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Experimental measurements of the kinetic energy distribution spectra of H+ fragment ions released during
radiolysis of water molecules in collision with 20, 50, and 100 keV proton projectiles and 35, 200, 400, and
1000 eV electron projectiles are reported using a pulsed beam and drift tube time-of-flight based velocity
measuring technique. The spectra show that H+ fragments carrying a substantial amount of energy are released,
some having energies well in excess of 20 eV. The majority of the ions lie within the 0–5 eV energy range with
the proton spectra showing an almost constant profile between 1.5 and 5 eV and, below this, increasing
gradually with decreasing ejection energy up to the near zero energy value while the electron spectra, in
contrast, show a broad maximum between 1 and 3 eV and a pronounced dip around 0.25 eV. Beyond 5 eV, both
projectile spectra show a decreasing profile with the electron spectra decreasing far more rapidly than the
proton spectra. Our measured spectra thus indicate that major differences are present in the collision dynamics
between the proton and the electron projectiles interacting with gas phase water molecules.
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I. INTRODUCTION

The dissociation pathways and the energy releases of
fragments ejected from water molecules excited to high lying
electronic repulsive states in collision with energetic projec-
tiles still remain little understood despite abundant presence
of such processes in important areas of physics, biology, and
chemistry. The various repulsive precursor states populated
are greatly dependent on whether the collision involves ion-
ization or, in the case of protons, a capture of an electron as
well, whether a removal of one or more target electron is
involved, and on how efficiently a projectile is able to trans-
fer the required amount of energy needed to populate the
repulsive states. These are complex questions that cannot be
reliably answered from the theoretical prospective and ex-
perimental measurements are the only resorts presently avail-
able to provide the needed data to the physics, the medicine,
and the chemistry communities. Accurate information on the
dissociation pathways and the energy releases are of funda-
mental importance in the testing and the improving of cur-
rent models of radiolysis particularly those related to water
loss on comet and planetary atmospheres and in the x-ray
and the proton based cancer therapies where DNA morbidity
through chemistry with water radicals plays a central role
�1�. They are also of great importance in characterizing the
evolving wave functions and the potential energy surfaces of
excited water, a task currently undertaken by the theoretical
chemistry community �2�.

It is only in recent years that the measurements of colli-
sion induced fragmentation of water have received more at-
tention. Measurements have been carried out on cross sec-

tions of the fragmented products by H+ ions �3�, by H+ and
He+ ions �4,5�, and by heavy multiply charged ions �6�. For
electron impact the measurements are rather limited as well
and available measurements show significant disagreements
with one another �see, for instance, �7� and, more recently,
�8��. The measurements of the energy distribution of the
fragments released are even more limited. For heavy ions,
the measurements by H+, He+, Heq+ �9�, He2+ �10,11�, and
Neq+ �11� cover regions where large kinetic energies are re-
leased following removal of two or more target electrons
corresponding to fragmentation under mutual Coulomb re-
pulsion present within the doubly or multiple charged
H2O2+� ions formed �Coulomb explosion�. To the best
knowledge of the authors, the only measurements of the dis-
tribution of the fragment energy release for electron impact
are the measurements of Fremont et al. �12� at energies up to
200 eV.

Very recently, a comprehensive set of total cross section
measurements of the uniquely defined dissociation pathways
for ionization and electron capture collision processes by
15–100 and 500–3500 keV proton projectiles was reported
through the use of coincidence counting techniques �13� and
ionization collision processes by 30–1500 eV electron pro-
jectiles �14� using the pulsed beam—delayed target extrac-
tion experimental technique. In the present paper we extend
the pulsed beam technique and incorporate the drift tube
time-of-flight �TOF� based velocity measuring method to re-
port measurements of energy releases of the H+ fragments by
protons at the impact energies of 20, 50, and 100 keV and by
electrons at the impact energies of 35, 200, 400, and 1000
eV. Our measuring technique has allowed us to successfully
cover a very large ejection energy region stretching from the
very low 0.1 eV value to the high 30 eV value where the
majority of the H+ fragment ions are found.*Corresponding author.
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The present measurements are of direct practical rel-
evance in modeling of the water loss from comet and plan-
etary atmospheres and, as noted above, in chemistry in char-
acterizing the radiolysis of liquid phase of water. Since the
production of the H+ fragment is accompanied with the
highly reactive OH radical either as neutral or in its ionized
form, these measurements will also find important uses in
radiotherapy where water radicals are thought to provide
70% of the body cell death �1�; the proton data will find
relevance in the now popular but expensive proton therapy
and the electron data in the electron and x-ray based therapy.
The measurements will also find important uses in the ther-
monuclear industry where the buildup of the H2 and the O2
gases from fragmentation of water by fission products affects
the safety of the power plants and the corrosion of the fuel
rods �15�.

II. EXPERIMENTAL APPROACH

The energy distributions of the H+ fragment ions released
from the H2O+� and the H2O2+� dissociative precursor states
formed during collisions with energetic projectiles were
measured in the present work by a TOF based method on the
apparatus shown in Fig. 1. Our previously measured total
ionization, the total one electron capture cross sections by
15–100 and 500–3500 keV proton impact �13�, and the total
ionization cross sections by 30–1500 eV electron impact �14�
suggest that formation of the triply charged H2O3+� precursor
states will be negligible in the present study and are ignored
from further discussions.

The main apparatus and the experimental procedure used
have been described previously �16–18� and only the main
features and minor modifications are summarized here. A
beam of protons obtained from 10 to 100 kV ion accelerator
of The Queen’s University of Belfast and a beam of electrons
obtained from an electron gun able to slide in and out of the
ion beam path were arranged to cross a well collimated ther-
mal energy beam of H2O molecules 4 mm in diameter inside
a high vacuum chamber at 90°. The projectile beam was
collimated to 1 mm in diameter prior to entering the interac-
tion region. The proton and the electron projectile beams
were operated in a pulsed mode with a 150 ns wide beam
pulses passing through the interaction region at a repetition

rate of 104 Hz. The interaction region was surrounded by
electrodes C1 and C2 with high transparency grids mounted
at the apex to allow the ejected dissociation fragments to
travel away from the interaction region. In the present study
the ejected fragments were allowed to travel a distance of 42
mm before they were detected by a two microchannel plates
based detector assembly. If required, a delayed extraction
pulse immediately following the transit of the trailing edge
of the incident beam pulse could be applied across the elec-
trodes C1 and C2 to extract and detect all of the target ions
formed. This was done from time to time to record the full
mass spectrum of the target ion products and to verify that
the target beam remained purely of water molecules through-
out the measurements. The lens combination L1, L2, and L3
were used in this case to maximize the collection of all the
target ions. During the energy distribution measurements L1,
L2, and L3 were held at the ground potential along with the
electrodes C1 and C2. The insides of the extraction and the
lens electrode assemblies were all coated with a thin layer of
graphite loaded resin to ensure that effects of contact poten-
tials resulting from dissimilar materials used in the fabrica-
tion of the assemblies and a small amount of charging up of
slightly oxide surfaces formed on exposure of the assembly
electrodes to air were minimized to negligible values,
thereby ensuring that the energy distribution measurements
were carried out in a completely field-free region. Past expe-
rience has shown that such a precaution is necessary as these
effects alter the energies and the trajectories of the ejected
ions and falsify the measured energy values. A reference
pulse obtained from the projectile beam pulser was used as a
start pulse in the recording of the TOF spectra.

The measured TOF spectra were converted into energy
spectra using a standard procedure �19� where the velocity
component along the spectrometer axis is obtained from the
measured flight time across the 42 mm distance to the detec-
tor. The energy resolution of the extracted spectra is depen-
dent on the width and the pulse duration of the beam used in
the measurement. Our solid angle is small enough �approxi-
mately 0.2 rad� to consider that essentially only on-axis frag-
ments reach the detector. This assumption introduces an error
of less than 4% in the extracted energy spectra from the
variations in the flight times of ions arriving at the periphery
of the detector in relation to the center. With the 1 mm wide
beam and the pulse duration of 150 ns used in the present
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measurements, the combined uncertainties are around 6% for
fragments that are ejected with an energy of 10 eV and
around 3% for those ejected with an energy of 3 eV.

The target gas beam was formed inside a separately
pumped nearby chamber by effusing water molecules
through a bunch of 1 mm diameter hypodermic needles 10
mm in length bunched inside a 5 mm in diameter tube
holder. The water reservoir supplying the molecules was
filled with a high grade distilled water and was completely
out-gassed by pumping the water for about half an hour prior
to the experiment. The mass spectrum mentioned above
showed that this procedure of removing absorbed air from
the water was entirely satisfactory. Periodically measured
mass spectra showed that leaking of outside air through the
transport tube connecting the reservoir to the controlling
needle valve was negligible.

III. ENERGY DISTRIBUTIONS OF H+ EJECTED IONS

Energy spectra constructed from the measured TOF spec-
tra of the H+ fragments emitted at 90° are shown in Fig. 2 for
the 20, 50, and 100 keV proton projectiles and in Fig. 3 for
the 35, 200, 400, and 1000 eV electron projectiles. The spec-
tra cover a wide energy range spanning from 0.1 to 30 eV

and contain the majority of the fragment ions ejected. The
constructed spectra correspond entirely to H+ released ions
without contaminations from the OH+ and O+ ions. This is
because the H+ fragments carry a 17/18 fraction of the total
dissociation kinetic energy released �KER�. This, together
with the small mass, means that the H+ fragment ions have a
shorter TOF than the heavier ones in the measured TOF
spectra. As an example, let us consider the worst scenario
and inspect the spectra at the lowest energy of 0.1 eV where
the likelihood of OH+ and O+ ion arrival will be the largest.
For the OH+ ions to arrive at the detector at the same time as
the 0.1 eV H+ ions, the energy of the OH+ ions would need to
be 1.7 eV. Further, as the OH+ ions carry only 1/18 of the
KER value released, the KER values in this case would need
to be 30.6 eV. But collisions with 30.6 eV KER values
should also give rise to the emissions of H+ fragments with
ejection energies of 28.9 eV. Figures 2 and 3 show that the
spectra at 28.9 eV are negligibly small and confirm that even
our lowest energy spectra at 0.1 eV are relatively free from
any OH+ and O+ ion contributions.
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FIG. 2. Extracted energy distribution spectra of H+ fragments
emitted at 90° to the proton projectile beam at 20, 50, and 100 keV
incident energies.

0.1 1 10

1

10

100

1000

0.1

1

10

100

1000

0.01

0.1

1

10

100

1000

0.1

1

10

100

400 eV
Si
gn
al
(a
rb
.u
ni
ts
)

Energy (eV)

1000 eV

Si
gn
al
(a
rb
.u
ni
ts
)

200 eVSi
gn
al
(a
rb
.u
ni
ts
)

35 eVSi
gn
al
(a
rb
.u
ni
ts
)

FIG. 3. Extracted energy distribution spectra of H+ fragments
emitted at 90° to the projectile beam direction for electrons at 35,
200, 400, and 1000 eV incident energies.
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It is apparent from Fig. 2 that the proton spectra at 20, 50,
and 100 keV are remarkably similar in appearance with one
another with all showing pronounced structures at around 4.5
and 9 eV fragment energies. Close inspection of 50 and 100
keV spectra reveals a presence of further peaks appearing at
around 2 and 15 eV as very shallow structures. For electron
projectiles, the spectra at 200, 400, and 1000 eV impact en-
ergies also show close similarities with one another with a
pronounced peak appearing at around 9 eV fragment energy,
shallow peaks at around 1, 3, and 4.5 eV, and one high en-
ergy peak around 15 eV �this peak is more apparent with the
1000 eV spectra�. The 35 eV impact energy spectrum is a
little different than the 200, 400, and 1000 eV spectra. It
shows a much rapidly decreasing yield beyond the 9 eV
peak, and in contrast to almost flat spectra between the 1 and
3 eV energy regions seen in the 200, 400, and 1000 eV
spectra, the 35 eV spectrum shows instead a gradual rise to a
maximum at around 3 eV. Although the statistics is poor, the
35 eV spectrum also shows the presence of a peak at around
0.6 eV not seen in the 200, 400, and 1000 eV spectra. As 35
eV electron projectiles are susceptible to greater threshold
effects, it is perhaps not surprising to find that the spectra
beyond 3 eV are considerably suppressed.

We have made an effort to fit our spectra using a least-
squares fitting procedure with peaks having a Gaussian pro-
file with the purpose to see, in a more quantitative way, if the
spectra from proton and electron impact show some common
pattern. Indeed, as seen in Fig. 4 for the selected cases of 100
keV protons and 1000 eV electrons, the yields beyond 3 eV

are well reproduced by unique peaks for both projectiles.
However, the region below 3 eV requires a collection of
close lying peaks to reproduce the measurements. Because
we found it difficult to extract the precise positions of the
peaks below 3 eV, we place little faith in these peaks. They
are only included to demonstrate that the region above 3 eV
is dominated by well separated peaks and the region below 3
eV by many close lying peaks, which probably indicate a
dissociation mechanism which gives a broad kinetic energy
distribution for the H+ fragments in this region.

The populating of the doubly-charged excited states re-
quires the transfer of substantial amounts of energy in com-
parison with populating the singly-charged excited states.
Thus, we can divide the present spectra into a “hard” colli-
sion region, associated with large ejection energies, and a
“soft” collision region, associated with low ejection energies.
It was also recently shown �14� in the case of the single and
double ionizations of water molecules by 30–1500 eV elec-
trons that at electron collision energies beyond 150 eV, the
H++OH+ and the H++O+ ion pairs have a combined total
cross section that is larger than 20% of the total H+ formed
from the sum of the single and the double ion pair produc-
tions. In that work the authors were unable to measure the
cross sections for the H++H+ ion pair production so the total
numbers of H+ ions produced from the doubly excited
H2O2+� states should be even higher than 20%. To account
for this over 20% of the H+ contribution to the total H+

fragmentation coming from the H2O2+� states, inspection of
Fig. 3 shows that the peak around the position of 4.5 eV must
be taken to arise from the H2O2+� states in addition to the
peaks around the 9 and the 15 eV energy regions. The
present spectra can thus be classified as being hard for H+

fragments having ejection energies larger than �3 eV and as
soft for H+ fragments having ejection energy smaller than
�3 eV. Figures 2 and 3 show that the soft collision region is
where the spectrum is described by many overlapping peaks.

Comparison of the proton spectra in Fig. 2 with those of
the electron spectra in Fig. 3 reveals that the proton and the
electron projectiles exhibit some very interesting deviations.
First, the electron spectra beyond 4.0 eV fall off much faster
with increasing ejection energy than do the proton spectra
and second, below 4.0 eV, the electron spectra show the pres-
ence of a profound dip at around 0.25 eV which is com-
pletely absent in the proton spectra. The proton spectra, in-
stead, show a monotonic rise with the decreasing ejection
energy right down to the presently measured 0.1 eV energy
value. These deviations indicate that there are important dif-
ferences present in the collision dynamics between the two
projectiles.

In a recent paper by Scully et al. �20� it was shown that at
high electron collision energies the majority of the doubly
excited H2O2+� states emanate from postcollision rearrange-
ments following a removal of one of the 2a1 water orbital
electrons during a single ionization collision event followed
by a subsequent filling of the 2a1 vacancy through an Auger
autoionization process ejecting a second electron from any
one of the two outermost orbitals 1b1 or 3a1. The binding
energies of the 1b1, 3a1, 1b2, and 2a1 orbitals are 12.60,
14.84, 18.78, and 32.62 eV, respectively �21�. The H2O2+�

state can also be formed through two ionization processes
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occurring �“two steps”� during a single collision event, but it
was shown in Ref. �20� that for electron projectiles this pro-
cess is negligible in relation to the postcollision autoioniza-
tion process. For electron projectiles, the hard collision re-
gion of the spectra, beyond 3 eV, can thus be attributed to
single ionization events �“one step”� removing a 2a1 orbital
electron. Recent measurements of the KER �8� by electron
impact corroborate this finding. The measured KER of 3.6
eV associated to ionic pair production is more likely to be
energetically compatible with a single ionization followed
by autoionization instead of a vertical Frank-Condon transi-
tion �8�.

Two-step processes are fast and obey Franck-Condon
straight line transition rules, so the doubly-charged precursor
states formed during such collision events promote the states
to very steep portions of their potential energy curves, thus
involving large amounts of excitation energies. While elec-
tron projectiles have difficulties imparting such energies this
is not the case with proton projectiles even at our lowest
energy of 20 keV. The proton spectra are thus able to receive
contributions from one-step processes �capture or ionization�
as well as from two-step processes involving either transfer-
ionization type collisions �capture plus ionization� or two
ionizations during a single collision event. From Figs. 2 and
3 �and more clearly from Fig. 4�, it can be seen that the
proton-induced yields around the 4.5, 9, and 15 eV peaks are
roughly of equal size, one order of magnitude smaller and
two orders of magnitude smaller, respectively, than the spec-
tra around the 2 eV region, while for the electron spectra, the
similar figures are one order of magnitude smaller, two or-
ders of magnitude smaller, and three orders of magnitude
smaller, respectively. As protons and electrons carry a unity
charge, the one-step collision processes are expected to be
similar in size for both projectiles so that these much en-
hanced contributions to the proton spectra in the hard colli-
sion region must come from the two-step processes. Our set
of carefully measured proton and electron energy spectra is
thus able to provide a direct evidence of the importance of
two-step processes present with proton projectiles. It should
be noted that transfer-ionization and double capture pro-
cesses for low-energy He2+ collisions with water also pro-
duce H+ fragments with kinetic energies of �6 and 15 eV
�11�, associated with the H++OH+ and H++O+ branches, re-
spectively, in good agreement with our results, and indicating
that these KERs are essentially independent of the removal
mechanisms as long as the collision time is short when com-
pared with the typical molecular vibration period.

Scully et al. �20� also showed that the ionization of a 1b2
orbital electron by electrons leads to branching to either the
OH+H+ ion or the OH++H ion pairs while the ionization of
the 1b1 or the 3a1 orbital electron leads to the formation of a
stable parent H2O+ ion. These orbital electrons require small
amounts of energy transfer and the collisions involving these
orbital electrons can be considered as being soft. One-step
soft collision processes with protons would also involve the
1b2, 1b1, or 3a1 orbital electrons with the 1b2 removal lead-
ing to OH+H+ ion or the OH++H ion pairs and the 1b1 or
3a1 removal leading to stable parent H2O+ ion formation.
The soft region of the electron and the proton projectile en-
ergy spectra can thus be attributed to the ionization of a 1b2

orbital electron. The soft region contains the largest contri-
butions to the total H+ fragmentation yields for both the pro-
jectiles.

To our best knowledge, we are not aware of any previ-
ously measured proton-induced spectra of the H+ fragments
covering the present emission energy range. For electrons,
we are aware of only one work, that of Fremont et al. �12�,
which covers a similar fragment energy region as the present
one for a range of collision energies below 200 eV. The
energies of the fragments in Ref. �12� were determined by
the use of the electrostatic parallel plate method. Rather dis-
turbingly, these measurements are completely at variance
with ours. For instance, the positions of some of the peaks in
Ref. �12� seem to change in position with incident energies.
The Gaussian peaks fitted to our data, as illustrated in Fig. 4,
were in part carried out to see if our spectra also contained
such shifts in the peak positions with collision energy. Our
fitting procedure showed that the extracted peaks in fact re-
mained fixed in positions for the entire electron as well as the
proton impact energies. There is also another cause for con-
cern. The pronounced low-energy peak identified in Ref. �12�
as b is absent in our measurements. We are not able to find
reasons for such discrepancies between the two sets of mea-
surements, one based on the TOF method and another on the
parallel plate energy analysis method. One should note, how-
ever, that the parallel plate analysis methods only provide
information about the energies of the ejected species and not
their masses thus H+, OH+, and O+ ions could all be recorded
at a given energy setting if they happen to have the same
energies. The TOF technique, on the other hand, measures
only the velocity of the fragments and the time window used
in our measurements, as mentioned before, only allowed the
recording of the faster moving light H+ ions.

IV. CONCLUSIONS

We have carried out energy distribution measurements of
the H+ fragment ions emitted by proton and electron projec-
tiles from water. The energy spectra are shown to contain
negligible contaminations from the OH+ and O+ fragment
components. The spectra are divided into the soft collision
region containing H+ fragments with ejection energies
�3 eV and the hard collision region containing ejection en-
ergies �3 eV. The high statistics of our spectra is able to
show that the extended broad spectra in the soft region con-
tain many shallow structures which curve fitting procedures
have identified as belonging to many overlapping peaks. The
hard region also contains many peaks but these are all well
resolved.

The soft region is shown to be populated by singly-
charged H2O+� excited precursor states, while the hard re-
gion is shown to be populated by the doubly-charged H2O2+�

excited precursor states. For electrons the soft and the hard
regions both involve one-step collision events; in the later
case the removal of a 2a1 orbital electron and postcollision
autoionization dominates. For protons added contributions
from two-step collision events are present as well and these
are shown to be responsible for the presence of substantially
enhanced contributions in the hard collision region. The elec-
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tron spectra exhibit a pronounced dip around 0.25 eV ejec-
tion energy which is completely absent with protons. The
reason for this observed difference is unclear. However, it
should be emphasized that these differences in the H+ energy
spectra between protons and electrons are not the only dif-
ferences concerning the H+ emission. The overall effect of
the capture channels is expected to provide added contribu-
tions in the soft part of the H+ spectra. The energy balance
for removing a 1b2 or a 2a1 orbital electron, responsible for
the H+ fragment emissions, is much smaller in capture than
in ionization collisions by an amount equal to the internal
energy of the H+ projectile �13.6 eV�. But there are also
differences in the ionization channels. For decreasing veloci-
ties from v�2 a.u. �i.e., E�100 keV for protons and E
�55 eV for electrons� the H+ production cross section from
the ionization channel for proton impact shows a clear in-
crease as the projectile velocity decreases �13�, while the
electron impact cross sections show the opposite behavior
�7,8,14�. The reason for this increase in the H+ production
with protons can be attributed to the inhibition for the ion-
ization channel to remove 1b1 and 3a1 electrons due to the
competition with electron capture �13�, thus giving a relative
enhancement, with respect to electron impact, in removing
electrons from the 1b2 and 2a1 orbitals which gives rise to

the H+ production. These low-energy ionizing collisions fa-
vor small energy transfers which might result in H+ emission
with small KER.

It should be pointed out that Figs. 2–4 are plotted on a
log-log scale and thus give artificially enhanced importance
to spectra at low emission energies. In reality, the majority of
the fragments are contained within the energy range of up to
4 eV for both the electron and the proton projectiles. The
total ionization cross sections are thus dominated by one-step
collision processes and so they can rarely be used to high-
light differences in the proton and the electron collision
mechanisms. However, as we show, the proton and electron
impact energy spectra do contain large observable differ-
ences. They are thus an important tool for examining direct
evidences of differences in collision dynamics of the protons
and the electrons.
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