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Abstract

The paths and mechanisms leading to fragmentation of multiply charged molecules are still not well known. Multiply charged molecules can
remain intact, or fragment via evaporation — eliminating light neutral atoms such as H° or via fission — ejecting one H*, or they can breaking up
into two or more charged species [S.W.J. Scully, J.A. Wyer, V. Senthil, M.B. Shah, E.C. Montenegro, Phys. Rev. A 71 (2005) 030701(R)]. Small
molecules, such as water and methane, are unstable after two or more electron removal. In this work we present experimental results of fragmentation
of doubly charged water molecules by 30-1500¢eV electrons. We show that, at low energies, doubly charged water essentially undergoes fission
but, as the electron energy increases, the complete break-up of water becomes progressively dominant. The contribution to double ionization from
auto-ionization [S.W.J. Scully, J.A. Wyer, V. Senthil, M.B. Shah, E.C. Montenegro, Phys. Rev. A 73 (2006) 040701(R)] of singly charged water

molecules is discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Molecules ionized by particle impact are often driven to
excited states followed subsequently by relaxation through emis-
sions of charged and/or neutral fragments. The charged cations
can follow a fragmentation pattern that depends on the ionization
state and on how the energy is delivered to the parent molecules.
Electron and ion impact can be fast or slow and, in the case of
ions, can involve several additional collision channels such as
capture of an electron from the target or stripping of an electron
from a partially ionized projectile. Each one of these alternatives
invokes their own collision dynamics as to how the electrons are
removed from the parent molecules and the manner through
which the molecules subsequently relax via fragmentation. In
face of the complexity of the dynamics involved both in the
excitation and the subsequent relaxation processes, it is useful
to organize the fragmentation pattern of hydrogen containing
molecules by classifying the various outcomes that can arise
after final stabilization—do the parent ions remain intact, is there
evaporation, i.e. emission of one neutral hydrogen, or is there
fission, i.e. one H* is released or alternatively do the molecules
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split into more than two fragment ions? In general the relaxation
pattern observed depends strongly on the amount of energy that
is transferred to the molecule by the projectile. If the transferred
energy is small then there is a large likely hood that the parent
molecule ion remains intact, followed by evaporation, fission
and splitting, respectively, as the transferred energy becomes
higher and higher. Therefore the study of the branching ratios
according to the above classification can give some hint about
the softness or the hardness of the energy transfer processes.
In this paper we present studies of the fragmentation pat-
terns of water resulting from the formation of singly and doubly
charged ions by electron impact along the lines reasoned above.
We first briefly describe the experimental set-up and we follow
that with a discussion of the patterns observed as one or two
electrons are removed from water. For the later, we also con-
sider the role of post-collisional auto-ionization contributions
when one inner shell electron is removed during the collision.

2. Experiment

A crossed beam experimental arrangement is utilized in the
present work. A beam of electrons composed of narrow pulses
of approximately 65ns in duration with a repetition rate of
107 pulses/s crosses a thermal energy beam of a target gas at 90°
inside a high vacuum chamber. Extraction pulses applied imme-
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Fig. 1. Schematic diagram of the experimental arrangement showing the electron gun, the time-of-flight spectrometer and the electronics used.

diately following the electron pulses collect any target product
ions formed during the transit of the pulses through the tar-
get gas. The technique allows ionizing events to be studied in
the absence of any electric or magnetic fields and permits the
impact energies to be extended down to threshold values without
altering any of the collision conditions.

The main features of the experiment are shown in Fig. 1 and
have been described previously [1,2]. The interaction region was
surrounded by two high transparency grids mounted within the
conical electrodes C1 and C2. The target beam was formed in a
separate differentially pumped chamber by effusing water vapor
gas through a bunch of 1 mm diameter tubes 10 mm in length
set within a 4mm diameter tube. The gas pressure in the inlet
line was monitored by an MKS Baratron type 170 capacitance
manometer and the pressure in the experimental chamber was
monitored by anion gauge. The extracted targetions were guided
through a focusing lens system consisting of L1, L2 and L3
into a field free drift region of about 10 cm in length and were
detected by a set of three multi-channel plates (MCP). In the
present work the 65 ns pulses and a 150 V/cm extraction field
was found necessary, in addition to the lens system, to provide
the desired high collection efficiencies. The front of the detector
assembly was held at a —2.5kV potential. L1, L2 and L3 were
held at —500, —1200 and —500V, respectively. The time of
flight spectra of the target product ions was provided by a time
to amplitude converter (TAC) operated with start pulses derived
from the extraction pulse generator and stop pulses from the
MCP detector. The electron beam energies ranged from 45 to
1500 eV with intensities of 1-30 pA. In order to measure the
spectra associated with simultaneous emission of two targetions,
a second TAC was gated by the output of the first TAC, set to a
window on the H* or Hy* ion peak. Therefore, the second TAC
only operated when a H* or Hy* ion was detected on the first
TAC. The start and stop pulses to the second TAC were the same
as for the first but were suitably delayed to take account of the
signal processing time of the gate signal.

Absolute values of the cross sections were obtained by using
CHy4 gas as a target and the methane electron impact cross sec-
tions of Straub et al. (o'syaub) [3]. The measured signals, S and
Scoin, for single ion detection and for two ion detection in coinci-
dence mode, respectively, were normalized to the CH,4 absolute
total cross sections through the equation o'syaub = kS/er?, where
k is the normalization factor, ¢ the detection efficiency of a sin-
gle ion and ¢ is the transmission (95%) of each of the two grids
used to maintain uniform fields in the extraction/drift region.
The efficiency of the MCP detector was determined by measur-
ing the signal at its output and comparing this with the intensity
of the signal current measured on the first plate of the MCP. The
electron beam intensity was increased by four orders of magni-
tude to make the later measurement feasible. The efficiency of
the detector was determined to be 0.17 £=0.02. The calculated
normalization factor, k, was then used to determine cross sec-
tion values for the ions produced in coincidence with H*. Since
the coincidence technique involved detecting two particles, each
experiencing similar detector efficiencies and grid transmission
effects, the detector efficiency and the grids transmission had to
be included twice in the coincidence normalization, giving for
the coincidence cross section o coine = kScoin/e2t*. The H* + OH*
or H* + O" doubles pair also contribute to the single ionisation
spectra. As the H* ions arrive first at the detector, the H* ions
from these events are recorded with the same 17% detection effi-
ciencies as the singles channel. The contributions of OH* and
O* from doubles pairs in the singles spectra, on the other hand,
only happens if the H* partner is missed, and are also recorded
but with a detection efficiency of 15%. The total OH* and O*
production cross sections reported are corrected accordingly.

3. Single ionization, evaporation and fission
Fig. 2 shows our experimental results for both single and

double ionization channels, which were partly presented in Ref.
[2]. Compared with previous measurements of single ionization
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Fig. 2. Measured cross section of products resulting from single ionization
(H, O, circles; OH* + H, squares; OH + H*, up triangles) and double ioniza-
tion (H* + OH*, diamonds; H" + O" + H, down triangles) of water by electron
impact. The calculated contributions, taken from Ref. [2], for H* + OH* produc-
tion are shown by the dashed curve (double ionization, opy) and by the dotted
curve (post-collisional Auger-like decay following single ionization of the 2a;
orbital, 0241). The sum of these two contributions is shown by the full curve.

(there are no previous fragmentation measurements for water
from double ionization) our normalization procedure gives total
single ionization cross sections (sum of all positive products)
that are in very good agreement with those reported by Rao et
al. [4] and are overall 40% higher than those reported by Straub
etal. [5]. The complete set of our measured cross sections are dis-
played in Table 1. Note that the cross sections for single fragment
production in this table are total production cross sections and
includes contributions from both single and double ionization
channels.

One important point to emerge from Fig. 2 is the behavior of
all the cross sections with energy at high collision energies. They
all have very similar energy dependence irrespective of whether

the cross sections result from single or double ionization pro-
cesses. If the collision dynamics associated with two electron
removal were due to two separate impact processes, then under
the independent particle model, they would involve two sin-
gle ionization probabilities and thus display a faster decrease
with increasing projectile energy compared to single electron
removal. As discussed by Scully et al. [2], this observed high
energy behavior of two electron removal indicates that the dom-
inating process for double electron removal is through a single
ionization process removing a deep lying 2a; orbital electron
followed by a post-colisional Auger-like decay of the excited
H,0" molecule to unstable HyO** fissionating mainly to the
H* + OH* or the H* + O* + H pairs. In the case of H* + OH*,
the two electronremoval is given by oy+, oy+ = Ao2a1 + Bopi,
where the coefficients A and B are given in Ref. [2]. 02,41 can
be determined following the prescription of Hwang et al. [6]
and opj according the scaling for the isoelectronic systems CHy
and Ne as given by Luna et al. [7]. These two contributions are
shown in Fig. 2 by the dotted and dashed lines, respectively. The
sum of these two contributions is given by the full line. A similar
calculation can be carried out for the H* + O* + H® branch.

In addition to the branching ratio dependence of the fragmen-
tation patterns on energy transfers noted above, the dependence
would also be greatly influenced by the momentum transfers,
and the electronic states excited during collisions. In Fig. 3 we
give a simple method of identifying the relative importance of
the various decay modes.

At lower energies the more likely electronic states to be
ionized are the non-bonding orbitals 1b; and 3a; and, as a con-
sequence, the cation stabilizes as HO*. As the projectile energy
increases, the inner states 1b, and 2a; also become efficiently
ionized and, when the electron velocity becomes around three
times the average Bohr velocity of these four molecular orbitals,
the ionization and the fragmentation ratios become essentially
independent of the projectile velocity. Following the results pre-

Table 1
Measured cross sections for fragmentation of water in Mb (1 Mb= 10718 cm?) leading to total single ion production and total two ion production
E (eV) H,O" OH* o* o Hy* H* H* + OH* H*+0*
45 174 40.7 2.67 0.25 21.6 0.47 0.0092
50 188 46.1 3.80 0.27 27.0 0.97 0.080
60 201 52.9 5.48 0.32 35.5 2.29 0.176
80 200 57.4 7.92 0.30 43.9 3.99 1.12
100 192 58.2 9.47 0.30 48.6 5.78 2.55
140 189 59.0 114 0.18 0.28 51.1 6.50 4.37
200 175 54.9 11.0 0.27 0.29 50.9 7.09 6.52
250 156 49.0 9.55 0.32 0.25 44.6 5.87 5.89
300 132 41.8 7.82 0.27 0.21 37.1 4.50 4.82
400 115 36.4 6.26 0.22 0.18 30.7 3.26 3.53
500 105 329 5.44 0.19 0.16 27.2 291 2.92
600 93.8 29.3 4.57 0.17 0.17 23.2 2.57 2.51
700 83.6 25.9 3.90 0.14 0.14 20.5 2.15 1.99
800 74.6 23.0 3.32 0.11 0.12 18.0 1.91 1.75
900 69.4 21.4 3.08 0.11 0.12 16.5 1.75 1.51
1000 62.7 19.4 2.67 0.090 0.10 14.7 1.47 1.33
1200 55.8 17.2 2.37 0.083 0.10 12.8 1.27 1.14
1500 454 13.9 1.82 0.071 0.075 10.2 1.03 0.83

Estimated non-systematic uncertainties are 2% for HyO", 5% for OH*, 7% for O*, 10% for O** and H,*, 3% for H* and 7% for H* + OH* and H* + O*.
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Fig. 3. Ternary graph for the single ionization of water by 45-1500eV electron
impact. The figure shows how each of the three main collision products compares
with each other. At lower energies the evaporative mode is more likely than
the fission mode, but at higher energies both modes compete. However, for
all energies the water molecule is more likely to stabilize as HyO" rather than
fragment.

sented in Fig. 3, the stable, evaporation and fission branching
ratios are ~68%, 19% and 13%, respectively, for high velocity
collisions.

4. Double ionization, fission and break-up

Fig. 4 shows the relative decay modes for double ionization of
water. It is clear from the figure that at collision energies near the
threshold the main fragmentation is through the fission mode. As
the electron velocity increases, the break-up branch O* + H* + H
starts to compete with the fission mode reaching an approximate
50-50 branching ratio for energies above 400 eV. The break-up
branch O?* + H+H is always a minor fragmentation mode for
double ionization.
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Fig. 4. Ternary graph for the double ionization of water by 45-1500 eV electron
impact. This figure shows how each of the three main collision products compare
with each other. At lower energies the fission mode is more likely than the break-
up mode, but at higher energies both modes compete. For all energies it is unlikely
that the molecule breaks up releasing O?* as a product.

The observation that the branching ratios for fragmentation
at high velocities following double ionization tend towards a
fixed value approximately independent of the projectile velocity
indicates that the three fragmentation modes presented in Fig. 4
have very similar energy dependence on projectile energy, in
a fashion that is similar to single ionization in Fig. 3. Further-
more, as shown in Fig. 2, the energy dependence for double
electron removal at high energies, is approximately the same as
that for single electron removal. As mentioned above and dis-
cussed by Scully et al. [2], this behavior can be explained by
contributions emanating from post-collisional Auger-like decay
of a single ionized 2a; molecular orbital electron. At high ener-
gies the mechanism for double electron removal dominates over
the purely two-step ionization process as shown by the dotted and
dashed curves, respectively, in Fig. 2. This means that at high
velocities, the most probable process of two electron removal
involves a 2a; orbital and any one of the three outermost orbitals
of the water molecule.

The removal of an electron from the 2a; orbital involves a
large energy transfer and, according to Tan et al. [8], results
either in the fission or in the break-up of the water molecule.
As we show above double ionization at high energies always
involves the 2a; orbital and the main fragmentation mode for
double ionization is also fission or break-up, as clearly shown
in Fig. 4. The general fragmentation pattern for single and dou-
ble ionization at high energies is diagrammatically illustrated in
Fig. 5, where the branching ratios for single ionization is taken
from Tan et al. [8] and for double ionization from the present
work. The arrows converging to the black dot on the double ion-
ization side represents the origin of the two electrons associated
with double ionization: one electron from the 2a; orbital and the
other from one of the outermost orbitals.
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Fig. 5. Diagrammatic representation of the fragmentation pattern of the water
molecules for high energy electron impact, following single and double ioniza-
tion. The left side of the figure shows the branching ratios for fragmentation
resulting from electron removal of the identified molecular orbitals. The right
side of the figure shows the branching ratios resulting from the removal of one
2a; electron plus one electron from the 1by, 3a; or 1b; orbitals (see text).
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5. Conclusions

Although the notion of stabilization, evaporation, fission and
break-up might appear a little artificial in a simple molecule
like water, they are very useful concepts in larger molecules
and aggregates. Because of its small size and importance the
water molecule can be used as a starting point in understanding
the energetics of molecular fragmentation and the dynamical
influences that the energy and momentum transfers exert on the
fragmentation pathways of hydrogen rich molecules induced by
collisions with electrons, photons and swift ions. For instance
with evaporation, there is an increase of the electrostatic energy
of the remaining cation (OH*, in the case of water) because
it is now smaller in size compared with the parent ion. This
increase is compensated by the decrease in internal energy
releasing a neutral H atom. In the fission case, however, there
is a decrease in the electrostatic energy resulting from releasing
an H* ion. Fig. 5 shows that the evaporation is always asso-
ciated with softer collisions as compared with fission. These
relaxation paths combined with the dynamics of the energy and
momentum transfers gives the behavior shown in Fig. 3. Indeed,
at high energies, the ionization cross sections behaves approx-
imately as (1/1)In (E)/E [6], where E is the projectile energy
and 7 the ionization energy of the molecular orbital. Combin-
ing this behavior with the fragmentation pathways identified in
Fig. 5, the branching ratios for the parent ions remaining sta-
ble, dissociating through evaporation or fission are proportional
to (1/13a1 + 1/11p1 +0.08/111,2):(0.70/1112):(0.74/ 17,1 +0.22/1112)
giving the values of 71.6%:17.9%:10.5%, not far from the

68%:19%:13% ratios obtained from Fig. 3. In the case of
double ionization, the fragmentation dynamics is essentially
post-collisional with the 2a; state always involved. Thus, the
fission following double ionization involves essentially the
dynamics of single ionization of the 2a; state. This explains
why in Fig. 2 the OH+ H* and OH" + H* cross sections remain
parallel.
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