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Research Objectives 

Ø  Perform new precision (n,xnp) cross-section measurements on actinides at  

     En = (4 to 18) MeV to uncertainties smaller than 5 %. 

Important for: 

§  Basic science (testing nuclear models) 

§  Nuclear astrophysics (s- and p-processes) 
§  Nuclear energy and nuclear transmutation 
§  Nuclear forensics  
§  Accelerator application  (radiation shielding) 
§  Medical applications (isotope production) 
 

Ø  Improving our understanding of the actinide nuclear data through complementary 
(γ,xn) cross-section measurements. 

Ø  Techniques: direct measurements using monoenergetic beams 

§  Photo- and Neutron Activation Analysis 

§  In-beam (n,n’) and (γ,γ’) measurements 



Americium Campaign 

ΔA = 240Am/241Am 
 

- Sensitive to high-energy neutrons 

    241Am(n,2n) cross section needed 

242Cm/241Am 
 

-  Sensitive to low-energy n’s 
-  241,243Am(n,γ) cross section needed 

(γ,n) 

Nuclear reaction chain on Am isotopes 



Experimental Results: 241Am(n,2n)240Am 

q   CS saturation at En=12.5 MeV 

q   σmax = 264 mb 

q   Rule out the CS data at En=11 MeV 

q   ENDF-B/VII agrees well with the TUNL data 

A.  A. P. Tonchev et al., PRC  77, 054610 (2008) 
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q   CS saturation at En=12.5 MeV 

q   σmax = 264 mb 

q   Rule out the CS data at En=11 MeV 

q   ENDF-B/VII agrees well with the TUNL data 

q   IRMM 2010 extended the 241Am(n,2n) cross- 

     section measurements up to En = 21 MeV 

q   IRMM data confirmed the earlier TUNL 

     measurements  

A.  A. P. Tonchev et al., PRC  77, 054610 (2008) 
B.  C. Sage et al., PRC 81, 064604 (2010) 
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Motivation: 
 

Ø   241Am(γ,n)240Am reaction is  
     complementary to the 241Am(n,2n)240Am 
Ø   241Am is the most important minor actinide  
Ø   It is one of the most harmful radioisotopes 
Ø   Data needed for advanced fuel cycle, new 
     fast reactors, and transmutation studies 

 
Goal: To measure the 241Am(γ,n) cross section 

    within (5 to10) % uncertainty for  
            Eγ = 6.7 MeV to 20 MeV 

(γ,2n) 

(n,3n) 



0.24-0.28 GeV 
Electron Linac 0.24-1.2 GeV  

Booster Injector 

0.24-1.2 GeV  
Storage Ring 

FEL Undulators  

Duke Free Electron Laser Laboratory 

Advantages:  

1.  Intense peak in narrow energy window 

2.   Excite only at energy and levels of interest 

What makes HIGS unique?  
1.  Nearly monoenergetic beam ΔE/E = 0.01 – 0.03 
2.  Tunable from (1 to100) MeV 
3.   Photon flux > 107 s-1 cm-2 on target 

 

High Intensity Gamma-Ray Source (HIGS) 



q   Fabrication of 241Am target (LANL and LLNL) 

Ø  3 stippled targets (Evelyn Bond/LANL) 

Ø  6 electroplated targets after additional  

    chemical purification (Mark Stoyer/LLNL) 

q   ~ 2% statistical uncertainties 
 

q   Pk/bg ratio improved from 2:1 to 6:1  

241Am Target Production 



 
Ø    Measured 500-1500 γ events after 12 h 
of irradiation and two days of counting time 
 
Ø   Measured nine energies in 2009 

240Am!

240Pu! 0+; 0.0 keV!
2+; 42.9!
4+; 141.8!

                  T1/2 = 50.8 h! 99.6(11)%!

25.1(4)% 

73.2(10)% 

Eγ = 13.6 MeV 

Americium Signature   



Measurements of the 241Am(γ,n) Reaction Cross Section at HIGS 

A.P. Tonchev et al. AIP 1099, 820 (2009) 
A.P. Tonchev et al.  Accepted to PRC (2010) 

q   The cross section saturates at   
       En = 12.5 MeV 
q   σmax = 200 mb at En=12.5 MeV 
q   Present data supports a single  
      Lorentzian curve 
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q   The cross section saturates at   
       En = 12.5 MeV 
q   σmax = 200 mb at En=12.5 MeV 
q   Present data supports a single  
      Lorentzian curve 
q   The 241Am(γ,n) cross section is  

      consistent with other fissile  
      nuclei like 235U and 239Pu 
q   HIGS make possible cross   
      section measurements using  
      radioactive targets with 
      µg quantities. 

Measurements of the 241Am(γ,n) Reaction Cross Section at HIGS 

A.P. Tonchev et al. AIP 1099, 820 (2009) 
A.P. Tonchev et al.  Accepted to PRC (2010) 



Cross-Section Measurements on Ga and As  

n,2n 

Importance: semiconductor materials; nuclear reaction mechanism studies;  
                     testing the statistical model. 

Astrophysical relevance: 73,75As are important p-process nuclei 

73As target produced at LANL 
natGe(p,xn) production reaction at IPF (LANSCE)  

Ep = 100 MeV, Ip = 250 µA 

 500 mCi of 73As 

These cross section measurements on stable Ga and 
As targets are important steps to understand the 
(n,Xnγ) measurements on radioactive 73As target.  



Activation Measurements at TUNL 

 
 
 
 
 
 
 

q  2H(d,n)3He neutron source 

q  Id = (1-3) µA 

q  Tunable from 4 to 18 MeV 

q   Gas pressure 3 atm 

q  Flux on target (107 - 108) cm-2 s-1 

q  Energy spread dE/E = 0.02 to 0.04 

DENIS FN TANDEM 10MV Shielded neutron source area 
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Neutron Induced Reactions on Ga and As   

R. Raut et al. Prepared for publication in PRC 



Neutron Induced Reactions on Ga and As   



Shape of the 147Nd FPY at low incident neutron energy 

Ø  A slope to the 147Nd FPY has been reported at low incident neutron energy  
Ø        (3.7% per MeV at 1.5 MeV, Chadwick, et al.) 
Ø  The slope to the 147Nd FPY  at low energies is determined from 

Ø  Critical assembly measurements 
Ø  Fast reactor measurements 

Ø  Critical assembly measurements require detailed knowledge of the neutron flux to 
develop an “average” neutron energy 
Ø  Measurements with monoenergetic neutrons avoid this issue 

Ø  Proposal: Measure FP gamma-ray yields relative to 140Ba reference 
Ø  Report: 

Ø  FP Yield Ratios (< 1%),  consistency, Thermal to 14 MeV En 

Ø  FP Energy Dependence 147Nd (< 1.5%), Thermal to 8 MeV En 

Ø  FP Yields (8 – 10%) 
Ø  Focus on 147Nd, 99Mo, 95Zr 



Energy dependence of 147Nd (and other) products  in the 239Pu
(n,f) reaction - Thermal  to 16 MeV 

147Nd + 133I 531-keV Complex f(t) 

133I 

147Nd 

A.P. Tonchev et al., 2010 TUNL Progress Report. 

140Ba/147Nd =2.222±0.037 

140Ba/147Nd =2.332±0.147 

140Ba/147Nd =2.198±0.124 

238U 

229Pu 

1981 Laurec,CEA-R-5147 



Ø   A total of nine measurements have been performed at HIGS for the  
        241Am(γ,n)240Am reaction from Eγ= 9.6 MeV to 16.0 MeV. 

Ø   Precision cross-section measurements on Ga and As targets from  

     7 MeV to 15 MeV. 

Ø  First measurements of the neutron induced fission fragment yields at   
TUNL.  

Summary  
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Sources of Uncertainties 

* NNDC web side 

  
Source of uncertainty 

  
 

 Magnitude (%) 
  
 Am Monitors 

 Relative uncertainties 
 Count rate (statistics and background) 

 
2-5 
 

<1 
 γ-ray absorption in sample 

 
<1 
2 

<0.1 
 Sample mass (γ +α counting) 

 
 <1 

 Total relative uncertainties 
 

5.3 
 

 1.7 
 Absolute uncertainties 

 Detector efficiency  
 

2 
 

2 
 γ-ray emission probability 

 
1.1 
 

<1 
 Half-life 

 
<1 
 

<1 
 Coincidence summing 

 
<2 
 

<1 
 Absolute source activity 

 
1 
 

  
    
    
    
        3-5* 

  
 

  
 Gamma flux fluctuation 

 
<1.0 

 
  

Reference monitor cross section 
 

 
 Total uncertainty 

 
4.6 
 

 5.7 
 



Experimental Results 

R. Raut et. al. Prepared for PRC (2010)  



In-Beam Measurements at TUNL 

 
 
 
 
 
 
 

DENIS FN TANDEM 10MV Shielded neutron source area 

q  2H(d,n)3He neutron source 

q  Id = (1-3) µA 

q  Tunable from 4 to 18 MeV 

q  Pulsed at 2.5 MHz 

q  Flux on target 5x104 s-1 

Experimental set-up 
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A. Hutcheson et al., PRC 80, 014603 (2009) 
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Fluctuations in the gamma flux  

Activation technique: separate irradiation from measurement time 
⇒ low background, high sensitivities, highly accurate residual identification 

Relative measurements: 197Au(γ,n) and 58Ni(γ,n) as monitor reactions  
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Cross Section Measurements using the Monoenergetic HIGS beams  



Summary  


