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Biological damage induced by ionizing radiation plays a major role in many application fields as radiotherapy
and microdosimetry. Geant4-DNA Monte Carlo track-structure code has the capability to simulate the passage of
radiation through liquid water, containing physical, physicochemical and chemical processes that lead the early
DNA damage. For proton projectile, current models reach up to an incident energy of 100 MeV. In order to cover
the entire energy regime involved in proton radiotherapy, this work presents a new model that extends proton
ionization and excitation of liquid water up to 300 MeV. Calculation of cross section dataset is made for ioni-

zation of five ionization shells and five excitation levels of liquid water using the Relativistic Plane Wave Born
Approximation (RPWBA). Implementation is validated through the spower and range examples of the official
release, obtaining an agreement within 1% with respect to reference data published in ICRU90 report.

1. Introduction

Track structure calculations of radiation traversing biological me-
dium are widely employed in many radiation research fields such as
radiotherapy, radiobiology and microdosimetry (Perales et al., 2019;
Bertolet et al., 2019a, 2019b), among others. It is possible to model the
energy deposition together with physical and chemical processes at
sub-cellular scale which induce later damage to DNA. Great efforts have
been made to model interactions of radiation with liquid water, which is
the main component of soft tissue. In case of proton radiotherapy, it is
important to calculate proton dose distribution at microscopic scale for
the entire track in order to calculate biological effect not only in tumour
but also in healthy surrounding tissue to study possible secondary side
effects resulting from treatment.

The Geant4-DNA package (Incerti et al., 2010a, 2010b, 2018; Bernal
etal., 2015), an extension of the Geant4 Monte Carlo toolkit dedicated to
modelling biological damage at DNA scale by different incident parti-
cles, is one of the most popular codes available for this purpose. As the
DNA damage can be caused either by direct interaction of the incident

* Corresponding author.
** Corresponding author.

particles (direct damage) or by reactions with radiation-induced radicals
created in water (indirect damage), Geant4-DNA contains physics pro-
cesses as well as physico-chemistry and chemistry processes for water
radiolysis. On the one hand, this package handles radiation-matter
physical interactions using different physics processes (such as ioniza-
tion or excitation), being each described by one or more interaction
models depending on the projectile type and energy. Such interaction
models need to be accurate because of the direct impact over initial
radiolysis products which are generated during the physical-chemical
stage (Shin et al., 2021). On the other hand, several studies were carried
out to improve the simulation of chemical stage as estimation of track
segment yields of water radiolysis species around the Bragg peak energy
region (Baba et al., 2021a), and assess the influence of multiple ioni-
zation processes of liquid water on the radiation chemical yields values
(Baba et al., 2021b). Furthermore, other works have been focused on the
modelling of the mechanisms of DNA damage induction in order to
calculate single and double strand breaks in more complex DNA ge-
ometries as found in human cells (Sakata et al., 2019).

Proton interaction processes with liquid water are usually modelled
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considering (Dingfelder et al., 2000) five ionized molecular states, five
excited molecular states and electron capture. Thus, in order to simulate
a proton beam it is also necessary to take into account interaction pro-
cesses of neutral hydrogen with liquid water. However current models
can be used up to an incident energy of 100 MeV (Incerti et al., 2010b)
while therapeutic proton beams can reach 270 MeV (Paganetti, 2016).
Thus, only protons beams of up to roughly 7 cm range can be simulated
with current Geant4-DNA models. In case of ionization and excitation,
the Born model is employed to simulate incident protons from 500 keV
to 100 MeV. This model applies the First Born Approximation together
with the Bethe theory to obtain a non-relativistic expression for
doubly-differential cross section in energy transfer and momentum
transfer (Dingfelder et al., 2000). For incident energies comparable to
proton rest energy, the Bethe differential cross section is corrected to
include relativistic effects and transverse interaction.

The aim of this work is to develop a new Geant4-DNA model class for
proton interaction with liquid water above 100 MeV incident energy.
For this energy regime, electron capture cross section is several orders of
magnitude lower than ionization and excitation. Thus in order to extend
the current upper limit of Geant4-DNA, we focused on ionization and
excitation processes only. The new model is an interpolated type model,
which means that it reads previously generated data-tables of single
differential cross section (DCS) in projectile energy loss and total cross
section (CS) for the five ionization shells and the five excitation transi-
tions separately. The DCS and CS datasets were produced with a model
based on Relativistic Plane Wave Born Approximation (RPWBA) and
Generalized Oscillator Strength (GOS) describing target response (Sal-
vat, 2013; Dingfelder et al., 2000; Emfietzoglou et al., 2017; Scifoni
et al,, 2010). We started from the doubly-differential cross section
(DDCS) expression given by the RPWBA theory which is applicable for
relativistic energies and also incorporate both longitudinal and trans-
verse interaction, without any correction needed subsequently. Detailed
explanation of the RPWBA theory, the GOS used in this work for liquid
water, and the Fermi density effect is presented in section 2. The new
upper limit was established at 300 MeV, enough to cover the entire
range of proton therapy clinical beams and to ensure that secondary
electrons have kinetic energy lower than 1 MeV, which is the current
upper limit for electron transport in Geant4-DNA. Section 3 contains the
comparison of CS values of this work with current models available in
Geant4-DNA below 100 MeV and implementation verification by
calculation of stopping power and range above 100 MeV. Finally, con-
clusions are drawn in section 4.

2. Materials and methods
2.1. Differential and total cross-section

The initial state of the proton (projectile), just before the collision, is
characterized by its incident kinetic energy E and momentum p, both in
laboratory frame in which the water molecule (target) is assumed to be
at rest. After the collision, the kinetic energy and momentum of the
proton are denoted by E' and p’, respectively. The inelastic interaction of
a proton with a single electron of a water molecule is described in terms
of energy loss by the projectile W = E — E' and momentum transfer q =p
— p'. For the case of ionization and excitation, the energy loss by the
proton is equal to the energy transfer to the electron W =¢' — ¢, where ¢
and ¢ are, respectively, the initial and final energies of the electron in
the process.

Water, in liquid phase, was modelled as a homogeneous isotropic
medium. We assumed that the collision depends only on the magnitude
of the momentum transfer q =|q|, which is given by

¢ =p*+p*—2pp coso, €}

where c is the speed of light in vacuum, p and p’ are the magnitudes of p
and p/, respectively, and 6 is the scattering angle or the angle between
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initial and final momentum. Instead of using g, it is more convenient to
work with the so-called recoil energy Q which is the kinetic energy of a
free electron with momentum q. Mathematically

0 (Q+2m.c?) = (gc), (2)

being m, the electron rest mass and c the speed of light.

The recoil energy Q is closely related to the energy transfer W as it
represents the recoil of a molecular electron after the collision (Fano,
1963). When the energy transfer is much smaller than the incident en-
ergy of the projectile (W < E), the recoil energy Q depends only on the
scattering angle. Conversely, in the limit of large g, when molecular
electrons can be considered free and at rest, Q becomes equal to W.

2.1.1. RPWBA theory

The doubly-differential cross section (DDCS) in W and Q of indi-
vidual collision of a proton projectile with a bound electron of an atom
or molecule, d%6/dWdQ, in the Relativistic Plane Wave Born Approxi-
mation (RPWBA) (Fano, 1963; Inokuti, 1971) can be written, as stated in
(Salvat, 2013), as follows:

&’ 27kl { 2m,c? N
dwdQ ™ m,c*f* |\ WQ(Q+2m.c?)
2m,c*W
+
[Q(Q+2mfcz) - Wz]

p-
2 0(0+2m.c?) dw

3)

w? ] }df(Q-,W)

where k. is the Coulomb constant, e is the elementary electron charge
and g the proton incident velocity in units of c. The factor df(Q, W)/dW
is the atomic/molecular generalized oscillator strength (GOS) that
characterizes the response of the atomic/molecular target electron to the
interaction with the projectile, containing the sum over all initial and
final states of the target in the matrix element of the interaction
hamiltonian once the integration over the space coordinates of the
projectile is done. As it can be seen, the DDCS only depends on the
charge and the velocity of projectile, but not on its mass.

RPWBA theory treats the interaction of the projectile with the mo-
lecular electron as a first-order perturbation (Born approximation),
which is fully applicable for the energy range involved in this work. The
interaction contains two terms. The first one, the longitudinal term,
accounts for the unretarded Coulomb interaction between the projectile
and the target. The second one contains the transverse term or exchange
of virtual photons. Both of them correspond to the two terms inside the
braces in eq. (3), respectively. Initial and final projectile states are
described as free states; in other words, initial and final projectile
wavefunctions are relativistic plane waves. The plane-wave approxi-
mation allows the separation of projectile and target contributions to the
DDCS.

The single differential cross section (DCS) in W is obtained inte-
grating the DDCS in Q, i.e.

0+ (W) 42
do _ do do, 4
AW~ Jo ) dWdQ
where the limits of integration Q. are given by egs. (1) and (2)
considering cos § = +1. Corresponding values for proton projectile with
different incident energies E are shown in Fig. 1.
The calculation of cross section (CS) is obtained by

E
0':/ d—GdWA ()
0

In order to compare with experimental data, it is useful to introduce
the computation of the electronic stopping power or energy loss per unit
path length
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Fig. 1. Kinematic integration limits of recoil energy Q.. as function of projectile
energy loss W for different incident energies E for a proton projectile.

£ do
sz/\//o w3 aw, ®)

where N is the number of atoms/molecules per unit volume of the
medium.

2.1.2. Collision in dense medium, the Fermi density effect

Equation (3) for the DDCS is strictly correct for the interaction of the
projectile with isolated atoms/molecules. When the incident particle is
passing through a condensed medium with dielectric properties, it in-
duces the polarization of the surrounding atoms/molecules, which im-
pacts the transverse interaction; this is the well known Fermi density
effect (Fermi, 1940; Inokuti and Smith, 1982; Sternheimer et al., 1982).
This effect is only significant at proton energies above few hundred MeV
and it produces a reduction of the stopping power S obtained from DDCS
eq. (3). The correction is expected to be of few percent in the case of
solids and liquids and, of course, it vanishes for low-density medium.

When the medium is in condensed phase, aggregation effects have to
be taken into account in initial and final atomic/molecular states of
target electron that constitute the GOS in eq. (3). In other words, sur-
rounding atoms/molecules perturb the electronic states, the outer shells
(those with less bound energy) being the most affected by this issue.

Using the dielectric stopping theory of charged particles in dense
media (Jackson and Fox, 1999) and following the approach suggested by
Fernandez-Varea (Fern a ndez-Varea et al., 2005), it is possible to obtain
a correction to the RPWBA theory corresponding to the Fermi density
effect. We define the Fermi correction to the cross section Aoy, so that
the cross section with Fermi density effect included, o, is obtained from

Op =0+ AGF. (7)
The Fermi density effect correction to the DDCS eq. (3) is thus
expressed with the formula

d*Acp  27ke? {Im< ) le(Q,w)?
dwdQ ™~ m,>p 0(Q+2m,.c*) — W?e(Q, W)/ Im(e(Q, W))

2m.c*W Vzi w2 ]df(Q,vw

[o(o-+2me)—w [ I~ 0lo+2me)| W

®

where £(Q, W) is the dielectric function (DF) of the medium and Im(-)

denotes the imaginary part of the argument. The GOS %WW) is defined in

terms of the DF by

QW) 0N2Z . [ -
aw o W(l +mec2> < lm(s(Q, W))’ ©

where Z is the number of electrons in one atom/molecule of the medium
and Q, is the plasma resonance energy of an electron gas with number of
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electrons per unit of volume equivalent to that of the stopping medium
NZ, defined as

Q@ = 4Nz / e, (10

where 7 is the reduced Planck constant.

The expression of stopping power in dielectric theory is obtained by
writing the electromagnetic field, induced by the charged projectile in
the medium, in terms of the dielectric function ¢(k, ®) expressed as a
function of the wave vector k and the frequency w corresponding to the
Fourier transform of the components of the electromagnetic field. Again,
for an isotropic homogeneous medium the DF depends only on the
wavenumber |k| = k. In general, ¢(k, ®) is a complex function which
contains the information of polarization and energy absorption of the
medium resulting from the action of an electromagnetic field. The cor-
respondence between classical dielectric theory and quantum theory is
made assuming the semi-classical relationships ¢ = 7k and W = ho.

The contribution of the density effect to DCS, CS and stopping power
is calculated analogously to the quantum case, i.e.

0. (W) 32
dAD'F _ d AGF dQ, (11)
AW " Jy @y dWdQ

£ dAoy
Aoy = w 12
or /0 207 aw, a2
S —/\//EWdAGF aw (13)
dor T T aw T

2.2. Dielectric function and GOS of liquid water

Obtaining the GOS of liquid water from interaction matrix elements
is a complicated procedure due to the molecular geometry, without
spherical symmetry, and aggregation effects mentioned above; the latter
is applicable to any molecular dense medium. Then, the dielectric
function plays an important role in GOS computation, as shown in eq.
(9), which is essential in RPWBA theory of energy loss. Especially, the
GOS depends on the energy-loss function (ELF) 7,

~1 ) _ & (0, W)
O,W))  €(Q,W)+e(Q W)
obtained by decomposition of the complex DF in its real and imag-

inary parts, respectively, denoted e; and e3: € = €1 + ieo. Both parts
satisfy the Kramers-Kronig relationship (Landau et al., 1961)

1(Q.W) = Im (E (14

. ,
(0, W) = 1 +%7>{/ % dW’}., (15)
e W)= 7| [THET S aw]. 16)

where P[] stands for Cauchy principal value. In eq. (14), the numerator
accounts for characteristic photoabsorption spectrum that sets off single-
electron transition and the denominator represent the long-range po-
larization and screening effect of the medium (Emfietzoglou et al.,
2005). In low-density medium, €; ~ 1 and &3 < 1, thus the effect of the
denominator vanishes and 7, ~és.

Following previous works (Dingfelder et al., 1999; Emfietzoglou
et al., 2005), we have considered five ionization shells (1by, 3a;, 1bo,
2aj, and the K-shell of oxygen) and five excitation states (A'By, B'A;,
Ryd A + B, Ryd C + D, and diffuse bands) of the water molecule. In case
of ionization, a distinction was made between inner shell (K-shell of
oxygen) and outer shells (valence bands). The imaginary part of the
liquid water DF was thus decomposed in terms as follows

(0, W) = k(0 W) + > " e, (0, W) + 3 e, (0. W), an
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with ek corresponding to oxygen K-shell ionization, e, corre-
sponding to outer shells ionization and &,;, corresponding to excitation
states. The ELF for a specific excitation level or ionization process j, 12,
is obtained according to

€,;(Q,W)
(0, W) +€3(0, W)

This allows the separate calculation of the contribution of each
excitation state and ionization shell to the DDCS.

The unprocessed imaginary part of the DF for ionization/excitation,
(un)
24ji/Je

’72.j(Q7 W) = as)

&, .. , was computed with the formula

€0, (0. W) = @) Dy ;. (0, W), (19)

where D; ;, (Q, W) are the extended-Drude functions calculated as indi-
cated below.

For ionization, ey; was determined using a semi-empirical model
based on extended-Drude functions

}’j,(Q) w
(U2(Q) = W2)’ + 2 (Q) W

while for excitation, &,;, was obtained with extended derivative-
Drude functions

(20)

Df:(Qv W) :f,(Q)

273 w3
D, (0, W) = £.(0) 7.(0) . @1

(U2 = W2)' + 72 (Q) W2

where Uj,(Q) and Uj, are the transition energy coefficients, f; (Q) is the
oscillator strength, and y;,_(Q) is the damping energy. In the optical limit

Q =0, egs. (20) and (21) tend to Drude functions (Ritchie et al., 1991).

The value of the parameters in the optical limit were obtained by
fitting experimental data to the sum of four D; (0, W) and five D;, (0, W)
functions for the entire range available in W (Emfietzoglou et al., 2005).
The Q-dependence of coefficients as well as the values of parameters
were taken from the ECN (Emfietzoglou-Cucinotta-Nikjoo) model pro-
posed by Emfietzoglou et al. (2005). The extended-Drude functions
D;,(Q, W) have non-zero values below the binding energy threshold.
Thus, in case of ionization, a post-processing method of truncation,
smoothing and redistribution was needed (Emfietzoglou et al., 2017). In
excitation case, we must point out that eq. (21) is sharply peaked at
W = Uj,, then it is more appropriate to describe the excitation as a
discrete process rather than using eq. (20).

The only inner-shell, the oxygen K-shell, has large binding energy
(~ 540 eV) as compared with outer shells. It is not affected by collective
and aggregation effects and has a remarkable atomic behaviour. For
high energy transfers, the real and imaginary parts of the DF are
approximately €; ~ 1 and ¢3 <« 1, thus the K-shell ELF can be approxi-
mated by 572 x &~ 2 x (Dingfelder et al., 2000). In this work, we have used
the hydrogenic GOS approximation, which improves the asymptotic
behaviour of Drude functions eq. (20) used earlier for outer shells
(Emfietzoglou et al., 2009). An specific expression for oxygen K-shell
GOS used can be found elsewhere (Heredia-Avalos et al., 2005).

With the aim of calculating €1(Q, W), it is convenient to define the
corresponding Kramers-Kronig function (Dingfelder et al., 1999) of the
extended Drude function

[ B aw ]| <0

1

200 w2
Do) =tp o
! 3

[20)-w] 70w

and of the extended derivative-Drude function
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77{ TL@W) Wi)dw}
o W =W

(5-w) (5 -w) ssr@w] @
=/.(Q) .

2 2
{(U,%, -W) +72(0) Wz}
The real part of the DF is therefore

&(Q,W)=1+Q 24)

S DK (. W) + S DKo, W)
Ji Je

Fig. 2 shows the imaginary and real parts of the DF together with ELF
for different Q values. These curves were obtained from eqs. (14), (17)
and (24) using parameter values proposed by Emfietzoglou et al., 2005,
2017.

The post-processing method to get the DF for outer-shell ionization
consisted of three steps. First, truncation of Drude functions below the
binding energy shell B;, using Heaviside step function ©(-). Second, the
smoothing just above the energy threshold via a gaussian type-function
S;;(W). Third and last, the truncated and smoothed parts of higher
binding energy Drude function were redistributed among lower energy
ionization levels with weights

D;(Q, W)W — B))

. (25)
Zj:’:B/// <B Dj,” (Q= W) ®(W - Bj’,’)

Wj“/': (Qa W) =

The imaginary part of outer-shell ionization DF was then calculated
as follows

ngi(Q: W) = E;L,‘j?)(Q> W) [1 - Sji(W)] ®(W - Bf,)Jr

+ w, (0, W) "™ (0, W) x
j;:gie, o 2, (& W) (26)

x[e(B; - w) +s,(w)e(w-5,)]|.

Fig. 3a shows an example of the effect of post-processing for Q =
0 (optical limit).The main aspects to highlight are the soft truncation
below each binding energy and the redistribution only to lower binding
energy shells according to their relative strength. The truncated part
below the lowest binding energy, corresponding to 1b; shell, will be
treated as indicated hereafter.

In case of excitation, the imaginary part of the DF was obtained by

Q=0eV Q=10"ev

Q=10"ev

0.04
0.02

10°
W (eV)

Fig. 2. Real and imaginary parts of the dielectric function (¢; and ¢,) and the
energy loss function (775) of liquid water as function of projectile energy loss W
for different values of recoil energy Q. The experimental cutoff energy is set to
7 eV.
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0.8
= < 06
= B
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11 &
e =04
704 3
0.2
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Fig. 3. (a) Processed (solid lines) and unprocessed (dotted lines) imaginary
B0
and e», respectively, at optical limit (Q = 0) in terms of projectile energy loss
W. From left to right, lines correspond to 1b,, 3a;, 1b, and 2a; shells with
ionization threshold energies B;, = 10.79, 13.40, 16.85 and 30.80 eV, respec-
tively (Dingfelder, 2014). (b) Processed and unprocessed imaginary part of the

dielectric function for excitation processes of liquid water, sg??

part of the dielectric function for ionization of outer shells of liquid water, ¢

and €2,
respectively, at optical limit (Q = 0) in terms of projectile energy loss W. From
left to right, lines correspond to A'By, BlA;, Ryd A + B, Ryd C + D and diffuse
bands excitation transition. Note the lower cutoff at W, = 7 eV and that the
two last levels are not processed because their excitation energy coefficients
(Uryd ¢ + p and Uiffuse bands) are larger than the lower ionization threshold
energy (Byy, ).

means of eq. (21) and adding the smoothing of the Drude function with
the lowest binding energy, the 1b; shell, and the truncation of all ioni-
zation Drude functions below the lowest energy threshold By, analo-
gously to the ionization case, only for transition with j : Uj, < Bsa, =
13.40 eV (value taken from (Dingfelder, 2014)). Thus

€,,(0.W) = {e&i?(g, W) +w;,(Q, W) {Ze&“;)(g, W)© (Blb, - W) +
Ji

+ €216, (Q, W) S, (W) O(W — By, )] }
X [1 - S/L(W)} ®(W - WCul)7
27)

where Wy is the lowest energy cutoff for excitation set at 7 eV
(Emfietzoglou et al., 2005), the weights were obtained from

D]}»(Q7 W)
> D/'Z,(Q’ ‘/V)7

;
JoiUs <Bay,
A

w; (Q, W) = (28)

and S;, (W) is a gaussian-type smoothing function.

After the post-processing, for Q = 0 case, the imaginary part remains
as shown in Fig. 3b. Only the three lower excitation transitions (A'By,
B'A; and Ryd A + B) are affected by the low energy interval redistri-
bution of unprocessed DF imaginary part for ionization process. It is
important to remark that the three excitation transitions affected by the
distribution preserve the peaked shape of the derivative-Drude function
eq. (21).

The GOS for each ionization shell df;, /dW was obtained from

df, (0, W 2z
L )EW(”mQCz)ﬁﬂz.ij,W% 29
¢ P

11;,(Q, W) being the ELF (eq. (18)) with the imaginary part of DF (eq.
(26)). Fig. 4 displays the GOS for each ionization shell. Valence shells
have a soft growth in direction of increasing W from binding threshold.
In contrast, K-shell presents a sharp edge in W, typical of inner shells
ionization which are not affected by phase effects.

As for the excitation cases, we took into consideration that
“formally” excitation GOS is different from zero only for a discrete en-
ergy transfer value. Assuming a broadening in experimental peaks and
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Fig. 4. Ionization GOS for different shells of the water molecule in condensed
phase in terms of projectile energy loss W and recoil energy Q. Note that in case
of the inner shell (K-shell of oxygen) the scale is one order of magnitude lower
than those used for the outer shells.

bearing in mind that the GOS must fulfill the Bethe sum-rule (Dingfelder
et al., 1999; Emfietzoglou et al., 2005), we obtained the excitation GOS
dfj, /dW from

df, (O, W
LW _ 0w -w,), (30)
with
e 0\ 22
r@=[w(14.55) e maw, 31)

where 7, JB(Q’ W) is the ELF (18) with the imaginary part of DF (27).
Results are presented in Fig. 5. Finally, the contribution of each process
to the DDCS and Fermi correction was obtained by substituting the
corresponding GOS in egs. (3) and (8).

2.3. Integration into the Geant4-DNA package
The RPWBA model was included in Geant4-DNA model library

following the design G4VEmModel (Incerti et al., 2010b). Then two new
model classes, one for ionization and another for excitation, were

0.08

0.07 |
Ryd C+D

0.06 |
005 .M |
2 o004 |
- Y — |
0.02 |
0.01 |
o 10* 10° 102 104
Q (eV)

Fig. 5. Bethe sum, eq. (31), for the five excitation processes of liquid water
labelled in the figure in terms of recoil energy Q.
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created and implemented for protons from 100 MeV to 300 MeV. They
are interpolated models, i.e. they use data tables of cross section values
for each liquid water shell obtained, in this case, with RPWBA theory
including Fermi density correction. Each of them were added to
G4DNAlonisation and G4DNAExcitation process classes, respectively,
complementary to the two lower energy models already available, thus
extending the current upper limit of both existing processes (100 MeV).

With the aim of verifying the implementation of models and cross
section dataset in the extended energy regime, the stopping power and
range of protons were determined with the extended examples spower
and range (Incerti et al., 2018), available with the Geant4 official release
(v10.5). Comparison with reference data were done with the relative
difference with respect to these data

X — Xyef

e(%) = % 100, (32)

Kref

where x is the value calculated with Geant4-DNA examples and x¢f the
corresponding reference value. Stopping power and range results,
compared with reference data, are shown in section 3.2.

3. Results and discussion
3.1. Comparison with Geant4-DNA dataset in the range 10-100 MeV

In order to ensure a good transition with the current model imple-
mented in Geant4-DNA for protons below 100 MeV (the Born model
(Incerti et al., 2010a)) differential and total cross section were calcu-
lated with our approach based on RPWBA theory above 10 MeV.

Fig. 6 displays differential cross sections for protons from 10 to 300
MeV obtained from calculations based on RPWBA, compared with those
extracted from the Born model dataset of Geant4-DNA where possible
(up to 100 MeV). For all incident energies, curves show a similar
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Fig. 6. Ionization differential cross section of liquid water as function of proton
energy loss W for different incident energies E. Calculations with RPWBA the-
ory (this work, solid line), and with the Born model dataset included in the
Geant4-DNA database (dashed line, up to 100 MeV) are shown.
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dependence with W, having similar maximum values located at similar
W values; the maximum decreases with increasing incident E. This re-
flects the fact that the Born model in Geant4-DNA database is obtained
using theoretical approaches and relativistic corrections which makes it
comparable to the RPWBA theory of this work. The highest discrepancy
is localized around the 21 eV peak as consequence of the difference in
GOS values. Looking at Fig. 1, it can be seen that for an energy transfer
W =10 eV, the integration limit Q_ takes values around 1073 eV for an
incident energy interval from 10 to 100 MeV. Only the valence shells
contribute to the DCS in the W interval from 10 to 100 eV and, as shown
in Fig. 4, the valence shells GOS are roughly constant and equal to the
GOS at optical limit between Q values from 102 eV-10° eV. Thus the
differences observed in the DCS are mostly due to differences in the
optical oscillator strength (OOS) used in each model. The OOS was ob-
tained by fitting experimental measurements of the dielectric function to
a sum of Drude functions, egs. (20) and (21), whereas the Born model
was based on the data published by Heller et al. (1974), and this work
was based on the data published by Hayashi et al. (2000). Further
comparison and analysis can be found elsewhere (Emfietzoglou and
Nikjoo, 2005).

Fig. 7 shows the total cross section for ionization, summed over all
shells, and the total cross section for excitation, summed also over all
transitions, obtained with our model for incident energy E values from
10 to 300 MeV, and the Born model present in the Geant4-DNA database
for incident energy E values from 10 to 100 MeV. Both models have the
same decreasing behaviour for increasing E, noting that the Born model
decreases faster both for ionization and excitation. In case of ionization,
both curves intercept at 62 MeV, and our model produces a total cross
section about 5% larger than that calculated with the Born model at 100
MeV. In case of excitation, the Born model produces higher values along
the entire energy range studied with a relative difference with respect to
this work of 2% at E = 100 MeV.

Since the Geant4-DNA cross section database for liquid water con-
tains the values for each ionization shell and excitation transition
separately, Table 1 shows the relative contribution to the cross section,
¥, of each one calculated as

Oji/je
X (%) =100 =——F=—, (33)
i 2% + 22,9,

where j; stands for ionization shells and j, for excitation transitions. As
stated earlier, our work and calculations based on the Born model
included in the Geant4-DNA database were based on the same semi-
empirical model function, but they use different experimental

——This work (RPWBA)
= = Born model

Excitation ‘
10 20 40

60 80 10 200 300
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Fig. 7. Total cross section for ionization and excitation processes of liquid
water as function of the proton incident energy E. The cross sections obtained
with RPWBA theory (this work, solid line), and Born model dataset included in
the Geant4-DNA database (dashed line, up to 100 MeV) are shown.
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Table 1
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Percentage of total cross section contribution for each transition, ionization and excitation processes, obtained for three different proton incident energies E. The
calculations with RPWBA theory (this work) and with Born model dataset included in the Geant4-DNA database are listed.

Cross section contribution (%)

E =10 MeV E = 50 MeV E =100 MeV
RPWBA Born RPWBA Born RPWBA Born
Ionization K-shell 0.5 0.2 0.6 0.4 0.6 0.5
2a; 14.2 5.6 14.5 5.7 14.6 5.8
1b, 20.7 23.1 21.2 23.4 21.3 23.5
3a; 22.8 30.2 22.6 30.4 22,5 30.4
1b; 34.1 325 33.6 32.0 33.7 31.7
Excitation Diffuse bands 0.5 1.8 0.5 1.9 0.5 2.0
RydC+D 1.9 1.5 1.9 1.5 1.9 1.6
RydA + B 1.1 1.6 1.1 1.4 1.1 1.4
BlAl 2.4 2.3 2.3 2.1 2.2 2.0
A'B, 1.8 1.2 1.7 1.2 1.6 1.1

measurements to fit the coefficients of extended-Drude functions. There
is also another difference in the way that each work truncates the
extended-Drude function to reproduce the ionization threshold. The
result is that the contribution of ionization shells and excitation transi-
tions varies between both models. It is noticed an increase of the 2a;
shell contribution and a reduction on the 3a; shell contribution of our
RPWBA calculations with respect to those from the Born model. For
excitation, the largest difference was found in the diffuse bands, being
the contribution up to four times lower in our calculations as compared
with those based on the Born model.

3.2. Validation with “spower” and “range” Geant4 examples

Fig. 8, upper panel, compares the mass stopping power calculated
with the example spower of the Geant4 toolkit, using our implemented
cross-section dataset (crosses) and the Born model dataset (empty cir-
cles), against the mass stopping power values published in the ICRU90
report (Report 90, 2014) (solid line), which were used as reference; the
shaded area around ICRU90 data represents 1% uncertainty, as dis-
cussed in the ICRU90 report. Lower panel contains the relative differ-
ences calculated as stated in eq. (32). Results are in very good
agreement, all deviations being lower than 1% for the extended energy
range (100-300 MeV); thus, within reported uncertainties.

ICRU90

A’IZ x This work (G4-DNA) |1
- o Born model (G4-DNA)
o
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Fig. 8. Mass Stopping Power of liquid water as function of the proton incident
energy E. The upper plot shows reference data from ICRU90 (Report 90, 2014)
(solid line), mass stopping power values calculated with the Geant4-DNA spo-
wer example using our cross section dataset (crosses), and the Born model
dataset (empty circles). Shaded area corresponds to 1% uncertainty of ICRU90
data. The lower plot shows the relative deviations with respect to ICRU90.

Fig. 9a, upper panel, shows the calculations carried out with the
range example of the Geant4 toolkit to compare the range calculated for
protons above 50 MeV against the range values published in the ICRU90
(Report 90, 2014) report for liquid water. As the calculation of range
values requires the simulation of protons tracks from their initial energy
down to the cutoff energy, the different models included in Geant4-DNA
take part in this procedure within their respective energy range. For the
new extended energy region (crosses) the Drude (0 eV-500 keV), Born
(500 keV-100 MeV) and RPWBA (100-300 MeV) models are used, while
for current energy regime (empty circles) only the first two contribute.
Analogously to the previous example, lower panel shows the relative
residuals of our Geant4-DNA calculations with respect to the ICRU90
data. Calculated values are systematically lower than reference data.
The absolute difference remains roughly constant for the extended en-
ergy range (E > 100 MeV), being within the interval from 0.11 g cm 2 to
0.15 g cm ™2 This results in a decreasing behaviour of relative differ-
ences with increasing E, as shown in lower plot. Statistical uncertainties
of range simulations grow proportionally to simulated range value,
producing an approximately constant relative error of about 1%, rep-
resented with error bars in the plot.

To perform a test of our cross section dataset (for protons above 100
MeV) without propagating the uncertainty due to the cross sections
calculated with other models below 100 MeV, we carried out other
calculations with the range example in which proton tracking was cut at
100 MeV. Fig. 9b, upper panel, shows the calculations obtained with the
proton tracking cut applied. ICRU90 range values were calculated using
the continuous-slowing-down approximation (CSDA), i.e. reference data
were calculated by subtracting the range for 100 MeV protons to the
range at the energy specified. Calculated values are again lower than
reference data, but absolute differences are now below 0.028 g cm ™2,
which is one order of magnitude lower than the previous residuals (i.e.
incorporating the calculation below 100 MeV, done with cross sections
based on the Born model). Lower panel shows the relative residuals,
calculated with eq. (32). The agreement observed is remarkable, being
all deviations below 0.5%.

4. Conclusions

A new model for the Geant4-DNA Monte Carlo toolkit that extends
the 100 MeV upper energy limit for proton interaction with liquid water
(ionization and excitation processes) is presented in this paper. This
work will be included in Geant4 from 11.1 beta release of the Geant4
toolkit. The model is based on the RPWBA theory using the liquid water
GOS modelled with a sum of extended-Drude functions together with the
Fermi density effect correction. The DCS in energy loss for ionization
was calculated with RPWBA theory and compared with the existing
Geant4-DNA model (the Born model) for protons at 10, 50 and 100 MeV.
The largest difference was observed around the 21 eV peak, caused by
the use of different experimental data for Drude function parameter
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Fig. 9. (a) Mass Range of protons in liquid water as function of the incident
energy E. The upper panel shows reference data from ICRU90 (Report 90, 2014)
(solid line), mass range values calculated with the Geant4-DNA range example.
The extended energy region (crosses, above 100 MeV) shows calculations where
our model based on RPWBA was applied while the proton kinetic energy was
greater than 100 MeV, whereas Born and Drude models were applied below
100 MeV. For initial energies below 100 MeV (circles), the latter are solely
applied. The lower panel shows the relative difference in percentage to ICRU90.
Vertical bars correspond to relative error calculated by the example code. (b)
Mass Range of protons in liquid water, excluding the residual range at 100 MeV,
as function of the incident energy E. The upper panel shows reference data from
ICRU90 (Report 90, 2014) (solid line) and mass stopping power values calcu-
lated with the Geant4-DNA range example using our cross section dataset
(empty circles). The lower panel shows the relative difference in percentage
to ICRU90.

estimation. The CS for ionization and excitation were also calculated
with our approximation and compared for proton incident energy from
10 to 100 MeV, with a discrepancy at 100 MeV of 5% and 2% for each
process, respectively. Model validation in extended energy regime from
100 to 300 MeV was done via the comparison of stopping power and
range, obtained with spower and range examples using our DCS and CS
data, with ICRU90 reference data. In both cases, relative differences

Radiation Physics and Chemistry 199 (2022) 110363

from reference data were below 1%. In summary, the new model pre-
sented extends the current Geant4-DNA energy limit to 300 MeV,
enough to cover the entire range of proton therapy clinical beams within
the accuracy reported by ICRU90 report.
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