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Interazione	  dei	  neutroni	  con	  la	  materia	  
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Gli	  effe2	  e	  i	  prodo2	  di	  tali	  interazioni	  devono	  essere	  presi	  in	  considerazione	  nella	  
dosimetria	  neutronica	  nonché	  nella	  rivelazione	  e	  nella	  schermatura	  dei	  neutroni.	  
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Fast	  Neutron	  Detec-on	  Method	  
In	  principle,	  all	  reac@ons	  previously	  discussed	  could	  be	  applied	  to	  detect	  fast	  neutron	  well,	  
however,	  the	  probability	  that	  a	  neutron	  will	  interact	  by	  one	  of	  these	  reac@ons	  decreases	  
rapidly	  with	  increasing	  neutron	  a	  result,	  conven@onal	  bare	  BF3	  tubes	  have	  an	  extremely	  low	  
detec@on	  efficiency	  for	  fast	  neutrons	  and	  consequently	  are	  almost	  never	  used	  for	  this	  
purpose.	  	  

So	  we	  prefer	  to	  use	  the	  same	  counters	  but	  inside	  a	  moderator	  assembly.	  

Bassissime 
energie o termici Basse energie o intermedi 

Medie energie 

relativistici 
Alte energie 
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General	  Considera@ons	  
	  
The	  inherently	  low	  detec@on	  efficiency	  for	  fast	  neutrons	  of	  any	  slow	  neutron	  detector	  can	  be	  
somewhat	  improved	  by	  surrounding	  the	  detector	  with	  a	  few	  cen@meters	  	  of	  hydrogen	  
containing	  modera@ng	  material.	  The	  incident	  fast	  neutron	  can	  then	  lose	  a	  frac@on	  of	  its	  ini@al	  
kine@c	  energy	  in	  the	  moderator	  before	  reaching	  the	  detector	  as	  a	  lower	  energy	  neutron,	  for	  
which	  the	  detector	  efficiency	  is	  generally	  higher.	  	  
	  
By	  making	  the	  moderator	  thickness	  greater,	  the	  number	  of	  collisions	  in	  the	  moderator	  will	  
tend	  to	  increase	  loading	  to	  a	  	  lower	  value	  of	  the	  most	  probable	  energy	  when	  the	  neutron	  
reaches	  the	  detector.	  
	  
One	  would	  therefore	  to	  expect	  the	  detec@on	  efficiency	  to	  increase	  with	  moderator	  were	  the	  
only	  factor	  under	  considera@on.	  	  
	  
A	  second	  factor,	  however,	  tends	  to	  decrease	  the	  efficiency	  with	  increasing	  moderator	  
thickness:	  the	  probability	  that	  an	  incident	  neutron	  ever	  reaches	  the	  detector	  will	  inevitably	  
decrease	  as	  the	  moderator	  is	  made	  thicker.	  
	  	  

COUNTERS	  BASED	  ON	  NEUTRON	  MODERATION	  
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There	  are	  several	  effects	  to	  take	  into	  
account.	  As	  the	  detector	  become	  a	  
smaller	  and	  smaller	  frac@on	  of	  the	  
total	  volume	  of	  the	  system,	  there	  will	  
be	  a	  lower	  probability	  that	  a	  typical	  
neutron	  path	  will	  intersect	  the	  
detector	  before	  escaping	  from	  the	  
surface	  of	  the	  moderator.	  
Furthermore,	  a	  neutron	  may	  be	  
absorbed	  within	  the	  moderator	  before	  
it	  has	  a	  chance	  of	  reaching	  the	  
detector.	  The	  absorp@on	  probability	  
will	  increase	  rapidly	  with	  increasing	  
moderator	  thickness	  because	  
absorp@on	  cross	  sec@ons	  generally	  are	  
larger	  at	  lower	  neutron	  energies.	  

Schematic representation of neutron histories in moderated detectors. The small thermal neutron detector at the 
center is shown surrounded by two different thicknesses of moderator material. Histories labeled 1 represent 
incident fast neutrons That are successfully moderated and detected. Those labeled 2 are partially or fully 
moderated but escape without reaching the detector. History 3 represents those neutrons that are parasitically 
captured by the moderator. Larger moderators will tend to enhance process 3 while reducing process 2. 	




Roma	  17-‐18/4/15	  Master	  II	  livello	  “Sicurezza	  nel	  campo	  delle	  Radiazioni	  Ionizzan-,	  
Radiazioni	  Non	  Ionizzan-	  e	  Risonanza	  Magne-ca	  Ionizzan-”	   Dr Adolfo Esposito 

adolfo.esposito@lnf.infn.it 

As	  a	  result	  of	  all	  these	  factors,	  the	  efficiency	  of	  a	  moderated	  slow	  neutron	  detector	  when	  
used	  with	  a	  mono-‐energe@c	  fast	  neutron	  source	  will	  show	  a	  maximum	  at	  a	  specific	  	  
moderator	  thickness.	  	  
	  
Assuming	  that	  the	  moderator	  is	  the	  usual	  choice	  of	  material	  such	  as	  polyethylene	  or	  
paraffin,	  we	  find	  that	  the	  op@mum	  thickness	  will	  range	  from	  a	  few	  cen@meters	  for	  keV	  
neutrons	  up	  to	  several	  tens	  of	  cen@meters	  for	  neutrons	  in	  the	  MeV	  energy	  range.	  
	  
	  
If	  the	  thickness	  of	  the	  moderator	  is	  fixed	  at	  a	  fairly	  large	  value,	  the	  overall	  coun@ng	  
efficiency	  of	  the	  system	  versus	  incident	  neutron	  energy	  will	  also	  tend	  to	  show	  a	  maximum.	  
	  
	  Low-‐energy	  neutrons	  will	  not	  penetrate	  far	  enough	  into	  the	  moderator	  before	  they	  are	  
likely	  to	  be	  captured	  in	  the	  moderator	  itself,	  whereas	  high-‐energy	  neutrons	  will	  not	  be	  
adequately	  moderated	  for	  efficient	  detec@on.	  	  
	  
By	  careful	  choice	  of	  the	  diameter	  and	  the	  composi@on	  of	  the	  moderator-‐detec@on	  system,	  
its	  overall	  efficiency	  versus	  energy	  be	  shaped	  and	  tailored	  to	  suit	  a	  specific	  applica@on.	  
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Quantities in Radiological Protection	

Radiance energy	
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Description of sources & fields	


Absorbed dose	
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Energy absorption per unit mass in 
point of tissue	


Equivalent dose	
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Includes biological  effectiveness & 
radiation quality in specified human 
tissue/organ approximation	
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Weighted “sum” over various organ & 
tissue surrogate for body-average	
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The	  body-‐related	  protec-on	  quan--es,	  equivalent	  dose	  and	  effec-ve	  dose,	  are	  not	  
measurable	  in	  prac-ce.	  Therefore,	  opera-onal	  quan--es	  are	  used	  for	  the	  assessment	  
of	  effec-ve	  dose	  or	  mean	  equivalent	  doses	  in	  -ssues	  or	  organs.	  These	  quan--es	  aim	  to	  
provide	  a	  conserva-ve	  es-mate	  for	  the	  value	  of	  the	  protec-on	  quan--es	  related	  to	  an	  
exposure,	  or	  poten-al	  exposure,	  of	  persons	  under	  most	  irradia-on	  condi-ons.	  
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The definition of operational quantities 
H*(10), HP(10) 
Practical problems in the instrument 
design and calibration 
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Quan@@es	  in	  Radiological	  Protec@on	  

Primary	  Physical	  Quan@@es	  
fluence, Φ	  

energy	  fluence,Ψ	  
air	  kerma,	  Ka	  	  
exposure,	  X	  

ICRP	  Protec@on	  quan@@es	  
absorbed	  dose,D	  

equivalent	  dose,	  HT	  	  
effec@ve	  dose,	  E	  

	  

Opera@onal	  Quan@@es	  
ambient	  dose	  equivalent,	  H*(d)	  

direc@onal	  dose	  equivalent,	  H’	  (d,Ω)	  
personal	  dose	  equivalent,	  Hp	  (d)	  

Calcula&on	  using	  	  
WR	  ,Wt	  and	  

anthropomorphic	  
phantom	  

interac&on	  coefficients	  
for	  energy	  absorp&on	  

Monitored	  quan@@es	  

Instruments	  response	  

Calcula&on	  for	  
simple	  phantom	  	  
(spheres	  or	  slab)	  
valida&on	  by	  
measurement	  

Es&ma&on	  by	  measurements	  and	  calcula&on	  
using	  usando	  wR	  and	  anthropomorfic	  phantom	  

Related	  by	  calibra&on	  and	  
calcula&on	  
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ICRP 103 

	  Radia-on	  weigh-ng	  factor,	  wR,	  for	  neutrons	  versus	  
neutron	  energy	  
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Dosimetry of neutron radiation 

•  High-energy electron accelerators 
•  high-energy neutrons 
•  bremsstrahlung photons 

•  High-energy proton accelerators 
–  research facilities 
–  medium-energy cyclotrons and synchrotrons for advanced radiation 

therapy with protons or light ion beams (E > 200 MeV) 
•  neutrons, with 30% to 50% of the ambient dose equivalent 

coming from neutrons > 20 MeV 
•  photons, charged particles 

	  
•  The radiation field at flight altitudes is similar to the field outside the shield of 

high-energy proton accelerators 
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Active instrumentation 
Neutron dosimetry and spectrometry 
 
 
 
Detector based on microdosimetric principles 

–  Tissue Equivalent Proportional Counters 
–  Recombination chambers 

Rem counters (using BF3  or 3He proportional counters) 
Active BSS 
Scintillation counters 
 
 
 
 
 
 
 
 
 
 

 
Passive detectors 
•  Neutron dosimetry and spectrometry 

–  Superheated emulsions (also called bubble detectors) 
–  Track etched detectors 
–  Activation foils 
–  Passive BSS (using TED, activation foils, TLDs) 

 

•  Neutron dosimetry 
–  TLDs 
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² The	  accuracy	  of	  determining	  the	  opera@onal	  quan@@es	  with	  neutron	  spectrometry	  
depends	  en@rely	  on	  the	  accuracy	  with	  the	  energy	  and	  direc@on	  distribu@ons	  of	  neutron	  
fluences	  are	  determined	  

² Most	  of	  neutron	  fields	  encountered	  in	  opera@onal	  radia@on	  protec@on	  exhibit	  broad	  
energy	  distribu@on.	  

² An	  accurate	  	  knowledge	  of	  the	  neutron	  spectrum	  is	  oden	  necessary	  for	  assessing	  the	  
radia@on	  protec@on	  condi@ons	  at	  workplace	  

² The	  dosimetry	  of	  neutron	  radia@on	  is	  one	  of	  the	  most	  complicate	  task	  in	  radia@on	  
protec@on,	  due	  mainly	  to	  the	  following	  causes.	  	  

Ø The	  defini@on	  of	  opera@onal	  quan@@es	  H*(10),	  HP(10)	  

Ø Prac@cal	  problems	  in	  the	  instrument	  design	  and	  calibra@on	  

Ø Non	  ideal	  proper@es	  of	  dosimeters/non	  ideal	  response	  characteris@cs	  
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Dosimetry	  of	  neutron	  radia-on	  

For	  area	  monitoring	  	  ICRU	  recommends	  the	  use	  of	  H*(10)	  which	  is	  to	  provide	  a	  conserva-ve	  
es-mate	  of	  effec-ve	  dose.	  

Two	  approaches	  are	  possible	  to	  determining	  the	  value	  of	  the	  Ambient	  Dose	  Equivalent	  H*(10)	  
in	  a	  neutron	  field.	  

€ 

H * (10) = ΦE (E)hΦ
*

0

E max

∫ (E)dE

Ø  Deriving	  Φ(E)	  by	  means	  of	  spectrometric	  techniques	  
	  

Ø  Using	  an	  instruments	  with	  flat	  energy	  response	  in	  terms	  of	  H*(10)	  	  

ΦE=Φ⋅ϕ(E)	  

ϕ(E)	  is	  the	  energy	  distribu@on	  of	  the	  neutron	  fluence	  
normalized	  to	  1	  cm-‐2	  	  

€ 

Φ

*h neutron	  fluence	  to	  dose	  equivalent	  conversion	  	  factor	  

H*(10	  	  is	  not	  a	  measurable	  quan-ty)	  	  
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This	  last	  approach	  is	  possible	  in	  a	  limited	  energy	  range.	  	  

Due	  to	  high	  energy	  variability	  of	  the	  fluence-‐to-‐ambient	  dose-‐
equivalent	  conversion	  coefficients	  and	  the	  diversity	  of	  the	  
interac@on	  mechanisms	  in	  the	  human	  body	  and	  the	  dosimetric	  
material,	  the	  instruments	  responses	  usually	  show	  a	  very	  important	  
energy	  dependence.	  

Moreover	  the	  energy	  neutrons	  in	  the	  workplace	  fields	  can	  range	  
over	  10	  order	  of	  magnitude	  

Dosimetry	  of	  neutron	  radia-on	  
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Detector	  
v 	  cylindrical	  BF3	  propor-onal	  counter	  (95%	  10B	  
enrichment);	  
	  
v diameter	  =	  2.54	  cm;	  
v ac-ve	  length	  =	  5.08	  cm;	  
v pressure	  =	  8.0x104	  Pa.	  	  
	  
	  	  	  	  	  	  	  

Moderator	  
v 	  inner	  polyethylene	  :	  thickness	  =1.9	  cm;	  	  
v 	  boron	  doped	  synthe-c	  rubber	  aOenuator:	  
Ø  	  outer	  diameter=7.6	  cm;	  
Ø  	  length	  =14	  cm;	  
Ø  	  thickness	  =	  0.6	  cm;	  	  

Lead	  aienuator	  
	  
v 	  thickness	  =	  1	  cm	  
v outer	  polyethylene:	  thickness	  =	  7	  cm.	  	  
Response	  
The	  response	  func-on	  is	  extended	  to	  
several	  hundred	  MeV.	  

The	  Long	  Interval	  NeUtron	  Survey-‐
meter	  (LINUS)	  is	  a	  new	  type	  of	  rem	  
counter	  developed	  by	  INFN	  
(LNF	  Radia@on	  Protec@on	  Group	  and	  
Sec@on	  of	  Milan)	  

The	  enhancement	  of	  instrument	  response	  because	  the	  
reac@on	  (n,xn)	  

Dosimetry	  of	  neutron	  radia-on	  

These	  high	  Z	  materials	  have	  large	  (n,xn)	  cross	  sec-ons	  for	  high	  energy	  neutrons	  
and	  thus	  func-on	  as	  high	  energy	  neutron	  mul-pliers.	  Neutrons	  can	  loose	  a	  
significant	  por-on	  of	  energy	  through	  the	  (n,n’)	  reac-on,	  and	  can	  produce	  
mul-ple	  exi-ng	  neutrons	  through	  (n,2n),	  (n,3n),	  and	  (n,xn)	  reac-ons	  where	  the	  
x	  is	  a	  number	  greater	  than	  3	  	  
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Absolute neutron fluence response of the of the rem counters 
LINUS and SNOOPY	  

SNOOPY (conventional unit) 

M  = C ∫ RΦ (E) Φ(E) dE 
	  
Birattari, Esposito, Ferrari, Pelliccioni , 
Silari, NIM A324 (1993) 232-238 
	  

Birattari, Esposito, Ferrari, Pelliccioni , 
Rancati, Silari, RPD 76 (1998) 
135-148 

Heavily underestimated 
above a few MeV 

17 

LINUS (extended range) 
Long Interval NeUtron Survey 

meter 
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	  An	  accurate	  determina-on	  of	  H*(10)	  in	  workplace	  field	  of	  unknown	  direc-on	  
distribu-on	  can	  be	  achieved	  through	  the	  use	  of	  suitable	  neutron	  spectrometer.	  	  

u Neutron	  scaOering	  and	  measurement	  of	  the	  energies	  of	  recoil	  nuclei.	  

u Measurement	  of	  the	  energies	  of	  charged	  par-cles	  released	  in	  neutron-‐induced	  nuclear	  
reac-ons.	  

u Methods	  in	  which	  the	  velocity	  of	  neutrons	  is	  measured	  	  TOF	  

u Threshold	  spectrometry	  

Dosimetry	  of	  neutron	  radia-on	  
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u 	  The	  most	  used	  neutron	  spectrometry	  technique	  in	  workplaces	  is	  the	  so	  
called	  Bonner	  Sphere	  Spectrometer	  (BSS).	  	  
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With	  the	  aim	  of	  providing	  a	  useful	  and	  friendly	  tool	  for	  spectrometry	  in	  workplaces,	  
the	  INFN-‐LNF	  Radia-on	  Protec-on	  Group	  developed	  FRUIT,	  a	  new	  unfolding	  code	  
specially	  designed	  for	  rou-ne	  applica-ons	  where	  no	  detailed	  pre	  informa-on	  on	  the	  
neutron	  field	  are	  available.	  	  

u The	  advantages	  of	  such	  type	  of	  spectrometer	  are	  

u 	  the	  isotropy	  of	  the	  response,	  	  

u the	  possibility	  to	  extend	  the	  energy	  range	  up	  to	  GeV	  neutrons	  	  

u the	  availability	  of	  different	  ac-ve	  or	  passive	  central	  detectors	  to	  be	  chosen	  according	  to	  
the	  field	  intensity	  and	  -me	  structure.	  	  	  
	  
	  

	  Nevertheless,	  the	  unfolding	  process	  remains	  the	  most	  difficult	  task	  in	  Bonner	  Sphere	  
spectrometry,	  because	  unfolding	  codes	  are	  usually	  very	  complex	  and	  require	  quite	  detailed	  “a	  
priori”	  informa-on	  on	  the	  spectrum	  to	  be	  measured.	  	  	  

Dosimetry	  of	  neutron	  radia-on	  
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	  -‐	  eleven	  	  polyethylene	  spheres	  (density	  0.95	  g·∙cm-‐3)	  	  
	  (2”,	  2.5”,	  3”,3.5”,	  4.5”,	  5”,	  7”,8”,	  10”,	  12”)	  	  

-‐ 	  three	  polyethylene	  spheres	  (density	  0.95	  g·∙cm-‐3)	  
loaded	  with	  copper	  and	  lead	  

(7”	  Cu,	  7”	  Pb,	  12”	  Pb)	  
-‐	  a	  4x4	  6LiI(Eu)	  ac@ve	  scin@llator	  
Special	  aluminum	  holders	  were	  designed	  to	  
expose	  TLD	  pairs	  and	  a	  gold	  or	  dysprosium	  foil	  
in	  the	  same	  sphere.	  

All	  spheres	  are	  designed	  to	  hold	  the	  scin@llator	  

The	  LNF-‐ERBSS,	  available	  from	  Ludlum	  Measurements,	  USA,	  includes	  

 

LiI(Eu) 
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The	  response	  func-ons	  of	  the	  ac-ve	  ERBSS	  were	  calculated	  with	  MCNPX	  Monte	  Carlo	  transport	  
code.	  

The	  response	  func-ons	  of	  the	  high-‐energy	  spheres.	  

The	  data	  were	  interpolated	  to	  produce	  a	  response	  matrix	  with	  120	  
logarithmic	  equidistant	  intervals	  from	  1.5	  meV	  to	  1.16	  GeV.	  

The	   response	   matrix	   of	   the	  
ERBSS	   was	   validated	   in	  
reference	   neutron	   fields	  
(PTB,	   TSL)	   and	   its	   overall	  
uncertainty	   was	   es-mated	  
to	  be	  σmatrix	  =	  ±3%.	  	  
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The	  reading	  Ci,	  of	  the	  thermal	  neutron	  sensor	  inside	  the	  ith	  Bonner	  sphere,	  when	  exposed	  
in	  a	  point	  of	  a	  neutron	  field,	  can	  be	  expressed	  as	  
	  
	  
	  
	  
where:	  
• 	  Φ	  is	  the	  neutron	  fluence	  in	  cm-‐2;	  
	  
• 	  Ri(E)	  is	  the	  response	  func@on	  of	  the	  sphere	  (in	  cm-‐2).	  It	  is	  usually	  derived	  with	  Monte	  
Carlo	  calcula@ons	  and	  represents	  the	  reading	  per	  unit	  fluence	  as	  a	  func@on	  of	  the	  
monoenerge@c	  neutron	  energy,	  E.	  The	  set	  of	  response	  func@ons	  for	  all	  Bonner	  spheres	  
forms	  the	  “response	  matrix”.	  
	  
• 	  ϕ(E)	  is	  the	  energy	  distribu@on	  of	  the	  neutron	  fluence	  normalized	  to	  1	  cm-‐2	  and	  its	  unit	  
is	  MeV-‐1	  (also	  termed	  “unit	  spectrum”).	  
	  
The	  energy	  distribu@on	  of	  the	  neutron	  fluence	  (also	  termed	  “spectrum”),	  is	  given	  by	  

	  ΦE=Φ⋅ϕ(E) 	  	  and	  its	  unit	  is	  cm-‐2⋅MeV-‐1.	  

€ 

Ci =Φ Ri (E)ϕ(E)dE
Emin

Emax

∫

Dosimetry	  of	  neutron	  radia-on	  
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When	  a	  set	  of	  m	  Bonner	  spheres	  is	  exposed	  to	  the	  same	  neutron	  fluence,	  a	  set	  of	  readings	  
C1,	  i=1,..,m	  is	  collected.	  The	  neutron	  fluence	  Φ	  and	  its	  energy	  distribu@on	  ϕ(E)	  may	  be	  
derived	  by	  inver@ng	  a	  set	  of	  m	  equa@ons,	  that	  for	  computer	  calcula@on	  purposes	  can	  be	  
expressed	  in	  the	  following	  discrete	  form:	  

€ 

Ci =Φ Ri, j
J=1

Ng

∑ ϕ jΔEj     i =1....m

Where	  	  Ng	  is	  the	  number	  of	  energy	  group	  

The	  unfolding	  problem	  in	  Bonner	  Sphere	  Spectrometry	  is	  under-‐determined,	  i.e.	  the	  number	  
of	  independent	  measurements,	  m,	  is	  largely	  lower	  than	  the	  number	  of	  unknowns,	  Ng.	  	  
	  
This	  implies	  that	  a	  set	  of	  infinite	  mathema@cal	  func@ons	  could	  sa@sfy	  the	  equa@on.	  
Nevertheless,	  only	  a	  limited	  number	  of	  them	  is	  physically	  acceptable.	  

Many	  codes	  have	  been	  developed	  for	  unfolding	  neutron	  spectra	  .	  	  

At	  LNF	  we	  developed	  the	  FRUIT	  (FRasca@	  Unfolding	  InteRac@ve	  code)	  code	  

	  

Dosimetry	  of	  neutron	  radia-on	  
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The	  neutron	  spectra	  were	  derived	  from	  the	  raw	  data	  using	  the	  FRUIT	  (FRasca@	  Unfolding	  
Interac@ve	  Tool)	  developed	  at	  the	  INFN-‐LNF	  for	  the	  needs	  of	  the	  opera@onal	  workplace	  
neutron	  monitoring.	  	  

Unfolding	  code	  

Main	  features	  of	  FRUIT	  

User	  friendliness	  and	  visual	  opera@on	  

No	  needs	  	  of	  “educated”	  default	  spectrum	  	  

High	  level	  of	  interac@vity	  

The	  user	  doesn’t	  	  need	  	  to	  be	  an	  expert	  of	  computer	  codes	  

And	  above	  all	  

Uncertain@es	  treatment	  
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FRUIT	  is	  a	  parametric	  code	  wriOen	  using	  the	  Lab-‐Views	  sopware.	  
It	  models	  the	  neutron	  spectra	  with	  at	  most	  seven	  numerical	  posi-ve	  parameters.	  

Provided	  the	  response	  matrix	  and	  the	  energy	  the	  only	  numerical	  data	  required	  by	  the	  code	  
are	  the	  Bonner	  sphere	  readings	  and	  their	  rela-ve	  uncertain-es.	  

The	  type	  of	  ‘‘radia-on	  environment’’	  is	  selected,	  using	  a	  check-‐box	  window,	  among	  the	  
following	  op-ons:	  
	  
(a)  fission-‐like	  fields,	  such	  as	  those	  found	  in	  the	  vicinity	  of	  nuclear	  reactors	  or	  fuel	  elements;	  

(b)	  radionuclide	  neutron	  sources;	  
	  
(c)	  evapora-on-‐based	  field,	  such	  as	  those	  found	  in	  medical	  LINACs	  or	  PET	  cyclotrons;	  
	  
(d)	  high-‐energy	  electron	  fields;	  
	  
(e)	  high-‐energy	  hadron	  accelerators;	  	  
	  
(f)	  Gaussian	  peak;	  
	  
(g)	  user-‐defined	  (in	  this	  case	  a	  parameter	  file	  is	  required).	  
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A	  neutron	  spectrum	  in	  FRUIT	  is	  described	  as	  the	  linear	  superposi-on	  of	  up	  to	  four	  components	  	  
	

ϕ(E)=	  Pthϕth(E)	  +	  Peϕe(E)	  +Pfϕf(E)	  +Phiϕhi(E)	   	   	   	  where	  
	

ϕth(E)	  is	  the	  thermal	  Maxwellian	  component,	  	  
	  
ϕe	  (E)	  the	  epithermal	  one,	  	  
	  
ϕf	  (E)	  the	  fast	  one	  	  
	  
	  ϕhi	  (E)	  the	  high	  energy	  component.	  
	  
	  
Each	  component	  is	  individually	  normalized	  to	  the	  unit	  fluence	  by	  mean	  of	  an	  adequate	  
normaliza-on	  factor.	  
	  
Pth,	  Pe,	  Pf	  and	  Phi	  represent	  the	  frac-on	  of	  thermal,	  epithermal,	  fast	  and	  high-‐energy	  neutrons,	  
respec-vely.	  
	  The	  ‘‘robust	  convergence	  theory’’	  was	  modified	  and	  adapted	  to	  reduce	  the	  influence	  of	  the	  
ini-al	  hypothesis	  on	  the	  results	  and	  to	  speed	  up	  the	  convergence	  procedure.	  
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Results	   FRUIT	  Control	  Panel	  

h*(10)	  =	  the	  spectrum	  averaged	  fluence-‐to-‐ambient	  dose	  equivalent	  conversion	  coefficient	  
Eφ=	  the	  fluence-‐average	  neutron	  energy	   E	  H*(10=	  the	  ambient	  dose	  equivalent	  average	  neutron	  energy	  

Nuclear	  Instruments	  and	  Methods	  in	  Physics	  Research	  A	  580	  (2007)	  1301-‐1309	  
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Comparison	  between	  measured	  and	  unfolded	  sphere	  counts,	  
for	  the	  different	  spheres.	  

T h e	   fi g u r e	   s h ow	   t h e	  
consistency	   between	   the	  
unfolded	   spectrum	   and	   the	  
set	  of	  sphere	  counts.	  	  
	  

The	  “unfolded	  counts”	  are	  
calculated	  by	  applying	  the	  
response	  func-on	  of	  each	  
sphere	  to	  the	  spectrum	  
unfolded	  with	  FRUIT.	  	  

The	  maximum	  difference	  
between	  “measured”	  and	  
“unfolded”	  counts	  is	  3%	  
(7”+Pb).	  	  
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•  Measure the probability distribution of absorbed dose d(y) in 

terms of lineal energy y (the ratio of energy imparted to matter 
in a volume by a single deposition event to the mean chord 
length in that volume) 

•  Used in radiation biology, radiation chemistry, radiation 
protection, radiation therapy, dosimetry 

•  From the probability distribution of absorbed dose d(y) one can 
evaluate the dose equivalent through a function Q(y) which 
relates the quality factor to the lineal energy 

TISSUE EQUIVALENT PROPORTIONAL COUNTERS (TEPC)	  
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The energy deposition in 
the TE( tissue 
Equivalent) gas is 
measured through 
ionization of primary 
charged particles and/or 
secondary particle 
generated mainly in the 
walls of the detector 

	  

One of the main features 
their capability of 
measuring the dose 
equivalent in mixed 
radiation fields 

	  

A TEPC is a proportional counter constituted by a tissue-equivalent gas 
contained in a cavity inside walls of a TE plastic. Acting on the gas 
pressure it is possible to simulate the events of energy deposition in 
microscopic volumes 

HANDI TEPC	  


