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Summary:  Charged  particle  therapy  exploits  proton  or 12C  beams  to  treat  deep-seated  solid
tumors. Due  to  the  advantageous  characteristics  of  charged  particles  energy  deposition  in  matter,
the maximum  of  the  dose  is  released  to  the  tumor  at  the  end  of  the  beam  range,  in  the  Bragg  peak
region. However,  the  beam  nuclear  interactions  with  the  patient  tissues  induces  fragmentation
both of  projectile  and  target  nuclei  and  needs  to  be  carefully  taken  into  account.  In  proton
treatments,  target  fragmentation  produces  low  energy,  short  range  fragments  along  all  the  beam
range, which  deposit  a  non  negligible  dose  in  the  entry  channel.  In 12C  treatments  the  main
concern is  represented  by  long  range  fragments  due  to  beam  fragmentation  that  release  their  dose
in the  healthy  tissues  beyond  the  tumor.  The  FOOT  experiment  (FragmentatiOn  Of  Target)  of  INFN
is designed  to  study  these  processes,  in  order  to  improve  the  nuclear  fragmentation  description
in next  generation  Treatment  Planning  Systems  and  the  treatment  plans  quality.  Target  (16O  and
12C  nuclei)  fragmentation  induced  by  —proton  beams  at  therapeutic  energies  will  be  studied  via
an inverse  kinematic  approach,  where 16O  and 12C  therapeutic  beams  impinge  on  graphite  and
hydrocarbon  targets  to  provide  the  nuclear  fragmentation  cross  section  on  hydrogen.  Projectile
fragmentation  of 16O  and 12C  beams  will  be  explored  as  well.  The  FOOT  detector  includes  a
magnetic spectrometer  for  the  fragments  momentum  measurement,  a  plastic  scintillator  for  �E
and time  of  flight  measurements  and  a  crystal  calorimeter  to  measure  the  fragments  kinetic
energy. These  measurements  will  be  combined  in  order  to  make  an  accurate  fragment  charge
and isotopic  identification.

KEYWORDS
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Nuclear  fragmentation
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RBE  variations,  which  depend  on  both  physical  and  biologi-
cal  parameters.  It  has  been  hypothesized  that  an  increase  of
the  proton  RBE  can  be  induced  by  the  nuclear  reactions  of
license (http://creativecomm

ntroduction

harged  Particle  Therapy  (CPT)  is  a  widespread  technique  to
reat  deep-seated  solid  tumors.  The  advantageous  depth-
ose  deposition  profile  characteristic  of  charged  hadrons
llows  to  precisely  fit  the  dose  release  to  the  tumor  volume,
hile  efficiently  sparing  the  healthy  tissues  surrounding  the

umor.  In  addition,  CPT  is  highly  recommended  in  case  of

adioresistant  tumors  because  of  the  high  Relative  Biologi-
al  Effectiveness  (RBE)  of  charged  hadrons,  particularly  in
ase  of  heavy  ions  such  as  Carbon  and  Oxygen.

t
2
a

Clinically,  proton  RBE  is  conventionally  set  to  a  constant
alue  of  1.1  despite  of  the  experimentally  demonstrated
he  beam  with  the  patient  tissues  (Tommasino  and  Durante,
015):  in  inelastic  interactions,  in  fact,  several  low  energy
nd  high  Z  fragments  can  be  produced.  Target  fragments
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The  FOOT  (FragmentatiOn  Of  Target)  experiment  

have  in  fact  significantly  higher  RBE  values  with  respect  to
protons.

In  case  of  Z  >  1  ion  beam  therapy,  nuclear  fragmentation
is  also  responsible  for  the  production  projectile  fragments,
which  have  a  lower  charge  and  mass,  and  consequently  they
travel  farther  than  the  primary  beam  and  produce  a  dose
tail  beyond  the  Bragg  peak  position.

Experimental  data  on  beam  fragmentation  (mainly 16O
and 12C)  are  scarce,  while  measurements  of  the  target
fragmentation  due  to  p-nucleus  interactions  are  missing.
However,  since  the  fragments  contribution  to  the  over-
all  released  dose  can  be  significant,  a  new  study  of  their
production  cross  sections  is  strongly  needed  to  take  their
contribution  into  account  during  the  treatment  planning
stage.

The  goal  of  the  FOOT  (FragmentatiOn  Of  Target)  exper-
iment  (Patera  et  al.,  2017)  of  INFN  (Istituto  Nazionale  di
Fisica  Nucleare)  is  to  estimate  both  target  and  beam  frag-
mentation  cross  sections  to  provide  new  data  for  medical
physicists  and  radiobiologists  and  to  improve  the  new  gen-
eration  Treatment  Planning  Systems.

Experiment main goals and strategies

Due  to  kinematic  reason,  heavy  fragments  (Z  >  3)  are  forward
emitted  within  a  cone  of  10◦ semiaperture  with  respect  to
the  beam  axis,  whereas  light  fragments  are  also  scattered  at
larger  angles.  Hence,  the  FOOT  apparatus  has  been  designed
with  two  different  setups:  an  electronic  experimental  setup,
aiming  to  study  heavy  fragments,  and  an  emulsion  chamber,
able  to  measure  light  fragments  at  larger  angles.

The  electronic  setup  has  been  optimized  to  study  heavy
(Z  >  3)  target  fragment  production,  aiming  to  provide:

•  different  fragments  production  cross  sections
•  charge  Z  and  mass  A  fragments  identification

•  fragment  energy  spectra

The  measurement  of  the  target  fragmentation  induced  by
protons  is  a  challenging  task  due  to  the  low  energy  and  short

•
•
•
•

Figure  1  Reconstruction  of  energy  differential  cross  sections  of  C
target  (left  panel)  and  on  H  obtained  either  by  subtraction  or  dire
FLUKA simulations.
3

ange  (∼tens  of  �m)  of  the  produced  fragments.  For  this
eason,  an  inverse  kinematic  approach  will  be  implemented:
he  fragmentation  of  tissue-like  ion  beams  (mainly  C  and  O,
hich  are  the  main  constituents  of  human  body)  impinging
n  a Hydrogen  enriched  target  will  be  studied.  As  a  result,
econdary  fragments  will  have  boosted  energy  and  longer
ange.  By  applying  the  Lorentz  transformation,  it  will  be
ossible  to  switch  from  the  laboratory  frame  to  the  ‘‘patient
rame’’  (Dudouet  et  al.,  2013).  To  overcome  the  problems
oncerning  the  construction  of  a  pure  Hydrogen  target,  two
ifferent  targets  will  be  employed:  one  made  of  Carbon,
hile  the  other  of  a  hydrogenated  material,  such  as  C2H4.
ifferential  cross  sections  on  Hydrogen  will  be  calculated
y  subtraction  from  the  data  obtained  using  a  pure  C  target
Dudouet  et  al.,  2013) (Fig.  1).

To  calculate  the  cross  sections  and  to  correctly  identify
harge  and  mass  of  the  secondary  fragments,  the  detector
ill  measure  their  momentum  p,  kinetic  energy  Ek,  time  of
ight  (TOF) and  energy  release  �E.  The  charge  can  be  in
act  identified  by  putting  together  the  information  from  �E
easurements  with  TOF, while  the  mass  can  be  retrieved  by
,  TOF  and  Ek through  the  following  three  equations:

 =  mč �  (1)

k =  mc2(�  −  1)  (2)

k =
√

p2c2 +  m2c2 −  mc2 (3)

here  ˇ  and  �  are  obtained  from  the  TOF.
To achieve  the  requested  resolution  on  cross  sections

nd  particle  identification,  the  main  measurements  perfor-
ances  need  to  be  the  following:
 �(p)/p  ∼  5%
 �(Ek)/Ek ∼  2%
 �(�E)/�E  ∼  3  −10%
 �(TOF)/TOF  ∼  100ps

 fragments  in  inverse  kinematics  for  a 12C  beam  on  C  and  C2H4

ctly  on  H  target  (right  panel).  Data  have  been  obtained  from
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Figure  2  2D  view  of  the  detector  p

lectronic experimental setup

hree  different  regions  can  be  identified  in  the  project  of
he  electronic  setup  (Fig.  2):

 Pre-target  region.  A  thin  plastic  scintillator  counter  will
give  trigger  information  and  the  TOF  start  time,  while  a
drift  chamber  will  monitor  the  beam  direction  and  posi-
tion.  The  target  is  placed  immediately  downstream  the
drift  chamber.

 Magnetic  spectrometer  region.  Beyond  the  target,  a  tele-
scope  of  Silicon  pixel  trackers  will  reconstruct  the  vertex
position  and  provide  the  initial  tracking.  Then  two  cylin-
drical  permanent  magnets  in  the  Halbach  configuration
will  provide  the  magnetic  field  (maximum  value  ∼0.8  T).
Two  other  layers  of  Silicon  pixel  trackers  and  a  tele-
scope  of  Silicon  microstrips  will  be  placed  between  and
at  the  end  of  the  magnets  respectively.  All  these  track-
ing  elements  will  allow  the  measurement  of  fragments
momentum.

 Calorimeter  region.  A  detector  made  of  two  orthogonal
planes  consisting  of  plastic  scintillator  bars  will  measure
�E  and  TOF. Finally,  the  measurement  of  kinetic  energy
is  provided  by  a  calorimeter  made  of  BGO  crystals.
In  order  to  optimize  the  detector  design  and  to  study
ts  expected  performances,  Monte  Carlo  simulations  have
een  built  using  the  FLUKA  code  (Ferrari  et  al.,  2005;  Böhlen
t  al.,  2014).

(
t
a
t

Table  1  True  and  reconstructed  Zvalues  of  the  selected  fragmen

Frag. 7Li 9Be

Z  3  4  

Zrec 3.02  ±  0.08  4.05  ±  0.10  
ced  with  Flair,  the  FLUKA  geoviewer.

xpected performances

 preliminary  study  of  the  detector  performances  on  charge
nd  mass  resolutions  has  been  performed  on  the  basis  of  the
LUKA  simulated  data.  The  Z  values,  simply  retrieved  from
he  energy  released  in  the  plastic  scintillator,  are  presented
long  with  their  resolutions  in  Table  1  for  some  selected
ragments  (1H, 4He, 7Li, 9Be, 11B, 12C  and 14N);  these  values
ere  obtained  applying  a  �E  resolution  parametrized  as  a

unction  on  the  deposited  energy  and  limited  to  the  range
—10%.

Having  the  possibility  to  determine  at  the  same  time  Ek,
OF  and  p  for  each  fragment,  it  is  possible  to  reconstruct  its
ass  by  coupling  the  measured  quantities  in  three  different

orrelated  ways:  as  an  example,  in  the  left  panel  of  Fig.  3
t  is  reported  the  Nitrogen  mass  coupling  the  information
rom  Ek and  TOF  with  the  above  mentioned  resolutions.  To
mprove  the  resolution,  a  global  fit  obtained  with  the  Aug-
ented  Lagrangian  Method  (ALM)  (Hestenes,  1969)  with  the
ass  obtained  in  all  the  three  ways  as  constraints  has  been

pplied  (Fig.  3  right).
The  achievable  resolutions  on  mass  determination  for  the

elected  fragments  are  reported  in  Table  2.

ther goals of FOOT experiment

n  emulsion  cloud  chamber  will  provide  complementary
ight  fragments  (Z  ≤  3)  measurements  (De  Lellis  et  al.,  2011)

Fig.  4).  It  will  iprovide  measurements  of  fragments  emit-
ed  up  to  70◦ (mainly  protons,  deuterons,  tritons,  Helium
nd  Lithium  ions).  In  this  case,  the  pre-target  region  of
he  electronic  setup  will  monitor  the  incoming  primary

ts,  obtained  from  a  FLUKA  simulation  of  the  detector.

11B 12C 14N

5  6  7
5.06  ±  0.12  6.08  ±  0.14  7.11  ±  0.16
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Figure  3  Example  of 14N  mass  determined  from  the  kinetic  energy  and  TOF  measurements  (left  panel)  and  determined  by  coupling
all the  information  from  Ek,  TOF  and  p  and  by  applying  both  a  �2 cut  and  the  ALM.

Table  2  True  and  reconstructed  A  values  of  the  selected  fragments,  obtained  from  a  FLUKA  simulation  of  the  detector.

Frag. 7Li 9Be 11B 12C 14N

A  7  9  11  12  14
Arec 7.02  ±  0.32  9.01  ±  0.40  11.01  ±  0.50  11.98  ±  0.52  13.98  ±  0.59

muls

e
e
r
m

Figure  4  Scheme  of  the  e

beam,  while  the  emulsion  chamber  will  act  as  both  tar-
get  and  fragments  detector:  the  first  section,  where  target
layers  (C  or  C2H4)  are  alternated  with  emulsion  films  will
reconstruct  the  interaction  vertex;  the  second  one,  com-
posed  of  emulsion  films  will  reconstruct  the  charge;  the

last  one,  in  which  the  emulsion  films  are  interleaved  with
Lead  layers,  will  measure  fragments  energy  and  momen-
tum.

a
b

ion  spectrometer  detector.

In  addition,  data  that  will  be  acquired  by  means  of  the
lectronic  setup  will  be  studied  also  in  direct  kinematics  to
stimate  projectile  fragmentation  cross  sections,  which  are
equired  to  improve  nuclear  reactions  description  in  Treat-
ent  Planning  Systems.

Along  with  the  study  of  cross  sections  relevant  in  CPT,

lso  the  fragmentation  induced  by  higher  energy  beams  will
e  investigated  to  provide  data  for  space  radioprotection.
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Tommasino, F., Durante, M., 2015. Proton radiobiology. Cancers 7
 

onclusion

he  FOOT  goal  is  to  experimentally  measure  target  fragmen-
ation  cross  sections,  aiming  to  improve  the  protontherapy
reatment  quality.  An  inverse  kinematics  strategy  will  be
dopted  to  study  target  fragmentation  and  two  experi-
ental  setups  are  at  present  under  development.  FLUKA

imulations  are  currently  employed  for  optimization  and
erformances  studies.  Along  with  target  fragmentation,
OOT  will  also  study  projectile  cross  sections  which  are  of
reat  interest  in  heavy  ion  therapy.  Moreover,  by  considering
he  operation  of  FOOT  at  higher  energies,  useful  results  for
he  development  of  radioprotection  for  long  duration  and
ar  from  earth  space  missions  could  be  achieved.
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