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Inelastic Neutron Scattering  ̶  (n,n)

Excitation functions
 Vary neutron energy
 Detection angle constant
 Build level scheme 
 Cross sections

Angular distributions
 Constant neutron energy
 Detection angle varied from 40°-150°
 Transition multipolarities,  multipole 

mixing ratios, level lifetimes, transition 
probabilities

Monoenergetic neutrons:
3H(p,n)3He or 2H(d,n)3He 

Beam



94Zr(n,n)          Compton suppressed          TOF Gating



76Ge(n,n′γ) Excitation Functions
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Detector

Doppler-Shift Attenuation Method

v

E() = E (1 + v/c cos )

The nucleus is recoiling into a viscous medium.

v  v(t) = F(t)vmax

E() = E (1 + F() v/c cos )






Level Lifetimes:  Doppler-Shift 
Attenuation Method (DSAM)

T. Belgya, G. Molnár, and S.W. Yates, Nucl. Phys. A607, 43 (1996).
E.E. Peters et al., Phys. Rev. C 88, 024317 (2013).

• Scattered neutron causes 
the nucleus to recoil.

• Emitted γ rays experience a 
Doppler shift.

• Level lifetimes in the 
femtosecond region can be 
determined.
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τ = 76 ± 7 fs

K.B. Winterbon, Nucl. Phys. 
A246, 293 (1975).

T. Belgya, G. Molnár, and S. W. Yates, Nucl. Phys. A607, 43 (1996).



Inelastic Neutron Scattering with 

Accelerator-Produced Neutrons

(n,n)
 No Coulomb barrier/variable neutron energies

 Excellent energy resolution ( rays detected)

 Nonselective, but limited by angular momentum

 Lifetimes by Doppler-shift attenuation method (DSAM)

 T. Belgya, G. Molnár, and S.W. Yates, Nucl. Phys. A607, 43 (1996) 

 E.E. Peters et al., Phys. Rev. C 88, 024317 (2013).

 Gamma-gamma coincidence measurements

 C.A. McGrath et al., Nucl. Instrum. Meth. A421, 458 (1999)

 E. Elhami et al., Phys. Rev. C 78, 064303 (2008) 

 Limited to stable and long-lived nuclei

 Large amounts of enriched isotopes desirable



Why study 76Ge and 76Se?

76Ge → 76Se + 2β– + 2ν

76Ge → 76Se + 2β– ?

M. Agostini et al. (GERDA), Nature 544, 47 (2017)

They are the parent and daughter of 
double-β decay.
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Experimental Signature of 0νββ

Qββ=2039 keV
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76Se

0+

0+

0+

2-

2+

Qbb = 2039 keV

H.V. Klapdor-Kleingrothaus, I.V. Krivoshina, 
A. Dietz, and O. Chkvorets, Phys. Lett. 
B586, 198 (2004)
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Current Searches for 76Ge 0νββ

30 kg 86% 76Ge + 10 kg natGe
SURF, SD, USA

MAJORANA 
DEMONSTRATOR

http://neutrino.lbl.gov/majorana.htm http://www.mpi-hd.mpg.de/gerda/

40 kg 86% 76Ge
Gran Sasso, Italy

MAJORANA + GERDA → LEGEND (tonne-scale 76Ge 0νββ search)



0bb Decay Rate

Phase Space Factor

Nuclear Matrix Element

Effective Majorana
Neutrino Mass



Comparison of calculated nuclear 
matrix elements for 0νββ candidates  

Jonathan Engel and 
Javier Menéndez, 
Rep. Prog. Phys. 80, 
046301 (2017) 



Why study 76Ge and 76Se?

They are structurally interesting.

76Ge → 76Se + 2β– + 2ν
76Ge → 76Se + 2β– ?

 Shape Transition
 Shape Coexistence
 Soft/Rigid Triaxiality

They are the parent and daughter of 
double-β decay.



70Ge

76Ge74Ge

72Ge



“…76Ge may be a rare example of a nucleus exhibiting 
rigid triaxial deformation in the low-lying states.”



“ …74Ge is found to be the crucial nucleus 
marking the triaxial evolution from soft 
to rigid in Ge isotopes.”



“The mean-field potential of 76Ge
appears to be γ soft. Collective 
correlations drive the nucleus 
toward triaxiality but do not 
stabilize a rigid triaxial shape.” 



Inelastic Scattering of Fast Neutrons 
with γ-ray Detection

• Level scheme: Jπ

• Transition multipolarities: E1, E2, E3, M1…

• Multipole mixing ratios: δ(E2/M1)

• Level lifetimes: τ

• Transition probabilities: B(λ)

• Cross sections/Backgrounds: σ
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Experiment (INS) + NDS Shell Model (jun45)
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States Incorrectly Placed

76Ge



Experiment (INS)
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Ground band

γ band

Calculations by B. A. Brown



82Se80Se78Se76Se

74Se
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Neutrinoless Double-β Decay of 76Ge

0νββ

R. Nomura, K. Rodríguez-Guzmán, and L.M. Robledo, Phys. Rev. C 95, 064310 (2017)



0νββ of 136Xe

Detectors can be made from liquid xenon, high-
pressure xenon, and xenon dissolved in liquid 
scintillator.

EXO-200, Enriched Xenon Observatory, 200 kg, 
single-phase liquid xenon detector

nEXO, 5-tonne “conventional” low-background 
liquid xenon detector

KamLAND-Zen (KamLAND ZEro-Neutrino double 
beta decay), Xe-loaded liquid scintillator

NEXT, a high-pressure gas xenon TPC



Comparison of calculated nuclear 
matrix elements for 0νββ candidates  

Jonathan Engel and 
Javier Menéndez, 
Rep. Prog. Phys. 80, 
046301 (2017) 



University of Kentucky Experiments
• Inelastic neutron scattering ― (n,n'γ)

• Allows determination of:

• Level scheme

• Population of non-yrast states

• Transition multipolarities

• Multipole mixing ratios

• Level lifetimes by DSAM

• Minimize effects of feeding

• Transition probabilities

• Solid XeF2 samples of >99.9% 130, 132, 134, 136Xe

• Highly enriched, solid targets not used previously

XeF2 in Teflon® vial



Xe Systematics

E(5)
vibrator

γ-soft

136Xe
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0νββ nuclei studied by INS at UKAL
48Ca – J.R. Vanhoy, et al.,  Phys. Rev. C 45, 1628 (1992)
76Ge – S. Mukhopadhyay et al., Phys. Rev. C 95, 014327 (2015)
76Se – S. Mukhopadhyay, in progress 
82Se – Planned 
96Zr – G. Molnár et al., Nucl. Phys. A500, 43 (1989)                                             

T. Belgya et al., Nucl. Phys. A500, 77 (1989)
96Mo – S.R. Lesher et al., Phys. Rev. C 75, 034318 (2007) 
116Cd – M. Kadi et al., Phys. Rev. C 68, 031306R (2003)
116Sn – S. Raman et al., Phys. Rev. C 43, 521 (1991)
128Te – S.F.  Hicks et al., Phys. Rev. C 86, 054308 (2012) 
130Te – S.F. Hicks, in progress
130Xe – E.E. Peters, in progress
136Xe – E.E. Peters, in progress
136Ba – S. Mukhopadhyay et al., Phys. Rev. C 78, 034317 (2008).
150Nd – A. Chakraborty, in progress
150Sm – Planned
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Merci!


