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Momentum transfer dependence behaviors of ionization and
dissociation of oxygen*
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The decay pathways of the structured ionization region of oxygen at different momentum transfers, i.e., 0, 0.23 a.u.
(atomic unit), and 0.91 a.u., are studied by measuring the ion and the scattered electron coincidently. It is found that the
dipole-forbidden superexcited states of (26,) ! (042; \npoy 3 Iy X 3Eg’ decay into different channels according to the
principal quantum number n. The broad ridge above 35 eV, which may be due to inner-valence excited states of (20g)~ Tni
or multiply excited states, is observed both at small and large momentum transfers, and its decay channel of O™+ O is

dominant.
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1. Introduction

Oxygen is one of the major components of the Earth’s
atmosphere, and it plays an important role in a variety of com-
bustion and energy conversion processes as well as in the at-
mospheric chemistry of the Earth. Besides, oxygen is the key
element in respiration. Therefore, the cross sections of the
ionization and dissociation of the “structured” ionization re-
gion, which extends from the first ionization threshold to about
20 eV, of O, are of great significance in many fields such as
atmospheric chemistry, plasma physics, astrophysics, etc. On
the other hand, as an open-shell diatomic molecule, oxygen
has attracted the attentions of both theorists and experimental-
ists from the viewpoints of pure physics and chemistry.

In the collision processes of an electron with a molecule,
direct ionization (formula (1)) and super-excitation (formula
(2)) will occur if the energy transfer of the incident electron to
the molecule exceeds the ionization threshold:

ei+AB — ¢5(0)+[AB"") + nee, (1)
— ¢5(0) +AB*, 2)

where ¢;, e, and e, are the incident, scattered, and ionized
electrons, respectively; AB and AB**are the target molecules
in ground state and superexcited state, respectively; 0 is the
scattering angle of electron in the collision process; [AB"1] is
a singly or multiply charged ion (n > 1) in state j which may
be stable or decay into different daughter fragments:'!!
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[AB"")/ — AB™T, 3)
— APT 4 BIT. 4)

Here, p+¢g =n,and 0 < p,q < n. The decay pathways of the
molecule AB** in the superexcited state are more abundant:

AB*™ — ABT +e¢™, 3)
— A*+B,
— A+B+hv, (6)
— AT+ B, 7
— AB". ®)

The processes (5)—(8) represent the autoionzation, neutral dis-
sociation followed by fluorescence emission, ion pair, and
other decay processes. Among them, the process (8) is mi-
nor and the decay pathways of processes (5) and (6) are dom-
inant, and there is a competition between them, especially for
the energy region from the first ionization threshold to about
20 eV The structured ionization region can also be accessed
by an optical method such as the photoabsorption and pho-
toionization method:

hv+AB — [AB™)) + ne., )
— AB*™. (10)

Then [AB"])/ and AB** can decay by similar processes as
shown in processes (3)—(8). Compared with the electron im-
pact method as shown in processes (1) and (2), in which the
momentum transfer can be varied according to different scat-
tering angles of the scattered electron, the momentum transfer
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of photon to molecule in the optical method is equal to the
momentum carried by the photon, which is nearly zero. So
the electron impact method can study the momentum transfer
dependence behaviors of the structured ionization region in-
cluding the dipole-allowed and dipole-forbidden superexcited
states, as well as their decay processes.

Although numerous

investigations have been per-

formed on oxygen, most of them concentrate on the
photoabsorption”*! and photoionization®'! spectral mea-
surements. Among them, the energy level structures of the
superexcited states converging to a*Tl,, AT, b42g_ s B22g_ s
c42u’ , and CQZU’ of oxygen were studied by aforementioned
methods based on the double ionization chamber,?! photo-

electron energy spectroscopy,!'?! ion mass spectroscopy,>%!

fluorescence spectroscopy,!!*-1%! and photoelectron—photoion

6.7.10.17] The cross sections of the

coincidence spectroscopy.!
structured ionization region as well as their decay processes
were reported in Refs. [7] and [18], which are much less than
the investigations of the energy level structures. All aforemen-
tioned investigations were carried out by the optical method
or dipole (e, e+ion) method, in which the momentum trans-
fer is close to zero. Since the momentum transfer dependence
behaviors of different superexcited states are different, some
superexcited states may stand out at large scattering angles.'"]
However, there are very few investigations''*~!1 about the mo-
mentum transfer dependence behaviors of the structured ion-
ization region of oxygen. These studies measured the electron
energy loss spectra or double differential cross sections at dif-
ferent momentum transfers with incident electron energies of
75 eV, 400 eV,2% 2500 e V/!'?! and 25 ke V,*!) besides, some
dipole-forbidden superexcited states were also observed and
assigned. However, there has been no experimental investi-
gation about the momentum transfer dependence behaviors of
the decay processes of the ionization continuum or superex-
cited states of oxygen.

Many theoretical investigations have been carried out
to investigate the ‘“‘structured” ionization region of oxy-
gen. Most of them deal with the photoionization pro-
cess, i.e., the electronic partial photoionization cross sec-
tions and angular anisotropy factor were calculated.!! In
these calculations, single-channel or single-configuration ap-
proximation is generally employed, with Hartree—Fock tar-
get wave functions used. In addition, multiple scatter-
ing X-alpha (MS-X) approximation and ab initio static-
exchange potentials were also generally used to study the
photoionization cross sections of oxygen.'?>41 However,
these theoretical calculations provide a theoretical insight
into photoionization cross sections, rather than to pro-
vide quantitatively reliable values.!'! Recently, multichannel
configuration-interaction complete-active-space approxima-
tion and multichannel Schwinger method with configuration-

interaction(2-26]

were used to study the electron-correlation
effects in photoionization of oxygen, and the calculated pho-
toionization cross sections are in agreement with the experi-
mental ones quantitatively. To the best of our knowledge, the
only calculation of the momentum transfer dependence behav-
ior of the superexcited states of oxygen was carried out by Fan
et al'9 using the MS-X,, method. However, there has been
no theoretical investigation about the momentum transfer de-
pendence behavior of the decay process of the ionization con-
tinuum or superexcited states of oxygen.

In this work, the decay pathways of the structured ioniza-
tion region of oxygen in the different momentum transfers are
studied, and this is the first time this issue has been investi-
gated, to the best of our knowledge.

2. Experimental method

In this work, the method of electron—ion coincidence is
used. The excitation energy of an atom or molecule can be
determined by measuring the difference in energy between the
incident electron and scattered electron, and the corresponding
experimental setup is called electron energy loss spectrometer
(EELS), which is used in this work and described in detail

27281 The decay information from the

in our previous studies.!
ionization continuum or definite superexcited states to differ-
ent channels of ion fragments can be obtained by measuring
the scattered electrons and ions coincidently. The ions are
identified by measuring the time interval from its production to
its detection by the time of flight mass spectrometer (TOFMS).

For the present experiment, the setup is operated at an in-
cident electron energy of 2.5 keV and an energy resolution of
80 meV. The mass resolution of TOFMS in this work is about
53 a.m.u. The background pressure in the vacuum chamber is
5x 107> Pa. The true zero angle is calibrated by the symmetry
of the angular distribution of the inelastic scattering signals of
the transition of E*X, (v/ = 0) +~ X*X,". The electron energy
loss spectra of oxygen and the ion yield spectra of O;r and
O™ were measured at the scattering angles of 0°, 2°, and 4°,
and the corresponding energy loss ranges of the spectra at 0°,
2°, and 4° are 8.7 eV-28.4 eV, 11.5 eV-30 eV, and 12.7 eV-
67.4 eV, respectively. The energy scales of the measured spec-
tra are calibrated by reference to the 1'S— 2!P transition of
helium which occurs at 21.218 eV.

The double differential cross section d’>c(K,E)/dEdQ
of the structured ionization region of oxygen can be deter-
mined from the measured energy loss spectra:

d?c(K,E)
dEdQ

where C is a constant and is determined by counts in 24 eV—

=C-N(E), (11

26 eV compared with our previously determined double dif-
ferential cross sections in the same energy region.'”! Then the
generalized oscillator strength density (GOSD) df(K,E)/dE
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of the structured ionization region can be obtained by!>"!

df(K7E) _ E@KZ de(KaE)

- 12
dE 2pa  dEAQ (12)

where E is the energy loss; po and p,, are the incident and scat-
tered electron momentums, respectively; K is the momentum
transfer.

As is well known, for a molecule the relative ionization
efficiency generally approaches to a constant and can be nor-
malized to unity when the energy loss is above 20 e V.l There-
fore, the relative generalized oscillator strength densities of the
fragments can be normalized by the same factor. Then the par-
tial generalized oscillator strength density d figzg(l( ,E)/dE of
ion “frag” can be obtained as

:F(K,E)BRf“‘g(K,E)%, (13)

ion

dE

dffrag(K,E)

where I'(K,FE) is the normalized ionization efficiency, and
BR™2 (K E) is the branching ratio of ion “frag” and expressed
as

Nfrag

11
BRESKE) = 5 e
rag

(14
with N2 being the counts of ion “frag”. The ionization
GOSD can be obtained by summing the d fii)rig(l( ,E)/dE of
all ion fragments.

The experimental errors of GOSD or partial GOSD comes
mainly from the statistical counts, the normalization procedure
of d>0(K,E)/dEdQ, and I'(K,E). The total experimental
error is about 20%~40% according to the statistical counts of

different ions.

3. Results and discussion

Figure 1 shows the GOSD, the ionization GOSD, as
well as the partial GOSD, of the structured ionization region
11.8 eV-30 eV of oxygen at K> = 0.23 a.u. The superexcited
states shown in Fig. 1 are assigned according to Refs. [8], [9],
[15], [19], [20], and [30], and R(A), R(a), and R(c) represent
the ionization thresholds of A%IT,, a*I1,, and c42u’ , respec-
tively. The ionization thresholds of B*X, ", b*Z, ", and C*X,
are also shown in Fig. 1. It can be found from Fig. 1 that the
ionization GOSD above 16.8 eV is equal to the GOSD, which
is consistent with the previous observation at zero momentum
transfer by the dipole (e, e+ion) method that the ionization ef-
ficiency approaches to unity when the photon energy is above
about 20 eV Besides the dipole-allowed superexcited states,
the dipole-forbidden ones of (20,) ! (c*Z, )npo, (n = 2-6)
are also observed in the present spectra at K> = 0.23 a.u. as
shown in Figs. 1 and 2(a), while they are absent in the spectra
measured at near zero momentum transfer (Fig. 2(b)). This

dipole-forbidden Rydberg series was also observed and as-

19.201 and the en-

signed by previous electron impact method,!
ergy positions were reported in these studies. However, there
is no investigation into their decay pathway. In order to re-
veal the decay pathway information of the dipole-forbidden
transitions of (20,) ! (c*Z; )npo, (n = 2-6), the spectra in
19 eV=27 eV with good statistics are recorded and shown in
Fig. 2. From the previous investigations, the dipole-forbidden
superexcited state (20,) ! (c*Z; )2poy is located at 15.46 eV-
16.03 eV,'?1 which is less than the appearance potential of
O*, so (20y)"!(c*Z;)2poy can only decay into O (pro-
cess (5)) or a neutral fragment (process (6)). However, to
clarify this question a further study is needed at larger mo-
mentum transfer since it has a larger intensity only at a large
momentum transfer as observed in Ref. [19]. It can be learnt
from Fig. 2(a) that the dipole-forbidden superexcited state of
(20u) "' (c*X;)3poy can decay into both OF and O (shown
as up-arrow), and these two decay channels have compara-
ble intensities. As for (20,)~!(c*Z; )4po, (shown as up-
arrow in Fig. 2), it is invisible in the spectrum of 02+ while
it is obvious in the spectrum of O, which indicates that
(204) 7' (¢*E; )4poy, decays mainly into O+ O. Because of
the poor statistical counts and the limited energy resolution,
the decay pathway information of higher dipole-forbidden su-
perexcited state (20,) ' (¢*Z; )npo, (n > 4) cannot be ob-
tained. More high-resolution experimental investigations are
greatly recommended to clarify this problem.
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Fig. 1. (color online) The GOSD, ionization GOSD, and partial GOSD,
in 11.8 eV=30 eV of oxygen at K ~ 0.23 a.u.

In Fig. 2 we can find that each of the spectra at 0°
and 2° has a dip in the O;r curve and a shoulder in the O"
curve (shown as a down-arrow) at 20.3 eV. Because this fea-
ture at 0° (near zero momentum transfer) is as obvious as at
2°, it seems not to be a dipole-forbidden superexcited state.
From the investigation of photoelectron-photoion coincidence
spectroscopy.l”) we can learn that (3Gg)_1322g_ of O5, whose
threshold is 20.3 eV, decays into O, and its first four vibronic
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states have strong intensities compared with its higher vibronic
ones. Therefore, the dip in O; and the shoulder in OT at
20.3 eV should be due to the contribution of ionic dissocia-

tion of BZEg’ .
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Fig. 2. (color online) The EELS, ion yield spectra measured in 19 eV-
27 eV of oxygen at (a) 2° and (b) 0°. The black lines are just used to
guide the eyes.

Figure 3 shows the measured spectra at a scattering angle
of 4°, i.e., K? ~ 0.91 a.u. It can be found that there is a fea-
ture around 28.8 eV and a broad ridge in 35 eV-65 eV. The
former has also been reported in Refs. [19] and [21], and it is
assigned as a transition of (20y) ! (17,)* T, < X3Zg_. This
transition is dipole-forbidden and quadruple-allowed. Because
of the poor statistical counts, we cannot give a clear clarifica-
tion about its decay pathways.
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w 0.20F = — O*
b= ¥ vy,
=1 vy
=]
5 0.15F
-
]
~ H
Z . ‘
Z 0.10} ‘ | H |
z } \
%} ' “H‘“‘Ti”“"\ s
| ) [T l'u
0.05 | 11
I

15 25 35 45 55 65
Energy loss/eV

Fig. 3. (color online) The EELS, ion yield spectra in 15 eV-65 eV
of oxygen measured at 4°. The black lines are just used to guide the
eyes. The curve with symbol ¥ represents the optical oscillator strength
density,!'8 while o and A are the partial optical oscillator strength den-
sities of OF and O .[18]

The broad ridge above 35 eV was also reported in
Refs. [19] and [21], and it was attributed to the Bethe ridge.
However, as is well known, the energy position of the Bethe
ridge moves with the variation of the momentum transfer, i.e.,
E = K?/2!%1 We do not agree with the previous assignment

in Refs. [19] and [21] since the maximum of the Bethe ridge
should be located at about 12 eV when K> = 0.91 a.u. ata
scattering angle of 4°, which is much less than the broad ridge
observed in the present study. In Fig. 3, we also plot the exper-
imental results of Ref. [18], measured by the dipole (e, e+ion)
method, in which the momentum transfer is nearly 0. It can be
seen clearly that the broad ridge at the same energy position is
observed in the spectra measured at 0° and 4°, which indicates
that the energy position of the broad ridge is independent of the
momentum transfer. Therefore, the broad ridge above 35 eV
is not the Bethe ridge. The broad ridge may be caused by the
inner-valence excited states of (20;)~'nA or multiply excited
states. It can be seen clearly from Fig. 3 that the broad ridge
has a relatively large intensity at a larger momentum transfer
such as at 4°, and it decays mainly into O+ O.

4. Conclusion

The electron energy loss spectra and ion yield curves at
the scattering angles of 0°, 2°, and 4° of O, are measured
at an incident electron energy of 2500 eV and an energy res-
olution of 80 meV. Besides the dipole-allowed superexcited
states, the dipole-forbidden superexcited states are observed,
and their decay pathways at different momentum transfers are
measured. It is found that the dipole-forbidden superexcited
states of (20,) ! (c*E, )npoy *Z; « XX, decay into dif-
ferent channels according to the principal quantum number 7.
The broad ridge above 35 eV, which may be caused by the
inner-valence excited states of (20;)~'nA or multiply excited
states, is observed both at small momentum transfer and at
large momentum transfer, and its decay channel of O+ O is
dominant. We hope this work will motivate the theoretical
investigation of the momentum transfer dependence behaviors
of the decay processes of the ionization continuum or superex-
cited states of oxygen, which is absent up to now, to the best of
our knowledge. We notice that recently the mechanism of ion-
pair dissociation of the superexcited state of F, was unveiled
by the multichannel quantum defect theory,?'32! and we hope
this kind of theoretical method can be extended to the study
of the momentum transfer dependence behaviors of the decay
processes of the ionization continuum or superexcited states of
oxygen.
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