






p + 90Zr  → p + X (80 MeV)
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Thin target examples
p + Al  → π- + X (4 GeV/c)

Double differential, 
d2σ/dEdΩ emission 
spectra for various 

angles
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Coalescence
High energy light fragments  are emitted 
through the coalescence mechanism: “put 
together” emitted nucleons that are near 
in phase space.

Example : double differential t (3H) production 
from  542 MeV neutrons on Copper

Warning: coalescence is OFF by default
Can be important, expecially for . 
residual nuclei.
To activate it:

PHYSICS 1. COALESCE

If coalescence is on, switch on Heavy ion 
transport and interactions (see later)

FLUKA Beginner’s Course



36

Equilibrium particle emission (evaporation, fission and nuclear break-up)
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From statistical considerations and the detailed balance principle, the probabilities for 
emitting a particle of mass mj, spin Sj,ħ and energy E, or of fissioning are given by*:

(i, f for initial/final state, Fiss for fission saddle point)

• ρ’s: nuclear level densities
• U’s: excitation energies
• Vj’s: possible Coulomb barrier   

for emitting a particle type j
• BFiss: fission barrier

• Qj’s: reaction Q for emitting a 
particle type j

• σinv: cross section for the inverse 
process

• Δ’s: pairing energies

Neutron emission is strongly favoured because of  the lack of any barrier
Heavy nuclei generally reach higher excitations because of more intense cascading
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Equilibrium particle emission in Fluka
 Evaporation: Weisskopf-Ewing approach

 ~600 possible emitted particles/states (A<25) with an extended (heavy)
evaporation/fragmentation formalism

 Full level density formula with level density parameter A,Z and excitation dependent
 Inverse cross section with proper sub-barrier
 Analytic solution for the emission widths (neglecting the level density dependence on

U, taken into account by rejection
 Emission energies from the width expression with no. approx.

 Fission: past, improved version of the Atchison algorithm, now
 Γfis based of first principles, full competition with evaporation
 Improved mass and charge widths
 Myers and Swiatecki fission barriers, with exc. en. dependent level density

enhancement at saddle point
 Fermi Break-up for A<18 nuclei

 ~ 50000 combinations included with up to 6 ejectiles
 γ de-excitation: statistical + rotational + tabulated levels
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Thick target examples: neutrons
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197Au(p,xn) @ 68 MeV, stopping target
Data: JAERI-C-96-008, 217 (1996)

9Be(p,xn) @ 113 MeV, stopping target
Data: NSE110, 299 (1992)

Evaporation
neutrons

Cascade, 
preequilibrium

neutrons
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Experimental and computed residual 
nuclei mass distribution for Ag(p,x)X 
at 300 GeV

Data from Phys. Rev. C19 2388 (1979)

The heavy evaporation/fragmentation model (“New FLUKA”) has  much improved the FLUKA predictions

Also for A-A interactions

Warning: heavy evaporation/fragmentation is OFF by default, because it is 
a cpu-eater. It is NECESSARY to activate it for activation studies: 

PHYSICS 3. EVAPORAT

If fragmentation is on, switch on Heavy ion transport and interactions (see later)

Residual nuclei
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A
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Residual Nuclei
 The production of residuals is 

the result of the last step of the 
nuclear reaction, thus it is 
influenced by all the previous 
stages

 Residual mass distributions can 
be very well reproduced

 Individual residuals near to the 
compound mass are usually well 
reproduced

 The production of specific 
isotopes may be influenced by 
additional problems which have 
little or no impact on the emitted 
particle spectra (Sensitive to 
details of evaporation, Nuclear 
structure effects, Lack of spin-
parity dependent calculations in 
most MC models)

Proton rich

Neutron rich

Z

N-Z

15 GeV p on Pb
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1 A GeV 208Pb + p reactions Nucl. Phys. A 686 (2001) 481-524

Example of fission/evaporation

Quasi-elastic

Spallation

Deep spallation
Fission 

Fragmentation

Evaporation

• Data
• Model
• Model after cascade
• Model after preeq

As soon as the energy is going above few 
tens of MeV, models must deal, besides 
neutrons and γ’s, with protons (and to 
lesser extent d and α), above 200 MeV 

with π’s …

For 1 GeV p (n very similar) on Pb (out of 50000 trials):

<n> = 14   (~4 “fast”)                               (p,xn), “x” up to (p,33n…)
<p> = 2.3  (~2 “fast”)                               (p,xp), “x” up to (p,8p…)
<π> = 0.33                                               (p,xπ), “x” up to (p,3π…)
<d> = 0.5   (~0.4 “fast”)                           Pfiss~ 9%
<t> = 0.25  (~0.2 “fast”)
<α> = 0.7   (~0.15 “fast”)
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Isotope production for natFe(p,x):

Lines: FLUKA
Symbols: exp. Data,
Michel et al. 1996 

and 2002
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Gamma De-excitation in Fluka
 At the end of evaporation : cascade of γ transitions
 At high excitation:  assume continuous level density and statistical emission:

 At low excitation: through discrete levels

 database of known levels and transitions taken from RIPL-3 (IAEA)
 Rotational approximation  outside tabulations 
 Discrete level treatment extended to evaporation stage
 Same for residuals from ion-ion interactions
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L= multipole order
ρ=level density at excitation energy. U
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f = strength from single 
particle estimate (c)+ hindrance (F)
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Examples of prompt photon predictions for therapy monitoring in the Fluka outlook, last day
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Prompt photons 
 Application: On-line monitoring during 

hadrotherapy
 prompt γ follow dose profile (data: 

IEEE TNS 57 (2009) )
 Need collimation and time cut
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γ FLUKA

γ DATA

310 MeV/n C on water

dose

 Benchmark: γ spectrum from 160 MeV 
p in PMMA FLUKA+experimental
resolution  red line, data black line 
(J.Smeets et al., ENVISION WP3) 

Absolute comparison
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Real and Virtual Photonuclear Interactions
Photonuclear reactions (PHOTONUC card, off by default)

 Giant Dipole Resonance interaction (special database)
 Quasi-Deuteron effect
 Delta Resonance energy region
 Vector Meson Dominance in the high energy region
 INC, preequilibrium and evaporation via the PEANUT model
 Possibility to bias the photon nuclear inelastic interaction length to 

enhance interaction probability (LAM-BIAS card, see manual)

Virtual photon reactions
 Muon photonuclear interactions (MUPHOTON card, on by default)

 Electromagnetic dissociation (PHYSICS card with SDUM=EM-DISSO, off by default)

FLUKA Beginner’s Course
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In not many other existing transport codes photonuclear reactions are simulated over the whole energy range



55

Photonuclear int.: example
Reaction: 
208Pb(γ,x n) 
20≤Eγ ≤140 MeV

Cross section for multiple neutron 
emission as a function of photon 
energy, Different colors refer to 
neutron multiplicity ≥ n , with 2≤n≤8

Symbols: exp data (NPA367, 237 
(1981) ; NPA390, 221 (1982) )

Lines: FLUKA
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