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Ion parameterization model

Simulating ion penetration in matter

Electronic stopping powers are a key compo-
nent in Geant4 ion transport

Impact energy deposition pattern and mean
projectile range

Relevant for space applications (e.g. shield-
ing), medical physics, ...

Low-energy stopping power models in Geant4

Over a long period, Geant4 models computed
stopping powers by scaling proton or 4He
data using an effective charge technique

More recent data sets are available nowadays

A new parameterization model was devel-
oped, which integrates ICRU 73 tables into
Geant4, but also has capabilities to include
alternative tables

ICRU 73 tables cover a large range of different
materials and projectiles

Targets ∗) in ICRU 73:
25 elemental materials ( H, He, Be, C, N, O, Ne,
Al , Si, Ar, Ti, Fe, Ni, Cu, Ge, Kr, Mo, Ag, Sn, Xe
W, Pt, Au, Pb, U)
31 compounds ( A-150 tissue equiv. plastic ,
adipose tissue (ICRP) , air , aluminum oxide ,
bone (compact, ICRU) , bone (cortical, ICRP) ,
C-551 air-equiv. plastic , calcium fluoride , carbon
dioxide , glass (borosilicate) , Kapton , lithium
tetraborate , methane , muscle (striated ,
ICRU), nylon , photographic emulsion , plastic
scintiallator , polycarbonate , polyethylene , Mylar ,
polymethyl methacralate , polystyrol , Teflon ,
propane , silicon dioxide , sodium iodide , tissue-
equiv. gas (methane based) , tissue-equiv. gas
(propane based) , liquid water , water vapor )

*) For Fe ions, only elemental targets up to Kr

Ions in ICRU 73:
Li to Ar, as well as Fe
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Ion parameterization model

New ion parameterization model

G4IonParametrisedLossModel

Model is part of the Low-Energy package, but follows the Standard interfaces

Designated for use with the G4ionIonisation process (for G4GenericIon)

G4ionIonisation* ionIoni = new G4ionIonisation();
ionIoni -> SetEmModel(new G4IonParametrisedLossModel);

Prototype version was released with Geant4 version 9.2 (December 2008): restricted to
a sub-range of ion-material pairs, some "infancy" problems (bug fix delivered with patch
9.2.p01). Improved version in 9.3.b01

ICRU 73 tables fully incorporated for low-energy domain (< 10 MeV/nucleon)

Scaling algorithm implemented, to obtain stopping powers for ions not considered by
ICRU 73

Materials definition in user applications:
Elemental materials: Stopping powers selected by model according to atomic
number of element.

Compounds: Stopping powers are matched with material according to the

material name: Names used for Geant4 NIST materials apply.
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Ion parameterization model

Stopping power classes

Calculation of stopping powers handled by dedicated
classes

Derive from interface G4VIonDEDXTable (contained in ma-
terial category)

ICRU 73 classes:
G4MaterialStoppingICRU73 (compound materials)
G4SimpleMaterialStoppingICRU73 (elements)

G4IronStoppingICRU73 (iron ions)

By default, cubic splines functionality of physics vectors
used for interpolation between points of energy grid

Design allows to plug in alternative tables (potential option
if more accurate stopping tables become available)
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Computation and comparison of stopping powers

Calculation of stopping powers

Depending on energy region. Current default:

E/A1 < 0.025 MeV: Free electron gas model

0.025 MeV ≤ E/A1 ≤ 10 MeV: ICRU 73

10 MeV < E/A1 : Bethe-Bloch + high-order corr.

(E/A1 is kinetic energy per nucleon)

Transition between ICRU 73 and B-B regions:

ICRU 73 and Bethe-Bloch parameterizations
result in different values at transition energy

Smoothing procedure required

High-energy part aligned with ICRU 73 value at
10 MeV/A1

Correction on top of Bethe-Bloch, which
decreases with 1/E

Compound materials not considered by ICRU 73:

Bragg’s addidivity rule is applied if tables
available for all elemental constituents
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Figure: Stopping power curves computed with
G4IonParametrisedLossModel (top) and
G4BraggIonModel (bottom) in default config.

New model :

B-B above
10 MeV/amu

Old models :

B-B above
≈ 2 MeV/amu
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Computation and comparison of stopping powers

Calculation of stopping powers (cont.)

Ions heavier than those in ICRU 73 report:

Scaling from existing ion data (for same
material) using effective charge ratio

S(v) =

ˆ

γ(v, Z
ref
1 )Zref

1

˜2

ˆ

γ(v, Z1)Z1
˜2

Sref (v) (1)

where stopping powers are evaluated at equal
velocities
(S(v) is the stopping power at velocity v, Z1 is the atomic

number of the ion and γ is the effective charge fraction.)

Reference for scaling: Stopping powers for
heavy ions scaled from Fe ion data

Iron ions: Extended energy range included

0.025 MeV ≤ E/A1 ≤ 1000 MeV: ICRU 73

Due to importance as base data set for scaling
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Figure: Stopping power of aluminum computed
with G4IonParametrisedLossModel.

Illustration:
Stopping powers
scaled from Fe data
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Computation and comparison of stopping powers

Stopping powers derived with old and new model vs exp. data
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Figure: Stopping power curves computed by G4IonParametrisedLossModel and G4BraggIonModel in default config. Exp.
data from database on H. Paul’s webpage (www.exphys.uni-linz.ac.at/stopping)

Target material:

ALUMINUM

New model :
Peak slightly shifted
towards higher E kin
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Computation and comparison of stopping powers

Scaled stopping powers for ions not in ICRU 73 : Illustrative examples
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Figure: Stopping power curves computed by G4IonParametrisedLossModel and G4BraggIonModel in default config. Exp.
data from database on H. Paul’s webpage (www.exphys.uni-linz.ac.at/stopping)

Target material:

CARBON

Very heavy ions :

Height improved,
Left branch above
exp. data

Z < 26:
Good agreement
with exp. data
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Impact on ranges of low-energy ions (< 20 MeV/amu)

Use case from this workshop: See presentation of F. Renzi

Low-energy (≤ 20 MeV/nucleon) 20Ne, 40Ar, 84Kr, 129Xe in Silicon detector
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Figure: Stopping power curves computed by G4IonParametrisedLossModel and G4BraggIonModel in default config,
compared to 2008 SRIM calculations and exp. data from DB on H. Paul’s webpage (www.exphys.uni-linz.ac.at/stopping)

Isotope Energy Projected Range
G4BraggIonModel G4IonParametrisedLossModel SRIM 2008

20Ne 200 MeV ≈ 173 µm ≈ 157 µm ≈ 162 µm
20Ne 400 MeV ≈ 532 µm ≈ 488 µm ≈ 503 µm
40Ar 400 MeV ≈ 136 µm ≈ 120 µm ≈ 129 µm
40Ar 800 MeV ≈ 382 µm ≈ 334 µm ≈ 355 µm
84Kr 800 MeV ≈ 106 µm ≈ 89 µm ≈ 98 µm
84Kr 1600 MeV ≈ 262 µm ≈ 205 µm ≈ 229 µm

(G4 sim: EM physics only, cut≈ 1 keV, max. step size: 2 µm, low statistics (1k events), results rounded)

Target material:

SILICON

ICRU 73:
Do not always give
favourable results
(for some materials).
Simple scaling procedure
for heavy ions may also
not be ideal in all cases
(see Kr).
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Impact on ranges of low-energy ions (< 20 MeV/amu)

Step size can play crucial role in applications with very low energies

See CSDA range calculations below

Isotope Energy G4IonParametrisedLossModel
A) Integration of stopping B) Geant4 stepping

powers with GSL ∆max =200 µm ∆max =2 µm
20Ne 200 MeV ≈ 159 µm ≈ 152 µm ≈ 158 µm
20Ne 400 MeV ≈ 490 µm ≈ 489 µm ≈ 489 µm
40Ar 400 MeV ≈ 123 µm ≈114 µm ≈122 µm
40Ar 800 MeV ≈ 337 µm ≈336 µm ≈336 µm
84Kr 840 MeV ≈ 95 µm ≈ 71 µm ≈ 95 µm
84Kr 1680 MeV ≈ 220 µm ≈ 199 µm ≈ 220 µm

Isotope Energy G4BraggIonModel
A) Integration of stopping B) Geant4 stepping

powers with GSL ∆max =200 µm ∆max =2 µm
20Ne 200 MeV ≈ 174 µm ≈ 161 µm ≈ 175 µm
20Ne 400 MeV ≈ 534 µm ≈ 520 µm ≈ 535 µm
40Ar 400 MeV ≈ 137 µm ≈ 116 µm ≈ 137 µm
40Ar 800 MeV ≈ 383 µm ≈ 358 µm ≈ 384 µm
84Kr 840 MeV ≈ 113 µm ≈ 71 µm ≈ 115 µm
84Kr 1680 MeV ≈ 281 µm ≈ 230 µm ≈ 284 µm

Table: CSDA range calculated A) by integrating the stopping powers with GNU Scientific Library and B) in Geant4 simulation
for different maximum step sizes ∆max (Physics setup in B: Only ionisation activated (nuclear stopping and fluctuation
algorithms disabled), δ-ray production suppressed (infinite cut)). Results are rounded.

Target material:

SILICON
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Impact on ion ranges of energetic ions and future perspectives

Range of energetic ions (> 100 MeV/amu)

Important for ion therapy, space applications

Current situation in 9.3.b01 (for Zion ≤ 18):

ICRU 73 stopping powers up to TH = 10 MeV/amu,

T > TH : Bethe-Bloch + eff. charge + high-order corr. + smoothing algorithm to

allow for continuous transition at TH

Ion ranges

Contribution of low-energy stopping powers (i.e. ICRU 73) to range of energetic ions
(like in ion therapy) is small

Range depends primarily on approach used for T > TH (i.e. also smoothing

algorithm)

Why TH = 10 MeV/amu and not 1 GeV/amu (= upper boundary in ICRU 73)?

ICRU 73 tables are included as vectors in material class: Up to 1 GeV/amu would
lead to memory problems.

Potential solution in future: Store tables as data files (G4LEDATA) and read only

those required in geometry setup (feasible with G4IonParametrisedLossModel after

minor modifications). At least for materials where improvement can be expected

(See next page).
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Impact on ion ranges of energetic ions and future perspectives

12C ions in water: Position of Bragg peak
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Figure: Comparison of Geant4 MC simulation and experiment (Sihver et al, Jpn. J. Med. Phys. 18, 1998). Exp. data by courtesy
of D. Schardt. ICRU 73 tables are the revised tables of P. Sigmund.

195 MeV/amu
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Impact on ion ranges of energetic ions and future perspectives

Thank you for your attention.
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