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Abstract. The threshold electron spectrum of HoO was obtained using a high resolution electron impact
spectrometer combined with the penetrating field method for scattered electrons with energies close to
zero eV. The valence, triplet Rydberg states, as well as the resonances were identified and are discussed
in the energy region 5.2-14.3 eV. The threshold spectrum confirms the influence of resonances on the
enhancement of the intensity of some Rydberg states above 10 eV. The vibrational spacing of the observed
transitions of the Rydberg states indicates that the water molecule is excited in the symmetric stretching

mode.

PACS. 34.80.Gs Molecular excitation and ionization by electron impact

1 Introduction

Experimental studies of the HoO molecule by electron im-
pact were very extensive in the period between the sixties
and eighties of the last century. The excitation of water
molecule by electron impact close to the threshold of the
excited states was studied by Schulz [1] using the trapped
electron method, Knoop et al. [2] used a double retard-
ing potential difference technique and Compton et al. [3]
used the SF¢ trapping (scavenger) method. Their spec-
tra showed some broad features without details, due to
poor resolution. Energy-loss studies of H,O at high im-
pact energy and small scattering angle were performed
by Skerbele et al. [4-6], Lasettre et al. [7] and Trajmar
et al. [8,9]. Their spectra were in good agreement with the
ultraviolet absorption spectra of Price [10], Watanabe and
Zelikoff [11] and Giirtler et al. [12]. The most complete en-
ergy loss study of HoO was made by Chutjian et al. [13].
They were able to combine the two modes of operation
of energy-loss experiments which includes a large scatter-
ing angle and low energy close to the threshold and small
scattering angle with high impact electron energy. These
two modes of operation allow the possibility of detecting
optically forbidden and optically allowed transitions. De-
spite the systematic work in the past, the assignments of
the features in the excitation spectra of HoO are not yet
satisfying.

Threshold electron spectroscopy which uses the pene-
trating field method was employed for the first time in the
present work to study the excitation of water molecules.
This method introduced by Cvejanovic and Read [14] and
significantly improved in our laboratory has already been
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applied in studies of the excitation of a number of atomic
and molecular species.

Threshold electron spectroscopy is a valuable tool for
studying optically forbidden transitions, Rydberg and va-
lence states, as well as negative ions (resonances). This
method can be compared only with energy loss exper-
iments at high scattering angle and an electron energy
close to the threshold of the excited states.

H;O is a polar molecule with relatively large
dipole moment of 1.85 D. The ground state of
HoO (Herzberg [15]) has the electron configuration
(1a1)?(2a1)?(1b2)%(3a1)?(1b1)? *A; where the two last or-
bitals are occupied orbitals. The first excited electronic
states are (2a1)?(1b2)%(3a1)?(1b1)(4a1) 3By, 'B1. The pro-
motion of an electron from either the 1b; or 3a; orbital
into unoccupied orbitals 3saq, 3pay, 3pbs or 3pb; can give
sixteen excited Rydberg states. There is also the promo-
tion of an electron from the 1b; or 3a; to the 4a; orbital
giving a valence state.

Theoretical calculations relevant to this work were
done by Claydon et al. [16] using semi empirical INDO
calculations, Winter et al. [17] using extensive configura-
tion interaction studies with other references summarised
in this paper, Diercksen et al. [18] using Franck—Condon
and static-exchange approximations, Gil et al. [19] using
ab initio complex Kohn calculations and Morgan [20] us-
ing the R-matrix method.

In the present study the threshold electron spectra of
H5O in the energy region 5.2-14.3 eV was measured. The
assignments of the measured features were done according
to their energy positions and from comparison with similar
data from experimental as well as theoretical results when
possible.
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Fig. 1. Threshold electron impact spectrum of H2O in the
energy region 5.2-14.3 eV. The background was subtracted in
a linear form.

2 Experimental procedure

The apparatus and experimental procedure were discussed
in more details by Cvejanovic et al. [21]. The experimen-
tal set-up used to study the excitation process of HoO
(e + H,O — HyO" +e) is a crossed beam electron spec-
trometer. It consists of three components, a monochro-
mator with electron gun and lenses, a target region and
an analyser with an accompanying lens and detector. The
scattered electrons with an energy distribution between
zero and 20 meV are trapped by a positive potential from
an extractor, analysed by a double cylindrical mirror anal-
yser and detected by a channeltron.

This technique based on the principle of the
well-known field penetration method was described in de-
tail by Cvejanovic and Read [14], and further improved
by Cvejanovic et al. [22]. The spectrometer operates
in four different modes: the constant residual energy
mode (CRE), the energy loss mode (EL), the thresh-
old electron spectroscopy mode (TES) and the excitation
function mode (EF). In the TES mode, the only mode
used in the present study, the detection part was opti-
mised to detect scattered electrons with near zero energy
during the sweeping of the incident electron energy. Usu-
ally scattered electrons of 10 meV energy were detected
which are easy to verify from the measured ratios 2'S/23S
in the threshold spectrum of helium [14].

The energy scale was calibrated with a mixture of
H20 molecules and xenon with an uncertainty not higher
than 10 meV. The current of the incident electron beam
was 2 nA. The narrowest peak in the threshold spectrum
was 80 meV wide, a poor resolution compared with other
threshold spectra obtained with this spectrometer. The
reason could be either the absence of a sharp feature in
the spectrum, or an uncontrollable influence of the water
vapour on parts of the electron optics, including the gas
needle in the interaction region.
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Fig. 2. Part of the threshold spectra from Figure 1 in the
energy region 5.2-10.8 eV. The spectrum shows resonances,
valence and triplet Rydberg states. The vibrational levels are
marked in the form (v = 0, 1 and 2) and it corresponds to
(000, 100 and 200) indications noticed in tables and the text.
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Fig. 3. Part of the threshold spectrum from Figure 1 in the
energy region 10.8-14.3 eV. The spectrum shows two Rydberg
series, resonances and the ionisation potential in the form of
the minimum. The Rydberg series are tentatively assigned on
the basis of the vibrational spacing. The weak minimum at
13.0 €V is labelled by an arrow.

3 Results and discussion

The threshold electron spectrum of the water molecule in
the energy region 5.2-14.3 eV is shown in Figure 1 with
linear subtraction of the background. The figure shows
a spectrum composed of two broad maxima and several
discrete features below the first ionisation potential. It
is a relatively poor spectrum with discrete features com-
pared with the threshold spectra of diatomic molecules.
The spectrum is divided into two parts for clarity, the first
part in the energy region 5.2-10.8 is shown in Figure 2,
while the second part in the energy region 10.8-14.3 eV is
shown in Figure 3.
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Table 1. Excitation energies (eV) of the HoO™ negative ion in the energy region 6-12 eV. Comparison with the results of Belic

et al. [27], Seng and Linder [23] and Sanche and Schulz [39].

H,O~ This work  [27] [23] [39]
Symmetry E(eV) E(eV) E(eV) E(eV)
2A, 6.20 6.0
B, 6.52 6.5 6.5
6.77
8.56 8.6 (A1)
8.67
8.83
Band “a”
V=0 9.82 v =0 9.92
=1 10.20 v =1 10.33
v =2 10.56 v =2 10.69
Band “b”
V=0 11.05 v =0 11.04
=1 11.41 v =1 11.45
v =2 11.80 v =2 11.86

3.1 Energy region 5.2-10.8 eV

The main characteristic of this part of the threshold spec-
trum (Fig. 2) is the existence of two broad maxima sit-
uated in the energy regions 6-8 eV and 8-10.8 eV. The
first maximum is present without sharp structures, while
the second shows six features on the higher energy side.
The upper part of Figure 2 shows the part of the spec-
trum in the energy region between 6 and 9.7 eV in more
detail. The assignments of the observed features are listed
in Tables 1 and 2.

3.1.1 Energy region 6.0-8.0 eV

This energy region of the water molecule was studied very
extensively in the past, both experimentally and theoret-
ically. In the UV spectrum a broad continuum extending
from 1860 to 1450 A (6.665 to 8.550 eV), is present in
this energy region. The continuum corresponds to the first
member of a ns Rydberg series [11]. The broad maximum
is also found in all other experiments with the electron
beam.

In the energy region 6-8 eV, the threshold spectrum in
Figure 2 shows a broad non-symmetric maximum, indicat-
ing its complex nature. The complexity is the result of de-
tection of near zero energy electrons which originate from
two processes, the excitation of electronic states very close
to the threshold, and the decay of the negative ions (res-
onances) releasing slow electrons. Usually these are called
non-resonant and resonant contributions in the threshold
spectra.

Resonant contribution in the energy region 6.0-8.0 eV

Identification and assignment of the first strong signal
which start around 6 eV with the plateau at 6.20 eV is still
in dispute. If the result of the theoretical calculation by

Claydon et al. [16] is accepted, then the structure should
be identified as the first triplet 3B; state at a calculated
energy of 6.2 eV which is in excellent agreement with the
energy position of the measured plateau (6.20 eV) in the
threshold spectrum. However, other experiments and cal-
culations (see Tab. 2) put the energy of the 3B; state at
around 7.2 eV, which is the argument to believe that the
structure at 6.20 eV in the threshold spectrum is not the
3B, state. Considering that the threshold spectrum de-
tects electrons of low energy released from the decay of a
resonance with high efficiency, and a sharp onset of the
structure, we believe that the structure at 6.20 eV has a
resonant character.

In addition, Seng and Linder [23] suggested the exis-
tence of two HoO™ states in the energy region 6-8 eV,
the 2A; state responsible for vibrational excitation in the
6 eV energy range and the 2B, state at 6.5 eV responsible
for DA processes. These arguments suggest the assignment
of the structure at 6.20 to the 2A; resonance (Tab. 1). This
is the first resonance in the HoO excitation spectra formed
in the dipole field of HoO. The resonance decays to HoO
and an electron which is detected in the threshold spec-
trum. According to Seng and Linder [23] the resonances
are formed as quasi-bound states in the dipole field of HoO
and can be very sharp, assigned as threshold resonances,
and very broad, found in an integral excitation functions
for symmetric and antisymmetric stretching modes in the
energy region from the threshold to 10 eV. Threshold res-
onances are found in the case of HF and HCl (Rohr and
Linder [24]), and they are of general importance in the
interaction between electrons and polar molecules.

However, the very broad resonance region in HoO be-
tween 6 and 8 eV can be the result of one or more reso-
nances. These resonances belong to the class of very short
lived resonances.

In dissociative attachment (DA) experiments of the
H50O molecule in the energy region above 6 eV, Trajmar
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Table 2. Excitation energies (eV) of the observed transitions in the HoO. Comparison with other experimental and theoretical

results.
Excitation State This work  [13] 2] [17] [18] [43] [9] [44] [34] 1]
E(eV) E(eV) E(eV) E(eV) E(V) E(eV) E(eV) E(V) E(V) E(eV)
b1 — 4ay 5B, 7.20
by —3sa1  a°Bi 7.0 7.2 7.26 7.24 7.22 7.30 6.68
by —3sa;  A'B; 755 7.4 7.61 7.30
7.78
8.00
by — 4a1 3As 9.02
by —3pby 3Ay 8.9 9.1 9.34 9.2
by —3pbr  d°A;  9.82 (000)  9.81 9.74 9.81 9.70
10.20 (100)
10.56 (200)
by —3pa;  C'B; 10.01  10.01  10.06  9.98 10.00  9.90 10.04  10.01
bi —3pai  &B:  10.00 (000) 9.98 9.99 9.96
10.38 (100)  10.39
10.75 (200)
b —3pa; C'B; 10.99 10.38
10.77 10.76
b1 —3dax  &°B:  11.05 (000) 11.01 11.05
11.41 (100)
11.80 (200)
12.11 (300)
by —3dby  fPA;  11.15 (000) 11.13 11.16
11.53 (100)
11.93 (200)
12.27 (300)
by —4pa1  °By 11.32 11.33 11.40
by —4dby  *As 1163 11.64 11.64

et al. [25], Melton [26] and Belic et al. [27] measured
the H™ ions. From the last study it can be concluded that
H™ ions are released with a kinetic energy between 0.6 and
2.3 eV with a broad maximum between 1.3 and 2.2 eV for
an incident electron energy of 6.5 eV. However, we exclude
the detection of H™ ions with so high kinetic energy be-
cause the analyser for scattered electrons or negative ions
in the threshold spectrometer is tuned to detect only those
particles with energy close to zero eV.

Valuable theoretical calculations concerning this en-
ergy region have been done by [16,17,19,20].

Two other resonant contributions in the threshold
spectrum above 6 eV are recognized at energies of 6.52
and 6.77 eV as two weak shoulders of the same form.
The signal at 6.52 eV originates from the HoO™ ion
and it can be explained by the detection of near zero
electrons released during the decay of this resonance to
H50O + e. This resonance is well-known in the literature.
It belongs to the Feshbach type with the ?B; symme-
try [25,28] with the 3B; as the parent state [27] measured
at 7.0 eV [13]. The autodetachment width of the resonance
is 0.15 eV (Tronc [29]). The threshold spectrum shows the
valence 3B; state at 7.20 eV, suggesting that this state can
be the parent state for the resonance at 6.52 eV, but the

width of the resonance can not be found because it does
not appear as a well defined feature. It should be noted
that Claydon et al. [16] calculated a resonance at 6.53 eV
and assigned it as 2A;.

The second shoulder at 6.77 eV in the threshold spec-
trum shows the same form as the former resonance at
6.52 eV, suggesting that it is another resonance in this
energy region with the same characteristics as the former
resonance. The energy difference between the two shoul-
ders is around 0.25 eV, which is different from vibrational
spacing (0.38 eV), found in resonances at higher excitation
energies at 10 eV. An additional argument for assigning
this shoulder to a resonance comes from the calculations
of Morgan [20], who found a sharp resonance at 6.785 eV
in 2B; symmetry, suggesting that it corresponds to the res-
onance at 6.5 eV by shifting the excitation thresholds to
their experimental values. The threshold spectrum shows
that this energy correction in her calculations was not nec-
essary because the original position of the structure is in
good agreement with measured structure in the threshold
spectrum. The threshold spectrum in the present form
gives no further information on this resonance. Finally,
the existence of three resonances in the threshold spec-
trum in the 6-7 eV range confirms the idea of Seng and
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Linder [23] of the existence of one or more resonances in
this energy region.

Non-resonant contribution in the energy region
6.0-8.0 eV — the valence state

The top of the broad maximum in the threshold spec-
trum at an energy of 7.20 eV is tentatively assigned as
the ®Bj(b; — 4a;) valence state due to its form, which
is typical for the valence states, and theoretical calcula-
tions [19,20]. In the calculation of the cross-sections for
this state, Morgan [20] found a narrow resonance at an
energy of 8.81 eV as the dominant feature and a weak res-
onance at 12.7 eV. From the threshold spectrum it can be
concluded that the broadening and intensity of the struc-
ture can be a consequence of either the mixing of the va-
lence and Rydberg states or from a resonant contribution.
Until now the results of theoretical calculations and ex-
periments have given no clear answer in the assignment
of the first excited electronic state in the water molecule.
The 3B, state was assigned as the first Rydberg state in
most of the optical and energy-loss experiments. However,
the theoretical calculations [19,20] treat this state as a va-
lence state. According to these calculations, the excitation
of either a 1b; or 3a; electron into the lowest unoccu-
pied 4a, virtual orbital can give the triplet and singlet va-
lence states 3By, 'By,3A; and 'A;. For the 3B; and 'B;
valence states calculated energies of 7.445 and 7.885 eV
were found. From the form of the first maximum in the
threshold spectrum at 7.2 eV it can be concluded that it
has a valence character assigned as 3B, but there is no
evidence of the presence of the singlet 'B; state.

The energy position of the first Rydberg
@®B1(b; — 3sa;) state from measurements [2,13] and
a theoretical calculation [17] are presented in Table 2.
It is clear that a good agreement exist between our
measurements and the cited references. However Table 2
shows disagreement in the position of the energy of
the ®B; state between energy loss measurements [13],
(7.0 V) and the threshold spectrum (7.20 e¢V). This
disagreement suggests the existence of both valence and
Rydberg states in this energy region, as is the case in
the threshold spectrum of oxygen in the energy region
7-9 eV [30]. The above discussion shows the complexity
of this energy region of the water molecule and requires
a new experimental technique in order to resolve this
problem.

At the higher energy side of the first maximum, the
threshold spectrum shows two weak shoulders at ener-
gies of 7.55, 7.78 eV and a small peak at 8.0 eV. These
three features have not been seen in any energy loss exper-
iments. Additionally, they are also not predicted by theo-
retical calculations. Due to the absence of similar data in
the literature for comparison and the above discussion of
the existence of Rydberg and valence state in this energy
region, we assigned them as arising from the vibrational
levels of the Rydberg A'B;(b; — 3sa;) state. This state
has been well established in optical spectra at 7.49 eV,
which is in good agreement with energy loss experiments
at high impact energy and small scattering angle [13], but
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theoretical calculations [17] found a value of 7.61 eV. It
should be noted that this transition is an optically allowed
transition and hence it can not be strong in the threshold
spectrum.

3.1.2 Energy region 8.0-9.8 eV

This energy region of the water molecule has been studied
in optical and energy loss experiments. In both techniques,
the region is dominated by a broad maximum without
sharp structures. The threshold spectrum (Fig. 2) shows
a broad symmetric maximum at an energy of 9.02 eV with
three weak shoulders at the lower energy side. The broad
form of the maximum indicates its complexity. As in the
case of the first maximum between 6 and 8 eV, the com-
plexity is a consequence of resonant and non-resonant con-
tributions.

Resonant contribution in the energy region 8.5-8.8 eV

The resonant contribution is recognised in the energy re-
gion of the three shoulders (8.56, 8.67 and 8.83 €V) as
three resonances with a spacing of 0.11 and 0.16 eV, re-
spectively. Electrons are formed in the process of the decay
of the HoO™ negative ion to HoO + e. The energy posi-
tion of the resonance at 8.56 eV is in good agreement with
the resonance at 8.6 ¢V found by Belic et al. [27] in mea-
surements of the DA process in HoO. The resonance has
a 2A; symmetry [31] with the 63A; Rydberg state as the
parent. Nothing can be said about the width of this res-
onance from the threshold spectrum but the parent can
be the 3A, valence state at 9.02 eV. It should be noted
that H™ ions at 8.6 €V found in the DA process [27] can
not be detected by threshold spectroscopy because they
are released with a kinetic energy of 3 eV.

There are no data in literature for the second reso-
nance at 8.67 eV. From the threshold spectrum it can be
seen that it has the same form as the former resonance
at 8.56 eV, suggesting that it belongs to this resonance as
the second vibrational level.

The third resonance at 8.83 €V coincides in energy with
the resonance found by Morgan [20]. In her calculations
she found a pronounced narrow resonance at 8.81 eV with
a width of 0.025 eV of 2A; symmetry described as a “core
excited shape resonance”. Upon the correction of the en-
ergy scale in her calculation, the energy of the resonance
was 8.59 eV which was the argument to suggest that it
corresponds to the dissociative attachment process found
by Belic et al. [27]. It seems that this correction of the
energy scale was not necessary.

Comparing the lifetimes of the different resonances in
the threshold spectrum we can conclude that the reso-
nances in the 8.5-8.8 eV range have much longer lifetimes
than the resonances in the 6-7 eV range because they
are presented in the form of a progression of three vibra-
tional levels. Nothing can be said about the autodetach-
ment width of the resonances in these two energy regions
because they are not well defined in the threshold spec-
trum. It should be noted that Tronc [29] found that the
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autodetachment width of the resonance at 8.6 eV is larger
than that of the resonance at 6.5 eV.

It is interesting to note that Chutjian et al. [13] found a
series of bands in the form of weak shoulders in the energy
region 8.6-9 eV at residual energies of 2.0 eV for HyO
and 0.5 eV for D,O, with a spacing of 0.15 eV, which
is similar to the value from our threshold spectrum. The
authors suggested that they belong to vibrational levels
of the lowest-lying 3A, state. The conclusion was made
on the basis of only two residual energies. However, they
did not give the energy positions for this band, so it is not
possible to make a comparison between their results and
the present study.

Non-resonant contribution in the energy region
8.0-9.8 eV — valence state

The non-resonant contribution to the second broad max-
imum is manifested at an energy of 9.02 eV, correspond-
ing to the top of this maximum which is tentatively as-
signed as the 2A;(b; — 4a;) valence state according to its
form and a theoretical calculation [20]. In this calcula-
tion the 3A; valence state was found at 9.286 eV. The re-
sults of other theoretical calculations for the cross-section
of this state [32,33] are compared with the calculation
of Morgan [20]. Very little agreement was found between
these theories. The cross-section curve of Morgan [20]
shows a well defined threshold and a sharp 2B, resonance
at 12.7 eV.

From the threshold spectrum it can not be concluded
which contribution dominates in the region of a broad
maximum, resonant or non-resonant. In addition, it can
not be concluded whether there is any contribution from
the singlet valence 'A; state, calculated by Morgan [20]
at an energy of 9.996 eV, and the 3A, Rydberg state.

The A, (b; —3pbs) Rydberg state was found in energy-
loss measurements [13] at 8.9 eV and by theoretical cal-
culations at 9.34 [17] and 8.68 eV [34]. Table 2 shows the
disagreements in the energy positions for this state. The
disagreements suggest new measurements in order to find
accurate energy position of this state.

The threshold spectrum does not show the existence
of the singlet 'Ay(b; — 3pbs) Rydberg state predicted by
theoretical calculation [17] at 9.46 eV and at 9.1 eV in
energy loss measurements [13].

The intensity ratio between the two maxima peaked
at 9.02 and 7.20 eV in the threshold spectrum has a value
of 1.59 (calculated from the zero of the vertical scale). This
is different to the intensity ratio of almost 1 obtained in en-
ergy loss experiments at a residual energy of 0.5 eV [13]. At
higher residual energies (2.0 V), this ratio is less than 1.
This dramatic change in the intensity of the two maxima
as a function of the residual electron energy is a conse-
quence of the influence of a resonant contribution.

3.1.3 Energy region 9.8-10.8 eV

This energy region of the threshold spectrum shown in
Figure 2 is characterized by six discrete features superim-
posed on the higher energy side of the second maximum
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at 9.02 eV. The features show anomalies in their intensi-
ties indicating that they are influenced by a resonant con-
tribution. The features are tentatively assigned according
to their energy positions, vibrational spacing and from a
comparison to similar data of experimental and theoretical
results.

Non-resonant contribution in the energy region
9.8-10.8 eV — Rydberg states

The three features regularly spaced at energies of 9.82,
10.20 and 10.56 eV are tentatively assigned as the d3A;
(b1 — 3pb1) Rydberg state according to their similar form
in the threshold spectrum, energy position of the first
vibrational level and vibrational spacings of 0.38 and
0.36 eV, respectively. The spacing is very close to the
spacing of the symmetric stretching mode of the HoOT
(0.397 eV [35,36]). This is the first time that a threshold
spectrum shows three vibrational levels of the triplet 3A;
state in this regular form which has not been seen in any
energy loss experiment. The possible explanation is that
it belongs to an optically forbidden transition strongly ex-
cited at the threshold energies. The intensity enhancement
is the consequence of the resonant contribution. The res-
onance has the same excitation energy as this state (see
discussion bellow).

The first feature at an energy of 9.82 eV appears in
the threshold spectrum as the most intense feature and is
assigned as the 3A; state (000) (v/ = 0) transition. Table 2
shows a good agreement in the energy position between
this work and energy loss experiments [9,13] (9.81 eV),
but not with theoretical calculations [17,34]. This feature
is not seen by optical spectroscopy. The very strong en-
hancement of this feature in the threshold spectrum is
the consequence of the resonant contribution. Namely, the
first vibrational level of the resonance coincides in energy
with the 3A; state and is responsible for its enhancement.
Due to this resonance contribution, it is not possible to
conclude which contribution of these two is dominant in
its intensity.

It is interesting to note that this feature appears in
energy loss experiments at low residual energy only, and
its intensity is a function of the residual energy [13]. At
a residual energy of about 2 eV, the feature appears with
a small intensity and reaches maximum intensity close to
the threshold energy. Trajmar et al. [9] concluded that
the feature at 9.81 eV belongs to the triplet d3A; state on
the basis of its angular distributions and intensity ratios.
The authors believe that this state could be important in
the radiation chemistry of aqueous solutions.

The second feature at an energy of 10.20 eV is as-
signed as the (100) (v' = 1) transition of the 3A; state
according to the spacing of 0.38 eV. Its intensity is also
the consequence of a resonant contribution. The feature
was seen neither in the energy-loss measurements nor
by optical spectroscopy. The closest feature with an en-
ergy of 10.16 eV was seen in [13] and theoretical calcula-
tions [17,34] assigned as the D'A; (000) state.

The third feature at an energy of 10.56 eV is assigned
as the third member (200) (v = 2) of the 3A; state. The



J.J. Jureta: The threshold electron impact spectrum of HoO

enhancement of the feature is the consequence of underly-
ing resonance. In energy-loss measurements [13], the fea-
ture at 10.55 eV was assigned as D'A; (100) state.

The theoretical calculation of Winter et al. [17]
confirms only the existence of the d3A; state at an energy
of 9.74 eV. It should be noted that the threshold spectrum
does not show the existence of the singlet DA, (b, —
3pb1) state in a form seen in both energy-loss experi-
ments [4,9,13] and in optical spectroscopy [10,11,37].

The &B;(b; — 3pa;) Rydberg state

The three features at energies of 10.00, 10.38 and 10.75 eV
(Fig. 2) are tentatively assigned as the &®B; Rydberg state
according to their energy positions and the vibrational
spacing of 0.38 and 0.37 eV, respectively (Tab. 2). The
vibrational spacing of 0.38 eV corresponds well to the
vibrational spacing of the symmetric stretching mode of
the HoO" (0.397 eV, [35,36]). The first transition (000)
(v = 0) at an energy of 10.00 eV is in excellent agree-
ment with the energy position predicted by a theoretical
calculation [17] and an energy loss result [13] (Tab. 2).
Its energy position and intensity indicate that it belongs
to the triplet state, an optically forbidden transition with
enhanced intensity in the threshold spectrum. Moreover,
the spectrum shows no direct influence of the resonance
to the intensity of this feature. Hence, we assigned the
first (000) transition as the Bj state. In an energy loss
experiment at the low residual energy of 2 eV, Chutjian
et al. [13], observed the triplet component of the C «— X
transition at an energy of 9.98 eV. This transition was not
seen in other energy-loss experiments.

The transition (100) (v' = 1) at 10.38 eV seen in Fig-
ure 2, with a lower intensity than the peak at 10.00 eV, is
assigned as the second member of the ¢>B; state, bearing
in mind that threshold spectroscopy emphasizes optically
forbidden transitions. This identification is in accordance
with the result of Chutjian et al. [13]. These authors ob-
served a strong feature at 10.39 eV in an energy-loss ex-
periment at a residual energy of 2 eV, suggesting that it
belongs to the @B, triplet state.

It should be noted that the energy positions of
the (000) and (100) transitions of the triplet &*B; state are
in good agreement with the energies of the (000) and (100)
transitions of the singlet C'By (b; — 3pa;) state (Tab. 2),
found in energy-loss experiments [9,13] and by optical
spectroscopy [37,38]. From energy-loss spectroscopy [4]
and ultraviolet spectroscopy [10,11], the states at 10.00
and 10.39 eV were assigned as the Ajv’ = 0 and 1,
respectively.

The third member (200) (v = 2) of the ¢3B; state at
10.75 €V is seen in Figure 2 as a feature of low intensity.
The assignment of this feature was determined taking into
account its energy position and energy spacing of 0.36 eV.

The (200) transition of the singlet C1B; state was
found in energy loss experiments [9,13] at energies of 10.76
and 10.77 eV, respectively and by optical spectroscopy [37]
at an energy of 10.765 eV. In an energy-loss experiment [4],
the feature at 10.76 eV was assigned as the A; v/ = 2 state.
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It should be noted that the threshold spectrum does not
show the existence of the singlet component of the B;
state (C'By), which is not the consequence of the lack in
resolution of the spectrometer (0.08 eV). The calculated
singlet-triplet splitting is of 0.07 eV [17].

The threshold spectrum does not show the feature at
10.68 eV found in an energy-loss experiment [13] at a
residual energy of 2 eV. The feature was assigned as the
3A5 « X transition.

Resonant contribution in the energy region 9.8-10.7 eV

The threshold spectrum (Fig. 2) clearly shows the en-
hancement of the three features at energies 9.82, 10.20
and 10.56 eV. Their enhancements are the consequence of
the existence of core excited resonance of HoO™ present in
the form of the three vibrational levels with energies which
coincide with the energies of the Rydberg states (Tab. 1).
The vibrational spacings of 0.38 and 0.36 eV correspond
well with the vibrational spacing of the ¢>B; state, indicat-
ing that this state is the parent state of this resonance. The
spacing of 0.38 eV is very close to the vibrational spacing
of HoO™ in the symmetric stretching mode (0.397 eV).

It is interesting to note that Sanche and Schulz [39)
could not measure the resonance seen in the threshold
spectrum, but they predicted the existence of this reso-
nance on the basis of the existence of a small peak at
an energy of 9.78 eV. They proposed that the 'B; state
can form a resonance progression. The threshold spectrum
confirms this idea except that the &B; state is the parent
state. They measured another resonant progression called
band “a” with three vibrational levels at 9.92, 10.33 and
10.69 eV (Tab. 1) with the 'A; state at 10.17 eV as the
parent state.

3.2 Energy region 10.8-14.3 eV

This energy region of HoO has not been studied as system-
atically either in energy-loss experiments or in theoretical
calculations as the first part of the spectra below 10 eV.
Only, the energy-loss experiment of Chutjian et al. [13]
gives assignments of the features found in this energy re-
gion based on the results of some energy-loss experiments
as well as theoretical calculations of Winter et al. [17] and
Goddard et al. [34]. In the energy-loss experiments at a
residual energy of 2 eV, Chutjian et al. [13] could not ob-
tain the sharp features, but their spectrum could be com-
pared with our threshold spectrum because they detect
electrons with small residual energy. As a result and in the
absence of similar threshold spectra with high resolution,
the assignments of the measured features in the threshold
spectrum were limited to the above cited references.
This energy region of the threshold spectrum presented
in Figure 3 clearly shows two distinct Rydberg series con-
verging to the first ionization potential at 12.610 eV. Both
series show vibrational levels equally spaced, but some of
them show intensity anomalies influenced by the presence
of underlying resonance. The assignment of the series is
done mostly according to the vibrational spacing between
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the measured features and by comparison with similar
data in the literature, when possible [13]. It should be
noted that the assignment of the features in this energy
region is very chaotic throughout the literature because of
the absence of systematic studies, both experimental and
theoretical.

Resonant contribution in the energy region 11.05-11.8 eV

This energy region of the threshold spectrum as does the
one between 9.8-10.7 eV, shows the existence of core ex-
cited resonance in the form of the three vibrational levels
at energies of 11.05, 11.41 and 11.80 eV (Tab. 1). These
energies coincide with energies of the é2B; Rydberg series
which causes their enhancements. The vibrational spacing
of 0.36 and 0.39 eV is very close to the vibrational spacing
of the next é3B; Rydberg series, indicating that this state
is the parent state of this resonance.

The existence of the resonance in this energy region
of water molecule was found by Sanche and Schulz [39]
(Tab. 1). The resonant band called band “b” has three
vibrational levels at energies close to the energies in
the threshold spectrum. From the vibrational spacing of
0.41 eV, they concluded that it comes from the symmet-
ric stretching vibration of the HoO™ ion. However, they
could not make an unambiguous assignment of the band
“b” but they proposed that the state F [15] at 11.12 eV is
the parent state of this band . This prediction is confirmed
in the threshold spectrum, where the é2B; Rydberg state
at 11.15 eV is recognised as the parent state of this res-
onance. According to these authors, the formation of the
core excited resonances in a water molecule takes place
through the promotion of the essentially non-bonding 1b¢
electron to a non-bonding Rydberg orbital. The incident
electron is temporary bound in another Rydberg orbital.
This can explain why the zero levels of both bands “a”
and “b” have a large probability of formation.

It should be noted that in the energy region of this
resonance at 11.8 eV, the third peak of the H™ ion was
also observed in a dissociative attachment experiment [27].
This resonance was assigned as 2B, without more details.
Again, as in the previous case, the H™ ion can not be
detected with the present technique due to its high kinetic
energy.

Non-resonant contribution in the energy region
11.0-12.3 eV — Rydberg states

The features of the threshold spectrum (Fig. 3) at en-
ergies 11.05, 11.41, 11.80 and 12.11 eV are tentatively
assigned as vibrational levels (000, 100, 200 and 300,
respectively) of the é3B1(b; — 3da;) Rydberg state. The
assignment was done according to the energy position and
the vibrational spacing of 0.36, 0.39 and 0.31 eV, respec-
tively (Tab. 2). The vibrational spacing is close to the
vibrational spacing of a symmetric stretching mode of the
HyO™" (0.397 V).

The first feature at 11.05 eV is present in the threshold
spectrum in the form of a shoulder not separated from the
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next feature at 11.15 eV due either to a resonant contribu-
tion, which changes the form of the feature, or to the poor
resolution of the spectrometer. The threshold spectrum
does not give a definite conclusion for this behaviour. Ta-
ble 2 shows an excellent agreement in the energy position
of this feature with that calculated by Goddard et al. [34].
This feature was not seen in the energy-loss spectra at high
impact energies. Only at the low residual energy of 2 eV,
did Chutjian et al. [13] notice a broad weak transition in
the region of 11.0 eV, which they proposed belongs to the
&B1 (b1 — 3day) state.

The second two features (100 and 200) at ener-
gies 11.41 and 11.80 eV, respectively, are present in the
threshold spectrum with enhanced intensity due to the
strong influence of resonance. Hence, their assignments as
members of the &3B; Rydberg state is based only on the
vibrational spacing of 0.39 eV, which corresponds to the
vibrational spacing of the symmetric stretching mode of
the HoO™.

In a energy-loss experiment at low residual energy,
Chutjian et al. [13] found features at energies of 11.40 and
11.78 eV and assigned them as the 'A; (b; — 4pb;) and
LA1(by —4db) states, respectively, according to a theoret-
ical calculation of Goddard et al. [34] (11.48 eV). In the
ultra violet absorption spectra [10], the features at 11.413
and 11.790 eV were assigned as the By and Do states,
respectively.

The last member of the é®B; Rydberg state (300) at
an energy of 12.11 eV appears in the spectrum with a
smaller intensity than the previous features because its
intensity is not under the influence of resonance. The vi-
brational spacing between the (200 and 300) transitions
is 0.31 eV, which is little bit lower than the vibrational
spacing between the first two transitions (0.39 eV). This
can be explained by deformation of the spectra in the re-
gion close to the ionization potential where the other series
converge.

The f3A;(b; — 3db;) Rydberg state

The next four features in the threshold spectrum (Fig. 3)
at energies 11.15, 11.53, 11.93 and 12.27 eV with vibra-
tional spacings of 0.38, 0.40 and 0.34 eV respectively are
tentatively assigned as the (000, 100, 200 and 300) mem-
bers of the f3A; (by — 3db1) Rydberg state (Tab. 2). As in
the first series, the assignment for this series is done ac-
cording to energy position and vibrational spacing, which
is very close to the vibrational spacing of the symmetric
stretching mode of the HoO™ (0.397 eV). All other fea-
tures are present with low intensity except for the first one.

The first feature (000) at 11.15 ¢V has an enhanced in-
tensity in the threshold spectrum due to the influence of
an underlying resonance. The energy position of this fea-
ture is very close to the energy position of the feature at
11.16 eV calculated by Goddard et al. [34] and assigned as
the f3A1 (b1 — 3dby) state. A feature with this assignment
was found by Chutjian et al. [13] at an energy of 11.13 eV.
Optical spectroscopy does not show the existence of a fea-
ture at this energy.
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The (100) vibrational level at 11.53 ¢V is of a weak
intensity probably due to a perturbation by resonance
at 11.41 eV or poor resolution of the spectrometer. Ex-
actly at this energy Chutjian et al. [13] found a feature
assigned as the 'B; (b1 — 5say) state according to a calcu-
lation of Goddard et al. [34] (11.66 ¢V). In optical spec-
troscopy [11,40], the feature at 11.52 eV was assigned as
the 1B, state.

The next two features (200 and 300) at energies
of 11.93 and 12.27 eV, respectively, have similar forms and
intensities in the threshold spectrum with a vibrational
spacing of 0.34 eV, which was the argument to assign them
as members of the f3A; state. Chutjian et al. [13] found a
feature at an energy of 11.92 eV and assigned it as the 'B;
(3a1 — 3pby) state according to a theoretical calculation of
Winter et al. [17]. This feature was not seen by optical
spectroscopy. The feature at 12.27 eV was seen neither in
energy-loss measurements nor by optical spectroscopy.

The two weak features in the threshold spectrum
(Fig. 3) at energies of 11.32 and 11.63 eV do not belong
to the neighbouring Rydberg series and they were iden-
tified and assigned according to their energy positions,
which correspond to energies of measured features in an
energy-loss experiment [13] (Tab. 2). In this way, the fea-
ture at 11.32 eV in the form of a shoulder is assigned as
the ®By (by — 4pa;) Rydberg state according to Chutjian
et al. [13] (11.33 eV) and Goddard et al. [34] (11.40 eV).
The feature at 11.63 eV is assigned as the 3Ay (b — 4dbs)
Rydberg state, also according to [13] (11.64 V) and [34]
(11.64 eV).

3.2.1 Energy region 12.0-14.3 eV

The first ionization potential of the water molecule
(12.610 eV [15]) is clearly indicated in the threshold spec-
trum in the form of a minimum at an energy of 12.605 eV.
The minimum is not as deep as in case of rare gas atoms
due to the convergence of the Rydberg series to higher
ionization potentials but is much better defined than in
the case of molecular oxygen [30]. Above the ionization
potential, the threshold spectrum shows no discrete fea-
tures arising from the excitation except a weak minimum
at 13 eV. Contrary to this, optical spectrum [12] shows
a large number of discrete features above the first ioniza-
tion potential, indicating that the threshold technique is
not sensitive to optically allowed transitions.

The weak minimum which appears at 13.00 eV coin-
cides in energy with the second step in the absorption
cross-section spectra of water vapour [40] at 13.023 eV.
The energy difference between this step and the ioniza-
tion potential is 3200 cm ™! (0.397 eV), which corresponds
well to the frequency of 3170 cm™! (0.393 eV) of the few
excited states above the first ionization potential in the
absorption cross-section spectrum. No further explana-
tion for this step can be found in literature. The weak
minimum in the threshold spectrum indicates the energy
position of the opening of a new channel for another ex-
cited state in the ground state of the HoO%". The energy
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spacing between the minimum and the first ionization po-
tential is 0.395 eV, which is very close to the vibrational
spacing of the Rydberg series of HoO which converges
to the first ionization potential and to the frequency of
the symmetric stretch mode of the HoO™ (0.397 eV) [35,
36]. This strongly supports the prediction of Price [10]
and Mulliken [41] of the same stability for both HoO and
H,O™. It is due to the electron configuration of the ground
state of HoO where the most loosely bound orbital is the
nonbonding 1b; orbital. Hence, the promotion of one elec-
tron from this orbital can not change configuration of the
final state and both HoO and HoO7 should have the same
stability.

The second ionization potential of HoO at 14.35 €V [42]
is not shown in the figure.

4 Conclusion

Using a threshold electron spectrometer combined with
the detection of scattered electrons with very low energy,
the electron impact spectrum of the water molecule in the
energy region 5.2-14.3 eV was studied. The whole thresh-
old spectrum is characterized by several energy regions. In
the energy region 6-10 eV, the spectrum shows two broad
maxima without discrete features assigned as the *B; and
3A5 valence states and resonances formed in the strong
dipole field. The mixture of resonant and non-resonant
contributions including both valence and Rydberg states
makes this region very complicated to understand. Hence,
a new more sensitive method is necessary in order to sep-
arate these different contributions.

The first discrete Rydberg series were identified and
assigned as the 3A; (by — 3pby) and &B; (by — 3pay)
states in the energy region 10-11 eV. A resonant contribu-
tion was recognized by the intensity enhancement of the
3A, state. Two Rydberg series converging to the first ion-
ization potential at 12.610 eV were tentatively assigned
as the é®B1 (b1 — 3da;) and f3A1 (b1 — 3dby) in the energy
region 11-14.3 eV. The weak minimum at 13.0 eV, with
an energy spacing of 0.395 eV above the first ionization
potential confirms the excitation of HoO in the symmetric
stretching mode. Good agreement was found in the energy
positions of the measured triplet states with the measure-
ment of Chutjian et al. [13] in an energy-loss experiment
at low residual energy.
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