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We present a comprehensive electron momentum spectroscopy study on the electronic structure of trifluorobro-
momethane. The binding energy spectrum and electron momentum profiles of the entire outer-valence orbitals and the
first inner-valence orbital along with several shake-up states were measured by using a high-sensitivity (e, 2e) apparatus at
an electron impact energy of 1213 eV. Theoretical calculations employing the density functional theory with B3LYP hybrid
functional and the symmetry-adapted cluster configuration-interaction method were performed to interpret the experimen-
tal results. Important effects of electron correlations in the initial neutral and final ionic states on the electron momentum
profiles have been observed.
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1. Introduction
Trifluorobromomethane (CF3Br) has historically been

employed as an efficient fire suppressant throughout the last
century due to its high inhibition efficiency.[1,2] Despite being
phased out under the Montreal protocol because of its signifi-
cant contribution to stratospheric ozone depletion, CF3Br con-
tinues to serve as a critical benchmark for evaluating alterna-
tive fire suppressants.[3] Understanding its inhibitory mecha-
nisms is therefore essential for establishing a baseline to com-
pare the effectiveness of other candidate fire suppressants.

Fundamental studies[3–6] have indicated that CF3Br com-
petes effectively with the chain branching reactions in com-
bustion, particularly the reaction H + O2 � O + OH. This
inhibitory action is driven by the release of reactive intermedi-
ates, such as bromine (Br) atoms and CF3 radicals. The molec-
ular structure of CF3Br, featuring a relatively weak C–Br bond
and stronger C–F bonds, facilitates the release of Br during
combustion. Bromine atoms react with hydrogen radicals to
form hydrogen bromide (HBr), which scavenges H radicals,
thereby slowing down combustion by promoting the forma-
tion of less-reactive hydrogen molecules (H2). Furthermore,
the presence of fluorine atoms in the CF3 radical enhances
CF3Br’s ability to permanently remove H radicals,[4] making
it more effective as a fire suppressant than other brominated
compounds, such as HBr or CH3Br.

The flame-suppressing efficiency of CF3Br is intimately
related to its electronic structure, particularly the distribution

of electron density around the Br and CF3 groups. Detailed
analysis of its electronic structure not only offers valuable in-
sights into the mechanisms underlying its flame suppression
capabilities, but also provides guidelines for next-generation
fire suppressants. The ionization potentials of CF3Br were in-
tensively studied using photoelectron spectroscopy (PES) with
He I, He II, and synchrotron radiation sources.[7–12] The de-
pendence of the photoionization cross sections or photoelec-
tron asymmetry parameters on the photon energies were also
investigated and used to analyze the orbital characteristics of
CF3Br.[9–11] Electron momentum spectroscopy (EMS),[13–17]

also referred to as binary (e, 2e) spectroscopy, is another pow-
erful technique that not only provides ionization energies but
also directly measures the spherically averaged electronic den-
sity distributions in momentum space for individual atomic
and molecular orbitals. Over the past decades, EMS has
proven its unique ability in investigating electronic structures
of atoms and molecules.[13,16–27] For CF3Br, Wu et al. investi-
gated electron localized feature of the highest occupied molec-
ular orbital (HOMO) using EMS technique in the wavefunc-
tion domain[28] but did not refer to other molecular orbitals of
CF3Br.

In this study, we present a detailed EMS study on CF3Br
by a high-sensitivity (e, 2e) apparatus operating at an incident
energy of 1200 eV plus the binding energy. Detailed specifi-
cations of the spectrometer have been reported elsewhere.[29]

The instrumental energy and momentum resolution were es-
†Corresponding author. E-mail: xshan@ustc.edu.cn
© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

043401-1

https://doi.org/10.1088/1674-1056/adb273
https://cstr.cn/32038.14.CPB.adb273
mailto:xshan@ustc.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 34, 043401 (2025)

timated to be 1.1 eV (FWHM) and 0.15 a.u. based on mea-
surements of Ar 3p ionization, respectively. The experimen-
tal electron momentum profiles of CF3Br for the whole outer-
valence orbitals and the first inner-valence orbital along with
several satellites have been obtained, which are compared
with theoretical calculations performed by density functional
theory (DFT-B3LYP)[30,31] and the symmetry-adapted cluster
configuration-interaction (SAC-CI) method,[32] both utilizing
the augmented correlation-consistent-polarized valence triple-
zeta (aug-cc-pVTZ) basis set.[33]

2. Experimental and theoretical background
EMS relies on the kinematically complete (e, 2e) reaction

in which an orbital electron from the target atom or molecule
is ejected by a high-energy incident electron collision. This
electron impact ionization process can be expressed as

ei (Ei,𝑝i)+T→ T++ es (Es,𝑝s)+ ee (Ee,𝑝e) , (1)

where the subscripts i, s, and e denote the energy E and mo-
menta 𝑝 of the incident, scattered, and ejected electrons, re-
spectively. The target atom or molecule is denoted as T, with
T+ representing the residual ion. Within the binary-encounter
approximation, the electron impact ionization is treated as a
direct collision between the incident and target electrons. The
binding energy εf and the momentum 𝑝 of the orbital electron
in the target can be obtained using the conservation laws of
energy and momentum

εf = Ei−Es−Ee, (2)

𝑝= 𝑝s +𝑝e−𝑝i. (3)

The high-sensitivity EMS spectrometer[29] was employed
for the present study on CF3Br. In brief, an electron from the
target gaseous CF3Br molecule is ejected by an incident elec-
tron with energy of 1213 eV. The scattered and ejected elec-
trons, which have equal energies (Es = Ee) and equal polar
angles (θs = θe = 45◦) relative to the incident electron direc-
tion, are initially decelerated by retarding lenses, then energy-
dispersed by a 90◦ sector spherical electrostatic analyzer, and
ultimately detected by a position-sensitive detector (PSD) con-
sisting of a pair of micro-channel plates (MCPs) arranged in a
chevron configuration followed by a delay-line anode.[34] Un-
der non-coplanar symmetric kinematic arrangement, the mag-
nitude of target orbital electron momentum is given by

p =

√
(p0−2p1 cos45◦)2 +

[
2p1 sin45◦ sin

(
φ

2

)]2

, (4)

where φ is the relative azimuthal angle between the scattered
and ejected electrons.

On the theoretical side, the plane wave impulse approxi-
mation (PWIA)[15] is usually employed in EMS. This approx-
imation assumes that the energies of both the incident and out-
going electrons are sufficiently high, allowing them to be ac-
curately described by plane waves. The triple differential cross
section (TDCS) for a gaseous target is given by

d3σ

dΩ1 dΩ2 dE1
∝

1
4π

∫
dΩ

∣∣∣〈𝑝Ψ
(N−1)

f |Ψ N
i 〉
∣∣∣2, (5)

where 𝑝 represents the plane wave associated with the
knocked-out electron from the target, while Ψ

(N−1)
f and Ψ N

i
denote the total electronic wavefunctions of the final ionic
state with N− 1 electrons and the initial ground state with N
electrons, respectively. The integral over 4π accounts for the
spherical averaging resulting from the random orientation of
gaseous targets. The TDCS is proportional to the square of the
overlap between the initial and final states (referred to as the
Dyson orbital). Under the weak coupling approximation,[15]

the overlap can further be described as

〈𝑝Ψ
N−1

f |Ψ N
i 〉= (Sα

f )
1/2

ϕα (𝑝) , (6)

where Sα
f denotes the pole strength, representing the proba-

bility of a single-hole configuration in the final ion state, and
ϕα(𝑝) is the normalized one-electron Dyson orbital which can
be approximated by the Hartree–Fock (HF)[13] or Kohn–Sham
(KS) orbitals.[35] The TDCS then simplifies to

d3σ

dΩ1 dΩ2 dE1
∝

1
4π

Sα
f

∫
dΩ
∣∣ϕHF or KS

α (𝑝)
∣∣2, (7)

where the integral is called as the spherically averaged electron
momentum profile.

It is noted that HF and B3LYP approaches only consider
the electron correlation in the ground state of neutral molecule.
To further consider the electron correlations in the final states,
the CI or SAC–CI methods are required. In the SAC–CI the-
ory, the SAC wavefunction is used to describe the ground state,
while the SAC–CI wavefunction is applied to the final states.
For a closed-shell singlet ground state, the wavefunction is de-
scribed as the SAC expansion by

∣∣Ψ SAC
0

〉
=

(
1+∑

I
CISI +

1
2 ∑

I,J
CICJSISJ + · · ·

)
|0〉 , (8)

where |0〉 is the HF determinant of the ground state, C is
the coefficient, and S denotes the symmetry-adapted excita-
tion operator. For the final state, the SAC–CI wavefunction is
obtained by modifying the SAC wavefunction of the ground
state, which is typically written as∣∣Ψ SAC−CI

f

〉
= ℜ

∣∣Ψ SAC
0

〉
. (9)

Here, ℜ = ∑k dkRk is the excitation operation, with Rk repre-
senting excitation, ionization, or electron-attached operators,
and dk the corresponding coefficients.
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The Dyson orbital, calculated using SAC–CI theory, is a
linear combination of orthogonal HF orbitals,

ΨDyson =
〈
Ψ

SAC−CI
f

∣∣Ψ SAC
0

〉
= ∑

j
c jϕ

HF
j , (10)

where ϕHF
j are the HF orbitals and c j are the corresponding

coefficients. The PS of the Dyson orbital is given by Sf = ∑
j

c2
j .

In the present calculations, the equilibrium molecular ge-
ometry of CF3Br in its ground state is optimized using the
B3LYP method with aug-cc-pVTZ basis set. The wavefunc-
tions in position space are calculated under the optimized
equilibrium geometry of molecules by employing both the
B3LYP and SAC–CI general-R methods with the same basis

set. The corresponding momentum-space wavefunctions are
obtained by Fourier transformation, and the electron momen-
tum profiles are therefore calculated by B3LYP and SAC–CI
approaches according to Eqs. (7) and (10), respectively. Ad-
ditionally, the SAC–CI general-R method has also been used
to calculate the ionization potentials (IPs) and pole strengths
(PSs) for main transition and satellite states, enabling the con-
struction of simulated binding energy spectra for CF3Br. De-
tailed information on the IPs and PS values is summarized
in Table 1, alongside experimental IP values from EMS and
PES for comparison. All above theoretical calculations are
performed using the GAUSSIAN 09 program suite.[36]

Table 1. SAC–CI calculated ionization potentials (IPs), pole strengths (PSs), and main configurations of the ionized states of CF3Br and the corresponding
experimental IPs from present EMS and previous PES studies.

MO
SAC–CI general-Ra) EMSa) PESb) PESc)

IP (eV) PS Main configurations (|c| ≥ 0.1) IP (eV)

5e 11.71 0.841 0.96(5e−1) 12.1 12.08 12.08

5a1 13.79 0.838 0.96(5a−1
1 ) 14.3 14.28 14.28

1a2 15.77 0.820 0.96(1a−1
2 ) 15.8 15.86 15.86

4e 16.27 0.820 0.95(4e−1) 16.5 16.55 16.55

3e 17.33 0.817 0.95(3e−1) 17.6 17.57 17.57

4a1 19.64 0.800 0.94(4a−1
1 ) + 0.12(5a−1

1 ) 20.0 19.8 19.8

2e 20.90 0.813 0.96(2e−1) 21.1 20.9 20.9

22.51 0.182 0.38(3a−1
1 )− 0.24(2a−1

1 )− 0.41(5e−19a15e−1) 22.6

3a1 23.81 0.632 0.85(3a−1
1 )− 0.20(5e−19a15e−1) 23.8 23.7 23.7

2a1 25.73 0.443 0.68(2a−1
1 ) + 0.19(3a−1

1 )− 0.23(4e−19a15e−1) 25.5 25.0

26.13 0.055 0.24(2a−1
1 )− 0.51(4e−19a15e−1)− 0.46(4e−16e5e−1)− 0.44(4e−19a15e−1)

26.77 0.030 0.18(2a−1
1 ) + 0.46(5a−1

1 9a15a−1
1 )

27.22 0.021 0.15(2a−1
1 )− 0.45(5e−111a15e−1)

28.21 0.023 0.16(2a−1
1 )− 0.34(5e−16a15e−1) 28.0

30.86 0.012 0.10(2a−1
1 ) + 0.34(4e−111a15e−1)

30.99 0.011 0.10(2a−1
1 ) + 0.29(4e−111a15e−1)

31.10 0.010 0.10(2a−1
1 ) + 0.27(4e−16a15e−1)

31.21 0.016 0.12(2a−1
1 )− 0.28(5e−18a15a−1

1 )

31.28 0.010 0.10(2a−1
1 )− 0.30(5e−16a14e−1)

a)Present work, b)Ref. [9], c)Ref. [11].

3. Results and discussion
CF3Br contains 68 electrons and exhibits C3v symmetry. Its ground state electronic configuration can be described using

B3LYP/aug-cc-pVTZ as

(core)36(1a1)
2(1e)4(2a1)

2︸ ︷︷ ︸
inner−valence

(3a1)
2(2e)4(4a1)

2(3e)4(4e)4(1a2)
2(5a1)

2(5e)4︸ ︷︷ ︸
outer−valence

.

The valence shell comprises eleven orbitals, which can be

categorized into two groups: eight outer-valence orbitals and

three inner-valence orbitals. The calculated energy ordering

of these valence orbitals aligns well with the sequence es-

tablished by previous PES experiments.[9–11] The experimen-

tally obtained two-dimensional (2D) density map of CF3Br, as

shown in Fig. 1(a), illustrates the TDCS dependent on orbital

electron binding energy and the relative azimuthal angle φ be-

tween two outgoing electrons (i.e., orbital electron momentum

according to Eq. (4)). This 2D map offers detailed informa-

tion of electron momentum distribution, binding energy, and

orbital symmetry.
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Fig. 1. (a) The 2D density map on electron binding energy and mo-
mentum (i.e., φ ). (b) Total binding energy spectrum. The dashed lines
represent Gaussian functions used to fit BES and the solid line is the
sum of them. (c) SAC–CI simulated binding energy spectrum. Posi-
tions and heights of the vertical bars indicate the calculated IPs and PSs
of the relevant transitions.

3.1. Binding energy spectrum

The experimental binding energy spectrum (BES) of
CF3Br, spanning 8 eV to 30 eV, was obtained by integrating
the 2D map across all relative azimuthal angles, as depicted in
Fig. 1(b). The BES reveals seven distinct features, including
five well-resolved envelopes in a range of the 8 eV–25 eV and
two relatively weaker envelopes in the range of 25 eV–30 eV.
CF3Br has been extensively studied by PES,[7,9–11] which en-
ables the assignment of nine orbitals, encompassing all outer-
valence orbitals and the first inner-valence orbital 2a1. In the
experimental BES, eleven Gaussian peaks are employed to
identify the contributions from each main ionic state and its
corresponding shake-up states, as shown by dashed blue lines
and the solid red line represents their sum. The positions of
most peaks are primarily referred to the vertical ionization po-
tentials reported in earlier work of PES,[11] while their widths
are obtained by the convolution of Franck–Condon widths and
our instrumental energy resolution of 1.1 eV (FWHM). Addi-
tionally, peak 8 and peak 11 are introduced to account for the
shake-up states located at the foot of the main states 3a1 and
2a1 under the guidance of the SAC–CI general-R calculation.
Molecular orbitals corresponding to Gaussian peaks are illus-
trated at the top of Fig. 1(b), with vertical lines marking their

ionization energies.
In the outer-valence region, peak 1 arises from the ion-

ization of the highest occupied molecular orbital (HOMO) 5e,
which has the highest intensity and is well resolved in the BES.
This broad peak contains two unresolved components (5e1/2,
5e3/2) due to spin-orbit coupling effect.[9] Peak 2 stands for
the next highest occupied molecular orbital 5a1. The envelope
in the energy range of about 15 eV to 19 eV includes three un-
resolved peaks (peaks 3–5), corresponding to the ionization of
molecular orbitals 1a2, 4e, and 3e, respectively. The next enve-
lope in the energy range of about 19 eV to 23 eV includes two
unresolved peaks (peak 6 and peak 7), which refers to the or-
bital 4a1 and 2e, respectively. Peak 9 is attributed solely to the
orbital 3a1. In the inner-valence region, only the first orbital
2a1 is resolved (peak 10) while other inner-valence orbitals (1e
and 1a1) are located at binding energy much larger than 30 eV
as supported by synchrotron radiation PES work.[10] Peak 8
and peak 11 represent satellite states associated with the 3a1

and 2a1 ionizations.
For the sake of comparison, the synthesized theoretical

BES constructed using SAC–CI general-R calculation is pre-
sented in Fig. 1(c). In the simulation, Gaussian functions are
used to represent each transition. Their widths are matched by
the instrumental energy resolution and their positions are the
calculated IPs, while their intensities (i.e., areas) are simply
the product of the electron densities and PSs. The theoretical
BES closely matches the experimental spectrum, accurately
capturing its key features and thereby further validating the
theoretical model.

3.2. Electron momentum profiles

The experimental electron momentum profiles (XMPs)
were obtained by plotting the fitted areas of corresponding
Gaussian peaks in the BES against the orbital electron mo-
mentum p, which was derived from the relative azimuthal an-
gles φ using Eq. (4). Theoretical electron momentum profiles
(TMPs) were calculated using the B3LYP and SAC–CI meth-
ods with aug-cc-pVTZ basis set at the optimized equilibrium
geometry. To facilitate direct comparison, the TMPs were
convoluted with the instrumental angular resolution using the
Gaussian-weighted planar grid (GWPG)[37] method. The nor-
malization factor between the XMPs and the TMPs was de-
termined by matching the TMP and XMP of the HOMO (5e
orbital). Figures 2–7 illustrate the results of momentum pro-
files for all outer-valence orbitals and the first inner-valence
orbital along with several satellite states. Additionally, molec-
ular orbital maps in position space calculated by B3LYP/aug-
cc-pVTZ are also inserted in the graph, which visually depict
the electron wavefunctions, with blue and yellow indicating
opposite phases.

As shown in Fig. 2, the XMP of the HOMO 5e orbital ex-
hibits a characteristic p-type profile, with a peak at p∼ 0.5 a.u.
The TMPs obtained from the B3LYP and SAC–CI calculations

043401-4
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provide an excellent description of the XMP, demonstrating
the reliability of these computational approaches. The molec-
ular orbital map reveals that the 5e orbital can be attributed
mainly to bromine localized lone pair orbitals with substan-
tial Br(4p) character. This finding aligns with a previous EMS
research by Wu et al.,[28] which showed that the momentum
distribution of the HOMO 5e orbital is nearly identical to that
of the 4p orbital in a free Br atom.

0 0.5 1.0 1.5 2.0 2.5 3.0

EXP
B3LYP/aug cc pVTZ
SAC CI/aug cc pVTZ

C
o
u
n
ts

Momentum (a.u.)

5e

0

2000

4000

6000

8000

Fig. 2. The XMP and TMPs for 5e orbital of CF3Br. The solid and dash
lines correspond to B3LYP/aug-cc-pVTZ and SAC–CI/aug-cc-pVTZ
calculations, respectively. The orbital map calculated by B3LYP/aug-
cc-pVTZ is shown in the graph.

The XMP for 5a1 orbital is shown in Fig. 3, exhibiting
two distinct maxima at p ∼ 0.3 a.u. and p ∼ 1.2 a.u. The

molecular orbital map displays a predominant C–Br σ bond-
ing character, in accordance with the identification in the PES
works.[11] This bonding orbital primarily arises from the con-
tribution of C(2pz) and Br(4pz) atomic orbitals. Additionally,
minor F(2p) components of three fluorine atoms are also en-
gaged in this orbital. This composition provides a plausible ex-
planation for the p-type character and the observed dual max-
ima in its XMP. As shown in Fig. 3, the B3LYP calculation
offers better agreement with the experiment than the SAC–CI
calculation, revealing the significance of electron correlations
in the initial state.
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Fig. 3. The same as that of Fig. 2, but for 5a1 orbital.
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Fig. 4. (a) The summed XMP and TMPs for 1a2, 4e, and 3e orbitals. (b), (c), and (d) represent the TMPs and orbital maps for (b) 1a2, (c) 4e,
and (d) 3e, respectively.

The next three orbitals of 1a2, 4e, and 3e primarily orig-
inate from fluorine lone pair electrons, as the orbital maps
showed in Fig. 4. Different spatial configurations of fluorine

lone pair for these orbitals make their TMPs different, i.e., a
maximum at p∼ 1.3 a.u. for 1a2, two maxima at p∼ 0.5 a.u.
and 1.5 a.u. for 4e and one maximum at p∼ 0.7 a.u. for 3e. In
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the present experiment, the ionization bands of these orbitals
cannot be separated. The uncertainty from the deconvolution
of BES is too large to obtain the reliable XMP for individ-
ual orbital. So only the summed XMP together with the TMPs
for these orbitals are presented in Fig. 4(a). Although there is a
visible discrepancy, an overall agreement of the TMPs with the
XMP can be seen from the figure. Recent works[39–41] showed
that molecular vibration and distorted wave effects play an ob-
vious role in improving the difference between theory and ex-
periment. To analyze the reasons resulted in the discrepancy
specifically, further high-level calculations are demanded to
consider more physical factors and high-resolution experiment
is also expected to separate these three orbitals in future work.

C
o
u
n
ts

R
e
la

ti
v
e
 i
n
te

n
si

ty
R

e
la

ti
v
e
 i
n
te

n
si

ty

EXP

T0.75

4a1

(b)

2e

(c)

0 0.5 1.0 1.5 2.0 2.5 3.0
Momentum (a.u.)

(a) 4a1+2e

SAC-CI/aug cc pVTZ

B3LYP/aug cc pVTZ

0

500

1000

1500

2000

2500

3000

0

400

800

1200

0

500

1000

1500

Fig. 5. (a) The summed XMP and TMPs for 4a1 and 2e orbitals. (b)
and (c) represent the TMPs and orbital maps for individual 4a1 and 2e,
respectively.

Figure 5 shows the experimental and theoretical results
for 4a1 and 2e orbitals. The calculated orbital maps illustrate
that these two orbitals are dominantly C–F σ bonding char-
acters. The additional C–Br anti-bonding component for 4a1

orbital leads to its TMP different from that of 2e orbital, partic-
ularly to the intensity at low momentum region. The SAC–CI
calculation shows that the final state of 4a1 ionization also in-

cludes a little contribution of 5a1 ionic state, which makes an
obvious “turn up” intensity of the TMP appear at low momen-
tum region as Fig. 5(b) showed. The ionization bands of 4a1

and 2e orbitals are not resolved duo to the poor energy resolu-
tion. Only the summed XMP for these two orbitals are plot-
ted and compared with the corresponding TMPs in Fig. 5(a).
The XMP exhibits a p-type character with a maximum located
at p ∼ 0.8 a.u. except for a remarkable intensity at the ori-
gin of momentum. When the TMPs multiplied by a factor of
0.75, the TMPs calculated by B3LYP and SAC–CI approaches
generally agree with the XMP. This factor indicates the pole
strength of ionizations from 4a1 and 2e orbitals. The SAC–CI
calculation provides better description on the XMP’s intensity
at low momentum than the B3LYP calculation, revealing the
role of configuration interaction in the final state.
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Fig. 6. The summed XMP and TMPs for 3a1 and its satellite.

The 3a1 is the last outer-valence orbital, whose orbital
map depicts a C–Br and C–F σ anti-bonding character. The
SAC–CI calculation predicts the ionization potential of this or-
bital at 23.81 eV, agreeing with present EMS and previous PES
measurements. Besides, a very weak satellite state at 22.51 eV
accompanying the ionization is also predicted. Considering
large uncertainty in deriving the XMP for this satellite, an ad-
ditive XMP for main state and this satellite state are presented
in Fig. 6, along with the TMPs for comparison. The XMP
shows a mixed sp-type character. The TMPs multiplied by a
factor of 0.6 agree with the XMP well. This factor represents
the pole strength from 3a1 ionization contributed to this energy
region, which is in accordance with the SAC–CI prediction.
The SAC–CI calculation offers a more accurate description of
the XMP’s intensity in the momentum range from 0.25 a.u. to
1.25 a.u. compared to the B3LYP calculation, highlighting the
significance of configuration interaction in the final state.

The observed ionization peak at about 25.5 eV in BES
corresponds to the first inner-valence orbital 2a1 and the peak
around 28 eV is contributed from many satellite states asso-
ciating with the ionization of 2a1, according to the present
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SAC–CI predictions. To account for these satellites in the ex-
perimental BES, Gaussian peak 11 centered at 28.0 eV has
been introduced to deduce the XMP, as shown in Fig. 1(b).
The XMPs for 2a1 main state and satellites are presented in
Fig. 7, along with the TMPs for comparison. The SAC–CI
calculation well predicts the XMP’s shape and can reproduce
the experiment as it is multiplied by a factor of 0.24, but the
B3LYP calculation cannot. It is easily understandable that the
B3LYP is based on one-electron picture while the SAC–CI
involves multi-electron process to consider shake-up excita-
tions accompanying ionization. This is further supported by
the configuration components of the final ion state listed in
Table 1. The configuration mixture of the 2a1 and 3a1 states
as well as the shake-up states during ionization should be re-
sponsible for the present observation on the XMP. Figure 7(b)
shows the XMP for the satellites, where the TMP covers the
cooperative contributions of serval satellite states predicted by
SAC–CI calculation. One can see that a general agreement is
visible between the XMP and the TMP multiplied by a factor
of 0.28. The factors obtained via comparing TMP with XMP
represent the reassignment of the ionization pole strengths to
different ionic final states, which means that smaller the PS
value, in some extent, stronger electron correlation in the final
states.
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Fig. 7. The XMPs and TMPs for (a) 2a1 and (b) its satellites.

4. Summary
The experimental and theoretical EMS studies on the

electronic structure of CF3Br have been carried out in the

present work. The BES and XMPs for the entire outer-valence
orbitals and the first inner-valence orbital along with several
satellite states have been obtained and compared with the the-
oretical calculations by the B3LYP/aug-cc-pVTZ and SAC–
CI/aug-cc-pVTZ methods. The XMP for HOMO 5e was found
to exhibit atomic orbital-like characteristics, closely resem-
bling to the 4p of a free Br atom. For C–Br σ bonding orbital
5a1, the B3LYP calculation describes the XMP better than
the SAC–CI calculation, revealing the significance of electron
correlations in the initial state. While for 4a1, 3a1, and 2a1

orbitals, the SAC–CI calculation better reproduces the XMP
than the B3LYP approach exhibiting significant influence of
electron correlations in the final states. These findings provide
more insights into the valence orbital electron properties of
CF3Br and will be helpful to understand its flame suppression
mechanisms.
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