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Differential and integral cross sections for the valence-shell excitations
in D2O studied by fast electron impact
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The experimental generalized oscillator strengths (GOSs) for the valence-shell excitations of heavy water in
6.50–12.17 eV are determined by fast electron scattering with an incident electron energy of 1500 eV and an
energy resolution of 80 meV. The experimental data of the Ã 1B1 ← X̃ 1A1 transition between H2O and D2O show
significant discrepancies around the minimum, and further theoretical calculations with nuclear effects accounted
are recommended. The comparisons of the present GOSs of Ã 1B1 ← X̃ 1A1 and B̃ 1A1 ← X̃ 1A1 transitions
in D2O with theoretical calculations within the first Born approximation and the second Born approximation
indicate that the higher Born terms become prominent at large momentum transfers. In particular, the GOSs
of the dipole-forbidden transition 1A2 ← X̃ 1A1 are extracted, benefiting from the present high-energy electron
scattering, where most of electronic dipole-forbidden transitions are not involved. By extrapolating the GOSs
to the zero momentum transfer, the optical oscillator strengths for the corresponding dipole-allowed transitions
are determined, which provide an independent cross-check for previous optical measurements. Moreover, the
integral Born cross sections are scaled to an accurate level with the aid of the binding energy–excitation
energy–scaling method. The relevant experimental data in this work can supplement the molecular database
with electron collision data involving heavy water.
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I. INTRODUCTION

Electron collisions involving water molecules are of great
importance in many applied sciences due to their essential
role in biological, atmospheric, and astrophysical environ-
ments. Heavy water (D2O) forms when hydrogen atoms
in water are replaced by deuterium and constitutes the
most important isotopic molecules of water. D2O has many
applications in disease treatment, drug research [1], and
isotope dilution experiments [2]. The discovery of D2O
in the interstellar medium [3] offered an opportunity to
address the earliest phases of star formation by tracing
the deuterium fractionation. Therefore, the knowledge of
electronic structure and cross-section data is valuable for
identifying and modeling D2O in the astronomical environ-
ments. For example, photochemical reactions with deuterated
and nondeuterated water are essential for understanding
the formation and evolution of interstellar molecules [4].
Optical oscillator strength densities, or the equivalent pho-
toabsorption cross sections, are fundamental input data
for calculating the photolysis rates in the planetary at-
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mosphere [5]. The photoinduced fractionation of isotopic
molecules will lead to an unusual [D]/[H] isotopic ratio,
also known as deuterium enrichment, in planetary atmo-
spheres [5,6]. Furthermore, D2O is one of the simplest
triatomic molecules, constituting an ideal system for test-
ing theoretical methods and computational codes. Notably,
isotopic effects usually alter the physical and chemical prop-
erties to some extent, which is also attractive in theoretical
investigations.

The electronic configuration of molecular water in the
C2v ground state is (1a1)2(2a1)2(1b2)2(3a1)2(1b1)2 (X̃ 1A1).
The electronic structure of D2O has been extensively studied
by optical methods [7–10], and photoabsorption cross sec-
tions have been reported by Katayama et al. [11], Gürtler
et al. [12], Lee and Suto [13], and Fillion et al. [14]. Notably,
the most recent cross sections measured by Fillion et al. [14]
differ from the other data significantly. Furthermore, the cal-
culated absorption cross sections for D2O are only available
in the energy range 8.6–9.9 eV [15]. However, the differential
cross sections (DCSs) and integral cross sections (ICSs) for
electron impact excitations in D2O are still not available. Note
that the DCSs or the related generalized oscillator strengths
(GOSs) can provide information on the wave functions of the
initial and final states. The definition of GOS for an electronic
excitation was proposed by Bethe [16] to describe the tran-
sition probability of the inelastic scattering of fast charged
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particles by atoms and molecules as

f (En, K) = 2En

K2

∣∣∣∣∣〈�n|
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exp(iK · r j )|�0〉
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2

. (1)

Here En and K are the excitation energy and momentum
transfer, respectively, �0 and �n are the N-electron wave
functions for the initial and final states, respectively, and r j

is the position vector of the jth electron.
Since GOS is only determined by the electronic structure

of target atoms or molecules, accurate GOS can be used for
precise evaluation of theoretical models and computational
codes. The GOSs of the two low-lying excited states Ã 1B1 and
B̃ 1A1 in H2O have been studied both experimentally and the-
oretically [17–21]. The higher-order Born terms were found
to be appreciable in the GOS profiles around the minimum
[21,22]. By comparing the GOSs between H2O and D2O, the
isotopic effects on the electronic structures and the GOS pro-
files can be evaluated. Moreover, the measured GOS profile
can be analytically expressed with the Lassettre formula by
fitting the data [23–25]. Thus, the optical oscillator strengths
(OOSs) for the corresponding dipole-allowed transitions can
be extrapolated and the Born ICSs can be obtained by inte-
grating the GOSs over the momentum transfer squares. Note
that the Born ICSs are reliable for high impact electron ener-
gies when the Born approximation is valid. The gap between
the low-energy and the high-energy electron scatterings was
bridged by Kim [25,26] with the binding energy–excitation
energy (BE)–scaling method. Since then, the ICSs for the
dipole-allowed transitions have been available from the ex-
perimental GOSs with satisfactory accuracy.

In this work we report the experimental GOSs for the
valence-shell excitations of D2O in 6.50–12.17 eV by high-
energy electron scattering. Absolute measurements were
realized by using the crossed-beam-based relative flow tech-
nique. The OOSs for the corresponding excitations were also
obtained by extrapolating the measured GOSs at the squared
momentum transfer K2 → 0. In addition, the ICSs for the
dipole-allowed excitations were derived according to the BE-
scaling method. In Sec. II the experimental procedures and
data analysis are presented in detail. The experimental data
and comparisons with available data in the literature are dis-
cussed in Sec. III. We summarize the experimental results in
Sec. IV.

II. EXPERIMENT AND DATA ANALYSIS

The high-resolution fast-electron energy-loss spectrometer
used in this work has been described elsewhere [27,28] and
the experimental procedure is outlined briefly here. The inci-
dent electron beam with an energy of 1500 eV is crossed with
the sample at an angle of 90◦. The energy resolution of the
experimental spectrum of 80 meV results from a combination
of the hemispherical monochromator and analyzer, which are
both operated at a pass energy of 25 eV. The rotatable analyzer
facilitates the collection of scattered electrons at several an-
gles between 1.5◦ and 7◦. The relative flow technique [29,30]
enables the absolute normalization of the measured DCSs for
the electronic excitations in D2O. During the measurements,
the gas sample (D2O) is purified by repeated freeze-pump-

thaw cycles, mixed with the calibration gas He at fixed ratios,
and finally is injected into the reaction chamber. The flow rate
for D2O at 4.7 sccm (where sccm denotes cubic centimeter
per minute at STP) is controlled by a MKS vapor source mass
flow controller 1150C, while the flow rates for He (1 sccm
for angles less than 6◦ and 1.5 sccm for 6◦–7◦) are controlled
by a normal MFC flow meter. The background and operating
pressures inside the reaction chamber are about 5 × 10−5 and
5 × 10−3 Pa, respectively.

The spectral intensities from the ground states to the ex-
cited states in D2O and the 2 1P1 state in He are determined
by the least-squares fitting of the measured spectra. Note
that the DCS for the 1s2 1S0 → 1s2p 1P1 transition in He has
been measured and calculated with a high accuracy [31–34].
According to the relative flow technique, the absolute DCSs
for the excitations in D2O can be normalized to the data of
1s2 1S0 → 1s2p 1P1 of He via

dσn(En, θ )

d�
= ṅHe

ṅD2O

√
MHe

MD2O

ND2O(En, θ )

NHe(E2p, θ )

dσHe

d�
, (2)

where ṅ represents the flow rate, M refers to the molecular
mass, and N is the intensity of the corresponding excitation.
Within the framework of the first Born approximation (FBA),
the measured DCS can be transformed into GOS via [35]

f (En, K) = En

2

p0

pa
K2 dσn

d�
. (3)

Here p0 and pa are the magnitudes of incident and scattered
electron momenta, respectively.

The experimental error sources on the measured GOSs
include the finite angular resolution, the angle determination,
the statistical counts, the least-squares fitting, and the absolute
normalization. The total experimental errors are estimated to
be less than 15% for the data at scattering angles less than 6◦
and about 25% for larger scattering angles.

The resulting GOS data are analytically expressed with the
equation

f (En, K) = 1

(1 + x)6

∞∑
m=0

fmxm

(1 + x)m
+ axe−bx. (4)

Here the variable x is the scaled momentum transfer square,
which is defined as x = K2/α2. The scaling factor α2 is
treated as a fitting parameter as proposed by Kim [25,26].
The coefficients fm are fitting parameters in which f0 is the
corresponding OOS for a dipole-allowed transition. The lead-
ing fraction in Eq. (4) is known as the Lassettre formula
[23,24,36], while the exponential function with coefficients
a and b is introduced to reproduce the secondary peak in the
experimental GOS profile.

The analytical expression facilitates the integration of ex-
perimental GOS over the whole momentum transfer square
region. The Born cross section at an incident electron energy
E0 is accessible through the integration

σBorn(E0) = π

E0En

∫ K2
max

K2
min

f (En, K)

K2
dK2. (5)

The lower and upper limits for the integration are K2
min and

K2
max, corresponding to the forward (θ = 0◦) and backward

062817-2



DIFFERENTIAL AND INTEGRAL CROSS SECTIONS FOR … PHYSICAL REVIEW A 105, 062817 (2022)

7 8 9 10 11 12
0

2

4

In
te
n
si
ty
(a
rb
.
u
n
it
s)

Energy loss (eV)

D2O

θ = 1.5°
E0 = 1500 eV

A 1B1

3sa1
1B1

3pa1
1B1

3pb1
1A1

3da1
1B1

4sa1
1B1

3db1
1A1 np

4db1
1A1

5sa1
1B1

4da1
1B1

5db1
1A1

nd5 6 7

678

3db2
1A2 4pb1

1 2 3 4 5 6 7 8 910 111213

Peak number

1A2

B 1A1

FIG. 1. Typical electron-energy-loss spectrum of D2O measured
at an incident energy of 1500 eV and a scattering angle of 1.5◦. Black
dots are the experimental data and solid lines are the fitted curves.

(θ = 180◦) scatterings under the incident electron energy E0.
The Born cross sections are accurate for the high incident
electron energies where the Born approximation is applicable.
However, the Born model usually underestimates the cross
sections at low incident electron energies. The BE-scaling
method based on the binary-encounter model was proposed by
Kim [25,26] to bridge the gap between low-energy and high-
energy scatterings. The BE-scaled ICS data can be derived
according to the expression

σBE(E0) = E0

E0 + B + En
σBorn(E0), (6)

where B is the binding energy of the electron being excited in
an atom or a molecule.

III. RESULTS AND DISCUSSION

A typical electron-energy-loss spectrum of D2O at a scat-
tering angle of 1.5◦ is shown in Fig. 1 with the band
assignments according to Refs. [8,9]. The first feature in
the energy-loss spectrum of D2O is ascribed to the tran-
sition Ã 1B1 ← X̃ 1A1 at around 7.47 eV. The asymmetric
line profile was reproduced by a Pearson IV function [37],
which has been widely used for fitting asymmetric line
shapes, e.g., in electron-energy-loss spectroscopy [38], x-
ray-emission spectroscopy [39], and Raman spectroscopy
[40]. The next feature consists of the dipole-forbidden tran-
sition 1A2 ← X̃ 1A1 [41,42] and the dipole-allowed transition
B̃ 1A1 ← X̃ 1A1 at 9.765 eV. The intensities for the second
band were simulated by two Gaussian functions. Note that
the dipole-forbidden transition 1A2 ← X̃ 1A1 was not ob-
served in earlier optical experiments. The transition energy
and linewidth of 1A2 ← X̃ 1A1 were determined by analyzing
the energy-loss spectra at the large scattering angles since the
transition intensities for the dipole-forbidden transitions are
highlighted at the large momentum transfers. During the least-
squares fitting, the spectral profile for the B̃ 1A1 ← X̃ 1A1

transition was fixed and the profile parameters for the 1A2 ←
X̃ 1A1 transition were treated as fitting coefficients. Similar
treatment was adopted in fitting the energy-loss spectra of
H2O [21]. The averaged transition energy and linewidth for

10-4

10-3

10-2

0.1 1

10-3

10-2

D2O

H2O [21]

FBA [21]

SBA [22]

RPA [18]

G
O
S

A 1B1 X 1A1
(a)

B 1A1 X 1A1

K2 (a.u.)

(b)

FIG. 2. The GOSs for the (a) Ã 1B1 ← X̃ 1A1 and (b) B̃1A1 ←
X̃ 1A1 transitions of D2O, in comparison with the experimental and
theoretical data of H2O [18,21,22].

the 1A2 ← X̃ 1A1 transition are 9.235 and 0.46 eV, respec-
tively, which are close to the ones of H2O (E = 9.12 eV
and �E = 0.43 eV) [21]. The broad spectral profiles of these
transitions originate from their predissociative nature.

The higher-energy side (9.9–12.5 eV) of the energy-loss
spectra stems from the promotions of 3a1 or 1b1 electrons
into the Rydberg orbitals nsa1, npa1, npb1, nda1, ndb1, and
ndb2 (n = 3, 4, 5, . . .). The spectra are extremely complicated
and the vibrational states are strongly overlapped. The transi-
tion assignments for the corresponding bands are presented
in Fig. 1 and listed in Table I. The transition energies are
set equal to the ones from Ref. [9] during the least-squares
fitting. To avoid the uncertainties from the random intensity
allocation between the nearby transitions with very narrow
intervals, the spectra are divided into several bands and the
yielded intensities for the transitions in the corresponding
bands are added up to obtain the total DCSs [22].

A. Low-lying Ã 1B1 and B̃ 1A1 states

The measured GOSs for the Ã 1B1 ← X̃ 1A1 and B̃ 1A1 ←
X̃ 1A1 transitions in D2O are compared with the experimen-
tal and theoretical data of H2O in Fig. 2, since there are
no reference data for D2O. The experimental GOSs have
maxima at K2 = 0 and decrease with increasing K2, which
is a typical characteristic of the dipole-allowed transitions.
The experimental GOSs of Ã 1B1 of D2O are consistent with
the measured data of H2O [21] except for a few data points
around the minimum. The discrepancies around the mini-
mum might be attributed to the isotopic effect between H2O
and D2O. Further theoretical calculations with nuclear effects
accounted for are recommended to elucidate the difference.
The calculated GOS profiles for H2O were implemented by
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TABLE I. Contributed transitions of the corresponding peaks la-
beled in Fig. 1. The excitation energies are adopted from Refs. [8,9].

Band No. Transition Energy (eV)

I 3sa1
1B1(000) 10.00

I 3pa1
1B1(000) 10.01

II 3sa1
1B1(010) 10.10

II 3pa1
1B1(010) 10.14

II 3pb1
1A1(000) 10.17

III 3sa1
1B1(020) 10.26

III 3sa1
1B1(100) 10.31

III 3pa1
1B1(020) 10.27

III 3pa1
1B1(100) 10.30

III 3pb1
1A1(010) 10.33

IV 3pa1
1B1(110) 10.42

IV 3pb1
1A1(100) 10.47

V 3pa1
1B1(200) 10.58

V 3pb1
1A1(110) 10.62

VI 3db2
1A2(000) 10.84

VI 3pb1
1A1(200) 10.73

VII 3da1
1B1(000) 10.99

VII 4sa1
1B1(000) 11.05

VII 3pb1
1A1(210) 10.90

VIII 3da1
1B1(010) 11.12

VIII 3db1
1A1(000) 11.14

VIII 4sa1
1B1(010) 11.20

IX 3da1
1B1(020) 11.25

IX 3da1
1B1(100) 11.27

IX 3db1
1A1(010) 11.28

IX 4sa1
1B1(100) 11.33

X 3sa1
1B1(010) 11.40

X 3pa1
1B1(010) 11.53

X 3pa1
1B1(010) 11.48

X 3pa1
1B1(010) 11.43

X 3pa1
1B1(010) 11.56

X 3pa1
1B1(010) 11.39

XI 3da1
1B1(110) 11.64

XI 3da1
1B1(120) 11.74

XI 4sa1
1B1(110) 12.02

XI 3db1
1A1(100) 11.69

XI 3db1
1A1(110) 11.75

XI 4pb1
1A1(000) 11.83

XII 3db1
1A1(300) 11.98

XII 5pb1
1A1(000) 12.08

XIII 4db1
1A1(100) 11.90

XIII 4db1
1A1(110) 12.08

XIII 5sa1
1B1(000) 11.76

XIII 5sa1
1B1(100) 12.05

XIII 5db1
1A1(000) 12.08

XIII 6pb1
1A1(000) 12.16

using the multireference single- and double-excitation con-
figuration interaction (MRDCI) method within the FBA [21]
and the second Born approximation (SBA) [22], and the
random-phase approximation (RPA) approach within the FBA
[18]. The calculations within the FBA [18,21] agree with
the experimental data for K2 below 1 a.u., while the higher
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FIG. 3. The GOSs for the (a) 1A2 ← X̃ 1A1 and (b) 3db2
1A2 ←

X̃ 1A1 transitions of D2O and H2O. The solid lines are the fitted
results with Eq. (4).

Born terms become prominent around the minimum GOSs
[22]. The simplified model within the SBA [22] significantly
reduced the differences between the experiments and calcula-
tions, while the remaining disagreements may be attributed to
the neglected intermediate excited states in the model and the
contributions from the higher-order Born terms. Furthermore,
it seems that the SBA works better for D2O than for H2O,
especially for the Ã 1B1 state. This might be due to the vibronic
and isotopic effects. Further theoretical calculations with vi-
bronic and isotropic effects are recommended to address this
observation.

The dipole-forbidden transition 1A2 ← X̃ 1A1 cannot be
easily approached by optical methods, while the momentum-
transfer-dependent GOS can provide insight into the transition
moments. The experimental GOSs for the 1A2 ← X̃ 1A1 tran-
sition in D2O are presented in Fig. 3(a) along with the

TABLE II. Optical oscillator strengths for the Ã 1B1 ← X̃ 1A1

and B̃ 1A1 ← X̃ 1A1 transitions in D2O and H2O. The listed data
are multiplied by a factor of 103. The numbers in parentheses are
experimental uncertainties.

Source Ã 1B1 B̃ 1A1

D2O
Present work 54.0(6.0) 74.0(8.0)
Photoabsorption [13] 46.0(5.0) 68.0(7.0)
Photoabsorption [47] 49.8(4.0)

H2O
Electron impact [21] 56.1(6.7) 85.4(10.3)
Dipole (e, e) [48] 49.7 73.2
Photoabsorption [49] 46.0
MRDCI [21] 52.3 85.4
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measured and calculated data for H2O. The experimental
GOSs increase with K2 to reach a maximum at nonzero
momentum transfer and then decrease with K2. The present
GOSs for D2O differ from the ones of H2O prominently while
the data encounter large error bars due to the weak intensities
and the heavy overlap with adjacent transitions. The FBA cal-
culation [18] reproduces the experimental GOS profile well,
and the differences in absolute scale are acceptable due to
its large experimental uncertainties as mentioned above. Note
that the discrepancies between the measured and calculated
GOSs for the dipole-forbidden transitions have also been
found in other targets [43–46]. Figure 3(b) shows the experi-
mental GOS for a higher dipole-forbidden Rydberg transition
3db2

1A2 ← X̃ 1A1 at 10.84 eV along with the fitted curve.
However, the measured GOSs have a maximum at K2 = 0
and decrease with increasing K2, which is typical for dipole-
allowed transitions. The heavy overlap with adjacent bands VI
and VII should account for the abnormal phenomenon, which
has also been pointed out in H2O [22].

The extrapolated OOSs for the Ã 1B1 ← X̃ 1A1 and
B̃ 1A1 ← X̃ 1A1 transitions in D2O are compared with the
available data in Table II. The extrapolations are higher than
the photoabsorption measurements [13] by 17% and 9%, re-
spectively, while error bars can generally make up for the
discrepancies. The latter measurement [47] of the photoab-
sorption cross sections for the Ã 1B1 ← X̃ 1A1 transition is
also in accord with the present extrapolation. The comparisons
are also made with the experimental [21,48,49] and theoretical
[21] data in Table II and general agreement is found between
the data of D2O and H2O.

TA
B

L
E

II
I.

T
he

D
C

Ss
fo

r
th

e
la

be
le

d
pe

ak
s

sh
ow

n
in

Fi
g.

1
an

d
Ta

bl
e

I
(i

n
un

its
of

a2 0
sr

−1
).

T
he

nu
m

be
r

in
sq

ua
re

br
ac

ke
ts

re
pr

es
en

ts
m

ul
tip

lic
at

io
n

by
th

e
po

w
er

of
10

.

θ
Ã

1
B

1
B̃

1
A

1
I

II
II

I
IV

V
V

I
V

II
V

II
I

IX
X

X
I

X
II

X
II

I

1.
5◦

4.
15

[0
]

4.
59

[0
]

3.
24

[−
1]

9.
13

[−
1]

5.
57

[−
1]

6.
06

[−
1]

3.
34

[−
1]

3.
48

[−
1]

9.
14

[−
1]

1.
04

[0
]

5.
67

[−
1]

8.
80

[−
1]

1.
29

[0
]

2.
81

[−
1]

1.
12

[0
]

2.
0◦

1.
78

[0
]

2.
10

[0
]

1.
64

[−
1]

5.
05

[−
1]

2.
99

[−
1]

3.
05

[−
1]

1.
68

[−
1]

1.
80

[−
1]

3.
76

[−
1]

4.
94

[−
1]

2.
36

[−
1]

4.
50

[−
1]

6.
25

[−
1]

1.
50

[−
1]

5.
64

[−
1]

2.
5◦

9.
24

[−
1]

1.
17

[0
]

9.
89

[−
2]

3.
28

[−
2]

1.
58

[−
1]

1.
74

[−
1]

8.
89

[−
2]

8.
99

[−
2]

2.
08

[−
1]

2.
35

[−
1]

1.
43

[−
1]

2.
51

[−
1]

3.
49

[−
1]

9.
04

[−
2]

3.
26

[−
1]

3.
0◦

4.
43

[−
1]

6.
10

[−
1]

5.
88

[−
2]

2.
00

[−
1]

8.
88

[−
2]

1.
02

[−
1]

4.
82

[−
2]

5.
18

[−
2]

9.
65

[−
2]

1.
21

[−
1]

7.
08

[−
2]

1.
50

[−
1]

1.
88

[−
1]

5.
68

[−
2]

1.
87

[−
1]

3.
5◦

2.
17

[−
1]

3.
31

[−
1]

3.
25

[−
2]

1.
19

[−
1]

5.
05

[−
2]

5.
75

[−
2]

2.
87

[−
2]

3.
07

[−
2]

5.
05

[−
2]

6.
28

[−
2]

4.
02

[−
2]

8.
77

[−
2]

1.
10

[−
1]

3.
50

[−
2]

1.
09

[−
1]

4.
0◦

1.
09

[−
1]

1.
86

[−
1]

2.
03

[−
2]

7.
62

[−
2]

2.
90

[−
2]

3.
58

[−
2]

1.
64

[−
2]

1.
84

[−
2]

3.
03

[−
2]

3.
58

[−
2]

2.
16

[−
2]

5.
57

[−
2]

6.
66

[−
2]

2.
23

[−
2]

6.
86

[−
2]

4.
5◦

5.
68

[−
2]

1.
11

[−
1]

1.
32

[−
2]

4.
92

[−
2]

1.
82

[−
2]

2.
20

[−
2]

1.
04

[−
2]

1.
20

[−
2]

1.
77

[−
2]

2.
15

[−
2]

1.
33

[−
2]

3.
66

[−
2]

4.
20

[−
2]

1.
52

[−
2]

4.
44

[−
2]

5.
0◦

2.
43

[−
2]

5.
39

[−
2]

7.
09

[−
3]

2.
83

[−
2]

9.
73

[−
3]

1.
26

[−
2]

5.
58

[−
3]

7.
14

[−
3]

9.
88

[−
3]

1.
14

[−
2]

7.
95

[−
3]

2.
14

[−
2]

2.
42

[−
2]

8.
81

[−
3]

2.
59

[−
2]

5.
5◦

1.
08

[−
2]

2.
86

[−
2]

3.
36

[−
3]

1.
70

[−
2]

5.
28

[−
3]

7.
55

[−
3]

3.
09

[−
3]

4.
37

[−
3]

5.
69

[−
3]

6.
67

[−
3]

4.
24

[−
3]

1.
29

[−
2]

1.
45

[−
2]

5.
31

[−
3]

1.
55

[−
2]

6.
0◦

6.
60

[−
3]

1.
34

[−
2]

1.
56

[−
3]

8.
88

[−
3]

2.
83

[−
3]

4.
23

[−
3]

1.
71

[−
3]

2.
64

[−
3]

3.
54

[−
3]

4.
16

[−
3]

2.
02

[−
3]

7.
32

[−
3]

7.
83

[−
3]

2.
71

[−
3]

8.
45

[−
3]

7.
0◦

6.
82

[−
3]

7.
90

[−
3]

8.
86

[−
4]

4.
77

[−
3]

1.
53

[−
3]

2.
60

[−
3]

1.
18

[−
3]

1.
74

[−
3]

2.
10

[−
3]

2.
38

[−
3]

1.
13

[−
3]

3.
63

[−
3]

4.
25

[−
3]

1.
49

[−
3]

4.
43

[−
3]

062817-5



ZI-RU MA et al. PHYSICAL REVIEW A 105, 062817 (2022)

10-4

10-3

10-2

10-3

10-2

0.1 1

10-3

10-2

(a)

G
O
S

(b)

(c)

K2 (a.u.)

FIG. 5. The GOS for the excitations of D2O in 9.93–12.17 eV.
The peak numbers indicate the transition assignments as shown in
Fig. 1 and Table I. The solid lines are the fitted curves according to
Eq. (4).

The BE-scaled ICS data for the electron impact excitations
to the Ã 1B1 and B̃ 1A1 states of D2O are compared with the
data of H2O [21] in Fig. 4. The derived ICSs for the Ã 1B1 ←
X̃ 1A1 excitation in D2O and H2O are consistent, while the
ICSs for the B̃ 1A1 ← X̃ 1A1 excitation in D2O are more than

TABLE IV. The OOSs for the excitations of D2O in the range
9.93–12.17 eV and the corresponding peaks labeled in Fig. 1. The
listed data are multiplied by a factor of 103. The numbers in paren-
theses are experimental uncertainties.

Band Present work Ref. [11] Ref. [12] Ref. [13] Ref. [14]

I 5.1(0.8) 5.2(0.5)
II 12.0(1.8) 14.0 10.0(1.0)
III 9.5(1.4) 10.0 11.0(1.1)
IV 9.9(1.5) 9.1 11.0(1.1)
V 6.2(0.9) 6.4 5.3(0.5)
VI 6.2(0.9) 5.9 4.5(0.5)
VII 18.0(2.7) 17.0 20.0(2.0) 14.0
VIII 21.0(3.2) 14.0 19.6(2.0) 13.0
IX 11.0(1.7) 11.0 11.0(1.1) 4.6
X 16.0(2.4) 18.5 15.0(1.5) 9.5
XI 25.0(3.8) 22.0 21.0 21.0(2.1) 16.0
XII 5.7(0.9) 5.8 7.6 5.7(0.6) 1.9
XIII 22.0(3.3) 19.4 16.0 16.4(1.6) 13.0
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FIG. 6. Total (a) GOSs and (b) BE-scaled ICSs for the excitations
in 9.93–12.17 eV of H2O and D2O. The gray areas indicate an
estimated uncertainty of 20% on the ICS data.

10% lower than the data of H2O. The discrepancies may be
due to the fitting errors since the 1A2 and B̃ 1A1 states are
overlapped as shown in Fig. 1 and the extracted GOSs for the
1A2 ← X̃ 1A1 excitation in D2O and H2O show a difference
in the magnitude as presented in Fig. 3. Note that a recent
review has compiled the cross sections for electron collisions
with H2O [50]. The BE-scaled ICS for the electron impact
excitation to the Ã 1B1 state in D2O is also compared with
the recommended data of H2O in the review in [50] and the
data of Hargreaves et al. [51] at lower collision energies. The
recommended data at impact energies higher than 20 eV are
10% lower than the present data for D2O. At lower incident
electron energies, the recommendations are much higher than
BE-scaled ICSs. The reason can be attributed to the fact that
the exchange scattering, which contributes a great deal to low-
energy scattering, cannot be accounted for by the BE-scaling
method [25].

B. Higher bands

The measured DCSs for the transitions into higher bands
of D2O are listed in Table III and the derived GOSs are
shown in Fig. 5. The experimental GOSs for the higher bands
have maxima at zero momentum transfer and decrease with
increasing K2, indicating that these bands are dominated by

062817-6
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TABLE V. The BE-scaled ICSs (10−18 cm2) of the corresponding peaks labeled in Fig. 1 of D2O at different electron impact energies. The
uncertainty on the derived ICS data is estimated to be less than 20%.

E0 (eV) Ã 1B1 B̃ 1A1 I II III IV V VI VII VIII IX X XI XII XIII

12 9.11 5.00 0.47 1.69 0.60 0.68 0.29 0.31 0.39 0.41 0.22 0.56 0.38 0.08 0.17
20 13.7 10.7 0.99 3.26 1.37 1.63 0.77 0.84 1.37 1.60 0.89 1.95 2.31 0.82 2.14
30 14.9 12.7 1.13 3.53 1.62 1.94 0.94 1.02 1.86 2.16 1.17 2.38 3.00 1.34 2.74
40 14.7 13.0 1.12 3.42 1.65 1.97 0.96 1.04 2.05 2.36 1.25 2.46 3.18 1.63 2.88
50 14.1 12.8 1.08 3.23 1.61 1.91 0.95 1.02 2.10 2.40 1.27 2.42 3.18 1.76 2.86
60 13.4 12.3 1.02 3.03 1.55 1.83 0.92 0.98 2.09 2.38 1.25 2.34 3.11 1.78 2.78
70 12.7 11.8 0.97 2.84 1.49 1.74 0.88 0.94 2.05 2.32 1.21 2.25 3.02 1.74 2.69
80 12.0 11.3 0.92 2.67 1.42 1.65 0.84 0.90 2.00 2.26 1.18 2.16 2.91 1.68 2.59
90 11.5 10.8 0.87 2.51 1.36 1.57 0.81 0.86 1.94 2.19 1.14 2.07 2.80 1.61 2.48
100 10.9 10.4 0.83 2.37 1.30 1.50 0.78 0.83 1.88 2.12 1.10 1.99 2.70 1.53 2.39
200 7.42 7.24 0.56 1.54 0.91 1.02 0.55 0.58 1.40 1.56 0.80 1.39 1.94 0.99 1.69
300 5.69 5.62 0.43 1.15 0.70 0.78 0.42 0.45 1.12 1.24 0.63 1.08 1.52 0.72 1.32
400 4.65 4.62 0.35 0.93 0.58 0.6 0.35 0.37 0.94 1.03 0.52 0.89 1.26 0.57 1.09
500 3.96 3.95 0.30 0.78 0.49 0.54 0.30 0.32 0.81 0.89 0.45 0.76 1.08 0.48 0.93
600 3.46 3.46 0.26 0.67 0.43 0.48 0.26 0.28 0.71 0.78 0.40 0.66 0.95 0.41 0.82
700 3.08 3.09 0.23 0.60 0.38 0.42 0.23 0.25 0.64 0.70 0.35 0.59 0.85 0.36 0.73
800 2.78 2.79 0.21 0.53 0.35 0.38 0.21 0.22 0.58 0.64 0.32 0.53 0.77 0.32 0.66
900 2.53 2.55 0.19 0.48 0.32 0.35 0.19 0.21 0.54 0.59 0.29 0.49 0.71 0.29 0.61
1000 2.33 2.35 0.18 0.44 0.29 0.32 0.18 0.19 0.50 0.54 0.27 0.45 0.65 0.26 0.56
2000 1.34 1.36 0.10 0.25 0.17 0.18 0.10 0.11 0.29 0.32 0.16 0.26 0.38 0.14 0.32
3000 0.96 0.97 0.07 0.17 0.12 0.13 0.07 0.08 0.21 0.23 0.11 0.19 0.27 0.10 0.23
4000 0.75 0.77 0.06 0.14 0.09 0.10 0.06 0.06 0.17 0.18 0.09 0.15 0.22 0.08 0.18
5000 0.62 0.64 0.05 0.11 0.08 0.08 0.05 0.05 0.14 0.15 0.08 0.12 0.18 0.06 0.15

dipole-allowed transitions. The total GOSs for the excitations
in the 9.93–12.17 eV range for H2O and D2O are consistent,
as shown in Fig. 6(a). The experimental GOSs for corre-
sponding bands are fitted with the Lassettre formula and the
determined OOS data are compared with the photoabsorption
measurements [11–14] in Table IV. The earliest absorption
experiment reported in Ref. [11] includes the three highest
bands and their data agree well with the present extrapola-
tions. The latter measurement [12] reported more relevant
OOSs and the data are consistent with the extrapolations ex-
cept for the OOSs of bands VIII and XIII. The lower OOS
data in Ref. [12] may be due to the second-order light as
addressed by Lee and Suto [13]. The absorption experiments
in Ref. [13] involved all the transition bands in this work
and their data are generally in accord with the present ex-
trapolations considering the respective error bars. The latest
reported data in Ref. [14] are lower than the present extrap-
olations and previous absorption measurements, which might
be attributed to some unknown systematic errors during their
experiment [14].

As mentioned above, the experimental GOS profiles for
the higher bands are characterized as typical dipole-allowed
transitions which are applicable for the BE-scaling method.
The integrated Born cross sections for electron impact excita-
tions in these bands are scaled to an accurate level according
to Eq. (6). The BE-scaled ICS data are listed in Table V and
the total ICSs for the excitations in 9.93–12.17 eV for D2O are
compared with the data of H2O in Fig. 6(b). In fact, electron
impact excitation ICSs in a wide energy range are necessary
input parameters for many applied sciences as the data for
D2O have not been available. The BE-scaling method can gen-
erate reliable ICS data for dipole-allowed excitations based on

credible GOSs [25,26]. The BE-scaled ICSs reported in this
work can supplement the molecular database with electron
impact differential and integral cross sections for D2O.

IV. CONCLUSION

In summary, generalized oscillator strengths for the
Ã 1B1, B̃ 1A1,

1A2 ← X̃ 1A1 excitations and higher Rydberg
transitions in 9.93–12.17 eV of heavy water were determined
by fast electron scattering. The experimental measurements
were performed by using an angle-resolved electron-energy-
loss spectrometer with an incident electron energy of 1500 eV
and an energy resolution of 80 meV. Crossed-beam-based
relative flow technique facilitated the absolute normalization.
The experimental GOSs for D2O were generally consistent
with the data of H2O, while the appreciable discrepancy
around the minimum for the Ã 1B1 ← X̃ 1A1 transition re-
mains unclear. Further theoretical investigations with nuclear
effects are recommended to elucidate the issue. The compar-
isons with theoretical calculations under the FBA and SBA
indicate that the contributions from higher-order Born terms
become prominent for the experimental GOSs around the
minima. Furthermore, the obtained OOSs by extrapolating
the analytical fitted GOSs to K2 = 0 provide an indepen-
dent cross-check to previous photoabsorption and dipole (e, e)
measurements. The BE-scaled ICSs for electron impact ex-
citations were derived according to the analytical GOSs and
the BE-scaling method. The relevant experimental data in this
work can supplement the molecular database with accurate
oscillator strengths and cross sections involving electron in-
teractions with heavy water.
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