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 Update of the modelling capabilities of the nuclear   model code 
TALYS by implementation of an alternative  deuteron breakup model

 Deuteron cross section data analysis involving TALYS code

- Importance of the Direct Interaction  (DI) mechanisms

- FINAL RESULTS   versus TENDL-2015

On deuteron-induced reactions with TALYS
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Breakup mechanism             d+27Al          29Si*
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E: [15-80] MeV

E: [10-30] MeV
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Alternative breakup formalism in TALYS-1.65                April 2015
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checkBU   called by breakupAVR.f

20 40 60 80
0.1

1

 BU parametrization
 BU parametrization for A>200

  Ed (MeV)

 f B
U

d +232Th

 Wu+ (1979)
 Kleinfeller+ (1981)


p

BU
/

R
 


BU

/
R



Empirical parametrization versus microscopic predictions
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April 2016                  BU-ENHANCEMENT
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BUenhance.f called by    residualout.f :



BREAKUP ENHANCEMENT:
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Deuteron interaction analysis:  Nuclear Models & CODES

 Deuteron breakup
BREAKUP [M. Avrigeanu, V. Avrigeanu]

- total, elastic and inelastic breakup c.s.: M. Avrigeanu et al., Fusion. Eng. Design, 84, 418 (2009);
M. Avrigeanu and V. Avrigeanu, Phys. Rev. C 95, 024607 (2017). 

- inelastic breakup enhancements : P. Bém et al., Phys. Rev. C 79, 044610 (2009);
E. Šimečková et al., Phys. Rev. C 84, 014605 ( 2011);
M. Avrigeanu et al., Phys. Rev. C 85, 034603 (2012); 88, 014612 (2013);

89, 044613 (2014); 92, 02160(R) (2015), 94, 0146-6 (2016). Direct reactions
FRESCO (Version FRES 2.9, September 2011) [I.J. Thompson]

- breakup: elastic component (CDCC): M. Avrigeanu, A.M. Moro, Phys. Rev. C 82, 037610 ( 2010).
- elastic transfer: weakly bound systems:   M. Avrigeanu et al., Nucl. Phys. A 759, 327 ( 2005).  
- stripping & pick-up: (d,p), (d,n), (d,t ), (d,α)

 Composite system equilibration for both deuteron and breakup nucleon reactions
STAPRE-H95 [V. Avrigeanu, M. Avrigeanu] (updated)

- OMP:SCAT2000; preequilibrium: GDH / EXCITON; evaporation: Hauser-Feshbach
TALYS - 1.4 - 1.8 [A. Koning, S. Hilaire, M. Duijvestijn] 

- OMP:ECIS’97; breakup, preequilibrium: MSD / EXCITON; evaporation: Hauser-Feshbach

ITER, IFMIF, SPIRAL2, Breeder Reactors
REQUIRED  deuteron reaction cross sections measurements & calculations

(E ~ 50 MeV): Al, Cu, Nb, Co, Mn, Fe, Cr, Ni, C…Th, U, 
Reliable gas production cross-section data (H, He)
Dosimetry data file for E > 20 MeV  (IRDF)
Surrogate reactions   (d,pɤ), (d,pf) on Th, U,…

Motivation: Nuclear Data Needs    (FENDL, EURATOM, F4E, EUROfusion)
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REACTION MECHANISMS INVOLVED in  natCu(d,x)64Cu PROCESS
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FRESCO
code



ROLE OF DIRECT REACTIONS: STRIPPING & PICK-UP
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Important for the first-chance emitted particle, NOT INCLUDED IN TALYS !!!
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DIRECT INTERACTIONS COMPONENTS  OF THE DEUTERON INTERACTION:  50Cr
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DIRECT INTERACTIONS COMPONENTS  OF THE DEUTERON INTERACTION:  52Cr
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DIRECT INTERACTIONS COMPONENTS  OF THE DEUTERON INTERACTION:  54Cr
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natCr(d,xn)52g,m,(g+m)Mn Activation Cross Sections Analysis
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natCr(d,x)51Cr Activation Cross Sections 
Analysis

0 10 20 30 40 50

10

0 10 20 30 40 50

10

0 10 20 30

10

100

0 10 20 30 40 50

0.1

1

10

0 10 20 30 40 50

10

100

 E (MeV)

 

52Cr(d,3n)51Mn

 BFp,2n

 PE+CN
 BF+PE+CN

 TENDL-2015  
(m

b
)

 

natCr(d,xn)51Mn

 BF+DR+PE+CN
 TENDL-2015

50Cr

52Cr

53Cr

Simeckova+ (2017)

 

 

53Cr(d,4n)51Mn
 BFp,3n

 PE+CN
 BF+PE+CN

 
50Cr(d,n)51Mn

Klein+ (2000)
Cogneau+ (1966)

BF(p,)

DR: (d,n)
 PE+CN
 BF+DR+PE+CN

 

 

54Cr(d,5n)51Mn

 BFp,4n

 PE+CN
 BF+PE+CN

Workshop on TALYS/TENDL Developments ,    13-15 November  2017,     Prague

cumulative 

0 10 20 30 40 50
1

100

0 10 20 30 40 50

10

100

0 10 20 30

10

100

1000

0 10 20 30 40 50
0.1

10

1000

0 10 20 30 40 50
10

100

1000

 

52Cr(d,p2n)51Cr

 PE+CN
 BF+PE+CN
 cumulative

51Mn decay

BF(p,d)+(n,2n)

TENDL-2015 (cumulative)

 
(m

b)

 
natCr(d,pxn)51Cr

BF+DR+PE+CN
cumulative

53
Cr

52Cr

50Cr
54

Cr

Simeckova+ (2017)
Hermanne+ (2011)
Bisconti+ (1994)

51
Mn decay  

 

53Cr(d,p3n)51Cr

 BFp,xn+n,xp

 PE+CN
 BF+PE+CN
 cumulative

 51Mn decay

 

50Cr(d,p)51Cr
Klein+ (2000)
Coetze+ (1972)

 stripping-(d,p)
 PE+CN
 DR+BF+PE+CN

 51Mn decay

 cumulative
 

 

 

54Cr(d,p4n)51Cr
 BFp,xn+n,xp

 PE+CN
 BF+PE+CN
 cumulative

 51Mn



Marilena Avrigeanu 17Marilena Avrigeanu 17Workshop on TALYS/TENDL Developments ,    13-15 November  2017,     Prague

natCr(d,x)48V & natCr(d,x)46Sc Activation Cross Sections
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natCr(d,xn)54Mn Activation Cross Sections Analysis
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complementary measurements
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CONCLUSIONS

PE & EVAPORATION cross sections corrected
for initial d-flux leakage towards DIRECT INTERACTIONS

deuteron induced reactions analysis
should consider 

TALYS FRESCO TALYS
BREAKUP, STRIPPING & PICK-UP,   PE   &   CN MECHANISMS
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??? PADE APPROXIMATIONS
as long as exist

Powerful Computers and Available Dedicated Codes ???

DIRECT INTERACTIONS (DI):
BREAKUP &  BREAKUP ENHANCEMENT of activation c.s.
STRIPPING: (d,p), (d,n)  & PICK-UP: (d,t) , (d,α) 
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Deuteron activation cross sections analysis       47Sc 
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DEUTERON Surrogate Reactions

APPROXIMATIONS:
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SURROGATE REACTIONS: STRONG EFFECTS  OF THE DEUTERON BREAKUP  (2)

inelastic breakup 
enhancement
238U(nBF,ɤ)239U 

&CN mechanism, too restrictive frame for   d-surrogate
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neutron capture 
238U(n,ɤ)239U

neutron capture   by
surrogate reaction: 

238U(d,pɤ)239U

Workshop on TALYS/TENDL Developments ,    13-15 November  2017,     Prague
LARGE leakage  of  d flux  through BU + DR  before  CN formation



SURROGATE REACTIONS: STRONG EFFECTS  OF THE DEUTERON BREAKUP  (1)
d+238U INTERACTION

Ed=15 MeV:   1-σDI/σR =0.124
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 Ducasse+ (2016) 
 [1-(
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)/
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]*P     

 evaluated

Corrected  Pɤ by d-flux leakage through DI  (frac=0.124)
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