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An ab initio and trajectory calculation is performed for the Penning ionization system H2O + He*(23S) f
H2O+(2B2, 2A1, 2B2) + He + e-. The Feshbach projection-operator method is employed to calculate the
potential-energy surfaces (PES) of the resonance state and the partial widths for individual partial ionization.
An attractive well near the oxygen lone pairs and a long-range barrier are found. The well is deeper but
smaller than the corresponding well for H2O-He(23S). Quasiclassical trajectory calculations are performed
at H2O rotational temperatures of 300, 150, and 25 K based on the PES and the widths. The trajectories are
drawn into an attractive H2O lone pair region less strongly with decreasing rotation frequency than those for
the 23S system. It is also found that fewer trajectories ionize at lower energy. These two results are due to
the long-range barrier and the smaller well of the resonance PES for the present system.

1. Introduction

Superexcited states have been much more accessible than ever
with the development of synchrotron radiation and lasers. The
states can lead to autoionization because the states are embedded
in the ionization continua. Penning ionization is one of these
autoionization processes.1 In the gas phase, Penning ionization
is described by the following process:

where M is the target molecule and A* is an excited species.
The experiments of Penning ionization electron spectroscopy
include a type of transition-region spectroscopy because the
ionization can occur at any distance between M and A.2,3

Siska has recently reviewed the experimental as well as the
theoretical work on Penning ionization.4 A few theoretical
studies of Penning ionization systems with the H2O target
molecule have been carried out. Bentley5 has calculated the
H2O-Ne*(23P) potential, and has explained the preference for
the A1 ionization channel. Haug, Morgner, and Staemmler6

have obtained the H2O-He*(23S) resonance potential and have
interpreted their experimental electron spectra of the system
using electron distribution in molecular orbitals relevant to the
ionization reaction. However, neither widths nor ionization
cross sections were calculated in these studies.
In recent years, we have been studying Penning ionization

theoretically.7-12 Recently, we carried out an ab initio calcula-
tion for the potential-energy surface (PES) of the resonance state
and ionized states and the energy widths for H2O + He*(23S)
f H2O+(2B2, 2A1, 2B2) + He+ e- and found a selection rule
for ionization based on the symmetry of ionized states. The
selection rule indicates that totally symmetric ionized states are
easier to produce.9 Furthermore, on the basis of the PES and
the widths, we performed a trajectory calculation for this system
and predicted the effect of the H2O rotational temperature on
the ionization cross section.10

In this paper, we present quantum-chemical and classical-
dynamics calculations for H2O + He*(21S)f H2O+(2B1, 2A1,

2B2) + He + e-. We compare the results with those for the
H2O + He*(23S) system.9,10

The dependence of the Penning ionization cross section on
collisional energy was investigated experimentally for the
present system, and decrease of the magnitude of the total
ionization cross section with increasing energy was reported.13

Comparison of the calculational results is also made with this
experiment.

2. Calculations

Details of the present calculation have been described in
previous papers both for the ab initio calculations9 and the
trajectory calculations.10 Therefore, we describe the calcula-
tional methods briefly.
A. Ab Initio Quantum-Chemical Calculation. We em-

ployed the Feshbach projection-operator method in order to
calculate the PES of the entrance channel (V*) for H2O + He*
and the ionized states (V+) for (H2O + He)+ as well as the
partial energy widths (Γ(i)).14,15 The total energy widthΓ is
the sum of the partial widths. In the optical potential treatment,
V* and Γ correspond to the real and imaginary parts of the
complex potential. In the Feshbach projection method, the CI
space is divided into two subspaces that describeV* and V+

plus an emitted electron. The matrix elements between the two
subspaces are associated withΓ(i) with further approximations.9

The basis set employed was a TZP class set augmented with
diffuse 2s2p functions on the He atom to describe the 2s orbital
of He. We performed state-averaged MC-SCF (multiconfigu-
rational self-consistent field) calculations for the three ionized
states of H2O + He+(2B1, 2A1, 2B2). Each ionized state was
described by one configuration. The molecular orbitals deter-
mined by the MCSCF calculations were used for the bases of
the CI (configuration interaction) calculations. The SDCI
(single- and double-substitution CI) from the H2O-He(1s2s)
configuration was performed. The description of the resonance
state is expected to be reasonable because of the multiconfigu-
rational description, although the orbitals used are optimized
for the ionized states. In order to describe the resonance state,
the ground-state configuration corresponding to H2O-He(1s2)† E-mail: ishida-t@eng.shizuoka.ac.jp. Fax:+81-54-238-4933.
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was deleted from the CI space. Thus, the variational collapse
to the ground state was prevented. The configuration corre-
sponding to H2O-He(1s2s) was easily identified. The dimen-
sion of the CI matrices was 5860. Coulomb functions were
employed to express ejected electrons, and the partial waves of
the functions were expanded by the vacant orbitals. The partial
waves up tol ) 7 were considered. The center of the Coulomb
functions was located on the H2O atom. Overlap integrals used
to express expansion coefficients were evaluated by numerical
integration. We used the double-exponential function formula
by Takahashi and Mori16 for the radial part and employed the
Gauss-Legendre formula17 and the trapezoidal formula for the
angular parts. The H2O molecule was fixed to the experimental
equilibrium geometry (ROH ) 0.957 Å and∠HOH) 104.52°).
The potential energies of the ionized states were shifted
uniformly to match the asymptotic energies of the corresponding
experimental values for H2O+(2B1, 2A1, 2B2) because it is
difficult to accurately reproduce the ionization energies of H2O.
Thus, the wavenumber of the Coulomb functions and state
density of the ionized states were based on experimental values.
Calculations were performed for He approaches to H2O from
11 different directions. The directions corresponded to every
45° for polar and azimuthal angles. The number of points
calculated was approximately 100.
The codes for the Feshbach projection-operator computations

were added to the quantum-chemistry program HONDO7 by
Dupuis et al.18

B. Dynamical Calculation. In the classical theory of
Penning ionization,19,20 the resonance potential and the energy
widths are essential quantities for describing the dynamics.
The real part of the entrance potential for the H2O-He

interaction was fitted to an analytical function including 1/R,
1/R2, 1/R4, 1/R6, and exponential functions with respect to
internuclear distancesR.10

Fitting was carried out using the Marquardt method,22 one
of the nonlinear least-squares methods. Initial values of the
fitting parameters were selected using random numbers, and
thousands of trials for seeking the optimum values were carried
out. The standard deviation of the fit was 0.0979 eV. This
deviation is not very satisfactory, but a fit including additional
terms with other different powers inR did not significantly
improve the results. Although further refinement, for example,
including a dumping factor for the 1/R term, would improve
the fit, it is not expected that this would significantly change
the qualitative features of the dynamics. The energy widths
were fitted to cubic spline functions and spherical harmonics.
In the classical treatment,19,20the total ionization probability

at time t is

and the partial ionization probability21 is

whereW(t) ) Γ(R)/p andW(i)(t) ) Γ(i)(R)/p are the rates of
total and partial ionizations, respectively. In this formulation,
it can readily be seen that the total-ionization cross section is
equal to the sum of the partial-ionization cross sections.
The fourth-order Adams-Moulton predictor-corrector method

was used for the quasiclassical-trajectory integration for the
present system.23 The time step was 1.0× 10-16 s. The rigid-
symmetric-rotor approximation24 was applied to the target H2O
molecule. The distancer(OH) and the angle∠HOH were set

equal to the experimental values above by the imposition of
three constraints.25 The time evolution of the trajectories was
ceased when the He atom was separated from the center of
gravity of the H2O molecule by the initial separation of 30 Å.
The maximum impact parameter,bmax, was taken to be 7 Å.
The initial J andK quantum numbers of a symmetric rotor

were selected for each rotational temperature, and the (J+ 1/2)2

andK quantities were used to determine an absolute value and
the C2 axis component of the angular-momentum vector,
respectively.
Ionization probabilities for total and partial ionization were

evaluated for each time step using the fitted energy widths and
were integrated to yield probabilities using eqs 1 and 2. Cross
sections were obtained from an average of 2000 trajectory
calculations for each collisional energy and rotational temper-
ature. In total, 54 000 trajectories were calculated. An impor-
tance sampling was employed for the sampling of impact
parameters:25b) êbmaxwas used instead ofb) ê1/2bmax, where
ê is a random number. This sampling is well-suited to the
analysis of the opacity function.

3. Results and Discussion

A. Potential-Energy Surfaces.Figure 1 shows the entrance
channel potentialV* for H2O + He(21S). The figure was
obtained by interpolation and is the counterpart of Figure 1 of
ref 8. The potentialV* has qualitative features similar to that
for H2O + He(23S): The potential is attractive near the lone
pairs of the H2O molecule and is strongly repulsive on the side
of the hydrogen atoms. The well depth for the present system
is about 0.75 eV. This well depth is deeper than the well depth
of H2O+ He(23S), which is approximately 0.45 eV. However,
the attractive region is smaller, and a long-range repulsive barrier
is revealed in the present system.
In the H2O-Li complex calculation,26-29 several researchers

have found a well similar to the wells of the H2O + He(21S)
and (23S) systems. Therefore, the origin of the well is an
attractive interaction of the lone-pair orbitals of the oxygen atom
and the half-occupied 2s orbital of He (or Li).
Recently, Tao et al. have calculated the potential surface for

the ground-state H2O-He at the MP4 level with a basis set
containing bond functions, and the calculated well depth was

P(t) ) 1- exp[-∫-∞

t
dt′ W(t′)] (1)

P(i)(t) )∫-∞

t
dt′ W(t′) exp[-∫-∞

t′
dt′′ W(t′′)] (2)

Figure 1. Contour map of the potential-energy surface for the entrance
channel H2O-He*(21S). The upper panel is for the molecular plane,
and the lower is for the bisector plane that is perpendicular to the
molecular plane. Solid contour lines correspond to-0.1 to-0.7 eV,
the dotted lines to 0.1, 0.5, and 1.0 eV from the outside, and the dash-
dotted line to 0.0 eV compared to the H2O-He*(21S) asymptote.
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31.8 cm-1 (3.94 meV).30 The very small depth is due to the
interaction of one closed shell with another closed shell. In
contrast, the interaction of the present system is essentially that
of a closed shell and half-filled He 2s shell so that the well is
much deeper.
The potential-energy surfaces for the ionized states are much

the same as those reported in our previous paper9 because the
basis set used and the scheme for the MCSCF calculation are
the same. Isotropic flat surfaces, except for the vicinity of the
nuclei, have been obtained for the ionized states.
Figure 2 shows the contour maps of energy widthsΓ. The

contour lines correspond to logarithms of the widths. The
widths show an exponential decrease with increases in the
distance between H2O and He. This exponential decrease has
been widely observed for energy widths4,7,9 and reflects the
exponential decay of wave functions. Each width shows a large
anisotropy. The partial width for ionization into the B1 state,
Γ(B1), gives a larger value above (and below) the molecular
plane on theσV plane to which the molecular plane is
perpendicular.Γ(A1) takes larger values mainly in the direction
of theC2 axis. The values ofΓ(B2) are larger outside the OH
bonds than those above and below the molecular plane. These
anisotropies of widths are related to those of the electron
distribution of the molecular orbitals relevant to the individual
ionization.
In the one-electron picture of a Penning ionization, the

anisotropies of widths are associated with the target molecular
orbitals from which the electrons are ejected when ionization
occurs.31 In the present system, therefore, the anisotropies of
Γ(B1), Γ(A1), andΓ(B2) are associated with the 1b1, 3a1, and
1b2 orbitals of the target H2O molecule, respectively. Because
the electron density in the 1b1 orbital of H2O is larger above
and below the molecular plane,Γ(B1) has greater values in these
areas. It should be noted, however, thatΓ(B1) does not vanish
on the molecular plane. On the other hand, the 1b1 orbital has
a node on the molecular plane because the 1b1 orbital is a
canonical molecular orbital and therefore necessarily belongs
to an irreducible representation (b1 in this case) of theC2V point
group. The electron of the 3a1 orbital of H2O distributes more
along theC2 axis so thatΓ(A1) is larger along the axis. The
values ofΓ(B2) are larger outside the OH bonds because the
1b2 orbital is extended outside the OH bonds. Similar anisotro-
pies have also been found in H2O-He(23S).9

A comparison of the partial widths for a given direction
reveals a propensity rule of Penning ionization. For example,
Γ(B1) > Γ(A1) > Γ(B2) holds for the approach to the oxygen
atom perpendicular to the molecular plane. In this notation,
the irreducible representations in the parentheses are for the
H2O+ system. For this approach, the B1, A1, and B2 states for
H2O+ correlate to the A′, A′, and A′′ states for H2O-He+,
respectively. Therefore, the widths for totally symmetric A′
states are larger than the width for the nontotally symmetric
A′′ state for this approach. These results suggest that totally
symmetric ionized states for (M-He)+ are favored in a Penning
ionization, where M is the target molecule. This is also true
for other approaches of He to H2O. For example, theΓ(A1) is
larger thanΓ(B1) andΓ(B2) for the approach along theC2 axis
of H2O. In this case, the A1, B1, and B2 symmetries in the
H2O+ system again correspond to the A1, B1, and B2 symmetries
in the H2O-He+ system. Thus, the partial width for the totally
symmetric A1 state is larger than those for the nontotally
symmetric B1 and B2 states when we consider the H2O+ system.
In our previous paper, we analyzed the partial wave expansion

of Γ in order to interpret the dominance of ionization into totally

symmetric states for a given approach. We reached the
conclusion that ionizations associated with orbitals with the
pseudo-σ symmetry in regard to the M-He* axis are favored
for a given approach of He.9,32 This conclusion would also be
valid for reactions with the singlet metastable He.
The angular distribution of scattered electrons was not

calculated in the present paper, but we can deduce the

Figure 2. Contour maps of the energy widthsΓ for the ionization to
three ionized states. The ionized states are (a) X˜ 2B1, (b) Ã2A1, and (c)
B̃2B2. The upper panel is for the molecular plane, and the lower is for
the bisector plane that is perpendicular to the molecular plane. Contour
lines are for log(Γ/eV). Thick lines are for 10-5 and 10-10 eV.
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distribution from theσ preference and the entrance potential.
When the entrance potential is repulsive, the cross section
increases with the angle with respect to incident direction owing
to theσ preference. When the potential is attractive, however,
the memory of incident direction is lost and a flat distribution
is obtained over all the angles.33 Therefore, it is expected in
the present system that the cross section increases with angle
at lower energies, but a flat distribution is obtained at intermedi-
ate and higher energies. The angular distribution of partial
ionizations would be similar.
B. Collisiollal-Energy Dependence of the Ionization Cross

Sections. Figure 3 shows the energy dependence of the total
and partial cross sections. The total cross sections for the triplet
state are also shown for comparison. Parts a and b of Figure 3
correspond to the H2O rotational temperatures of 300 and 25
K, respectively. The calculation was carried out at 150 K, but
the result was not significantly different from that at 300 K
(not shown). Error bars are not shown in the plots for the sake
of clarity. Typical errors are 5-10%.10

The lowest rotational temperature of 25 K was selected as a
compromise between the temperatures of supersonic jets and
the characteristic rotational temperatures (θR).34 Supersonic jets
usually achieve a rotational temperature lower than 10 K. The
geometric mean of the three characteristic rotational tempera-
tures from the rotational constants of H2O is 22 K. Because
the characteristic rotational temperature is a measure of the
spacing between rotational levels, a classical treatment of
rotation would be fair forT ) 25 K.

The partial ionization cross section to produce the A1 state
is the largest of the three in the energy range investigated. There
have been no results for partial cross sections of the present
system as far as we know. The calculational order of
partial cross sections isσ(A1) > σ(B1) ≈ σ(B2). For the
H2O-He*(23S) system, relative band intensities in thermal-
energy Penning ionization electron spectra show the same
order.6,35,36 This result may be due to a similarity in the
anisotropy of the entrance potential and partial widths for both
the singlet metastable and the triplet metastable species.
Figure 3a shows that atTrot ) 300 K, the total ionization

cross section decreases in magnitude slightly in the range 0.5-
1.0 eV, with a gradient of-0.20 in the logσ versus log E plot,
and that the partial cross sections are almost constant in this
range. In an experiment, the total ionization cross section has
been shown to decrease for collisional energies (E) in the range
0.03-0.2 eV with a gradient of-0.44( 0.04,13 although there
have been no absolute cross-section measurements. The present
calculation reproduced the decrease of the total ionization cross
section at higher energies, although it failed to reproduce this
decrease at lower energies.
The total cross sections for the singlet state are found to be

smaller than those of the triplet state at lower energies. This is
due to the long-range barrier. Because smaller cross sections
at lower energies were not reported based on experimental
results, the long-range barrier might be an artifact of the present
calculation. Even if this is the case, however, it is certain that
the repulsive area plays a more significant role for the singlet
system than for the triplet system. Further theoretical and
experimental investigation may be necessary for this system
because this calculation is the first calculation as far as we know,
and experimental data are also scarce.
In our previous paper, we discussed the discrepancies between

the calculated and experimental values for the triplet system
and concluded that the area of the attractive region was
underestimated.10 This was supported by a calculation for a
fixed H2O molecule for which the attractive lone-pair side of
theC2 axis of the H2O molecule was directed toward the He
atom. This underestimation would also be responsible for the
discrepancy in the present system in addition to the small long-
range barrier.
Ohno et al. have proposed a simple model called the exterior-

electron model for the He* Penning ionization and have
successfully applied the model to hydrocarbons and their
derivatives in order to explain the relative intensities of the
Penning ionization spectra.31,36-38 They classified electrons in
the relevant molecular orbitals as being either “exterior” or
“interior” electrons and claimed that the population of exterior
electrons is proportional to the branching ratio in Penning
ionization. However, this model predicts the same branching
ratio for the He(21S) metastable as for the He(23S) metastable.
Furthermore, the model predicts that the partial-ionization cross
section into the2B1 state is the largest for a H2O target
molecule.36 This unsatisfactory prediction is due to the neglect
of the difference in spin multiplicities of the metastable species
and the neglect of the effect of the entrance-channel PES. The
model treats target molecules as being rigid bodies, i.e., as an
assembly of van der Waals spheres, and the collision with the
metastable species was not considered explicitly.31,36

C. Influence of the Effects of Rotational Cooling on the
Cross Sections.The plot atTrot ) 150 K is similar to that at
Trot ) 300 K, but the plot atTrot ) 25 K (Figure 3b) is
significantly different. These results suggest that the cooling
effects of rotational temperature are remarkable at very low

Figure 3. Total and partial Penning ionization cross sections (σ) for
H2O-He*(21S) interaction in the collisional-energy range 0.05-1.0
eV. The H2O rotational temperature was (a) 300 K and (b) 25 K. The
labels “Total” and “Total(23S)” indicate total-ionization cross section
for the present H2O-He*(21S) system and that for H2O-He*(23S),
respectively. The labels B1, A1, and B2 indicate partial-ionization cross
sections for ionization into the ionized X˜ 2B1, Ã2A1, and B̃2B2 states,
respectively.
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temperatures. The differences between the results at 300 K and
those at 25 K are as follows.
(1) The ratio of ionization into the A1 state to total ionization

increases. (2) The total ionization cross section increases over
the entire energy range investigated, especially at lower energies.
For the triplet case, the total ionization cross section decreases
over the collisional energy investigated atTrot ) 25 K.10 The
appearance of the peak, but not the entire decrease, for the
present singlet case is due to the small long-range barrier. (3)
The collisional energy at the maximum cross section shifts to
the lower-energy side (0.3 eV). This is because of the larger
increase in magnitude of cross sections at lower energies.
It is expected from the present calculation that experiments

with cooled H2O beams should exhibit the above three
characteristics.
D. Ionization Probability for Each Trajectory. Figure 4

shows the total ionization probabilityPtotal for impact parameter
b. The results for 2000 trajectories were plotted for each panel.
It is noted that almost the same number of trajectories fall into
each interval∆b and that the weight of each of the trajectories
to the cross sections varies. These characteristics are due to
the use of the importance sampling described above.
For E ) 1.0 eV, the distribution of ionization probabilities

does not change very much when the rotational temperature of
H2O is lowered. For slow collision (E ) 0.05 eV), however,
the difference is significant: Although ionization does not occur
at Trot ) 300 K, many trajectories lead to ionization atTrot )
25 K. Thus, the effect of rotational cooling is remarkable for
slow collisions. Similar results were obtained for the triplet
case.10

A comparison of the ionization probabilities for the present
system with those for the triplet metastable system10 reveals
the following four points. (1) The ionization probabilities are
almost zero forE ) 0.05 eV andTrot ) 300 K. For the triplet
case, the probability is zero or unity. (2) ForE ) 0.05 eV and
Trot ) 25 K, the ratio of trajectories without ionization is higher
than for the triplet case. (3) ForE ) 0.05 eV andTrot ) 25 K,
the probabilities are 0, 0.72, or 1.0, and the trajectories with an
ionization probability of about 0.72 are more than those with a
probability of 1.0. In contrast, for the triplet metastable, the

probabilities are zero or unity, and all the trajectories with impact
parameters of less than 3 Å give an ionization probability of
unity. (4) ForE ) 1.0 eV, although trajectories with impact
parameters of less than 3.0 Å ionize with a probability of 0.65-
1.0 in the present system, the corresponding trajectories in the
triplet system ionize with a probability of almost unity.
The first difference is due to the long-range barrier. The

barrier prevents trajectories from going into a small “reactive”
area. Here, the term “reactive” means the attractive part of the
resonance potential that can retain trajectories in the area for a
period long enough for complete ionization to occur. The long-
range barrier is responsible for the increase of trajectories
without ionization atE ) 0.05 eV as described in point 2 as
well as point 1.
On the other hand, the decrease in trajectories that ionize

almost completely (points 3 and 4) is due to the smaller attractive
area. For the triplet case, the trajectories that enter the “reactive”
region lead to ionization almost completely, and the trajectories
that do not go into the “reactive” region lead to little ionization.
Thus, in the triplet case, either the ionization probability for
trajectories is unity or it vanishes. For the present system, in
contrast, the trajectories that go into the reactive, attractive
region often go out of the reactive region before complete
ionization occurs because the reactive region is not large enough.
Therefore, only very few trajectories ionize with a unit ionization
probability.
The partial-ionization probability was also investigated. The

plots for partial A1 ionization are fairly similar to those forPtotal,
although fewer points giveP J 0.65, except forE ) 1.0 eV
andTrot ) 300 K. This is because the A1 state is the dominant
ionization channel: since the partial width for the A1 state is
the largest in the attractive region, the A1 ionization is dominant.
These results are similar to those for the triplet case.
E. Orientation at Minimum Distance and Ioniza-

tion Probability. Because the resonance potential of the
H2O-He*(23S) interaction has minima in the directions of the
lone pairs of H2O, trajectories are pulled toward this attractive
region. The orientation of H2O with respect to He at the
minimum distance is expected to reflect this topological property
of the resonance potential.
Figure 5 shows the total-ionization probability (Ptotal) for the

angle from theC2 axis at the minimum distance. We define
angleθmin as θ at the He-H2O minimum distance.θmin is
defined to be 0° when the minimum distance point is on the
lone-pair side of the oxygen atom and on theC2 axis.
Trajectories with largerθmin are not found when the rotation

of H2O is slowed for both collisional energies ofE ) 0.05 and
1.0 eV. Trajectories more often assemble in the attractive area
at low rotational temperatures because the reduction of the
rotational frequency enables He to access the attractive, reactive
region. Forθmin of less than 15° atE ) 0.5 eV andTrot ) 25
K, many trajectories with ionization probabilities of 0.72 or∼1.0
are revealed. This result is due to the minimum of the potential-
energy surface being located at the lone-pair side near theC2

axis. This is one of the rotational-cooling effects, and a similar
result was obtained for the triplet case.
Most of the points have an ionization probabilityPtotal of Ptotal

< 0.05 orPtotal > 0.65 for theE ) 1.0 eV plots in the present
singlet system. The trajectories with a probability ofPtotal >
0.65 correspond to “reactive” trajectories that enter the reactive
region, and the trajectories with a probability ofPtotal < 0.05
correspond to “nonreactive” trajectories that do not enter the
reactive region. For the triplet system, the corresponding
probability values may bePtotal < 0.05 orPtotal > 0.95. The

Figure 4. Total-ionization probabilitiesPtotal for the impact parameter
b. Each square corresponds to each trajectory.E is the collisional energy,
andTrot is the rotational temperature of H2O.
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trajectories with medium probability values (0.05< Ptotal <
0.65) are less in the single case than in the triplet case (0.05<
Ptotal < 0.95). This may be due to the well in the singlet PES
being deeper than the triplet well.

4. Concluding Remarks

We obtained the entrance-channel potential-energy surface
and partial-energy width for the H2O + He*(21S) f H2O+ +
He+ e- system and carried out classical-trajectory calculations
on the basis of the PES and the widths obtained. A comparison
was made with the triplet metastable counterpart. We have
found that a long-range barrier in the present system prevents
trajectories from entering the reactive region, and the smaller
attractive region causes the trajectories to move out of the
reactive region before complete ionization, even though the well
depth is greater.
For the present system, experimental study is not enough.

The use of metastables with different excited states in experi-
ments, for example, partial-ionization cross-section measure-
ments, combined with theoretical study should enable us to
understand the differences in the entrance-channel potential
much more.
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Figure 5. Total-ionization probabilitiesPtotal for the angle from the
C2 axis at the minimum distanceθmin. The lone-pair side of the H2O
molecule corresponds to the smallerθmin. The origin of the coordinates
is the oxygen atom of H2O. Each square corresponds to each trajectory.
E is the collisional energy, andTrot is the rotational temperature of
H2O.
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