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Electron-impact excitation integral cross sections play an important role in understanding the energy transfer processes
in many applied physics. Practical applications require integral cross sections in a wide collision energy range from the
excitation threshold to several keV. The recently developed BE-scaling method is able to meet the demands of integral cross
sections for dipole-allowed transitions while the prerequisite relies on the accurate generalized oscillator strengths. Fast
electron and x-ray scatterings are the conventional experimental techniques to approach the generalized oscillator strengths,
and the joint study by both methods can provide credible cross-checks. The validated generalized oscillator strengths can
then be used to extrapolate optical oscillator strengths by fitting the data with the Lassettre formula. The fitted curve also
enables the integration of generalized oscillator strengths over the whole momentum transfer region to obtain the BE-scaled
integral excitation cross sections. Here, experimental measurements by both fast electron and x-ray scattering of argon and
carbon dioxide are reviewed. The integral cross sections for some low-lying states are derived from the cross-checked
generalized oscillator strengths for the first time. The integral cross sections presented in this paper are openly available at

https://doi.org/10.11922/sciencedb.01466.
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1. Introduction

The demand of scattering data for atoms and molecules
has been increasing in many fields!' ! including astrophysics,
plasma science, physical chemistry, radiation damage, etc.
Accurate integral cross sections (ICSs) for electron impact ex-
citations play an important role for modeling in the applied
physics. For example, accurate excitation cross sections can
produce reliable electron transport parameters for collisional-
radiative models'>®! and thus the quality of their output can
be ensured. The models require not only the low-energy
cross sections but also the high-energy cross sections. The
low-energy case infers to low-temperature plasmas, which are
widely spread in the Earth’s ionosphere, interstellar clouds,
gaseous discharges and the edge of fusion plasmas.!”-8] The
energy transfers from the electrons to atoms or molecules dur-
ing inelastic collisions are the dominate cooling mechanism
of thermal electrons. The heating source from external ra-
diations and internal cooling generate the balanced Maxwell
distributed electron energies. Furthermore, the electron im-
pact excitation and following radiative decay or dissociation
dominate the balance and radiation in a plasma. The high-
energy cross sections, for example, are needed for applications
in laser systems with amplifier cells pumped by high-energy
electron beams. Thus, atomic and molecular ICS data over an
extensive impact energy range are required for plasma model-
ing in different situations.
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The ICS at specific impact energies could be determined
by integrating the measured differential cross sections (DCSs)
over the scattering angles. However, to generate an exten-
sive ICS database via experimental measurements remains a
challenge task. On the one hand, the DCSs at 0° and 180°
are not accessible except for the rarely used magnetic angle
changers.[®) The DCSs from froward and backward scatter-
ing in the crossed-beam measurements are usually obtained
from extrapolating, which results in large uncertainties (usu-
ally higher than 30%) on the ICSs. On the other hand, the huge
atomic and molecular database should be comprehensive, i.e.,
the data for different targets with an extensive electron energy
range are necessary. However, experimental measurements
usually cost much and are sometimes problematic with ab-
solute scales. The access to an answer can be that efficient
theoretical calculations generate most of the data while exper-
imental measurements constitute as a supplement. However,
reasonable approximations are usually necessary for theoreti-
cal models to improve the feasibility or efficiency. These ap-
proximations would more or less introduce some inevitable er-
rors. In addition, theoretical calculations are often restricted to
high-energy (e.g., perturbative Born-type) or low-energy (e.g.,
non-perturbative close-coupling type) collisions. Therefore,
accurate experimental measurements can serve as benchmarks
for testing the theoretical models and computational codes.
In other words, reliable experimentally measured atomic and
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molecular data with cross-checked methods are quite neces-
sary not only for filling up the database but also for bench-
marking theoretical calculations.

In the early years, pioneering electron collision experi-
ments promoted the development of quantum scattering the-
ory, including the well-known Bethe-Born approximation.
The Bethe theory which describes the inelastic collisions of
fast charged particles with atoms and molecules was reviewed
by Inokuti.l'% The fruitful efforts in the past decades bene-
fited from the improvements of experimental techniques and
particle detection systems, such as the crossed-beam method,
the position-sensitive detectors and the relative flow technique.
It should be noted that the x-ray scattering experiments were
limited by the extremely low cross sections and x-ray lumi-
nance in the early days but facilitated by the advanced third
generation synchrotron radiations. The development of x-ray
scattering method in atomic and molecular physics and its out-
put have been recently summarized by Wang and Zhu.['!l At
the present stage, both fast electron and x-ray scattering can be
utilized to generate atomic and molecular data. The joint ex-
perimental and theoretical investigations not only deepen our
understanding on the collision mechanisms but also fill up the
atomic and molecular tables with credible data.

The requirements of the atomic and molecular ICSs are
far from met due to the difficulty in evaluating accurate data
over a wide energy range. Owing to the effort of Kim,!!>!3]
the BE-scaling method was developed and the ICS data for the
electron-impact dipole excitations from the excitation thresh-
old to an extended impact energy range could be produced
with a satisfying accuracy. The gap between low-energy and
high-energy electron scattering can thus be bridged since then.
Nevertheless, the prerequisite of the BE-scaling method is the
reliable generalized oscillator strengths (GOSs). Nowadays,
reliable GOSs could be obtained via comparative studies of
fast electron and x-ray scattering.!!!! By following up with the
Lassettre formula, the optical oscillator strength (OOS) could
be determined by extrapolating the measured GOS to its limit
at zero momentum transfer. The cross-check between the ex-
trapolated OOS and photoabsorption or dipole (e, €) measure-
ments could further eliminate possible systematic errors, i.e.,
consistent OOS data will confirm the reliability of the mea-
sured GOS in turn. Moreover, the fitted curves are also re-
quired to integrate GOS over the whole momentum transfer
region for Born cross sections and BE-scaled ICSs. The es-
tablished BE-scaling method and its applications have been
reviewed by Tanaka er al.!'*! recently.

Here, the methods of fast electron and x-ray scattering
experiments with atoms and molecules used in our group are
reviewed. We take argon and carbon dioxide as examples to
illustrate the experimental methods, data processing and the
final results. The BE-scaled ICSs of the low-lying dipole-

allowed states are reported for the first time from the cross-
checked GOSs by electron and x-ray scattering methods. The
paper is organized as follows. In Section 2, we present the
experimental techniques and the data processing. The exam-
ple results of argon and carbon dioxide are presented and dis-
cussed in Section 3. Finally, we give a general summary and
outlook as a concluding remark in Section 4.

2. Methods

Electron scattering Electron energy loss spectroscopy
(EELS) is generally used to measure the DCSs of atoms and
molecules. The experiments are performed with an angle-
resolved electron energy loss spectrometer, consisting of an
electron gun with a hemispherical monochromator, an inter-
action chamber for electron collisions and a position-sensitive
detector following a hemispherical analyzer. The sketch view
of the experimental setup is presented in Fig. 1. The rotat-
able analyzer enables the collection of scattering electrons at
different angles and the multi-channel measurement enhances
the collection efficiency for measurements at large scattering
angles. During the measurement, the incident electron beam
crossed with the gas sample diffused from a nozzle and the
scattering electrons were collected by the analyzer and de-
tected by the microchannel plate. For absolute measurement,
relative flow technique was adopted by injecting helium and
sample gas with a fixed ratio simultaneously. Thanks to the
accurate experimental and theoretical GOSs of the 2'S and
21P states for helium, the measured GOSs for samples can
be normalized to an absolute scale with an improved accu-
racy. The crossed-beam technique with a gas nozzle offers a
lower background pressure and a shorter interaction length in
the collision region. Hence, the multi-scattering signals due to
the pressure effect can be eliminated.
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Fig. 1. Sketch view of the electron energy loss spectrometer.

X-ray scattering Non-resonant inelastic x-ray scatter-
ing (NRIXS) was widely used in condensed matter physics
while its applications with gaseous samples were limited by
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its extremely low cross sections. With the development of ad-
vanced detection techniques and third generation synchrotron
radiations, NRIXS has been extended to atomic and molecular
physics.[!5-171 The sketch view of the NRIXS setup is pre-
sented in Fig. 2. The x-ray scattering experiments were per-
formed at the BL12XU at the SPring-8 with an incident photon
energy of about 10 keV. The high-pressure gas was sealed in a
gas cell to enhance the scattering signals. The major advantage

Monochromator

—

Undulator

Detector

I Gas cell

of NRIXS is that the first Born approximation (FBA) is always
applicable for x-ray scattering but fails for electron scattering
in some cases. 1018191 In other words, NRIXS can serve as a
high-energy limit for fast electron scattering where the FBA
should describe the scattering behaviors well. The compara-
tive study can certainly point out the cases where the FBA fails
for electron scattering and the resulted GOSs constitute a set
of benchmark data.

w & fIncident x—rayl

Beam slit

Analyzer

Fig. 2. Schematic diagram of non-resonant inelastic x-ray scattering.

2.1. Data analysis

In the framework of the FBA, the measured DCSs of elec-
tron and x-ray scattering are related respectively with the GOS
via

E, pi 2 do
Ean =——K-{-5]. 1
e ) =520 (45) 0

2E, 1 o; 1 do
E,K)="2_"_ — . [—]). 2
f(En K) K? 1} o |- €52 (d.Q)y @

Here, f(E,, K) is the momentum transfer dependent GOS. E,,
and K are the excitation energy and momentum transfer. p;
and py are the magnitudes of the incident and scattered elec-
tron momenta. r is the classical electron radius. @; and @y
are the incident and scattered x-ray photon energies. The fac-
tor |€; - e;‘. |? equals to cos” @ for linear polarized photons with
polarization direction in the horizontal scattering plane. Actu-
ally, the GOS for a definite transition in an atom or molecule
can be expressed as

2E, N ?
fEnK) =" (%] Y exp(iK ;) %) , 3)
j=1

K2
where ¥ and ¥, are the wave functions for the initial and final
states while 7 is the position vector of the j-th electron.
The measured GOS can be extended to its limit at
zero momentum transfer by following up with the Lassettre

formulal20:21]

1 & fu"
)3

f(KvEn): (1+x)6 = (1+x)m'

“)

Here, x = K?/o? is the modified momentum transfer square
with a fitted scale a>. The intercept (fp) of the fitted curve
comes to the corresponding OOS for a dipole-allowed transi-
tion.

The demand of the ICS data over a broad energy range
was not satisfied until Kim!'3! proposed the BE-scaling
method based on the plane-wave Born models. The ability to
produce reliable ICS data at low impact energies not only sup-
plies abundant required data but also bridges the gap between
low-energy and high-energy electron scattering. The equation
was written as
— Eo
~ Ey+B+E,

Here, B is the binding energy. Opom(Ep) is the Born cross

OBE (EO) OBorn (EO) (5)

section at the incident electron energy E,

n (Ko f(KE,)

OBorn (E0) = dK? 6
Born( 0) EOEn Kl?ﬂin K2 ) ( )
where Kﬁlm and K2, are the lower and upper limits of the

momentum transfer square, i.e., corresponding to the forward
scattering at 6 = 0° and backward scattering at 6 = 180°.

3. Results

The joint electron and x-ray scattering studies with atoms
and molecules have produced a lot of valuable data, includ-
ing GOSs, 00Ss and ICSs.[?>25] We will take atomic argon
and molecular carbon dioxide as examples. The GOSs of the
low-lying states for argon have been reported before. [!9-26-281
Here we only present the extrapolated OOSs and BE-scaled

ICSs for comparison with the available data in literature. The
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associated data for carbon dioxide of the low-lying features
are also discussed. The typical electron and x-ray energy loss
spectra of argon and carbon dioxide at selected angles are pre-
sented in Fig. 3. The scattering experiments were performed at
an incident electron energy of 1500 eV and an x-ray energy of
about 10 keV, respectively. The energy resolutions are about
70-90 meV.

800 L (@) Ar EELS@6" FWHM =90 meV (c) CO, EELS@L.5° FWHM =70 meV
L - N

= . 3000
[a\}
= =
600F @ X
120 &
[xel °m
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2 WaVAY
3
-0 # : 0
=t (b) Ar IXS@13° FWHM = 70 meV 5° 300
2 120+ o
2
g 100

80

60
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20

13.00 13.50
Energy loss (eV)

=o

10.6 11.0 11.4
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Fig. 3. The energy loss spectra of fast electron and x-ray scattering at
selected angles. The dots are the measured data while the lines are the
fitted curves. Note that the bold gray lines are the total fitted curves and
the thin ones are for the isolated transitions.

3.1. Argon

The noble gas argon is widely distributed over the uni-
verse and also an important medium in gas electronics.
Atomic data associated with electron or x-ray scattering pro-
cesses are crucial for deriving the elemental abundance in
the astrophysical observed spectra and for modeling in low-
temperature plasmas. The GOSs or the equivalent inelas-
tic squared form factors (ISFFs) of the valence-shell exci-
tations below 15 eV for argon were studied by both fast

[19.26-28] and x-ray[?! scatterings. Note that the ear-

electron
lier experiments by Ji et al.'*®! and Zhu et al.?"-?8! were per-
formed with gas cells while crossed-beam method with gas
nozzle was adopted in the recent measurement!'”! to improve
the accuracy. In addition, theoretical approaches with the
Hartree—-Fock method,?%! random phase approximation with
exchange (RPAE),[3! relativistic distorted wave (RDW),[32!
eigenchannel R-matrix method,?3! etc, have also been applied
in the calculations of oscillator strengths or cross sections for
argon. The detailed comparisons between the experimental
data and theoretical calculations have been made in the previ-
ous publications.[1%-2]

The comparative study of electron and x-ray scattering
suggested that the FBA is not applicable for the electron scat-

tering around K2 = 1 a.u. of the 4s[3/2]; and 4s'[1/2]; states,

even with the incident electron energy of 1500 eV.!'”! In other
words, the higher Born terms dominate the GOSs at the min-
imum in the electron scattering whereas theoretical calcula-
tions under the FBA can describe the x-ray scattering well.
In order to evaluate accurate ICS data with the BE-scaling
method, we pick up the x-ray scattering data and the recent
electron scattering data away from the minimum for curve fit
with the Lassettre formula as presented in Fig. 4. The extrap-
olated OOSs are compared with the previous available experi-
mental and theoretical data in Fig. 5. Note that the advantages
and difficulties of various experimental methods to determine
00Ss were commented by Chan et al.>* The lower extrap-
olated data by Li et al.'*! can be rooted from their measured
GOSs at 400 eV and 500 eV, where the higher Born terms
might come in. The accordance between the present data with
the dipole (e, ¢)P*37! and dipole (7,7)*) as well as the life-
time measurements>*4" within the uncertainties confirms the
reliability of the measured GOSs. The self-absorption[4!~#4]
and pressure-broadening profile!*~*8] methods are not the rec-
ommended experimental approaches for evaluating reliable
OOS. Theoretical calculations with the relativistic many-body
perturbation theory (RMBPT)[**! and BSRPY! method gener-
ated consistent data with the accurate experimental measure-
ments while the recent RDW 32! calculation yielded a higher
value for the 4s[3/2]; state and a lower value for the 4s'[1/2];

state.
4s[3/2]1
102
wn
o
0 -3
107°F o EELS datall?
o IXS datal29]
Curve fit
1o confidence band
10-4L L
4s'[1/2
. [1/2]:
n 102 Fitted parameters
o) 5B/2 a1/
) a2 3.94 2.95
103 L fo  0.0638 0.245
£ —0.456  —0.847
> 0842  —0.183
fs 0 6.66
10—4 1 1
0.01 0.1 1 10
K? (a.u.)

Fig. 4. GOSs of the 3p°4s[3/2]; and 3p>4s'[1/2]; states in Ar from the
EELS['%) and IXS!?! measurements. The solid lines are the fitted curve by
Lassettre formula and the shaded areas indicate the confidence band at 16
level. It should be noted that the opened circles are the data points neglected
during the fit since they are dominated by the higher-Born terms.

Electron impact excitations to the 4s[3/2]; and 4s'[1/2];
states have been extensively studied while the measured ICSs

were only available at impact energies below 100 eV. The mea-
sured ICS data for the 4s[3/2]; and 4s'[1/2]; states before
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2005 have been collected and discussed in Ref. [52]. Actu-
ally, the available data varied significantly while the absolute
normalization usually carried large uncertainties which can
make up for most of the divergences. With the aid of the BE-
scaling method,!'?!3] the ICSs for the 4s[3/2]; and 4s'[1/2];
states are derived from the cross-checked GOSs as presented
in Fig. 6. It should be emphasized that the BE-scaling method
cannot manifest the exchange scattering which is important
at impact energies approaching the excitation threshold. It
was noticed before that the scaled ICSs are applicable for
the transitions dominated by the dipole-allowed components
whereas the scaling law might underestimate the cross sec-
tions at low collision energies for the transitions dominated by

. . 14,53
dipole-forbidden components. 1431
0.08 T T T T T Electron impact
1 1 1 1 1 s | @ Present data
0.07F 1 } {I 1 § 1 |* o Lietal,3
1 } 1 1 1 1 dipole (c, )
f’ 0.06 _} 1 1 %.} 1 { 1 b © Chan et al.3%
%006 g e ]
9] | | | | | dipole (¥, )
£ 0.05F o Xuetall¥
@ : : : : : Lifetime measurement
o i 4 Lawrencel®!
5 0.04 1 1 1 1 1 v Federmanet al,1*0
® 1 1 1 1 1 Self abstorption
= 0.03 . T T T T & Westerveld er al. [*!]
5  Tsurubuchi et al,[*2
8 0.30F : : : : : ©  Ligtenberg ef al. [+
: = Gibson and Risleyl#]
= 1 1 1 1 | Broadening profile
8 | | | { | | © Stacey and Vaughan(*s]
= 1 } }l {l 1 1 @ Lewis*)
o, L 4 Copley and Camm(*7)
& 02 { S SOR O e et
Theory
1 1 1 }I 1 +| * RMBPTI!
I I I I I % BSRI50
0.20 i [ I ) % RDWI?

Fig. 5. 00Ss for the 3p>4s[3/2]; and 3p>4s'[1/2]; states of Ar in com-
parison with the available data from literature. The shaded areas corre-
spond to the experimental uncertainties while the orange lines are pre-
viously recommended values.!>!]

The measurements of Chutjian and Cartwright®¥ agree
with the present data for most cases while the cross section
at 100 eV differs from the present line by more than 30%.
The unexpected lower data might be caused by some sys-

tematic errors in their experiment. The measured data of

1.153:361 with impact energies of 20-50 eV dif-

Filipovic et a
fer quite a lot from the present data while the cross section
at 80 eV lies within the present error bars. The larger data
in their experiments can be rooted from their larger DCSs
and the huge difference might be attributed to some unex-
pected systematic errors in the absolute normalization. The
measured cross sections of Khakoo et al.’’! were not accu-
racy enough due to the lack of data above 140° and the ex-
citation and ionization coefficients from their ICS data were
not consistent with the measurements.>? Their data were

(521 by multiplying with a factor of

adopted in the collection
0.5 to yield consistent excitation coefficients with earlier ex-
periments. The most recent measurement by Hoshino ez al. >8]
was compared with the B-spline R-matrix (BSR) calculations
in Ref. [59]. The data of Hoshino et al. agree with the

present scaled ICS for the 4s'[1/2]; state while the case for

the 4s[3/2]; state is not satisfying. The reason might be that
the dipole-allowed component dominates the wave function of

the 4s'[1/2]; state while the spin-flip component dominates in
the 4s[3/2]; state.[14>3]

10
o 4s[3/2]1
sk [ ——BE-scaled
g ¢ Hoshinol58]
o X Khakool57]
6 ‘ o Filipovicl55: 56]

0 Chutjian &
Cartwright[54]

‘ 4s'[1/2]4
30 o o
2 QLXCatl60]
- —— BSR-500
N g —— IST-Lisbon
-+ =+ Hayashi
TRINITI
Biagi

Integral cross section (10~ cm?)
=

10

O 1 1
10 100 1000
Impact energy (eV)

Fig. 6. The BE-scaled ICSs for the 3p>4s[3/2]; and 3p°4s'[1/2]; states
of Ar along with the previous available data. The shaded areas indicate
an experimental uncertainty of 15%. The lines in the legend of lower
panel are the data from the LXCat database.

For the convenience of plasma modelers, electron-argon
scattering data sets have been collected and compared!®”! in
databases on the website LXCat.
sistent with the present scaled ICSs at impact energies higher
than 100 eV except for data of IST-Lisbon!>?! which are gener-
ated from the inaccurate data of Khakoo et al.>1 It should be
noted that the exchange between the incident and target elec-

The data are found con-

trons dominates the cross sections at lower energies, i.e., sev-
eral times of the excitations energies. The BSR method!*’!
with an extended close-coupling expansion can yield accu-
rate data from the excitation threshold to a few hundreds eV.
The BE-scaled ICSs agree well with the most recent BSR-500
calculations except for the 3p4s[3/2]; resonances near the
excitation threshold. This is reasonable because BE-scaling
method cannot reproduce the resonance features at very low
energies and the spin-flip component dominates the wavefunc-
tion of the 3p°4s[3/2]; state. The major differences between
the present data and previous measurements are also found at
very low impact energies (below 30 eV). However, the RDW
method can generate reliable data in most cases from interme-
diate energies (more than three times of the excitation ener-
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[60 [61

gies) to higher.!%") Recent theoretical investigation!!! has also
shown that the exchange effect as well as the polarization and
absorption potentials are important for the low-energy electron
scattering. These complicated potentials make the calculation
of ICSs near the excitation threshold a challenge task. The BE-
scaled ICSs from the joint measurements by electron and x-ray
scatterings can serve as a set of reliable data for applications.

Table 1. Optical oscillator strengths (OOSs) of the 3p°3d[3/2]; and
3p°3d’[3/2]; states for argon.

3p3d[3/2]; 3p3d'[3/2);
Experiment
Present work 0.077(6) 0.099(8)
dipole (e, €)1 0.0914(91) 0.106(11)
dipole (e, e)B7! 0.0929(78) 0.106(10)
Lifetime 3] 0.093(6) 0.107(15)
Absorption[#!] 0.079(6) 0.086(7)
Theory
QDT!62! 0.053 0.11
QDTI63] 0.045 0.128
BSRDPU! 0.0895 0.0746
RDW 32 0.125 0.128
Recommended data
Weighted average>!! 0.083(5) 0.092(6)
6
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Fig. 7. The BE-scaled ICSs for the 3p>3d[3/2]; and 3p>3d’[3/2]; states
of Ar in comparison with the available data in literature and LXCat
database. The shaded area indicates an experimental uncertainty of 15%.

The GOSs of 3p°3d[3/2]; and 3p>3d’[3/2]; states were
reported in Ref. [19]. Theoretical calculation under the FBA
shows only minor discrepancies with the RDW calculation.3?]
The obtained OOSs are found in accordance with the lat-
est recommended data originated from the weighted-average
experimental data as listed in Table 1. The error bars can
mostly make up for the difference between the extrapola-
tions and dipole (e, €) measurements. 3%37] The data deduced

3

from lifetime®®! and self-absorption(*!! measurements are

also found in agreement within 20%. Theoretical approaches
including the quantum-defect theory (QDT),[6%631 BSRI[30]
and RDW 2] have been used to calculate the OOS. The earlier
QDT calculations generated an accordant sum OOS while the
distribution between two states was not accurate. The RDW
calculations produced higher OOSs over the experimental
data. The BE-scaled ICSs for 3p°3d[3/2]; and 3p3d’[3/2],

a[54,59,60,64] in Fig. 7.

states are compared with the available dat
The agreement between the scaled ICS and other data for the
3p>3d[3/2]; state is good while the case for 3p°3d'[3/2]; state
is not satisfying. The stronger spin-flip components and the
mixture with 4d components in the latter might be the primary

cause of the difference.

3.2. Carbon dioxide

Carbon dioxide (CO,) is considered as a significant
medium in global warming on planet Earth. The important
role of excitations for CO, in the electron cooling mechanism
in Mars and Venus was identified in early years by Morrison
and Greene.!%! The energy loss rates are also required in un-
derstanding the electron energy transfer processes. The GOSs
or ISFFs of the low-lying states have been extensively stud-
ied by electron!>269-981 and x-ray!*?! scattering for CO,. On
the theoretical side, Buenker et al.[% first realized that the
molecular bending resulted in intense features around 11 eV.
The vibronic effects were overlooked until Watanabe et al. (8]
evaluated a better agreement between experimental measure-
ment and theoretical calculation within the vibronic effects.

The first feature in the EELS spectra of CO, around
9 eV was identified as transitions to the 1Hg, IZU’ and 1A,

(68701 The transitions are dipole-forbidden in the linear

states.
geometry but become allowed in the bending frame.!”%! The
GOSs for the sum of them were studied before with incident
electron energies of 1500 eV?? and 3000 eV, 8] respectively.
However, the statistical counts in the x-ray scattering are ex-
tremely low for analysis. Since the two data sets from electron
scattering are consistent within the error bars, they both are
taken into account for curve fit. As presented in Fig. 8, the
GOS profile characterizes somewhat dipole-forbidden natures
as increasing with the momentum transfers to reach a maxi-
mum and then decreasing. Significant contributions due to the
vibronic effects were found, in particular at small momentum
transfers. The extrapolated OOS (0.012740.0010) for the 1I'Ig
and ' A, states is consistent with the dipole (e, &) measurement
(0.01318)[7!"1 but a bit higher than the calculated data (0.0106)
of Watanabe et al.¥! The BE-scaled ICSs for this feature are
also derived. Note that the dipole-forbidden components in the
feature might make the BE-scaled ICS not accurate enough.
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Fig. 8. GOSs of the 9 eV features of CO; from EELS measurement.
The electronic terms are inherited from previous literature.!%%7% The
dashed-dotted and dashed lines are the theoretical calculations under
the equilibrium geometry and within the vibronic effects.

The following two features are dipole-allowed transi-
tions to the 'E} and 'TI, states. Prominent contributions
due to higher Born terms are found in the measured GOSs
of the 'Y state at large momentum transfers for the electron
scattering.[??l The GOSs for the 'TI, state by electron and x-
ray scatterings show some minor difference at the same mo-
mentum transfers, i.e., the higher Born terms contribute only
a little bit around the minimum. Anyway, the EELS data
points around the minimum were skipped for the following
curve fit. The extrapolated OOSs are compared with previ-
ous available data in Table 2. The extrapolations agree well
with the accurate dipole (e, e) measurements!’! and the re-
cent calculation with the coupled-cluster singles and doubles
(CCSD) treatment. 8! Previous calculated data with the mul-
tireference single- and double-excitation configuration inter-
action (MRD-CI)[®! and separated-channel static-exchange
(SCSE)!"?! methods are much lower than the experimental

results. The earlier calculation with the equation of motion
(EOM)! 73] method is also not accurate enough.

+
10-1 R
n
O 102
O
o EELS datal??]
o IXS datal??
10-3F Curve fit
lo confidence band
17,
—2
10 Fitted parameters
8 oM T,
O o2 275  2.86
fo  0.171 0.0654
10-3F fi  —1.02 —0.380
f» 166 0.729
fs —0.0266 0

0.1 1 10
K? (a.u.)

0.01

Fig. 9. Same as Fig. 4, but for GOSs of the IZJ and !T1, states of CO;.

Table 2. Optical oscillator strengths for the low-lying states of CO,.

Integral cross section (1018 cm?)

+
1211

1 T 11,
Experiment
Present work 0.171(14) 0.065(5)
dipole (e, e)[7!! 0.171 0.0603
Electron impact!74! 0.147(44) 0.057(17)
Electron impact[%¢] 0.12(1) 0.044(8)
Electron impact!73) 0.167(7) 0.076(1)
Theory
CCSDI68! 0.177 0.0595
MRD-CI[%] 0.080 0.0328
SCSE[ 0.0460 0.0299
EOM!73] 0.116 0.168
1Hu

—  BE-scaled 16
- - - Kawaharal™
o Sophial™l
Flinders(7
a Klump & J4
Lassettrel66]

Impact energy (eV)

Q
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Fig. 10. BE-scaled ICS for the ' and 'TI, states of CO,. The shaded areas indicate an uncertainty of 15%. The lower panels present the
difference between the data of Kawahara et al.'’*! and the present data.
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The BE-scaled ICSs for the ' and 'TI, states are plot-
ted in Fig. 10 along with the available data in literature. Gen-
eral agreement is found for the experimental measurements.
The differences between the data of Kawahara et al.!’*! and
the present scaled data for the !X state are larger than 20%
for impact energies below 50 eV while the differences are less
than 10% for impact energies higher than 250 eV. As for the
IT1, state, the differences are higher than 20% for impact ener-
gies below 100 eV. The lower BE-scaled ICSs of Kawahara et
al.'"¥ might be rooted from their DCS data measured at elec-
tron energies below 200 eV, where higher Born terms might
make a significant contribution. The data from independent
measurements at Sophia University and Flinders University
were compiled in Ref. [67] and the corresponding ICSs were
derived in Ref. [74]. The measured ICSs are generally con-

sistent with the present data within error bars. The electron

el yielded a much

impact experiment of Klump and Lassettr:
lower OOSs than dipole (e, ) measurement and their ICS data

are lower than the present scaled data as expected.

3.3. ICS data

To facilitate the modelers, the derived BE-scaled ICS data
for Ar and CO; are listed in Table 3. The experimental uncer-
tainties on the measured GOSs are estimated to be less than
10%. The uncertainties for the scaled ICSs should also include
the uncertainties from the extrapolations via Lassettre formula
and from the BE-scaling model. All the ICS data in this paper
have also been compiled in the supplementary materials (SM)
in PDF format.

Table 3. The electron impact integral cross sections (ICSs) for the low-lying states of Ar and CO,. The units of the impact energies and cross

sections are eV and 1018 cm?, respectively.

Impact eneray Argon Carbon dioxide
4s[3/2), 4s'11/2] 3d[3/2], 3d'[3/2] Do ', ML, +'2; +1A,
15 1.63 5.09 0.538 0.485 4.44 1.80 6.96
20 3.18 10.9 2.04 2.18 8.33 3.26 7.74
30 4.79 17.0 3.70 4.16 12.6 4.81 7.66
40 5.44 19.6 4.45 5.12 14.4 5.45 7.09
50 5.67 20.6 4.78 5.57 15.1 5.69 6.50
60 571 20.9 4.90 5.76 15.2 574 5.97
70 5.65 20.7 4.92 5.82 15.1 5.68 5.51
80 5.54 20.3 4.87 5.79 14.8 5.57 5.11
90 5.41 19.9 4.79 571 14.5 5.44 4.77
100 5.26 19.4 4.69 5.61 14.1 5.29 4.47
200 3.99 14.8 3.66 4.44 10.8 4.02 2.77
300 3.19 119 2.97 3.62 8.64 3.23 2.03
400 2.68 9.97 2.51 3.07 7.26 2.71 1.61
500 2.32 8.63 2.18 2.67 6.29 2.35 1.34
600 2.05 7.63 1.93 2.37 5.57 2.08 115
700 1.84 6.86 1.74 2.14 5.00 1.87 1.01
800 1.67 6.24 1.58 1.95 4.56 1.70 0.906
900 1.54 5.73 1.46 1.80 4.19 1.56 0.819
1000 1.42 531 1.35 1.67 3.88 1.45 0.748
2000 0.839 3.14 0.803 0.994 2.30 0.855 0.409
3000 0.609 2.28 0.584 0.724 1.67 0.621 0.286
4000 0.482 1.80 0.463 0.576 1.32 0.493 0.221
5000 0.402 1.50 0.387 0.481 1.10 0.411 0.181

4. Concluding remark

Summary The demand of atomic and molecular data
should be comprehensive, correct and absolute, i.e, accurate
ICS data over an extended impact energy range are required
with an absolute scale. Here we present the joint measure-
ments by fast electron and x-ray scattering of the GOSs for
atomic argon and molecular carbon dioxide. The BE-scaled
ICS data from the excitation threshold to 5000 eV are derived
based on the reliable GOSs from comparative studies. The
cross-checks from extensive perspectives can eliminate possi-
ble systematic errors and thus provide correct data. The abso-
lute normalization was realized by adopting the relative flow

technique. Generally, joint studies on the oscillator strengths
and cross sections generate reliable experimental benchmarks
not only for filling up the data table as a supplement but also
for testing the theoretical models or computational codes. The
fully validated atomic and molecular codes can further be used
to produce reliable database for applications in applied sci-
ences. Based on the cross-checked GOSs and the BE-scaling
method, we have derived the new ICS data for some low-lying
states of Ar and CO, from the excitation threshold to 5000 eV.
The BE-scaled ICSs are compared with the available data in
literature and LXCat database. We have also found that the

BE-scaled ICSs may not accurate enough for those transitions
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with prominent dipole-forbidden components in atomic target.

Outlook The core of experimental measurements can be
summarized in short as the supplement and benchmark. The
experimentalists are aiming at reducing the uncertainties and
developing new techniques for cross-checks. The demand of
comprehensive, correct and absolute data could be met under
the collaborations between experimentalists and theorists in all
aspects. Currently, the valence-shell excitations of atoms and
molecules have been extensively studied in the past decades
while the data for inner-shell excitations are scarce due to their
low cross sections. With the development of 2D analyzers and
position-sensitive detectors, the collection efficiency will be
improved prominently and the inner-shell studies will be pos-
sible. In addition, BE-scaling method enables one to produce
reliable ICS data for dipole-allowed transitions of atoms and
molecules. There are no efficient methods to generate reliable
database for the dipole-forbidden transitions.

Data availability

The data that this
study are openly available in Science Data Bank at
http://doi.org/10.11922/sciencedb.01466.
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