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Abstract

This paper discusses the effect of recombination between a molecular ion and a free electron on radial dose in
the irradiation of a heavy ion through simulations. This irradiation produces molecular ions and free electrons
due to the heavy ion impact ionization. The composition electric field, which is formed from these molecular
ions, traps some of free electrons and these trapped free electrons increase radial dose near the heavy ion path.
These trapped electrons also cause the recombination and that the recombination enhances radial dose.
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1. Introduction

Radial dose (or local dose) distributions are incorporated into the treatment planning system for heavy particle
cancer therapy in order to estimate the cell survival (Kase et al., 2008). Here, the radial dose is the dose for the
exposure of a heavy ion onto matter as a function of distances from the incident ion path (). The radial dose
employed in this system should achieve as high accuracy as possible because it is related to the life and death of
a human being. Therefore, we have proposed a radial dose simulation model (Moribayashi, 2014a, 2015a,
2015b) that overcomes weak points of the paradigms (or widely accepted models) employed to solve the radial
dose distribution in this system at present. Our model (Moribayashi, 2011, 2013a) may allow us to treat the
physical phenomena due to the exposure of a heavy ion closer to reality than those produced from the paradigms.
To further develop our model, we incorporate the recombination between a molecular ion and a free electron
onto our model in this paper. Here, a free electron is defined as the electron ionized from a target molecule.

Two types of radial dose distributions have been available (Kase et al., 2008), where we call them ‘Katz type
distribution’ (Katz & Kobetich, 1969; Kraft et al., 1992) and ‘Chatterjee type distribution’ (Chatterjee &
Schaefer, 1976; Magee & Chatterjee, 1980), respectively in this paper after the name of first developers of these
distributions. There is a different feature in the region near the incident ion path between these distributions
although this region is the most important to estimate the cell survival (Kase et al., 2008). This difference arises
from the treatment of the ionization energy of a molecule and the electric field due to the polarization (Lindhard
& Winther, 1964; Ziegler et al., 2008) induced from the exposure of a heavy ion according to paradigms. The
paradigms employed in these distributions are the free electron gas (Lindhard & Winther, 1964; Ziegler et al.,
2008) and the binary collision models (Katz & Kobetich, 1969; Kraft et al., 1992), respectively. In the Chatterjee
type distribution (Chatterjee & Schaefer, 1976; Magee & Chatterjee, 1980) where the free electron gas model is
employed, the electric field due to the induced polarization produces plasma oscillation that enhances the radial
dose. However, in this model, the ionization energy of a molecule in the target is ignored. In the Katz type
distribution where the binary collision model is employed, the accurate ionization energies are treated, but the
induced polarization is neglected. Due to this neglect, the plasma oscillation is not formed and the radial dose
near the heavy ion path becomes much smaller than the Chatterjee type distribution (Kase et al., 2008). Zigler et
al. (2008) wrote ‘(Felix) Bloch showed that the Bohr classical solution was valid for hard close collision while
the Bethe solution was valid for weak scattering. Bloch then provided a solution which reduced to the Bethe
solutions for hard collisions and almost reduced to the Bohr solutions for weak scattering. The terms “hard” and
“weak” refer to the amount of energy transfer and are not well defined.” Here, the Bohr and the Bethe solutions
mean the solutions solved from the free electron gas and the binary collision models developed around 1940s,
respectively. The solution provided by Bloch indicates that we must consider the ionization energy of a molecule
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in the weak scattering because it becomes comparable with the energy transfer. It should be noted that the free
electrons, which are produced from the weak scattering, forms the plasma oscillation and that this oscillation
enhances radial dose in the Chatterjee type distribution (Chatterjee & Schaefer, 1976; Magee & Chatterjee,
1980).

In our model, which is based on the binary collision model, we consider not only the impact processes between
each individual charged particle (ion, free electron etc.) and each individual molecule but also the movement of
each individual free electron controlled by the Coulomb interaction of the charged particles (Moribayashi, 2011,
2013a). This interaction creates strong local electric field, which is mainly formed from molecular ions due to
incident ion impact ionization, near the incident ion path and this electric field traps some free electrons. We
have found that these trapped electrons enhance radial dose (Moribayashi, 2014a, 2015a, 2015b), that is, play a
similar role to the plasma oscillation in the Chatterjee type distribution.

2. Preliminary Theory

We treat water as a target in this paper because water molecules are the largest component in a biological cell.
The rough scenario of the production process of radial dose is as follows. (1) A heavy ion irradiates water and
interacts with water molecules. (2) This interact produces free electrons. (3) The radial dose is obtained from the
energy transfer from these free electrons to the target molecules. This energy transfer is caused from the
following electron impact processes. (I) Ionization from the ground state of a water molecule (¢” + H,O — e +
H,O" + ¢’) (Orient & Srivastava, 1987), (II) electronic excitation (¢” + H O — e+ H,O0%) (Pritchard, et al., 1990),
and (IIT) ionization from a excited state of a water molecule (¢” + H,O* — e + HO" + ¢’) (Moribayashi, 2011).
In this paper, we also consider (IV) recombination between an ion and a free electron (H,O" + ¢ — H,0%)
(Fujimoto, 2004, Landshoff & Perez, 1976, Hahn, 1997), where H,O and H,O* is the ground and excited states
of water molecule, respectively.

2.1 Recombination

There are some types of the recombination processes in plasma (Fujimoto, 2004, Landshoff & Perez, 1976, Hahn,
1997), that is, radiative recombination (RR) (¢- + H,O* — H,O* + hv), three body recombination (TBR) (e” + €
+ H,O" — e + H,0%*), and dielectric recombination (DR) (e~ + H.O* — H,O** — H,O* + hv), where and
H,O** is the auto-ionization state of H,O and /v is the photon. In the radiation chemistry, the other type of
recombination exists, that is, the so-called geminate ion recombination such as ¢” + H,O + H,O" — H,O + H,O
(Warman, et al., 1979). However, we may be able to ignore the geminate ion recombination processes because
they are considered to take place only after 7, decreases to a room temperature (~ 300 K). For the radial dose
simulation, 7, should be larger than 10,000 K because free electrons should have enough energy to cause impact
ionization (or excitation) of a water molecule (Moribayashi, 2014a, 2014b).

The recombination processes are determined from the detailed balance principle (or theorem) (Rodberg & Thaler,
1967) using cross sections or rates. Using inverse processes, the cross sections (G,) for the recombination
processes are given by (Hahn, 1997; Rodberg & Thaler, 1967)

0, =g, (M)
Ver8er

where Ve and gerei) are the electron velocity and the spin degeneracy of the electronic state of a water molecule
before the recombination (the inverse process), respectively, and G; is the cross sections of the inverse process.
The inverse processes for TBR and RR are the electron impact ionization and the photo-absorption, respectively.
We can calculate the recombination rates (Moribayashi et al., 1998, Fujimoto, 2004, Landshoff & Perez, 1976,
Hahn, 1997) from 7., E., D., v., and G,, where T, E., D., and v, are the temperature, the energy, the density, and
the velocity of the free electrons, respectively. For the plasma produced from the irradiation of a heavy ion, we
have estimated 7, < 10 ¢V and D, < 10*!/cm? near the incident heavy ion path (Moribayashi, 2014b). When 7, =
10 eV and D, = 10?!/cm?, we estimate the rates (or the typical reaction times) of DR, RR, and TBR to be ~ 10'°
s1 (~100 ps), ~ 5 x 107 s (~ 20 ps), and ~ 5 x 103 s7! (~ 20 f5), respectively. These estimations are obtained
from Figure 13 shown by Hahn (1997) (where DR of F* ion is treated) and Figure 4B.7 shown by Fujimoto
(2004). We treat only TBR in this paper because radial dose has been determined from the physical processes,
that is, we treated up to # ~ 100 fs (Moribayashi, 2014a, 2015a), where ¢ is the time after the irradiation of a
heavy ion. Fujimoto (2004) has showed that TBR should produce only excited states of a molecule.

2.2 Rate Equations

We study recombination processes using a simulation model that treats individual free electrons and individual
molecules for the first time as far as we know. This allows us to treat recombination in the local small size
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regions where D, changes according to ». This model may be suitable for radial dose simulations, but the
recombination processes have been treated only by rate equations before this paper. Firstly, we have treated the
rate equations (Moribayashi et al., 1998, 1999; Moribayashi, 2007) to elucidate the role of the recombination
processes. Suppose that i expresses the state of a water molecule and that i = 1, 2, and 3 correspond to the states
of H,0, HO*, and H,O", respectively. Then, the rate equations for processes (I — IV) are written by

dP
d_l‘l =—(aq, + 43R,
dP,
—%= o,B—o,,P, + o, P,
dt
dP,
7; =, h + 0P, — o, P, ),

where ¢y, and P; are the transition rate from the i’th to the ;j’th states and the population of the i’th state,
respectively. Using Maxwell distribution function for 7, and £, (Moribayashi, 2014a, 2014b)

A(T.E)=AE, em(—%), 3)

the rates of electron impact ionization and excitation processes (12, o3, @»3) are given by (Moribayashi et al.,
1998, 1999, Moribayashi, 2007)

a,;=D, j : ST, E,)o,(E, v dE, 4)

where G is the transition cross section from the i’th to the j’th states, respectively. From equation (2), the change
of T, between times of ¢ and ¢ + At can be written by (Moribayashi, 2014b)

3
2[—];(1)De(t)—At{V[0!13P1 +Vy00, B +Vy06,F + V]Vaszp3}
T.(t+At) ~ , (5)
3D, (t+A¢)

where V; is the transition energy due to process (i). For processes (I) — (IV), we take V; to be 12.6, 10.24, 2.36,
and -2.36 eV, respectively. It should be noted that Vv becomes a negative value because TBR reduces the
internal energies of a water molecule. Here, the first term of the numerator of the right side of this equation is
obtained from the averaged electron energy (E.,) per unit area given by (Moribayashi, 2014b)

|7 EfE.)dE,
Eea = o
|7 s,

37
2

(6)
3. Simulation Model

We have employed our Monte Carlo (MC) model (Moribayashi, 2011, 2013a) for radial dose simulations
(Moribayashi, 2014a, 2015a, 2015b). A lot of Monte Carlo simulations, which are based on the binary collision
model, have been executed. As far as we know, the secondary electrons only had gone away from the incident
heavy ion path (Katz & Kobetich, 1969, Kraft et al., 1992, Nikjoo et al., 1998, Uehara & Nikjoo, 2002, Wang &
Vassiliev, 2014) because the polarization induced from the heavy ion irradiation had not been considered. In our
model, we treat individual molecules, the movements of individual free electrons (see section 3.2) and the
induced polarization (see section 3.3). This polarization forces some free electrons to return to the region near
the heavy ion path. We also show the calculation method of the radial dose (see section 3.4) and the verification
of our model (see section 3.5). More details are shown in our previous papers (Moribayashi, 2011, 2013a).

3.1 Procedures of Our Simulation Model

The procedures of our simulation model are shown as follows: procedure (i) we set up positions of water
molecules to obtain the density of liquid water in the target. The time (¢) and the number of free electrons (N.)
are set to 0. (il) A heavy ion moves in the target. (iii)) We examine the change of states of water molecules
according to this heavy ion impact. (iv) When we judge that ionization occurs, we produce a molecular ion and a
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free electron and add 1 to N. (N. = N. +1). (v) We also determine an initial energy and an emission angle of this
free electron from the experimental data. (vi) When N, > 0, we examine the change of states of water molecules
according to free electron impact processes. (vii) Procedures (iv) and (v) are executed when we judge that
ionization occurs. When we judge that recombination takes place, we set the charge of the molecule of interest to
0 and N, = N. — 1. (viii) Suppose that i is the process number that occurs. Then, we change the energy of the free
electrons according to process (¢) and record i, ¢, r, and V;.. These records are employed for the simulation of the
radial dose distribution. (ix) The electric field due to the polarization induced in the target is calculated. The
changes of the free electron velocities due to this electric field are simulated using Newton’s equations (Jurek et
al., 2004, Moribayashi, 2009, 2010). (x) We add At to ¢ (¢ = ¢ + Af) and move an incident ion and free electrons
according to their velocities. (xi) Procedures (iii) — (x) are executed. (xii) When ¢ becomes 4y, the other heavy
ion irradiates onto a different place and procedures (i) — (xi) are repeatedly executed for one hundred times. We
show the results averaged over the radial dose produced from the irradiation of these one hundred ions for every
Ej,, values in section 4, where Ej, is the energy of this ion.

3.2 The Explanation of Procedures (ii - v)

We employ total impact ionization cross sections of an incident heavy ion for the production of molecular ions
and free electrons (Cappello et al., 2009). The centers of these cross sections are located at the center of the
molecules and these cross sections are perpendicular to the direction of the velocity of the incident heavy ion. It
is judged that ionization occurs only when this heavy ion crosses the area of these cross sections (Jurek et al.,
2004; Moribayashi, 2009, 2010, 2011).

From the measurement values of differential ion impact ionization cross sections (Champion et al., 2007,
Cappello et al., 2009, Ohsawa et al., 2013), we determine an initial energy (£.), an emission angle of elevation
(6), and an azimuth (@) of the ionized electrons by solving an equation for a variable x ( = E., or 6, or ¢), that is,

J-OX f(x"dx'
jo F(x")dx'

where f (x’), Xmax, and R, are the distribution function, the maximum value of x, and the random number,
respectively. Using R,, x varies according to events of ion impact ionization. For the distribution for E., we
employ the Rudd model (Rudd et al., 1992) that almost reproduces this distribution in C®" ion impact ionization
(Cappello et al., 2009, Ohsawa et al., 2013). We take the distribution for 8 and @to be isotropic (Moribayashi,
2014a, 2015a). For @and ¢, f(6) = sin fand /(@) = 1 because we employ the differential cross sections per a
solid angle (Champion et al., 2007, Cappello et al., 2009).

3.3 The Explanation of Procedure (ix)

For the movement of the free electrons, we consider the following force acting on the free electrons;

=R, (N

- &y eF 7
F=m, Vei _2 i N9 )

= 3 3’
dt o Ame . T dme g,

where &, m,, \761., q1, and FW) are the dielectric constant in vacuum, the mass of an electron, the velocity of the
i’th electron, the charge of the /’th ion, and the distances between the i’th electron and the j’th electron (the /’th
ion), respectively (Moribayashi, 2009, 2010, 2011). This force corresponds to the electric field due to the
polarization, which is induced from the irradiation of a heavy ion, acting on the free electrons.

3.4 The Explanation of Procedures (vi - viii)

For the radial dose simulations, we employ electron impact cross sections for processes (I) — (III) shown in
section 2. For these processes, we treat the same method as that of heavy ion impact ionization (see Sec.2.2)
using the total cross sections of the electron impact (I) to (III). When we judge that the electron impact process
occurs, we determine which process occurs using the cross sections treated with a statistical weight and R, from
the Monte Carlo method. We record £, r, ¢, and AE}, where k expresses the electron impact process and £ =1 - 11
(see section 2). We simulate No,® (r — A r, ¥ + A r, t), where Noy® (r — A7, ¥ + A r, £) is the number of times that
process k occurs in the region between » — A r and » + A r at ¢, Aris the interval length of », and AE} is the energy
transfer to the target due to process k. Then, the radial dose (Rp) is given by (Moribayashi, 2014a, 2015a, 2015b)
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where d,, and [ are the target density and the incident heavy ion migration length, respectively.

We incorporate cross sections of TBR obtained from equation (1) into our simulation model. When the following
conditions are satisfied, we assume that TBR occurs. (A) Two free electrons exist in one water molecular ion at
the same time (The distances between the free electron and the center of the water molecular ion of interest are
shorter than 0.15 nm because the mean intermolecular distance in water is about 0.3 nm.). (B) The energy (£1) of
the free electron, which becomes a bound electron in the water molecule due to TBR, is smaller than V. We
employ only the lowest electronic excited state of a water molecule in this paper. The average initial energy of
the free electrons due to electron impact ionization is smaller than or almost the same as Vi when we consider
the inverse process, that is, the electron impact ionization. (III) The other electron [e(£3)] is located within the
cross sections given by equation (1), where the center of the cross section is located at the place of the center in
the water molecule of interest (Moribayashi, 2009, 2010, 2011).

3.5 Verification of our Simulations

Here, we show the verifications that the procedures shown in section 3.1 operate well. For procedures (iii, iv, vi),
we confirmed that we reproduce the mean path between ionization events (7) due to ion (or electron) impact
processes given by 7= (no)™!, where n and o are the number density of molecules and the impact cross section,
respectively (Moribayashi, 2011). For procedures (v, vii), we confirm the verification that equation (7) operates
well in our previous paper (Moribayashi, 2015b). For procedure (viii), our radial dose simulation results
(Moribayashi, 2014a, 2015a, 2015b) agree well with the conventional distributions in the region far from the ion
path where the effect of the polarization disappears and the recombination seldom takes place. In this region,
these conventional distributions were shown to agree well with the experimental data (Varma et al., 1977).
Therefore, the agreement of our results with the conventional distributions implies that our simulation results in
this region are supported by the experiment.

Fig.1(a) Fig.1(b)

Figure 1. (a) K. (shown by arrows), K;, ¥ (shown by broken lines) vs. »* and (b) K., (shown by arrows), Keip, V)
(shown by broken lines) vs. r. In Figure 1(b), the position where the free electron is trapped by the potential and the
relationship between the energy loss of a free electron and 7 are shown

For procedure (ix), we performed an operation check of our simulation code for the movement of the free
electrons from the change of a free electron energy shown in Figure 1 (a). Figure 1 (a) shows K., K,;, and V as a
function of »’, where r°, K., K.;, and V are the distance from a single atom (or molecule), the kinetic energies of a
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free electron, the initial value of K. and potential energies, respectively (Moribayashi, 2013b). We have
confirmed for a free electron emitted from a single hydrogen atom that the convergence value of the energy loss
becomes the same as B ~ 13.6 eV (Moribayashi, 2013b). This energy loss is obtained from the simulation results
for the change of v, solved by Newton’s equations [equation (8)]. For the calculation of the energy loss due to
the composite electric field treated here, we calculate the force between the free electron of interest and each
individual charged particle using the same code as that for a single atom. Since Newton’s equations [equation
(8)] due to this total force allow us to calculate v., we have judged that our simulation code for v, operates well.
We also checked procedure (ix) by treating the photo-electron spectra where we studied the irradiation of strong
intensity x-rays such as XFEL sources onto a cluster (Moribayashi, 2009). We showed good agreement well
among the spectra calculated using our MC model employed here, the rate equations [equation (2)], and an
analytical solution (Moribayashi, 2009). As for the experiment related to these electron spectra, Bosted et al.
(2008) measured the photo-electron spectra emitted from Ar clusters due to the irradiation of EUV (extended
ultra violet) lasers. They confirmed that the energies (or the movements) of photo-electrons are affected from the
charges due to the polarization induced from the irradiation of the EUV lasers. This indicates that this
experiment supports our model where the movements of the free electrons are controlled by the polarization
induced from the irradiation of a heavy ion [procedure (ix)].

4. Results and Discussions
4.1 Electron Temperature

Here, using rate equations and our MC model, we discuss the relationship of TBR with 7,. The free electron
energies must be larger than V; in order to cause process (i) and the cross sections of process (i) become larger
with increasing electron energies up to a few 10 eV. This means that radial dose increases with increasing F,,
[see equation (6)], that is, T.. Considering from the energy conservation law and equation (5), we expect that
TBR enhances 7, because TBR reduces the internal energies of the molecule of interest as well as D..

We simulate 7, as functions of D, and P3 because D, and P; increase with decreasing Ej,, (Moribayashi, 2014b).
Figures 2 (a) and (b) show T, calculated by equations (2) including and excluding TBR for various values of Ps
as a function of ¢, respectively. Here, we set initial values of Py + Ps, D,, and T, to 3 x10%*/cm?®, 10*!/cm?, and 5
eV, respectively. When TBR is ignored [Figure 2 (a)], 7. only decreases regardless of P; and is much lower than
that given by including TBR [Figure 2 (b)]. It is found that TBR enhances 7, as we expect. When TBR is
considered [Figure 2 (b)], T. depends strongly on Ps. In Figures 2 (c) and (d), we set the same conditions except
for the initial value of D., which is taken to be 10*%/cm3, as those in Figures 2 (a) and (b), respectively. We have
found that D, affects little on the trends of the change of T..

Figure 3 shows T, simulated using our MC model as a function of # at Ej,, of 3, 5, 10, and 15 MeV/u. Until = 30
fs, TBR seems to affect little on 7. However, after 30 fs, T, becomes difference between the cases including and
excluding TBR for relatively small values of Ej,, (3 MeV/u and 5 MeV/u) and this difference increases as time
passes. Namely, TBR plays a role of increasing 7., which agrees well with Figure 2. On the other hand, this
difference becomes smaller with increasing Ej,, (see 10 MeV/u and 15 MeV/u). This may be caused from the
fact that both of Ps; and D,, which are determined from the mean path between ionization events due to incident
heavy ion impact, decrease with increasing Ejon.

10 20 10 10
(a) » (b) (©) P (d)
Xxx « XXXXXXX
N Xx AAAAA X
= = R ><"><>< = = Bin,
2z 5 ¥ %10 L AAA XXXXXX & 5 L5 [, AAAAAAAA
S Kx = . B 2 [ E @ v
ﬁ o, . AAAA ~ ﬁ ~ 000..,’.
ﬁﬁAAéAA XXXX ‘e A’MAA ﬁﬁQAAA Ptk DDDDDDDDD b
AAAAA .y A DO00000!
aammmm @@. DD“E‘DDDDDDDDDDD“ ﬁmmmméééAéA,
0 0 0 0 .
0 50 100 0 50 100 0 50 100 0 50 100
t (fs) t (fs) t (fs) t (fs)
Fig.2 (a) Fig.2 (b) Fig.2(c) Fig.2 (d)

Figure 2. T, calculated from rate equations [equation (2)] vs. ¢ :the initial values of P, + P3, D,, and T, are 3
x10?%/cm?,10%!/cm?, and 5 eV, respectively: D,; is (a) 10?!/cm?, (b) 10?!/cm?, (c) 10%%/cm’, and (d) 10%%/cm’. TBR is
(a) excluded, (b) included, (c) excluded, and (d) included. P; is taken to be 10?!/cm’((0), 10%%/cm? (#), 2
x10%2/ecm?(A), and 2.5 x 10%/cm? (X)
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Figure 3. T, simulated using our MC model as a function of ¢: E;,, of 3 (W,[1),5 (A,A), 10 (@,0), and 15 MeV/u
(®,$): TBR is excluded ((,A,0,<$) (Moribayashi, 2014a) and included (l, A, ®,9)

Although we try to treat TBR as close to reality as possible, ambiguity remains in our model such as the
treatments of excited states. We have estimated the rates of TBR roughly from the number of free electrons
simulated in the irradiation of a C®" ion with the energy of 3 MeV/u from our Monte Carlo model as a function
of ¢. The number of secondary electrons within the region of » < 1 nm at # = 100 fs becomes one third as small as
the initial number, where the secondary electrons are the free electrons produced from the incident heavy ion
impact ionization. This means that the timescale of the recombination is ~ 100 fs, a little bit longer than that
estimated in section 2.1 (~ 20 fs). Here, a timescale is the time when the number of the free electrons due to this
process becomes 1/e, where e is the base of natural logarithm. Such a small difference between these timescales
is unavoidable and our model does not seem to overestimate the effect of TBR on radial dose. Therefore, we
judge that our model can be used for our first simulation. We believe that the results and discussions shown in
section 4.2 allow readers enough to understand the effect of the recombination.

4.2 Radial Dose

Figures 4 (a) — (f) show Rp [equation (9)] as a function of r for E;,, =3, 5, 8, 10, 12, and 15 MeV/u, respectively.
We take 0 to be 5 fs, 50 fs, and 100 fs for Figures 4 (a) and (b) and to be only 100 fs for Figures 4 (c — f). We
also show our previous results (Moribayashi, 2014a) that correspond to Rp obtained from excluding TBR and the
conventional distributions (Katz & Kobetich, 1969, Chatterjee & Schaefer, 1976, Magee & Chatterjee, 1980).

We have found that Rp obtained from including TBR shows larger than that obtained from excluding TBR at Ej,
=3 MeV/u and 5MeV/u, that is, TBR enhances Rp. In particular, at 3 MeV/u, Rp obtained from including TBR
becomes about 1.5 times as high as that obtained from excluding TBR. However, the effect of TBR seems to be
negligible on Rp at Ej,, = 10 MeV/u and 15 MeV/u. This may come form the fact that there is little difference
between T, obtained from including and excluding TBR (see Figure 3).

From Figure 3 and Figure 4, we conclude that (i) the effect of TBR appears when Ej,, is relatively small, that (ii)
TBR increases 7,, and that (iii) this increase enhances Rp near the incident heavy ion path. Before our
simulations, our coworkers as well as we guessed that recombination processes play a role of reducing the radial
dose because the number of the free electrons decreases. However, to our surprise, we have found that
recombination plays a reverse role, that is, a role of enhancing radial dose.
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Figure 4. Rp defined in equation (9) vs. r for the irradiation of a C®" ion with the energy of (a) 3, (b) 5, ()8, (d)10,
(e)12, and (H)15 MeV/u; B: t = 515, @ and O: t4 = 50 {5, ® and <: 14 = 100 fs. Rp obtained from excluding
(H,A,®) (Moribayashi, 2014a) and including (O,<>) three body recombination (TBR) and the Katz type (A)
(Katz & Kobetich, 1969, Kraft et al., 1992) and Chatterjee type (——) (Chatterjee & Schaefer, 1976, Magee &
Chatterjee, 1980) distributions are shown
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Figure 5 shows Rp obtained from our model and the conventional distributions at » =0 ~ 0.3, 0.3 ~ 0.6, 0.6 ~ 0.9,
0.9 ~ 1.2 nm as a function of Ej,,. We show our previous results (Moribayashi, 2015a) that correspond to Rp
obtained from excluding TBR and the conventional distributions (Katz & Kobetich, 1969, Chatterjee & Schaefer,
1976, Magee & Chatterjee, 1980) in these figures. At » > 0.6 nm [see Figures 5 (c) and (d)], our results agree
well with the Katz type distribution and show much smaller than the Chatterjee type distribution. In our model
and the free electron gas model, D. decreases and remains constant values with increasing r, respectively. Since
Rp increases with increasing D., the Chatterjee type distribution where the free electron gas model is employed
may be overestimated at » > 0.6 nm. At » < 0.6 nm [see Figures 5 (a) and (b)], our results agree well and disagree
with Chatterjee type distribution (in particular, for Ej,, < 5 MeV/u) and Katz type distribution, respectively. This
may come from the following fact. A lot of molecules are ionized due to free electron impact ionization in these
regions, that is, D, obtained from our model may become comparable with that in Chatterjee type distribution.
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Figure 5. Rp defined in equation (9) atr=0~0.3,0.3~0.6,0.6 ~0.9, 0.9 ~ 1.2 nm vs. Ej,,; Results obtained from
including (M) and excluding (LJ) (Moribayashi, 2015a) TBR and the Katz type (A) (Katz & Kobetich, 1969, Kraft
et al., 1992) and Chatterjee type (A) (Chatterjee & Schaefer, 1976, Magee & Chatterjee, 1980) distributions are
shown

5. Summary

We have developed a radial dose simulation model due to the exposure of a heavy ion as close to reality as
possible. We incorporate three body recombination (TBR) processes where a molecular ion and two free
electrons are involved into our model and study the effect of TBR on radial dose. We have found that the effect
of TBR appears when the incident heavy ion energy is relatively small and that TBR enhances radial dose.

We compare radial dose obtained from our model with those from the conventional model and we suggest which
conventional distributions should be selected according to » and Ej,,, where r and Ej,, are the distance

Our simulation model, which has become possible in the 21% century, is the only way to examine the physical
phenomena that occurs near the ion path at present as far as we know. We believe that our model developed in
this paper is useful for the development of atomic and molecular physics, bio-medical physics, and
computational physics and become a bridge among these fields.
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