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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 Compound Intermediate Sl
Nucleus regime

before next collision
e Classical trajectories
 Some quantum effects
accounted for (ex. Pauli)
* Monte Carlo method
* Ingredients
* Fermi gas model (nucleus)
e Potential
* Elementary cross sections
* Final states
e Pauli implementations
e Cluster production
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What is INCL?
Generalities

Other aspects...

* Low-energy limit lower than

expected
» After the cascade follows a Compound Collision
deexcitation (usually we use ABLA) Nucleus regime

* INCL (and ABLA) implemented in
Geant4
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What is INCL?

ﬁ Capabilities

Cluster
A<y

Cluster
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(Projectile particles
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2016 3
~150 MeV
Tens of MeV
nprm Cluster KAZX p
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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

But

So

2024

@ Liege: Cugnon - Vandermeulen — Deneye
at rest — in-flight; strange particle; collision on two nucleons; ...
With rather good results.

this version of the code has been lost
some assumptions are no more needed now

INCL has been improved since then (and Fortran = C++)
and a renew interest of pbar physics (AD...)

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
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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

Yoig o __ Antiproton-Nucleus reactions
s with the INCL code




Emitted particles,
remnant
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Antiprotons in INCL
Two mechanisms

In-flight (usual interaction)

Projectile,
Target

Binary collisions

Computing paths

Defining positions
and momenta

Creation of products
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Antiprotons in INCL
Two mechanisms

Annihilate
where?

At rest

Defining positions
and momenta

Emitted particles,
remnant

Binary collisions Creation of products
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Antiprotons in INCL
Hypotheses - ingredients

At rest - Choice of nucleon to annihilate

y4
Sp/Sn(Z, A) — Sp/Sl’l(DZ)ﬁ

Model assumption

—_ R. Bi i
Sp / Sn (DZ) - 1 33 1 Il NLIJZZ\?orr(I?imento A (1965-1970) 53.4 (Feb. 1968), pp. 956-968

From other values Group Sp/Sn

Rome-Syracuse[Bar+64] 1.31 +£0.03

Berkeley[CK66] 1.33 £ 0.07
Padova-Pisa[Bet+67] 1.45 4+ 0.07

And, for a same experiment
So/Sn(D3) between 57 and 170 MeV can range between 1.113 and 1.369

2024
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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 »

2024
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~
~circutar transitions

P cascade in Nd

~ intensity reduced by annihilation

-~ Levels broadened
by annihilation
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Antiprotons in INCL
Hypotheses - ingredients

At rest - Position of annihilation

o pbar ® Elements from data
o o . 0 === Cubic Fit: 1.85x"3 + 0.16x"2 + -0.00x + 0.00
Captured in a high Bohr orbit L Miksingslemdnts

Cascades toward the nucleus
Stops/annihilates at a given « n »

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

Antiproton-Nucleus reactions

2024
with the INCL code

Future Nuclear and Hadronic Physics at the CERN-AD




Antiprotons in INCL
Hypotheses - ingredients

n=41=3
At rest - Position of annihilation ' "=Z.:=:
EEEEE—— n==a6,I|=
n=7:1=6
= = Proton density
. pbar Neutron density
Captured in a high Bohr orbit
Cascades toward the nucleus

Stops/annihilates at a given « n »

(7]
=
c
=
Py
©
=
£
(1]
~C
IS
o

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

e Position of annihiliation

> When overlap of@uclear density)

1
and antiprotonic radial density |Rn,1=n—11 = ((2n)!)2 (E

=02\ ((n+ D3

2 |(n—1-1)!

(a is the Bohr radius)
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Antiprotons in INCL
Hypotheses - ingredients
At rest - Final states

* InINCL we consider only , 1, ® and K (p goes directly to decay products)

* Kaon frequency is put at 5%

 2oldvalues 6.82 +/-0.25 % and 4.74 +/-0.22 %
e « Recent » one 54+/-1.7%
* Final states with &, n, ® taken from
* Eberhard Klempt et al. 0.01 (1)
Physics Reports 413.4-5 (July 2005), pp. 197-317. o
* E.S. Golubeva et al. : 0.40 (1)
Nuclear Physics A 537.3 (1992), pp. 393-417. ?gg g;

1.52 (1)
1.57 (1)
3.37 (2)
0.67 (1)
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Antiprotons in INCL
Results

* Multiplicities

° T
* n,p,d,t, 3He, o
e K
* Spectra
° TC+
*p
 Residues

Antiproton-Nucleus reactions
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Antiprotons in INCL
Results

Multiplicities Ratio */m~

& Experimental Data
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5 15 25 35 45 55 65 75 85 95 105 115 125 135 145 155 165 175 185 195 205 215 225 235 245 Figure 5.9: Ratio 77 /7~ for a group of target nuclei from INCL, experimental points are taken from

inrges ass [Bug+73; McG+86a; Rie+89; WL76]. No nuclei with the same mass number are present on this plot; the
charge numbers are color-coded. Note, that incident beam energy was slightly different in the references,
but in all cases assumed to annihilate through the capture. Also, sometimes materials of natural isotope
composition were used as targets, in these cases the mass value was taken as for most abundant isotope.

Figure 5.8: Charged pion multiplicities for a group of target nuclei from INCL, experimental values with
errors are taken from [Pol+95]. No nuclei with the same mass number are present on this plot; the charge
numbers are color-coded.

* 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

3054 : _ Antiproton-Nucleus reactions
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Multiplicities n & p

* n: perfect

e p: little underestimation (< 20%)
* d: overestimation (< 25%)

* t: underestimation (< x2)

2024
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Antiprotons in INCL
Results

Multiplicities d & t

Figure 5.11: Total neutron/proton/deuteron/triton multiplicities per 100 7 for kinetic energy range (0-
300)/(35-200)/(50-160)/(60-150) MeV for a group of target nuclei, experimental values with errors are
taken from [Pol+05]. No nuclei with the same mass number are present on this plot; the charge numbers
are color-coded.

Antiproton-Nucleus reactions
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Antiprotons in INCL

Multiplicities 3He & “He Resulfs

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

So...
Here for given kinetic ranges...
Coalescence model?

¢ Experimestal Data

0 120 130 140 1%0 160 170 100 190 200 210 220 230 240
Brget Mass

Figure 5.12: Total 3He and *He multiplicities per 100 p for kinetic energy range 30-70 MeV for a group
of target nuclei, experimental values with errors are taken from [Mar+88]. No nuclei with the same mass
number are present on this plot; the charge numbers are color-coded.
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range(MeV)

‘1/ (6‘18)

d (8-24)

t (1-29)

*He (30-70)

'He (30-70)

®He (39-89)

*He (44-90)

Li (61-96)
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ergy range after a proton a atio
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Antiprotons in INCL
Results

Multiplicities p to *He, even beyond

e W, e (comparisons to FLUKA, FTF)

76.65340
34.9

INCL is clearly competitive

Antiproton-Nucleus reactions
with the INCL code




Antiprotons in INCL

Multiplicities K*/- Results

... Some domains needs
more efforts !

® Experimental Data

Charged Kaon Multiplicity
Target Charge

1 11 21 31 41 51 61 71 81 91 101 111 1él 131 141 151 161 171 181 191 201 211 221 231 241
larget Mass

Figure 5.34: Charged kaon multiplicity in the kinetic energy range 60-200 MeV for targets from 2¢C to
23817, Values were digitized manually from Ref. [Pol+95].

Kaon are too much underestimated

Why?
* More than 5%7?
* Wrong relative contributions? (because here kinetic range 60-200 MeV)

low multiplicity = high energies
2024 50\ [ o high multiplicity = low energies

Future Nuclear and Hadronic Physics at the CERN-AD
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Antiprotons in INCL
nectra R [ Results
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= INCL in flight pions:
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Figure 5.16: 7 and proton spectra at F,;, = 608MeV/c =~ 180 MeV p incident energy. Data are taken
from Ref. [McG+86a] and Ref. [McG+86b].
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Antiprotons in INCL
Spectra " & p Resulfs

p(608MeV/c) + 1°C » n* + X p{608MeVic) + °C » p + X

—&— exp.data pions:
INCL at rest pions: 00 ™= : p-C data

= INCL in flight pions: : n-C data

p-C OPM (Friedman)

n-C OPM (Friedman)

p-C Glauber mod. (Lee and Wong)

n-C Glauber mod. (Lee and Wong)

p-C OPM (Lee and Wong)

n-C OPM (Lee and Wong)
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P., [MeVic]

Figure 5.6: Antinucleon o, at low energies on carbon. In orange the antineutron values, in blue those
for antiproton. The points are the experimental data. The continuous lines represent the calculations
with the optical potential model. The dashed lines are from the calculations with the extended Glauber
model. The dotted-dashed lines are preliminary calculations obtained by means of a phenomenological
optical model whose parameters are tuned to reproduce the N-nucleus annihilation data. Red line is the
formula used in INCL from Ref.[Bia+11]. The original plot is taken from Ref.[Agh+18].
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Antiprotons in INCL
Results
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Good shapes! Figure 5.16: 7+
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dajdp, mbAMev/c)

and proton spectra at P, = 608MeV/c =
from Ref. [McG+86a] and Ref. [McG+86b],

pl608MeV/c) + 27U = p + X

—&— exp.data protons:
INCL at rest protons
- INCL in flight protons

600 700 800 900
Momentum, Mevjc

300 400 500 1000

180 MeV p incident energy. Data are taken

ntiproton-Nucleus rea
with the INCL cod




Antiprotons in INCL

Results

Spectra ©* & p
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from Ref. [McG+86a] and Ref. [McG+86b],
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dofdp, mbAMev/c)

Uranium
tt OK
p underestimated!

What about the o,,.?

Good shapes!

pl608MeV/c) + 27U = p + X

—&— exp.data protons:
INCL at rest protons
- INCL in flight protons

400 S00 600 700 800 900 1000 1100
Momentum, Mevjc

7w and proton spectra at F,;, = 608MeV/c =~ 180 MeV p incident energy. Data are taken
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Antiprotons in INCL
G Results

Cu(nat) -+ Manganese, Z = 25
08

0.9
4034

Cu(nat) - Potassium,

slol

50
Culnat) - Beryllium, Z = 4

138

Mass distributions
p+Cu—>7Z

Figure 5.22: Independent isotopic distributions from the reaction p +™* Cu. Calculated results are in
orange. Data are from [Jas+03].

Pretty good!

As good as with usual
projectiles (p...)
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Antiprotons in INCL

Experimental data...
Consistency...

Don’t know what to
conclude.

d U ) O
. O
2024 Antiproton-Nucleus reactions
O- with the INCL code
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Antiprotons in INCL
A ecidile broductic Results

Here, cumulative production
(progenitors accounted for)

Not bad at all, is it?

Mass distributions
p+°Mo =2 Z

) ; Figure 5.21: Cumulartive isotopic distributions from the reaction 5 +2% M o. Calculated results are in violet /\1 n t |p O 1 Oll= N ucC IG us reac f 1ons
2024 (option 22 — 0.1), and in green (option 32 — 0.5). Definition of 32 in section 5.3.3.1. Data are from

[Mos+89] with the INCL code
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Conclusions

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

* Results
* Generally good
e But place for improvements
* 1 high multiplicities
* doverestimated; t and 3He underestimated
* K underestimated
* Normalization - G esction (OUtside of INCL)

* Improvements...
* Position of annihilation?
* Ratio S,/S,?
* Kaon contribution?
* Annihilation on two nucleons?

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

= ; Antiproton-Nucleus reactions
2024 ; : .

, with the INCL code
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And thanks to
D. Zharenov who did the work
J. Hirtz who gave him advices
and
Joseph Cugnon for him unfailing support
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What is INCL?

Capabilities
(Produced particles
np o Cluster Cluster no KA
A<4 AZLS
10-20 GeV
2009-2011 512017
2014 Few nucleon removal
9
New momentum distribution
2-3 GeV roaE | 2017 2023 (quantum effects)
2018
~150 MeV
Tens of MeV
I Cluster KAZ P
Cluster
(Projectile particles A=18
| AS 4 Antiproton-Nucleus reactions
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Antiprotons in INCL
Hypotheses - ingredients

In-flight (usual interaction)

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

—— Annihilation pbar-p INCL

. . ‘ Elastic pbar-p INCL
hd ReaCtIOn CFOSS SECtIOﬂS \ —— (Production - CEX) pbar-p INCL ‘
. 1 ‘ —— CEX pbar-p INCL '
(fits from exp. Data) | Total pbar-p INCL

¢ Total pbar-p Data
® Production + CEX phar-p Data

L o—

 Final states

£
c
o
L]
(v
Q
¢
wn
v
o
P
o

(fits from exp. Data)

pLab, GeV/c
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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 »

v
=
c
=
>
—
I
—
=
a
—
©
o
T
=
@
>
o

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

e Position of annihiliation

- When overlap of@uclear density) 1
and antiprotonic radial density |Rn,1=n-11 = ((2n)!)2 (
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na

3 (n—101-1)!
=02\ ((n+ D3

n=4, =3, overlap
- n=25,|=4, overlap
n=6,I1=>5, overlap
n=7,1=6, overlap
- = Proton density
Neutron density

(a is the Bohr radius)
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Antiprotons in INCL
Results

values deduced from Crystal Barrel data:

N(7) = 4.98 + 0.35,

N(7F) =3.14+0.28,
N(7%) =1.83+0.21

while in INCL we have for pp:

and for np:

2024

ic Physics at the CERN-AD

Antiproton-Nucleus reactions
with the INCL code




