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Core Hole Double-Excitation and Atomiclike Auger Decay in N,
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Core hole decay spectra of the freg Molecule show evidence for hitherto unobserved molecular
resonances both below and above Kashell photoionization threshold. Based on earlier calculations
they are assigned to doubly excited neutral states which could not be seen below threshold in recent high
resolution absorption spectra because of the more intense core-to-Rydberg excitations. By calculating
the Auger spectrum of core-excited nitrogen atoms, we show that the features are atomiclike.

PACS numbers: 33.80.Eh, 33.60.Fy

One of the best known inner shell absorption spectra itight Source, Brookhaven. A cylindrical mirror analyzer
that of gas phase Nwhich has been extensively investi- (CMA) was used as the energy dispersing element [6].
gated both theoretically and experimentally. Because oElectrons enter the analyzer at an emission angle of’54.7
the many spectral features it is widely regarded as a prawith respect to the propagation vector of the incident light
totype system for inner shell absorption, in particular, forwhich is coincident with the cylinder axis. This configu-
its interpretation in terms of the equivalent core modelration allows angle-resolved and angle-integrated spectra
[1]. The well resolved features between the, 17,  to be measured simultaneously. The pass energy of the
bound state transition and the ionization potential have analyzer was set at 40 eV, which corresponds to an esti-
all been interpreted as core-excited Rydberg transitionsnated kinetic energy resolution of 320 meV. The photon
The assignment of several features close to threshol@nergy resolution was set te400 meV.
however, gives rise to some difficulties due to the many The N, decay spectra above 370 eV kinetic energy are
overlapping resonances. To clarify the interpretation oshown in Figs. 1(a) to 1(g) for various photon energies
these features, angle-resolved ion yield spectra have bebéetween 407 and 413 eV. Spectra (a)—(c) were excited
measured more recently by Shigemasa al.[2] and below threshold (409.9 eV), while spectra (d)—(g) were
Lee et al.[3]. Between 407 and 410 eV these spectraexcited up to 3.4 eV above threshold. At these photon
show several degenerate resonances of different symmenergies the valence photoelectron lines gf(bte triple
try which cannot be separated in the normal absorptiopeak structure above 390 eV and the broad structure
spectrum. Because of a net negative value of the asynabove 370 eV) overlap between 370 and 405 eV with
metry parameterf, a strong contribution of states ef  the decay lines. The photoelectron spectrum excited at
symmetry was identified in the angular-resolved spectr855 eV is shown for comparison in (h).
and assigned by Leet al. [3] to nda core-to-Rydberg As the photon energy is tuned across tRKeshell
transitions. These states were not included in the analythreshold a new feature with 384 eV kinetic energy
sis of Chen, Ma, and Sette [1], who instead added foutaccompanied by a small feature at 376 eV) is first
unspecified extra peaks in their fitting routine in order toobserved in the decay spectra at a photon energy 1.3 eV
account for unresolvable structure near thresholdidl  below the ionization threshold [Fig. 1(b)]. It acquires
Rydberg states indeed have to be taken into account in theaximum intensity just at threshold before vanishing at a
interpretation, Leeet al. [3] point out that it is necessary photon energy of 413 eV. A distinct resonance behavior
to contemplate a failure of the equivalent core model. is thus apparent. At excitation energies above threshold

In contrast, we show in the present Letter that thethe extra decay features cannot be explained by normal
cross section close to threshold is not only determinedr satellite Auger transitions since the chosen photon
by Rydberg resonances, but also contains an importamnergies are too low for excitation of even the lowest
contribution from neutral double excitations [two-hole—shakeup satellite at 417.9 eV [7] or any known continuum
two-particle (2h2p)]. These states were predicted by resonances in N Below the ionization threshold the
Arneberget al. [4] several years ago for the region both extra peaks cannot be explained by the decay of core
above as well as below thks ionization threshold. We excited Rydberg states. As shown by Eberhatdl. [8]
infer their existence from the observation of distinctthe spectator lines of such transitions are located below
transition lines in the corresponding electronic decay375 eV kinetic energy. This is demonstrated by the decay
spectra. The latter cannot be explained by the decagpectrum of thd s~ !'3p Rydberg state [Fig. 1(a)]. Apart
of core-excited Rydberg states but rather as atomiclikérom a 6 eV shift to higher energy the complete spectrum
features following dissociation. is almost identical to the normal Auger spectrum.

The experiments have been performed using the un- Since the extra features at 384 and 378 eV cannot be
dulator beam line X1B [5] at the National Synchrotron explained by any known core hole states, we conclude
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around threshold, on the other hand, has been ignored in
the assignment of the experimental absorption spectra of
N, and indeed of other small molecules [9]. The first
series is due to théo, 'l7, 17} and 1o, '307, 17}
electronic configurations. The second series in the con-
tinuum involves Rydberg excitations and gives rise to a
complicated decay spectrum [10].

How can the relatively simple decay spectrum of the
first series of the 2h2p states [Figs. 1(b)—1(f)] be ex-
plained? The double excited molecule can in general
decay via participator or spectator processes. The for-
mer channel would result in 2hlp final states for which
the final state energies are the same as those of va-
lence level photoelectron final states. These are seen in
the photoelectron spectrum of,Nas weak features lo-
cated between the dominant 1h lines [Fig. 1(h)]. Thus,
the participator decay could in principle be respon-
sible for the extra decay transitions at 384 and 378 eV,
even though their kinetic energy remains constant in
Fig. 1. This would occur if different 2hlp final states
were reached as a result of varying the excitation en-
ergy. However, we would then expect the shape of the
overall peak envelope to change considerably, since the
Franck-Condon factors differ for transitions between dif-
ferent electronic states. In fact, in Fig. 1 hardly any
change in the fine structure can be seen. Also, on vary-
ing the photon energy by 4 eV or more it is very unlikely
that the energy difference between the excitation energy
and the final state energies would always give exactly the
same kinetic energy, as is observed for the extra features
in Fig. 1. Moreover, the angular distribution of the Auger
electrons does not show any asymmetry in the decay peak
at 384 eV, as would be expected for a participator decay

Iulltll with other features. The role of multielectron resonances
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g of an aligned intermediate state [11] to which the sug-
PV, S WP AL A4 ¥ gested doubly excited configurations can couple. Specta-
365 370 375 380 385 390 395 400 tor decay would result in 3h2p states in which all three
Kinetic energy (ev) holes are located in the valence levels. The binding en-

ergy of the lowest 3h2p final states has been calculated
FIG. 1. The electronic decay spectra of Bxcited from 2.8 by Langhoffet al.[12] to be above 34 eV relative to the
below to 3.4 eV above threshold (a)-(g). The spectrum (aheutral ground state. Depending on the photon energy the

was measured at thés™! — 3p Rydberg resonance. Note P
that the photon energies below threshold (409.9 eV) a distinigecay feature at 384 eV kinetic energy corresponds to a

feature arises in the decay spectra at 384 eV kinetic energPinding energy between 24 and 30 eV and is thus too low
containing at most 4% of the total Auger intensity. Theto be explained by spectator decay. The most common
photoelectron spectrum of the valence region excited below theore hole decay modes, the participator and spectator pro-
N 1s resonances is shown in (h). It has been shifted to highegesses, can therefore be ruled out.
Kinetic energies to coincide with (g). A quite different relaxation channel of molecular core
hole states is dissociation followed by atomic core hole
that there must be additional, hitherto unobserved resadecay. Although this process is normally far less likely
nances immediately below and above threshold. Obviouthan molecular decay, it was observed for the first time
candidates are tHEh2p excited neutral states predicted by in the decay of théd ~'4po* state in HBr by Morin and
Arnebertet al. [4]. Two series of double excitations are Nenner [13] and subsequently for other small molecules
expected from the calculation, one just around thresholfil4]. In the case of HS, Svenssoret al.[15] have
and a second one 4—6 eV above. Only this second serigscently observed fast dissociation of neutral 2h2p states
could be identified in the high resolution absorption specexcited into the continuum. Although dissociation has
trum by Chen, Ma, and Sette [1] since they do not overlagjot been observed in ) the singly excitedla;%au
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shape resonance in, (s strongly dissociative as recently lifetime of the core-excited state. If such a doubly excited
discussed by Kuiper and Dunlap [14]. We propose thalN, molecule dissociates, one atom ends up in the elec-
this mechanism pertains in the present case and shotwonic ground state configuratiofis?2s22p3) while the
by calculation (see below) that the feature at 384 eVbther one remains as a singly core-excited neutral atom
is caused by the decay of a singly core-excited Nwith an extra electron in thep shell (1s'2s22p*). The
atom. Clearly, the presence of the two electrons irmaximum kinetic energy for the decay of the core-excited
the 77, antibonding orbital gives these core-excited 2h2patom is given directly by the excitation energy minus the
molecular states a strongly dissociative character. energy difference between the molecular ground state and
A comparison with the valence excited states of thethe ionic ground state of the nitrogen atom. The dis-
equivalent-core molecule NO [16,17] predicts for thesociation of the ground state nitrogen molecule into the
doubly excited N molecule with two excited electrons ground state atoms requires an energy of 9.76 eV [19].
in the 77, orbital a drastic increase of 0.3—0.4 A in the in- The minimum energy for ionization of the nitrogen atom
ternuclear equilibrium distance relative to the ground statés 14.54 eV [20]. Hence, at the minimum excitation en-
value (Fig. 2). There is thus a high probability for popu-ergy of 408.6 eV the transitions from the ground state N
lation of continuum orbitals in the core-excited intermedi-into atomic final states must occur at kinetic energies be-
ate state [18]. Consequently, dissociation can be observddw 384.3 + 0.4 eV. In the experimental spectrum ex-
for which the probability decreases exponentially with thecited at 408.6 eV in Fig. 1(b) the highest energy decay
features are indeed found below 384.5 eV. This result
also agrees quantitatively with the calculations performed.

420 ] We have computed the total energies of all flieoupled
4154 N,™  (Z+1=NO") 1s'2522p* initial states andls?(2s>2p*)~2 final states
] s o using the multiconfiguration Dirac-Fock code of Grant
4104 —— NCDRN'(D) et al.[21]. Transition probabilities between the states, de-
] NCD)+N*('P) noted here with.S symbols, were then obtained with the
205 NCSHN*(P) method described in Ref. [22]. The final state energies
1 have additionally been adjusted with respect to the lowest
35- value by using the energy differences from Moore [20];
- ] NED)sN'('S) the corrections are in the order of 1 eV.
2 ] As given by theZ + 1 approximation the three low-
2 394 2 +1 . .
> ] N('D)+N'('D) est potential curves of the doubly excited, folecule
S 551 NCD)+N'(°P) are shown in Fig. 2 to converge to the dissociation limit
i ] NCS)N'(P) in which a cqre—exmted N atom in the ground stgte
] 1s'2522p*(*P) is formed. At about 2eV higher exci-
204 tation energy, a dissociation limit corresponding to the
] core-excited atomic states'2s22p*(2D) is reached. In
15 Fig. 3 the calculated atomic decay spectrum from these
] two states is shown as a bar diagram and compared with
10 N('S)+N(*s) the experimental spectrum of Fig. 1(d). The transition
] from the ground statés'2s%sp*(*P) of the core-excited
5 atom to the ground states?2s?2p2(3P) of the N* ion
] is calculated at 384 eV kinetic energy; it accounts for the
0 maximum of the decay feature. The calculated decay of

o5 10 15 2.0 25 the 1s'25>2p*(>D) state, on the other hand, yields two
ntern 3 transitions on each side of the peak. The experimental
nternuclear distance (A) . . .
_ ~ spectra in Figs. 1(d)-1(f) indeed reveal two shoulders,
FIG. 2. The potential curves and energy levels of the initial,which at higher excitation energies become proportion-

intermediate, and final states. Those of the doubly excite%ly more intense. They are due to transitions from the
molecular states of Nhave been approximated by the va_lence-zD state to thelsé2s22 2(Ip. 15) final states: while in
excited neutral NO molecule [16,17] using the equivalent P ’ '

core approximation. The valence-excited electron configuratio@greement with the experiment theory predicts negligible
40217327 of NO can couple to théS* and?IT states, while  intensity for the?D — 3P transition at 388 eV. At ki-
the configurationto 174272 gives?A and*3~. Two different  netic energies less than 380 eV the ionig2s2p3 fi-
states of the excited oxygen atom are formed by dissociatiomal states are reached. Only little intensity is predicted
of which *P is the energetically lowest anth the second (o these transitions between 375 and 380 eV kinetic en-

lowest. Within theZ + 1 approximation the electronically hich is i litati ¢ with th
excited oxygen atom is equal to a core-excited nitrogen atonff'3Y, WhICh IS In qualilalive agreement wi e exper-

except for the spin multiplicity being quartet instead of triplet iment. In contrast, the intensity of the transitions below
and doublet instead of singlet for the nitrogen states. 373 eV seems to be strongly overestimated by theory even
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