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A	
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  RadiaNve	
  Neutron	
  Capture	
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What?	
  

Why?	
  

How?	
  

Techniques?	
  

FaciliNes?	
  

Challenges	
  and	
  soluNons!	
  

*	
  Apologies	
  in	
  advance:	
  no	
  references	
  (almost)	
  or	
  acknowledgements	
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1.	
  What’s	
  neutron	
  capture?	
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Figura	
  Nucleosintesi	
  (frecce	
  che	
  si	
  muovono)	
  
	
  
	
  
Foto	
  FIC	
  

FF	
  +	
  Energy	
  

These	
  isotopes,	
  today‘s	
  nuclear	
  waste,	
  will	
  be	
  the	
  fuel	
  of	
  the	
  
next	
  generaNon	
  of	
  nuclear	
  reactors	
  (safer	
  &	
  cleaner):	
  
	
  
	
  New	
  fuel	
  composi;on	
  +	
  New/Higher	
  neutron	
  energy	
  ranges	
  
	
  
Very	
  substan;al	
  need	
  of	
  new/accurate	
  (n,*)	
  cross	
  sec;ons	
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2.	
  Why	
  are	
  we	
  interested	
  in	
  (n,γ):	
  nucl.	
  tech.	
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CHALLENGES	
  
-­‐  Available	
  in	
  small	
  quanNNes	
  

-­‐  RadioacNve	
  
-­‐  Fissiles	
  (some)	
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  the	
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  the	
  stars	
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3.	
  How	
  do	
  we	
  “see”	
  neutron	
  captures?	
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� What	
  happens	
  in	
  neutron	
  capture?	
  

n 	
  + 	
  	
  AZ 	
  	
  	
  	
  	
  	
  	
  →	
  	
  	
  	
  	
  	
  A+1Z*	
  	
  	
  	
  	
  	
  	
  →	
  	
  	
  	
  A+1Z	
  	
  +	
  	
  γ’s	
  

γ	



γ	



γ	

γ	



E*	
  ≈	
  Sn(A+1Z)+En	
  

ΣEγ	
  =E*	
  ≈	
  Sn(A+1Z)+En	
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n	
  	
  +	
  	
  AZ	
  	
  →	
  A+1Z*	
  	
  →	
  	
  	
  	
  A+1Z	
  	
  	
  	
  	
  	
  +	
  	
  	
  	
  	
  	
  	
  γ’s	
  

Look	
  at	
  A+1Z/AZ	
  in	
  a	
  mass	
  spectrometer	
  

If	
  A+1Z	
  radioacNve	
  →	
  look	
  for	
  A+1Z	
  “signature”	
  

Look	
  for	
  a	
  “characterisNc”	
  γ-­‐ray	
  

Detect	
  the	
  γ-­‐ray	
  cascade	
  

Detect	
  at-­‐least/only	
  ONE	
  γ-­‐
ray	
  

Detect	
  ALL	
  the	
  γ-­‐rays	
  

ACTIVATION	
  (convolu;on	
  of	
  Φn	
  &σn)	
  

PGAA,	
  etc.	
  

TOTAL	
  ENERGY	
  DETECTORS	
   TOTAL	
  ABSORPTION	
  	
  

convolu;on	
  of	
  Φn	
  &	
  σn	
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Neutron	
  energies	
  and	
  cross	
  secNons	
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Water	
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Stellar	
  
spectra	
  

Fission	
  &	
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Present	
  
reactors	
  

Gen-­‐IV	
  	
  
ADS	
  

p(7Li,n)7Be   @CNA 
	
   D-D, D-T,… @CNA	
  

Many	
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Time-­‐of-­‐flight	
  experiments	
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Φ	
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nat	
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Reac2on	
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Transmission	
  

Sca8ering	
  

neutron	
  
start	
  

neutron	
  
stop	
  

neutron	
  ;me-­‐of-­‐flight	
  	
  
experiment	
   Time-­‐of-­‐Flight	
  	
  to	
  En	
  relaNon	
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nE
LToF ∝
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Measuring	
  the	
  neutron	
  cross	
  sec;ons	
  requires:	
  
-­‐ 	
  A	
  facility	
  providing	
  a	
  neutron	
  beam	
  
-­‐ 	
  A	
  detecNon	
  system	
  for	
  counNng	
  the	
  reacNons	
  
-­‐ 	
  (Desirable)	
  A	
  highly	
  pure	
  sample.	
  
-­‐ 	
  A	
  theoreNcal	
  framework	
  to	
  express	
  the	
  cross	
  secNons	
  (R´-­‐	
  matrix	
  formalism).	
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Cross	
  secNon	
  at	
  a	
  “given	
  energy”	
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The	
  n_TOF	
  facility	
  @	
  CERN	
  



Carlos	
  GUERRERO	
  “Medidas	
  de	
  captura	
  (n,γ)	
  para	
  tecnología	
  y	
  astroDsica	
  nuclear”	
  
Master	
  Interuniversitario	
  en	
  Física	
  Nuclear,	
  Valencia	
  (January	
  13th	
  2016)	
  

The	
  n_TOF	
  facility	
  at	
  CERN	
  

15 

C.	
  Rubbia	
  et	
  al.,	
  A	
  high	
  resolu2on	
  spalla2on	
  driven	
  facility	
  at	
  the	
  CERN-­‐PS	
  to	
  measure	
  neutron	
  
cross	
  sec2ons	
  in	
  the	
  interval	
  from	
  1	
  eV	
  to	
  250	
  MeV,	
  CERN/LHC/98-­‐02(EET)	
  1998.	
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The	
  n_TOF	
  Facility	
  at	
  CERN:	
  a	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  view	
  

PS 20 GeV 

Linac 
50 MeV 

Booster 
1.4 GeV 

Proton Beam 
20 GeV/c 
7x1012 ppp 

Pb Spallation 
Target 

Neutron Beam 
10o prod. angle 

n_TOF-EAR1 
200 meters 

n_TOF-EAR2 
20 meters 
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Experimental Area Type-A  

(use of radioactive samples allowed) 

The	
  n_TOF	
  lead	
  spallaNon	
  target	
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  cm	
  moderator	
  (water/borated	
  water)	
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(meV	
  to	
  GeV)	
  

Pb	
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  capture	
  reacNons	
  for	
  nuclear	
  tech.	
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Total	
  AbsorpNon	
  Calorimeter	
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  Total	
  Energy	
  Detector	
  (TED)	
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Time-­‐of-­‐flight	
  experiments	
  (n,γ)	
  experiments	
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Before	
  tackling	
  the	
  challenges,	
  let´s	
  summarize	
  briefly	
  the	
  
three	
  techniques	
  available:	
  

� Detect	
  	
  a	
  “characteris;c”	
  γ-­‐ray	
  from	
  the	
  cascade	
  (PGA)	
  
� Detect	
  at	
  least	
  one	
  (and	
  only	
  one!)γ -­‐ray	
  of	
  the	
  cascade	
  (TED)	
  
� Detect	
  all	
  (ideally)	
  γ-­‐rays	
  of	
  the	
  cascade	
  (TAC)	
  

γ	



γ	

γ	


Intrinsic	
  
efficiency	
  

Geometric	
  
efficiency	
  

Energy	
  
resolu;on	
  

Material	
   Others	
  

PGA	
  
TED	
  
TAC	
  

BRAINSTORMING	
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Three	
  techniques	
  for	
  ToF	
  (n,γ)	
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ToF:	
  Detect	
  	
  a	
  “characterisNc”	
  γ-­‐ray	
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�  ANNRI	
  @	
  J-­‐PARC	
  (Japan)	
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ToF:	
  Detect	
  	
  a	
  “characterisNc”	
  γ-­‐ray	
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Limita;on	
  in	
  accuracy:	
  
One	
  needs	
  to	
  know	
  the	
  “intensity”	
  of	
  the	
  characterisNc(s)	
  γ-­‐ray	
  line(s)	
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ToF:	
  the	
  Total	
  Energy	
  Detectors	
  technique	
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if	
  εγi:	
  total	
  efficiency	
  for	
  γ-­‐ray	
  of	
  energy	
  Eγi	
  
then:	
  Total	
  efficiency	
  of	
  the	
  cascade	
  :	
  	
  	
  εc=1-­‐Π(1-­‐ εγi)	
  
	
  
But	
  if	
  (εγi<<1)	
  then	
  εc=Σεγi	
  
	
  
	
  

Now,	
  if	
  we	
  had	
  a	
  detector	
  for	
  which	
  εγi=kEγi	
  
then	
  εc=Σεγi=ΣkEγi	
  =kΣEγi=kEc	
  
	
  

	
  	
  

Eγ1 

Eγ2 

Eγ3 

EC 

Total	
  Energy	
  Detector	
  (TED)	
  

This	
  type	
  of	
  detector	
  can	
  be	
  constructed	
  (Moxon-­‐Rae	
  detectors),	
  
but	
  the	
  proporNonality	
  is	
  only	
  approximate.	
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  Pulse	
  Height	
  WeighNng	
  Technique	
  
The	
   proporNonality	
   between	
   efficiency	
   and	
   γ-­‐ray	
   energy	
   is	
  
obtained	
   by	
   soxware	
   manipulaNon	
   of	
   the	
   detector	
   response	
  
(Maier-­‐Leibniz):	
  
If	
  Rij	
  represents	
  the	
  response	
  distribuNon	
  for	
  a	
  γ-­‐ray	
  of	
  energy	
  Eγj:	
  

	

ΣRij=εγj	
  

It	
   is	
   possible	
   to	
   find	
   a	
   set	
   of	
   weighNng	
  
factors	
  Wi	
  (dependent	
  on	
  energy	
  deposited	
  
Eγi)	
   which	
   fulfil	
   the	
   proporNonality	
  
condiNon	
  (se{ng	
  k=1):	
  	
  

	
  ΣWiRij=Eγj	
  	
  	
  

Rij 

Eγ = 9MeV 

Eγ = 2MeV 

Wi 
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C6D6	
  (TED)	
  for	
  σ(n,γ)	
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Deuterated	
  benzene	
  (C6D6)	
  liquid	
  scin;llators	
  	
  
the	
  hydrogen	
  in	
  C6H6	
  is	
  subsNtuted	
  by	
  deuterium	
  to	
  avoid	
  (n,γ)	
  
within	
  the	
  detector,	
  reducing	
  the	
  “neutron	
  sensiNvity)	
  

	
  USA:	
  C6D6	
  @ORELA/ORNL	
  (shutdown)	
  
	
  EU:	
  C6D6	
  @GELINA/IRMM	
  
	
  EU:	
  C6D6	
  @n_TOF/CERN	
  
	
  Japan:	
  NaI	
  @ANNRI/J-­‐PARC	
  

Remember:	
  
-­‐  Low	
  efficiency	
  (by	
  construcNon)	
  
-­‐  Low	
  energy	
  resoluNon	
  
-­‐  Poor	
  background	
  rejecNon	
  capabiliNes	
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ToF:	
  Total	
  AbsorpNon	
  detectors	
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If	
  intrinsic	
  and	
  solid	
  angle	
  efficiencies	
  are	
  large:	
  
�  Total	
  efficiency	
  of	
  the	
  cascade	
  :	
  	
  	
  εc=1-­‐Π(1-­‐ εγi)	
  
�  Peak	
  efficiency	
  :	
  	
  	
  εpc=Πεpγi	
  
	
  
If	
  εpγi= εγi=1	
  	
  THEN	
  εc=εpc=1	
  

Eγ1 

Eγ2 

Eγ3 

EC 
N	
  

Ec=ΣEγi	
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The	
  Total	
  AbsorpNon	
  Calorimeter	
  (TAC)	
  at	
  CERN	
  

The	
  Detector	
  for	
  Advance	
  Neutron	
  Capture	
  
Experiments	
  (DANCE)	
  at	
  Los	
  Alamos	
  (USA)	
  
	
  
162	
  BaF2	
  crystals	
  covering	
  4π	


	
  
	
  

40	
  BaF2	
  crystals	
  covering	
  4π	


(based	
  on	
  the	
  original	
  at	
  FZK)	



Future:	
  a	
  TAC	
  made	
  of	
  high	
  resoluNon	
  (LaBr3,	
  etc.)	
  crystals?	
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238U(n,γ)	
  for	
  nuclear	
  technology	
  	
  
T.	
  Wright,	
  U.	
  Manchester,	
  UK	
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MoNvaNon	
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Features	
  on	
  the	
  NEA	
  high	
  priority	
  request	
  list.	
  	
  
Requested	
  uncertainNes:	
  
•  0.01	
  -­‐1	
  keV	
  1%	
  	
  	
  	
  	
  	
  (currently	
  2%)	
  
•  1-­‐10keV	
  1%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (currently	
  3%)	
  
•  10-­‐25keV	
  3%	
  	
  	
  	
  	
  	
  	
  	
  (currently	
  9%)	
  

EXPERIMENT	
  FOR	
  HIGH	
  PRECISSION	
  
•  6.125	
  g	
  of	
  238UO2	
  	
  (30x60	
  mm2)	
  
•  Same	
  sample	
  was	
  measured	
  CERN	
  and	
  GEEL	
  
•  At	
  CERN:	
  measured	
  with	
  both	
  C6D6	
  and	
  TAC	
  
•  Irradiated	
  for	
  41	
  days	
  

The 3 samples measured.  
From L to R: 238U, Gold, Carbon 
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The	
  n_TOF	
  Total	
  AbsorpNon	
  Calorimeter	
  (TAC)	
  

A  spherical neutron absorber 
made of borated (10B) 

polyethylene surrounds to 
reduce the neutron sensitivity 

of the set-up 

The	
  TAC	
   consists	
   in	
  40	
  BaF2	
   crystals	
   (12	
   pentagonal	
   and	
  28	
  hexagonal)	
  with	
   a	
  
thickness	
  of	
  15	
  cm.	
  It	
  has	
  a	
  nearly	
  100%	
  efficiency	
  for	
  detecNng	
  capture	
  events.	
  	
  

Sample 
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Pulse	
  Shape	
  Analysis	
  of	
  BaF2	
  signals	
  

32 
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Neutron	
  energy	
  	
   MulNplicity	
  Deposited	
  energy	
  	
  

Protons	
  
(20	
  GeV)	
  

Neutrons	
  	
  
(meV-­‐GeV)	
  

Sweeping	
  
magnet	
  

Collimators 

γ	


γ	



γ	



The measurement (Summer 2011) 
3 different beam intensities 
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Efficiency	
  and	
  normalizaNon	
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� What	
   we	
   really	
   measure	
   is	
   a	
   reac;on	
   yield:	
   fracNon	
   of	
  
neutrons	
  undergoing	
  a	
  capture	
  reacNon	
  as	
   funcNon	
  of	
   the	
  
neutron	
  energy	
  

​𝑌↓𝑛,𝑔 = ​𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠/𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 = ​(𝐶−𝐵)/​𝜀↓𝑛,𝑔   ∙   ​𝜑↓𝑛 ∙ ​𝑁↓𝐵𝐼𝐹  	
  

​𝑌↓𝑛,𝑔 = ​𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠/𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 =(1− ​𝑒↑−𝑛𝜎(𝑛,𝑡) ) ​𝜎(𝑛,𝑔)/𝜎(𝑛,𝑡) 	
  

​𝐼𝑓  𝑛  𝑜𝑟  𝜎(𝑛,𝑡)  𝑣𝑒𝑟𝑦  𝑠𝑚𝑎𝑙𝑙,  𝑡ℎ𝑒𝑛  𝑌↓𝑛,𝑔 =𝑛𝜎(𝑛,𝑔)	
  

Prob.	
  of	
  itera;on	
  
Prob.	
  of	
  itera;on	
  
being	
  capture	
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SubtracNng	
  background(s):	
  neutron	
  energy	
  

35 
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SubtracNng	
  background(s):	
  deposited	
  
energy	
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SubtracNng	
  background:	
  neutron	
  sca~ering	
  

37 



Carlos	
  GUERRERO	
  “Medidas	
  de	
  captura	
  (n,γ)	
  para	
  tecnología	
  y	
  astroDsica	
  nuclear”	
  
Master	
  Interuniversitario	
  en	
  Física	
  Nuclear,	
  Valencia	
  (January	
  13th	
  2016)	
  

NORMALIZATION	
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Macklin	
  et	
  al.,	
  “Absolute	
  neutron	
  capture	
  yield	
  calibraKon”,	
  NIM-­‐A	
  164	
  (1979)	
  213	
  
What	
  happens	
  if	
  nσn,t	
  very	
  large?	
  And	
  if	
  in	
  addi;on	
  σn,g>>σn,n?	
  

​𝑌↓𝑛,𝑔 = ​𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠/𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 =(1− ​𝑒↑−𝑛𝜎(𝑛,𝑡) )​𝜎(𝑛,𝑔)/𝜎(𝑛,𝑡) = ​(𝐶−𝐵)/​𝜀↓𝑛,𝑔   ∙   ​𝜑↓𝑛 ∙ ​
𝑁↓𝐵𝐼𝐹  	
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DetecNon	
  efficiency	
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Known	
  level	
  scheme	
  (ENSDF):	
  	
  

Energy,	
   spin	
   and	
   parity,	
   transiNon	
   probability,	
  
electron	
  conversion	
  coefficients,	
  ...	
  

Sta;s;cal	
  region:	
  	
  

Described	
   by	
   the	
   nuclear	
   level	
   density	
   and	
  
photon	
  strength	
  funcNons.	
  

TransiNon	
  probability	
  given	
  by:	
  

TXL(Ei,Ef) = fXL(Eg) ρ(Ef,I,Π)XL={ E1,M1, E2} 

GeneraNon	
  of	
   realisNc	
  capture	
  cascades	
   requires	
   the	
  knowledge	
  of	
   the	
  complete	
  nuclear	
  
level	
  scheme	
  and	
  transiNon	
  probabiliNes.	
  

Ground state 

Capture state 

E*~Sn+En 

Decaygen	
  code	
  by	
  J.	
  L.	
  Tain	
  (IFIC)	
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DetecNon	
  efficiency	
  

40 

�  Cascades	
  +	
  Geant4	
  simulaNon	
  →	
  TAC	
  response	
  to	
  (n,γ)	
  
	
  	
  	
  	
  	
  	
  	
  	
  Decaygen 	
   	
   	
   	
  	
  	
  	
  	
  	
  to	
  be	
  compared	
  with	
  data!	
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Dead-­‐Time	
  and	
  Pile-­‐Up	
  issues	
  

41 
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Conclusions	
  on	
  238U(n,γ)	
  

42 

�  Highly	
  pure	
  sample,	
  without	
  encapsulaNon	
  
�  High	
  performance	
  Total	
  AbsorpNon	
  Calorimeter	
  
�  A	
  lot	
  of	
  work	
  in	
  the	
  data	
  analysis	
  and	
  correcNons:	
  neutron	
  
sca~ering	
  background,	
  dead-­‐Nme,	
  etc.	
  

​𝒀↓𝒏,𝒈 = ​𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠/𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 =(1− ​𝑒↑−𝑛𝜎(𝑛,𝑡) )​𝜎(𝑛,𝑔)/𝜎(𝑛,𝑡) = ​(𝑪−𝑩)/​𝜺↓𝒏,𝒈   ∙   ​𝝋↓𝒏 ∙ ​
𝑵↓𝑩𝑰𝑭  	
  

2%	
  accuracy	
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Main	
  challenges	
  in	
  (n,γ)	
  experiments	
  

43 

Apart	
  from	
  all	
  the	
  difficulNes	
  associated	
  to	
  measuring	
  and	
  analyzing	
  
capture	
   data	
   in	
   a	
   most	
   the	
   most	
   favourable	
   case,	
   we	
   have	
   the	
  
following	
  challenges:	
  
	
  
1.	
  If	
  small	
  mass	
  =>	
  need	
  to	
  minimize	
  backg.	
  &	
  maximize	
  efficiency	
  

	
  	
  →	
  use	
  total	
  absorpNon	
  detectors	
  
	
  
2.	
  If	
  radioac;ve	
  =>	
  need	
  to	
  eliminate/minimize	
  acNvity	
  background	
  

	
  	
  →	
  use	
  total	
  absorpNon	
  detectors	
  
	
  	
  →	
  more	
  intense	
  neutron	
  beams	
  

	
  
3.	
  If	
  fissile	
  =>	
  need	
  to	
  disNnguish	
  between	
  capture	
  and	
  fission	
  

	
  	
  →	
  add	
  fission	
  detectors	
  to	
  our	
  set-­‐up:	
  anN-­‐coincidence!	
  

MGAS with 235U samples 
MGAS 
signals 

BaF2 
module 
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Summary	
  
RadiaNve	
  capture	
  measurements	
  needed	
  in	
  several	
  fields,	
  mainly	
  in	
  
nuclear	
  technology	
  and	
  nucleosynthesis.	
  	
  
Challenges	
   come	
   from:	
   small	
   mass	
   samples,	
   radioac;ve	
   targets,	
  
and	
  some;mes	
  neutron	
  scatering	
  and	
  fission	
  issues.	
  
	
  
Mainly	
  3	
  techniques	
  for	
  ToF	
  measurements:	
  
�  DetecNon	
  of	
  a	
  characterisNc	
  γ-­‐ray	
  [PGA]	
  
�  DetecNon	
  of	
  a	
  γ-­‐ray	
  of	
  the	
  cascade	
  (Total	
  Energy	
  Detectors	
  [TED])	
  
�  DetecNon	
  of	
  the	
  complete	
  γ-­‐ray	
  cascade	
  (Total	
  AbsorpNon	
  [TAC])	
  
	
  
	
   PhD	
  opportuniNes	
  in	
  (n,γ)	
  measurements,	
  detectors	
  
and	
  neutron	
  beams	
  at	
  U.	
  Sevilla	
  and	
  IFIC,	
  please	
  ask!!	
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1.	
  If	
  small	
  mass:	
  need	
  to	
  minimize	
  background	
  

46 

Using	
  a	
  TAC,	
  condiNons	
  in	
  mulNplity	
  and	
  deposited	
  energy	
  allow	
  
selecNng	
  the	
  capture	
  events	
  of	
  interest:	
  

but	
  the	
  TAC	
  is	
  so	
  massive	
  that	
  capture	
  in	
  structural	
  material	
  is	
  sizable	
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2.	
  If	
  radioacNve:	
  minimize	
  the	
  acNvity	
  backg.	
  

47 

�  Op;on	
  1.	
  Using	
  a	
  TAC,	
  condiNons	
  in	
  mulNplity	
  and	
  deposited	
  
energy	
  allow	
  selecNng	
  the	
  capture	
  events	
  of	
  interest.	
  

	
  
�  Op;on	
  2.	
  More	
  neutrons	
  =>	
  more	
  capture	
  for	
  same	
  acNvity	
  
backg.	
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3.	
  If	
  σn,n≥σn,γ	
  =>	
  (n,n)	
  background	
  

48 
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3.	
  If	
  σn,n≥σn,γ	
  =>	
  (n,n)	
  background	
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4.	
  If	
  fissile:	
  how	
  to	
  get	
  rid	
  of	
  (n,f)	
  γ-­‐rays?)	
  

50 
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Experimental	
  set-­‐up:	
  The	
  TAC	
  and	
  MGAS	
  detectors	
  

Total	
  Absorp;on	
  Calorimeter	
  (TAC)	
  for	
  
(n,g)	
  	
  40	
  BaF2	
  crystals	
  

4p	
  geometry	
  (95%	
  coverage)	
  
16%	
  energy	
  resoluNon	
  at	
  662	
  keV	
  
Used	
  for	
  s(n,g)	
  of	
  acNnides	
  since	
  2004	
  

MicroMegas	
  (MGAS)	
  for	
  (n,f)	
  	
  
Based	
  on	
  Bulk	
  technology	
  
Double	
  stage	
  gas	
  detector:	
  

	
  conversion	
  +amplificaNon	
  
~90%	
  efficiency	
  for	
  FF.	
  FF.	
  
	
  Used	
  for	
  neutron	
  monitoring	
  since	
  2009	
  

n	
  

n	
  

g-­‐rays	
  
FF1	
  

FF2	
  

Results:	
  distribu;ons	
  	
  Esum	
  ,	
  mcr	
  &	
  En	
   Results:	
  distribu;ons	
  	
  Amp.	
  &	
  En	
  

We	
  need	
  to	
  detect	
  capture	
  and	
  fission	
  reac;ons	
  simultaneously!	
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Experimental	
  set-­‐up:	
  Combina;on	
  of	
  the	
  TAC	
  and	
  MGAS	
  
The	
  one	
  week	
  test	
  experiment	
  was	
  carried	
  out	
  in	
  September	
  2010:	
  

• 	
  3	
  235U	
  samples	
  of	
  1	
  mg	
  	
  and	
  2	
  cm	
  diameter	
  each	
  
• 	
  MGAS	
  running	
  with	
  He+isobutane	
  at	
  1	
  atm	
  
• 	
  The	
  TAC	
  and	
  MGAS	
  signals	
  digiNzed	
  at	
  250	
  MS/s	
  and	
  100	
  MS/s,	
  respecNvely.	
  

MGAS with 235U samples 
MGAS 
signals 

BaF2 module 
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RESULTS:	
  deposited	
  energy	
  and	
  mul;plicity	
  distribu;ons	
  

Deposited	
  energy	
  (mcr>2)	
  and	
  mulNplicity	
  (Esum>3)distribuNons	
  corresponding	
  to	
  resonances:	
  
	
  

-­‐	
  32%	
  of	
  fission	
  events	
  fall	
  	
  above	
  mcr>9	
  
-­‐	
  98%	
  of	
  capture	
  events	
  fall	
  below	
  mcr<9	
  

-­‐	
  33%	
  of	
  fission	
  events	
  fall	
  	
  above	
  Esum>7.5	
  MeV	
  
-­‐	
  100%	
  of	
  capture	
  events	
  fall	
  below	
  Esum<7.5	
  MeV	
  

98% 

68% 

98% 

67% 

Sn(236U)~6.5 
MeV 

All – fission  
Background 
Fission 

All – fission – backg. 
Fission 
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B
ackground reduction x7 

Neutron	
  energy	
  distribu;ons:	
  
	
  
The	
  selecNon	
  of	
  constraints	
  in	
  Esum	
  
and	
   mcr	
   is	
   a	
   powerful	
   tool	
   for	
  
reducing	
   the	
   background,	
   while	
  
keeping	
   the	
   detecNon	
   efficiency	
  
high.	
  
	
  
	
  
Esum>1	
  &	
  mcr>1	
  	
  	
  	
  	
  	
  Reduc;on	
  of:	
  

	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x7	
  in	
  backg.	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x0.2	
  in	
  ε(n,γ)	
  

Esum>3	
  &	
  mcr>2	
  
	
  
	
  

RESULTS:	
  neutron	
  energy	
  distribu;ons	
  

All – fission  
Background 
Fission 

All – fission  
Background 
Fission 
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RESULTS	
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4.	
  If	
  small	
  signal/backg.:	
  look	
  with	
  new	
  eyes!	
  
Sample	
  related:	
  
-­‐  AcNvity	
  (for	
  radioacNve	
  samples)	
  
-­‐  Neutron	
  sca~ering	
  
-­‐  In-­‐beam	
  γ-­‐rays	
  
	
  
When	
  we	
  solve	
  these,	
  if	
  the	
  sample	
  mass	
  is	
  very	
  low:	
  

	
   	
   	
   	
   	
  	
  evertything	
  else	
  ma~ers!	
  
	
  
Let´s	
  look	
  with	
  new	
  eyes	
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C.	
  Domingo-­‐Pardo,	
  “i-­‐TED:	
  A	
  novel	
  concept	
  for	
  high-­‐sensiKvity	
  (n,γ)	
  cross	
  
secKon	
  measurements”,	
  arXiv:1401.2083v4	
  (2014)	
  
“…	
   exploit	
   Compton	
   imaging	
   techniques	
   to	
   discriminate	
   between	
   true	
  
capture	
   γ-­‐rays	
   arising	
   from	
   the	
   sample	
   under	
   study	
   and	
   background	
   γ-­‐
rays	
  coming	
  from	
  contaminant	
  neutron	
  (prompt	
  or	
  delayed)	
  captures	
   in	
  
the	
  surrounding	
  environment.”	
  

i-­‐TED:	
  imaging	
  Total	
  Energy	
  Detectors	
  

PosiNon	
  sensiNve	
  detectors	
  


