
NEUTRON CAPTURE 
EXPERIMENTS!

César Domingo Pardo!

Overview, techniques, examples  

For many slides thanks to C. Guerrero’s talk @ Master in Sevilla, 2017 
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1. Neutron-Nucleus interactions? 
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What?	
  

Why?	
  

How?	
  

Radiative Neutron Capture 

à Applications: New (cleaner & safer) nuclear energy 
technologies (ADS) 

à Basic Science: Nucleosynthesis of heavy elements 
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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	
  genera5on	
  of	
  nuclear	
  reactors	
  (safer	
  &	
  cleaner):	
  
	
  
	
  New	
  fuel	
  composi5on	
  +	
  New/Higher	
  neutron	
  energy	
  ranges	
  
	
  
Very	
  substan5al	
  need	
  of	
  new/accurate	
  (n,*)	
  cross	
  sec5ons	
  

Neutron-induced reactions in reactors 



Neutron-induced reactions in reactors 

http://sckcen.be/en/Technology_future/MYRRHA 
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CHALLENGES	
  
-­‐  Available	
  in	
  small	
  quan55es	
  

-­‐  Radioac5ve	
  
-­‐  Fissiles	
  (some)	
  

Neutron-induced reactions in reactors 
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What?	
  

Why?	
  

How?	
  

Radiative Neutron Capture 

à Applications: New (cleaner & safer) nuclear energy 
technologies (ADS) 

à Basic Science: Nucleosynthesis of heavy elements 



H 

He 

C O 

Fe 

Pb 
Pt 

Ba Te 
Sr Ge 

à Neutrons produce 75% of all the elements 
à  0.005% of the total abundances (!) 
à  10-12 orders-of-magnitude difference between H and the rarest (heaviest) nuclei (!) 

BB           Fusion                          Neutrons 

red giants 

explosive stellar 
environments, SNe, 
NS-NS, … 

Why (n,g) measurements?: Nucleosynthesis in stars 



Big-bang 

Fusion reactions 
in massive stars 





s-process r-process 
SN,N-Star Mergers, etc ? 

• Where is the site? 

• How is the environment? 

• Entropy 

• Rotation, 3D, etc 

El origen de los elementos pesados: procesos s y r 

massive stars > 8 M⊙


   core He-burning           shell C-burning  
    3-3.5·108 K               ~1·109 K 
     kT=26 keV               kT=91 keV 
     106 cm-3                1011-1012 cm-3 
                                  

                                   22Ne(4He,n) 25Mg 



The rapid (r-) neutron capture process 

•  Several candidates: SNe, NS-Mergers, NS-BH Mergers, etc 
•  High entropy and neutron density conditions required 

T = 108-1010 K 
Nn = 1020-1027 cm-3 
 

Argast et al., 2004 

νe + n à p + e- 
νe + p à n + e+ 
 

_ 

Arcones, 2011 



r-process nuclear physics input: the Pt-peak 

β-decay 

(γ,n) 

(n, γ) 

NucNet network code, B. Meyer et al., Clemson University 
FRDM+QRPA (P. Möller) + JINA Reaclib Database (Cyburt) 

known t1/2 

COLD 

HOT 

R-process nucleosynthesis 

νe + n à p + e- 
νe + p à n + e+ 
 

_ 

Arcones, 2011 



known t1/2 

à Neutron capture dominates most of the reactions over 
the full r-process flow of matter through higher masses 

R-process nucleosynthesis: relevant nuclear input 

Arcones, 2011 



    
s process in Massive Stars (Red Giants)  

  core He-burning    shell C-burning  
    3-3.5·108 K   ~1·109 K 
     kT=25 keV    kT=90 keV 
     106 cm-3   1011-1012 cm-3 

                        22Ne(4He,n)25Mg 

s process 

φn   small     
λβ >> λn,γ	



τβ << τn,γ	



 (n,γ) Cross Sections 

The s-process mechanism 

= AZ(n,γ) A+1Z 

La, Ba 

Pb, Bi 



 
 

Main s-process 90<A<210 Weak s-process A<90 

TP-AGB stars 1-3 M⊙
 massive stars > 8 M⊙

   core He-burning           shell C-burning  
    3-3.5·108 K               ~1·109 K 
     kT=26 keV               kT=91 keV 
     106 cm-3                1011-1012 cm-3 
                                  

                                   22Ne(4He,n) 25Mg 

 shell H-burning          He-flash  
    0.9·108 K                     3-3.5·108 K 
     kT=8 keV                  kT=23 keV 
    107-108 cm-3                   1010-1011 cm-3 
 

       13C(4He,n)16O                    22Ne(4He,n)25Mg 

Two different s-process sites 
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�  p(9Be,n)9B 	
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�  Fusion	
  reac5ons	
  (D-­‐D	
  or	
  D-­‐T)	
  

�  “High	
  energy”	
  proton	
  accelerator	
  
�  Spalla5on	
  reac5ons	
  on	
  Pb,	
  W,	
  …	
  

	
  



27 

Water	
  
moderated	
  

Stellar	
  
spectra	
  

Fission	
  &	
  
Fusion	
  

Present	
  
reactors	
  

Gen-­‐IV	
  	
  
ADS	
  

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

Many	
  



C.	
  Rubbia	
  et	
  al.,	
  A	
  high	
  resolu,on	
  spalla,on	
  driven	
  facility	
  at	
  the	
  CERN-­‐PS	
  to	
  measure	
  neutron	
  
cross	
  sec,ons	
  in	
  the	
  interval	
  from	
  1	
  eV	
  to	
  250	
  MeV,	
  CERN/LHC/98-­‐02(EET)	
  1998.	
  

CERN n_TOF facility 



PS 20GeV Linac 
50 MeV 

Booster 
1.4 GeV 

n_TOF 
185 m 
Tunnel 

Proton Beam 

20GeV/c 

7x1012 ppp 

Pb Spallation 
Target 

Neutron Beam 

10o prod. 
angle 

n-beam 

Sample 

CERN n_TOF facility 



PS 20GeV Linac 
50 MeV 

Booster 
1.4 GeV 

n_TOF 
185 m 
Tunnel 

Proton Beam 

20GeV/c 

7x1012 ppp 

Pb Spallation 
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Neutron Beam 
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angle 

n-beam 

Sample 

CERN n_TOF facility 
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4	
  cm	
  moderator	
  (water/borated	
  water)	
  

PS	
  Protons	
  
(20	
  GeV/c)	
  

Neutrons	
  	
  
(meV	
  to	
  GeV)	
  

Pb	
  

1	
  cm	
  cooling	
  (water)	
  

The	
  n_TOF	
  lead	
  spalla5on	
  target	
  

200	
  m	
  	
  

20
	
  m

	
  	
  

tof	
  

to
f	
  

EAR-­‐1	
  

EA
R-­‐
2	
  



(n,γ) Cross sections via prompt γ-ray(s) detection 

César Domingo-Pardo 

BaF2 Total Absorption Calorimeter (TAC) C6D6 based Total Energy Detector (TED) 



The TOF technique: 

p 

185 m 



The TOF technique: 

p n 

185 m 

Δt 
185 m 

En = ½ m (L/Δt)2 
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The TOF technique: 

p n 

185 m 

Δt 
185 m 

En = ½ m (L/Δt)2 

Why going so far!!??? 



The TOF technique: 

p n 

185 m 

En = ½ m (L/Δt)2 

Why going so far!!??? 

dEn = En((dΔt/Δt)2+(2dL/L) 2)1/2  

dEn ∝ 1/L  

dEn = En((dΔt/Δt)+2(dL/L))  
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1) Detect a gamma-ray “characteristic” of the capture cascade 

2) Detect at most one gamma-ray of the capture cascade 

3) Detect all the gamma-rays for each capture cascade 
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�  ANNRI	
  @	
  J-­‐PARC	
  (Japan)	
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Limita5on	
  in	
  accuracy:	
  
One	
  needs	
  to	
  know	
  the	
  “intensity”	
  of	
  the	
  characteris5c(s)	
  γ-­‐ray	
  line(s)	
  



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 detecting capture events.  

Sample 

2)	
  Detect	
  	
  all	
  γ-­‐rays	
  of	
  the	
  cascade	
  



TAC 
sample 

BaF2 
A X 

- S n 

E n 

A+1  X 

σγ	



Ec 
n 

ΣEγj = Ec co
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ts
 

Total Energy in TAC 

+	



C. Guerrero, et al. (CIEMAT) 

 Ec 
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C. Guerrero, et al. (CIEMAT) 

2)	
  Detect	
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TAC 
sample 

BaF2 

A X 

- S n 

E n 

A+1  X 

σγ	



Ec 
n 

End of s-process path, Pb/Bi isotopes: 

(n,γ) 

 (n,n) 

C. Guerrero, et al. (CIEMAT) 

2)	
  Detect	
  	
  all	
  γ-­‐rays	
  of	
  the	
  cascade	
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The	
  Total	
  Absorp5on	
  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	
  resolu5on	
  (LaBr3,	
  etc.)	
  crystals?	
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3)	
  Detect	
  at	
  most	
  one	
  γ-­‐ray	
  of	
  the	
  cascade	
  



+	



Low γ-ray efficiency:  εγ << 1 

Radiative capture (n,γ) and Pulse Height Weighting Technique 

n (Z,A) (Z,A+1)* 

A X 

- S n 

E n 

A+1  X 

σγ	



Ec 
n 

 Pulse Height Weighting Technique (PHWT): 
Efficiency proportional to Eγ:   εγ = k Eγ	



εc=1-Π(1- εγi) ≈ ∑εγj = k ∑Eγj = k Ec = constant 

εc is not defined, depends on the  γ-ray detected! 

εγ,j
' = ∑

i
W i R i,γj = αE γj

Eγ (MeV)	



εγ	


Eγ = 1 MeV 

Eγ = 2 MeV 

Eγ (MeV)	



C
ou

nt
s 

Ri 
1

1 2

C
ou

nt
s 

wiRi 

Eγ	



εγ	



Eγ (MeV)	



1

2

1 2

Experimentally: 

Analysis: 

4γx1MeV 1γx4MeV 
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Deuterated	
  benzene	
  (C6D6)	
  liquid	
  scin5llators	
  	
  
the	
  hydrogen	
  in	
  C6H6	
  is	
  subs5tuted	
  by	
  deuterium	
  to	
  avoid	
  (n,γ)	
  
within	
  the	
  detector,	
  reducing	
  the	
  “neutron	
  sensi5vity)	
  

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

Remember:	
  
-­‐  Low	
  efficiency	
  (by	
  construc5on)	
  
-­‐  Low	
  energy	
  resolu5on	
  
-­‐  Poor	
  background	
  rejec5on	
  capabili5es	
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(n,γ) ? 
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TP-AGB stars 1-3 M⊙

 shell H-burning          He-flash  
    0.9·108 K                     3-3.5·108 K 
     kT=8 keV                  kT=23 keV 
    107-108 cm-3                   1010-1011 cm-3 
 

       13C(4He,n)16O                    22Ne(4He,n)25Mg 

Example: Temperature in TP AGB Stars 



•  How hot is the stellar environment where  s-process nucleosynthesis takes place? 

150Sm 
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Temperature in TP AGB Stars 
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•  How hot is the stellar environment where  s-process nucleosynthesis takes place? 
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Ns,152Gd  &  Ns,154Gd 
First challenge: 
151Sm does not 
exist in Earth!!! 

àJust measure <σγ>151Sm 



ILL Grenoble  
à Φn = 1.5x1015  n/cm2/s 
à few grams of 150Sm 

Temperature in TP AGB Stars 
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U Abbondanno et al. Phys. Rev. Lett. 93 (2004), 161103 
S. Marrone et al. Phys. Rev. C 73 (2006) 03604 
                                                                                                                        

MACS-30 =  3100 ± 160 mb 

THe  =  2.5-2.8x108 K 
TH   =  1x108 K  
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•  HERMES observations of Nb and Zr in S-type stars  
•  Determination of the s-process temperature directly in evolved low-mass GSs, using Zr and Nb 
abundances, independent of stellar evolution models. 
•  93Zr/93Nb provides chronometric information on the time elapsed since the start of the s-process 
(one-three million years). 

Adapted from P. Neyskens et al.,Nature 517, 174-176 (2015) 

Observational Error Band 
[HERMES] 

from 
Experimental 
(n,γ) CS Error 

Bar [CERN 
n_TOF] 

Present s-process thermal  
constraint for low-mass 

AGBs 
[HERMES + CERN n_TOF] 

T (108 K) 

N
(Z

r)
/N

(N
b)

 

Need of new developments: illustrated @ 93Zr(n,γ) 



The i-TED concept 
à Reduce “extrinsic” neutron sensitivity 
background 
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Nucl. Instr. Meth. A 760 (2014) P.Zugec 
et al. 
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The i-TED concept 

Radiation 
detectors 

γ C6D6 

C6D6 

n-beam 

captured 
neutron 

scattere
d 
neutron 

γ 

Nucl. Instr. Meth. A 760 (2014) P.Zugec 
et al. 

à Reduce “extrinsic” neutron sensitivity 
background 

3 o.o.m 



The i-TED concept 

γ 

scattere
d 
neutron C6D6 

n-beam 

Nucl. Instr. Meth. A 760 (2014) P.Zugec 
et al. 

Nucl. Instr. Meth. A 825 (2016), 
CDP 

à Reduce “extrinsic” neutron sensitivity 
background 

3 o.o.m 



The i-TED concept 

γ 

scattere
d 
neutron C6D6 

n-beam 

Nucl. Instr. Meth. A 825 (2016), 
CDP 

γ-Imaging à Better sensitivity à Reduce “extrinsic” neutron sensitivity 
background 

= 



The concept of Total-Energy Detector with γ-imaging: i-TED  i-TED: imaging-Total Energy Detector 
Technical commissioning i-TED Prototype (OK) 

 

 

 

 

 

 

 

                                                                                

i-TED Demonstrator (i-TED2) 



Motivation and Introduction: MSs & Temperature evolution 

Anisotropic 
Temperature 
Gradients 

Currents, rotation, mixing 



Motivation and Introduction: MSs & Temperature evolution 

Currents, rotation, mixing 



Temperature: a key ingredient in stellar structure and evolution 

N.Nishimura, et al. 2017 MNRAS 



The massive-star nuclear-thermometer 
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The massive-star nuclear-thermometer 

75As 76As 
26 h 

76Se 77Se 78Se 79Se 
3x105a 

80Se 81Se 
18 m 

79Br 80Br 
17 m 

81Br 82Br 
35 h 
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79Se 

à Objective of HYMNS-ERC Project (LoI, CERN INTC 
2014) 

à  Improvements in the detection system: i-TED 

à Accurate (n,g) CSs of neighbouring nuclei 



The massive-star nuclear-thermometer 

75As 76As 
26 h 

76Se 77Se 78Se 79Se 
3x105a 

80Se 81Se 
18 m 

79Br 80Br 
17 m 

81Br 82Br 
35 h 

80Kr 81Kr 
11 a 

82Kr 

79Se 

C.Lederer, A. Murphy et al. (n_TOF Col.), 2017  à CS Uncertainty  4-5% 

M.Heil et al. 
PRC2008à Unc.
(79Br)= 5.5% 

Unc.(81Br)=3% 

? 
à  Objective of HYMNS-ERC Project (LoI, CERN INTC 2014) 

à  Improvements in the detection system: i-TED 

à  Accurate (n,g) CSs of neighbouring nuclei 



D.L. Pérez Magán, et al., Nucl. Instr. Meth. A (2016), in press, doi: 10.1016/j.nima.2016.03.073, arXiv: 1510.02344  

“Imaging” (n,γ) cross sections: first tests using a pin-hole gamma-camera 



D.L. Pérez Magán, et al., Nucl. Instr. Meth. A (Online: March 2016), doi: 10.1016/j.nima.2016.03.073, arXiv: 1510.02344  

“Imaging” (n,γ) cross sections: first tests using a pin-hole gamma-camera 

x 

y 



-  No beam 

-  Only sources 

-  Test imaging 
performance 

-  Neutron beam 

-  Au(n,g) 

- Au(n,g) + Bkg++ neutron beam 

A) B) 

C) D) 

First tests: (n,γ) i-measurements at n_TOF EAR1 



First γ-imaging tests at n_TOF EAR1 



First γ-imaging tests at n_TOF EAR1 



First γ-imaging tests at n_TOF EAR1 



First γ-imaging tests at n_TOF EAR1 



First γ-imaging tests at n_TOF EAR1 



First (n,γ) test-measurements at n_TOF EAR1 



First tests: (n,γ) measurements at n_TOF EAR1 



First tests 197Au(n,γ) TOF spectrum with γ-imager 

197Au(n,γ) with γ-
imager @ n_TOF 
EAR1 

197Au(n,γ) ENDF/B-
VII 

79Br(n,γ) 



First tests: imaging cuts to enhance S/B-ratio 



First tests 197Au(n,γ) TOF spectrum with γ-imager 



First tests 197Au(n,γ) TOF spectrum with γ-imager 



First tests: imaging cuts to enhance S/B-ratio 

neutron beam 

C) D) 

C) 

D) 



First tests: imaging cuts to enhance S/B-ratio 



The concept of Total-Energy Detector with γ-imaging: i-TED  i-TED: imaging-Total Energy Detector 
Technical commissioning i-TED Prototype (OK) 

 

 

 

 

 

 

 

                                                                                

Macklin & Gibbons, ORNL, 1967 

C6F6 

G. Walter et al., Astron. Astrophys. 167, 186 
(1986) 



Last slide: links to learn more 
•  JINA-CEE youtube seminar series: nucleosynthesis topics, theory, observations and experiments       
https://www.youtube.com/channel/UCTa4Bt0wQ6mYduyOCvsYR5A 

•   WEBNUCLEO (B. Meyer’s blog and code):  
nuclosynthesis network code +  examples to  
learn 
https://sourceforge.net/u/mbradle/blog/ 
 

•  MESA (Modules for Experiments in Stellar Astrophysics) https://sourceforge.net/projects/mesa/ 
•  NuGRID: http://www.nugridstars.org/ 
 

•  NuPECC:Nuclear Physics European Collaboration 
Committee 
http://www.nupecc.org/?display=lrp2010/main 
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Summary	
  
Radia5ve	
  capture	
  measurements	
  needed	
  in	
  several	
  fields,	
  mainly	
  in	
  
nuclear	
  technology	
  and	
  nucleosynthesis.	
  	
  
Challenges	
   come	
   from:	
   small	
   mass	
   samples,	
   radioac5ve	
   targets,	
  
and	
  some5mes	
  neutron	
  sca^ering	
  and	
  fission	
  issues.	
  
	
  
Mainly	
  3	
  techniques	
  for	
  ToF	
  measurements:	
  
�  Detec5on	
  of	
  a	
  characteris5c	
  γ-­‐ray	
  [PGA]	
  
�  Detec5on	
  of	
  a	
  γ-­‐ray	
  of	
  the	
  cascade	
  (Total	
  Energy	
  Detectors	
  [TED])	
  
�  Detec5on	
  of	
  the	
  complete	
  γ-­‐ray	
  cascade	
  (Total	
  Absorp5on	
  [TAC])	
  
	
  
	
  

Beca FPI Available at Gamma & Neutron Spectroscopy Group of IFIC 


