
Chin. Phys. B 32, 033401 (2023)

A theoretical study of fragmentation dynamics of water dimer
by proton impact

Zhi-Ping Wang(王志萍)1,†, Xue-Fen Xu(许雪芬)1, Feng-Shou Zhang(张丰收)2, and Xu Wang(王旭)1

1Department of Fundamental Courses, Wuxi Institute of Technology, Wuxi 214121, China
2The Key Laboratory of Beam Technology and Material Modification of Ministry of Education, College of Nuclear Science and Technology,

Beijing Normal University, Beijing 100875, China

(Received 9 May 2022; revised manuscript received 5 July 2022; accepted manuscript online 22 July 2022)

To investigate the collision processes of proton with the water dimer (H2O)2 at 50 eV, the time-dependent density
functional theory coupled with molecular dynamics nonadiabatically is applied. Six specific collision orientations with var-
ious impact parameters are considered. The reaction channels, the mass distribution and the fragmentation mass spectrum
are explored. Among all launched samples, the probability of the channel of non-charge transfer scattering and charge
transfer scattering is about 80%, hinting that the probability of fragmentation is about 20%. The reaction channel of proton
exchange process 2 is taken as an example to exhibit the detailed microscopic dynamics of the collision process by inspect-
ing the positions, the respective distance, the number of loss of electrons and the evolution of the electron density. The
study of the mass distribution and the fragmentation mass spectrum shows that among all possible fragments, the fragment
with mass 36 has the highest relative abundance of 65%. The relative abundances of fragments with masses 1, 35, and 34
are 20%, 13%, and 1.5%, respectively. For the total electron capture cross section, the present calculations agree with the
available measurements and calculations over the energy range from 50 eV to 12 keV.
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1. Introduction

Collision-induced fragmentation of water by energetic
projectiles has attracted extensive attention in biophysical and
radiobiology research in the past decades.[1–7] This is mainly
due to the fact that water molecules are the basic components
of biological tissues and it has been found that irradiated water
molecules usually produce a large number of secondary low-
energy electrons, ions and radicals, which cause direct and in-
direct biological damage to DNA molecules through a series
of chain reactions.[8–11]

As the hadron therapy has been applied mostly with pro-
ton beams, a variety of works dedicated to proton-water col-
lisions experimentally[3,12–19] and theoretically.[20–32] These
studies are helpful to understand the ionizing radiation of wa-
ter impacted by protons. Water clusters are considered as
transient intermediates in liquid water,[33] which is crucial to
understand many chemical and physical processes.[34] There-
fore, it is important to understand the interaction of protons
with water clusters, which is directly relevant to a detailed un-
derstanding of radiation damage in biological systems. Al-
though the water molecule has been the focus of scientific and
technological research for many years, there is still no reason-
able agreement among all reported measurements. Further-
more, the collision processes of water clusters impacted by
low-energetic protons are relatively few in literature.

In this paper, we study the fragmentation dynamics of the

water dimer in collision with 50 eV proton in the microscopic
way using the approach of the time-dependent density func-
tional theory (TDDFT) coupled to molecular dynamics (MD)
non-adiabatically. The TDDFT-MD approach implemented in
the code package PWTELEMAN developed by the Toulouse–
Erlangen group[35–38] has been applied as an effective tool in
exploring ion-molecule collision dynamics.[30–32,39–43]

The organization of this paper is as follows. In Section 2,
we give a brief explanation of the theoretical and numerical
approach. In Section 3, we discuss the calculated results. Fi-
nally, a summary is presented in Section 4.

2. Theory and simulation details
The system is treated as an ensemble composed of va-

lence electrons and ions. The ions, which are composed of
the inner shell electrons and their parent nuclei are treated as
classical particles characterized by their positions 𝑅I , (I =

1, . . . ,Nion), where Nion is the total number of ions. The va-
lence electrons are described as single-particle wave functions
ϕ j(𝑟) ( j = 1, . . . ,Nel), where Nel is the total number of valence
electrons. In the density functional theory (DFT), any observ-
able could be written uniquely as a functional of the density
of a non-interacting reference system.[44] The total energy of
system is given as[36,37]

Etot = Ekin,el({ϕ j})+EC(ρ)+Exc(ρ)+ESIC({|ϕ j|2})
+Ekin,ion({𝑅̇I})+Epot,ion({𝑅I})
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+EPsP({ϕ j},{𝑅I})+Eext, (1)

where ρ(𝑟, t) is the electron density taking the form of
ρ(𝑟, t) = ∑ j |ϕ j(𝑟, t)|2. In Eq. (1), Ekin,el is the electron ki-
netic energy, EC denotes the direct Coulomb energy, Exc rep-
resents the exchange-correlation energy and ESIC is the self-
interaction correction (SIC) term. Ekin,ion, Epot,ion, EPsP and
Eext denote the kinetic energies of ions, the ionic potential, the
pseudo-potential and the external energy, respectively.

We perform real-time propagation of electron wave func-
tions on the basis of time-dependent density functional theory
(TDDFT). The time evolution of the electronic wave function
is achieved by employing a set of time-dependent Kohn–Sham
(TDKS) equations,[45] i.e.,

i
∂

∂ t
ϕ j(𝑟, t) =

(
− ∇2

2
+Veff[ρ(𝑟, t)]

)
ϕ j(𝑟, t), (2)

with Veff[ρ(𝑟, t)] being the time-dependent Kohn–Sham poten-
tial,

Veff[ρ(𝑟, t)] = Vne(𝑟, t)+VH[ρ(𝑟, t)]

+Vxc[ρ(𝑟, t)]+Vext(𝑟, t), (3)

where Vne is the electron-ion potential, VH is the Hartree po-
tential, Vxc is the exchange–correlation (xc) potential, and
Vext(𝑟, t) is the external potential.

The ion motion is obtained by using molecular dynamics
(MD) simulations. The equations of motion can be obtained
by variations of ionic position 𝑅I and momentum 𝑃I , i.e.,

∂

∂ t
𝑅I =

𝑃I

MI
, (4)

∂

∂ t
𝑃I = −∇RI

[
1
2 ∑

I 6=J

ZIZJ

|𝑅I−𝑅J |

+
Nel

∑
i=1
〈ϕ j|VPsP(𝑟−𝑅I)|ϕ j〉+Vext,ion(𝑅I , t)

]
, (5)

where MI and ZI are the mass and charge of the ion number I.
VPsP and Vext,ion represent the pseudo-potential and the interac-
tion between ions and the external field, respectively.

The dynamical Eqs. (2)–(4) for electrons and ions are
computed and solved simultaneously, and both electrons
and ions are fully propagated in time. The coupling be-
tween electrons and ionic cores is mediated by Goedecker-
type pseudopotentials.[46] The parameterization of Perdew
and Wang[47] is applied for Exc. An average-density self-
interaction correction (ADSIC)[48] is employed to put the
single-particle energies at their correct values.

All calculations were performed on a 3D coordinate-
space grid of 72×72×72. The grid spacing is 0.412a0 in each
direction. The damped gradient method[37] is applied to get
the ground state wavefunctions of system. A constant time
step for the propagation of the wave function and ionic motion

is 0.000605 fs to ensure the numerical stability. The absorb-
ing boundary condition is applied to avoid periodic reflecting
electrons.[49]

To describe electronic excitation, the number of bound
electrons N(t), which associates with the time-dependent elec-
tronic density ρ(𝑟, t) within the finite volume V , is given as

N(t) =
∫

V
d𝑟ρ(𝑟, t). (6)

Accordingly, the number of escaped electrons can be defined
as Nesc(t) = N(t = 0)−N(t).

It is known that the direct electron emission, i.e., free
electrons released from bound states into the continuum, is
less probable than the electrons captured by the proton at low
energies.[39,40,50] As the incident energy of proton is 50 eV,
this also holds for the present study. We concentrate on es-
timating the electron capture probabilities simply in the cur-
rent work. When the proton approaches the water dimer, the
electron capture (also called charge transfer) can be simply de-
scribed as

p++(H2O)2→ pq + · · · , (7)

where q denotes the final charge state of the proton.
The full space is divided into two regions: the analyzed

box V and its complement V̄ . Thus, the many-body wave func-
tions are separated into bound- and continuum-state parts re-
spectively. The orbital-resolved bound probability N j(t) and
continuum one N̄ j(t)[49] at the evolving time t are given as

N j(t) =
∫

V
d𝑟ρ j(𝑟, t)

=
∫

V
d𝑟|ϕ j(𝑟, t)|2, ( j = 1, . . . ,Nel), (8)

N̄ j(t) =
∫

V̄
d𝑟ρ j(𝑟, t)

=
∫

V̄
d𝑟|ϕ j(𝑟, t)|2, ( j = 1, . . . ,Nel). (9)

The probability Pi+(t), which is initially derived from the
precise definition of multiple ionization probabilities through
the full many-body wave functions,[49] is defined as

P0(t) = N1(t) · · ·NNel(t), (10)

P1+(t) =
Nel

∑
i=1

N1(t) · · · N̄i(t)NNel(t), (11)

P2+(t) =
Nel−1

∑
i=1

Nel

∑
j=2, j>i

N1(t) · · · N̄i(t) · · · N̄ j(t)NNel(t), (12)

...

P(Nel−1)+(t) =
Nel

∑
i=1

N̄1(t) · · ·Ni(t)N̄Nel(t), (13)

PNel+(t) = N̄1(t) · · · N̄Nel(t). (14)
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The corresponding electron capture cross section is deter-
mined by

σ1,0 = 2π

∫
P1+(b)bdb, (15)

σ1,−1 = 2π

∫
P2+(b)bdb, (16)

where σ1,0 and σ1,−1 denote the single-electron capture and
the two-electron capture cross section, respectively. The cor-
responding total electron capture cross section is calculated by

σ
cap
t = σ1,0 +2σ1,−1. (17)

3. Results and discussion
The coordinate system for the projectile and the target

molecule of the H++(H2O)2 collision system is shown in
Fig. 1. The water molecule playing as the proton donor lies

in the xy plane and the hydrogen bond is along the x axis. The
center of mass of the water dimer locates at the origin of a
Cartesian coordinate system. The incident proton approaches
the target from three different directions: (a) The proton moves
along the x axis toward the negative side of the x axis and the
impact parameter changes along the positive y (orientation I-
1) and the negative y (orientation I-2). (b) The proton moves
along the y axis toward the negative side of the y axis and b
varies along the positive x (orientation II-1) and the negative
x (orientation II-2). (c) The proton moves along the z axis to-
ward the negative side of the z axis and the impact parameter
varies along the positive x (orientation III-1) and the negative
x (orientation III-2). In each orientation, the different impact
parameters are taken into account. Here, b = 0–5.0a0 with
∆b = 0.1a0 and b = 5.2–8.0a0 with ∆b = 0.2a0. Totally, 390
collision samples are performed in the present work.
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Fig. 1. Geometries of the H++(H2O)2 collision system. Six target orientations are considered: (a) orientations I-1 and I-2, (b) orientations II-1
and II-2, (c) orientations III-1 and III-2. The black ball denotes the incident proton. Red arrows point out the incident direction, and the impact
parameter is denoted by b.

3.1. Dynamical process

Here, we discuss the collision dynamical processes char-
acterized by chemical reactive channels. By observing the nu-
clear separation carefully, we analyze the reaction type simply
as the proton moves far enough away from the target. The
obtained specific reaction channels are given as follows:

(a) Non-charge transfer (NCT) scattering: a collision be-
tween the proton and valence electrons, while the energy of
proton transferred to the valence electrons is less than the min-
imum excitation energy of valence electrons:

p++(H2O)2→ p++(H2O)2. (18)

(b) Charge transfer (CT) scattering: a collision between
the proton and valence electrons, while the energy of the pro-
ton transferred to the valence electrons is more than the mini-
mum excitation energy of valence electrons:

p++(H2O)2→ pq1 +[(H2O)2]
q2 +(Nesc)e−,

q1 +q2 =+(1+Nesc). (19)

(c) Proton exchange process 1 (PE1): a collision between
the proton and nuclei, while the proton exchanges the H atom

in water dimer and a new water dimer is formed:

p++(H2O)2→ Hq1 +(H3O2p)q2 +(Nesc)e−,

q1 +q2 =+(1+Nesc). (20)

(d) Proton exchange process 2 (PE2): a collision between
the proton and nuclei, while the proton exchanges the H atom
in water dimer and two isolate H atoms split from the dimer:

p++(H2O)2→ Hq1 +Hq2 +(H2O2p)q3 +(Nesc)e−,

q1 +q2 +q3 =+(1+Nesc). (21)

(e) Proton exchange process 3 (PE3): a collision between
the proton and nuclei, while the proton exchanges the H atom
in water dimer and three isolate H atoms split from the dimer:

p++(H2O)2→ Hq1 +Hq2 +Hq3 +(HO2p)q4 +(Nesc)e−,

q1 +q2 +q3 +q4 =+(1+Nesc). (22)

(f) Collision-induced O–H dissociation 1 (O–H DIS1): a
collision between the proton and nuclei, while the H atom in
water dimer is scattered by proton and an isolate OH radical is
formed as well as an isolate H2O:

p++(H2O)2→ pq1 +Hq2 +(OH)q3 +(H2O)q4 +(Nesc)e−,

q1 +q2 +q3 +q4 =+(1+Nesc). (23)
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(g) Collision-induced O–H dissociation 2 (O–H DIS2):
a collision between the proton and nuclei, while the H atom
in water dimer is scattered by proton and a radical H3O2 is
formed:

p++(H2O)2→ pq1 +Hq2 +(H3O2)
q3 +(Nesc)e−,

q1 +q2 +q3 =+(1+Nesc). (24)

(h) Collision-induced O–H dissociation 3 (O–H DIS3): a
collision between the proton and nuclei, while two H atoms in
one water molecule is scattered:

p++(H2O)2→ pq1 +Hq2 +Hq3 +(H2O2)
q4 +(Nesc)e−,

q1 +q2 +q3 +q4 =+(1+Nesc). (25)

(i) Collision-induced O–H dissociation 4 (O–H DIS4): a
collision between the proton and nuclei, three H atoms split
from the water dimer:

p++(H2O)2→ pq1 +Hq2 +Hq3 +Hq4

+(O2H)q5 +(Nesc)e−,

q1 +q2 +q3 +q4 +q5 =+(1+Nesc). (26)

(j) Collision-induced O–H dissociation 5 (O–H DIS5): a
collision between the proton and nuclei, four H atoms split
from the water dimer:

p++(H2O)2→ pq1 +Hq2 +Hq3 +Hq4 +Hq5

+(O2)
q6 +(Nesc)e−,

q1 +q2 +q3 +q4 +q5 +q6 =+(1+Nesc), (27)

where q1, q2, q3, q4, q5 and q6 represent the charge states of
ions.

All of the possible reaction channels are enumerated in
Table 1. One can find that different orientations lead to differ-
ent reaction channels. In the orientations I-1 and II-1, there are
more kinds of reaction channels and abundant products than
in other cases. Furthermore, one can find that the reaction
channel shows the discrete diversity even if the impact param-
eter changes little. One of the reasons for this phenomenon is
that the low-energy collisions are more sensitive to the electron
density distribution. It is known that there are two counteract-
ing influences on the collision process. On the one hand, the
faster proton exposes higher frequency components to water
dimer. On the other hand, the slower proton lengthens the in-
teraction time, which leads to an enhanced reaction yield in
turn. In the present simulation, reliable pseudopotentials were
employed to treat the interaction between active electrons and
ionic cores, and the Ehrenfest method was used to couple elec-
tronic and ionic motions self-consistently at each evolution
time step. Since the time-dependent density functional theory
(TDDFT) is coupled to molecular dynamics non-adiabatically,
as the impact parameter changes little, the reaction process is
affected sensitively. PE1 occurs in the cases of I-1 at b= 1.5a0

and II-2 at b = 1.8a0. PE2 and PE3 appear in the orienta-
tion II-1 at b = 2.3a0 and b = 0.8a0, respectively. Among all
390 samples, the probability of the channel of NCT and CT
is about 80%. In addition, the probabilities of O–H DIS2 and
O–H DIS3 are 15.6% and 1.8%, respectively.

Table 1. The reaction channels of the water dimer impacted by 50 eV proton in six orientations.

Incident configuration Impact parameter (a0) Reaction process

I-1 0.3,0.5 O–H DIS1
0.6–1.2,1.7–1.8 O–H DIS2
0.2,0.4,1.4,1.6 O–H DIS3

1.3 O–H DIS4
1.5 PE1

0.1,1.9–8.0 NCT and CT
I-2 0.2–0.4 O–H DIS2

0.1,0.5–8.0 NCT and CT
II-1 0.4–0.5,0.9–1.1,1.3–1.5,2.2,2.4,3.3–3.5,3.7–4 O–H DIS2

1.2,1.6,3.6 O–H DIS3
0.7 O–H DIS4
0.6 O–H DIS5
2.3 PE2
0.8 PE3

0.1–0.3,1.7–2.1,2.5–3.2,4.1–8.0 NCT and CT
II-2 1.9 O–H DIS2

1.8 PE1
0.1–1.7,2.0–8.0 NCT and CT

III-1 0.5-3.5 O–H DIS2
0.1–0.4,3.6–8.0 NCT and CT

III-2 2.3–2.4 O–H DIS2
0.1–2.2,2.5–8.0 NCT and CT
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The process of PE2 taking place in orientation II-1 at
b = 2.3a0 is taken as an example for exploring the fragmenta-
tion dynamics in detail. Figure 2(a) shows the positions of ions
of the water dimer and the proton in the y axis as a function of
time. The inset in Fig. 2(a) gives the scattering trajectories of
proton (red circle), O1 (black circle), H3 (green circle), and H6

(navy circle) in the xy plane. The arrows indicate the trends of
ionic trajectories over time. It is obvious from Fig. 2(a) that
the proton (red dashed line) approaches the water dimer along
the negative direction of the y axis. At about 6.7 fs, the pro-
ton is closest to O1. It is replaced with H3 immediately. H3

(green solid line) gains the kinetic energy from the proton and
departs from the target quickly. H6 (navy solid line) is hit by
H3 at about 10.3 fs. Obviously, the inset in Fig. 2(a) shows
that this is a chain reaction. Eventually, both H3 and H6 leave
away, while the proton stays with the remaining part of the
water dimer.

Figure 2(b) gives the time evolution of the relative dis-
tances between ions. The distances O1H3 (cyan dashed line)
and O4H6 (magenta dashed dot line) increase rapidly from
about 7 fs and 9.8 fs, respectively. The distance O4H3, i.e., the

length of the hydrogen bond (blue solid line), decreases first
and attains a minimum 1.1a0 at about 9.2 fs. Then it increases
immediately as H3 is hit by the proton. The rapid increases of
O1H3, O4H6 and O4H3 indicate that they are all broken. The
distance between O1 and the proton (olive solid line) reaches
a minimum 1.9a0 at about 6.7 fs. Then it makes two cycles
of the stretching vibration (the estimated frequency is about
2750 cm−1), informing that a new OH bond is formed between
the proton and O1. However, it is only a temporary OH bond
by observing the subsequent irregular vibration. Keep an eye
on the proton, it is easy to find that it forms a stable OH bond
with O4 from about 54 fs. The new formed OH bond main-
tains a stable vibration with a bond length equivalent to that
of O4H5 (red dot line) and a frequency of about 2500 cm−1.
Two OH bonds, i.e., O1H2 (black solid line) and O4H5 (red dot
line) remain vibrating after the collision. The estimated vibra-
tion frequency of O1H2 is about 2730 cm−1. In addition, the
distance O1O4 (dark yellow solid line) is always less than the
initial value throughout the process. The above results show
that a stable O2H2p, that is, a new O2H3 is formed.
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Fig. 2. The process of PE2 in orientation II-1 at b = 2.3a0. (a) The time evolution of positions of ions of the water dimer and the proton in the
y axis. (b) The relative distances between ions as a function of time. (c) The time evolution of the loss of electrons of the water dimer. (d) The
kinetic energies of proton, H3 and H6, versus time.

For electrons, it is obvious in Fig. 2(c) that Nesc starts to
increase slowly from about 6.7 fs. From about 17 fs to 22 fs, it
increases rapidly from about 0.06 to 1.03. This is mainly due
to the fact that H3 and its surrounding electrons depart from
the target molecule quickly to the calculation boundary result-
ing the absorption of electrons around H3 by the absorption
boundary. From about 37 fs, Nesc increases slowly again until

55 fs because of the department of H6. In this stage, about 0.2
electrons are lost, implying that H6 takes away 0.2 electrons.

Figure 2(d) represents the kinetic energies of the proton,
H3 and H6, versus time. The kinetic energy of proton (red
dashed line) shows a small protrusion at around 4.5 fs. It de-
creases rapidly to 20 eV at about 5.7 fs, then increases quickly
to 32.5 eV, and then decreases rapidly again to 5.5 eV. The re-
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peated decrease and increase of the proton kinetic energy are
caused by the medium-range polarization interaction. After
the closest approach, the kinetic energy of proton is less than
3.8 eV in the remaining time. Finally, the proton loses about
46.2 eV of the kinetic energy, that is, 92% of the incident ki-
netic energy. The kinetic energies of H3 (green solid line) and
H6 (navy solid line) exhibit the same trend as that of the pro-
ton and attain about 11.4 eV and 17.4 eV, respectively. The ki-
netic energy of O1 (black solid line) starts to increase quickly
at around 6.7 fs attaining 5.6 eV within 1 fs. It changes slightly
and remains less than 5.6 eV in the remaining time.

Figure 3 represents six snapshots of the evolving process

of the water dimer impacted by the proton in the same case

as in Fig. 2. The proton approaches the water dimer gradually

along the negative direction of the y axis (t = 3.025 fs, 6.05fs).

When t = 9.075 fs, the proton is between two oxygen ions act-

ing as a bridge. At t = 18.15 fs, H3 and H6 are far away from

the target molecule. It can be seen that H3 carries some elec-

trons (about one electron). In the remaining time, the rest of

the target molecule forms a stable structure H2O2p with the

proton (t = 45.375 fs, 87.725 fs).

t=3.025 fs t=6.05 fs t=9.075 fs

t=18.15 fs t=45.375 fs t=87.725 fs

0

0.100

0.200

0.300

0.400
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Fig. 3. Six snapshots of the evolving process of the water dimer impacted by the proton in the same case as in Fig. 2. Full red and black circles
are oxygen ions and hydrogen ions. The proton is presented by grey circles. The observer sees the three-dimensional snapshots from the z axis.
The simulation time is appended in the figures.

In short, the above case exhibits the detailed microscopic
dynamics of the collision process from the perspectives of both
electrons and ions. In the reaction channel of PE2, the proton
replaces one hydrogen ion in the water dimer. At the same
time, due to the chain collision reaction, two hydrogen ions on
the water dimer separate from the target molecule. Finally, the
target molecule and proton form a stable H2O2p structure.

Through the analysis of the reaction channels in Table 1,
Fig. 4(a) shows the mass distribution of the fragments of the
water dimer in each orientation. The masses of fragments are
distinguished from the final products produced by various re-
action channels. According to Table 1, there are eight kinds
of the mass of the fragments: 1, 17, 18, 32, 33, 34, 35, and
36. Here, 36 refers to the parent peak. The fragment mass 1
counts 23, 32, and 32 in orientation I-1, II-1, and III-1, respec-
tively, which is much higher than than that in other three cases
(3 counts in case I-2, 2 counts in case II-2, and 2 counts in case
III-2). Accordingly, mass 35 is 9, 18 and 31 in case I-1, II-1 and
III-1, respectively, which is also higher than that in other three

cases (3 counts in I-2, 1 count in II-2, and 2 counts in III-2). In
each orientation, the count of the mass 36 is the largest com-
pared with those of the other fragment masses. Furthermore,
the mass 36 reaches 64 counts in both cases II-2 and III-2. For
case I-1, the water dimer has the most abundant products af-
ter collision. There are seven kinds of fragments, including
the fragment masses of 17 (2 counts) and 18 (2 counts), the
mass 33 (1 count), the mass 34 (4 counts), the mass 35 (9
counts), and the mass 36 (49 counts). Figure 4(b) shows the
fragmentation mass spectrum of the water dimer. The y axis
represents the relative abundances of various fragments, that
is, the percentage of the occurrence of various fragments in
the total occurrence of fragments. In order to show clearly, the
abundances of mass 17, mass 18, mass 32, and mass 33 are
expanded by three times, respectively. The appearance proba-
bility of the mass 36 is about 65%, which is the highest. The
probabilities of the fragment mass 1, mass 35, and mass 34 are
20%, 13%, and 1.5%, respectively. The probabilities of mass
17, mass 18, mass 32, and mass 33 are all less than 0.4%.
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Fig. 4. (a) The mass distribution of the fragments of the water dimer im-
pacted by the 50 eV proton in six orientations. (b) Fragmentation mass
spectrum of the water dimer after collisions with the 50 eV proton.

The calculated single-electron capture cross section σ1,0,
the two-electron capture cross section σ1,−1, and the total elec-
tron capture cross section σ

cap
t in each orientation are listed in

Table 2. It is obvious that the single-electron capture cross
section is larger than the two-electron capture cross section
in each orientation. The total electron capture cross sections
in all orientations are different from each other. Further-

more, the orientation II-1 shows the largest cross sections of
σ1,0 and σ1,−1. The averaged electron capture cross sections
over all orientations are σ̄1,0 = 14.27× 10−16 cm2, σ̄1,−1 =

2.56×10−16 cm2, and σ̄
cap
t = 19.40×10−16 cm2, respectively.

The calculated total electron capture cross section of the water
dimer impacted by 50 eV proton is 1.72× 10−16 cm2 higher
than that of the water dimer attacked by the 250 eV proton.[51]

Up to date, to the best of our knowledge, the experimental data
of collision between the 50 eV proton and the water dimer is
unavailable. Therefore, the direct comparison of the present
calculations with experimental data could not be performed.
In literature, the ionization cross section for the production of
positive ions from H2O by 50 eV electron impact measured by
Rao et al. is about 2.76× 10−16 cm2,[52] and the cross sec-
tions for one-electron capture by He2+ ions in H2O leading to
He+ formation measured using the TES technique are about
1.4×10−16 cm2.[5] Therefore, one can conclude that the cal-
culated total electron capture cross section of the water dimer
impacted by the 50 eV proton is about one order of magnitude
larger than that of water molecules collided by electrons and
by He2+ with the same incident energy.

Table 2. The calculated electron capture cross sections σ (×10−16 cm2)
in six orientations, i.e., σ1,0: the single-electron capture cross section,
σ1,−1: the two-electron capture cross section, σ

cap
t : the total electron

capture cross section.

Incident orientation σ1,0 σ1,−1 σ
cap
t

I-1 11.34 1.76 14.86
I-2 12.34 1.93 16.20
II-1 16.04 3.47 22.98
II-2 15.73 2.65 21.03
III-1 14.46 3.03 20.52
III-2 15.72 2.53 20.78
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Fig. 5. Electron capture probabilities (2πPn+b; n = 1 and 2 represent single- and two-electron capture, respectively) as a function of the impact
parameters at an incident energy of 50 eV, 1 keV, 4 keV, and 12 keV, respectively. The first line is for 2πP1+b and the second line is for 2πP2+b.

In Fig. 5, the averaged single- and two-electron capture
probabilities 2πPn+b (n = 1, 2) are exhibited for four incident
energies: 50 eV, 1 keV, 4 keV, and 12 keV. It is obvious that
the electron capture probabilities show large differences as the

incident energy varies from 50 eV to 12 keV. With regard to
the single- and two-electron capture probabilities for the same
incident energy, we note that 2πP1+b is higher than 2πP2+b.
The probability lines of 4 keV [Figs. 5(c1) and 5(c2)] are simi-
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lar to those of 12 keV [Figs. 5(d1) and 5(d2)]. However, as the
impact energy decreases, the probability curves become diver-
gent. At the low incident energy of 50 eV, the probability lines
[Figs. 5(a1) and 5(a2)] are divergent, implying that low-energy
collisions are more sensitive to the distribution of an electron
cloud. This trend accords well with the results obtained by
Hong et al.[32] Furthermore, it is found that with increasing
incident energy, the capture probabilities tend to converge at
a smaller impact parameter gradually and the peak positions
will move towards smaller impact parameters. This imply that
close collisions are important for higher energy collisions and
the electron-capture process is more likely to appear in a rela-
tively low-energy region.

By integration on the electron capture probabilities, one
can obtain the electron capture cross sections. In Fig. 6, the
present total electron capture cross sections of water dimer
collided by protons with different incident energies are exhib-
ited (red F). To have a better comparison, the experimen-
tal results of protons impacting water vapor with an energy of
1 keV to 100 keV[13,16,53,54] and the theoretical data of protons
attacking water molecules and liquid water with an incident
energy as low as 10 eV are collected in Fig. 6.[27,28] It should
be noted that the charge transfer cross section from Mada et
al.[27] refers to that in configuration (d) because of the excel-
lent agreement with experimental measurements by Lindsay
et al.,[16] where the energy in the experiment and theory over-
laps.
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Fig. 6. The total electron capture cross sections σ̄
cap
t of water dimer as

a function of the incident energies (red F). Various experimental and
theoretical results are also provided for comparison. The experimental
results are taken from Berkner et al.[13] (black©), Cable et al. (cited
by Kooman[12]).[53] (green �), Lindsay et al.[16] (pink N), Dagnac et
al.[54] (olive •), and Chambers et al. (cited by Mada[27]) (purple ⊕).
The theoretical results are from Dingfelder et al.[28] (blue solid line)
and Mada et al.[27] (orange dashed dot line).

At first glance, one can see that the electron capture
cross sections are relatively abundant when the proton energy
ranges from 1 keV to 100 keV corresponding to the energies
in which protons tend to have around the Bragg peak. Gen-
erally, there are good agreements between the present calcu-
lations and available data. At the lowest energy considered,

50 eV, only Mada et al.[27] have so far given the theoretical
value of the cross section of 50 eV proton colliding with water
molecules and our calculated result is in good accord with it.
For the energy of 250 eV, the present calculation agrees well
with the measurements by Cable et al.,[53] but is lower than
the measurements by Berker et al.[13] For energy of 1 keV,
the present result accords well with the calculated results ob-
tained by Mada et al.[27] and Dingfelder et al.,[28] but is lower
than the measurements by Berker et al.[13] This discrepancy
could be attributed to insufficient consideration of the elec-
tron correlation effect since the electron correlation effect be-
comes more important in low-energy collisions.[55] For ener-
gies higher than 1 keV, our results accords well with the mea-
surements by Berker et al.[13] and Chambers et al.[27] Mean-
while, one can find that the measurements by Dagnac et al.[54]

are lower than those by Berker et al.,[13] implying that a rea-
sonable agreement among all reported measurements is yet to
be achieved.

4. Conclusion
In this paper, the fragmentation dynamics of the water

dimer under the 50 eV proton impact is investigated theo-
retically in the the framework of the time-dependent density
functional theory, applied to valence electrons, and coupled
non-adiabatically to molecular dynamics of ions. The reaction
channels, the mass distribution and the fragmentation mass
spectrum are explored in six different incident orientations.
The reaction channel of PE2 is taken as an example to exhibit
the detailed microscopic dynamics of the collision process by
inspecting the positions, the respective distance, the number of
loss of electrons and the evolution of the electron density. The
results show that the different orientations lead to different re-
action channels. Among all launched samples, the probability
of the channel of NCT and CT is about 80%, hinting that the
probability of fragmentation is about 20%. In addition, the
probability of the dissociation channel of the O–H DIS2 and
the O–H DIS3 is 15.6% and 1.8%, respectively. The study
of the mass distribution and the fragmentation mass spectrum
shows that among all possible fragments, the fragment with
mass 36, i.e., the parent peak, has the highest relative abun-
dance of 65%, followed by the mass 1, which is 20%. Further-
more, the relative abundances of the fragment mass 35 and
mass 34 are 13% and 1.5%, respectively. For the total electron
capture cross section, the present calculations agree well with
the available measurements and calculations over the energy
range from 50 eV to 12 keV.

The present work is satisfactory for H++(H2O)2 collision
process. We expect the current results to be predictive even
if there is a lack of experimental results for incident energies
of less than 1 keV. However, it should be remembered that the
temperature effect is not considered in the present study, which
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may not be realistic in ambient atmosphere. Work along that
direction is in progress.
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[8] Schardt D, Elsässer T and Schulz-Ertner D 2010 Rev. Mod. Phys. 82

383
[9] Boudaı̈ffa B, Cloutier P, Hunting D, Huels M A and Sanche L 2000

Science 287 1658
[10] Teixeira E S, Uppulury K, Privett A J, Stopera C, McLaurin P M and

Morales J A 2018 Cancers 10 136
[11] Nikjoo H, Uehara S, Emfletzoglou D and Brahme A 2008 New J. Phys.

10 075006
[12] Koopman D W 1968 Phys. Rev. 166 57
[13] Berkner K H, Pyle R V and Stearns J W 1970 Nucl. Fusion 10 145
[14] Rudd M E, Goffe T V, DuBois R D and Toburen L H 1985 Phys. Rev.

A 31 492
[15] Werner U, Beckord K, Becker J and Lutz H O 1995 Phys. Rev. Lett. 74

1962
[16] Lindsay B G, Sieglaff D R, Smith K A and Stebbings R F 1997 Phys.

Rev. A 55 3945
[17] Luna H, de Barros A L F, Wyer J A, Scully S W J, Lecointre J, Garcia

P M Y, Sigaud G M, Santos A C F, Senthil V, Shah M B, Latimer C J
and Montenegro E C 2007 Phys. Rev. A 75 042711

[18] Tavares A C, Luna H, Wolff W and Montenegro E C 2015 Phys. Rev. A
92 032714

[19] Bernal M A, Liendo J A, Incerti S, Francis Z and Tran H N 2022 Nucl.
Instrum. Methods Phys. Res. Sect. B 517 6

[20] Deumens E, Diz A, Longgo R and Öhrn Y 1994 Rev. Mod. Phys. 66
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