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Core Hole Double-Excitation and Atomiclike Auger Decay in N2

M. Neeb, A. Kivimäki,* B. Kempgens, H. M. Köppe, J. Feldhaus,† and A. M. Bradshaw
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(Received 4 October 1995)

Core hole decay spectra of the free N2 molecule show evidence for hitherto unobserved molecu
resonances both below and above theK-shell photoionization threshold. Based on earlier calculatio
they are assigned to doubly excited neutral states which could not be seen below threshold in rece
resolution absorption spectra because of the more intense core-to-Rydberg excitations. By calc
the Auger spectrum of core-excited nitrogen atoms, we show that the features are atomiclike.

PACS numbers: 33.80.Eh, 33.60.Fy
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One of the best known inner shell absorption spectr
that of gas phase N2, which has been extensively invest
gated both theoretically and experimentally. Because
the many spectral features it is widely regarded as a p
totype system for inner shell absorption, in particular,
its interpretation in terms of the equivalent core mod
[1]. The well resolved features between the1s21

u 1pg

bound state transition and the1s ionization potential have
all been interpreted as core-excited Rydberg transitio
The assignment of several features close to thresh
however, gives rise to some difficulties due to the ma
overlapping resonances. To clarify the interpretation
these features, angle-resolved ion yield spectra have
measured more recently by Shigemasaet al. [2] and
Lee et al. [3]. Between 407 and 410 eV these spec
show several degenerate resonances of different sym
try which cannot be separated in the normal absorp
spectrum. Because of a net negative value of the as
metry parameter,b, a strong contribution of states ofp

symmetry was identified in the angular-resolved spec
and assigned by Leeet al. [3] to ndp core-to-Rydberg
transitions. These states were not included in the an
sis of Chen, Ma, and Sette [1], who instead added f
unspecified extra peaks in their fitting routine in order
account for unresolvable structure near threshold. Ifndp

Rydberg states indeed have to be taken into account in
interpretation, Leeet al. [3] point out that it is necessar
to contemplate a failure of the equivalent core model.

In contrast, we show in the present Letter that t
cross section close to threshold is not only determin
by Rydberg resonances, but also contains an impor
contribution from neutral double excitations [two-hole
two-particle s2h2pd]. These states were predicted b
Arneberget al. [4] several years ago for the region bo
above as well as below the1s ionization threshold. We
infer their existence from the observation of distin
transition lines in the corresponding electronic dec
spectra. The latter cannot be explained by the de
of core-excited Rydberg states but rather as atomic
features following dissociation.

The experiments have been performed using the
dulator beam line X1B [5] at the National Synchrotro
0031-9007y96y76(13)y2250(4)$10.00
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Light Source, Brookhaven. A cylindrical mirror analyze
(CMA) was used as the energy dispersing element [
Electrons enter the analyzer at an emission angle of 54±

with respect to the propagation vector of the incident lig
which is coincident with the cylinder axis. This configu
ration allows angle-resolved and angle-integrated spec
to be measured simultaneously. The pass energy of
analyzer was set at 40 eV, which corresponds to an e
mated kinetic energy resolution of 320 meV. The photo
energy resolution was set to,400 meV.

The N2 decay spectra above 370 eV kinetic energy a
shown in Figs. 1(a) to 1(g) for various photon energi
between 407 and 413 eV. Spectra (a)–(c) were exci
below threshold (409.9 eV), while spectra (d)–(g) we
excited up to 3.4 eV above threshold. At these phot
energies the valence photoelectron lines of N2 (the triple
peak structure above 390 eV and the broad struct
above 370 eV) overlap between 370 and 405 eV w
the decay lines. The photoelectron spectrum excited
355 eV is shown for comparison in (h).

As the photon energy is tuned across theK-shell
threshold a new feature with 384 eV kinetic energ
(accompanied by a small feature at 376 eV) is fir
observed in the decay spectra at a photon energy 1.3
below the ionization threshold [Fig. 1(b)]. It acquire
maximum intensity just at threshold before vanishing a
photon energy of 413 eV. A distinct resonance behav
is thus apparent. At excitation energies above thresh
the extra decay features cannot be explained by norm
or satellite Auger transitions since the chosen phot
energies are too low for excitation of even the lowe
shakeup satellite at 417.9 eV [7] or any known continuu
resonances in N2. Below the ionization threshold the
extra peaks cannot be explained by the decay of c
excited Rydberg states. As shown by Eberhardtet al. [8]
the spectator lines of such transitions are located bel
375 eV kinetic energy. This is demonstrated by the dec
spectrum of the1s213p Rydberg state [Fig. 1(a)]. Apart
from a 6 eV shift to higher energy the complete spectru
is almost identical to the normal Auger spectrum.

Since the extra features at 384 and 378 eV cannot
explained by any known core hole states, we conclu
© 1996 The American Physical Society



VOLUME 76, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 MARCH 1996

(a

in
rg
e
t
h

s
o
y
e
o
r
c

la

es
d in

of
st

on-
a

he
x-
ral

for-
h
va-

n in

s,
n-
V,
in

s
n-

the
the
if-
y
ry-

ly
rgy
the
res
r

eak
ay
g-
cta-
ee
en-
ted

the
o a
ow
on

pro-

re
le
ly
e

les

tes
as
FIG. 1. The electronic decay spectra of N2 excited from 2.8
below to 3.4 eV above threshold (a)–(g). The spectrum
was measured at the1s21 ! 3p Rydberg resonance. Note
that the photon energies below threshold (409.9 eV) a dist
feature arises in the decay spectra at 384 eV kinetic ene
containing at most 4% of the total Auger intensity. Th
photoelectron spectrum of the valence region excited below
N 1s resonances is shown in (h). It has been shifted to hig
kinetic energies to coincide with (g).

that there must be additional, hitherto unobserved re
nances immediately below and above threshold. Obvi
candidates are the2h2p excited neutral states predicted b
Arnebertet al. [4]. Two series of double excitations ar
expected from the calculation, one just around thresh
and a second one 4–6 eV above. Only this second se
could be identified in the high resolution absorption spe
trum by Chen, Ma, and Sette [1] since they do not over
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with other features. The role of multielectron resonanc
around threshold, on the other hand, has been ignore
the assignment of the experimental absorption spectra
N2 and indeed of other small molecules [9]. The fir
series is due to the1s21

g 1p21
u 1p2

g and 1s21
u 3s21

g 1p2
g

electronic configurations. The second series in the c
tinuum involves Rydberg excitations and gives rise to
complicated decay spectrum [10].

How can the relatively simple decay spectrum of t
first series of the 2h2p states [Figs. 1( b)–1(f)] be e
plained? The double excited molecule can in gene
decay via participator or spectator processes. The
mer channel would result in 2h1p final states for whic
the final state energies are the same as those of
lence level photoelectron final states. These are see
the photoelectron spectrum of N2 as weak features lo-
cated between the dominant 1h lines [Fig. 1(h)]. Thu
the participator decay could in principle be respo
sible for the extra decay transitions at 384 and 378 e
even though their kinetic energy remains constant
Fig. 1. This would occur if different 2h1p final state
were reached as a result of varying the excitation e
ergy. However, we would then expect the shape of
overall peak envelope to change considerably, since
Franck-Condon factors differ for transitions between d
ferent electronic states. In fact, in Fig. 1 hardly an
change in the fine structure can be seen. Also, on va
ing the photon energy by 4 eV or more it is very unlike
that the energy difference between the excitation ene
and the final state energies would always give exactly
same kinetic energy, as is observed for the extra featu
in Fig. 1. Moreover, the angular distribution of the Auge
electrons does not show any asymmetry in the decay p
at 384 eV, as would be expected for a participator dec
of an aligned intermediate state [11] to which the su
gested doubly excited configurations can couple. Spe
tor decay would result in 3h2p states in which all thr
holes are located in the valence levels. The binding
ergy of the lowest 3h2p final states has been calcula
by Langhoffet al. [12] to be above 34 eV relative to the
neutral ground state. Depending on the photon energy
decay feature at 384 eV kinetic energy corresponds t
binding energy between 24 and 30 eV and is thus too l
to be explained by spectator decay. The most comm
core hole decay modes, the participator and spectator
cesses, can therefore be ruled out.

A quite different relaxation channel of molecular co
hole states is dissociation followed by atomic core ho
decay. Although this process is normally far less like
than molecular decay, it was observed for the first tim
in the decay of the3d214psp state in HBr by Morin and
Nenner [13] and subsequently for other small molecu
[14]. In the case of H2S, Svenssonet al. [15] have
recently observed fast dissociation of neutral 2h2p sta
excited into the continuum. Although dissociation h
not been observed in N2, the singly excited1s21

g 3su
2251
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shape resonance in O2 is strongly dissociative as recentl
discussed by Kuiper and Dunlap [14]. We propose t
this mechanism pertains in the present case and s
by calculation (see below) that the feature at 384
is caused by the decay of a singly core-excited
atom. Clearly, the presence of the two electrons
the pg antibonding orbital gives these core-excited 2h
molecular states a strongly dissociative character.

A comparison with the valence excited states of t
equivalent-core molecule NO [16,17] predicts for th
doubly excited N2 molecule with two excited electron
in thepg orbital a drastic increase of 0.3–0.4 Å in the in
ternuclear equilibrium distance relative to the ground st
value (Fig. 2). There is thus a high probability for pop
lation of continuum orbitals in the core-excited intermed
ate state [18]. Consequently, dissociation can be obse
for which the probability decreases exponentially with t

FIG. 2. The potential curves and energy levels of the initi
intermediate, and final states. Those of the doubly exci
molecular states of N2 have been approximated by the valenc
excited neutral NO molecule [16,17] using the equivale
core approximation. The valence-excited electron configura
4s21p32p2 of NO can couple to the2S1 and2P states, while
the configuration4s1p42p2 gives2D and2

S2. Two different
states of the excited oxygen atom are formed by dissociat
of which 3P is the energetically lowest and1D the second
lowest. Within the Z 1 1 approximation the electronically
excited oxygen atom is equal to a core-excited nitrogen at
except for the spin multiplicity being quartet instead of tripl
and doublet instead of singlet for the nitrogen states.
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lifetime of the core-excited state. If such a doubly excite
N2 molecule dissociates, one atom ends up in the el
tronic ground state configurations1s22s22p3d while the
other one remains as a singly core-excited neutral at
with an extra electron in the2p shell s1s12s22p4d. The
maximum kinetic energy for the decay of the core-excit
atom is given directly by the excitation energy minus th
energy difference between the molecular ground state
the ionic ground state of the nitrogen atom. The di
sociation of the ground state nitrogen molecule into t
ground state atoms requires an energy of 9.76 eV [1
The minimum energy for ionization of the nitrogen atom
is 14.54 eV [20]. Hence, at the minimum excitation en
ergy of 408.6 eV the transitions from the ground state N2

into atomic final states must occur at kinetic energies b
low 384.3 6 0.4 eV. In the experimental spectrum ex
cited at 408.6 eV in Fig. 1(b) the highest energy dec
features are indeed found below 384.5 eV. This res
also agrees quantitatively with the calculations performe
We have computed the total energies of all thejj-coupled
1s12s22p4 initial states and1s2s2s22p4d22 final states
using the multiconfiguration Dirac-Fock code of Gran
et al. [21]. Transition probabilities between the states, d
noted here withLS symbols, were then obtained with th
method described in Ref. [22]. The final state energ
have additionally been adjusted with respect to the low
value by using the energy differences from Moore [20
the corrections are in the order of 1 eV.

As given by theZ 1 1 approximation the three low-
est potential curves of the doubly excited N2 molecule
are shown in Fig. 2 to converge to the dissociation lim
in which a core-excited N atom in the ground sta
1s12s22p4s4Pd is formed. At about 2 eV higher exci-
tation energy, a dissociation limit corresponding to th
core-excited atomic state1s12s22p4s2Dd is reached. In
Fig. 3 the calculated atomic decay spectrum from the
two states is shown as a bar diagram and compared w
the experimental spectrum of Fig. 1(d). The transitio
from the ground state1s12s2sp4s4Pd of the core-excited
atom to the ground state1s22s22p2s3Pd of the N1 ion
is calculated at 384 eV kinetic energy; it accounts for t
maximum of the decay feature. The calculated decay
the 1s12s22p4s2Dd state, on the other hand, yields tw
transitions on each side of the peak. The experimen
spectra in Figs. 1(d)–1(f) indeed reveal two shoulde
which at higher excitation energies become proportio
ally more intense. They are due to transitions from t
2D state to the1s22s22p2s1D, 1Sd final states; while in
agreement with the experiment theory predicts negligib
intensity for the2D ! 3P transition at 388 eV. At ki-
netic energies less than 380 eV the ionic1s22s2p3 fi-
nal states are reached. Only little intensity is predict
for these transitions between 375 and 380 eV kinetic e
ergy, which is in qualitative agreement with the expe
iment. In contrast, the intensity of the transitions belo
373 eV seems to be strongly overestimated by theory e
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FIG. 3. The calculated Auger spectrum (bar diagram) fro
the 1s12s22p4s4P, 2Dd core-excited N atoms in compariso
with the experimental decay spectrum of Fig. 1(d). The el
tronic configuration of the assigned final states is1s22s22p2.

through a quantitative comparison within this region is u
certain due to an accidental overlap with the broad2s21

g
photoelectron peak of N2. However, small discrepancie
between the experiment and pure atomic calculation
be understood in the sense that the decay still proce
under a certain molecular influence.

In conclusion, electronic decay spectra of N2 ex-
cited near the K-shell ionization threshold revea
doubly excited neutral states. The transitions are due
the 1s21

g 1p21
u 1p2

g and 1s21
u 3s21

g 1p2
g configurations

and extend over a region from 1.5 below to 2 eV abo
the threshold. Such states have so far not been obse
in the absorption spectrum below threshold since th
are obscured by the core-to-Rydberg transitions. T
observation may explain the recently measured net ne
tive asymmetry parameter close to theK-shell threshold,
since these double excitations can also give states of t
P symmetry. The decay lines of highest kinetic ener
are in quantitative agreement with calculations of t
resonant Auger decay from core-excited nitrogen ato
which result from rapid dissociation of the core-excite
N2 molecule. The present results show that the co
level absorption spectra of small molecules should
interpreted with care even if fitted spectra are in excell
agreement with experimental data.
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