  D	
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