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The authors report absolute differential and integral cross section measurements for electron-impact
excitation of the A 1Bl electronic state of water. This is an important channel for the production of

the OH (X *II) radical, as well as for understanding the origin of the atmospheric Meinel
[Astrophys. J. 111, 555 (1950)] bands. The incident energy range of our measurements is
20-200 eV, while the angular range of the differential cross section data is 3.5°-90°. This is the first
time such data are reported in the literature and, where possible, comparison to existing theoretical
work, and new scaled Born cross sections calculated as a part of the current study, is made. The
scaled Born cross sections are in good agreement with the integral cross sections deduced from the
experimental differential cross sections. In addition they report (experimental) generalized oscillator
strength data at the incident energies of 100 and 200 eV. These data are used to derive a value for
the optical oscillator strength which is found to be in excellent agreement with that from an earlier
dipole (e,e) experiment and an earlier photoabsorption experiment. © 2007 American Institute of

Physics. [DOT: 10.1063/1.2434166]

I. INTRODUCTION

Electron collisions are fundamental processes in many
phenomena involving water molecules. These include under-
standing the observed emissions from cometary
atmospheres,] in modeling control processes of plasma tech-
niques that seek to ameliorate pollution from fossil fuel
combustion,” and understanding the origin of the important
atmospheric Meinel bands.> In addition, the initial physical
stage of radiation interaction with biological matter can be
understood on the basis of the analysis of the track structure
caused by charged particles. The knowledge of electron in-
teractions with water molecules is therefore vital in under-
standing radiation damage.5

An excellent summary of the available cross section data
for electron scattering from water (H,O) molecules is given
in the recent review of Itikawa and Mason.® These authors
noted that “to date no electron-beam measurements have re-
ported absolute values of the (electronic state) excitation
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cross sections of H,O.” This fact prevented Itikawa and
Mason® from providing a recommended set of values, which
they considered to be a serious problem since ‘“electronic
excitation is important in planetary atmospheres, plasmas,
and radiation chemistry.” As a consequence they noted that
“experiments and refined theory are urgently needed” and the
results we report here are a small step in trying to overcome
this deficiency. From a theoretical perspective there are, in
fact, several calculations, using different methods, available
in the literature for a small subset of the electronic states of
H,O. These include the R-matrix calculations by Morgan7
and Gorfinkiel et al.® for the low-lying 3Bl, 1Bl, 3Al, and 'A

electronic states, the complex Kohn results by Gil ef al

again for the same °B,, 'B,, ’A,, and 'A, states, the
distorted-wave Born calculations by Lee et al."™™ for a
couple of the 3A1 states, and a Schwinger multichannel
method result,'? also for the lowest-lying *A | electronic state.
This apparent lack of comprehensive theoretical scattering
work is not really surprising as water possesses both a strong
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permanent dipole moment and a significant dipole polariz-
ability, which makes it a real challenge for current-state-of-
the-art scattering calculations. Indeed even a good descrip-
tion for the target states is nontrivial here.’ In general, with
some notable exceptions, most of the theory results report
integral cross sections (ICSs) and there are significant quan-
titative differences found between the results from the differ-
ent methods. This latter observation provides further impetus
for the present work.

One of us developed simple scaling methods of Born
cross sections to calculate reliable integral cross sections for
electron-impact excitation of neutral atoms."® The same scal-
ing method was also found to provide integral excitation
cross sections for H, in good agreement with available ex-
perimental data, as is shown in the preceding article'* (re-
ferred to as Paper I hereafter). We show in this article that the
scaled Born cross sections for the excitation to the A 'B,
state of H,O are in good agreement with integral cross sec-
tions derived from the experimental differential cross sec-
tions (DCSs) presented later. In addition, we demonstrate the
validity of the scaled Born cross sections for individual vi-
brational excitations of carbon monoxide (CO) in the article
following the present one" (referred to as Paper III). Note
that the scaling of Born cross sections is valid only for inte-
gral cross sections of electric dipole-allowed excitations.

Unlike the case we have just described for electron scat-
tering from H,O, there have been significant theoretical and
experimental studies looking at the spectroscopy of the elec-
tronic states in water.'®>* These studies are not simply noted
here for completeness, as we shall shortly see they were vital
in enabling us to deconvolve the respective electronic-state
contributions to the measured energy-loss spectra. A sum-
mary of the major results from Refs. 16-34 can be found in
Table X of Itikawa and Mason.® In both the molecular spec-
troscopy case and for the scattering calculations, an impor-
tant first test to verify the quality of target wave functions is
to compare the length and velocity forms of calculated oscil-
lator strengths to corresponding accurate experimental val-
ues. For the optical oscillator strength (OOS) for excitation

of the A 'B, electronic state from the X 'A; ground state,
there are theoretical’”*>™ and expen’mental3 2404 gata
available in the literature. In general we find differences in
the OOS values within the theories and within the experi-
ments and between the existing theories and experiments.
Therefore, we have also attempted to try and clarify this
situation by experimentally determining an accurate value

for the OOS of the A 'B, state as a part of this work.

Experimental details are described in Sec. II, scaling of
the Born cross section is summarized in Sec. III, results and
discussions are presented in Sec. IV, and conclusions are
stated in Sec. V.

Il. EXPERIMENTAL DETAILS

In this paper we report results from independent mea-
surements made at Sophia University and Flinders Univer-
sity. We therefore sequentially discuss the respective appara-
tus used to take the data that we will shortly describe.

J. Chem. Phys. 126, 064306 (2007)

A. Flinders University

A high-resolution electron monochromator, described
originally by Brunger and Teubner,” was employed to make
the measurements. Here a beam of H,O, effusing from a
molybdenum tube of 0.6 mm internal diameter, is crossed
with a beam of pseudomonoenergetic electrons of desired
energy 7. Elastically and inelastically scattered electrons at a
particular scattering angle (6) are energy analyzed and de-
tected. The overall energy resolution of the monochromator
for these experiments was ~50 meV [full width at half
maximum (FWHM)] and, under normal operating condi-
tions, incident electron-beam currents of ~2 nA were ob-
tained in the interaction region for the energy range of the
Flinders measurements. As in previous work™ the true zero
scattering angle was determined as that about which the elas-
tic scattering intensity was symmetric. The estimated error in
this determination is +=1°. The electron energy scale was cali-
brated against the well-known helium 2 2§ resonance at
19.367 eV and is estimated to be accurate to better than
50 meV.

At each incident energy in the range of 20-50 eV,
energy-loss spectra were recorded at each scattering angle
over the range of —0.5—12 eV. A typical spectrum (with the
elastic peak suppressed for clarity) is shown in Fig. 1(a). The
spectra were obtained by ramping the analyzer in an energy-
loss mode in conjunction with a multichannel scalar which
stored the scattered signal as a function of energy loss. The
data were then transferred to a 433 MHz workstation for
analysis. Each spectrum was then analyzed (deconvolved) by
a computer least-squares fitting technique that is similar in
detail to that outlined by Nickel et al.*® although adapted to
accommodate the particular spectroscopy of H20.16_34 In
particular, the peak positions, profile shapes, and widths used
in our deconvolution were gleaned and fixed as much as
possible from the earlier work.'®>* An example of our spec-
tral deconvolution is also given in Fig. 1(a). In practice the
fitting procedure yielded the ratio of the DCS for the inelas-

tic feature of interest (Z 1B1 in this case, n' in general),
o,(T,0), to the elastic differential cross section o(7T, 6).
That is,

O-n’(T’ 0)

R0 =" o)

(1)

It is immediately apparent from Eq. (1) that the product
R,(T,0) X ay(T, 6 then gives the required electronic state
differential cross section provided (7, 6) is known. In the
present study our preferred elastic H,O differential cross sec-
tions are the recent results from Cho ef al.*’ Equation (1) is
only valid if the transmission efficiency of the analyzer re-
mains constant over the energy loss and angular range stud-
ied, or is at least well characterized. Unlike our previous
study on COZ,48 in this work we determine the behavior of
the analyzer response function following the philosophy out-
lined recently by Allan.*”’

Particular attention to the identification and quantifica-
tion of all possible sources of error has been made through-
out these measurements, with a general discussion of these
sources of error being found in Brunger and Buckman.™ In
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FIG. 1. (Color online) (a) Typical energy-loss spectrum for electron-impact
excitation of the electronic states of water. 7=30 eV and #=10°. Note that
the elastic peak has been suppressed for the sake of clarity. Also shown in
this figure is our spectral deconvolution of this energy-loss spectrum (see
text for details). (b) Typical energy-loss spectrum as measured at Sophia
University. 7=50 eV and 6=10°.

this case the statistical errors associated with the scattering
intensity measurements are small (<2 % ). Additional errors
due to the uncertainty in the elastic cross section by Cho
et al.*” (~10%) and our analyzer transmission calibration
(~15%) must also be considered. Another important error in
our study is that associated with the numerical deconvolution
of the energy-loss spectra, with the overall errors on our
DCS typically ranging from 18% to 30%, depending on the T
and 6 under consideration.

B. Sophia University

The experimental apparatus and procedures used at
Sophia University have also been described in detail
previously,51 so we will not repeat them again here. Briefly,
however, the spectrometer consists of an electron gun with a
hemispherical monochromator, a molecular beam, and a ro-
tatable detector (6=—10°-130°) with a second hemispheri-
cal system. All these components are employed in a crossed-
beam configuration with the electron-beam crossing the
effusive molecular beam at right angles. A number of tube
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lenses in the spectrometer have been used for imaging and
energy control of the electron beam, whose characteristics
were carefully modeled by electron trajectory calculations.
Both the monochromator and analyzer are enclosed in differ-
entially pumped boxes to reduce the effect of background
gases and to minimize any stray electron background. The
target molecular beam is produced by effusing H,O through
a simple nozzle with an internal diameter of 0.3 mm and
length of 5 mm. Note that the spectrometer and nozzle are
heated to a temperature of ~70 °C to avoid any “sticking”
of the gas sample.

The energy resolution of the Sophia spectrometer was
typically 30—-35 meV (FWHM) and the angular resolution
was about £1.5° (FWHM). The primary electron-beam cur-
rent was in the range of 3—9 nA, depending on the actual
beam energy which was in the range 7=20-200 eV. We
note that voltages for both the input and output lenses of the
hemispheres were carefully adjusted to ensure the base reso-
lution of the energy-loss spectra remained as symmetric as
possible. We further note that the energy calibration
(35 meV) and zero scattering angle calibration (+1°) were,
respectively, performed in the same manner as at Flinders. A
typical example of an energy-loss spectrum measured at
Sophia University is given in Fig. 1(b). Note that the elastic
peak has been included in this case.

Two normalization procedures were adopted to place the
energy-loss spectra taken at Sophia on an absolute scale. The
first is essentially identical to that previously described for
Flinders, while in the second intensity ratios for the elec-
tronic excitation in H,O relative to that for the excitation of
the 2 'P state in He were used. The “standard” 2 'P differ-
ential cross sections were then employed to fix the corre-
sponding absolute scale of the H,O electronic states.” Great
care was also taken at Sophia University to establish the
transmission of the analyzers over the relevant energy-loss
range, with full details of this procedure being found in
Kitajima er al”' At 20-50 eV there is a potential B,
contribution to the 'B, signal (see Fig. 1), so that these data
were sent to Flinders for deconvolution. At 100 and 200 eV
and the very forward scattering angles of measurement
(#=3.5°—11°), the B, contamination was negligible so that
this precaution was unnecessary.

All the energy-loss spectra were carefully measured in
order to obtain sufficient intensity for the electronic excita-
tion spectra. Experimental errors, including a figure of
~10% for the elastic DCSs,47 are estimated to be of the
order of +31% for the electronic-state excitation cross sec-
tions. Note that where applicable this latter estimate includes
an error for the deconvolution of the energy-loss spectra.

lll. SCALED BORN CROSS SECTIONS

Scaled (plane-wave) Born cross sections for integral
cross sections of dipole-allowed excitations—f scaling and
BE scaling—are described in detail in Paper I. Born cross
sections are not only subject to the approximation in the
collision theory part but also depend on the accuracy of the
wave functions used for the initial and final states of the
target molecule.
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The f-scaled Born cross section oy is given by

faccur

OBorn
f Born

where T is the incident electron energy, f,.., 1S an accurate
dipole f value from accurate wave functions or experiments,
and fgo, 1S the dipole f value from the same wave functions
used to calculate the unscaled Born cross section og,,,. The f
scaling has the effect of replacing the wave functions used
for og,m With accurate wave functions, i.e., oy is equivalent
to the Born cross section calculated with accurate wave func-
tions.
The BE-scaled Born cross section o is given by

ofT) = (1), )

UBE(T) Born(T) (3)

T+B+E
where B is the binding energy of the electron being excited,
and E is the excitation energy.

The BE scaling corrects the deficiency of the Born ap-
proximation, i.e., converts g, into cross sections reliable at
low T without losing the well-known validity of the Born
approximation at high 7.

If an unscaled op,,, is obtained from poor wave func-
tions while an accurate f value is known, then both f scaling
and BE scaling can be applied to obtain a BEf-scaled Born
Cross section OBEp

faccur
fBorn(T B+ E)

Articles that report unscaled Born cross sections for mol-
ecules usually present the theoretical data in the form of
dimensionless generalized oscillator strengths (GOSs), G(Q),
tabulated as functions of momentum transfer squared Q de-
fined by

Q0 = (kiag)* + (kfa())2 = 2(kiap) (kgap)cos 0, (5)

where k; and k; are the initial and final momenta of the inci-
dent electron, aq is the Bohr radius (0.529 A), and 6 is the
scattering angle of the incident electron.

The GOS is used to derive differential cross sections.
Since the scaling methods described above are valid only for
integral cross sections, it is convenient to have a GOS in an
analytic form so that the GOS can be integrated over the
momentum transfer to produce integral cross sections for ar-
bitrary incident energy T.

As is discussed in Paper I, Vriens™ proposed the follow-
ing formula to represent a GOS for a dipole-allowed excita-
tion based on the analytic properties identified by Lassettre™*
and Rau and Fano:”

O-BEf(T) Bom(T) (4)

fod"
G(x) = T )6[2 } (6)

m=0 (1 +x)m

where

x=0/a?, (7)

and

J. Chem. Phys. 126, 064306 (2007)

a=\B/R+\(B-E)R. (8)

In Eq. (6), f,, are fitting constants, and in Eq. (8) R is the
Rydberg energy (13.6 eV). At the x=0 optical limit, the
value of G(0)=f, should be set to the OOS, f. Although
Lassettre™ identified o as shown in Eq. (8) from the analytic
properties of the GOS, the binding energy B of an electron in
a many-electron molecule can be defined only in the context
of a simple independent particle model. For a GOS calcu-
lated from multiconfiguration wave functions, it is better to
simply take o as a fitting constant along with f,,. To fit a
theoretical GOS, the OOS f=f, in Eq. (6) should be the one
obtained with the same wave functions as those used to cal-
culate the GOS.

A GOS for a dipole-allowed excitation usually peaks at
the optical limit, i.e., Q=0. Sometimes a GOS has a second
peak at a large Q value, when the wave functions have radial
nodes. When the GOS with such an extra peak is tabulated
with enough data points, Eq. (6) with several terms can re-
produce the GOS well including the secondary peak.

The same analytic formula can be used to fit and ex-
trapolate experimental DCS to the forward and backward
angles not observed in the experiment, and then to integrate
the DCS. As is shown later, even f; should be treated as a
fitting constant when fitting to experimental DCSs.

“Experimental” GOS can be obtained by substituting ex-
perimental DCS, o(T, 6), into the relation between theoreti-
cal DCS and GOS:

(E/R)kiao

4o Qo(T.0), )

Gexp(Q) =
At low T, experimental GOSs often have secondary peaks as
will be shown later. These secondary peaks have a totally
different origin than those seen in the theoretical GOS; the
former come from interactions not represented in the Born
approximation—such as the interference between the direct
and exchange amplitudes—while the latter come from the
radial nodes in wave functions. Hence, secondary peaks in
experimental GOS at low T cannot be fitted well by the extra
terms in Eq. (6). Instead, the following function with two
fitting constants b and ¢ in addition to the leading fraction in
Eq. (6) was found to represent the experimental GOS at low
T well:

g(x) =bx exp(— cx). (10)

Integral cross sections are now obtained by integrating
the GOS over the limits of Q corresponding to 6=0° and
180°:

4may [Cmx G(Q)
T —d(In 11
UBorn() T/Rf E/R ( Q) ( )
with
0 _22{1 E_ [ E}
TR 2T T/
(12)
T E E
Qmax=2_|:1__+ 1—_:|
R 2T T
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TABLE 1. Constants to be used with Eq. (6) to reproduce the theoretical
(Ref. 57) and experimental generalized oscillator strengths (GOSs). The
original f value calculated from wave functions is f=0.046, and the o value
for the experimental GOS is from Eq. (7). The binding energy B and exci-
tation energy E are from Berkowitz (Ref. 58). T is the incident electron
energy, and the rest of the constants were obtained by least-squares fitting.

B (eV) E (eV)
12.62 7.4
Experimental GOS
Constant ~ Theoretical GOS T=100 eV T=200 eV
fo 0.046 29 0.0458 0.045 97
a? 5 2.5035 2.503 5
/i —0.455 06 -5.9901+0.8985  —10.7339£2.0253
fa 1.0777 276.63+96.87 863.57+355.83
f3 1.497 2
fa -7.9617
fs 10.189

Two different sets of theoretical GOS for the A 'B, ex-
citation are available in the literature. Bhanuprakash et al.*
calculated GOS with multiconfiguration wave functions, and
Durante ef al.”’ used wave functions from the random phase
approximation. The f value from the GOS by Bhanuprakash
et al. is 0.054, while the f value from the GOS by Durante et
al. is 0.046, which is in excellent agreement with the f value
recommended by Berkowitz™® based on his f sum-rule analy-
sis. Hence, we chose the theoretical GOS by Durante et al. to
generate unscaled Born cross sections and apply the BE scal-
ing to obtain integral cross sections valid at low and high T.
The fitting of the GOS calculated by Durante et al”’ required
a total of six terms (m=35) in Eq. (6). In Table I, we present
the values of f and f,, used with Eq. (6) to fit the original
GOS calculated by Durante et al.,57 and the fitted GOS is
compared to the original GOS by Durante et al. in Fig. 2.

IV. RESULTS AND DISCUSSION
A. Differential cross sections

In Figs. 3-6 and Table II we present our DCSs for the
excitation of the A 'B, electronic state in H,O. There are

Normalized GOS

e Durante
Fit

061  {=0.046

GOS/f

0.4 |

0.2 |

0.0

1 6-2 1 d-‘ 100 10!
Q=(Kao)?

1072

FIG. 2. (Color online) Comparison of the original generalized oscillator
strength (GOS) by Durante ef al. (Ref. 57) and the fitted GOS using Eq. (6)
The ordinate is the normalized theoretical GOS, i.e., GOS divided by the
optical f=0.046 (see Table 1 for the fitting constants).
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FIG. 3. (Color online) Present differential cross sections (cm?/sr) for exci-
tation of the A lBl electronic state in water at 7=20 eV. Crosses, Flinders
DCS; squares, Sophia DCS; solid curve, complex Kohn cross section by Gil
et al. (Ref. 9) at =20 eV; and dashed curve, the cross section by Gil et al.
multiplied by 0.5.

several general trends that we can elucidate from Figs. 3-6.
These include that all the DCSs are strongly forward peaked
as is expected from an electric dipole-allowed—though
dissociative—excitation, and also perhaps a result of both the
strong  permanent dipole moment (1.854 D=6.18
X 1073° C m) and significant dipole polarizability (9.79a;) of
water, with the degree of forward peaking increasing as the
beam energy is increased. Finally, to within their respective
stated uncertainties, it is apparent that the independent
Sophia and Flinders data are largely consistent with one an-
other. When one also allows for the +1° uncertainty in the

10-17

DCS (cm?sr™)

1078
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0 20 40 60 80 100
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FIG. 4. (Color online) Same as Fig. 3, but at 7=30 eV.
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FIG. 5. (Color online) Same as Fig. 3, but at T=40 eV.

zero angle calibration of each spectrometer, which is poten-
tially critical with the sharp slope of the DCS at the forward
angles, then the agreement between Flinders and Sophia is
actually very good. Note, however, that the data in Figs. 3-6
do suggest that the Sophia DCS might be somewhat system-
atically larger in magnitude than that of Flinders at the angles
where the cross-check measurements were made. This does
have some implications to the ICSs we derive later (see
Sec. IV C).

In Fig. 3, at T=20 eV, we can also compare the present
DCS with a complex Kohn calculation from Gil et al.’ Here
we find that the calculation systematically overestimates the
magnitude of the measured DCS (by a factor of ~2) across
the common angular range. On the other hand the shapes of

107

f
LEJ, 107
[}
a
¥
107 %
0 20 40 60 80 100

Scattering Angle (degrees)

FIG. 6. (Color online) Same as Fig. 3, but at T=50 eV.
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the measured and calculated angular distributions are in very
good accord. To illustrate this latter point we have scaled the
theory in Fig. 3 by a factor of ~0.5. One possible explana-
tion for the discrepancy between the calculation and our
measurements at 20 eV has been advanced by Rescigno.59

He noted that the A lB] state is an example of a “Valberg”
state, namely, it has both Rydberg and valence characters that
would be very difficult to characterize properly with the rela-
tively simple description of the target used by Gil et al’
Another possibility might be that a fixed nuclei (FN) descrip-
tion for the scattering framework is inadequate, rather an
adiabatic nuclei (AN) approach might be required. There is
some anecdotal evidence in support of this latter proposition.
A long-standing discrepancy, for the excitation of the b3
electronic state in H,, between the ICS measurements of
Khakoo and Segura6o and various FN-level calculations®'
was only resolved when Trevisan and Tennyson61 applied an
AN-R-matrix approach to the problem. However, when Gor-
finkiel e al.® extended the earlier FN-R-matrix H,O results
of Morgam7 to the AN level, they observed little effect on the
ICS of the A 'Bl state. Notwithstanding this, Rescigno5 ? fur-
ther noted that while Gorfinkiel et al.® tried to employ more
sophisticated target wave functions and an AN-R-matrix ap-
proach, they possibly failed to appreciate that the mixed
Rydberg-valence character of the states involved would re-
quire a bigger R-matrix box than they typically use. As a
consequence, the calculation of Gorfinkiel et al® might not
be definitive in ruling out a FN versus AN rationale for the
discrepancy observed in Fig. 3.

B. Experimental generalized oscillator strengths
and the optical oscillator strength

At T=100 and 200 eV, using the o(T, 6) derived from
their energy-loss spectra, experimental GOS, Gex,(Q), has
been determined for the A 'B, excitation at Sophia Univer-
sity with Eq. (9). The experimental GOS values are listed in
Table III and plotted in Fig. 7.

Based on the information in Table III, an optical oscilla-

tor strength was also determined for the A 'B, excitation.
This was achieved by fitting the experimental GOS with Eq.
(6) using three terms in the expansion. The fitting constants
are tabulated in Table I, and our fit to the 100 and 200 eV
GOS data is plotted as a solid line in Fig. 7.

The experimental OOS for the A lB1 excitation, as de-
rived using the above procedure, is given in Table IV along
with a comparison of some of the results from previous
expen'ments32’40_44’58 and calculations.”** The present
OOS value of f=0.0459+0.0069 is in excellent agreement
with the photoabsorption results from Lee and Suto* and
Yoshino et al.,43’44 and the f sum-rule adjusted value recom-
mended by Berkowitz,”® and in good accord with the high-
resolution dipole (e, e) value from Chan et al.** We therefore

believe that the OOS for the A 'B, excitation of H,0 is well
established. This is important as the OOS represents a good
test™ for any structure calculation seeking to accurately rep-
resent the wave functions for this excitation. In this respect
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TABLE II. Differential cross sections (DCSs) for electron-impact excitation of the A lB1 electronic state of water as functions of the incident electron energy
T. The column heading F refers to Flinders data and S to Sophia data. The percentage uncertainties of the DCS are given in parentheses.

o(6) (1071 cm?/sr)

T=20 eV T=30eV T=40 eV 50 eV
0 (deg) F S F S F S F S
10 93.4 (22.7%) 162 (31%) 167.3 (22.4%) 264 (31%) 248.6 (23%) 384 (31%) 210.1 (20.4%) 288 (31%)
20 31.6 (21.1%) 27.2 (21.8%) 50.2 (31%) 31.4 (19.2%) 16.0 (28.5%)
30 13.3 (19.8%) 7.25 (21.3%) 4.82 (29.5%) 3.5 (21.4%)
40 5.02 (18.8%) 3.51 (27.8%) 2.03 (20.7%) 1.83 (22%)
50 3.44 (19.4%) 2.29 (17.8%) 1.12 (18.8%) 0.92 (20%)
60 2.04 (20.1%) 1.32 (19.5%) 0.85 (19.3%) 0.55 (23.6%)
70 1.63 (20.5%) 1.06 (20.6%) 0.75 (23.5%) 0.45 (27.8%)
80 1.55 (19.7%) 0.96 (30.2%) 0.62 (23.2%) 0.37 (25.2%)
90 1.48 (23%) 0.95 (18.8%) 0.73 (21.8%) 0.45 (24.3%)

we note the very good agreement (see Table IV) between the
present OOS and the calculated length and velocity results
from Phillips and Buenker.”

We were able to fit the GOS data at 7=100 and 200 eV
using the formula of Vriens,” which was designed to repre-
sent the theoretical Born cross sections, and also obtained the
correct OOS at the Q=0 limit. However, the comparison of
experimental and theoretical ICSs indicates that the Born
approximation is still ~10% higher than experiment at T
=200 eV, as is discussed in Sec. IV C.

C. Integral cross sections from the present differential
cross sections

The present integral cross sections for excitation of the

A 1B1 state are listed in Table V and plotted in Fig. 8. Also
included in Fig. 8 are the corresponding calculations from
Gil et al.,9 and Gorfinkiel et al.,8 and the Born and BE-scaled
Born cross sections'® that were determined as a part of the
present study (see Sec. III for details).

In Table V two sets of “present ICS” are given. The first

TABLE III. Present generalized oscillator strength (GOS) vs momentum
transfer square Q defined by Eq. (5). The percentage uncertainties of the
GOS are given in parentheses.

GOS
0 T=100 eV T=200 eV
0.032 52 0.040 52 (15%)
0.047 64 0.038 18 (15%)
0.052 16 0.031 93 (15%)
0.073 26 0.029 48 (15%)
0.078 63 0.031 76 (15%)
0.098 65 0.028 98 (15%)
0.121 19 0.026 11 (15%)
0.1575 0.024 52 (15%)
0.209 95 0.017 31 (15%)
0.251 94 0.017 47 (15%)
0.276 98 0.014 05 (15%)

set is from the application of the molecular phase shift analy-
sis (MPSA) procedure of Campbell e al.®® to the Flinders
DCS, while the second set is an application of Egs. (6)—(10)
to “optimum” DCS constructed by combining the Flinders
and Sophia data at 7=20-50 eV, and from the Sophia data
at 100 and 200 eV. Both these procedures extrapolate the
measured DCS to 0°-180°, prior to integration, to obtain the
required ICS. The experimental DCSs were fitted to analytic
forms using only the first term in Egs. (6) and (10) while the
values of fy=f, o b, and ¢ were determined by least-
squares fitting. The values of these fitted constants used to
obtain integral cross sections are listed in Table VL.

Note that all the A 1B1 DCSs are very strongly forward
peaked, so that the major contributions to the integrand come
from those angular regions where the DCS measurements are
available. The present optimum DCSs, at each energy in the
range of 20—50 eV, were simply constructed by renormaliz-
ing the Flinders data using the ratio between the Sophia DCS
at 10° to the Flinders DCS at 10°. In this sense the ICS

0.1

[%2]

Qo

(V]

008 = 0.0459
0.01 L t
1E-3 0.01 0.1 1
K2 (a.u.)

FIG. 7. (Color online) Experimental generalized oscillator strengths as func-
tions of the momentum transfer squared, Q=(Ka,)>. Squares, Sophia data.
The fit to these data using Eq. (6) is also shown (see Table I for the fitting
constants).
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TABLE IV. Comparison between the present experimental optical limit f of

the GOS for the excitation of the A 1B1 electronic state of water, with a
selection of those from other measurements and calculations. Note that the
theoretical dipole length f; and dipole velocity f, results are both shown.

00S
Source fi f fo
Philips and Buenker (Ref. 39) 0.050 0 0.0576
Bhanuprakash ef al. (Ref. 56) 0.054
Durante et al. (Ref. 57) 0.046
Theodorakopoulous er al. (Ref. 38) 0.065
Diercksen et al. (Ref. 20) 0.020 79
Williams and Langhoff (Ref. 37) 0.036
Buenker and Peyerimhoff (Ref. 36)  0.059 2 0.0779
Wood (Ref. 35) 0.037
Yoshino et al. (Refs. 43 and 44) 0.0460
Chan et al. (Ref. 32) 0.0497
Lee and Suto (Ref. 42) 0.0456
Lassettre and White (Ref. 41) 0.060
Laufer and McNesby (Ref. 40) 0.041
Berkowitz (Ref. 58) 0.0460
Present result 0.0459+0.0069

derived using Egs. (6)—(10) represents an upper bound on the
A 1B1 ICS for the DCS data given in Table II. Similarly, the

MPSA set of ICS represents a lower bound on the A 'B  ICS.
Not surprisingly, there are important differences between the
two sets of present ICS, which simply reflects the range in
possible values for this excitation process given the mea-
sured DCS in Table II. In any event, however, we note that
the two sets of present ICS almost overlap with each other, at
each energy, to within their stated error limits (x25% for the
Flinders data and +31% for the Sophia data).

J. Chem. Phys. 126, 064306 (2007)

0.3 ——T— T
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S / - B Sophia+Flinders
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FIG. 8. (Color online) Comparison of experimental and theoretical integral

cross sections for the excitation of the A 'B, electronic state in water.
Dashed curve, unscaled Born cross section; solid curve, BE-scaled Born
cross sections; open circles, complex Kohn cross section by Gil e al. (Ref.
9); open squares, AN-R matrix cross section by Gorfinkiel et al. (Ref. 8);
upright triangles, experimental data by Lassettre and co-workers (Refs. 64
and 65); filled circle, experimental data from Sophia; filled squares, com-
bined data from Sophia and Flinders; and inverted triangles, data from
Flinders.

D. Integral cross sections from the differential cross
sections by Lassettre

More than 30 years ago, Lassettre and co-workers mea-

sured the DCS of the A 1B1 excitation of H20,41’64’(’5 but they
published their data in the form of experimental GOS using
Eq. (9). Their goal was to determine the optical limit, and
they obtained an average value of f=0.060 from DCSs mea-
sured at 7=300-600 eV. Among these, we used the experi-
mental GOS by Lassettre and Skerbele® at T=300 and
400 eV, and the experimental GOS by Klump and
Lassettre® at =500 eV. The GOS by Klump and Lassettre

TABLE V. Integral cross section (ICSs) for electron-impact excitation of the A 1B1 electronic state of water as a function of the incident electron energy 7.
The column marked MPSA refers to data determined at Flinders using their molecular phase shift analysis procedure, S+ F refers to the ICS derived from the
combined data from Sophia and Flinders using the normalization of the Sophia data o, refers to the BE-scaled Born cross section (see Sec. IIl), og,,, refers
to the unscaled Born cross section from the generalized oscillator strength reported by Bhanupraksh e al. (Ref. 56), Sophia refers to the ICS derived from the
Sophia data, and Lassettre refers to the f-scaled integral cross sections obtained from experimental GOS by Lassettre and co-workers (Refs. 64 and 65). The

percentage uncertainties of the ICSs are given in parentheses.

ICS (10717 cm?)

ICS (10717 cm?)

T MPSA S+F OpE TBom T (eV) Sophia Lassettre OpE TBom
10 0.5457 1.6380 100 1.017 (18%) 0.9718 1.1663
15 1.0260 2.3653 200 0.663 (18%) 0.6590 0.7249
20 0.554 (25%) 1.018 (31%) 1.2293 2.4596 300 0.0507 (10%) 0.5048 0.5385
25 1.3108 2.3603 400 0.0399 (10%) 0.4126 0.4332
30 0.671 (25%) 1.162 (31%) 1.3357 2.2270 500 0.0334 (10%) 0.3507 0.3648
35 1.3324 2.0945 600 0.3062 0.3164
40 0.770 (25%) 1.473 (31%) 1.3143 1.9721 700 0.2724 0.2802
45 1.2885 1.8617 800 0.2458 0.2520
50 0.635 (25%) 1.178 (31%) 1.2588 1.7627 900 0.2243 0.2293
55 1.2273 1.6740 1000 0.2065 0.2107
60 1.1954 1.5943 2000 0.1183 0.1195
70 1.1331 1.4571 3000 0.0846 0.0851
80 1.0746 1.3435 4000 0.0665 0.0668
90 1.0209 1.2479 5000 0.0550 0.0553
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TABLE VI. Constants used to fit experimental generalized oscillator
strengths (GOSs) from the present work and from Lassettre and co-workers
(Refs. 64 and 65) [see Egs. (6), (7), and (10)].

Fitting constants

T (eV) Dipole f=f, o b c
20 0.0132 1.7 0.0029 0.1
30 0.021 1.47 0.0025 0.21
40 0.036 1.31 0.0012 0.13
50 0.035 1.15 0.0006 0.1

100 0.046 1.2

200 0.046 1.3

300 0.060 1.4

400 0.060 1.27

500 0.0675 1.21 0.0009 0.11

covered large enough values of Q to reveal the secondary
maximum in the GOS similar to the one in Fig. 2.

As we have done with the present DCSs, we used our
own fitting to the GOS by Lassettre and co-workers, i.e.,
using only the first term of Eq. (6) for 7=300-500 eV and
Eq. (10) only for T=500 eV while treating f, ?, b, and ¢ as
fitting constants. These fitting constants are also listed in
Table VI. Since the “correct” value of the OOS is f
=0.0460, we applied the f scaling to the ICSs obtained from
the experimental GOS by Lassettre and co-workers. These
f-scaled ICSs from the experimental GOS by Lassettre and
co-workers are included in Table V and Fig. 8.

E. Discussion on integral cross sections

It is clear from Fig. 8 that, over the range of energy
overlap, neither of the R-matrix c::1lculations,7’8 nor the com-
plex Kohn calculation’ (except at 30 eV), nor the present
unscaled Born cross section does a particularly good job of
reproducing the experimental ICS. In the case of the
R-matrix and complex Kohn calculations, possible reasons
for this discrepancy are well canvassed by Gorfinkiel et al®
These include inherent limitations in the AN and FN ap-
proaches, the use of a one-dimensional model to treat the
nuclear motion, and a limitation in the diffuseness of the
wave functions describing the target states. As a consequence
Gorfinkiel et al. noted that the polarizability of the molecule
may not be accurately reproduced so that the quality of the
representation of these states with Rydberg character would
be undermined. Only the present BE-scaled cross section

provides a reasonable description of the A 1Bl ICS for the
energy range of interest, a quite remarkable result given the
complexity of the scattering system and the relative simplic-
ity of this model."* Indeed the present experimental ICSs,
determined from the optimum DCS and Egs. (6)-(9) and
those derived from the earlier data of Lassettre and White,41
agree with the BE-scaled result to typically better than 25%
from 7=20 to 500 eV.

Finally, we note that the results from an experiment by
Harb ef al.% in principle include contributions from the 3B],

3Al, and 'A, states as well as the A 1Bl state. Hence, they
represent an upper bound to the present measurements.

J. Chem. Phys. 126, 064306 (2007)

Nonetheless we do not believe that the extent of the discrep-
ancy in magnitude (about a factor of 20) between the present

A IB1 ICS and that of the data of Harb et al. can simply be
explained by the contributions of the other states. The data of
Harb et al. were placed on an absolute scale using the old
dissociative attachment cross section values of Melton,(’7
which according to Itikawa and Mason® may suffer from a
systematic error. Hence it is possible that this might also
explain, at least in part, the discrepancy between the two
measurements.

V. CONCLUSIONS

We have reported on absolute differential and integral
cross section measurements for electron-impact excitation of

the A 'B, electronic state of water. Independent measure-
ments at Sophia and Flinders were found to be largely con-
sistent with one another (to within their error limits), a point
which gives us further confidence in the present data.

Agreement with existing theoretical calculations was
typically found to be only marginal, the exception to this
being the very good agreement found at the ICS level be-
tween the present data and the BE-scaled Born cross section
calculated as a part of the current study. More theoretical
input is still needed particularly for the differential cross sec-
tions. As is demonstrated in Paper IIT (Ref. 15) on the exci-
tation cross sections of CO, the BE-scaled and BEf-scaled
Born cross sections are in excellent agreement with the new
measurements on CO at Sophia, old measurements at
Flinders, and other experimental data available in the litera-
ture. Together with the evidence on H, presented in Paper I
(Ref. 14) and those on CO in Paper IIL,"° the experimental
and theoretical ICSs in this article clearly establish the valid-
ity of the scaled Born cross sections.

We also derived the optical oscillator strength for the

A 'B, excitation from the X 'A, ground state, which was in
excellent agreement with that from a dipole (e,e)
experiment,32 photoabsorption experiments,“f44 and the
value recommended by Berkowitz.”® Taken as a whole, we
believe that the current theoretical and experimental studies
represent a good first step to addressing the lack of available
electronic-state excitation cross sections highlighted by
Itikawa and Mason.®
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