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bstract

We report absolute differential and integral cross-sections for excitation of the six lowest lying electronic states in water. The incident electron
nergy for this study was 15 eV and the scattered electron angular range, for the differential cross-section measurements, was 10 − 90◦. Where

ossible comparison of the present cross-sections with the corresponding results from theory is made, the level of agreement between them being
ound to be somewhat marginal.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In our companion papers to the present study, which looked
t differential (DCS) and integral (ICS) cross-sections in the
0–200 eV electron energy range for excitation of the disso-
iative ã3B1, Ã1B1, b̃3A1 and B̃1A1 electronic states [1,2], an
xtensive rationale for why electron impact studies on water are
mportant was made. As a consequence we do not repeat that
etail here except to note that electron collisions are fundamental
rocesses in many phenomena involving water molecules [3].

A very nice summary of the available cross-sections for elec-
ron scattering from water (H2O) was provided in the review
f Itikawa and Mason [3], who noted that ‘to date no electron

eam measurements have reported absolute values of the (elec-
ronic state) excitation cross-sections of H2O’. The earlier work
f Thorn et al. [1,2] and the present investigation have thus
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ought, to some extent, to address this issue. From a theoret-
cal perspective, however, there are significantly more results in
he literature. These include the complex Kohn results from Gil
t al. [4], a Schwinger multichannel [5] result for the b̃3A1 state,
istorted wave computations again for the b̃3A1 electronic state
6,7] and some R-matrix results [8,9]. It is important to note
hat where there is overlap between the various theory DCS and
CS, they generally do not agree well with one another. This
oint provided further motivation for our current work.

Contrary to our description above for electron scattering from
2O, there have been significant theoretical and experimental

tudies looking at the spectroscopy of the electronic states in
ater [1,2]. As we have noted and discussed these studies pre-
iously in Thorn et al. [1,2] we do not do so again here, except
o highlight the pioneering energy-loss work from Trajmar et al.
10] and Chutjian et al. [11]. All these spectroscopic studies were
ital in enabling us to deconvolve the respective electronic-state
ontributions to our measured energy-loss spectra, with a sum-

ary of these earlier spectroscopy investigations being found in
able 10 of Itikawa and Mason [3].

In this paper we extend our DCS and ICS measurements for
he 3B1, 1B1, 3A1 and 1A1 electronic states down to an electron
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Fig. 1. Typical energy-loss spectrum for electron impact excitation of the elec-
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nergy of 15 eV. In addition, we report the first cross-sections for
xcitation of the 3A2 and 1A2 electronic states. In the next sec-
ion a very brief description of our measurement techniques and
nalysis procedures is given. Thereafter our results and a dis-
ussion of these results, including comparison to theory [4–9],
s made. Finally some conclusions from our study are given in
ection 4.

. Experimental details

As most of the measurements reported here were made at
linders University, and as the Flinders apparatus and proce-
ures have been described many times before, only the most
alient details of the Flinders-based spectrometer are provided.
lease see reference [1] for a description of the Sophia University
pparatus and methodology.

An electron monochromator [12] was utilised to perform our
nergy-loss measurements. Here a beam of H2O, effusing from
molybdenum tube of 0.6 mm internal diameter, is crossed with
15 eV beam of electrons. Elastically and inelastically scattered
lectrons at a given scattering angle (θ) are energy analysed and
etected. The typical energy resolution of the monochromator
as ∼ 50 meV (FWHM), with incident beam currents into the

nteraction region being ∼ 2 nA. The true zero scattering angle
as determined as that about which the elastic scattering inten-

ity was symmetric, with the estimated error in this procedure
eing ±1◦. The electron energy scale was calibrated against
he 22S resonance in helium at 19.367 eV, and is thought to be
ccurate to better than 50 meV.

For our 15 eV incident electrons, energy-loss spectra were
ecorded at each θ over the range �E ∼ −0.5 to 10.5 eV. A
ypical spectrum, with the elastic peak suppressed for clarity, is
lotted in Fig. 1. These spectra were collected by ramping the
nalyser in an energy-loss mode in conjunction with a multi-
hannel scaler, which stored the scattered signal as a function
f energy loss. These data are now transferred to a Dec Alpha

orkstation for analysis. Each spectrum is then deconvolved
y a computer least-squares fitting technique whose function is
imilar in detail to that of Nickel et al. [13], although adapted
o accommodate the particular spectroscopy of H2O [1,2](see

T

R

able 1
resent 15 eV differential (×10−20 cm2/sr) and integral (×10−20cm2) cross-sections
lectronic states in water

(◦) DCS (×10−20cm2/sr)

ã3B1 Ã1B1
3A2

0 217.02 (49.40) 307.26 (65.88) 51.61 (11.08)
0 79.65 (14.91) 123.47 (23.43) 11.89 (2.72)
0 48.20 (11.39) 79.20 (23.52) 7.12 (4.41)
0 23.16 (4.33) 34.06 (6.11) 6.81 (1.96)
0 19.56 (3.55) 22.63 (4.20) 7.43 (1.50)
0 15.87 (3.38) 16.22 (3.50) 6.67 (1.44)
0 15.41 (2.91) 13.53 (2.52) 6.25 (1.29)
0 12.80 (2.43) 10.73 (1.87) 5.37 (0.95)
0 8.06 (1.43) 6.71 (1.34) 3.11 (0.71)

CS 208.93 (44.27) 259.03 (61.19) 55.79 (21.08)

he absolute errors on the data are given in the parentheses.
ronic states of water. Eo = 15 eV and θ = 50◦. Note that the elastic peak has
een suppressed for the sake of clarity. Also shown in this figure is our spectral
econvolution of this energy-loss spectrum.

lso P.A. Thorn, Ph.D. Thesis, Flinders University, 2008, unpub-
ished.). It should hence be apparent that an understanding of the
pectroscopy of the electronic states of H2O is absolutely crucial
n this deconvolution process, for example to assign the peaks
n the energy-loss spectra and to determine their respective pro-
le shapes and widths. A comprehensive survey (see references
12–30] in reference [2]) on the spectroscopy of H2O was there-
ore undertaken by Thorn (P.A. Thorn, Ph.D. Thesis, Flinders
niversity, 2008, unpublished.), and this knowledge was used

o fix as many of the deconvolution variables as was possible.
n example of our spectral deconvolution is also given in Fig. 1.
ote that as the respective line profiles of the ã3B1 and Ã1B1

tates are asymmetric [2,14], two symmetric Gaussian functions
ere required in the fit to correctly represent their form (see
ig. 1). In practice the fitting procedure yielded the ratio of the
CS for the inelastic feature of interest (n′ = 3B1, 1B1, 3A2,

A2, 3A1, 1A1), σn′ (15 eV, θ), to the elastic DCS σo (15 eV, θ).

hat is:

n′ (15 eV,θ) = σn′ (15 eV,θ)

σo(15 eV,θ)
. (1)

for electron impact excitation of the ã3B1, Ã1B1, 3A2, 1A2, B̃1A1 and b̃3A1

1A2 b̃3A1 B̃1A1

21.41 (5.63) 42.04 (8.86) 37.24 (8.69)
12.38 (3.14) 16.70 (3.23) 15.49 (2.91)

9.63 (4.49) 10.93 (4.76) 6.04 (4.70)
6.77 (1.41) 8.15 (1.59) 5.20 (1.32)
4.70 (0.97) 5.78 (1.04) 3.29 (0.90)
4.30 (1.23) 4.20 (0.85) 2.96 (0.58)
4.19 (0.78) 3.90 (0.89) 3.05 (0.55)
3.08 (0.54) 3.36 (0.59) 2.23 (0.49)
1.57 (0.28) 2.00 (0.41) 1.29 (0.43)

61.67 (30.75) 48.71 (12.75) 37.35 (13.64)
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Fig. 2. Differential cross-sections for electron impact excitation of the Ã1B1

electronic state in H2O. (a) Eo = 15 eV with (×) present Flinders data, (♦)
present Sophia data, (—) calculation by Gil et al. [4] and (- - -) calculation of
Gil et al. [4] scaled by 0.2. (b) E = 20 eV with (×) Thorn et al. [1] data from
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t follows from Eq. (1) that the product Rn′ (15 eV,θ) ×
o(15 eV,θ) gives the required electronic-state DCS provided
o(15 eV,θ) is known. As was the case with our initial water stud-

es [1,2], our preferred elastic H2O differential cross-sections
re those from Cho et al. [15]. Eq. (1) is only valid if the trans-
ission response of the analyser remains constant, or is well

haracterised, over the energy loss and angular range studied. In
his work we characterised the analyser response following the
pproach of Allan [16].

Care was also paid to the identification and quantification of
ll possible sources of error with our work, more details being
ound in Thorn et al. [1]. In this study the overall errors in our
CS typically ranged from ∼ 20 to 50%, depending on the elec-

ronic state and scattering angle of interest. The errors on our
CS were typically in the range ∼ 21 − 50%.

. Results and discussion

The present 15 eV differential and integral cross-sections for
xcitation of the 3B1, 1B1, 3A2, 1A2, 3A1 and 1A1 electronic
tates of water are listed in Table 1. A selection of these data, and
ny relevant corresponding theory, are also plotted in Figs. 2–6
.

Considering Fig. 2(a) in more detail, we see that the inde-
endently measured present Flinders and Sophia 1B1 DCS are
n good agreement to within their respective uncertainties. Also
lotted in this figure is the 1B1 complex-Kohn theory DCS from
il et al. [4]. It is clear from Fig. 2(a) that the theory overesti-
ates the magnitude of the DCSs across all common θ. However,
hen the theory is scaled by a factor of 0.2 good shape agreement

s found between the measurements and this scaled calculation.
n Fig. 2(b) we plot the earlier 20 eV result from Thorn et al.
1]. In this case the theory scaling factor, to achieve good agree-
ent between the measurements and calculation, is now 0.5. As

he target description for the 1B1 electronic state is the same at
oth 15 and 20 eV, we surmise that the complex-Kohn scattering
echanism description is more physical at 20 eV compared to

5 eV.
In Fig. 3(a) we now plot the present 15 eV 1A1 electronic-

tate DCSs, while in Fig. 3(b) the corresponding 20 eV results
rom Thorn et al. [2] are shown. In both cases the relevant theory
rom Gil et al. [4] is also shown. A similar story as to that just
escribed above for the 1B1 state is also applicable for the 1A1
tate. Note, however, that the scaling factors required to give
ualitative agreement between our 1A1 DCS measurements and
he theory of Gil et al. [4] are now much more significant (0.015
t 15 eV and 0.03 at 20 eV [2]). If we now concentrate on the
5 eV data alone, then is it apparent from Figs. 2(a) and 3(a) that
he 1B1 scaling factor is only 0.2 while the 1A1 scaling factor
s 0.015. As the reaction description, at least to first-order, is
quivalent for both states at the common energy, we believe
his significant difference in the scaling factors reflects that the
B1 target description of Gil et al. is superior to their 1A1 target

escription. Rescigno (T.N. Rescigno, personal communication,
006) had previously noted that many of the electronic states in
ater had both Rydberg and valence character. As a consequence
e believed they would be difficult to characterise properly with

t
w
i
w

o

linders, (♦) Thorn et al. [1] data from Sophia, (—) calculation by Gil et al. [4]
nd (- - -) calculation of Gil et al. [4] scaled by 0.5.

he relatively simple description of the target used in Gil et al.
4]. He also noted that some states in Gil et al. would be better
escribed than others, with the results in Figs. 2 and 3 clearly
upporting that notion.

We believe Fig. 4 represents the first time that any differential
ross-sections have been reported, for electron impact excitation
f the 1A2 and 3A2 electronic states. The angular distribution for
he 1A state (Fig. 4(b)) is in general strongly forward peaked,
2
hile (excluding the point at 10◦) that for the 3A2 state (Fig. 4(a))

s less so. The point at 10◦ in the 3A2 DCS is interesting, as we
ould not have intuitively expected a triplet state to be forward
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Fig. 3. Differential cross-sections for electron impact excitation of the B̃1A1

electronic state in H2O. (a) Eo = 15 eV with (×) present Flinders data, (—)
calculation by Gil et al. [4] and (- - -) calculation of Gil et al. [4] scaled by 0.015.
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Fig. 4. Differential cross-sections for 15 eV electron impact excitation of the (a)
3 1

a

b
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e
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(
m

w
molecular phase shift analysis (MPSA) procedure of Campbell
b) Eo = 20 eV with (×) Thorn et al. [2] data, (—) calculation by Gil et al. [4]
nd (- - -) calculation of Gil et al. [4] scaled by 0.03.

eaked after excitation from a singlet ground-state. Thus, despite
ur best endeavours, the 3A2 DCS at 10◦ may in fact be suffering
rom some 1A2 contamination. Certainly some theory would be
articularly welcome here to further establish the shape of the
A2 angular distribution.

In Figs. 5 and 6 we respectively plot the present ICS for the
B1 and 3A1 electronic states. Also shown are the previous data
rom Thorn et al. [2] and the results of the theoretical calculations
f Gil et al. [4], Pritchard et al. [5], Lee et al. [6,7], Morgan [8]

nd Gorfinkiel et al. [9]. In both cases all the relevant theories
learly overestimate the magnitude of the experimental ICS, at
ll common energies. This result is consistent with what would

e
1
t

A2 and (b) A2 electronic states in H2O. The (×) present data from Flinders
re shown.

e anticipated on the basis of the corresponding DCS data. While
oth these ICS are largely featureless, we thought it important
o extend the measured ICS data base to closer to the respective
lectronic-state thresholds. The rationale for this follows from
ur foreshadowed atmospheric modelling and electron transport
swarm) phenomena studies [17], where near-threshold effects
ay be important.
The present 15 eV integral cross-sections, as listed in Table 1,

ere determined from the corresponding DCS data using the
t al. [18]. This process extrapolated the measured DCS to 0◦ and
80◦, before the usual integration was performed. Full details of
his procedure, including safeguards to ensure unphysical results
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Fig. 5. Integral cross-sections (cm2) for electron impact excitation of the ã3B1

electronic state in H2O. (×) Presents data, (+) data of Thorn et al. [2], (—)
calculation of Gil et al. [4], (- — -) calculation of Gorfinkiel et al. [9] and (- - -)
calculation of Morgan [8].

Fig. 6. Integral cross-sections (cm2) for electron impact excitation of the b̃3A1

electronic state in H2O. (×) Present data, (+) data of Thorn et al. [2], (—)
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alculation of Gil et al. [4], (- — -) calculation of Gorfinkiel et al. [9], (- - -)
alculation of Morgan [8], (· · ·) calculation of Lee et al. [6,7] and (· - ·) calculation
f Pritchard et al. [5].

re avoided, can be found in Campbell et al. [18] and so are
ot repeated here. Note, however, that Tennyson (J. Tennyson,

ersonal communication, 2007.) recently found, for the case of
lastic scattering in water, that the MPSA sometimes underes-
imated the ICS by as much as 30%, due to the very strong
orward angle peaking in the elastic DCS. This is an important

[

[
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oint which needs to be borne in mind when considering the ICS
ata of Table 1.

. Conclusions

We have reported absolute 15 eV differential and integral
ross-sections for electron impact excitation of the 3B1, 1B1,
A2, 1A2, 3A1 and 1A1 electronic states in water. Where compar-
son with theory at the DCS-level was possible, good qualitative
shape) agreement was found. However, the magnitude of the
omplex-Kohn calculations [4] was consistently larger than our
CS measurements. A similar picture also holds at the ICS-

evel where, over the common energy regime, all the theories
4–9] overestimate the magnitude of the relevant cross-sections.
he present study, when combined with the results of Thorn
t al. [1,2], suggest that current theoretical target descriptions
eed to be improved. Note, however, we fully concede that
uch improvements are likely to be non-trivial. Nonetheless, a
enewed theoretical effort into the electronic-state excitation of
ater by electrons would be welcome.
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