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Outline 

q  Low-energy dipole strength: a key to understand decay mechanism for 

capture reactions 

q  Experimental techniques 

q  Experimental results for capture cross-section measurements on  

       s-process branching point nucleus: 85Kr, 75Ge, and 205Pb  

q  Summary 
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A is stable and A-1 is a s-process branching 
point nucleus  

(n,γ) 

A+1 A-1 A A-2 

Neutron Capture on s-Process Nuclei 

s-process  
pass 
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(n,γ) 

A+1 A-1 A A-2 

Neutron Capture on s-Process Nuclei 

s-process  
pass 

Leading indirect techniques: 
 
Ø  Nuclear Resonance Fluorescence (NRF)	


Ø  β-delayed γ and neutron spectra  
Ø  Surrogate method   

(γ,γ’) 

β-decay 

A is stable and A-1 is a s-process branching 
point nucleus  
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Calculating (n,γ) Cross Sections 

Capture reaction"
"

n+target è population of compound nucleus (CN)"
Subsequent decay by competition of γ emission and 

neutron evaporation"

Theoretical description!
"

Hauser-Feshbach (HF) formalism:"
"
"
"
"
"
"
"
"
           Tn is the neutron transmission coefficient"
           "
           and Ttot = Tn + Tp + Td + Tt + Tα + Tγ	



where 
Tγ  is the gamma transmission coefficient 

Challenge for calculations!
"

Need accurate description of:"
•  γ–ray strength function (γSF)"
•  level densities (LDs)"
•  discrete low-lying levels with Jπ, branching ratios 

– esp. important for isomers!"
•  optical model for n+target: (in decent shape 

~10% below 1-2 MeV, 3-5% above)"A+1


A


Etop


Eγ	



CN 

populated


Sn


γ	



n
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Calculating (n,γ) Cross Sections from Photon Scattering 

Capture reaction"
"

n+target è population of compound nucleus (CN)"
Subsequent decay by competition of γ emission and 

neutron evaporation"

Theoretical description!
"

Hauser-Feshbach (HF) formalism:"
"
"
"
"
"
"
"
"
           Tn is the neutron transmission coefficient"
           "
           and Ttot = Tn + Tp + Td + Tt + Tα + Tγ	



where 
Tγ  is the gamma transmission coefficient 

A+1


A


Etop


Eγ	



CN 

populated


Sn


γ	



n

Constrain on γSF!

σabs(Eγ): measured directly with real photons 

TE1(Eγ ) = 2π Eγ
3 fE1(Eγ )   (electric dipole) 
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Direct measurement of the γ strength function via (γ,γ’) measurement 

The γ strength function is governed by  
low-energy transitions !!! 

A+1


A


Etop


Eγ	



CN 

populated


Sn


n

γ	



“sweet spot” 
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Energy of primary gamma-ray transitions 
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Measuring the Nuclear Dipole Response using Real Photons 

                                         Quasi monoenergetic 
                          Gamma flux on target > 108 s-1 

                     Tunable beam from 1 – 100 MeV  
        100% linear or circular polarization 

 
 

 AXN 

0+ 

2+ 
2+ 

1- 

1436 
2218 
2639 2+ 

Sn  

g.s. 

Ø   Excitation energy Ex 

Ø   Spin and parity J,  π	



Ø   Decay width Γ0 

Ø   Branching ratio Γi /Γ	



Experimental observables 

In a completely model 
independent way ! 

NRF Technique High-Intensity Gamma-Ray Source 

N. Pietralla, A. Tonchev at al. PRL 88 (2001) 012502 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HIGS Advantages 
Ø σel = f(Eγ)   (from primary g.s. transitions) 
Ø   σinel = f(Eγ)  (from secondary transitions) 

Ø   σtot  = σel + σinel = σabs   
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Photon Scattering from Light-Mass Nuclei 

10.615 

22Ne + α 

Ground state transitions  Γ0 

Branching transitions  Γf 

HIGS detection 
sensitivities:  

resonance states with 
Γtot ≥ 1meV 

Secondary transitions  

R.J. De Boer et al. Phys. Rev. C 82, 025802 (2010) 
R. Longland et al. Phys. Rev. C 80, 055803 (2009) 

26Mg(γ,γ’)26Mg 

 
11.148 MeV 
       Jπ = 1+ 
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Photon Scattering from Mid- and Heavy-Mass Nuclei 

2218 

0+ 

2+ 
2+ 

1- 

1436 

2639 
2+ 

Sn  

Eγ = 8.4 MeV 

g.s. 

Eγ = 7.2 MeV 

Eγ = 5.4 MeV 
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Constructed the New γ3 Setup at the High Intensity Gamma-Ray Source 
Facility (HIGS) at Duke University   

Schematic drawing of the γ3 
experimental setup 

HIGS facility γ3 Setup: 
Array of four LaBr, 
four HPGe, and four 
neutron detectors. 

 
Provides: 

 
Absolute and model 
independent cross-
section measurements 
below or above the 
neutron separation 
energy, hence direct 
measurement of the 
gamma-ray strength 
function. 

  

B. Loher, V. Derya et al. NIMA 723, 136 (2013)  
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Ø  The branching at 85Kr is significant for s-process 
modeling. 

 
Ø  This branching is independent of temperature and 

depends only on the neutron density. 
 
Ø  Helps to constrain the neutron density parameter in 

models of AGB stars. 
 
Ø  85Kr (T1/2 = 10.76 y) neutron capture not measured. 
     

Measure 86Kr(γ,γ’)86Kr and inverse 86Kr(γ,n)85Kr reaction 
 

Reproduce experimental results with the statistical model calculations 
 

Apply same parameter set for (n, γ) cross section 

Solution 



HIγS 
facility 

 
 

Obtained by 
statistical (HF) 

model 

 
 
 
 

Measured directly  
with monoenergetic  

photon beams at 
HIGS 

R. Schwengner et al., PRC 87, 
024306 (2013) 

Proof-of-Principle Experiment on 85Kr radioactive target  



HIγS 
facility 

 
 

Obtained by 
statistical (HF) 

model 

 
 
 
 

Measured directly  
with monoenergetic  

photon beams at 
HIGS 

R. Schwengner et al., PRC 87, 
024306 (2013) 

Proof-of-Principle Experiment on 85Kr radioactive target  

N. Tsoneva et al., PRC 91, 
044318 (2015) 



TECHIQUE USED: 
 

Combine β-decay and γ-emission measurements using γ-ray total absorption 
spectrometer (TAS). Analyse γ-ray spectra using the ‘Oslo’-method. 
 
OBJECTIVE: 
 

“Experimental” determination of the nuclear level density (NLD) and the γ-ray 
strength function (γSF). These two quantities (and the nucleon-nucleus optical model 
potential) are essential for calculating the neutron-capture cross section. 
 
RESULT:  
 
Proof-of-principle application to 75Ge(n,γ) shows good agreement with known result. 
 
OPEN QUESTIONS:  
 

1. Approach made heavy use of available nuclear structure information. How much 
independent information does this type of measurement yield? 
2. Only the functional form of the NLD and γSF are obtained from the primary γ-ray 
spectra from 1.2 – 5.8 MeV. 
3. The slope and absolute value must be determined by other means. 



(Submitted to PRC) 

TECHIQUE USED: 
 

Nuclear resonance fluorescence technique. 
 
OBJECTIVE: 
 
Direct measurements of the ptotoabsorption cross section below the neutron 
separation energy, hence direct measure of the γ-ray strength function (γSF) needed 
for inversed (n,γ) calculations. 
 
RESULT:  
 

Photoabsorption cross section of  76Ge(γ,γ’) from 4 to Sn (9.4 MeV).  
 
OPEN QUESTIONS:  
 

This approach is applicable for systems where A is stable and A-1 is a radioactive 
nucleus. 

GDR PDR 



Sn = 9.4 MeV


76Ge

(stable)


J
π
 = 0

+


CN 

populated


Sn = 9.4 MeV

Jπ =1- ,1+, 2-





Qβ =7.0 MeV 	



76Ga


J
π
 =1/2

-



75Ge


n 

s-wave Jp = 0 or 1-  
p-wave Jp = 1 or 2+  
d-wave Jp = 2- or 3-  

β-delayed neutron emission 
(β-Oslo) 

Photoabsorption 
(NRF) 

76Ge

(stable)


T1/2=82.8 min 

Jπ=(2+,3+) 

n 

s-wave Jp = 0 or 1-  
p-wave Jp = 1 or 2+  
d-wave Jp = 2- or 3-  

J
π
 =1/2

-



75Ge


T1/2=82.8 min Eγ = 4 – 9.4 MeV 

CN 

populated
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First Results 

1.  γ-ray strength function of 76Ge 
measured by the  β-Oslo methods is 
slightly lower compared to the 
photonscattering or NRF experiment.  

2.  γ-strength function obtained by the 
photonscattering method show more 
structural effect compared to the one 
obtained via the β-Oslo methods.  
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Fine Structure of the Electromagnetic Dipole Strength in 206Pb 

Measured: 
Ø  99 E1 levels (40 new) 
Ø  28 M1 levels (23 new) 
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Fine Structure of the Electromagnetic Dipole Strength in 206Pb 

208Pb 
Number of E1 states = 12  
ΣB(E1)é = 1.23±0.11 e2fm2 

ΣB(E1)QRPA = 1.13 e2fm2 

 
206Pb 

Number of E1 states = 99  
ΣB(E1)é = 0.91±0.17 e2fm2 
ΣB(E1)QPM = 1.03 e2fm2 

 
208Pb 

Number of M1 states = 9 
ΣB(M1)é = 13.09±0.30 mN

2  
 

206Pb 
Number of M1 states = 28 
ΣB(M1)é = 13.3±3.0 mN

2 

N. Tsoneva, Preliminary QPM calculations 

C. Bhatia et al. In preparation 
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Summary and Future Work 

1.  Good agreement is obtained for capture cross-section 
measurement on 75Ge from the NRF and β-Oslo methods. 

 
2.  Constraining the level density of 76Ge by using the discrete 

levels at low excitation energy and information from neutron-
resonance experiments at the neutron separation energy Sn on 
neighboring  germanium isotopes. Use the same normalization 
data as in the β-Oslo approach.    

3.  Plug the γ-ray strength function of 76Ge directly into the Hauser-
Feshbach calculations to compare with the capture cross 
section on  75Ge nucleus obtained by the  β-Oslo methods. 
Define the uncertainty of the predicted capture cross section 
based on both methods.   





N. Tsoneva, preliminary results 

206Pb: QPM Calculations 
 

Number of E1 states = 430  
ΣB(E1)QPM é = 2.18 e2fm2 

Includes 2 and 3 phonon states 
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 Investigation of Photon-Strength Functions: 90Zr case 

q   Photon-strength function describes 
energy distribution of photon emission 
from high-energy states. 

 f (Eγ) = <Γγ / D Eγ
3> 

q   Importance: Astrophysical network 
calculations; new fast nuclear reactors, 
statistical models. 

  Preliminary results 

q   E1 is the dominant multipolarity 
transition 

q   Primary transitions are strongly 
dictated by the microscopic properties of 
the low-lying levels. 

Ø  PSF is not smooth curve below 
the Bn and Eγ > 4 MeV.  

 
 
 
 

0+ 21
+ 22

+ 23
+ 

90Zr 

G. Rusev et al. PRC 77, 064321 (2008)  

90Zr(γ,γ’) spectrum at HIGS 



25 

z  

y  

x  

Parity Measurements with a Linear Polarized Photon Beams 

Dipole Azimuthal distribution 
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N. Pietralla et al. NIMA 483, 556 (2002), A. Tonchev, NIM B 241 (2005) 51474, G. Rusev et al. Phys. Rev. C 79, 047601 (2009),  
B. Löher et al. NIMA 723, 136 (2013)  
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Fine Structure of the Electromagnetic Dipole Strength in 206Pb 

208Pb 
ΣB(E1)é = 1.23±0.11 e2fm2 
B(E1)min = 0.003 e2fm2 

B(E1)max = 0.484 e2fm2 
Number of states = 12  

206Pb 
ΣB(E1)é = 0.91±0.17 e2fm2 
B(E1)min = 0.37xE-3 e2fm2 

B(E1)max = 48.5xE-3 e2fm2 
Number of states = 99  

208Pb 
ΣB(M1)é = 2.7±0.3 mN

2 

Number of states = 2 
206Pb 

ΣB(M1)é = 13.3±3.0 mN
2 

Number of states = 28 

V. Ponomarev et al. J. Phys. G 13 (1987) 1523 
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Capture reaction"
"

n+target è population of compound nucleus (CN)"
Subsequent decay by competition of γ emission and 

neutron evaporation"

Theoretical description!
"

Hauser-Feshbach (HF) formalism:"
"
"
"
"
"
"
"
"
           Tn is the neutron transmission coefficient"
           "
           and Ttot = Tn + Tp + Td + Tt + Tα + Tγ	



In the case of (n,γ):!
"

•  Tγ  <<  Tn + Tp + Td + Tt + Tα , ignore Tγ  in Ttot  
•  Tp , Td , Tt , Tα  all small below thresholds 
So Tn Tγ  / Tn  reduces to Tγ  

A+1


A


Etop


Eγ	



CN 

populated


Sn


γ	



where 
Tγ  is the gamma transmission coefficient 

n

Product of γSF and LD 
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Knowing the energy dependence of 
(γ,n) cross sections is mandatory to 
predict the abundances 
of heavy elements using astrophysical 
models. The data can be applied 
directly or used to constrain the cross 
section of the inverse (n,γ) reaction. 

Proof-of-Principle Experiment on 141Ce radioactive target  


