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Hadronic & photonuclear interactions

Hadron-nucleus, nucleus-nucleus and photon-nucleus reactions

Beginner course — ULB, May 2022
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The microscopic view [I]

one 450 GeV proton on aluminum
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The microscopic view [Il]
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one 450 GeV proton on aluminum
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The microscopic view [llI]

one 450 GeV proton on aluminum
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The microscopic view [IV]

one 26 GeV proton on copper
Cu target (69% ®*Cu, 31% °°Cu)

60 —circle = location where a|radiofsotope|was produced _

THE MACROSCOPIC VIEW: ACTIVATION
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The macroscopic view of high energy showers

particle fluence and energy deposition profile volume-averaged particle spectra
100 GeV protons on lead o 100 GeV protons on iron
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Material dependence

ploem® | Z | Xplem] | Alcm]
for 7TeV p
Be 1.85 4 35.08 37.06 energy deposition transversally integrated
[different from peak density profile, which depends on beam size]
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Nuclear reactions

In general there are two kinds of nuclear reactions:

« Elastic interactions are those that do not change the internal structure of the projectile/target
and do not produce new particles. Their effect is to transfer part of the projectile energy to the
target (lab system), or equivalently to deflect in opposite directions target and projectile in the
Centre-of-Mass system with no change in their energy.

There is no threshold for elastic interactions.

* Non-elastic reactions are those where new particles are produced and/or the internal

structure of the projectile/target is changed (e.g. the nucleus is excited).
A specific non-elastic reaction has usually an energy threshold below which it cannot occur (the

exception being neutron capture).
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Non-elastic hadron-nucleon reactions [l]

In order to understand Hadron-Nucleus (hA) nuclear reactions,
one has to understand first Hadron-Nucleon (hN) reactions,
since nuclei are made up by protons and neutrons.
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Intermediate Energies

All reactions proceed through an intermediate state
containing at least one resonance (dominance of the
A(1232) resonance and of the N* resonances)

N, +N, > N;”+ N, + 7  threshold around 290 MeV,

important above 700 MeV

t+No>mT+n +N opens at 170 MeV
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Non-elastic hadron-nucleon reactions |[ll]
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High Energies: Dual Parton Model/Quark Gluon String Model etc.

Interacting strings (quarks held together by the gluon-gluon interaction
into the form of a string). Each of the two hadrons splits into 2 colored

partons — combination into 2 colorless chains — 2 back-to-back jets.

Each jet is then hadronized into physical hadrons.
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Non-elastic hadron-nucleus reactions

Target nucleus description (density, Fermi motion, etc)

!

Glauber-Gribov cascade with formation zone

!

Generalized IntraNuclear cascade

FLUKA PEANUT

Preequilibrium stage
with current excitation energy and exciton configuration
(non-nucleons are emitted/decayed )

g

Evaporation/Fragmentation/Fission

y de-excitation
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Cascade

I. two-chain diagram

e Il. hadronization
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The Glauber calculus predicts explicit multiple primary collisions

lii. formation zone
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Condition for possible re-interaction inside a nucleus: AX;,, <R, = LA
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reflecting the materialization time
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A benchmark glimpse

PROTON - C, PROTON PROTON — Au PROTON - C
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Coalescence

High energy light fragments can be produced by a mechanism
joining together nucleons that are near in the phase space.

NEUTRON — Cu

L -@ . ; To be activated when light fragment spectra or residual nuclei

are of interest:

10 % PHYSICS Type: COALESCE ¥ Activate: On v
4 R P [ S S PTPTI: " S . T U - S SO A A S,
5 PHYSICS 1. COALESCE

pb/sr/MeV
S
N

N.B. Remove the card previously required to invoke low energy deuteron
splitting at interaction:

Emin: 0.005

A dedicated deuteron interaction model is now available since
FLUKA-4.2.0 and invoked by default (unless splitting is requested) !
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double-differential triton spectra
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Pion absorption

PION — Ni
O_@ 4 n O_Free B O_Free n O'A Emitted proton spectra at different angles
7 res t res s PION — AU, Bi - S8-Nitpit,xp), [160 TieVi] Full PEANUT cale. -
n ”d“_C'ear 2500 ¢ Au.B o - g?ut; Rev. C41, 2215 (1990) |
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2000 E #* Nakai et. al, Au 10" = Phys. Rev. C24, 211 (1981) E
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in the A resonance region

g_%FLUKA Hadronic interactions



Pre-equilibrium

semiclassical exciton model: PROTON - Zr
excitation energy sharing among nucleons and holes % P 90, 2: 40, PROTON , Energy: [50.5 M
; data: Phys. Rev. C39, 452 (1989) E
i IntraNuclear Cascade ]
By L pre-equilibrium _
e - evaporation -
i | .
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angle-integrated neutron spectrum
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Evaporation

In the final stage of the nuclear reaction, a nucleus of given charge (Z), mass (A) and excitation energy
undergoes evaporation (Weisskopf-Ewing) or fission (Myers and Swiatecki), or fragmentation (Fermi break-up
for A<18), and y de-excitation.

Pb — PROTON The evaporation of heavy fragments (up to A=24) has to be
T T activated when residual nuclei are of interest:
* Data 1 GeV/n 208Ph+p B
10?2 |3 * FLUKA PHYSICS Type: EVAPORAT v Model: New Evap with heavy frag v
e FLUKA after cascade Zmax: 0 Amax: 0
% * FLUKA after preeq < ST S DS SRR - SO S SRR S SRS - SN S S AU
B %‘ X PHYSICS 3 EVAPORAT
2 i
g 100 L f ¥
»
102 |
T I T N | T T T T T T T T T T T T T A | | 1 1

20 40 40 80 100 120 140 160 180 200

Mass number

Inclusive fragment production
Points: exp. data (T. Enqvist, Nucl. Phys. A 686 (2001) 481)
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Hadronic interactions [lI]

Nucleus-nucleus reactions
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Different energy ranges and event generators

A-A nuclear reactions are treated:

« above 5* GeV/n by DPMJET-III:

* it's an independent code by R. Engel, J. Ranft and S. Roesler, interfaced with FLUKA by A. Empl et al.,
nowadays developed and distributed by A. Fedynitch

» to be linked by [dpmgmd
« *overlap with RQMD-2.4 from 4.5 t0 5.5 GeV/n
* required also for h-h and h-A reactions above 20 TeV (overlap with PEANUT from 10 to 30 TeV)

* between 125 MeV/n and 5t GeV/n by RQMD-2.4:
 original code by H. Sorge et al., interfaced with FLUKA by A. Ferrari et al., no longer developed
» to be linked by [dpmgmd
« toverlap with BME from 0.1 to 0.15 GeV/n and with DPMJET-III from 4.5 to 5.5 GeV/n

« below 1258 MeV/n by BME:
« original code by E. Gadioli et al., interfaced with FLUKA by F. Cerutti et al.
» already linked as part of the FLUKA library
« $§overlap with RQMD-2.4 from 0.1 to 0.15 GeV/n

« deuterons are not covered, but treated independently

Hadronic interactions




Sharing the same FLUKA de-excitation modules

« The projectile- and target-like excited nuclei produced by DPMJET-III go through the final evaporation stage
(see slide 17)

« The projectile- and target-like excited nuclei reconstructed from the RQMD-2.4 final state go first through the
pre-equilibrium stage (see slide 16)

* The excited nuclei generated by BME, as their pre-equilibrium de-excitation cannot be directly performed by
BME since they fall outside the BME database domain, also go through the PEANUT pre-equilibrium stage

209Bj (g1, xn) G139AL x=1,2,3,4,5 o |
The BME interface with the PEANUT pre-equilibrium T =

yielded a particular improvement
for the excitation functions of heavy residuals
produced by low energy alphas c [0]

1

0.01 =
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Photonuclear interactions

Photon-nucleus reactions
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v-A

- Pb
To be activated when relevant: v
28y, xn), (line=FLUKA, symb=exp)
PHOTONUC Type: v AlE:Onv RN AR R R A R RRRE AR
E=0.7GeV: off » A resonance: off v Quasi D: off v Giant Dipole: off » e .
_ Mat: COPPER ¥ to Mat: » Step: - ns2 :
PP P IO P~ S PP DU O STy PRI DY DUE DR DU SR %W%w - r— g
PHOTONUC 1 COPPER o L .o *‘““‘“‘”“’"@“‘“{‘" 1 |
= E ; o n>3x 12 E
SRR U TR ]
« The reaction cross section features four energy ranges: | %i 1
= Ju 5 x 1/8
« Giant Dipole Resonance (6-60 MeV, stored in a special database) S b #f ‘*‘ % ‘H‘ %’ﬂ 1 4
* Quasi-deuteron *f f % :
5 T | 1
 Delta resonance I ‘w“ 0> 7 x 1032
[ | | — ] 4
« Vector Meson Dominance (high energy > 0.7 GeV) _ ﬁ‘n 4] ﬂ
o O | n > 8 x 1/644
<or \ 1T ]
» The reaction outcome is calculated through the IntraNuclear Cascade, B % i i
pre-equilibrium and evaporation stages - @‘@ | -
* Photonuclear reactions need to be biased by the .AM-BIAS card (see o L ‘ N J' | I I
. . - 200 40 60 80 100 120 140 160 180
the BIaSIng |eCture) Photon energy (MeV)

cross section for multiple neutron emission
data: NPA367, 237 (1981) and NPA390, 221 (1982)
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u-A, e-A, e*-A

Virtual photon reactions are also implemented:
 muon photonuclear interactions (normally on by default, no need for the MUPHOTON card)

« electronuclear interactions, to be activated: v
% PHOTCANUC Typ. ELECTNUC v + Al onv
E=0.7GeV: off v A resonance: off » Quasi D: off » Giant Dipole: off v _
[‘.,-]al:: LEAD v I:G [‘.,-]al:: v Step: m : ......................................
St T e B T DU .. TR U & B
PHOTONUC 1 LEAD ELECTNUC
» For electron/positron beams, they play a role in case of thin |
target. As the material thickness exceeds the respective “e,f“"‘zl'i
radiation length, reactions by real bremsstrahlung photons § AraNelostal (Ref 21
. i ArrudaNetoetal. (Ref. 11)
dominate. } Aschenbach etal. (Ref. 23
0 SI'?olteretuLj (Re!j_ 22)
* The card above activates automatically real photon reactions ol il i---------------'----m;..m-, (e trget)
too (no need for an additional card as in the previous slide) 3 et o 20
| el —
o 89S 0

0B 0 % X »
[H. Stroher et al, Nucl. Phys. A 378 (1982) 237] Ee(MeV)
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A-A

» electromagnetic dissociation of ions, to be activated:
¢t PHYSICS Type: EM-DISS0O EM Dizso: Proj&Target EM-Disso »
sessdacaatinaadeiiaataaaadias e T - T T S Y
EM-DISE0

|t becomes dominant at high energies with high Z ions

~118b

10° L

Cross section (b)

total nuclear

Vsyy = 39.4 TeV (FCC)

Vsyy = 2.76 TeV (LHC 2011) | 1
\ | nuclear

1 vl e vl el v v v vl il 1 _:

10* 10 10* 107 7 : ’ o
Relativistic factor vy L

[ > | 72 Tev 2%ph

[H.H. Braun et al, Phys. Rev. ST AB 17 (2014) 021006] "¢ ;
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