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(1) Motivation 

Nuclear de-excitations in v experiments are playing an increasingly significant role associated with 

However, no universally adopted and quantitatively accurate models to describe  de-excitation cascade! 

↑ 
Signal
BKG

 

 Liquid scintillator 

 

 

 Water Cherenkov 

 

 

 Liquid Argon TPC  
 

 neutrons 
 unstable isotopes 

 
 

 monoenergetic 𝛾 
 neutrons 

 
 

 Emitted  particles 



Statistical model codes  

3 

Statistical model codes were widely used to predict de-excitations  related to some topics 

Common features of theses codes: 

In order to assess performances of de-excitation codes, it is necessary to compare their 

predictions with measurements for interested nuclei. 

1. TALYS         𝑝 → 𝑣  𝐾+, DSNB, Strange axial coupling constant  

2. ABLA         Energy resolution of accelerator neutrinos 

3. SMOKER   Neutron invisible decays 

4. CASCADE  Experimental data of B∗11  and N∗𝟏5  de-excitations  

See arXiv:2408.14955  
for relevant references   

 Input Nucleus(N/A), Excited energy, Spin, Parity 

 Apply nuclear model to calculate partial decay width for evaporation of  particle i 

 De-excitations are dealt with as a sequential binary decays 

𝐁∗𝟏𝟏  and 𝐍∗𝟏𝟓  experimental data are the best for us to validate these codes!  



Experiment 1 from Yosoi et al.  
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• Quasi-free (p, 2p) reaction, targets are carbon ( 𝟏𝟐C →  𝟏𝟏𝐁∗) and ice ( 𝟏𝟔O → 𝟏𝟓𝐍∗)  

• Different thresholds:  3.1, 4.0, 4.6 and 4.5 MeV for p, d, t and α  

• Results shown above, darker color for ‘2-body’ decay and lighter for ‘3-body’ decay 

No neutron result! 

M. Yosoi et al., Phys. Lett. B 551 (2003);                          Phys. Atom. Nucl. 67, (2004) 1810   



Experiment 2 from Panin et al.  
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•  𝟏𝟐𝐂(𝑝, 2𝑝) 11B∗ 

• Good energy resolution, no threshold for particle identification, even residual nuclei 

• Only three two-body decay channels of  11B∗ were analyzed:  𝟏𝟎𝐁 + 𝐧,  𝟗𝐁𝐞 + 𝐝 and 𝟕𝐋𝐢 +𝛂 

Two relative ratios:   
𝒏+ 𝐁𝟏𝟎

𝐓𝐨𝐭𝐚𝐥
,

𝒅+ 𝐁𝐞𝟗 +(𝜶+ 𝐋𝐢𝟕 )

𝐓𝐨𝐭𝐚𝐥
 

V. Panin, et al., Phys. Lett. B 753 (2016) 204 



(2) De-excitations from TALYS 
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TALYS is a nuclear reaction program, and is 

extensively used for both basic and applied science 

Code TALYS 

Input Nucleus, Excited energy 

table (spin, parity) 

Formulism 

of width Γ𝑖 
Hauser-Feshbach (HF) 

Output Statistical branching ratios 

and energy spectra 

Convenience Not event-by-event, 

Inconvenience 

https://nds.iaea.org/talys/ 

 A.J. Koning, D. Rochman, Nucl. Data Sheets 113 (2012) 2841 

TALYS+Geant4  NucDeEx  Event by event 
See next talk or S. Abe, Phys. Rev. D 109 (2024) 036009 



the TALYS workflow 
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Inputting               B11* Population          Multiple emissions                                      Not event by event  

𝑬𝒙 spectrum: 
Continue multiple 

emissions of 

secondary 

residual 

nuclei ;…until all 

nuclides are in 

ground state. 

Branching ratios 

J=9.5 

Fractions depend on  

nuclear model and 

𝑬𝒙,Spin,Parity of B11 

Emission 
particle 

Residual 
nuclei 

γ   11B∗ 

 n   10B∗ 

 p   10Be∗ 

 d   9Be∗ 

 t   8Be∗ 

 h (He3)   8Li∗ 

 α  7Li∗ 



Change discrete level number of nuclides 
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In TALYS, all discrete states of all nuclides only emit γ, finally decay into their ground state  

𝐁∗𝟏𝟏 → 𝒑+ 𝐁𝐞∗𝟏𝟎  𝐁∗𝟏𝟏 → 𝒑+ 𝐁𝐞𝟏𝟎 + 𝜸 

Be10 in NNDC 

Discrete 

states 

Continuous 

states 

Lead to a wrong result, for example  

𝐁∗𝟏𝟏 → 𝒑 + 𝒏 + 𝐁𝐞∗𝟗  

𝐁∗𝟏𝟏 → 𝒑 + 𝜶+ 𝐇𝐞∗𝟔  

To accurately give B11* de-excitation results:  

1. Should know population of every discrete state   OK 
2. Should know decay BRs of every discrete state       X 
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Nuclide 𝐁𝟏𝟎  𝐁𝟗  𝐁𝟖  𝐁𝐞𝟏𝟎  𝐁𝐞𝟗  𝐁𝐞𝟖  𝐁𝐞𝟕  𝐋𝐢𝟗  𝐋𝐢𝟖  𝐋𝐢𝟕  𝐋𝐢𝟔  others 

Default 10 10 4 10 5 5 8 7 5 9 10 10 

New 5 5 3 5 5 5 5 3 3 3 3 1 

To reduce uncertainty, we change discrete level number:   

If Be10* is in 7th discrete state 



TALYS predictions 
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TALYS can partially account for experiment  data,  bad for t mode!  

H. Hu, W.L. Guo, et al., Phys. Lett. B 831 (2022) 137 



(3) De-excitations from GEMINI++/GEMINI++4v 

10 

Code TALYS GEMINI++ 

Input Nucleus, Excited energy 

table (spin, parity) 

Nucleus, Excited energy, 

Spin 

Formulism 

of width Γ𝑖 
Hauser-Feshbach (HF) HF or Weisskopf-Ewing 

(WE) 

Output Statistical branching ratios 

and energy spectra 

Complete de-excitation 

cascade  

Convenience Not event-by-event, 

Inconvenience 

Event-by-event,  

Convenience 

GEMINI++: a Monte Carlo code, is an improved C++ version based on GEMINI 

R. J. Charity, PRC 82 (2010), 014610; PRC 82 (2010) 044610 

https://lise.frib.msu.edu/gemini.html  

This code has been extensively used in nuclear physics and got cheerful achievements 

GEMINI++, like other codes, is designed for handling complex fragment 
formation in heavy-ion fusion reactions,  light nuclei?  

https://lise.frib.msu.edu/gemini.html
https://lise.frib.msu.edu/gemini.html
https://lise.frib.msu.edu/gemini.html


the Weisskopf-Ewing formalism 
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Back-shifted term 𝑬𝟏:                                   Suppression factors 𝑭𝒔:  

For 𝐁∗𝟏𝟏  and 𝐍∗𝟏𝟓 , the Weisskopf-Ewing formalism is used in GEMINI++ 

𝒊
𝑾𝑬: the partial decay width for evaporation of particle i  

𝑆𝑖 , 𝑙 ∶ the spin and orbital angular momenta 
𝑇𝑙 𝜀 : the transmission coefficient, 𝜀: the kinetic energy of i 
U      :  
𝜌0, 𝜌:  the SI level densities of the parent and daughter nuclei 

Pairing/Shell corrections 

= modify excited energy 

Adjust its predictions 

Final results based on 𝒊  



GEMINI++ predictions 
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𝐍∗𝟏𝟓  𝐁∗𝟏𝟏  

GEMINI++ can’t describe de-excitations of both 𝐁∗𝟏𝟏  and 𝐍∗𝟏𝟓  well 



(4) GEMINI++4v 
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Making three reasonable modifications:  

GINIMI++4v is developed for neutrino experiments to handle de-excitations of residual 

nuclei associated with v interaction and nucleon decay based on GEMINI++ code  

Open source:  
https://github.com/NiuYJ1999/GEMINI_4nu 

 Remove back-shifted term 
 Add discrete states 
 Remove/adjust suppression factors 



Modification 1: Remove back-shifted term 
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The back-shifted term 𝑬𝟏 is equivalent to reducing 𝑬𝒙 of the compound nucleus 

Suppress emissions of massive particles compared with γ emission 

Massive particles will require a higher 𝑬𝒙 to begin their evaporation 

Threshold values: 

We simulate 5000 events for 
every interval of 0.1 MeV in the 
range of 0 MeV ≤ Ex ≤ 50 MeV. 

the back-shifted term 𝑬𝟏 is not used properly for the case of light nuclei 

No available 𝑬𝟏 Remove 𝑬𝟏 



Impact of Modification 1 on de-excitations 
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𝐍∗𝟏𝟓  𝐁∗𝟏𝟏  Panin Exp. Yosoi Experiment 

Only Removing back-shifted term: 

• Increase p and t BRs versus GEMINI++  

•  11B∗:  basically agree with Exps 1 and 2  

•  15N∗:  become worse for n and p BRs 



Modification 2: Add discrete states 
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GEMINI++ only considers continuous levels 

Daughter nuclei of de-excitations are usually left in discrete levels when its 𝐸𝑥 is low 

Add discrete states :                                  Implement: modify outputs  

Due to the unclear boundary between 
discrete and continuum states, we only 
consider the discrete levels: 

 𝑬𝒙 < 6 MeV  
 Decay known 



Impact of Modifications 1 and 2 on de-excitations 
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𝐍∗𝟏𝟓  𝐁∗𝟏𝟏  Panin Exp. Yosoi Experiment 

Both Removing BS and Add discrete states:  

• Increase all BRs of Exp. 1 versus Modification 1 

•  11B∗:  basically agree with Exps 1 and 2  

•  15N∗:  become worse for p and alpha 

Including discrete levels can 

increase the kinetic energy 

of the finally emitted particles  

 over thresholds 



Modification 3: Suppression factors 
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Default 𝑭𝒔 settings originate from the de-excitations of heavy nuclei 

Don’t use suppression factor to adjust results, namely 𝐹𝑠 = 1.0 for all particles  

𝐹𝑠 = 0.5 for all charged particles. Compared with default, only two changes   

Are default settings reasonable for light nuclei?  



GEMINI++4v predictions 
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Including all 3 modifications, present both 𝑭𝒔 = 𝟏. 𝟎 and 𝑭𝒔 = 𝟎. 𝟓 results: 

𝐍∗𝟏𝟓  𝐁∗𝟏𝟏  Panin Exp. Yosoi Experiment 

GEMINI++4v with 𝑭𝒔 = 𝟏. 𝟎:                      GEMINI++4v with 𝑭𝒔 = 𝟎. 𝟓:       Recommend!     

 Good agreement with  11B∗ data 

 Can’t account for  15N∗ data well 
 Good agreement with  11B∗ data  

 Partially account for  15N∗ data, include n 

This is the first time that a code can basically reproduce both  𝟏𝟏𝐁∗ and  𝟏𝟓𝐍∗ data 



Accidental coincidence check 
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Compare the ratio of each type of charged particle emission among four types for every energy bin 

Fixed energy ranges of  16 ≤ Ex ≤ 35 MeV for 𝐁∗𝟏𝟏  and 20 ≤ Ex ≤ 40 MeV for 𝐍∗𝟏𝟓  

 𝐹𝑠 = 1.0 and 𝐹𝑠 = 0.5 differences 

are relatively  small 

 Predicted shapes are basically 

consistent with data except α 

 Discrepancy maybe come from 

B∗11 → 𝑡 +  𝛼 +  𝛼  

Not coincidental! 



Summary 
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 De-excitations are playing an increasingly significant 

role in v experiments 

 

 De-excitation codes were widely used, should be 

compared with experimental data 

 

 TALYS can partially account for experimental data,  

not event-by-event  

 

 GEMINI++4v  give the best predictions for both 𝐁∗𝟏𝟏  

and 𝐍∗𝟏𝟓  de-excitations, event-by-event 

Thanks for your attention!  


