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Experimental cross sections for single and double ionization of H,O by swift H" with energy ranging from
0.3 to 2.0 MeV are reported. In this energy range the ionization is the dominant collision process and charge
transfer reactions can be disregarded. A multihit coincidence technique is used to measure the H* + OH™ and
H' + O* fragmentation channels. Single- and double-hit differential measurements together with a semiempirical
calculation allow separating quantitatively the prompt and Auger-like decay contributions to fragmentation
following a vacancy in the 2a; molecular orbital. Concerning the double-ionization channel, it is found that for
lower energies the mechanism of a sequential double-electron removal, known as TS2, dominates. For energies
above above 750 keV /u ionization resulting from a single vacancy followed by an Auger like deexcitation takes
over the TS2, becoming the main contribution to the double-ionization cross section. Our results are compared
to the electron-impact data within the same velocity range and also with theoretical calculations available in the

literature.
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I. INTRODUCTION

The ionization of molecules by fast-particle impact usually
results in their fragmentation, producing highly reactive ionic
radicals that strongly affect the surrounding environment
with profound implications in areas such as the treatment of
tumors [1-3] or the evolution of planetary atmospheres [4,5].
Swift protons can remove essentially any electron from a
molecule, from the outermost to the innermost molecular
levels. The removal of a particular electron results in a new
electronic configuration and the system can be stabilized either
as the parent molecule ion or as fragments by dissociating
into one or more ionic species. In multielectronic molecules a
number of final electronic states are associated with each of the
fragment ions produced and it is a major challenge to predict
how a certain molecule will dissociate from the knowledge
of the distribution of primary vacancies produced by the
projectile [6]. Thus, the relaxation phase and fragmentation
that follow the projectile impact need to be investigated
experimentally since there is no theoretical model available
to properly quantify the proportions to which the various
fragments are formed [7].

The removal of two or more electrons not only produces
a larger number of ionic species but it can also open the
pathway for the production of species not accessible when
a single vacancy occurs in the ionization process. There
are two main independent mechanisms of removing two
electrons from a molecule: two successive impacts by the
projectile on two target electrons, a mechanism known as
TS2 in the literature [8—10], and by Auger decay, when the
primary vacancy is in an inner valence orbital or in a more
tightly bound state [11]. Separating and quantifying these two
contributions is essential: first to verify accurately the collision
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dynamics calculations and second to establish properly the
fragmentation pathways associated with the distribution of
primary vacancies.

These two mechanisms have been studied in detail for
collisions of fast protons and electrons with atomic and
molecular targets [12—17]. It was shown that the constant
ratio between double and single ionization, which is reached
at high velocities, can be considered as a clear signature
of a postcollisional Auger-like decay following a single
vacancy produced by ionization [18,19]. The deviation from
this constant ratio, for lower projectile velocities, has been
assigned to the contribution of the TS2 mechanism. Because
the maximum of the ionization cross section occurs at much
lower velocities in the case of protons compared to electrons,
the presence of TS2 can be seen much more clearly when the
former are used as projectiles.

Several studies have been done to characterize the fragmen-
tation of a doubly charged water molecule [20-24]. However,
those studies have used low-energy or highly charged projec-
tiles, in which the primary distribution of electron vacancy is
not well known. A clear signature of the Auger contribution to
the fragment ion production is advantageously obtained when
swift singly charged projectiles are used.

The quantitative characterization of the fragmentation
pathways is not straightforward, even in the region of higher
velocities, when the TS2 mechanism can be disregarded.
In the case of water, vacancies occur in the 2a; inner
valence molecular orbital and the Auger-like deexcitation
channel is open but competes with a prompt single-vacancy
fragmentation. The relative yields of these two alternatives are
unknown. Indeed, previous works [7] strongly suggest that the
production of O in the high-velocity region originates from a
primary single vacancy in the orbital 2a;. However, reports of
the relative yields corresponding to the channels for O" + 2H
or H, (prompt) or O% + H* + H (Auger-like deexcitation) are
lacking.
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In this work double-ionization cross sections of water
leading to H* + OH' and H' + O" are measured using
a multihit coincidence setup with the aim to separate the
prompt contribution in the mass spectra and obtain a clean
contribution from the Auger-like mechanism to these double-
ionization channels. Further, from the velocity dependence
of the ratios between double-ionization cross sections and
the single-ionization channel (H,O™) for proton and electron
impact [18,19], the contributions from both the Auger-like
and the two-step process (TS2) to the total double-ionization
cross section are also quantitatively obtained. The latter result
is achieved by taking advantage of a model proposed by
Montenegro and co-workers [7,25,26] to estimate the primary
single-vacancy production by proton and electron impact.

Our results show that Auger decay contributes to at least
27%. This result indicates that prompt and Auger fragmen-
tation processes occur in the same time scale, of the order
of 10 fs. In addition, we found a clear preponderance of TS2
mechanism in the production of O™ for low projectile energies,
up to 300 keV/u. For higher energies, the deexcitation of
a single vacancy in the 2a; orbital becomes the dominant
mechanism for the production of this ion.

Double ionization is responsible for the production of hy-
drated electron pairs and at the same time is the main precursor
for the production of H, and O, in liquid water [27,28].
Knowledge of cross sections and the various fragmentation
pathways of water by electron impact is essential to obtain
realistic numerical simulation for modeling radiation damage
in biological materials [29,30]. Therefore, for this purpose it is
not sufficient to identify the ion fragments produced, such as
OHT or O, but also how many electrons or, alternatively, how
many neutral or charged fragments are released concurrently
with the production of these ionic fragments. In this context,
this work also provides necessary information to improve
particle-track modeling in any liquid water environment.

II. EXPERIMENTAL PROCEDURE

The experimental setup used in this work has been described
previously [31] and only the most important features will be
given here. Briefly, a proton beam with energies ranging from
300 up to 2000 keV was obtained from a Pelletron accelerator
facility at Federal University of Rio de Janeiro. The beam was
mass-energy analyzed by a switching magnet and directed
towards the projectile-target collision beam line.

The collision beam line is composed of two sets of collima-
tion slits and three high vacuum chambers placed in tandem.
The first one contains a gas cell target, used to measure total
absolute cross sections. The second one contains an effusive
jet target coupled to a time-of-flight mass spectrometer and it
is used for ion-fragment partial-cross-section measurements.
Finally, a third chamber is used to detect the main ion beam
and its products generated from the interaction of either the
gas cell or the effusive jet target. After the interaction of the
proton beam with the effusive jet target, the ejected electrons
and ionic fragments are extracted from the interaction region
by means of a static electric field (700 V/cm), focused and
accelerated into a field-free drift tube, and directed to the
detectors. The time-of-flight spectra are determined by a
multihit coincident setup composed of a fast time-to-digital
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converter. The proton-beam projectile is set as the starting
pulse and the recoil ions products from the target are set as the
sequential multihit stop signals (e.g., HT + OH"), where the
H™ recoil provides the first stop and the OH™ recoil provides
the second stop, both in coincidence with the projectile as the
start signal.

The projectile proton beam is detected using a solid-state
detector that, provided the counting rate does not exceed 2.000
particles/s, has a 100% detection efficiency. The recoil ions are
detected by a microchannel plate (MCP) detector in a chevron
configuration. The MCP efficiency of a single fragment
detection is not 100% and the procedure to obtain such
efficiency (including the transmission through the electrodes
grids) was discussed previously in Ref. [31] for the atomic
target case. For a molecular target H,O, on the other hand,
multiple ionization leads to fragmentation and to the formation
of multiple ionic fragments that will be detected sequentially
(multihit detection). In this case, the efficiency related to the
multihit detection conjugated with the Coulombic explosion
effect (ion trajectory towards the detector) has to be taken
into account carefully. The procedure adopted to determine
the efficiency will be described in detail below.

For an atomic target or a single charged ion from a
molecular target, the detection efficiency €, of a recoil ion
of charge g > 1 can be approximated to be independent of the
charge state g provided the recoil ion detector is working in the
plateau regime (i.e., the detector operates in a mode where the
efficiency is independent of the recoil ion mass and charge state
and in this case to the recoil ion energy prior to the detection).
Then an average efficiency € can be used to describe all recoil
charge states [31]. For the water molecule, ionization of H,O%™"
with g > 1 leads to molecular fragmentation generating at
least two singly charged fragments (e.g., HT 4+ OH™). Those
ion-pair fragments, opposite to the single-ion case, accounts
for the detection efficiency of two singly charged ions instead
of the detection of only one doubly charged ion. The sequential
detection of two singly charged ions can lead to a scenario
where at least one of the ions produced, e.g., H" or OHY,
could not be detected. As a consequence, a doubly charged
event (g = 2) can be measured as a singly charged event
(g = 1) producing an artificial enhancement of single-ion
channels such as H;O" — H" + OH or H + OH™. Therefore,
it becomes mandatory to correct the measured production
yields in order to obtain the true single-ion and ion-pair
production yields.

The procedure used in this work to evaluate the true yields
of single-ion and ion-pair fragment production follows a
procedure similar to that presented in the work of Ben-Itzhak
et al. [32]. First we define the single-ion detection efficiency
€;, which depends only on the recoil ion detector (MCP)
characteristic. The index i is used to take into account different
ion masses and charge states.

Second, for the single-ion detection efficiencies €; an
average efficiency € is used by assuming that the detection
is independent of the recoil ion charge state (energy) and
mass as discussed in Ref. [31]. This is achieved by monitoring
the ionization of noble gases and increasing the voltage in
the front grid of the MCP, up to the point where the ratios
Ne?* /Ne™ and Ne** /Ne™ become constant. For consistency,
we compared the ratios Ne?* /Ne™, Xe?* /Xe™, and Ar** /Ar*
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for a 2-MeV proton ionization with the data available in the
literature, obtaining good agreement as well.

Therefore, the true yield of single-ion and ion-pair produc-
tion can be obtained by correcting the measured yield to the
detection and transmission efficiencies, i.e., for the single-ion
OH™ production the true yield Y™ can be written accordingly:

Ymes(OHY) (6(1 - E))
- -

€

Ytrue(OH+) —

x Y™ (H' + OH™), (D

where Y'™¢ are the true yields of single-ion OH™ production
and H" + OH™ pair-ion production. The latter is given by

y meas (H+ + OH+)

Ytrue(HJr + OH+) — -
€

2

The probability of detecting only the single ion OH" from
the HY + OH™ ion pair is given by €(1 — €), which takes into
account the detection of a single ion OH™ (€) constrained by
the lack of detection of the transmitted fast H™ ion (1 — €).

A similar set of equations can be written for the O™ single-
ion yield and H" + O™ ion-pair yield. For the production of
H,O™ and H™ ions the true yields are written as
y meas (H20+)

Y™(H07) = 3)

and

e pr by YmeaS(H+) B 1—¢
™ )_< e e2

x <YmeaS(H+ +OH+) +Z queaS(H+ + Oq+)>.
q

“4)

We have found € = 0.10 &£ 0.01. The true yield was corrected
and the cross section waas obtained by normalizing the total
positive-ion production yield for the cross section o of Rudd
et al. [33].

III. RESULTS AND DISCUSSION

After collision with a proton projectile, the water molecule
can have electrons removed from any molecular orbital, which
leads to final states where the molecule can be dissociated.
Ionization leading to the removal of two electrons can originate
from the removal of two sequential electrons (TS2) or the
removal of a single electron followed by an Auger-like
deexcitation leading to a second electron emission. Those
mechanisms compete in importance and, within the first-
order Born approximation, they should have different energy
dependences. For proton impact, the mechanism should have
an energy dependence of ~ In(E)/E for ionization occurring
from a single-vacancy process and ~ 1/E? for ionization
occurring from sequential double vacancies.

Figure 1 shows the measured branching ratios for pro-
ton impact (closed symbols) of double-ionization channels
H* + O" [Fig. 1(a)] and Ht + OH™ [Fig. 1(c)] obtained via
double-hit measurements and single-ionization channels O +
neutral [Fig. 1(b)] and OH* + neutral [Fig. 1(d)] obtained via
single-hit measurements. All ratios are with respect to the
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FIG. 1. Ratios with respect to the H,O" production for double-
ionization channels (a) H" + OH™ and (b) H* + O™ and single-
ionization channel (c) O + neutral: proton impact (this work), closed
symbols; electron impact (Refs. [18,19]); open symbols; and our
calculation for proton impact, solid line.

single ionization without a dissociation channel (H,O™"). For
completeness, the results are also compared to the ratios of
equivelocity electron impact from Ref. [18] (open symbols).
The branching ratios agree in magnitude for both projectiles
and in the asymptotic limit of higher velocities the branching
ratios tend to be constant for the single-ionization and the
double-ionization ratios.

A semiempirical calculation was used to describe the
proton- (our work) and electron- (Refs. [18,19]) impact
ionization cross section o,; (in units of Mb) for the water
molecule. In this model, the ionization cross section of protons
or electrons follows the scaling law [25,26]

w12 E/M
Ontnr —F / , (5)
an(Snl [nl
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where
Aln(1l + Bx) AB
(14 cx)¥’

with A = 5000, B = 0.1, C = 0.0125 corresponding to the
2a; molecular orbital, E/M in keV /u for the proton case, and
the ionization potentials /,; given in rydbergs. The label nl rep-
resents a particular molecular orbital. For the electron case, two
changes in the above equations were introduced in Ref. [26] as
an ansatz to take into account the ionization threshold as well
as the change in the shape of the cross section for energies (in
eV) below the maximum: x = 1.836E/1I,; — 24.97. Thus, at
the threshold energy E = 13.61,; Ry, x =0, and F(x) = 0.

The fragment species cross sections o; is obtained from the
cross section o; for each valence shell j contributing to its
formation through an appropriate percentage f;; (fragmenta-
tion matrix) such that o; = Z'}zl fijo; with the constraint
! fij =1, where n is the number of fragment species
considered [34]. All parameters were adjusted to give better
general agreement with the measured total ionization cross
sections of Ref. [33].

As can be seen in Figs. 1(a)—1(d), all ratios from both proton
and electron impact show asymptotically a constant value
trend. Based on this behavior, the semiempirical calculation for
proton impact (solid line) is adjusted to match the asymptotic
experimental branching ratios by setting the probabilities
fractions f;; as free parameters in the calculation. These f;;
are associated with the water molecular orbitals 15y, 3ay,
1b,, and 2a; (prompt and Auger) with ionization potentials
of 12.61, 15.57, 19.83, and 36.88 eV, respectively. The values
obtained for the fractions f;; are summarized in Table I. Except
for the orbital 2a,, all other fractions are the same as those
presented in Ref. [7]. The values associated with the 2a; orbital
are slightly different from those reported in [35], where the
contributions related to the Auger decay of the 2a; orbital
were not considered explicitly. The former values have been
used in some calculations such as work of Murakami et al. [36]
and the classical approach for the ion fragment production by
Illescas et al. [37].

The HT + H' + O channel was not measured in this
experiment. For the velocity region dominated by Auger
decay there are no previous measurements for this fraction
(fu*+1* 24,)- In Table T it was assumed that fy+ g+ 2, = 0.
For fu+ m+ 24, # 0 [38] the fraction of H' corresponding to
2a; orbital would be given by fy+ 2, = 0.58 — fy+ p+ 24,
without other changes to the values in Table 1.

Separation in the molecular fragmentation pathways is
important in order to obtain quantitatively the contribution
from prompt ionization (single and double) and ionization

F(x) =

(6)

TABLE I. Fractions f;;.

Channel 151 3al 162 2a, (prompt)  2a; (Auger)
H,0" 1 1 0.08

OH" +H 0.7

OH' + H* 0.14
O +H 0.15

ot +H' 0.13
H* 0.22 0.58
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occurring from an Auger-like decay. In the case of water,
for vacancies occurring in the 2a; inner valence molecular
orbital, the Auger-like deexcitation channel leading to a double
ionization occurs in competition with a prompt fragmentation
leading to a singly ionized fragment. From the fitting procedure
in the semiempirical calculation shown in Fig. 1 (solid line),
the contribution of an Auger-like postcollisional deexcitation
from the 2a, valence orbital could be evaluated. We have found
that it accounts for at least 27% of the 2a; contribution to the
total molecular ionization: 14% and 13% for H* + OH* and
H* + O, respectively (see Table I).

Specifically, the cross sections of the fragments associated
with simple ionization of orbital 2a;, under the assumptions
described in the preceding paragraph, can be written as

oHT +0%) = 0.130(2ay),

o(H" + OH") = 0.140 (2a,),

o (0" 4+ 2H(H,)) = 0.156 2a,),
o(H" + OH) = 0.220(152) + 0.580 (2a,),

where the first two equations correspond to Auger decay and
the last two to prompt decay. These two decay modes compete
and should occur in the same time scale. Extrapolating the

H,O" ® -Thiswork, & -Ref [40], @ -Ref [20] and O -Ref [41]
OH e -Thiswork, @ -Ref [40], ® -Ref [20] and O -Ref. [41]
o A -Thiswork, A -Ref [40], A -Ref [20] and A -Ref [41]
H - This work, - Ref. [40], - Ref. [20] and - Ref. [41
Proton impact
100
~ 1
=
~
=
]
o —
~N—
Q
[
7]
w2
8
~ 10
O
1 U R R | T T T T
10 100 1000

Energy (keV/u)

FIG. 2. (Color online) Proton-impact cross sections leading to
the formation of the target product channels H,O" (black symbols),
OHT (red symbols), O (blue symbols), and H" (green symbols).
The compiled data refer to this work, closed symbols; Ref. [41],
open symbols; Ref. [20], right closed symbols; and Ref. [40], bottom
closed symbols. The present calculations are represented by the solid
lines.
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Auger widths given by Campbell and Papp [39] to the oxygen
2s shell, an estimate of ~ 9.2 fs can be assigned to the Auger
decay time of the 2a; orbital. Because of the larger contribution
from the prompt decay to fragmentation from the 2a; orbital,
this decay mode should be faster compared to Auger decay,
although within the same time scale.

Figure 2 shows a comparison of our experimental re-
sults and our model calculation with the proton-impact data
available in the literature for the energy range of 10-3500
keV/u [20,40,41]. Good agreement between the available
experimental data is observed. The calculation also shows
overall good agreement for the production of H,O', OH', Ot,
and H* cross sections at higher velocities. This agreement is
an indication that processes linked to single primary vacancy
production prevails (i.e., single ionization or Auger decay
double ionization).

Figure 3 shows the same comparison of Fig. 2 with
the model parameters extended to the electron-impact case.
The model is compared to a compilation of experimental
electron-impact cross-section data leading to the formation
of the target product channels H,O", OH*, O, and H"
from Refs. [18,19,42-44] in the energy-mass range of 15—
5000keV /u. Itis important to note that overall good agreement
is achieved with the calculation from the present work despite

HO ® -Ref[I8], O -Ref[42], M -Ref[43], & -Ref [44].
OH - ® -Ref [18], O -Ref [42], ® -Ref [43], @ -Ref [44].
O - A -Ref[I18], A -Ref[42], A -Ref [43], & -Ref [44].
1000-}{ - - Ref. [18], - Ref. [42], - Ref. [43], - Ref. [44].
Electron impact
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FIG. 3. (Color online) Electron-impact cross sections leading to
the formation of the target product channels H,O", OH*, O, and
H*. The compiled data refer to Ref. [18], closed symbols; Ref. [42],
open symbols; Ref. [43], right closed symbols; and Ref. [44], bottom
closed symbols. The present calculations are represented by the solid
lines.
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the considerable dispersion among the data available in the
literature.

Comparing the results shown in Figs. 2 and 3, we can
promptly verify that for the proton case, for energies below
~400 keV/u, there is a clear disagreement between the
experimental data and the model calculation for the total
production of H*, OH*, and O™, being more prominent for
the O™ case. In fact, theses products can be generated by either
dissociation after single ionization or double ionization of the
former molecule. Therefore, the disagreement with the model
below that energy can be considered as an indication that in
the lower-energy range the direct process (TS2) takes over
the Auger decay in the double-ionization mechanism. Indeed,
calculations including single, double, and triple ionization
by Murakami et al. [36,45] for proton impact show good
agreement with the fragmentation data for energies above the
cross-section maxima. It is interesting to note that for electrons
this behavior is not seen so clearly and there is good agreement
within the entire energy range investigated. In fact, this occurs
because electrons carry lower momentum than protons with
the same velocity and as the energy decreases the transferred
momentum is not sufficient to produce two-sequential-vacancy
ionization (TS2).

OH' +H" (Mb)

T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000
Energy (keV/u)

]
I (b)

O+ H' (Mb)

T T T T T T T T T
1000 1500 2000 2500 3000
Energy (keV/u)

T T
0 500

FIG. 4. (Color online) Cross sections for double-ionization chan-
nels (a) H" 4 OH' and (b) H* + O™: proton impact (this work),
closed circles; electron impact (Refs. [18,19]), open squares; our
calculation for proton impact; solid line; our calculation for electron
impact, dashed line; and quantum-mechanical calculation of Ref. [36]
for proton impact, red dot-dashed line.
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TABLE II. Double-ionization cross sections (Mb).

Energy (keV) H' + OH* H* + OH*
300 7.2+0.9 6.4+0.8
500 434+0.8 434+0.5
800 2.0£0.3 2.1+£03
1100 1.8+£0.3 1.7+£0.2
1500 1.4+0.2 1.0+£0.2
2000 0.88+0.15 0.85+0.18

Examining the double-ionization cross sections, the relative
contribution from TS2 and Auger-like decay can be discussed
in more detail. Figure 4 shows cross sections for double
ionization of water by protons (closed symbols) and electrons
(open symbols) from Ref. [18] as well as our semiempirical
calculation (black solid line and black dashed line for proton
and electron impact, respectively). Our measured cross sec-
tions are summarized in Table II.

The quantum-mechanical calculation of Murakami
et al. [36] for proton impact is also included in the figure
(red dot-dashed line). As can be seen, for both channels
H* 4+ OH™ [Fig. 4(a)] and H* + O* [Fig. 4(b)], there is a
similar behavior for proton- and electron-impact data over the
energy range studied this work. Its is important to note that the
theory of Murakami et al. theory takes only projectile-induced
mechanisms into account to describe the double ionization,
while our model uses only Auger-like decay to describe it. As
can be seen in Fig. 4, the cross sections are well described
by our model at higher energies (~750 keV/u), indicating
that above this energy the double-ionization mechanism is
dominated by Auger decay. For energies below 750 keV /u, on
the other hand, the cross section is in better agreement with
the calculation of Murakami et al. [36,45], a clear indication
that the TS2-like process becomes dominant.
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IV. CONCLUSION

Double-ionization cross sections of a water molecule
leading to H" + OH" and H" 4+ O™ fragmentation channels
were measured for proton impact in the energy range of
300-2000 keV /u, using a double-hit measurement procedure.
From the single-hit measurement the prompt single-ionization
channel O" + 2H (H,) was also obtained. With the aid of a
semiempirical model, it was possible from our measurements
to ascribe quantitatively the contribution from the Auger-like
mechanism and from the prompt fragmentation to the decay
of a vacancy occurring in the 2a; molecular orbital. It was
found that the main contribution accounts for the prompt
fragmentation resulting in the ejection of only one charged ion.

Furthermore, it was found that for lower energies the TS2
process is the main mechanism leading to double ionization
of the water molecule. For higher energies, on the other hand,
single vacancy followed by an Auger-like deexcitation takes
over the TS2 process and becomes the main contribution to
the double-ionization cross section and accounts for roughly
~49% of the total ionization.

Finally, the results discussed in this work lead to more
restrictive tests of the theory since they allow one to separate
quantitatively the mechanisms that contribute to the double
ionization. In particular, the limits of a perturbative-type
description of double ionization of water, such as those
presented by Oubaziz et al. [46] for electron impact, can be
advantageously verified by proton impact.
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