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ABSTRACT

Non-resonant inelastic X-ray scattering (NRIXS) is a new technique for atomic and molecular physics that allows one to measure the electronic
structures and dynamic parameters of the ground and excited states of atoms and molecules in momentum space. There is a clearly understood
physical picture of NRIXS, which reveals its remarkable advantages of satisfying the first Born approximation and being able to excite dipole-
forbidden transitions. Various physical properties of atoms and molecules, such as their elastic and inelastic squared form factors, optical
oscillator strengths, andCompton profiles, can be explored usingNRIXS under different experimental conditions. In this paper, we review newly
developed experimental methods for NRIXS, together with its characteristics and various applications, with emphasis on the new insights into
excitationmechanism and other new information revealed by this technique. The intrinsic connections and differences between NRIXS and fast
electron impact spectroscopy are elucidated. Future applications of this method to atomic and molecular physics are also described.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunder aCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/5.0011416

I. INTRODUCTION

Atomic andmolecular dynamic parameters are closely related to
electronic structure, i.e., to the wave functions of ground and excited
states. The experimental acquisition of benchmark dynamic pa-
rameters with high accuracy and high resolution can deepen our
understanding of atomic and molecular structure, as well as
providing a stringent test of theoretical methods and computational
models. In general, there are three main experimental techniques to
approach electronic structures on an absolute scale for neutral atoms
and molecules: the photoabsorption method, fast electron impact,
and inelastic X-ray scattering. As its name suggests, the photo-
absorption method is used to determine photoabsorption cross
sections, which are equivalent to optical oscillator strengths (OOSs) at
near-zero momentum transfer. Fast electron impact and inelastic X-
ray scattering have the merit of determining the electronic structures
of the ground and excited states of atoms and molecules in mo-
mentum space, including the case of zero momentum transfer.

Furthermore, a cross-check among the experimental results obtained
by different methods can exclude possible systematic experimental
errors and provide benchmark atomic and molecular data for use in
simulation models and for testing theoretical methods. These tested
theoretical methods and computational codes can then be used to
construct reliable atomic and molecular databases, which have
wide applications across a number of disciplines, including plasma
physics, fusion physics and engineering, astrophysics, condensed
matter physics, materials science, chemistry, biology, and atmo-
spheric sciences. In this review,we summarize recent developments in
non-resonant inelastic X-ray scattering, and we limit our scope to
applications in atomic and molecular physics.

X-rays provide a powerful probe to explore the structure and
dynamics of atoms and molecules, which promises not only to help
solve problems in applied physics, but also to test our understanding
of quantum electrodynamics, relativity, and many-body phenom-
ena.1 The first X-ray scattering experiment dates back to 1923, when
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Compton and Debye offered an explanation of inelastic X-ray
scattering, which revealed the particle-like nature of photons ex-
perimentally.2,3 The pioneering inelastic X-ray scattering experiment
carried out by DuMond4 on solid beryllium confirmed the validity of
Fermi–Pauli statistics for the distribution of electron velocities in
metals, and his subsequent experimental studies opened the door to
the investigation of the electronic structure of matter. Because of the
extremely low scattering cross sections involved (about 83 10−26 cm2),
these experiments were very difficult to perform owing to the limited
brilliance and energy resolution of the X-ray beams as well as the data
acquisition efficiency available at that time. The advent of rotating-
anode X-ray tubes and scintillation counters in the mid-1960s im-
proved the X-ray flux and the detection efficiency greatly and fa-
cilitated the exploration of X-ray scattering in diverse areas of
condensed matter physics. Experimental tools such as Compton
scattering, magnetic Compton scattering, non-resonant X-ray scat-
tering, and X-ray Raman scattering were developed. Physical
quantities such as the Compton profile, dynamic structure factors,
and spin densities could thus be determined. The renaissance of X-ray
scattering techniques can be attributed to the availability of high-
brilliance and tunable synchrotron radiation photon sources, espe-
cially those at third-generation synchrotron radiation facilities. Since
the 1970s, the energy resolution and efficiency of X-ray scattering
have improved dramatically. Nowadays, the brilliance of the X-rays
from synchrotron radiation is more than 12 orders of magnitude
higher than that of early X-ray tubes. In addition, advanced crystal
analyzers and high-resolution detectors offer opportunities for fine
structure studies. X-ray scattering spectrometers with low, moderate,
and high energy resolutions of about 1 eV, 70 meV, and as small as
0.1 meV have been installed at synchrotron radiation facilities all
around the world. Free-electron lasers (FELs) with much higher
brilliance, such as FLASH at DESY in Germany,5 LCLS at SLAC in the
USA,6 and SACLA at RIKEN in Japan,7 have been commissioned
since 2010, and are now available for users. Furthermore, the
fourth-generation synchrotron radiation sources, i.e., so-called
diffraction-limit rings, such as the Beijing High Energy Photon Source,
are under construction, and these will improve the brilliance to 1022

photons s−1 mm−2 mrad−2 (0.1% BW)−1. All of these new photon
sources provide opportunities for photon-hungry techniques,
including X-ray scattering.

In X-ray scattering processes, the incident photon can transfer
energy and momentum to the target. From the energy transfer, or so-
called energy loss, the final energy state of the target can be identified.
The momentum transfer can be applied to explore the electronic
structure of the target in momentum space. By combining the energy
loss and momentum transfer, the electronic structure of a definite
state can be determined.8,9 Furthermore, X-ray scattering has a
unique advantage of exciting electric dipole-forbidden transitions.
Therefore, it can be used to study such transitions, for example,
electric monopolar, electric quadrupolar, and electric octupolar
transitions at large momentum transfer, which are absent in pho-
toabsorption spectra owing to the negligible momentum transfer and
the restrictions imposed by selection rules.8–11

According to whether or not the electronic state of the target
changes during the scattering process, X-ray scattering can be clas-
sified as inelastic (IXS) or elastic (EXS). The former includes inelastic
excitation of the discrete valence- and inner-shell states (i.e., so-called

Compton excitation) and Compton scattering in which the energy
loss is beyond the ionization threshold and the excited electron is
ejected into a continuous state. In addition, according to whether or
not the incident photon energymatches an inner-shell excitation, IXS
can be classified as resonant (RIXS) or non-resonant (NRIXS), with
RIXS having amuch larger cross section thanNRIXS. For RIXS, high-
order scattering amplitudes dominate cross sections, while NRIXS
gives a simple physical picture in which the first-order scattering
amplitude generally dominates the scattering and can be used directly
to detect the electronic structure of the target.3,8,9 As an experimental
technique, NRIXS is traditionally applied in condensed matter
physics, where the availability of high-density targets can partially
circumvent the problems caused by the very low cross sections. For
atomic and molecular physics, dilute gaseous targets of very low
density, about three orders ofmagnitude lower than that of condensed
matter, are commonly used, whichmakes experimental application of
NRIXS extremely difficult. Therefore, high-resolutionNRIXSwas not
utilized in atomic and molecular physics until the advent of third-
generation synchrotron radiation sources. In this review, we focus on
high-resolution NRIXS and its application to gaseous atoms and
molecules.

The first experiment on X-ray scattering by gaseous CO2 and Ar
was performed in 1927,12 although the results were brought into
question by those of a subsequent experiment.13 However, these
pioneering works measured the angular distribution of the relative
total X-ray scattering cross sections without energy resolution, due
to the poor experimental conditions available then. The first energy-
resolved X-ray scattering spectrum of gaseous atomic helium was
recorded by DuMond and Kirkpatrick with an exposure of 2059 h,
and the Compton profile of helium was obtained.14 It is under-
standable that the experimental energy resolution and the signal-to-
noise ratiowere limited at that time. Subsequent advances in the study
of the Compton profiles of atoms have only been achieved since the
1970s, using X-rays produced by rotating-anode X-ray tubes15 and
radiation sources,16 with typical energy resolutions of several hun-
dreds of eV. Owing to the limited energy resolution and low count
rate, there was no investigation of discrete valence-shell excitations of
atoms and molecules until 2010, when the first high-resolution
NRIXS experiment on valence-shell excitations of helium was re-
ported.8 The high brilliance of the third-generation synchrotron
radiation sources paves the way for high-resolution NRIXS experi-
ments on gaseous atoms and molecules,8,9 and NRIXS has now been
used to reveal diverse physical properties of atoms and molecules,
such as electronic structure in momentum space for both ground and
excited states,8,9,17–20 optical oscillator strengths (OOSs),21 Compton
profiles,22–24 and integral cross sections (ICSs)25–28 over a wide
electron impact energy range. During these investigations, new ex-
perimental techniques such as the dipole (γ, γ) method have been
proposed to determine OOSs,21 and strict experimental protocols
have been established. In addition, investigations combining NRIXS
with other experimental techniques such as electron energy loss
spectroscopy (EELS) has been performed.8,9,21,25 Joint studies of the
dynamic parameters of atoms and molecules with completely dif-
ferent experimental techniques offer an independent cross check and
eliminate possible systematic experimental errors.25,26 The extensive
investigations carried out to date indicate that the dynamic param-
eters determined by NRIXS can serve as benchmark data for use in
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plasma modeling, astrophysics, atmospheric physics, and other ap-
plications where they are needed. The measurements obtained can
also offer a stringent test of relativistic and many-body effects, as well
as of state-of-the-art theoreticalmodels and computational codes that
can produce these parameters.

In this review, we summarize NRIXS studies of atomic and
molecular dynamic parameters,most ofwhichwere carried out by our
group at the beamline BL12XU of SPring-8 over the past 10 years. In
Sec. II, we present the theoretical foundations of the use of NRIXS to
determine the atomic and molecular dynamic parameters. Experi-
mental access to the dynamic parameters by means of NRIXS is
presented in Sec. III, and, in particular, the absolutization method is
described in detail. In Sec. IV,we list some typical experimental results
obtained in recent years. Finally, in Sec. V, we summarize the
achievements and give a general outlook of future plans for work with
NRIXS.

II. THEORETICAL FOUNDATIONS

As shown schematically in Fig. 1, a photonwith energy Zωi, wave
vector ki, and polarization ϵi is scattered by a targetM from initial state
i to final state f, and the scattered photon with energy Zωf, wave vector
kf, and polarization ϵf can be expressed as

Zωi(ki, ϵi) +M→ Zωf(kf, ϵf) +M*. (1)

Here, the thermal motion and recoil momentum of atomic and
molecular targets can be neglected. The energy and momentum
transfers to the target in the scattering process can be simplified as

Zω� Zωi − Zωf � Ef −Ei, (2)

q � Zki − Zkf � qi − qf, (3)

where Ei and Ef are the energies of the atom or molecule before and
after scattering. The squared momentum transfer can be expressed as

q2 � q2i + q2f − 2qiqf cos 2θ, (4)

where 2θ is the scattering angle following the definition traditionally
used in X-ray scattering.

According to the generalized Kramers–Heisenberg formula,29

the double differential cross section (DDCS) associated with a

transition of the scattering electron system from an initial state |i〉 to a
final state | f〉 in X-ray scattering has the form

d2σ

dΩ dZωf
� e2

mec2
( )2 ωf

ωi
( ) F1 + F2 + F3 + F4| |2δ(Ei −Ef + Zω),

(5)

with the expressions:

F1 � 〈f|�
j
exp(iq · rj)|i〉(ϵi · ϵ*f), (6)

F2 � −i
Z(ωi + ωf)

2mec2
[ ]〈f|�

j
exp(iq · rj)(σj/2)|i〉 · (ϵ*f3 ϵi), (7)

F3 � Z2

me
�
n
�
jj′

〈f|[ϵ*f · pj/Z− i(kf 3 ϵf) · σj/2]exp(−ikf · rj)|n〉
Ei −En + Zωi − iΓn/2

3〈n|[ϵi · pj′/Z + i(ki 3 ϵi) · σj′/2]exp(iki · rj′ )|i〉,
(8)

F4 �
〈f|[ϵi · pj/Z + i(ki 3 ϵi) · σj/2]exp(iki · rj)|n〉

Ei −En − Zωf

3〈n|[ϵ*f · pj′/Z− i(kf 3 ϵf) · σj′/2]exp(−ikf · rj′ )|i〉, (9)

where rj, pj, and σj are the position operator, momentum operator,
and spin operator of the jth electron. When the incident photon
energy falls into the direct vicinity of an inner-shell excitation energy,
the spin-independent part of F3, which is the scattering amplitude of
RIXS, dominates the scattering amplitude. The non-resonant X-ray
scattering amplitude is dominated by the charge-scattering term F1. F2,
F3 and F4 are related to spin and orbital magnetic scattering, with
negligible magnitude at an incident photon energy of 10 keV.3 In a
typical NRIXS experiment, the incident photon energy is set at about
10 keV, so it can easily be estimated that the contribution of the second
term is less than 2%of that of the first term. The third term can be safely
neglected since the incident photon energy is too high to satisfy the
resonance condition. The fourth term is about four orders of magnitude
lower than the first. Although there do exist interference terms that
contribute to the measured DDCS, their contribution can safely be
neglected since it is less than 2%, as analyzed above. Therefore, the
following expression can be used to describe the DDCS for NRIXS:3,9

d2σ

dΩ dZωf
� r20

ωf

ωi
|ϵi · ϵ*f|2�

f

|〈f|�
j
exp(iq · rj)|i〉|2

3 δ(Ei −Ef + Zω), (10)

where r0≡ e2/mec
2 is the classical electron radius. The definition of the

Thomson differential cross section is introduced as

dσ

dΩ
( )

Th

≡ r20
ωf

ωi
|ϵi · ϵ*f|2. (11)

The factor |ϵi · ϵ*f|2 equals cos2 2θ for completely linear polarized
photonswith polarization direction in the horizontal scattering plane,
and equals 1 if the polarization direction of the scattered photon is
perpendicular to the scattering plane. The residual part is defined as aFIG. 1. Schematic of NRIXS.
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dynamic structure factor in condensed matter physics, which de-
scribes the excitation strength of the scattering system from the initial
state |i〉 to the final state | f〉:

S(q,ω) � |〈f|�
j
exp(iq · rj)|i〉|2δ(Ei −Ef + Zω). (12)

However, in contrast to the continuum IXS spectrum observed
in condensed matter physics, the valence-shell or inner-shell exci-
tations of atoms andmolecules are discrete transitions. Therefore, the
DDCS in Eq. (10) should be integrated over Zωf for a definite
transition to obtain the differential cross section (DCS):

dσ

dΩ
( )

γ

� dσ

dΩ
( )

Th

ζ(q), (13)

where ζ(q) is the squared form factor (SFF), which can be determined
experimentally by measuring the DCS for the X-ray scattering
process:

ζ(q) � |〈f|�
j
exp(iq · rj)|i〉|2 � 1

r20

ωi

ωf

1

|ϵi · ϵ*f|2
dσ

dΩ
( )

γ

. (14)

For inelastic scattering, ζ(q) is called the inelastic squared form factor
(ISFF), which contains information about the wave functions of the
excited states in momentum space. NRIXS has a merit that the first
Born approximation (FBA) is always satisfied.3,30 It is well known that
there is a close connection between NRIXS and the EELS.8,9 The
quantities measured by these two techniques are interconvertible if
the FBA is satisfied, which corresponds to high-energy electron
impact. Since the FBA for electron scattering can be determined
only by a trial-and-error procedure, the ISFF obtained by NRIXS
can serve as the high-energy limit of electron impact and can be
used to study the validity of the FBA in electron impact experi-
ments.20 Furthermore, joint study of the ISFF with both fast
electron impact and NRIXS can give a cross check and produce
benchmark ISFF data for cross-disciplinary studies, as well as
providing deep insight into the scattering process. The cross-
checked data can thus serve as a benchmark for stringent tests
of the state-of-the-art theoretical codes.

When the energy loss of the incident photon is larger than the
ionization threshold, the well-known Compton scattering process
occurs:

Zωi(ki, ϵi) +Mi → Zωf(kf, ϵf) +M+
f + e−. (15)

Themomentum transfer of theCompton scattering can be considered
under the framework of impulse approximation. As a result, the
electron momentum distribution of the electron in the target will
broaden the Compton scattering peak to give what is known as the
Compton profile. Within the impulse approximation and taking the
outgoing electron as a plane wave, the DDCS of the incident X-ray by
the target can be described as15,16

d2σ

dΩ dZωf
� dσ

dΩ
( )

Th

me

Zq
∫ n(p) dpx dpy � dσ

dΩ
( )

Th

me

Zq
J(pz), (16)

where the z axis is along the q direction and n(p) � �j|ψj(p)|
2 is the

probability of the electron with a momentum p. Considering the
energy conservation in the scattering process, pz can be determined as

pz � ωme

q
−
Zq

2
. (17)

Here, q � |qi − qf | and ω � ωi − ωf can be easily determined from the
experimental scattering angle and the scattering photon energy. J(pz)
is the well-known Compton profile:

J(pz) ��
j
∫
px

∫
py

ψ*
j(p)ψj(p) dpx dpy, (18)

It should be noted that the integral of the Compton profile over pz is
the number of target electrons. In principle, the Compton profile gives
the electronmomentum density of the target atom ormolecule on the
pz axis. The experimentally measured Compton profile can be used to
study the ground state wave function of a target.

If the energy transfer during the X-ray scattering process is zero,
i.e., there is elastic scattering, then the final electronic state is same as
the initial state. The elastic squared form factor (ESFF), which reflects
the electronic structure of the ground state, can then be described as

ζ(q) � |〈i|�
j
exp(iq · rj)|i〉|2 � 1

r20

ωi

ωf

1

|ϵi · ϵ*f|2
dσ

dΩ
( )

γ

. (19)

The ISFF can be used to determine different dynamic parameters
under the corresponding approximations with different experimental
arrangements. When we choose a small scattering angle 2θ under
which the squared momentum transfer q2 ≈ 0, ISFF can be simplified
by expanding the transition matrix element:

ζ(q) � |〈f|�
j
exp(iq · rj)|i〉|2

� |〈f|�
j

1 + q · rj + (q · rj)2
2!

+ (q · rj)3
3!

+ · · ·[ ]|i〉|2. (20)

The first term is zero because of the orthogonality of the wave
functions between the initial and final states for inelastic scattering.
The terms with high orders of q · rj can be neglected because q2 ≈ 0. By
choosing the direction of q as the z axis, the simplified transition
matrix element can be expressed as

lim
q→ 0

|〈f|�
j
exp(iq · rj)|i〉| � lim

q→ 0
|〈f|�

j
exp(iqzj)|i〉| � qMn, (21)

where

Mn � |〈f|�
j
zj|i〉| (22)

is the dipole matrix element. Thus, we can simulate the photo-
absorption process at a small scattering angle with NRIXS, which is
called the dipole (γ, γ) method.21 The optical oscillator strengths
f0(ωn) can be related to the DCS as follows:

f0(ωn) � 2ωn

q2
ζ(q) � 2ωn

q2
1
r20

ωi

ωf

1

|ϵi · ϵ*f|2
dσ

dΩ
( )

γ

. (23)

III. EXPERIMENTAL METHODS

The low density of gaseous samples and their low X-ray
scattering cross sections result in low counting rates. Therefore,
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high-brilliance third-generation synchrotron radiation sources, such as
SPring-8 and theAdvancedPhoton Source (APS), are a prerequisite for
NRIXS experiments on gaseous atoms andmolecules.8,31 Furthermore,
to utilize the limited and costly synchrotron radiation beam time
efficiently, a special gas cell with two windows sealed by Kapton foil for
photons in and photons out has been designed to support a high gas
pressure up to10atm to improve the target density.A schematic viewof
a NRIXS spectrometer at the BL12XU beamline of SPring-8 is shown
in Fig. 2(a). The incident photon flux is monitored by the ionization
chamber in front of the gas cell. The scattered photons are collected by
the analyzer, and those with a specific energy are reflected by the
analyzer to the detector through a gas chamber filled with helium to
reduce scattering loss in the air. In actual operation, the analyzer
energy for the scattered photon is fixed at about 9890 eV while the
incident photon energy varies, from which the energy loss can be
deduced and the IXS spectrum recorded. A Si(333) monochromator
and a diced Si(555) spherical crystal analyzer can achieve a high energy
resolution of 70 meV.8 The energy resolution can be improved to 25
meV when a Si(800) four-bounce channel-cut monochromator and a
position-sensitive Si strip detector are used.32

The experimental DCS of NRIXS is determined through33

dσ(ωn, 2θ)
dΩ

� N(ωn, 2θ)
N0

1
D0α

1
leff

1
n0P

, (24)

where N(ωn, 2θ) and N0 are the counts of the excitation peaks and the
incidentphotonflux,withndenoting the specific transition studied.D0 is a

factor determined by the efficiencies of the ionization chamber and X-ray
detector. Usually, a scanning spectrum covers an energy range of several
eV, which is quite narrow compared with the incident photon energy of
about 10 keV. Thus,D0 can be regarded as constant.α is the transmittivity
of the X-rays and is determined by the gas sample, gas pressure, and the
Kapton foil. The ratio of the X-ray intensities passing through the gas cell
with andwithout a sample in it ismeasured for this value. leff is the effective
scattering length, as shown in Fig. 2(b). n0 and P are the density of the
target at 1 atm and the pressure of the target in units of atm.

At large scattering angles where the effective scattering length is
less than the diameter of the gas cell in the scattering plane, leff can be
expressed as8

leff � l0
sin 2θ , (25)

where l0 is the scattering length at 90°. The ISFF can be determined
from the following expression:

ζ(q) � 1
r20

ωi

ωf

1

|ϵi · ϵ*f|2
dσ

dΩ
( )

γ

� 1
r20

ωi

ωf

1

|ϵi · ϵ*f|2
N(ωn, 2θ)

N0

1
D0α

sin 2θ
l0

1
n0P

� C
ωi

ωf

sin 2θ
|ϵi · ϵ*f|2

N(ωn, 2θ)
N0

1
α

1
P

. (26)

FIG. 2. Schematics of (a) the NRIXS experimental setup and (b) the effective scattering length.
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All the parameters in Eq. (26) can be measured directly, and only the
constant C is left to be determined:

C � 1
r20D0l0n0

. (27)

Fortunately, the ISFF from the ground state to the 21P state of the
simplestmonoatomic gas heliumhas been studiedwith high precision
and accuracy both theoretically and experimentally.8,9,34,35 Therefore,
the ISFF of the 21P state of helium can serve as a calibration standard.
When the DCS of the 21P state is measured under the same exper-
imental conditions as those of the sample, the constant C can be
determined simply as

C � ζ(q)He
ωf

ωi
( )

He

|ϵi · ϵ*f|2
sin 2θ

N0

N(2 1P, 2θ)[ ]
He

αHePHe, (28)

where ζ(q)He is the benchmark ISFF of the 21P state of helium.34,35

The absolute ISFFs for gaseous samples at large scattering angles can
then be obtained with the aid of the determined C.

However, at small scattering angles where the effective scattering
length will exceed the size of the gas cell, there is no analytical ex-
pression for leff. Therefore, the DCS for the 2

1P state of helium at the
same scattering angle has to be measured for normalizing ζ(q) of the
sample:

ζ(q) � ζ(q)He
ωi/ωf

(ωi/ωf)He

N(ωn, 2θ)/N0

(N(2 1P, 2θ)/N0)He

PHe

P

αHe

α
. (29)

For the ESFF of the ground state when elastic scattering occurs, the
experimental measurement and the normalization procedure are the
same as for ISFF.

Another normalization method is the Bethe f-sum rule:36

N � 2
q2

∫∞

0
ωS(q,ω) dω, (30)

where N is the number of electrons in the target. This absolutization
method is often used in experiments at a low energy resolution of 1 eV,
in which a wide energy loss region can be scanned.31,37 However, one
should be cautious, since Eq. (30) needs a fixed q but q increases with
energy loss according to Eq. (4), and, in particular, a wide energy loss
region should be measured for this method. Furthermore, the vari-
ations of D0 and α in Eq. (24) should also be evaluated when Zωi

covers a wider range.
In the dipole (γ, γ) method, the so-called Bethe–Born factor

Bγ(ωn) is introduced to connect the DCS with the OOS f0(ωn) at
negligible momentum transfer as follows:21

f0(ωn) � Bγ(ωn) dσ

dΩ
( )

γ

, (31)

where

Bγ(ωn) � 2ωn

q2
1
r20

ωi

ωf

1

|ϵi · ϵ*f|2
� 1
r20

2ωnωi

ωf

1
q2 cos22θ . (32)

Here, the direction of linear polarization of the incident photon is in
the scattering plane. Owing to the finite solid angle of the analyzer, the
angular resolution function of the spectrometer is entangled with the
measured DCS. Taking into account the angular resolution function,
the so-called Bethe–Born conversion factor Bγ′(ωn) is defined as

B ′
γ(ωn) � ∫Bγ(ωn)A(2θ) d(2θ)

� 1
r20

2ωnωi

ωf
∫ 1
q2 cos22θ A(2θ) d(2θ), (33)

where A(2θ) is the angular resolution function of the spectrometer,
which can be determined by simulating the actual arrangement of the
light path taking account of the rectilinear propagation of light. The
relative OOS is then written as

fr
0(ωn) � B ′

γ(ωn) N(ωn)
N0

1
D0α

1
leff

1
n0P

. (34)

The OOS of the 21P state of He is chosen to normalize the measured
OOS of the sample,38 and the procedure is similar to that for the
absolutization of the ISFF:

f0(ωn) � B ′
γn(ω)

B ′
γ(2 1 P)He

N(ωn)/N0

[N(2 1P)/N0]He

αHe

α

PHe

P
f0(2 1P)He. (35)

The Compton profile is extracted from the Compton scattering
spectrum, which is generally measured with a high photon energy at a
large scattering angle. A schematic of the Compton scattering
spectrometer on the BL1501 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) is shown in Fig. 3.22 The incident photon
has a high energy of 20 keV with an energy spread of 3 eV, and a
silicon drift X-ray detector is used to detect the scattered photons with
an energy resolution of about 250 eV with a linear photon energy
dependence. The higher incident photon energy and a larger scat-
tering angle will help to improve the momentum resolution. Under
the experimental conditions mentioned above, a momentum reso-
lution of 1.5 a.u. is achieved.

The Compton profile is directly connected with the determined
DDCS:22

J(pz) � Zq

me

1
r20

ωi

ωf

1

|ϵi · ϵ*f|2
d2σ

dΩ dZωf
� C

q

ωf
N(ω), (36)

where C is a constant and N(ω) is the measured Compton scattering
spectrum. The momentum along the z axis, pz, can be easily obtained
from themeasured spectrum according to Eq. (17). The experimental

FIG. 3. Schematic of the Compton scattering spectrometer.
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result can be absolutized to the atomic numberZ by integrating it over
pz as mentioned above.

It is worthmentioning that the experimental uncertainties in the
atomic andmolecular dynamic parameters determined by NRIXS are
mainly due to the statistical counts and the fitting procedure. The
transmittivity and the pressures of both the target and helium, as well
as the reference standard generalized oscillator strength (GOS) or
OOS of the 21P state of helium, contribute an error of about 1%. The
total uncertainties are strongly related to specific excitations. For well-
resolved transitions, the statistical error dominates the uncertainty at
the level of a few percent. In principle, it can be reduced by accu-
mulating the counts, while it is hard to obtain a long beamtime. For
heavily overlapped transitions, the uncertainties from the fitting
procedure dominate the error bars. Generally speaking, the total
experimental uncertainty is less than 10% for most transitions. The
uncertainty can be as small as 3% for resolved strong transitions, but it
can reach 30% for weak or overlapped transitions.

IV. TYPICAL RESULTS

By employing the NRIXS method, the ISFFs, ESFFs, OOSs, and
Compton profiles for many gaseous atoms and molecules have been
explored.Here, wewill introduce various aspects of the applications of
IXS, with emphasis on new insights into excitation mechanisms. IXS
will be compared with EELS due to their intrinsic connection. The
importance of cross-checking the experimental results determined by
IXS and EELS to obtain benchmark dynamic parameters of the
valence-shell excitations of gaseous atoms and molecules will be
pointed out.

A. Inelastic squared form factor

At the first attempt, the state-resolved ISFFs for both the 1s21 S0
→ 1s2s 1S0 electric monopolar transition and the 1s21 S0 → 1s2p 1P1
electric dipolar transition of atomic helium are used to demonstrate
the validity of the NRIXS method.8,9 Traditionally, the electronic
structures of the ground state and excited states of gaseous samples are
studied by high-energy EELS, for which it is believed the FBA is
satisfied. Under the FBA, the electronic structures of atoms and
molecules are generally represented by the generalized oscillator
strengths (GOSs) in the EELS with the form9

f(q, En) � En

2
p0

pa
q2

dσ

dΩ
( )

e

� 2En

q2
|〈f|�

j
exp(iq · rj)|i〉|2

� 2En

q2
ζ(q,ωn),

(37)

where En is the corresponding excitation energy, and p0 and pa are the
magnitudes of the initial and final electron momenta. It is clear that
both NRIXS and EELS can be used to determine the ISFF when the
FBA is satisfied by EELS.

Figure 4 presents selected NRIXS and EELS spectra at similar
momentum transfers measured by our group.8,9,39 Qualitatively, at
the same squared momentum transfers, the IXS and EELS spectra in
Fig. 4 are identical, i.e., the same features and the same relative in-
tensities are observed. It should be stressed that completely different
experimental techniques are used to obtain the spectra shown in
Fig. 4, i.e., the probes, impact energies, and experimental conditions

FIG. 4. (a) Experimental IXS spectra and (b) fast EELS spectra of helium gas as functions of energy loss at different squared momentum transfers with an energy resolution of
about 70 meV. The peaks are labeled by the final states excited from the 1s21S0 ground state. The IXS spectra were recorded at an incident photon energy of about 10 keVand the
EELS spectra were collected at an impact electron energy of 2.5 keV. Reprinted with permission from Zhu et al., J. Phys. B: At., Mol. Opt. Phys. 44, 025203 (2011). Copyright
2011 IOP Publishing.
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such as the pressures of the target are different. The similar char-
acteristics observed in Fig. 4 provide clear evidence of the intrinsic
equality of IXS and high-energy EELS for exploring the excitation
mechanisms of atoms and molecules.

To provide a quantitative comparison, the ISFFs of the 21S0 and
21P1 states of helium measured by IXS and EELS are shown in Fig. 5.
The excellent agreement of the IXS8 and EELS41 ISFFs at 1500 eV, as
well as the theoretical ISFFs,34,35 indicates the feasibility and reliability
of the NRIXS method, which paves the way for electronic structure
studies of the ground and excited states of atoms andmolecules in the
gas phase. It can also be seen that the apparent ISFFs measured by
EELS at 200 eV and 400 eV40 approach the IXS and theoretical ISFFs
with increasing electron impact energies, which is evidence that that
the FBA is satisfied by IXS. Consequently, the IXS data can serve as the
high-energy limit of electron impact and can be used to test the
conditions for the validity of the FBA in electron impact experiments.
It should be pointed out that in general for complex systems such as
multi-electron atoms and molecules, there is a lack of reliable the-
oretical calculations. Furthermore, determination of the conditions
under which the FBA is valid in electron collisions is a trial-and-error
procedure, i.e., there is no exact electron impact energy at which the
FBA is approached for all atoms and molecules. For an atom or a
molecule, the conditions underwhich the FBA is valid are different for
different excitations. Even for the same transition, the FBA is valid in
the small-q2 region but is not valid in the large-q2 region. Therefore,
IXS studies are of crucial importance for investigations of the elec-
tronic structures of atoms and molecules.

Figure 6(a) presents the IXS and EELS GOSs of the dipole-
allowed excitation of b1Πu (]′� 3) ofN2,

25,42 and it is clear that the two
results are in excellent agreement, which indicates that the FBA is
satisfied at an incident electron energy of 1500 eV. In 2001, Kim
developed a semi-empirical theoretical method, namely, the BE-
scaling method, based on the scaled plane-wave Born models, to
obtain the ICSs of the dipole-allowed transitions of atoms and
molecules.43 The BE-scaling method has the advantage of producing

FIG. 5. IXS-derived ISFFs of the 2 1S and 2 1P states of helium along with EELS
ISFFs determined at different impact electron energies (200 eV and 400 eV;40

1.5 keV41).

FIG. 6. (a) IXS and EELS GOSs of the dipole-allowed b 1Πu(]′ � 3) excitation of N2.
(b) BE-scaled ICSs of the b 1Πu(]′ � 3) state along with the EELS results.

FIG. 7. IXS-derived ISFFs of the 3p54s′[1/2]1 and 3p54p′[1/2]0 states of argon along
with EELS ISFFs determined at different impact electron energies (1500 eV;48

2500 eV47), as well as the theoretical results from the RPAE method.49
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reliable ICSs at low impact electron energies and bridges the wide gap
between low-energy and high-energy electron scattering. The BE-
scaling method has been used to obtain reliable ICSs of the dipole-
allowed valence-shell excitations of atoms and molecules. However,
for application of the BE-scaling method, the availability of reliable
GOSs is a prerequisite. For molecular nitrogen, the good match
between the IXS and EELS GOSs shown in Fig. 6(a) excludes any
systematic experimental errors, and the cross-checked experimental
GOSs can serve as a benchmark. Therefore, the BE-scaled ICSs of
b1Πu (]′ � 3) can be obtained from the present experimental GOSs.
The BE-scaled ICSs of the b1Πu (]′ � 3) are presented in Fig. 6(b). The
agreement with the low-energy electron impact results44–46 obtained
by integrating the DCSs from 0° to 180° is achieved, which further
supports the applicability of the BE-scaling method. By utilizing the
same method with other atoms and molecules, many ICSs data that
have extensive applications in astrophysics and atmospheric physics
have recently been reported by our group.25–28

Figures 7(a) and 7(b) present the ISFFs of the dipole-allowed
transition of 3p54s′[1/2]1 and the dipole-forbidden monopole-
allowed transition of 3p54p′[1/2]0 of argon measured by NRIXS
and EELS.33,47,48 It can be seen from Fig. 7(a) that for the dipole-
allowed transition 3p54s′[1/2]1, the EELS results are in good agree-
ment with the IXS ones and the random phase approximation with
exchange (RPAE)49 calculations at q2 < 0.3 a.u., which means that the
FBA is approached for E0 > 1.5 keV in this q2 region. However, the
EELS data are clearly larger than the IXS and RPAE ones near the
minimum. This phenomenon is understandable since the minimum
of the ISFFmeans that the contribution from the FBA is zero, and the
observed intensity is due completely to the contribution from the
higher Born series beyond the FBA. The ISFFs of the 3p54s′[1/2]1
show the difficulty in reaching the FBA: i.e., impact electron energies
of several keV, which is more than a hundred times higher than the
transition energies, cannot guarantee the applicability of the FBA,

even for not-so-large squared momentum transfers less than 2 a.u.
However, it is clear from Fig. 7(a) that the IXS ISFFs satisfy the FBA
and can serve as the high-energy limit of electron impact.

Figure 7(b) shows clearly that for the electric monopolar exci-
tation of 3p54p′[1/2]0, the IXS ISFFs match the calculations using the
RPAE49 very well, and provide the high-energy limit of the electron
impact results.However, as can be seen in Fig. 7(b), the EELS apparent
ISFFs measured at 1500 eV and 2500 eV are in agreement with each
other at q2< 1 a.u. but are lower than the IXS and theoretical results. A
similar phenomenon has been observed for the dipole-forbidden
a1Πg +w1Δu states of nitrogen, as shown in Fig. 8, where a wide range
of incident electron energies from several hundreds of eV to tens of
keV have been used. This phenomenon in which the coincident EELS
results with different impact energies deviate from the FBA result is
strange, since it has long been widely believed that a good match
among fast-electron scattering results with higher and higher impact
energies demonstrates the validity of the FBA. The dipole-allowed
excitations of helium, nitrogen, and argon as well as the dipole-
forbidden excitation of 21S0 of helium satisfy this criterion, as
mentioned above. However, the criterion is violated for the dipole-
forbidden transitions of 3p54p′[1/2]0 of Ar and a1Πg + w1Δu of N2.
Therefore, the empirical criterion of a good match of the ISFFs or the
GOSs measured at different electron energies for determining the
validity of the FBA is not a strict one, and our understanding of
electron scattering with multi-electron systems is far from complete.

B. Compton profile

The first two Compton profile studies of gaseous He, Ar, Xe, and
N2 using a third-generation synchrotron radiation source were
carried out on the BL08W beamline of SPring-853,54 in 2011. Sub-
sequent Compton profile investigations of gaseousH2 and some small
alkane molecules were carried out by our group and collabo-
rators.22–24 As an example, Fig. 9 shows the Compton profile of
molecular hydrogen, which was measured on the BL15U beamline of
the SSRF, with an incident photon energy of about 20 keV and an
energy spread of about 3 eV. It is clear from Fig. 9(a) that the raw
X-ray scattering spectrum includes the Compton and elastic scat-
tering peaks. The former is actually the real Compton profile con-
voluted with the experimental energy resolution, which gives a
momentum spread. Therefore, the theoretical Compton profile
should be convoluted with the experimental momentum resolution
for comparison with the experimental measurement. Figure 9(b)
shows the experimental Compton profile of H2 along with the the-
oretical calculations using different packages as indicated in the key
on the figure. In fact, the results from the different calculations co-
incide, and excellent agreement is achieved between them and the
experimental results. However, a detailed comparison shows the
importance of the electron correlation effect in describing the elec-
tronic structure of H2.

22 It should be be mentioned that at present,
solid state detectors are being used to detect the scattered photons,
and their energy resolution of several hundreds of eV, which is much
larger than the energy spread of the incident photons, is the main
factor limiting the momentum resolution. This makes it difficult to
obtain the detailed information about the ground state electronic
structures of atoms and molecules. To overcome this shortcoming, a
high impact photon energy and a larger scattering angle are preferred
in experiments.

FIG. 8. IXS GOSs20 along with EELS results at different impact electron energies
(300 eV–500 eV;50 500 eV–2000 eV;51 25 keV–28 keV52). The red solid line is the
calculated GOS with time-dependent density functional theory (TDDFT)37 and the
green solid line is the fitted curve of all the EELS data. Reprinted with permission
from Kang et al., J. Phys. B: At., Mol. Opt. Phys. 52, 245202 (2019). Copyright 2019
IOP Publishing.
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C. Elastic squared form factor

Elastic scattering is the simplest X-ray scattering process, in
which the incident photon energy does not change, i.e., the final state
of the sample is the same as the initial state. By analyzing the scattering
intensities as a function of momentum transfer, one can obtain the
Fourier transform of the ground-state electron density distribution in
position space. In contrast to the case of inelastic scattering, where fast
electron scattering is equivalent to NRIXS under the FBA, in the case
of elastic scattering, the contribution from the nuclei needs to be taken
into account for electron scattering but not for X-ray scattering. For
example, for elastic electron scattering by molecular hydrogen, the
interaction can be represented in the potential term as

V � −�
2

j�1
1

|r − rj| +
1

|r −Ra| +
1

|r −Rb|, (38)

where Ra and Rb are the position vectors of the nuclei, and r and rj are
the position operators of the incident electron and the bound elec-
trons, respectively. The resulting DCS has two additional parts due to
the interaction with the nucleus:

dσ

dΩ
( )

e

� 4
q4
|〈Ψ0| exp(iq · Ra) + exp(iq · Rb)[

−�
2

j�1
exp(iq · rj)]|Ψ0〉|2

� 1
πBsin θ dθ dϕ ∫ψν*

0 [2 cos(q · R/2)− ϵ0(q;R, θ,ϕ)]ψν
0

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
2

,

(39)

where Ψ0 and ψν
0 are the wave functions of the ground state and its

vibrational part, and ϵ0(q; R, θ, ϕ) and cos(q ·R/2) are the
electron–electron and electron–nuclei scattering terms, respectively.
It is clear fromEq. (39) that the interference effect prevents extraction
of electronic structure information from the experimental elastic DCS
by fast electron scattering, whereas it can be obtained from elastic
X-ray scattering according to Eq. (19).

Elastic X-ray scattering measurements with H2 were performed
on theTaiwanBeamline BL12XUof SPring-8with an incident photon
energy of about 9989 eV and an energy resolution of about 70 meV.
The deduced ESFFs are presented together with theoretical results in
Fig. 10, from which it can be seen that there is good agreement
between theory and experiment. The experimental results show that
elastic X-ray scattering has a unique advantage over fast electron
scattering in determining the pure electronic structure of the ground
state of a molecule.

The situation for atoms is different, where the atomic matrix
element from the nucleus is a constant Z, i.e., the atomic number. The
reason is that the nucleus is located at the center of the atom, and so
the pure electronic structure can be extracted from fast electron elastic
scattering under the FBA. However, the different scattering mech-
anisms in elastic X-ray and electron scattering can provide deep
insight into the scattering process. Recent comparative investigations
of elastic X-ray and fast electron scattering from helium have elu-
cidated an anomalous phenomenon first observed 40 years ago,
namely, a large deviation of the elasticDCS from the FBA in the small-
q2 region. This can now be explained as being due to the dramatic
enlargement of the contribution beyond the FBA in the small-q2

region.56 Furthermore, the ESFF of molecules measured by X-ray
scattering has recently been used to extract bond lengths.19

D. Optical oscillator strength

The absolute OOS of an atom or a molecule is equivalent to the
integral photoabsorption cross section, which represents the tran-
sition probability between the initial and final states and is essential
for understanding photon emission and photon absorption processes.

FIG. 10.Elastic squared form factor ζ(q) of molecular hydrogen. The solid red circles
and the black solid line are the IXS measured data and the theoretical results
obtained by Bentley and Stewart55 using the Davidson–Jones (DJ) wave function.
Reprinted with permission from Liu et al., Phys. Rev. A 89, 014502 (2014). Copyright
2014 American Physical Society.

FIG. 9. (a) Compton scattering spectrummeasured at 90° for H2. (b) Compton profile
of H2. Reprinted with permission from Zhao et al., Chin. Phys. B 24, 033301 (2015).
Copyright 2015 Chinese Physical Society.
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AccurateOOSdata for atoms andmolecules are important in a variety
of disciplines, including plasma science, astrophysics, and atmo-
spheric physics, since photon emission and absorption processes are
widespread in plasmas, interstellar space, and planetary atmospheres.
The most commonly used methods to determine the OOS are the
photoabsorption and dipole (e, e) methods, which suffer from line
saturation and the rapid variation of the Bethe–Born conversion
factor. The accuracy of the obtained OOSs might be influenced by
these defects of themethod. Therefore, we have proposed and realized
the dipole (γ, γ) method, which can overcome the difficulties en-
countered by the photoabsorption and dipole (e, e) methods. OOSs
cross-checked by different experimental methods constitute bench-
mark data for use across disciplines and provide a stringent test of
state-of-the-art theoretical atomic and molecular codes.

Figure 11 presents a typical IXS spectrumofHewith the valence-
shell excitations assigned.21 The solid blue circles are the experimental
OOS densities and the red line is the fitted curve of themeasured data.
The peak areas are actually theOOSs of the corresponding transitions.
The experimental OOS values are presented and compared with
previously available experimental data as well as the results of the-
oretical calculations in Fig. 12. The excellent agreement with the
literature data confirms the applicability of the dipole (γ, γ)method to
the determination of OOS for gaseous samples.21

The OOSs of the valence-shell excitations for astrophysically
relevantmolecules, such asCO,72N2,

73Ar,74H2,
75 andD2

32 have been
determined by our group using the dipole (γ, γ) method. The cross-
checked OOS data can thus be used to model observed astrophysical
spectra.

V. SUMMARY AND OUTLOOK

Essentially within the last decade, non-resonant X-ray scattering
spectroscopy has been extended to explore the electronic structures
and obtain the benchmark dynamic parameters of gaseous atoms and
molecules. A new experimental method, dipole (γ, γ), has been
proposed and realized to determine OOSs for the valence-shell ex-
citations of atoms and molecules. The state-resolved ISFFs, ESFFs,
OOSs, and ICSs, and the Compton profiles, of many atoms and
molecules have been determined with high accuracy, and a unified
absolutization criterion, namely, highly accurate and highly precise
ISFFs and OOSs of the 21P state of helium, has been established.
NRIXS has the remarkable advantages of exciting dipole-forbidden
transitions at large momentum transfer and always satisfying the
FBA. The former advantage can be used to study the electronic
structures and excitation behaviors of dipole-forbidden transitions of
atoms and molecules, and the latter allows the experimental results
obtained to serve as the high-energy limit of electron impact and to be
used to study the conditions under which the FBA is valid for electron
collisions.

FIG. 11. IXS spectrum of helium with the valence-shell excitations assigned. Solid
blue circles are the present experimental data and the shaded curve is the fitted
result. The vertical axis has been converted into absolute OOS density.

FIG. 12.OOSs of the n 1P1 states of helium (n � 3, . . ., 7, from top to bottom). (a) The blue circles are the present results with the dipole (γ, γ) method. (b) Experimental data from
EELS or the dipole (e, e) method.57–60 [(c) and (d)] Measured data from the self-absorption61–63 and proton impact methods.64 (e) Theoretically calculated data available in the
literature.65–71
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The intrinsic equivalence ofNRIXS and fast EELS under the FBA
makes cross-checking experimental results by different techniques
feasible. Such cross checks can be used to exclude possible systematic
experimental errors and to establish experimental benchmarks, as
well as providing deep insight into the excitation process and re-
vealing new collision and excitation mechanisms. The benchmark
dynamic parameters for the ground and excited states of many atoms
and molecules, including the ISFFs, ESFFs, OOSs, and Compton
profiles, have been obtained. It has been found that an empirical
criterion that has been widely accepted for electron impacts, namely,
that a good match among fast electron scattering results with higher
and higher incident electron energies is enough to demonstrate the
validity of the FBA, may be problematic.20 The different mechanisms
of elastic scattering of X-rays and electrons explain the anomalous
asymptotic behavior of elastic electron scattering from helium first
observed more than 40 years ago.56 Furthermore, vibronic and iso-
tope effects have been observed.76–78

It is worth mentioning that every experimental technique has its
own merits and demerits. One merit of EELS is the large scattering
cross section, and one of its demerits is the strong interaction between
incident electrons and the target, which leads to invalidity of the FBA
and thus complicates the explanation of experimental observations.
Furthermore, the DCS of high-energy electron scattering decreases
rapidly at a rate of q−4 as the momentum transfer increases, so it is
difficult tomeasure dynamic parameters at largemomentum transfer.
The IXSmethod, on the other hand, has the advantage that the FBA is
almost always satisfied, and it is thus a powerful tool to study the
dynamic parameters and electronic structures of the ground and
excited states of atoms and molecules. IXS has the disadvantage of
very low cross sections of about 10−25 cm2, and this is why a high
target pressure of about 1Mpa is needed for IXS, compared with only
about 0.01 Pa in electron scattering experiments.However, theDCSof
IXS is determined only by the ISFFs and is independent ofmomentum
transfer, and therefore IXS is suitable for measuring dynamic pa-
rameters at large momentum transfer. Combining different experi-
mental techniques is helpful to gain accurate and complete
information about atoms and molecules, and also gives deep insight
into excitation mechanisms.

For OOS measurements, the newly developed dipole (γ, γ)
method has the merit that it is free from the line saturation effect and
its Bethe–Born conversion factor is nearly independent of excitation
energy, and it is thus free from any systematic error and can achieve
highly accurate results. However, it is limited by low cross sections
and amoderate energy resolution of tens ofmeV. Although for strong
transitions, the photoabsorption method is subject to the line satu-
ration effect, it has the highest energy resolution when used to de-
termine the oscillator strengths of rotational states. The dipole (e, e)
method has large cross sections and is also not influenced by the line
saturation effect, but its energy resolution is only sufficient tomeasure
the OOSs of vibronic states at present. Furthermore, the rapid var-
iation of the Bethe–Born conversion factor in the dipole (e, e) method
may lead to some unknown uncertainties. It should be pointed out
that the IXS technique is under continual development. When we
began OOS measurements with the dipole (γ, γ) method in 2015, the
energy resolution was just about 70meV and the signal-to-noise ratio
was rather poor owing to the low cross section and the very small
scattering angle of the measurements.72–74 However, since 2018, the

energy resolution has been improved to 25 meV and the background
signal has been reduced to about 1 count per 100 s, which improves
the precision of the results.32,75

The main limitation of the X-ray scattering technique is still its
very low cross sections, especially for the dilute gas targets used in
atomic and molecular physics. However, IXS has a bright future
owing to the rapid development of photon sources and of detection
and analysis techniques. High-repetition-frequency hard X-ray FELs
and fourth-generation synchrotron radiation sources are under
construction in many countries, and these will boost the brilliance of
X-ray beams by several orders of magnitude. The use of multi-
analyzer and position-sensitive detectors79,80 will increase the col-
lection and detection efficiencies. All these technical developments
will overcome the difficulties caused by the very low X-ray scattering
cross sections.

Hard X-rays have strong penetrability, and the IXS is a “photon-
in photon-out” technique, and therefore the sample environment is
not a limitation. This provides an opportunity for studying the dy-
namic behaviors of free atoms and molecules under extreme con-
ditions, for example at very high or low temperatures81 or under very
high pressures such as the several hundreds of megapascals in a
diamond anvil cell. The electrically neutral nature of the photon
makes it suitable for determining the dynamic parameters of atoms
and molecules in strong electric and magnetic fields, which are very
useful for fusion science and plasma physics, where strong electro-
magnetic environments are common.

At a low energy resolution of 1 eV, the incident photon flux can
be increased by several orders of magnitude, and a wide energy loss
region can be scanned. Thus, inner-shell excitations, which generally
have large intervals, can be excited and resolved efficiently. However,
very few investigations of such excitations have been carried out to
date.31,37,82 Recently, we have constructed a NRIXS spectrometer on
the BL15U beamline at the SSRF with an energy resolution of 1.3 eV,
which will be dedicated to studying the inner-shell excitations of
atoms and molecules.83
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