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Absolute double differential cross section spectra of O2 at scattering angles of 0°, 2°, 4°, 6°, and 8° below
119 eV have been determined by the angle-resolved electron-energy-loss spectrometer at an incident electron
energy of 2500 eV. Some features above the first ionization threshold stand out as the momentum transfer
squareK2 increases. Based on our experimental results and theoretical analysis, they are assigned to the
optically forbidden Rydberg series of 2su

−1sc 4Su
−dnpsu

3Sg
− sn=2–6d and the inner-valence transition of

s2sgd−1s1pgd3 3Pg←X 3Sg
−, respectively. Furthermore, the observed energy positions of 2su

−1sc 4Su
−dnpsu

3Sg
−

sn=2–6d confirm a theoretical predictionfZhong and Li, J. Phys. B37, 735 s2004dg that the eigenquantum
defects show an evident oscillation due to the presence of shape resonance.
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I. INTRODUCTION

The definition, nature, use, and supposed miraculous ca-
pabilities of shape resonance have been discussed intensively
for more than one decadef1g. Theoretically, Dehmer and Dill
f2g predicted thatf-wave enhancement in thes ssu for
homonuclear diatomic moleculesd channel would result in
the enhancement of the photoionization cross section. Re-
cently, Zhong and Lif3g calculated the eigenquantum defects
m sm=t /p, where t is the short-range phase shift above
thresholdd of the CO molecule. Their results indicate that
different partial waves mix with each other strongly and no
partial wave is dominant in each eigenchannel close to the
energy position of a shape resonance. Such calculations
agree with the ion-electron coincidence measurements of
fixed-in-space moleculesf4,5g, in which it is indicated that
several partial waves, at leastl =1, 2, and 3, give comparable
contributions to the shape resonances. Furthermore, based on
the calculations of Zhong and Lif3g, m’s in the s channel
evidently oscillate around the energy position of a shape
resonance. Such oscillation cannot be observed in the experi-
mental spectrum unless the shape resonance is embedded in
a Rydberg series in thes channel, i.e., the shape resonance
occurs below the threshold. Up to now, this type of oscilla-
tion has not been observed.

Molecular oxygen, whose ground state can be written as
KKs2sgd2s2sud2s3sgd2s1pud4s1pgd2, may be a good candi-
date for observing such oscillation, since the O 1s shape
resonance occurs below the thresholdf6g. However, it is dif-
ficult to verify this oscillation in the OK-shell spectrum,
because the highn Rydberg structures in the OK-shell spec-
trum are veiled due to insufficient energy resolution or poor
signal-to-noise ratios. Such oscillation cannot be observed
either in the optically allowed shape resonances in the energy
region of valence excitation which is related to the excitation
of a 1pg or 3sg electron. More specifically, the shape reso-

nance related to the excitation of a 1pg electron occurs near
the threshold at about 12 eVf7g. However, no experimental
data have been reported aboutnpsu←1pg transitions due to
the small intensity and overlapping with many autoionization
states. There is only one shape resonance at 22.6 eV above
threshold in the photoionization to the 3sg

−1 channels instead
of two separated multiplet-specific shape resonances, be-
cause a significant interchannel coupling effect exists in
these channelsf7g. It is an interesting question whether such
oscillation can be observed in the optically forbidden Ryd-
berg series related to the excitation of a 2su electron. This
question may be answered by angle-resolved electron-
energy-loss spectroscopysAREELSd, which is a powerful
tool for investigating the structures of atomic and molecular
energy levels including both the optically allowed and opti-
cally forbidden transitions. In addition, the recent experimen-
tal work on NOf8g and calculation on COf9g elucidate that
AREELS is an important method to investigate the structures
of superexcited states, i.e., excited states of molecules above
the first ionization threshold such as high Rydberg states,
doubly or inner-shell excited, non-Rydberg states, etc.
f10–12g. Since the momentum transfer dependence behaviors
of different superexcited states are different, some superex-
cited states may stand out at large scattering angles.

In this work, we have measured the electron-energy-loss
spectra of O2 in the scattering angle range of 0°–8° with an
interval of 2°, and the absolute optical oscillator strength
density sOOSDd and double differential cross section
sDDCSd have been determined. Some features above the first
ionization threshold stand out at large scattering angles.
Combining with the present theoretical analysis, these fea-
tures are assigned. Furthermore, evident oscillation of the
eigenquantum defects due to the presence of shape resonance
is observed.

II. EXPERIMENTAL AND THEORETICAL METHOD

The angle-resolved electron-energy-loss spectrometer
used in this work has been described in detail in Refs.*Corresponding author. Email address: zpzhong@gscas.ac.cn
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f13–15g. Briefly, it consists of an electron gun, a hemispheri-
cal electrostatic monochromator made of aluminium, a rotat-
able energy analyzer of the same type, an interaction cham-
ber, a number of cylindrical electrostatic lenses, and a one-
dimension 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 5
keV. For the present experiment, it was set at 2.5 keV and the
energy resolution was about 100 meV. All the spectra were
measured at the pressure of 8310−3 Pa and the background
pressure in the vacuum chamber was 5310−5 Pa. The true
zero angle was calibrated by the symmetry of the angular
distribution of theE 3Su

−, n8=0←X 3Sg
− inelastic scattering

signal around the geometry nominal zero. The angular reso-
lution was about 0.8° at present.

The electron-energy-loss spectra of O2 were measured in
the scattering angle range of 0°–8° with an interval of 2°,
and calibrated at 9.970 eV according to the transition of
E 3Su

−, n8=0 f16g. 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 spectrometerf13,17g. The spectra at the other scattering
angles were converted into relative generalized oscillator
strength densitysGOSDd spectra according to the following
Bethe-Born formulaf18,19g within the nonrelativistic Born
approximation:

dfsE,Kd
dE

=
E

2

p0

pa
K2 d2s

dEdV
. s1d

Here, dfsE,Kd /dE and d2s / sdEdVd represent GOSD and
DDCS, E and K are the excitation energy and momentum
transfer whilep0 and pa are the incident and scattered elec-
tron momenta, respectively.

These relative GOSD spectra were made absolute by the
valence shell Bethe sum rulef18,20g:

Svals0d = Nval + NPE =E
E8

` S df

dE
DdE, s2d

where Nval is the total number of valence electrons in the
targets12 for O2d, NPE is a small corrections0.42 for O2d for
the Pauli-excluded transitions from theK shell to the already
occupied valence shell orbitalsf21,22g, andE8 is the lowest
excitation energy. In the limit ofK→0, the GOSD is identi-
cal to the OOSD which was obtained using the valence
Thomas-Reiche-KuhnsVTRKd sum rule f23g. In the sum-
rule normalization procedure, the intensity of the relative
OOSD or GOSD obtained at a definite scattering angle was
first numerically integrated over a sampling energy-loss
range, i.e., up to 81 eV for 0°, 119 eV for 2°, 4°, 6°, and 8°.
The remaining intensity of the valence shell higher than the
measured energy region for O2 was estimated by integrating
a fitted functionaE−1.5+bE−2.5+cE−3.5 from the limit energy
of the measurements to infinity, where the empirical param-
eters a, b, and c were obtained by least-squares fitting a
smoothly decreasing region, i.e., 50–81 eV for 0°, 50–119
eV for 2°, 60–119 eV for 4°, 80–119 eV for 6° and 8°,
respectively. The overall percent error of the OOSD and

DDCS obtained in this work is about 20%, which mainly
comes from the instability of beam current, the angle deter-
mination, the angular correction factor, the statistics of
counts, and the least-squares fitting procedure.

The multiscattering self-consistent-fieldsMSSCF or MS-
Xad method was employed in this work. Briefly, based on a
trial charge density of the molecule, a muffin-tin trial mo-
lecular potentialVmol with the symmetry of molecular point
group was constructed. We can then calculate the occupied
molecular orbitalssMOsd, which serve to construct the
charge density of the molecule and then a new trial molecu-
lar potential. With this process going on, self-consistent it-
erations were undertaken until a certain precision was met. A
self-consistent-fieldsSCFd molecular potentialVscf

mol was ob-
tained and thereafter we can calculate all the MOs, including
nondiffusive molecular orbitalssNMOsd, Rydberg molecular
orbitals sRMOsd, and adjacent continuum molecular orbitals
sCMOsd, respectively. In our calculations, all the RMOs and
CMOs were treated in a unified manner in the framework of
quantum defect theorysQDTd f24–28g. With the calculated
wave functions, the GOSD can be calculated as followsf18g:

dfsK,Ed
dE

= o
n

En

K2ukCnuo
j=1

N

expsiK · r jduC0lu2dsEn − Ed.

Here, C0 and Cn are the electronic wave functions of the
initial and the final states, respectively,N is the anticipated
number of electrons in the target particle,En is the excitation
energy, andr j is the position of thej th electron.

III. RESULTS AND DISCUSSION

The present absolute OOSD is shown in Fig. 1 together
with the one determined by the same method as ours but with
a higher impact energy of 8 keV and a lower energy resolu-
tion of 1 eV f23g. Clearly, the spectra are in good agreement
with each other above 22 eV. The expanded spectra below 22
eV are shown in the inset graph in Fig. 1. The discrepancy

FIG. 1. Absolute OOSD of O2 in the energy region of 4–81 eV.
The inset figure exhibits the expanded spectra in the energy region
of 4–22 eV.
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can be attributed to the different energy resolution.
In Fig. 2, we present the absolute DDCS spectra below

120 eV at scattering angles of 0°, 2°, 4°, 6°, and 8°. It can be
seen clearly that the energy position of the very broad fea-
tures observed at 6° and 8°, i.e., the Bethe ridge, moves to
higher energy loss and becomes more diffuse with the in-
crease ofK2. Such phenomena have also been observed in
other molecules such as NOf8g, H2O f29g, and SF6 f30g.
Furthermore, some features marked asA andB stand out as
K2 increases. These features will be discussed in detail in the
order of excitation energy.

The spectra of O2 in the energy region of 12–25 eV are
shown in Fig. 3 with the experimental ionization thresholds
f31,32g for valence-hole states. The assignments in Fig. 3sad
are cited from Refs.f33–37g except that the energy positions
of the vibrational levels of 1pu

−1sA 2Pud4ssg are calculated
using the molecular constants of 1pu

−1sA 2Pud3ssg f36g since
they belong to the same Rydberg series. The Rydberg states
denoted byI, I8, and I9 are three bound electronic states
converging to thea 4Pu state of O2

+ f35g. HereRsAd in Fig.
3sad represents the Rydberg series converging to ionization

FIG. 2. DDCSs measured at
0°, 2°, 4°, 6°, and 8°sad in the
energy region of 4–20 eV;sbd in
the energy region of 4–120 eV.

FIG. 3. The spectra and assignments of O2 in the energy region of 12–25 eVsad OOSD;sbd DDCS measured at 6°;scd DDCS measured
at 2°.
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thresholdA 2Pu, the rest in Fig. 3sad and those in Fig. 3sbd
are similar.

The feature marked asA in Fig. 2 consists ofA0, A08, A09,
A0-, A1, A18, A2, A28, A3, and A4 as shown in Figs. 3sbd and
3scd, their energy positions are listed in Table I. Note thatA0,
A08, A09, and A0-, which have not been observed before, are
almost equidistant with an energy interval of about 0.2 eV.
They may be a vibrational progression of an electronic state.
Such electronic state should not correspond to the excitation
of a bonding orbital electronse.g., 1pu or 3sgd since vibra-
tional energy intervals related to the excitation of a bonding
orbital electron are much smaller than 0.2 eV. Therefore this
electronic state may be related to the excitation of an anti-
bonding orbital electron 2su. Similarly, the energy interval
betweenA1 andA18 is almost equal to 0.2 eV. They may be a
vibrational progression of an electronic state, and this elec-
tronic state may also be related to the excitation of an anti-
bonding orbital electron 2su. It is the same situation forA2
andA28. As shown in Table I, the quantum defects ofA0, A1,
A2, A3, andA4 are almost constant except that ofA3 when the
ionization threshold is taken as that of 2su

−1sc 4Su
−d s24.564

eVd f31g. Meanwhile, the intensity behavior amongA1, A2,
A3, andA4, which decreases as excitation energy increases, is
similar to the behavior of a Rydberg series. Therefore we
assign featuresA0, A1, A2, A3, andA4 to the Rydberg series of
2su

−1sc 4Su
−dnpsu

3Sg
−, n8=0 sn=2–6, 2psu corresponds to

the unoccupied orbital 3sud, andA0, A1, andA2 have several
vibrational components as shown in Figs. 3sbd and 3scd.

Now, we discuss the reason why the quantum defect ofA3
evidently deviates from those ofA0, A1, A2, andA4. Figure 4
shows our calculated quantum defects in thesu channel with
the present experimental ones ofA1, A2, A3, andA4. Clearly,
the present experimental quantum defects are close to the
calculated ones in thepsu channel. Moreover, the well-
knownsu resonance is also demonstrated in our calculations,
i.e., there is a rapid increase of the eigenquantum defect by 1
near threshold in thefsu channel. Our calculations show that
the presence of this shape resonance results in the oscillation

of quantum defects in thepsu channel. Therefore it is under-
standable that the quantum defect ofA3 evidently deviates
from those ofA0, A1, A2, andA4. The different energy posi-
tions of such oscillation between experimental and calculated
data may be due to the neglecting of electronic correlation
si.e., channel interactionsd in the present calculations. In ad-
dition, comparing with only thev8=0 and 1 levels supported
by the optically allowed Rydberg series converging toc 4Su

−

f33g, 2su
−1sc 4Su

−d2psu shows unusual vibrational structures,
i.e., more than two vibrational levels. Such phenomenon is
similar to that in theK-shell spectrum of O2, which is due to
the fact that the 3ps←1s Rydberg excited state is strongly
perturbed by the repulsive state of 2psu←1s f38g. Therefore
it is suggested that the strong interaction between 3psu
←2su Rydberg excited state and 2psu←2su valence state
results in the unusual vibrational structures of
2su

−1sc 4Su
−d2psu.

Dillon and Spencef39g have also observed the same op-
tically forbidden Rydberg series 2su

−1sc 4Su
−dnpsu

3Sg
− sn

TABLE I. The excitation energies, effective numbersn!, and quantum defectsm of observeds2sud−1sc 4Su
−dnpsu sn=2–6d series in

molecular oxygen.

EnergyseVd n! m

Feature
Present
s60.02d Ref. f39g Ref. f39ga Present Ref.f39g Ref. f39ga Present Ref.f39g Ref. f39ga Assignment

A0 15.46 1.22 0.78 s2sud−1sc 4Su
−d2psun8=0

A08 15.67 s2sud−1sc 4Su
−d2psun8=1

A09 15.88 s2sud−1sc 4Su
−d2psun8=2

A0- 16.03 s2sud−1sc 4Su
−d2psun8=3

A1 21.80 21.85 21.82 2.22 2.24 2.23 0.78 0.76 0.77 s2sud−1sc 4Su
−d3psun8=0

A18 22.01 s2sud−1sc 4Su
−d3psun8=1

A2 23.31 23.30 23.31 3.29 3.28 3.29 0.71 0.72 0.71 s2sud−1sc 4Su
−d4psun8=0

A28 23.49 s2sud−1sc 4Su
−d4psun8=1

A3 23.87 23.80 23.87 4.43 4.22 4.43 0.57 0.78 0.57 s2sud−1sc 4Su
−d5psun8=0

A4 24.06 24.06 24.06 5.20 5.20 5.20 0.80 0.80 0.80 s2sud−1sc 4Su
−d6psun8=0

aObtained by digitizing the Fig. 3 in Ref.f39g.

FIG. 4. The calculated and experimental quantum defects in the
su channel.
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=3–6d with a similar experimental method. Their observed
energy positions of 2su

−1sc 4Su
−dnpsu sn=3–6d are also listed

in Table I. Note that there are evident discrepancies for
2su

−1sc 4Su
−d3psu and 2su

−1sc 4Su
−d5psu between ours and

that of Dillon and Spencef39g. The present count for each
energy point in the energy region covering 2su

−1sc 4Su
−dnpsu

sn=3–6d Rydberg series is more than 2.53104 and the mea-
sured energy interval is 0.01 eV. Therefore the discrepancy
cannot be attributed to statistic errors. After digitizing the
spectrum shown as Fig. 3 in Ref.f39g, the energy positions
of 2su

−1sc 4Su
−dnpsu sn=3–6d were obtained as shown in

Table I. It is found that the digitized results agree well with
ours. Therefore our energy positions of 2su

−1sc 4Su
−dnpsu sn

=2–6d are recommended.
As shown in Fig. 5, a broad feature around 28.8 eV

marked asB in Fig. 2 is not clearly observed until the scat-
tering angle reaches 6°sK2,2 a.u.d. This feature has also
been observed by Ref.f40g for K2.2.0 a.u. and its intensity
decreases forK2.6.6 a.u. Referencef40g suggested that this
feature was the transitions2sgd−1s1pgd3 3Pg←X 3Sg

−. In or-

der to elucidate the experimental observations, we calculated
the excitation energy and GOS curve versusK2 of 1pg←2sg
based on the MSSCF method. The calculated excitation en-
ergy is 27.99 eV, which is close to the experimental one, 28.8
eV. It can be seen from the calculated GOSs in Fig. 6 that
there is only one maximum in theK2 region of 0.84–3.64
a.u., i.e., in the scattering angle region of 4°–8°, which
agrees with our observation as shown in Fig. 5. Therefore
based on our calculations and experiment we assign it to the
transition ofs2sgd−1s1pgd3 3Pg←X 3Sg

−.

IV. CONCLUSION

The electron-energy-loss spectra of O2 have been mea-
sured at scattering angles of 0°, 2°, 4°, 6°, and 8° below 119
eV. Then the absolute OOSD spectrum and the absolute
DDCS spectra have been determined. Some interesting fea-
tures above the first ionization threshold become prominent
asK2 increases. Based on present experimental observations
and theoretical calculations, featuresA0, A1, A2, A3, andA4
are assigned to optically forbidden Rydberg series
2su

−1sc 4Su
−dnpsu

3Sg
−, n8=0sn=2–6d. Meanwhile, the fea-

turesA0, A08, A09, andA0- are assigned ton8=0, 1, 2, 3 levels
of 2su

−1sc 4Su
−d2psu

3Sg
−. The features markedA1 andA18 are

assigned ton8=0, 1 levels of 2su
−1sc 4Su

−d3psu
3Sg

−. Analo-
gously, the features markedA2 and A28 are assigned ton8
=0, 1 levels of 2su

−1sc 4Su
−d4psu

3Sg
−. In addition, the present

experimental quantum defects ofA0, A1, A2, A3, andA4 ex-
hibit an oscillation, which is well explained by our calcula-
tions that a shape resonance in thefsu channel occurs near
thresholdf3g. A feature around 28.8 eV is assigned to the
transition ofs2sgd−1s1pgd3 3Pg←X3Sg

−.
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FIG. 5. The spectra of O2 in
the energy region of 15–50 eVsad
OOSD;sbd DDCS measured at 2°;
scd DDCS measured at 6°.

FIG. 6. The GOS of 1pg←2sg as a function ofK2.
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