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A

e General settings

e Interactions of
leptons/photons

s Photon interactions

* Photoelectric

+ Compton

+ Rayleigh

+ Pair production

+ Photonuclear

+ Photomuon production
= Electron/positron

inferactions

* Bremsstrahlung

+ Scattering on electrons
= Muon interactions

* Bremsstrahlung

+ Pair production

* Nuclear interactions
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e Tonization energy
losses
= Continuous
= Delta-ray production

e Transport
= Multiple scattering
= Single scattering

These are common to all
charged particles,

although traditionally
associated with EM
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Ionization energy losses

e Charged hadrons

e Muons

e Electrons/positrons

All share the same approach

e Heavy Ions
They need some extra features
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Discrete ionization events

N

"Above a pre-set threshold, ionization is modeled as & ray
production (free electrons)
Spin O or 1/2 &-ray production (charged hadrons, muons)
Bhabha scattering (e*)
Mgaller scattering (e”)

The threshold refers to the kinetic energy of the emitted & ray
For Electrons : set by EMFCUT with the PROD-CUT sdum

For charged hadrons/muons:
DELTARAY 6Thresh Ntab Wtab Matl Mat2 Step PRINT

dThresh = production threshold, in materials Mat1-> Mat2
Ntab, Wtab control the accuracy of dp/dx tabulations (advanced user)
If PRINT is set (not def.) dp/dx tabulations are printed on stdout
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Continuous energy losses

N

L/

Below the 8-ray threshold, energy losses are treated as
“continuous”, with some special features:

*Fluctuations of energy loss are simulated with a FLUKA-
specific algorithm

* The energy dependence of cross sections and dE/dx is taken
into account exactly (see later)

‘Latest recommended values of ionization potential and
density effect parameters implemented for elements
(Sternheimer, Berger & Seltzer), but can be overridden by
the user with (set yourself for compounds!)

STERNHEI C X0 X1 a m o, MAT
PN
MAT-PROP Gasp Rhosc( Iion) Matl Mat2 Step
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| Ionization fluctuations -I

N
The Landau distribution is limited in several respects:

e Max. energy of d rays assumed to be c©© == cannot be applied for

long steps or low velocities
e cross section for close collisions assumed equal for all particles

e fluctuations connected with distant collisions neglected =—> cannot

be applied for short steps

e incompatible with explicit d-ray production

The Vavilov distribution overcomes some of the Landau limitations, but
is difficult to compute if step length or energy are not known a priori.
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| Tonization fluctuations -II

\|/

The FLUKA approach:

e based on general statistical properties of the cumulants of a

distribution (in this case a Poisson distribution convoluted with

do /dE)

e integrals can be calculated analytically and exactly a priori
— minimal CPU time

e applicable to any kind of charged particle, taking into account the

proper (spin-dependent) cross section for & ray production

e the first 6 moments of the energy loss distribution are reproduced

(kp =< (— < x >)" >)
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| Tonization fluctuations -III
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Experimental ! and calculated energy loss distributions for 2 GeV/c

positrons (left) and protons (right) traversing 100um of Si
J.Bak et al. NPB288, 681 (1987)
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| Energy dependent quantities I

e Most charged particle transport programs sample the next collision
point evaluating the cross section at the beginning of the step,

neglecting its energy dependence and the particle energy loss

e The cross section for 0 ray production at low energies is roughly
iInversely proportional to the particle energy
—> a typical 20% fractional energy loss per step would correspond
to a similar variation in the cross section

e Some codes use a rejection technique based on the ratio between the
cross section values at the two step endpoints, but this approach is

valid only for a monotonically decreasing cross section
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| Energy dependent quantities IT

FLUKA takes into account exactly the continuous energy dependence of

e discrete event cross-section

e stopping power

basing the rejection technique on the ratio between the cross section

value at the second endpoint and its maximum value between the two

endpoint energies.
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Tonization fluctuation options

N

Tonization fluctuations are simulated or not depending on the
DEFAULTS used. Can be controlled by

IONFLUCT FlagH FlagEM Accuracy Matl Mat2 STEP

Remember always that d-ray production is
controlled independently and cannot be switched off
for e*/e- (it would be physically meaningless)
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Dose vs depth
energy deposition

in water for a 200
MeV p beam with
various approximations
for the physical
processes taken into
account

Playing with a proton beam

200 MeV p on water (pencil beam)

1L Pure CSDA
- (mcs off, nuc off, fluc
o| Mcs on , nuc of f, Fluc
ST mcs off, nuc on , Fluc
[ mcs off, nuc off, Fluc

Full calculation

E (GeVZcm)

0.04

of F)
of F

-0.0

z (cm)
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Playmg with a proton beam II part

/\

Dose vs depth
energy deposition

in water for a 214
MeV real p beam
under various
conditions.

Exp. Data from PST

150

100

S0

214 NeV p_on Uater

[ [=/5 eV, Dp/p=1.35%
(nominal values)

- [=Bragg, Dp/p=1.35%
- 1=/0 eV, Dp/p=1.35%

- Nucl. Int. OFfFf
— [=/5 eV, Dp/p=1.35% i
L Nucl. Elas. OFF ;Q;%

[=/5 eV, Dp/p=1.35%
L dE/dx Fluct. OFF

Z (cm)
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Heavy ions

Tonization energy losses
e Up-to-date effective charge parameterizations

e Energy loss straggling according to:
= "normal” first Born approximation

s Charge exchange effects (dominant at low energies, ad-
hoc model developed for FLUKA)

s Mott cross section (high energies, not yet fully
implemented)

s Nuclear form factors (high energies)
= Direct e+/e- production
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Comparison of experimental (R.Bimbot, NIMB69 (1992) 1) (red) and
FLUKA (blue) stopping powers of Argon and Uranium ions in different

materials and at different energies.
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Bragg peaks vs exp. data: 2°Ne @ 670 MeV/n
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Bragg peaks vs exp. data: 12C @ 270 & 330 MeV/n

Dose vs depth
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JBr'agg peaks vs exp. data: 12C @ 270 MeV/n
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