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The energy and time-of-flight distributions of water ionic fragments produced by impact of fast atoms and bare
and dressed ions; namely, H*, Li®**, C!*, and C>* are reported in this work. Fragment species as a function of
emission energy and time-of-flight were recorded by using an electrostatic spectrometer and a time-of-flight mass
spectrometer, respectively. An improved Coulomb explosion model coupled to a classical trajectory Monte Carlo
(CTMC) simulation gave the energy centroids of the fragments for the dissociation channels resulting from the
removal of two to five electrons from the water molecule. For the energy distribution ranging up to 50 eV, both
the experiment and model reveal an isotropic production of multiple charged oxygen ions, as well as hydrogen
ions. From the ion energy distribution, relative yields of the dissociation resulting from multiple ionization were
obtained as a function of the charge state, as well as for several projectile energies. Multiple-ionization yields
with charge state up to 4+, were extracted from the measurements of the time-of-flight spectra, focused on the
production of single and multiple charged oxygen ions. The measurements were compared to ion-water collision
experiments investigated at the keV energy range available in the literature, revealing differences and similarities

in the fragment-ion energy distribution.
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I. INTRODUCTION

In the last few decades, the irradiation of malignant tumors
by high-energy protons and carbon ions is considered as
a standard treatment in cancer therapy. lon-beam therapy
strongly relies on a detailed characterization of the damage
caused by energetic ion impact on the medium, including the
water molecule. Most of the ion energy deposited in the tissue
along the ionization tracks are absorbed by water molecules,
leading to the ejection of electrons and the formation of
neutral and charged fragments. Those secondary species will
contribute to the biological damage, in the vicinity of DNA,
competing in importance with single and double direct breaks
of DNA strands. The action of those secondary species in
the medium is frequently referred to in the literature as
the radiolysis of water molecules [1-3]. In this context, it
is relevant to point out that a more effective fragmentation
yield of the water molecule does not necessarily occur at the
Bragg peak, where the known linear energy transfer (LET)
is maximum. Furthermore, in the distal region of the Bragg
peak the number of primary ions produced in water ionization
induced by C projectiles is almost flat in relation to the
maximum of the Bragg peak [4].

These regions lie within the intermediate-energy range of
few MeV /u to keV /u. There, the water radiolysis is strongly
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related to the energy distribution of the ejected ionic and
neutral fragments. The ion-fragments include the lightest
fragment-ion, H*, plus the heavier OH" and O%" ions [4-8].
For carbon projectiles, the energy region of interest ranges
from a few keV up to ~3 MeV, with charge states from 0 to
2+ [4].

Ionization of water molecules leading to the removal of two
or more electrons is followed by molecular dissociation [9,10].
For double electron removal, three main pair-ion fragmenta-
tion channels compete in importance; namely, HT + H' + O,
H* + OH", and H+H"' + OT. For ionization of higher
degrees, the dominating fragmentation pathways can involve
three-body breakups of the water molecule: H* + Ht 4 O,
H" +H+ 0%, and HY + H* + O4*, with ¢ > 2.

Although there are in the literature several studies concern-
ing the influence of the velocity and charge state of the projec-
tile on the dissociative ionization of water molecule, a detailed
knowledge of general features of the dissociation pattern
leading to the formation of multiply charged ion pairs remains
scarce, in particular in the intermediate-energy range. The dis-
sociation channels of multiply ionized water have been studied
experimentally and/or combined with theoretical calculations
for slow- [11-20] and fast-ion impact [21-33] with single and
doubly charged projectiles [10-14,21-26,30,34,35] and mul-
ticharged ions [3,20,27-29,31,32]. Slow collisions are consid-
ered in the energy range of tens of keV /u to a few MeV /u.

The focus of this work is on the experimental and theoretical
energy distributions of ionic fragments originating from
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ion-water (atom-water) collisions, emitted at several angles
relative to the direction of the projectile beam (H*, Li’*>,
C'*, and C?*). To identify masses and charges of the charged
fragments, an analysis based on a time-of-flight spectroscopy
was used to discriminate contributions of ionic species. Two-
body and/or three-body dissociation probabilities have been
predicted in a theoretical calculation based on the Coulomb
explosion (CE) framework and Monte Carlo simulations.
These calculations were used as a guide to link the measured
fragment-ion energy distributions with the final dissociative
states of the molecule. The study of the parent molecule
ion H,O" and single ionized dissociation channels such as
(H+OH"), (HT + H + O) and (H + H + O™) were not the
focus of this work.

It is worth mentioning that one of the goals of the
present report is to shed light onto processes which lead
to the production of highly charged oxygen fragments Q9.
Nevertheless, it is also important to correlate the charge state
of the transient water molecule prior to dissociation with the
ejected ion species, in particular the hydrogen ions, which
can acquire a broad range of energies from eV to tens of eV
with their abundances varying by orders of magnitude. In this
particular subject, the bare ions (H* and Li**) were used as
a benchmark in the comparison with other dresses ions, Li*,
C*, Li**, C**, to study the role of projectile screening in the
molecular dissociation.

The paper is organized as follows: The two experimental
methods are described in Sec. II. In Sec. II A the procedures
using the electrostatic spectrometer to record electron- and
ion-energy distributions are given. Then, in Sec. II B, details
are provided on the operation of the spectrometer as a
time-of-flight mass spectrometer. In Sec. III the description
of the theoretical approach is presented, based on the n-body
classical trajectory Monte Carlo simulation combined with a
Coulomb explosion model.

Section IV A starts with a discussion of the profile of the
H* energy distributions. Features of the structures observed
in the distributions belonging to the fragmentation channels
are addressed and partial yields are obtained that explore the
channel intensities due to action of different projectile ions.
Section IV B presents the partial yields of multiple ionization
induced by distinct projectile ions, extracted from the time-
of-flight spectra. The energy transfer to single and multiple
charged fragments are included in the investigation, depicting
the strength of the fragmentation process. The conclusion
section summarizes the results and proposes an extension of
the investigation in order to obtain absolute cross sections.

II. EXPERIMENTAL METHODS

The experiments were carried out at the 1.7 MV pelletron
accelerator facility of the Centro Atémico Bariloche [36].
Briefly, HY, Li?*, and C4* beams (¢’ denotes the charge state
of the projectile ion) with energies varying from keV/u to
MeV /u were obtained and selected by a switching magnet and
subsequently directed towards the projectile-target collision
beam line. The accelerator energy range suited well this
investigation.

The base pressure in the beam line and in the colli-
sion chamber are maintained at 4 x 10~ mbar. During the
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FIG. 1. Scheme of interaction region and main experimental
components used for collecting the fragment ions from the target.
Combined electrostatic and time-of-flight spectrometer is shown,
where the distances d;, d,, and dj traveled by the fragment ions
are indicated by the dotted line and the beam trajectory is indicated
by the solid line.

j Faraday Cup

experiment the working pressure in the collision chamber was
raised and kept around 1.5 x 107® mbar. The water target
is stored in a glass vial and degassed by several thaw-pump
cycles, eliminating mostly air contaminants. It is sublimated
at room temperature and the vapor is injected through a
0.25-mm-diameter needle as an effusive gas jet into the
interaction region. The target density is regulated by an all-
metal precision leak valve. The beam current of all projectile
species used in this work is measured at the end of the beam
line by a biased Faraday cup, with typical beam currents of
10-70 nA.

The experimental chamber is equipped with an electrostatic
cylindrical mirror spectrometer [36]. The axis, defined by two
slits, forms an angle of 42.3 degrees with the direction of the
incident projectile beam. The spectrometer and an electron
multiplier (channeltron) detector were used for collection and
detection of electrons and positive charged fragments. By
varying the homogeneous electric field created between the
cylinders normalized in energy steps to the same pre-fixed
collected charge, a range of selected electron or ion energies
can be measured. The scheme of the interaction region and the
main experimental components are illustrated in Fig. 1.

A. Total fragment energy distributions

The experimental procedures followed several steps. First,
the electron energy distribution was measured at zero degrees
respective to the incident beam ensuring the transmission of
only one selected projectile species and determining precisely
its incident energy. In this step a four-jaw slit collimator,
inserted before the collision chamber, was adjusted in order to
avoid beam contamination and for positioning and alignment
of the beam in the interaction region, as well as for defining the
collision area of 0.64 mm?. The operation of the spectrometer,
as well as the signal and data processing, is described in detail

022712-2



WATER FRAGMENTATION BY BARE AND DRESSED LIGHT ...

in Ref. [37]. Afterwards, without changing any parameters, the
voltages at the spectrometer were changed to collect positive
fragment ions. The total-fragment-energy distributions for
several angles of emission with respect to the beam direction
from 10 up to 170 degrees were recorded. These distributions
were measured as a function of the energy per charge g of
the fragment ions. The spectra were taken in 0.5 eV steps.
The intensities were corrected for the transmission function
of the spectrometer (i.e., intensities divided by E/g). The
spectra exclude thermal ions originated from molecule ioniza-
tion with or without dissociation, therefore single ionization
cannot be measured with this method.

Structures are clearly discerned in the energy spectra
revealing the contribution of different fragmentation channels
of the water molecule. Nevertheless, some of the structures
in the energy distributions arise from overlap of ions from
adjacent fragmentation channels. Additionally, it is possible
to have overlap of spectral structures of multiple charged ions
when the energy-to-charge ratios are similar. The present setup
cannot provide qualitative as well as quantitative results below
2 eV /q due to resolution and efficiency collection of the ions.

To verify the calibration of the spectrometer, measurements
with other molecular targets such as H,, CO,, and CH4 were
done and the energy distribution structure was compared
with the literature (H, [38—40], CO, [41,42], CHy4 [43]). The
structures are in good agreement with the spectral distributions
found in the literature.

B. Time-of-flight mass spectra

To identify the charge and mass of each detected fragment
we apply time-of-flight (TOF) mass spectroscopy. For these
measurements the projectile beam is pulsed, in some cases at
the injector of the pelletron accelerator, just at the entrance
of the acceleration tube or, in other cases, after its exit in
the transport beam line. The time-of-flight spectra were not
sensitive to the choice of the pulsing beam location. The beam
was pulsed with a fixed frequency of 10 kHz and a pulse width
of 500 ns and deflecting voltages of +500 V and —500 V.
Special care was taken to guarantee the beam-on and beam-off
condition during the collecting of the time-of-flight spectra.

The coaxial cylindrical mirror spectrometer was used for
obtaining the TOF spectra in a similar way as that applied in
Ref. [44]. When the outer cylinder is set to a fixed potential, the
energy per charge of the charged fragment is preset and only
fragments with energies within the spectrometer resolution
were guided from the collision region towards the detector
(channeltron). A schematic drawing shown in Fig. 1 (not in
scale) depicts the trajectory of the selected charged fragment.
The total path length traveled by the recoil ions toward the
detector is given by the distances d; (186 mm), d» (527 mm),
and d; (1125 mm). The initial recoil-ion velocity depends
only on the released energy acquired by the fragments from
the collision process. Note that the extracting voltage was not
applied to collect the ions from the collision area.

The stop signal for the Time-to-Amplitude-Converter and
the trigger for data acquisition were obtained from the pulsed
beam circuitry, while the start signal was obtained from the first
fragment ion detected by the electron multiplier detector. The
ion signals were amplified by a fast pre-amplifier. Both signals
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FIG. 2. Time-of-flight spectrum recorded for 2 MeV C?** ion
beam at the detection angle of 10 degrees. Only fragment ions of
07, with g from 1+ to 4+, and H* with 2 eV /g are measured.

were standardized by constant fraction discriminators, and the
stop signal was delayed by 30-70 us. The delay time was set
depending on the selected fragment-ion energy per charge. The
TAC spectra were recorded and normalized to a preselected
total beam charge, which was obtained by integrating the
current measured by the Faraday cup. The beam current in
this mode was kept around 0.1-0.6 nA.

Figure 2 shows a typical TOF spectrum recorded in the
interaction of C2* with water, setting the electrostatic analyzer
to accept fragment ions within a preset energy per charge of
2 eV/q and for a detection angle of 10 degrees. It shows HT
and up to fourfold charged oxygen ions, O7". Note that, with
the present experimental setup, the individual contributions
of O and OH™ cannot be separated and the TOF of both
fragments should coalesce to the same peak (see Fig. 2).
However, the contribution of fragments with small release
energies from channels (H, H, and O*) and (H and OH™") can
be disregarded due to the their low collection efficiency. The
same argument applies to the missing H,O™ ions emitted with
thermal energies.

III. THEORETICAL MODEL

To provide a theoretical insight into the kinetic-energy
spectra of ionic fragments, n-body classical trajectory Monte
Carlo (n CTMC) simulations [45] have been conjugated
with a Coulomb explosion model. In this n CTMC model,
the water molecule is represented by a single center model
in which eight electrons are sorted with sequential binding
energies. The interaction between the electrons and the
dominant element of the molecule (oxygen) is represented by
the Garvey potential [46]

(N-Dll-Qn]-Z

Vr) = " )

(1)
Qr) = [(m/&)e — 1+ 117" 2)

The corresponding parameters are Z =8, N =8, § =
1.36,n = 2.41. According to this potential, the target electrons
see a charge +8 when they are near the oxygen nucleus while
they experience the asymptotic charge +1 at large distances.
Throughout the collision, the position of the projectile-target
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nucleus saddle potential is tracked at all times. Each electron
that is removed from the target is considered to be emitted at
the precise instant that it crosses the projectile-target nucleus
saddle for the last time. Moreover, the position and momenta
of the projectile are recorded whenever an electron crosses
the potential saddle leaving the target region. By so doing,
a nonarbitrary criterion is introduced to determine, for each
multiple capture and/or ionization event, the geometrical
configuration of the collision system to be used to initialize
the Coulomb explosion dynamics.

In a second stage, a Coulomb explosion (CE) simulation
proceeds. In this CE model the ionic fragments are explicitly
considered and assumed to be at rest, still under the bonding
length and angle of the neutral H,O molecule. Furthermore,
the H,O molecule is assumed to be randomly oriented. The CE
model is fed event by event with the positions and momenta
of the projectile and target nucleus center of mass recorded
at the instant the last ionized or captured electron crossed the
potential saddle. The Coulomb explosion is then simulated by
numerically solving Hamilton’s equations for all ionic frag-
ments plus the projectile. The total number of events recorded
for n-electron capture or ionization are used for each of those
fragmentation channels corresponding to n-electron removal.
Advantages of the present combined model, hereafter referred
to as CE-CTMC, are that the Coulomb explosion dynamics are
initialized considering the projectile’s position and momentum
at the time that the n-electron removal (via ionization, charge-
exchange, or transfer-ionization mechanisms) takes place.
Since such removal can be reached either in the incoming or
outgoing phases of the projectile trajectory, CTMC provides
a nonarbitrary route to initialize our CE model with post-
collisional interaction (PCI) over a wide energy range.

As already pointed out by Siegmann et al. [32], one of
the most difficult fragmentation channels to describe by a CE
model is HyO — H* 4+ OH". The unrealistic approximation
of OH" by a point charge located somewhere between the H
and O nuclei leads to proton energies between 9 and 15 eV,
which are larger than those measured by different laboratories
which encompassed the range 4-7 eV. The incorporation of
fractional charges [47,48] provides a route to diminish the
asymptotic proton energies. However, our preliminary tests
did not lead us to the expected energy range. In fact, this
fragmentation channel can be reached in principle via three
possible mechanisms: (i) direct double ionization, which leads
to an asymptotic proton energy of 6.8-7.1 eV [12,32]; (ii)
resonant capture or inner-shell ionization followed by Auger
deexcitation (asymptotic proton energy of about 4.6 eV) [12];
and (iii) single ionization or capture followed by electron
excitation to autoionizing states of (OH), which then decay
to (OH)™ (kinetic-energy release of about 2-6 eV) [49].

Our first step towards a more detailed description of
these fragmentation mechanisms has been the exploration of
functional forms for the interfragment potentials that would
physically fit and bring proton energies into agreement with
the data. In this sense, two semiempirical models have been
employed at this stage. For mechanism (i) we considered that
the proton interacts with the (OH)* complex via a Coulomb
interaction seeing an effective charge at short distances which
via exponential factors evolves into a +1 charge at large
distances. Mechanisms (ii) and (iii), on the other hand, rely
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on the fact that they originate in a single ionization or
capture process. Hence, an ar~2 dipole-type potential, which
provides a rough approximation for a neutral environment,
is used and switched into the same asymptotic Coulombic
description of mechanism (i) by means of time-dependent
exponential factors, exp(—Af). The timescale for switching
has been arbitrarily set to 5 x 10713 s, which is typical for
molecular rearrangements. In the following discussion, we
refer to channels (ii) or (iii) as H" + (OH)*, provided they
lead to similar proton energies.

IV. RESULTS AND ANALYSIS

The following discussion is divided into two sections. The
first section discusses the measurements of the total ion-
fragment energy distributions using the electrostatic spectrom-
eter. The measurements were carried out for several projectiles
with different charge states and impact energies, colliding on
H,O. Second, the time-of-flight mass spectrometry technique
is used to clarify the low-energy part of the energy distribution
spectra.

Three projectile species were investigated; namely, proton,
lithium, and carbon ions. The lithium species were selected
due to the fact that all its charge states (neutral, dressed,
or bare) could be delivered by the accelerator with energies
that probe the water fragmentation at the intermediate-energy
range of MeV/u. The proton case was particularly selected
to be compared with the bare-lithium case at the same
collision velocity. The partially dressed carbon ions, besides
their importance in the study of molecular processes on
radiation damage in cells, allowed a direct comparison with the
dressed-lithium projectiles (¢" = 1 and 2) to better understand
the role of projectile effective charge in the molecular
dissociation process. To the authors knowledge there is a lack
of experimental and theoretical studies on this subject in the
energy range of a few keV /u to MeV/u.

A. Electrostatic spectrometry results

In this section, the relative intensity of the energy dis-
tributions for several detection angles was analyzed for the
water fragmentation occurring after collision with different
projectiles. The main goal is to compare the effective role of
projectile parameters, such as incident-energy per mass ratios
and charge states, in the fragment-ion energy distribution. The
relative intensity represents the fragment-ion production yield
normalized to the number of projectiles and target pressure.
The distributions are differential with respect to the detection
angle and to the energy per charge state of the detected ion
fragment. We start our discussion with the Li? ™ projectiles
with ¢’ = 1, 2, and 3. Later we extend the analysis to partially
dressed carbon-ion projectiles, C?*. The energy range studied
in this work lies between 160 keV /u and ~1 MeV /u.

1. Li"* projectiles

Figure 3(a) shows, for a fixed detection angle of 10
degrees, the energy distributions of H* fragments emitted
by three different Li** projectile energies; namely, 1.6,
3.0, and 5.8 MeV. The three spectra show similar features
presenting broad structures at low energies—around 5, 15,

022712-4



WATER FRAGMENTATION BY BARE AND DRESSED LIGHT ...

—a—16MeV LT

—o—30MeV Lo
3+

—a=—58MeV Li

Intensity/(E/q) (arb. units)

e
=

5 10 15 20 25 30 35

Energy /q (eV/q)

——ssmev L7 (D)

100 )
é : —0=—0.89 MeV H
; [ oy V/V0 =59
S 10k
S 3 X**A 0
=~ 5 g, 0=10
o k“x“
o [
< Y
2 1F aan

o b
= F Wx
g Vid
P

0.1

5 10 15 20 25 30 35 40 45 50
Energy/q (eV/q)

FIG. 3. Relative intensity of fragment-ion energy distributions
(spectrometer transmission corrected) for bare ion projectiles col-
liding on water, differential in energy per charge of the fragment
ions (eV/q). The emission angle is 10 degrees. (a) Li** at three
energies: 1.6 MeV (black squares), 3.0 MeV (open red circles), and
5.8 MeV (blue triangles). (b) Li** and H* at the same velocity of
5.9vy (5.8 MeV Li**, closed blue triangles) and 0.89 MeV H™ (open
circles).

and 25-30 eV. The main difference lies in the high-energy
edge distribution, where the three projectile energies have
different slopes in the general monotonic decrease trend (above
30 eV). Higher production of energetic HT ions occurs for
lower projectile energies, where the double electron removal
channels, in particular the electron capture with multiple
ionization (transfer ionization), start to compete with the pure
single-ionization channel [50,51].

This difference towards the high edge of the fragment
energy distribution is also present when equivelocity bare
ions, H and Li**, are compared. The comparison is showed
in Fig. 3(b) for 5.9vy (vy being the Bohr velocity and at
an emission angle of 10 degrees). In this case, the spectra
become remarkably different for fragment energies above the
5 eV structure. At these projectile velocities, electron-capture
and transfer-ionization channels can be disregarded for both
projectiles. Therefore, the main contributions come from the
pure single-, double-, and triple-ionization channels. The
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FIG. 4. Li®?* at 1.6 MeV: Li® (green closed diamonds), Li*
(blue open triangles), Li** (red closed circles), and Li** (black open
squares). The emission angle is 10 degrees.

observed differences in the spectra can be explained in light
of the g'? scaling rule, because at this velocity the perturbative
collision regime is almost reached [51]. The result presented
in Fig. 3(b) is partially in accordance with the work of Barros
et al. [23], where the energy distribution of H* fragments
ejected by 20-100 keV proton impact show the maximum
yields centered at 9 and 15 eV.

In Fig. 4 the fragment-ion energy distribution is analyzed as
a function of the charge state of the lithium projectile (¢’ = 0
to 3) for a fixed incident energy of 1.6 MeV and a detection
angle of 10 degrees. It can be seen that the projectile charge
states do not have an explicit major influence on the shape of
the distribution. The fragment-ion distributions start to change
for energies above 25 eV, showing an explicit correlation
between the projectile charge state and the yield of energetic
H* fragment production.

Nevertheless, linking the measured fragment-ion energy
distribution with the final dissociative state of the molecule
is not a straightforward task. Absolute pure ionization and
electron-capture cross sections provide the dissociative chan-
nel which dominates the ionization process [51]. This infor-
mation could furnish a hint on which dissociative channel(s)
dominate(s) the total multiple ionization, but yet it cannot tell
the final fragment-ion energy distributions.

In this work, the CE-CTMC model (described in Sec. IIT)
is used as a guide to link the measured fragment-ion energy
distribution with the final dissociative states of the molecule.
As an example, the experimental data of the fragment-ion
energy distribution for the 3 MeV Li**-H,O collision is shown
in Fig. 5 together with the theoretical analysis of CE-CTMC
model. The calculation gives the final dissociative state of the
molecule with the corresponding kinetic energy of the fast
H™ fragment. In this case the channel HY(O™)H means that,
around 14 eV, the structure is formed by a H' ion from the
fragmentation channel H* + Ot + H, where the O" and H
fragments are not observed.

The calculation shown in Fig. 5 provides energy centroids
for the channels listed in Table I.
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FIG. 5. (top) Experimental data of 3 MeV Li** colliding with
H,O0 at a detection angle of 10 degree. (bottom) Coulomb explosion
(CE) model conjugated with CTMC calculations for the same
collision system. The figure shows the detection angle as a function of
the kinetic energy of several fragmentation channels. The designation
of fragmentation channels are also included.

By taking the calculation procedure described in Fig. 5 as
a guide, the experimental fragment-ion energy distributions
were analyzed for lithium and carbon projectiles. The first
conclusion is that the energy distributions would evidence
contributions involving the removal of up to five electrons,
with the higher kinetic energies of the H* fragments being
related to the higher degree of ionization of the molecule.
Double ionization of fragmentation channels a—c would lie in
the 5-15 eV region, triple ionization associated with channels
d and e in the 15-30 eV region, fourfold ionization associated
with channels f and g in the 30-45 eV region, and fivefold
ionization associated with te channel h in the 45-50 eV region.
Atlow energies, around 2-5 eV, slow heavy fragments, mostly
multiply charged oxygen ions, dominate. In this region, it
is not possible to use the calculations to distinguish in the

TABLE 1. Dissociative channels of H,O7*.

Label Channel Energy centroid (eV)
(a) H* + OH* 4.6
(b) H* + OH* 6.8
(©) H* +H+O" 14.1
(d) H* + Ht + O 19.1
(e) H" +H+ 0*" 28.1
® H* + H* + 0% 334
) H* +H+ 0% 423
(h) Ht + HY + O 47.7
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experimental distributions the different possible contributions
of O7% ions in relation to the less-energetic H* fragment ions.

To estimate the relative contribution of the different
fragmentation channels we use a method based on a fitting
procedure of trial peak functions (e.g., Gaussian functions).
This procedure is presented in Fig. 6(a) for 1.6 MeV Li'"
projectiles at the detection angle of 10 degrees. The Gaussian
functions were centered (fixed parameter) at the energy
centroid predicted by the calculation. It was considered
in the fitting procedure that the double ionization process,
(H* + OH™), has a narrower distribution than the three-body
distributions; a feature that is based on the measured kinetic
energies of the HT fragments emitted in collisions with H™
and He?* projectiles of Ref. [12].

Figure 6(b) shows, for 1.6 MeV Li?t (¢=0,1,2, and
3), the relative intensities of the fragmentation channels (a-h)
as function of the energy centroids obtained from the CE-
CTMC calculation. The relative intensities are defined as the
areas of the fit functions divided by the sum of all areas of
all fragmentation channels. From this analysis it is possible
to infer that, when the projectile charge state increases, the
yield of higher degree of ionization channels [(HT + H* +
09%) and (H* + H + O7%)] also increases. It is important to
point out that this is in accordance with measurements at the
lower projectile energy of 21 keV Ne?+ with ¢’ = 3, 5, and
9 [15]. For these lower projectile energies, transfer-ionization
channels are expected to be as important as the direct single
ionization [50,51].

Figure 6(c) shows the relative intensities of the fragmen-
tation channels for the Li** projectile at three energies:
1.6, 3.0, and 5.8 MeV. The ratios show a general trend
of decreasing contributions of higher ionization channels
(H* + HY + 0?7) and (H* + H + O%") with increasing
projectile energy. This observed feature is also corroborated
by the absolute ionization-cross-section analysis of Ref. [51],
which shows that, for higher L3t energies, the role of transfer
ionization decreases in relation to single direct ionization.

For completeness we compare our results with previous
work in the literature, although, to the authors knowledge,
the data available do not cover the energy range studied in
this work. As pointed out before, the MeV /u range covers
the stopping-power maximum for heavy ions and is also the
range in which the electron capture (plus transfer ionization)
competes with pure ionization [50,51]. In slow He’" on
H,0 collisions (1-5 keV) [13-15], the measured fragment-
ion energy distribution extends up to 30-35 eV, while the
interaction of 21 keV Ne’™ [17] and 220 keV Xe**' [18]
at an observation angle of 135 degrees shows much more
energetic H' ions with energies up to 70-80 eV. For impact of
450 keV Ar’t and H* fragments from the (H*,H*, and O7+)
channel were measured with kinetic-energy release (KER) as
high as 170 eV [28,29]. Their spectra also showed a clear
correlation between the KER maximum peak at energies
of 30, 50, 70, and 80 eV, and the oxygen ion fragment
(O9%) charge state ¢ = 1, 2, 3, and 4, respectively. Werner
et al. [30,31] measured the total KER distribution in the
collision of 250 keV He™. They obtained H' fragments with
energies up to 60 eV, while for 92.4 keV O°" and 126 and
742 keV O’ ions the total KER values increased up to
130 eV. For fast projectiles, Siegmann et al. [32] measured
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FIG. 6. (a) Intensities of the fragment ion as function of their
energy per charge (eV/q), corrected for the transmission of the
spectrometer. Experimental data: black open squares show Gaussian
distributions (red lines) fit to fragmentation channels a—h centered at
the energy centroid predicted by present CE-CTMC model. Blue line
is the sum of the Gaussian distributions. (b) Relative intensities of
fitted area to total area as function of the energy centroids for each
fragmentation channel for 1.6 MeV Li¢* projectile: Li® (black closed
squares), Lit (red closed circles), Li*" (green closed upward triangle),
Li*" (blue closed downward triangle). (c) Relative intensities of
fitted area to total area for each fragmentation channel as function
of the energy centroids for each fragmentation channel for the Li**
projectile at three energies: 1.6 MeV (black closed squares), 3.0 MeV
(red closed circles), 5.8 MeV (blue closed upward triangles). Lines
are to guide the eye.
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a total KER for 5.9 MeV/u Xe!"!¥43* projectiles for the
fragmentation channels (H* 4+ OH"), (HT + H* + O™),
and (H" + H* 4+ O?*), finding their KER peaks centered
around 7, 40, and 70 eV, but with their distributions extending
up to 30, 100, and 140 eV, respectively.

2. C"* projectiles

In hadron-therapy treatments, carbon ions have advantages
over protons in providing a more defined and higher local
dose deposition. As a consequence they allow a better control
in irradiation of aggressive tumors and a lower acute or late
toxicity. The energy deposition at the end of the ion trajectory
of a carbon beam is larger than that of a proton beam, being
the linear energy transfer confined into a narrower Bragg peak
[52]. Many electron tracks are produced that cause locally
multiply damaged sites within the DNA. When a large amount
of breaks on the chemical links occur, even double-stranded
DNA break by one hit, DNA loses its self-reparation capacity,
and the cells die. The carbon beam can be more localized
to the tumor area and the surrounding healthy tissue remains
undamaged due to the smaller broadening of the beam. The
relative biological effectiveness (RBE) is increased by two
to three times when compared to the proton beam and the
macroscopic dose can be reduced [53-56]. The energy-loss
curve for a C beam passing through water has two important
regions of interest for the energy-deposition mechanism: The
maximum and the distal region of the Bragg peak. For
both cases the energy range and average charge state are,
respectively, 200-300 keV/u with ¢’ = 2, and 10-200 keV/u
with ¢’ = 1 [4].

To investigate the angular dependence of the emission of
the fragments ions, the collision of C* on water at an incident
energy of 2 MeV was chosen (distal region of the Bragg peak)
and the results are shown in Fig. 7. Figure 7(a) presents the
CE-CTMC calculation and Fig. 7(b) shows the experimental
data taken at the observation angles in the range 10 to 170
degrees relative to the incident-beam direction. In Fig. 7(b),
the distribution with the highest intensity corresponds to a
detection angle of 10 degrees and the following angles are
associated with the ascending angles of 20, 30, 48, 90, 130,
and 170 degrees. Note that the distributions are divided by
multiples of two in order to separate them in the figure. As
observed for the lithium-projectile case, the calculation shown
in Fig. 7(a) suggest that the higher-energy H fragments of
Fig. 7(b) correspond also to the n-fold removal of electrons
from the water molecule, leading to oxygen ions with charge
states up to 3+.

The measured spectra do not show any significant angular
dependence, indicating that the energy distribution can be
considered isotropic, at least in the intermediate-energy range.
This result is also predicted by the CE-CTMC calculations, as
shown in Fig. 7(a). However, these results are in contrast with
the strong anisotropy observed in the H' fragment emission
induced by impact of slow, highly charged 1-50 keV Xe**"
[16,18], 2 keV Ne’* [18], and fast 5.9 MeV/u Xe?™ jons
[32]. They found a significant forward-backward asymmetry
of the energy and intensity of the H" fragments. Again, it is
important to point out that the above-cited experiments were
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FIG. 7. (a) CE-CTMC calculations for the collision system of
2.0 MeV C* on H,0. The figure represents the detection angles
as function of the kinetic energies of the fragment-ion channels.
The designation of fragmentation channels are also included.
(b) Experimental angular distributions for 2 MeV C* on H,O.
Intensities at 10, 20, 30, 48, 90 130, and 170 degrees divided by
1,2,4,8, 16, 32, and 64, respectively.

carried out in a projectile-velocity regime different from that
of our work and at which the PCI would play a major role.

Figure 8(a) compares the yield dependence with the ioniza-
tion degree of water for singly charged nitrogen projectiles
at energies of 0.65 and 1 MeV [26,27] and 2 MeV CT
projectiles (present work). In this comparison, for exam-
ple, the 3+ ionization means the sum of charges for the
fragmentation channels (H* + H* + O") and (H" + H +
O%*). These results provide evidence that, although these
projectiles are singly charged, they cause multiple ionization of
water.

For these collision systems, the yield decreases approxi-
mately an order of magnitude with respect to the ionization
degree. On the contrary, for Li** projectiles, Fig. 8(b) shows a
rather steep decrease of the yields as function of the ionization
degree, being especially pronounced for O** and O° ions.
Hence, for the highly energetic Li*T, the contribution of higher
degrees of ionization could be neglected. The yields for the
6.7 MeV /u Xe*** projectile as a function of the ionization
degree of water are also included in Fig. 8(b) [3]. It can be seen
that, as opposed to the Li** case, it shows a less-pronounced
decrease.
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FIG. 8. Yield of multiple ionization of H,O%* (¢ > 2) normalized
to the sum of multiple ionization processes (2 < ¢ < 5) as a function
of the ionization degree ¢ for different projectiles. (a) Singly ionized
projectiles, 0.65 MeV N* (red open circles) [27], 1 MeV N (black
open squares) [26],and 2 MeV C™ at 10 degrees (blue closed triangles,
present work). (b) Li** (present work) and Xe** [3]. 1.6 MeV Li**
(red closed upward triangles), 3.0 MeV Li** (blue closed downward
triangles), 5.8 MeV Li** (green closed diamonds), and 6.7 MeV /u
Xe** (black open squares). Lines are to guide the eye.

B. Time-of-flight mass spectroscopy results

The time-of-flight analysis of the ionized target fragments
was performed for a preset energy per charge, to overcome the
limited information extracted from the energy distributions in
the low-energy part of the spectra, below 6 eV, as described in
Sec. II (see Fig. 2). All measurements were taken at a detection
angle of 10 degrees. The relative fraction of fragments ™
(H* and 0%, with ¢ =1 up to 5) are extracted from the
measured time-of-flight spectra for 2 MeV C'* and C?* on
H,0. The results are shown in Fig. 9(a) and are normalized
to the total fragment-ion production. The relative fraction for
the ion fragments are quite similar for both projectiles as a
function of the fragment-ion energy per charge state (E/q).
Highly charged oxygen ions are produced for both C* and C>*
projectiles incident with 2 MeV. The fractions as a function
of the fragment-ion energy per charge for both C* and C>*
projectiles are very similar, indicating that, at least in this
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energy of the ions in eV per charge ¢ produced by 2 MeV C*
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(b) Relative intensities of fragment ion f*+ as a function of the
fragment kinetic energy, H* (black closed squares), Ot (red closed
circles), O** (green closed upward triangles), O** (blue closed
downward triangle), O** (orange closed diamonds). (c) Relative
intensity of oxygen-ion-fragment production, with ¢ =1 to 4+,
normalized to the sum of all oxygen fragments. The symbols indicate
the fixed energies of the fragment ions in eV per charge ¢, 1.4 eV/q
(black solid squares), 2.8 eV /g (red solid circles), 4.5 eV /g (green
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energy range, the projectile charge states do not have a major
influence on the energy transferred to the O/ ion fragment.

Although the expected energy to find charged oxygen was
around 5 eV, some oxygen ions were collected at higher
energies, despite their low relative abundance. Figure 9(b)
shows the relative intensities, defined in Fig. 9(a) for the
fragments H* and O formed in 4 MeV C2* collisions, as a
function of the fragment kinetic energy. There, kinetic energies
up to 10, 12, and 14 eV were found for O, O**, and O3*,
respectively.

The CE-CTMC model predicts charged oxygens ions at low
kinetic energies [Fig. 7(a)]. In order to estimate the relative
contribution of the oxygen ions with respect to the fragments
ions energy per charge (E/q), the relative intensities of the
oxygen fragments to the sum of all oxygen ions are shown in
Fig. 9(c). The ion charges labeled from ¢ = 14 represent the
charge state of the oxygen ions, O?*. In measurements of E /g
within 1.4 to 9.7 eV/q, the main oxygen contribution comes
from singly charged oxygen ions, O". Decreasing the probed
E/q, higher charged states of oxygen ions are produced.

Comparing our results with previous experiments for low-
energy, 23 keV H*, Het, and He>* projectiles, the energy
distribution of channel (H* 4+ OH™) shows structures for H*
fragments peaking at 3.6, 3.9, and 5.3 eV, with their distribution
extending up to 15 eV [12]. The associated OH™' fragments,
on the other hand, have peaks occurring at lower energies of
0.2, 0.21, and 0.34 eV, with their high-energy edge extending
up to 1.5 eV. In the case of the channel (Ht + H + O™),
the kinetic energies of H* and O" are centered around 15
and 0.3 eV, respectively. The O" distribution extends up to
3 eV. For faster projectiles, H*, Het (100350 keV) [31], 5.9
MeV/u Xe?* [32], and 11.7 MeV /u Ni®>*, the studies show
total fragment-energy distributions originating from double
and triple ionization [30,32,33].

V. CONCLUSION

A systematic experimental and theoretical study is pre-
sented for the energy, angular distribution, and time-of-
flight of fragment ions from H,O dissociation produced in
collisions with proton, lithium atom, lithium, and carbon ions
at the intermediate-energy range. The fragment-ion energy
distribution of water molecule shows a clear dependence in
the production of higher-energy H* fragments (above 25 eV
structure) with projectile parameters such as incident energy
and charge state.

With the aid of CE-CTMC calculation these high-energy
H* fragments were correlated with the fragmentation channels
involving multiple target ionization. The calculations predict
that, for the present collision systems, ionization processes
arise from collisions involving small impact parameters (b <
2 a.u.). Such close collisions lead to multiple ionization, which
can be directly related to the O/ production. In addition,
it is important to note that the present CE-CTMC model
inherently includes the postcollisional effects, due to the
projectile field. Although they have not shown to be relevant for
the present study due to the large impact energies considered,
the capabilities of the model should be further explored at
lower impact energies.
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The findings obtained in this work are consistent with the
experimental data of Refs. [50,51]. There, the occurrence of
higher ionization degrees in the fragmented H;O molecule
occurs as the projectile energy decreases in the MeV/u to
keV /u range. In this energy range, transfer ionization leads to
H,O07* with degrees of ionization of 2+ to 4+. This becomes
as important as single direct ionization and single electron
capture. For higher impact energies, direct ionization prevails
and higher charge states of the fragmented molecule become
less abundant.

Finally, the combined experimental and theoretical
study presented in this work allowed us to compare the
molecular ionization followed by fragmentation with the
final fast H' fragment energy distribution. Because of
the energy range selected, the present work is relevant

PHYSICAL REVIEW A 94, 022712 (2016)

to applications such as

treatment.

hadron-therapy in cancer
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