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Neutral decay of double-holed doubly excited resonances of N&
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The neutral decay of doubly excited resonances (DER's) of N2 has been observed by measuring the ex-

citation spectrum of vacuum ultraviolet fluorescence emitted from photodissociation fragments in the
20-38-eV region. A number of DER's with the [(ltr„) '(3os) '(m s)'.C X„+]nsos Rydberg series

(n =3—10) have been revealed. Rydberg progressions onto the N2+(D Hg) state have also been ob-
served. Strongly dissociative DER's correlating with satellites have been shown as broad peaks in the
23-33-eV region, which have appeared to have a correlation with the single-holed (X Xg )0 „shape res-

onance.

PACS number(s): 33.20.Ni, 33.80.Gj, 33.90.+h

I. INTRODUCTION

It has generally been believed that high-lying reso-
nances above about 25 eV dissociate or autoionize so rap-
idly that they do not give rise to observable resonances.
This has caused considerable difficulty in studying elec-
tron correlation in double-holed doubly excited reso-
nances (DER's} even of well-known simple molecules
such as N2 [1]. Many-body effects [2] in DER, where
multiple correlations among each two of core holes and
exited electrons are involved, contribute to the complicat-
ed nature of decay processes. This is also the case for
shape resonances in final two-hole one-particle ionization
channels [3] leading interchannel coupling to yield
different partial ionization channels. These resonances,
induced by the breakdown of the single-particle excita-
tion, result in ionic satellites and also DER as a result of
final-state correlation [2]. Photoabsorption [4,5] and
photoionization [7—11] studies have been the only
chances to examine resonance states, which presented
DER Rydberg states of N2 and CO two decades ago
[1,12]. However, high-lying resonances such as DER's
become invisible due to their smaller intensities of oscilla-
tor strength and a greater majority of continuum ioniza-
tion even in partial ionization channels, which, in their
threshold region, preserve information of energetic loca-
tions of resonance state [8] because of the less important
contribution of single-continuum ionization. Dadouch
et a/. revealed rich DER Rydberg structures of CQ in the
25 —40-eV region by detecting negatively charged frag-
ments [13]. However, the unstable N nature prevented
the observation. Hence, we remark that almost nothing
is known about the DER of N2 above 22-eV excitation
energy.

We also remark that much is not known about the neu-
tral dissociation of DER, the alternative decay channel of
autoionization. Fluorescences from photodissociation
fragments are originated from initially induced reso-
nances being their minor decay channel but free from

continuum ionization [14,15]. This can overcome the
spectroscopic difficulty according to continuum ioniza-
tion. We stress an importance of measuring the fluores-
ence excitation spectrum (FES) emitted from neutral
fragments, which can provide a sensitive tool in the spec-
troscopy of DER in N2,

N2+hv~Nz**(nA, ) '(n'A, ') '(n'A, ')'(n "A,")
~N*+N*

~N+h v',

where n A, denotes a quantum state of an electronic orbit-
al.

In this paper, the observation of the neutral decay of
DER's of N2 is presented by the vacuum ultraviolet
(vuv} —FES measurement from photodissociation frag-
ments. The purpose of the present work is to reveal the
energetic locations of the doubly excited N2 resonances in
the 20-38-eV region. We present DER Rydberg series
converging on the Nz+(C X„+) state and valence excited
DER correlating with other ionic satellites. Also the dis-
sociation of the lowest (C X„+)3strs Rydberg state is re-
vealed. The single previous effort of measuring vuv FES
from excited N by Lee et al. [16] in the 20—62-eV region,
which revealed no information on DER, might have
forced one to regard the FES measurement as an inferior
spectroscopy. However, the progress of synchrotron ra-
diation (SR) sources has enabled us to look at this minor
but, therefore, quite informative process. We thus under-
line the importance of the neutral decay path of DER's in
competition with autoionization not only as an aspect of
the decay dynamics but also as a sensitive tool in the
spectroscopy of DER's.

II. EXPERIMENT

The experiment was performed using an extreme-uv
SR from a 2.5-GeV positron storage ring at the Photon
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Factory. The experimental arrangement was described
previously [14, 15, 17].

A negligibly small amount of higher-order components
of dispersed SR from the 1-m Seya-Namioka monochro-
mator with a right-angle-reflecting prefocusing system
has enabled us to perform this reliable and informative
study. A typical SR flux of 1X10 photons/s at 24 eV
was monitored by a photocurrent from a Au
mesh and using a photomultiplier through a sodium
salicylate —coated window. FES measurements were per-
formed by a 0.01-nm step with a 0.03-nm bandpass (14-
meV resolution at 24 eV). An absolute wavelength of the
monochromatized SR was calibrated for the neutral lev-
els of N2 in the 86—98-nm region [4] and the narrow
DER levels of Xe [17]. A research grade N2 gas admitted
without further purification into a sample cell was moni-
tored using a capacitance manometer to maintain 10
mTorr achieving a linear pressure dependence region.
Undispersed vuv fluorescences in the spectral 105—180-
nm region from a sample gas were detected by a CsI-
coated microchannel plate (MCP) through a LiF
window. The present MCP can respond to the
N2+(C X„+~X IIg ) fiuorescence [18]. However, the
present FES has been ascribed to excited neutral N frag-
ments via initially induced DER, because (1) predissocia-
tion is the major decay channel for the
N2+(C X„+,v') 3) states [10], (2) less than 10% of the
Franck-Condon population [19] for N2+(C X„+,v'~3)
among the total vibrational levels gives negligible contri-
bution of Nz+(C X„+~X IIg ) to the total vuv cross sec-
tion [5,17], and (3) the dipole (e,e+ ion) cross section for
N+ production [11]is identical to the N2+(C X„+ ) cross
section [9]. The FES involves dissociative ionization
above the lowest dissociative ionization limit at 34.6 eV
to give vuv fluorescent fragments.

III. RESULTS AND DISCUSSION

Figure 1 presents the FES of Nz in the incident
20-38-eV region. The FES shows the first rise at 20.1 eV
where the lowest dissociation limit N(3s P)+N( S') for
the vuv fluorescent products lies. Some other dissocia-
tion limits and the lowest dissociative-ionization-
excitation limit N(3s P)+ N+( P ) at 34.6 eV are also in-
dicated in Fig. 1. The vuv FES is far from identical to
the result by Lee and co-workers [5,16]. This is not sim-

ply caused by the spectral resolution but due to consider-
able experimental problems such as higher orders of SR.
This forces us to regard their result as a preliminary FES
and not informative at all about DER. The FES presents
several broad peak structures centered at around 23.5,
26.5, 28.5, and 31 eV (numbered as 1, 2, 3, and 4 in Fig.
1, respectively). The peaks appear to be based on an ex-
tremely broad enhancement in the 25 —33-eV region. An
increase of FES at around 35 eV should correspond to
the fluorescence originated from ionic satellites.

Figure 2 expands the vuv FES in the 20—26-eV region.
In the region just above the threshold at 20. 1 eV, several
sharp peaks are shown, which were not observed in the
previous FES [5,16] but were shown weakly in the photo-
absorption [4,5] and electron-energy-loss spectra [20]
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FIG. 1. Vacuum ultraviolet fluoresence (105—180 nm) excita-
tion spectrum of N, in the 20-38-eV region obtained with 14-
meV incident photon resolution at 24 eV. The vertical lines in-
dicate the lowest dissociation limit N(3s "P)+N( S ), other dis-
sociative excitation limits, and the lowest dissociative-
ionization-excitation limit N(3s P)+N+('P ) to give vuv

fluorescent fragments. The broad peaks centered at around
23.5, 26.5, 28.5, and 31 eV are numbered as 1, 2, 3, and 4, re-
spectively. Notice the peaks 2-4 are based on a broad enhance-
ment in 25 —33 eV.

(EELS). They correspond to the level positions of the
Rydberg series converging on the Nz+(D 11 ) state as
tentatively proposed by Wu, Lee, and Judge [5] (WLJ).
However, WLJ's levels do not fit the present peak posi-
tions. It is natural that their peak top positions of asym-
metric profiles [5] fail to explain the present peak levels
which are free from a continuum channel. Furthermore,
some other peaks are also shown in the present FES. We
suggest that at least two Rydberg progressions which
preserve the N2+(D II ) vibrational structure are re-

quired to explain the peak structures in the 20—21 eV re-
gion.

Figures 1 and 2 also present rich sharp spike structures
in the 22 —26-eV region. Some of these spikes were also
presented in the previous FES [5,16], the photoabsorp-
tion [4,5] and partial photoionization [8] cross sections
and the EELS spectrum [20]. Codling [1]proposed tenta-
tive assignments of the (C X„+)4scrs and 5sog Rydberg
series converging on the Nz+(C X„+) state. Further-
revealed sharp spikes are presently assigned by the vibra-
tional Rydberg series of the principal quantum numbers
of 5, 6, 7, 8, 9, and 10 with an almost common value of
0.95 for the quantum defect which predicts the majority
of the ns o. character. A detailed analysis is in progress
to reduce precise quantum defects for each of vibrational
Rydberg states.

It has been discussed that the lowest (C X„+)3so.
Rydberg state was not observed spectroscopically [1,8].
We call the reader's attention to the unexpected sharp
rise at around 21.5 eV, which does not correspond to any
dissociation limit, as evidence of the lowest Rydberg
state. This unexpected rise in comparison with a small
intensity just above the first dissociation limit at 20. 1 eV
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FIG. 2. Expanded presentation of vuv FES of N2 in the 20-26-eV region with 14-meV incident-photon resolution at 24 eV. Tenta-
tive level positions of the Rydberg series in the 20—21-eV and 22-26-eV regions are indicated. The level positions of the vibrational
(C X„+)4scrg and Sso s progressions are obtained from Ref. [1]. Notice that the intense rise at 21.5 eV as indicated by an arrow corre-
sponds to the neutral dissociation of the lowest (C X„+)3so g state.

reminds us of the small barrier of the N2+(C X„+) poten-
tial curve [1]. We remark that the sharp rise in the FES
at 21.5 eV rejects the strongly dissociative nature of the
free (C X„+)3so Rydberg state which opens on exceed-
ing the potential barrier. A somewhat lower potential lo-
cation than the estimate with m =2.04 appears to be a
general case of larger quantum defects for the lowest
DER nso. Rydberg states.

Origins of these broad peaks are discussed in the fol-
lowing. Peak 1 around 23.5 eV is superposed with the
above-mentioned sharp spikes. Wendin [2] proposed a
strongly repulsive valence excited DER of
( lm.„) '(3crg ) '(ns) with the C X„+ core configuration
in this region, with which Langhoff predicted a small
amount of mixing from (2cr„) '(ng)' with the .8 X„+ core
configuration [3,8]. This provided the observation of the
peak structure in the 8 X„+ partial ionization cross sec-
tion [6,8,9] as a result of the X„+ final states correlation
[21]. It is clear, however, that the appearance of a neu-
tral decay in the present FES is driven from the strongly
repulsive (ln„) '(3o. ) '(n. )'(nA. )' character [2,8] of
double-holed DER.

Nothing is obtained of potential curves for N2 DER's
which can explain peaks 2 —4. It is natural that these
peak profiles represent the strongly repulsive nature of
the DER's whose cores correspond to the correlation sa-
tellites [22] in the binding-energy region of 23 —45 eV as
investigated by Krummacher, Schmidt, and Wuilleurnier
[7]. Some of these satellites were shown to have a vibra-
tional spectrum [7]. A correlation interaction between
the excited two-electron orbitals may cause a different po-
tential structure from that of the satellite. Anyway these
DER's have a strongly dissociative nature due to the
two-holes in bonding orbitals and the antibonding nature

of the excited orbitals giving the present revelation in the
vuv FES.

DER Rydberg states converging on the N2+(C X„+)
state has a strongly dissociative nature owing to the loss
of two bonding outer-valence electrons in the core and to
the occupation on the antibonding orbitals. The latter is
also the case for the single-holed shape resonance [22,23].
The extremely broad enhancement in the 25-33-eV re-

gion reminds us of the N2+(X Xs+)o „shape resonance

[22,23]. An antibonding property of this shape resonance
which induced non-Franck-Condon N2+(X Xs+) vibra-
tional populations [23] also drives the outgoing nuclear
motion toward the dissociation limit. An intense decay
frequency of the shape-resonantly trapped electron wave

[23] does not allow us to extract such a large vuv intensi-

ty. This implies that a kind of correlation also drives
predissociation. We predict that a complicated channel-

coupling behavior of the (X X+ )o „shape resonance
presenting wide structures in the experimental A H„
and 8 ~X„+ partial cross sections [8] also gives rise to an

evidence in the present FES.
We finally remark that the C X„+ partial cross section

has not been examined well [3]. The N2+(C X„+) state
has the nature of an ionic satellite and would show a
similarity to the inner-shell-holed N2+(B X„+) state in

the intensity borrowing [22]. The broken single-particle
excitation in the shape resonance requires the rearrang-
ing correlation to provide interchanne1 coupling to other
partial channels. This implies that this DER shape reso-
nance induces a strongly preferential neutral dissociation.
However, as far as we know, almost nothing [22] is avail-
able for shape resonances correlating with satellites.
Peaks 2—4 should be examined further from this view

point.
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In summary, the observation of the neutral decay of N2
DER's has been presented by measuring the vuv FES in
the 20—38-eV region from photodissociation fragments.
Rich DER Rydberg series converging on the
N2+(C X„+)state as well as the lowest (C 2„+)3scr state
have been revealed. We have also obtained Rydberg pro-
gressions converging on the N2+(D II ) state. Broad
peaks have been ascribed to the strongly dissociative
DER, the DER correlating with ionic satellites, and also
the single-holed (X X+)o„shape resonance. The DER
states are optically forbidden in a single-particle excita-
tion model but, therefore, are so much more discernible
in the neutral decay channel rather than in the single-
holed partial channels that, as we remark, FES measure-
ments from neutral fragments can provide a sensitive tool

in the spectroscopy of DER's. Also, absence of continu-
um channels in most cases can enable us to perform de-
tailed straightforward determinations of the above DER
Rydberg levels of which analysis is in progress.
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