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What is INCL?
Generalities

• Nuclear reaction between
      a light particle and a nucleus
• Energetic domain: Collision regime
• Basic assumptions

• Intranuclear cascade
• Binary collisions
• Asymptotic states reached 

before next collision
• Classical trajectories
• Some quantum effects 

accounted for (ex. Pauli)
• Monte Carlo method
• Ingredients

• Fermi gas model (nucleus)
• Potential
• Elementary cross sections
• Final states
• Pauli implementations
• Cluster production
• …



What is INCL?
Generalities

Other aspects…

• Low-energy limit lower than 
expected

• After the cascade follows a 
deexcitation (usually we use ABLA)

• INCL (and ABLA) implemented in 
Geant4



What is INCL?
Capabilities
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Antiprotons in INCL
90s…

Once upon a time…

At the turn of the 90s (LEAR era) several studies of pbar simulation with INCL were done 
  @ Liège: Cugnon - Vandermeulen – Deneye
  at rest – in-flight; strange particle; collision on two nucleons; …
  With rather good results.

But
 this version of the code has been lost
 some assumptions are no more needed now
 INCL has been improved since then (and Fortran à C++)
 and a renew interest of pbar physics (AD…)

So
 a new implementation of pbar in an up-to-date INCL based on the previous one
 has been done by D. Zharenov (PhD student) in 2023



Antiprotons in INCL
Two mechanisms

In-flight (usual interaction)
 Impact parameter
 Coulomb(or not)
 Enter the nucleus 

At rest
 Very low energy
 Captured in an electronic orbit
 Moved down from a high to the last orbit (annihilation)
 Cascade initiated by the annihilation products



Antiprotons in INCL
Two mechanisms

In-flight (usual interaction)
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Antiprotons in INCL
Two mechanisms

At rest



Antiprotons in INCL
Hypotheses – ingredients



Antiprotons in INCL
Hypotheses – ingredients

At rest - Choice of nucleon to annihilate

R. Bizzarri
Il Nuovo Cimento A (1965-1970) 53.4 (Feb. 1968), pp. 956–968

Model assumption

From other values

 

And, for a same experiment
        Sp/Sn(D2) between 57 and 170 MeV can range between 1.113 and 1.369
 



Antiprotons in INCL
Hypotheses – ingredients

At rest - Position of annihilation

• pbar 
Captured in a high Bohr orbit
Cascades toward the nucleus
Stops/annihilates at a given « n »
 



Antiprotons in INCL
Hypotheses – ingredients

At rest - Position of annihilation

• pbar 
Captured in a high Bohr orbit
Cascades toward the nucleus
Stops/annihilates at a given « n »

• Determination of « n »
 (fits from exp. Data)

 



Antiprotons in INCL
Hypotheses – ingredients

At rest - Position of annihilation

• pbar 
Captured in a high Bohr orbit
Cascades toward the nucleus
Stops/annihilates at a given « n »

• Determination of « n »
 (fits from exp. Data)

• Position of annihiliation
à When overlap of nuclear density
 and antiprotonic radial density

 



Antiprotons in INCL
Hypotheses – ingredients

At rest - Final states

• In INCL we consider only p, h, w and K (r goes directly to decay products)

• Kaon frequency is put at 5%
• 2 old values  6.82 +/- 0.25 % and 4.74 +/- 0.22 %
• « Recent » one  5.4 +/- 1.7 %

• Final states with p, h, w taken from
• Eberhard Klempt et al. 
       Physics Reports 413.4-5 (July 2005), pp. 197–317.
• E.S. Golubeva et al.
       Nuclear Physics A 537.3 (1992), pp. 393–417. Example

Of

Final States



Antiprotons in INCL
Results

• Multiplicities
• p 
• n, p, d, t, 3He, a
• K

• Spectra
• p+
• p

• Residues



Antiprotons in INCL
Results

Multiplicities   p+/- Ratio p+/p- 

• Ratio: Good!
• Multiplicities: quite good, except a little too low multiplicities (4% too low)

Could come from 
 Lack of information on annihilation with (very) high meson multiplicity
 Not exact annihilation position



Antiprotons in INCL
Results

Multiplicities   n & p Multiplicities   d & t

n

p

d

t

• n: perfect
• p: little underestimation (< 20%)
• d: overestimation (< 25%)
• t: underestimation (< x2)



Antiprotons in INCL
Results

3He

4He

Multiplicities   3He & 4He

• 3He: underestimation (< x2.5)
• 4He: rather good

So…
 Here for given kinetic ranges…
 Coalescence model?



Antiprotons in INCL
Results

Multiplicities   p to 4He, even beyond
(comparisons to FLUKA, FTF)

INCL is clearly competitive     🙂



Antiprotons in INCL
ResultsMultiplicities   K+/-

… Some domains needs
 more efforts !

Kaon are too much underestimated

Why?
• More than 5%?
• Wrong relative contributions? (because here kinetic range 60-200 MeV)
 low multiplicity à high energies
 high multiplicity à low energies



Antiprotons in INCL
ResultsSpectra   p+ & p

Carbon
p+ over and p under…!?
Not really…



Antiprotons in INCL
ResultsSpectra   p+ & p

sreac

pbar+CCarbon
p+ over and p under…!?
Not really…



Antiprotons in INCL
ResultsSpectra   p+ & p

Carbon
p+ over and p under…!?
Not really…
Too low normalization (sreac)

p+ might be fine and 
p underestimated

Good shapes!



Antiprotons in INCL
ResultsSpectra   p+ & p

Carbon
p+ over and p under…!?
Not really…
Too low normalization (sreac)

p+ might be fine and 
p underestimated

Good shapes!

Uranium
p+ OK
p underestimated!

What about the sreac? 

Good shapes!



Antiprotons in INCL
ResultsResidue production

Mass distributions
p + Cu à Z

Pretty good!

As good as with usual 
projectiles (p…)



Antiprotons in INCL
Results

Mass distributions
p + 238U à Z

Residue production

Experimental data…
Consistency…

Don’t know what to 
conclude.



Antiprotons in INCL
ResultsResidue production

Mass distributions
p + 98Mo à Z

Here, cumulative production 
(progenitors accounted for)

Not bad at all, is it?



Conclusions

• Antiproton (at rest and in-flight) as projectile in INCL (and Geant4)

• Results 
• Generally good
• But place for improvements

• p high multiplicities 
• d overestimated; t and 3He underestimated
• K underestimated
• Normalization - sreaction (outside of INCL)

• Improvements…
• Position of annihilation?
• Ratio Sp/Sn?
• Kaon contribution?
• Annihilation on two nucleons?

• More exp. data needed
• Which ones?
• To do what with it?



Thanks for your 
attention!
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What is INCL?
Capabilities
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Antiprotons in INCL
Hypotheses – ingredients

In-flight (usual interaction)

• Potential of the pbar (V = -150 MeV)

• Reaction cross sections
 (fits from exp. Data)

• Final states
 (fits from exp. Data)



Antiprotons in INCL
Hypotheses – ingredients

At rest - Position of annihilation

• pbar 
Captured in a high Bohr orbit
Cascades toward the nucleus
Stops/annihilates at a given « n »

• Determination of « n »
 (fits from exp. Data)

• Position of annihiliation
à When overlap of nuclear density
 and antiprotonic radial density

 



Antiprotons in INCL
Results


