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Water-molecule dissociation by impact of He* ions
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Absolute cross sections for the ionization and fragmentation of water vapor molecules during collisions with
0.5 to 2.0 MeV He" ions, resulting from pure ionization, projectile electron loss, and projectile electron capture
processes, have been measured. The masses and charge states of the recoil ions have been detected by
time-of-flight spectroscopy in coincidence with the emergent charge states of the projectile. The projectile
energy range includes the Bragg peak, where the energy deposition rate by the projectile reaches its maximum.
It was observed that the fragmentation patterns depend not only on the projectile characteristics, such as
velocity and effective charge state, but also on the particular collision channel involved.
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I. INTRODUCTION

The study of the interaction of energetic ions, electrons
and photons with the water molecule is important to many
branches of Science, from the understanding of the funda-
mental processes of molecular fragmentation to applications
in astrophysics, biology, and medicine. Of particular interest
are the collision processes which lead to molecular dissocia-
tion, because highly reactive products, such as OH*, O", and
H*, can affect the local environment by means of chemical
reactions [1]. One of the most important applications of such
collisions leading to the radiolysis of the water molecule is
related to the potential damage that these products can cause
to water-filled biological living cells [2,3]. For instance, apo-
ptosis can either be enhanced or inhibited by the inflamma-
tory oxidant H,O,, which can be produced by recombina-
tions of the above-cited fragmentation products [4].

In recent years there has been an increasing interest in the
use of a cancer therapy called radioimmunotherapy (RIT),
where a radionuclide is delivered to a tumor tissue either
directly or associated with an antibody specifically tailored
to bind preferentially to antigens overexpressed on tumor
cells, thereby permitting to deliver large amounts of energy
specifically to these cells, leaving the surrounding normal
tissues relatively unharmed [5]. Through a combination of
antibodies and radionuclides with properties which are com-
patible with the intended therapeutic application, RIT is par-
ticularly useful in the treatment of refractory cancer cases,
such as small solid tumors and micrometastases [6,7]. Ini-
tially conceived to be used employing S-particle emitters, in
the last few years it has been extended to a-particle-emitting
nuclides, due to their much higher linear energy transfer and
much shorter path length in comparison with S particles,
resulting in a higher absorbed dose and a larger number of
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ionization events in a range corresponding to the cell diam-
eter [6]. For this reason, it has been speculated that only a
few « particles would be necessary to cause cell death [6].
However, in some cases, such as cells which have large nu-
clei or high radiosensitivities, recent microdosimetric simu-
lations have indicated that the average number of hits to the
cell nucleus required to eradicate a tumor cell population
with a high probability can be as high as 100 [8]. With these
doses, the radiolysis of the surrounding water starts to be-
come important and, due to the chemistry with the resulting
water radicals, the probability of causing damage to healthy
tissues around a tumor also becomes of concern.

The choice of the a-emitter radionuclide depends on sev-
eral factors, including availability and costs of production.
The most promising candidates up to now have been *!'At,
Ac¢, its daughter product 213Bj, and *'’Bi [5-7.9]. The en-
ergies of the a-particles emitted by these nuclides are in the
range between 5.0 and 8.5 MeV.

Radiolysis of water is also of considerable interest in as-
trophysics. The interaction between multiply charged ions of
the solar wind and neutral atoms and molecules, either in the
interstellar medium [10,11] or in cometary coma [12], results
in x-ray emission, which is directly correlated with the wind
parameters such as composition, mass, and velocity [13-15].
The solar wind also interacts with the atmospheres and sur-
faces of planets and satellites of the Solar system. Space
probes to Mars, Jupiter, and Saturn have recently sent data
which indicates the presence of water in these planets. A
more detailed understanding of the fragmentation of the wa-
ter molecule induced by collisions with energetic charged
particles is, thus, of great importance to help modeling of the
formation of planetary atmospheres; it could, for instance,
explain the high concentration of oxygen in Europa’s atmo-
sphere.
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However, the literature concerning the experimental study
of water molecular dissociation in the gas phase by energetic
heavy ions is still rather scarce. The largest amount of data
refers to proton impact, since the pioneering work of Tobu-
ren et al. [16] for total electron capture and electron loss
cross sections, followed by studies of doubly differential ion-
ization cross section [17-19] and measurements of cross sec-
tions of positive ion production, electron production, and
electron capture [20]. Only recently, data on partial absolute
dissociation cross sections by proton impact, differential in
the possible collision channels, became available [21-24].

For heavier ions the situation is even worse. There are few
data for water fragmentation by C and O ions in the region
around the Bragg peak [1,25,26]. For He ions as projectiles,
the only available data are those from Rudd er al. of absolute
cross sections for ionization, electron capture and electron
loss for He™ in the energy range between 5 and 450 keV [27],
and low-energy measurements by Seredyuk ef al. (0.1-48
keV He?*, electron capture and transfer-ionization channels)
[28], Sobocinski et al. (1-5 keV He*, absolute differential
cross sections, differential in the emission angle of the frag-
ments) [29], and Alvarado et al. (Kinetic energy releases of
2-20 keV He* and He”* ions) [30]. Although important for
water radiolysis and astrophysical studies, these data do not
cover some important aspects of the ionization and fragmen-
tation of the water molecule by He ions, since they lie below
the maximum of the Bragg peak, where the energy deposi-
tion rate in water by the He projectile is largest.

In the present paper we have measured absolute cross
sections for the collision processes which can be summarized
by

He*+H,0 — He"™" + [H,O]" + (m+n—1)e, (1)

where n=0, 1, or 2 represent the electron capture, pure ion-
ization or electron loss processes, respectively, while
[H,O]™ denote the water target product ions, which include
not only the ion H,O™, but also, the fragment ions H*, OH",
O*, and, in some instances, O**. The cross sections were
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FIG. 1. Stopping power of He" ions in water [31]. The vertical
lines represent the energy region of the data covered in the present
work.
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FIG. 2. Time-of-flight spectrum for one-electron-capture colli-
sions by incident 0.5 MeV He* projectiles on water vapor.

obtained by means of coincident measurements, for He* pro-
jectiles with energies ranging from 0.5 to 2.0 MeV. This
energy range includes the Bragg peak for He* in water, as
shown in Fig. 1.

As mentioned above, in the case of RIT, the emitted
a-particles have energies which lie a little above the energy
range of the present measurements with He* projectiles.
However, the a-particles will reach the target cells or their
environments not only with energies within the range of the
data presented here, but also, with probabilities of presenting
a charge state of +1 that vary from 4% at 2.0 Mev up to 58%
at 0.5 MeV [32].

II. EXPERIMENT

Since detailed descriptions of the experimental setup used
for the measurements performed in this work have been
given previously [24,33-35], only its most important features
will be presented here. Briefly, monoenergetic He* beams,
with energies ranging from 0.5 to 2.0 MeV, are delivered by
the 4MV Van de Graaff accelerator of the Catholic Univer-
sity of Rio de Janeiro. The selection of charge, mass and
energy of the beam is made by a 90° magnet followed by a
switching magnet before the entrance of the beam line. The
beam is collimated and separated from its spurious compo-
nents by a third magnet placed just before the collision
chamber.

TABLE I. Absolute fragment and nonfragment production cross
sections (in Mb) of H,O by He* impact as a function of the projec-
tile energy E: pure ionization channel.

E (MeV) H,0* OH* H* o*
0.5 282+35  101=15 140+19  425+54
0.75 90+13 318+6.0 124+15  362+6.6
1.0 164+19  525+62 599+70 203+*26
1.5 162+18  44.1%52  469+55 127+17
2.0 117+13  362%43 355%42  63+09
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TABLE II. Absolute fragment and nonfragment production cross sections (in Mb) of H,O by He™ impact
as a function of the projectile energy, E: electron loss channel.

E (MeV) H,0* OH* H* o+ o
0.5 20.8+2.6 135+1.8 39.2+47 20.1+2.6 3.1+0.6
0.75 125+1.6 99+13 40.0+52 141+1.2 0.86+0.14
1.0 23.7+3.0 120+1.6 26.6+3.8 13.0+22
1.5 28.0+34 109+1.5 232+28 82+1.1
2.0 28.8+3.5 12.1+1.6 21.0+2.6 75+1.1

After crossing the collision chamber where the gas cell is
placed, the emergent beam is charge-analyzed by a fourth
magnet, which separates the three possible charge states and
directs them onto a position sensitive microchannelplate
(MCP) detector placed at the end of the beam line 4 m down-
stream. The target is formed by an effusive water vapor
setup. A manifold connecting a needle valve to a Pyrex bottle
containing 10 ml of deionized water is primarily pumped by
an external rough pump. The pressure inside the bottle de-
creases until the water turns into ice; at this stage, all the
gases (mainly, N, and O,) have been pumped out of the
bottle. The pump is then turned off and the iced water is
warmed up. In order to guarantee that one has a pure H,O
target, the process is repeated to drive out any remaining
dissolved gas. The ice is then allowed to sublimate into the
gas cell and the flux is controlled by the connecting needle
valve. The pressure inside the gas cell is measured by an
absolute capacitive manometer (MKS-Baratron). Determina-
tion of the gas pressure for water vapor is more difficult than
for standard molecular gases. Working with H,O requires
longer times for the capacitance diaphragm to reach the equi-
librium (order of a few minutes as opposed to some seconds
for noble gases, for instance) and significant drifts of the zero
reading can occur. This has been overcome by performing
sets of shorter measuring runs and checking the zero reading
of the gauge at each run. The pressures inside the target cell
during the measurements were kept between 0.7 to 1 mTorr.
Without the target, the pressure is smaller than 10 Torr.

The charged target products, H*, OH*, H,O*, O*, and
o, resulting from the interaction with the incident He*
beam are collected by a transverse electric field. The use of a
strong electric field (960 V/cm) assures a maximum collect-
ing efficiency for all target products [24]. The slow ions
traverse the electrodes, enter into a field free region, and
finally are collected by a second MCP detector. The target
products, including the dissociative and nondissociative
component, are separated and analyzed by a standard time-
of-flight coincidence technique. In Fig. 2, we present the

time-of-flight spectrum for the electron capture channel by
0.5 MeV He* projectiles from the water molecule.

The recoil ion detection efficiencies are obtained using the
same procedure described by Santos er al. [33,34]. For a
detailed description of the coincidence procedure and the gas
cell setup see also the above-cited references.

III. RESULTS AND DISCUSSION

Our results for the absolute cross sections for the pure
ionization, electron loss and electron capture processes, as
represented in Eq. (1), are shown in Tables I-III, respec-
tively. An inspection of these tables reveals that pure ioniza-
tion is the dominant channel for all target ion product chan-
nels over the whole energy range of this work. This is an
indication that, within the present velocity region, large im-
pact parameter collisions dominate the ionization processes,
meaning that the projectile charge state as seen by the target
is essentially 1. Thus, it seems reasonable to compare the
present He* results for the pure ionization channel with the
corresponding proton data. This is done in Fig. 3, where we
compare our results with the proton impact data of Ref. [24]
covering the 15 to 100 keV and 500 to 3500 keV energy
ranges, for the total positive ion production as well as for the
individual target ion channels. It can be seen that, apparently,
the present He* data follow the general trends of the high-
velocity proton data of Ref. [24] for all the collision prod-
ucts. However, the agreement with the low-velocity proton
data is not so good. Except for the H" production, which
seems to couple quite well with the He" ones, the other re-
action products exhibit different behaviors: the OF produc-
tion by He" exceeds that by protons by a factor of 2 at a
velocity around 2.0 a.u., while although the lower-velocity
He* cross sections for H,O" and OH* match the proton ones,
they present a dip around 2.5 a.u.

In order to further examine this peculiar behavior, the
present He* pure ionization data for the H,O" production
channel (full circles) are compared with similar proton data

TABLE III. Absolute fragment and nonfragment production cross sections (in Mb) of H,O by He* impact
as a function of the projectile energy, E: electron capture channel.

E (MeV) H,0* OH* H* o+ o
0.5 54+0.6 32+04 8.1+1.0 34+04 0.43+0.08
0.75 11.0+1.3 6.0+0.7 11.0+2.0 49*0.6 0.86+0.14
1.0 27+05 14+04 29+0.6 1303
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FIG. 3. Absolute single ionization and fragment production
cross sections (in Mb) of H,O by He* (full symbols, this work) and
proton (open symbols, Ref. [24]) impact as a function of the pro-
jectile velocity: pure ionization channel. Squares, H,O™; circles,
OH"; inverted triangles, H*; up triangles, O*; and diamonds, total
positive ion production.

from Refs. [21-24] (open symbols) and for C3* projectile
from Ref. [1] (full squares) in Fig. 4. An important feature
that arises from the analysis of this graph is that the values of
the absolute cross sections are the same for the three projec-
tiles. This independence of the cross sections with the pro-
jectile charge state was already observed by Luna and Mon-
tenegro for protons and C3* projectiles [1]. However, there is
a remarkable difference here, since the proton data vary
smoothly with the projectile velocity, while the dip around
2.5 a.u. mentioned above for He* also occurs for C3*, at the
same velocity and with the same numerical values. In Fig. 5,
on the other hand, we compare the present set of He* data
with the results from Rudd et al. for the same projectile [27],
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FIG. 4. Absolute single ionization cross sections (in Mb) of
H,O by He*, C3* and proton impact as a function of the projectile
velocity for the pure ionization channel. Projectiles: He*, full
circles, this work; C3*, full squares, Ref. [1]; protons, open squares,
Ref. [24], open triangles, Ref. [21], open circles, Refs. [22,23].
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FIG. 5. Absolute cross sections (in Mb) for total positive ion
production and electron capture of H,O by He™ impact as a function
of the projectile velocity. Total positive ion production: full squares,
this work; dashed line, Ref. [27]. Electron capture: full circles, this
work; full line, Ref. [27].

which are the only data set in the literature which almost
overlap with ours, for the total positive ion production (o,
dashed line and full squares) and for the capture channel only
(full line and full circles). It can be observed that the dip
around the velocity of 2.5 a.u. still appears in o, and corre-
sponds to an enhancement in the capture cross section. How-
ever, this velocity corresponds to the maximum of the Bragg
peak, as can be seen from Fig. 1, for He*, and from Ref. [26],
for example, for C* projectiles in water. The fact that these
projectiles have more complex structures than protons opens,
in the velocity range considered here, other collision chan-
nels besides the pure ionization one. These other channels,
essentially electron loss and electron capture, have larger
contributions from smaller impact parameters than pure ion-
ization. This decreases the cross sections for the latter pro-
cess around the maximum of the energy deposition on the
target. This is, thus, an indication that the effective charge of
the projectile plays an important role in the process of energy
transfer to the active electrons of the molecule.

The different dynamical regimes for the ionization and
fragmentation of the water vapor molecule can be better ana-
lyzed by means of a ternary plot which presents the normal-
ized fractions of the different reaction products. As pointed
out by Luna and Montenegro [1], this type of graph is very
useful for the comparison between data from different pro-
jectiles and collision processes. So, the present He* data is
compared with experimental data obtained with other projec-
tiles in the ternary plot of Fig. 6. The axes represent the
fractions of the H,O* (bottom), OH* (right), and the sum of
all positive O ions (left), relative to the total ion production,
for different projectiles and collision processes. The projec-
tiles are He* (full squares, this work), protons (circles, Ref.
[24]), C3* (triangles, Ref. [1]), O°* (diamonds, Ref. [1]),
electrons (inverted triangles, Ref. [36]), and stars (photons,
Ref. [37]). In this figure, the collision processes considered
are pure ionization, electron loss and electron capture; how-
ever, they are not explicitly shown in this figure to avoid
confusion.
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FIG. 6. Ternary plot of the fractions of the H,O* (bottom), OH*
(right), and O"* (left) ions produced in collisions of H,O with sev-
eral projectiles and for the pure ionization, electron loss and elec-
tron capture channels. Projectiles: He™, full squares, this work; pro-
tons, circles, Ref. [24]; C3*, triangles, Ref. [1]; O*, diamonds, Ref.
[1]; electrons, inverted triangles, Ref. [36]; and stars, photons, Ref.
[37]. The specific collision channels are not explicitly shown in the
graph. The three arrows in the middle upper side of the plot indicate
how a particular data point is connected with each of the three axes

[1].

A remarkable feature of this kind of plot—which was first
observed by Luna and Montenegro [1]—is that all the data,
independently of the projectile and process, coalesce along a
line, with the larger energy-transfer data concentrated on the
left side (larger O™* production—explosive fragmentation re-
gime) and the lighter ion data on the right side (larger H,O*
production—dipolar fragmentation regime). Our He® data
lie, as expected, in the intermediate region, following the
general trend of all other data.

However, in Fig. 6 there are information neither on the
specific collision process which is taking place, nor on the
collision velocity of each point in the graph. Thus, in Figs.
7-9 ternary plots for the different collision processes which
contribute to molecular fragmentation, namely, pure ioniza-
tion, electron loss, and electron capture, respectively, for He*
(full lines) and C3* (dashed lines) projectiles are presented.
The arrows indicate the direction of increasing projectile ve-
locity, which varies from 2.2 to 4.5 a.u. for He* and from 1.8
to 3.4 a.u. for C3*.

There are two points which are common to all these three
plots and should be stressed. First, the data for the electron
loss and electron capture channels lie more to the left of the
graphs than the pure ionization one, which means that the
former two processes are more effective than the latter for
the explosive fragmentation of the water molecule. This fea-
ture is expected since the electron loss and capture are pro-
cesses which can reach smaller impact parameters than the
pure ionization, thus being more able to ionize the inner-shell
electrons of the water molecule. This inner-shell ionization
may lead to the postcollisional ionization of the molecule, as
is well known to occur in small-impact-parameter processes
in ion-atom collisions [38]. In this sense, the transition from
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FIG. 7. Ternary plot of the fractions of the H,O* (bottom), OH*
(right), and O™ (left) ions produced in collisions of H,O with He*
(full line, this work) and C3* (dashed line, Ref. [1]) for the pure
ionization channel. The arrows indicate the direction of increasing
collision velocity.

dipolar to explosive dissociation can be interpreted as corre-
sponding to an enhancement of the multiple ionization pro-
cess. Second, and perhaps more important, is the fact that all
collision channels present a similar behavior with the projec-
tile velocity for both projectiles: as the velocity increases the
fragmentation first tends to follow an explosive pattern, pre-
senting, however, a turning point, after which the fragmen-
tation tends back to the dipolar pattern. This turning point,
for both projectiles and all collision channels, lies very close
to the maximum of the Bragg peak. The only difference be-
tween the two projectiles lies on the fact that the C** data are
always more to the left than the He"™ ones, which simply
reinforces the expected feature that C** is more effective to
produce explosive fragmentation than He™.

Electron Loss
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1.00
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FIG. 8. The same as in Fig. 7 for the electron loss channel.
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FIG. 9. The same as in Fig. 7 for the electron capture
channel.

IV. CONCLUSIONS

We have measured absolute cross sections for the ioniza-
tion and fragmentation of water vapor molecules in colli-
sions with He™ ions, differential in the pure target ionization,
electron loss, and electron capture processes, in a velocity
range that includes the maximum of the Bragg peak. It was
observed that the fragmentation patterns depend not only on
the projectile characteristics, such as velocity and effective
charge state, but also on the particular collision mechanism.
In the case of the pure ionization channel, for instance, the
cross sections for the production of the molecular ion H,O"
by He* have the same values as those by C** projectiles,

PHYSICAL REVIEW A 77, 052708 (2008)

being strongly inhibited around the Bragg peak in compari-
son with the corresponding proton data. This is due to the
opening of other collision channels, such as electron loss and
capture, in addition to the pure ionization for more complex
projectiles in the velocity range of the present measurements.

The comparison of the present measurements for the nor-
malized fractions of the different collision products with re-
sults for several other projectiles, including photons and
electrons as well as heavy ions, by means of ternary plots,
shows that the He* data lie in the intermediate region be-
tween the dipolar and explosive fragmentation regimes.
When compared to C3* data, separated by reaction channel
and considering the velocity dependence of the fractions, the
results for He™ show similar behaviors for all collision chan-
nels as the collision velocity increases, all presenting a turn-
ing point in the tendency from dipolar to explosive fragmen-
tation at a velocity corresponding to the maximum of the
Bragg peak.

The present data are useful to provide further information
about the transition from the dipolar to the explosive regimes
of the fragmentation of the water molecule, stressing the im-
portance not only of the projectile velocity and structure as,
for instance, its charge state, but also, the reaction channels
taking place. They may be important, for instance, to help
the implementation of new therapies, such as radioimmuno-
therapy with a-particle emitters, where detailed reference
data for microdosimetric analyses and simulations are crucial
to the interpretation of the clinical results and in the design
of treatment strategies to achieve a favorable therapeutic out-
come.
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