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Absolute optical oscillator strength density and double differential cross section spectra of CO below 120eV are

determined by fast electron impact. Some peaks above the first ionization threshold stand out as the momentum

transfer square K? increases. The doubly excited Rydberg states converging to C 2%+, D 2II, and F 2II states

of COt, respectively, are confirmed in our spectra. Another peak at around 32eV is assigned to the transition of

(30)~1(2m)! I + X3+,
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1. Introduction

The inelastic scattering of fast electrons provides
a powerful means to measure absolute cross sections
(optical oscillator strength (OOS) and generalized os-
cillator strength (GOS)) for dipole-allowed and dipole-
forbidden transitions in atoms and molecules.!'l The
double differential cross section (DDCS) d%c /(dEdS2)
is related to the generalized oscillator strength den-
sity (GOSD) df(E,K)/dE in the framework of the
first Born approximation by the Bethe-Born formula

(in atomic units):!*+2!

df(E,K) _ E@Kz d?o 1)
dFE 2p, dEA2

Here E and K are the excitation energy and momen-
tum transfer, pg and p, are the incident and scattered
electron momenta, respectively. In the limit K — 0,
the GOSD is identical to the optical oscillator strength
density (OOSD).

Absolute GOS values can be used to provide an
effective feedback for the wavefunction of both the
ground and excited states as well as evaluate and de-

velop new quantum computational methods for the

excited states.[!! In addition, the generalized oscil-
lator strengths can be visualized in the form of the
Bethe surface, i.e. a three-dimensional representa-
tion of the GOS as a function of the excitation en-
ergy E and the logarithm of the momentum trans-
fer In(K?).[l The Bethe surface embodies all the in-
formation concerning the inelastic scattering of elec-
trons by an atom or molecule in the framework of
the first Born approximation.[!l Furthermore, the K2
dependence behaviours of the GOS may provide the
quantitative information about spectral assignments,
the excited

states of molecules above the first ionization thresh-

especially for superexcited states, i.e.

old, such as high Rydberg states, doubly or inner-
shell excited, non-Rydberg states, etc.>~? The very
recent work!®—®! has elucidated that some weak dipole-
allowed or dipole-forbidden superexcited states may
stand out with the momentum transfer square K2 in-

creasing.

The ground state of CO can be written as
(10)%(20)%(30)2(40)?(1m)4(50)2. Its valence shell ex-
citations have been well studied, which were re-

viewed by Chan et all®! As for the energy levels
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above the first ionization threshold of CO, the su-
perexcited states have been studied by the photoab-
sorption method,['?! the photoelectron spectroscopy
(PES)[" and the photo-induced dispersed fluores-
cence spectroscopy (PIFS),['2-16] such as the Ryd-
berg series converging to C2?Xt and DZII of CO*.
the intensities of O~ and C~

negative-fragment-ion as a function of the photon ex-

Ton-yield curves, i.e.

citation energy, have also been measured to study
the superexcited states in an energy range of 20—
40eV.117l Some of the CO resonances were tentatively
assigned to doubly excited Rydberg series converg-
ing to the D 2II, E 2X%, and E' 2X7 satellite states
of CO1.['7 On the other hand, the electron-energy-
loss spectra below 55eV of CO were measured by
Leel'®! with a low energy resolution (2.5 eV) at a
high incident electron energy (25 keV). Lee found
that two peaks stood out at large momentum trans-
fers. One was at around 22eV, and it was suppos-
The other

was broad peak at around 32eV that was observed

edly related to two electron transitions.

at large momentum transfers, and assigned to the
inner-valence transition of (30)~'(2m)! 'l + X'®+
or (30)71(60)! 1B+ « X!'¥*. Since the momen-
tum transfer dependence behaviours may be differ-
ent for different superexcited states, some states over-
whelmed in the OOS density spectrum may stand out
in the electron-energy-loss spectra at large scattering
angles. Therefore, the angle-resolved electron-energy-
loss spectroscopy (AREELS) with a high energy res-
olution may provide more information for the struc-
tures and nature of the superexcited states. This is
our main interest in this paper.

In a similar way to our previous studies of NO, O5
and No,["819 in this work we measure the electron-
energy-loss spectra of CO with a higher energy resolu-
tion of 100 meV and in a larger momentum transfer re-
gion. Then the absolute OOSD and DDCS are deter-
mined. Some peaks above the first ionization thresh-
old stand out at large scattering angles. Based on
the previous work[10=16:18] and present results, these

peaks are clearly assigned.
2.Experimental and theoretical
methods

The angle-resolved electron-energy-loss spectrom-
eter used in this experiment has been described in
detail in Refs.[20-22]. Briefly, it consists of an elec-
tron gun, a hemispherical electrostatic monochroma-

tor made of aluminium, a rotatable energy analyser of

the same type, an interaction chamber, a number of
cylindrical electrostatic lenses, and a one-dimensional
position sensitive detector for detecting the scattered
electrons. All of these components are enclosed in four
separate vacuum chambers made of stainless steel.
The impact energy of the spectrometer can be varied
from 1 to 5keV. For the present experiment, it was
set at 2.5keV and the energy resolution was about
100meV. All spectra were measured at a pressure of
8x107% Pa and the background pressure in the vac-
uum chamber was 5x107° Pa. The true zero angle
was calibrated by the symmetry of the angular dis-
tribution of C'XF 1/ = 0 + X'2+23] inelastic scat-
tering signal around the geometry nominal 0°. The
angular resolution was about 0.8° in present measure-
ment.

The electron-energy-loss spectra of CO were mea-
sured in a scattering angle range of 0°-8° with an
interval of 2°, and calibrated at 11.39eV accord-
ing to the transition to C'XT,v = 0.23] Then, the
spectrum measured at a mean scattering angle of
0° was converted into relative OOSD spectrum by
multiplying the Bethe-Born conversion factor of the
spectrometer.[m’%_%] The spectra at other scatter-
ing angles were converted into relative GOSD spectra
according to Eq.(1).

These relative GOSD spectra were transformed
into absolute ones by the valence shell Bethe sum-

rule:[1:27]

Sual0) = New + New = [~ (§5)ar, 2
, \dE

where N, is the total number of valence electrons
in the target (10 for CO), Npg is a small correc-
tion (0.3 for CO) for the Pauli-excluded transitions
from the K-shell to the already occupied valence shell
orbitals,[2®29 and E’ is the lowest excitation energy.
In the limit K — 0, the GOSD is identical to the
OOSD. In the sum-rule normalization procedure, the
intensity of the relative OOSD or GOSD obtained at
a definite scattering angle was first numerically inte-
grated over a sampling energy loss range, i.e. up to
73 eV for 0°, 107eV for 2°, 4°, and 6°, 120eV for 8°.
The remaining intensity of the valence shell above the
measured energy region was estimated by integrating
a fitted function aE~" with respect to E from the
limit energy of the measurements to infinity, where
the empirical parameters a and b were obtained by
least-squares fitting a smoothly decreasing region, i.e.
50-73eV for 0°, 50-107eV for 2°, 60-107eV for 4°,



2480 Fan Lan-Lan et al

Vol. 14

80-107 eV for 6°, and 80-120eV for 8°, respectively.
The overall percent errors of the OOSD and DDCS
obtained in this work are less than 20%, which mainly
come from the angular determination, the angular cor-
rection factor, the statistics of counts, and the least-
squares fitting procedure.

The multi-scattering self-consistent-field (MSSCF
or MS-X, ) method was employed in this work. Briefly,
based on a trial charge density of the molecule, a
muffin-tin trial molecular potential V™°! with the
symmetry of molecular point group was constructed.
We can then calculate the occupied molecular orbitals
(MOs), which served to construct the charge density
of the molecule and then a new trial molecular poten-
tial. With this process going on, self-consistent itera-
tions were performed until a certain precision was met.
A self-consistent-field (SCF) molecular potential V!
was obtained and thereafter we calculated all MOs, in-
cluding nondiffusive molecular orbitals (NMOs), Ry-
dberg molecular orbitals (RMOs), and adjacent con-
tinuum molecular orbitals (CMOs). In our calcula-
tions, all RMOs and CMOs were treated in a unified
manner in the framework of Quantum Defect Theory
(QDT).[%-34 With the calculated wavefunctions, the
GOSD can be calculated. The GOSD is calculated as
follows:[!]

df (K, E)

dE

E N
=2 =l prlK )| @) *5(E, — E).

Here, ¥, and V,, are the electronic wavefunctions of
the initial and the final states, respectively, NV is the
anticipated number of electrons in the target particle,
E,, is the excitation energy, and r; is the position of

the jth electron.
3. Results and discussion

The present absolute OOSD spectrum of CO is
shown in Fig.1 along with that determined by the
same method as ours but with a higher impact en-
ergy of 8 keV and a lower energy resolution of 1eV
(FWHM).?! The calculated photoionization OOSD
spectrum is also shown in Fig.1. Clearly, the present
experimental results are in good agreement with those
in Ref.[9] above 20eV. The expanded spectrum below
20eV is shown in the inset in Fig.1, and the discrep-

ancy can be attributed to the difference in energy res-

olution. The present calculated results are generally
in agreement with the experimental ones except for
those below 17eV (see the inset). This discrepancy is
mainly due to the fact that the contribution from the
autoionization Rydberg states is not included in our
calculations. In addition, our calculations are based
on self-consistent calculations, thus, electron correla-

tion (i.e. channel interactions) is ignored.
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Fig.1. Absolute OOSD spectra of CO in an energy
range of 5-75eV. The inset exhibits the expanded
spectrum in an energy range of 5-20eV.

Figure 2 shows the absolute DDCS spectra be-
low 120eV at scattering angles of 0°, 2°, 4°, 6°, and
8°, which are equivalent to the Bethe surface. It can
be seen clearly that the energy positions of the very
broad peaks observed at 6° and 8° disperse to the side
of higher energy loss with the increase of the momen-
tum transfer. This ridge is the result of the momen-
tum conservation in inelastic electron—-molecule colli-
sion, and it is well known as the Bethe ridge in the
first Born approximation.[!l Such a phenomenon has
also been observed in other molecules such as NO, "]
0,,18] H,0,3%] SF, [l CF5Cl, CF,Cly, 2CFCls,137!
and SiF,.[38 The energy dispersion of this ridge with
respect to K is generally related to the manifestation
of different Fourier-transform components of the over-
lap density between the initial-state and final-state
wave functions.[!! The Bethe surface gives us a clear
perspective of the entirety of inelastic collisions.!!]
Here we are interested in some peaks marked as A,
These

peaks are discussed in detail in the order of excitation

B, and C , which stand out as K? increases.

energies.
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150000 150000 ‘ Therefore, the peak A should be related to doubly ex-
Eﬁ 100000 f h cited states. Moreover, the assignments from fluores-
120000 @ Y . cence spectral’3=16] for the energy levels in an energy

a s A oY . .
] q Sowo M Ao range of 18-30eV are shown in Fig. 3(b). Clearly,
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30000 1210’ 6 WWM spectra of CO from the neutral dissociation frag-
o 4 T ments in a wavelength range of 100-200nm."®! Clearly,
80 100 120 our measured profile of the spectrum in the energy
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Fig.2. DDCS spectra measured at 0°, 2°, 4°, 6°, and
8°. The inset exhibits the expanded spectra in an en-

ergy range of 6-20€V.

First, we discuss the peak A in a range of 19.67—
23 eV in Fig.2, which is overwhelmed at 0° but stands
out at 8°. Using the same method as ours but with
a lower energy resolution (2.5eV), Leel'®! has also
observed the peak A at a large momentum transfer
K and he suggested that the peak A was related to
two electron transitions. In fact, the removal of an
electron from the 50, 1w, 40 and 30 orbitals pro-
duces the following electronic states of CO™ (vertical
ionization potentials in parentheses): X2X1(14.5eV),
A?11(17.2eV), B?2%1(20.1 eV) and 2%1(38.9¢V).23

range of 18-30 ¢V is different from that of the photon-
induced fluorescence spectrum. For example, the
20.8€eV, is

about 0.9 eV lower than that of the fluorescence spec-

maximum position of our spectrum, i.e.

trum. This difference is understandable: our mea-
sured DDCS spectra include the contributions from
all possible decay processes for a specific state, and
the photon-induced fluorescence spectrum is only re-
lated to the neutral dissociation process and limited by
the neutral photodissociation thresholds. Therefore,
those states lower than neutral dissociation thresholds
can not have such neutral dissociation decay paths,
and can not be detected by the photon-induced flu-
orescence spectroscopy. However, the cross sections
of other decay paths, such as autoionization, can be

detected by the electron-impact method.
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Fig.3. The spectra and assignments of CO

in an energy range of 18-30eV (a) OOSD; (b)

DDCS measured at 8°; (c) fluorescence spectrum.
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The peak B located at around 27.1eV in Fig.2
is not clearly observed until the scattering angle
reaches 4° (K? ~ 0.9a.u.).
diation, Wul'® have observed three weak peaks lo-
cated at 27.01, 27.48 and 27.68 eV, respectively, in
the absorption spectrum of CO, and Wu assigned

Using synchrotron ra-

them to the doubly excited Rydberg series converg-
ing to F2II of COT. FZ2II may have the configu-
rations of (40) 1(50) !(27)inp and (50) 2(27)inp
(n = 4,5,6).11% Therefore, the peak B is related to
the doubly excited Rydberg series. Generally, the
first member of a Rydberg series has the strongest
intensity, therefore, the maximum for the peak B is
at 27.1eV which may be corresponding to the energy
position for (40)71(50)~1(27) 4p and (50)~2(2n) 4p.
Leel'8] did not find any structures in this energy region

due to their low energy resolution (2.5eV).
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Fig.4. The GOS of 2w < 30 and 60 < 30 as a func-
tion of K?2.

The peak marked as C at around 32eV is not
clearly observed until the scattering angle reaches
6° (K2 ~ 2 au).
observed(!®] and supposedly assigned to the transition
of (30)7'(2m)"'II «+ X't or (30)7'(60)''ETT «
X!'Z*. In order to elucidate the experimental obser-

This peak has also been

vations, we plotted the GOS’s curve versus K? for the
excitation energies of 27 <— 30 and 60 + 30 based on
the MSSCF method, which are shown in Fig.4. The
calculated GOS’s of 2w < 30 and 60 <— 30 reach the
maximum in the K? range of 1.5-3.54a.u., i.e. in the

scattering angle range of 5.2°-8°. The calculations

are in agreement with the experimental observations.
The calculated excitation energies of 2w < 30 and
60 < 30 are 31.41eV and 34.91 eV, respectively. The
former is closer to the experimental one than the lat-
ter. The calculated GOS value of 27 < 30 is much
larger than that of 60 <— 30. Therefore, we assign this
peak to the transition of (30) 1(27)! Il + X!¥*. In
fact, for an inner-valence transition, the behaviour in
which GOS increases with momentum transfer K in-
creasing up to the maximum of around 2a.u. in the K2
range and then decreases with momentum transfer K,

has also been observed in NO and O molecules.[”:]

4. Conclusion

The electron-energy-loss spectra of CO have been
measured at the scattering angles of 0°, 2°, 4°, 6°,
and 8° below 120eV. Then the absolute OOSD spec-
trum and the absolute DDCS spectra have been de-
Peaks marked as A, B, and C above

the first ionization threshold become prominent as

termined.
K? increases. Based on previous work,10-16:18]
the peak A is assigned to the doubly excited Ry-
dberg series (17) 1(50) !(27)ins,np(n = 3,4) and
(40)71(50) " t(27w)ins(n = 3 — 6), respectively. Since
our measured DDCS spectra include the contribu-
tions from all possible decay processes for a specific
state, and the photon-induced fluorescence spectrum
is only related to the neutral dissociation process,
the profile of peak A in the present work is differ-
ent from that of fluorescence spectra (see Fig.3). The
peak B is assigned to the doubly excited states that
have the configuration of (40)~!(50)~!(27)'4p and
(50)72(2m)'4p. Based on our calculations, we not
only assign the peak C' at around 32€V to the inner-
valence transition of (30)~!(2m)! I + X'XT but
also quantitatively explain why the peak C stands
out as K? increases (see Fig.4). In summary, the re-
ported superexcited states below 120eV for CO are
almost observed in the present work. AREELS is an
important method supplementary to the three most
commonly used methods to investigate the structure
of superexcited states, because AREELS includes all
possible decay processes for a specific state, and some

superexcited states may stand out as K? increases.
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