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Ultrashort-Lived Non-Rydberg Doubly Excited Resonances Observed
in Molecular Photoionization
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The N, (B — X) dispersed fluorescence from photon exciféd molecules has been measured in
the 19—-34 eV excitation range, where our theory predicts the existence of non-Rydberg doubly excited
resonances which autoionize in the sub-fs regime intoNl_néBzEj ionic state. The experimentally
deduced vibrational branching ratiée’ = 1)/(v’ = 0) revealed five prominent features, four of which
could be identified as such doubly excited resonances based on the lowest order of the many-body
perturbation theory. [S0031-9007(96)00230-X]

PACS numbers: 33.80.Eh, 33.70.Jg

Although the photoionization dynamics of small about 1 eV. The short lifetime of the NRDER’'s may
molecules such aN, has been studied for many decadesbe immediately understood by considering their compact
[1], the exploration of non-Rydberg-like, doubly excited nature; i.e., the orbitals of the two excited electrons
resonances remains an unrevealed and most challengingcupy the same space, where the outer valence electron
problem. Their study deals with a particular interestingshape resonance also tends to be localized [6] causing
aspect of many-electron effects, i.e., the excitation otheir motions to be highly correlated. Furthermore, since
two electrons under the influence of a weak externatwo electrons are involved in the excitation process, the
perturbation such as an electromagnetic field, whichransition strength is extremely small, which explains why
appear as prominent satellites to the main transition line ithese very short-lived NRDER’s have not been observed
photoelectron spectroscopy. The description of this kindefore [3,4].
of process therefore goes beyond the simple picture of a However, the vibrational distribution within a constant
single electron excitation and multiple correlations amongonic state (CIS) photoionization yield can be signifi-
the final electron-hole states have to be taken into accountantly affected through the interaction with autoionizing

Wendin [2] first proposed foN, the existence of such NRDER'’s. For nonresonant photoionization the final state
a non-Rydberg-like doubly excited resonance (NRDER)ibrational distribution is largely governed by the Franck-
(3o,) '(1m,) " '(1m,)?, autoionizing rapidly into the Condon factors between the initial and final state. The
3og,€0, continuum in order to explain the observed intensity for a given vibrational line is then proportional
prominent and broad feature at 23 eV photon energyo the square of the overlap matrix element between the
[3,4], where no symmetry allowed single electron boundvibrational wave functions of the neutral ground state and
to bound transitions exist. Very recently the first experi-the final ionic state. When the photoionization cross sec-
mental investigation was undertaken by Ukaial. [5] in  tion is influenced by a discrete autoionizing resonance,
order to determine the energetic localizations of repulsivehe electron matrix element can strongly depend on the
doubly excited resonancesNy. Predissociation appears intermediate state and the vibrational distribution does not
here as an alternative decay channel to autoionizatiooorrespond to the intensity calculated using the Franck-
and leads to fluorescence from the neutral photodissocEondon factors for the direct process alone. Although
ated fragments, which was measured in the 20—38 e¥ur calculations show that the autoionization width of the
excitation region. Although the fluorescence spectrumNRDER'’s tends to be too large in order to resolve their vi-
showed two broad and prominent features, a conclusivbrational structure, their effect on photoionization should
interpretation of these observations was not provided. be evident by studying CIS vibrational branching ratios.

Stimulated by the recent attempts to give evidence for For this reason we have measured the final state vi-
NRDER'’s in N, we utilized the Hartree-Fock theory brational distribution of theN, X — N,* B photoioni-
in order to calculate the energetic positions of severzation. We have utilized the dispersed fluorescence
NRDER'’s which are optically accessible from the ground(DF) technique, which recently has been applied suc-
state in the 19-34 eV excitation range. We furthermorecessfully as a very sensitive tool for studying decay pro-
computed their potentials and lifetimes due to decay viaesses in photon-excited molecules [7]. The B (v/ =
autoionization. A theoretical lifetime in the order of only 1)/(v’ = 0) branching ratios were deduced from the
a few femtoseconds was obtained, short enough to makecord vibrationally resolvedN,* (B — X) fluorescence
them appear as broad resonances with a natural width efieasurements in order to reveal the NRDER’s.
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A very similar experiment orN, has been performed
earlier by Poliakoffet al. [8,9] in the same excitation en-
ergy region. Their experimental results were compared
with theoretical branching ratios calculated by Basden and
Lucchese [10] utilizing a two state coupled channel calcu-
lation. The theory predicted that ti%r, — eo, shape
resonance should have a profound effect on(the,) !
excitation channel which results in deviations from the
Franck-Condon behavior for the resultibg™ B3 ion.
Although the experimental data by Poliakaft al. [8,9]
revealed an enhancement of vibrational excitation near
the excitation energy of 29 eV, which they attributed to
the interchannnel coupled shape resonance, the agreement
between experimental and theoretical data is rather poor.
In an effort to elucidate the discrepancy between experi-
ment and theory, we remeasured the vibrational branching
ratios for the(20,)~!' photoionization ofN,. Although
our data confirm the general trend measured by Poliakoff
et al. [8], the results are far from identical.

The experiment was performed using synchrotron ra-
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diation (SR) emitted by the Swedish 500 MeV storageF!G. 1. The N,*(B — X) (1,2) and (0,1) bands at the

ring MAX in Lund. A 1 m normal incidence monochro-
mator equipped with al200 g/mm diffraction grating
was used to produce monochromatic radiation in a wave-

excitation energy 19.1 eV.

In order to compare their relative
intensities, the transition lines were fitted with an instrumental
function superimposed on a linear background.

length range down to 34 nm. The photon flux at 50 nmMconvertible into vibrational branching raties /oy using

was approximately0'® — 10" photong's using a ring cur-
rent of typically 130 mA andl00 um slits, for which a

resolution of 0.4 nm was obtained. With a backgroundthe derived o

pressure ofl0~® Torr the base pressure was kept below
3 X 1072 Torr for which the dependence of the fluores-
cence intensity is perfectly linear with the gas pressure
indicating that collisional quenching is negligible. This
was verified experimentally by focusing the nitrogen fluo-
rescence via a MgHens onto the photocathode of a pho-
tomultiplier (PM), where the intensity was recorded as a
function of the gas pressure. In order to disperse the flu-
orescence, the emitted light was imaged into a secondary
monochromator (with 19 cm focal length) equipped with
a 360 g/mm grating and a position sensitive, liquid ni-
trogen cooled charge coupled device multichannel array
detector. A spectral coverage from 190 to 450 nm with
a resolution of 1.5 nm was achieved. A shutter mounted
behind the entrance slit of the secondary monochromator
determined the exposure time (typically X 100 s) dur-
ing which, for a given SR energy, the entie " (B — X)
emission spectrum was acquired. This kind of detec-
tion technique differs from the one used in previous DF
experiments by [8,9], where a PM as a single channel de-
tector was used.

In Fig. 1 a magnified section of thN," (B — X) at

branching ratio G,/c,

of the Franck-Condon factors and frequencies (taken from
Ref. [11]) of the appropriate transitions. Figure 2 shows
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FIG. 2. Branching ratioo,/o, for the N,* B*3* (v/ =

191 eV excitation energy spectrum is shown. This seci)/(v' = 0) emission following autoionization from upper
tion involves the (1, 2) and (0, 1) bands whose line profilegloubly excited resonance I¥,. The feature X is SUgllgeSted to
were fitted with an instrumental function in order to com-©riginate from interchannel interaction with t{go)™" shape

pare their relative intensities with an approximate uncer

resonance, while the featureés— D coincide with some of
the calculated NRDER configurations shown in Table I. The

tainty of (6 = 1)%. As described in detail by Poliakoff theoretical energy values in Table | have been reduced by
et al.[8,9], the ratio of the fluorescence intensities are0.8 eV in the figure to get a best fit to the experiment.
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photoionization obtained from our dispers¥sl' (B — X)  approximation, predicts the energy of lowest stdfe, to
fluorescence measurements in the 19-34 eV excitatiobe 20.9 eV in the center of the Franck-Condon region. In
energy region. A rich structure is revealed in Fig. 2order to study higher order effects, many-body perturba-
exhibiting several broad features centered at about 22.1ipn expansions up to the third order have been applied
24.5, 27.2, 29.3, and 32.2 eV (nam&dA, B, C, andD, to this state. As a result, the new excitation energy of
respectively). This structure represents a fingerprint ofhe 'II, state is shifted only 1.0 eV below the RHF
NRDER'’s in N;, and serves as an ideal test case for ouwalue, which gives us confidence that the RHF method is
computations. The results are summarized in Table I. accurate enough for an unambiguous assignment of the
The calculations were carried out utilizing the relaxedobserved structure. An autoionization width of 0.24 eV
Hartree-Fock (RHF) technique. Relaxation has been inwas obtained for théIl, state which may decay into
cluded in the computation of separate initial and final state&f >>F or to an even larger extent into the’I1, state of
orbitals. The RHF potential curves of the NRDER’s areN, . Since the2o, shell is closed, the decay ofl,
shown in Fig. 3, which provide information about their into BZE;r is possible only via a substantial mixing with
repulsive nature. NRDER states tend to be repulsivepther2o, open shell states, and they should play only a
if the two electron excitation takes place from bondingvery minor role for the explanation of the 22 eV feature
o,, m, Orbitals to antibondingr,, 7, orbitals, whereas X. We therefore suggest that a different excitation
bound NRDER states may be characterized through themechanism is present here [14]. Here we have shown
electron configuration having two holes in the antibondingthat the large(20,)~! photoionization around 22 eV is
orbitals and the bounding nature of the excited orbitalsprofoundly affected by strong interchannel interactions
The energy uncertainty due to excitation probabilitieswith the (30,)~! shape resonance. It is well known,
from an extended Franck-Condon region is derived tdiowever, that shape resonances in molecular photoioniza-
be in the order of 0.4 eV and adds up to the computedion may cause large deviations from the Franck-Condon
autoionization width. The autoionization lifetimes of the intensity distributions [6] as exemplified by featute
NRDER'’s have been estimated in the lowest order many- The 3a,) 2(17,) (30,) ' 11, NRDER calculated to be
body perturbation expansion, taking into account stron@t 23.6 eV is also a repulsive, autoionizing state, which
interactions between the continuum channels as describetcays very slowly into th& state but not into th® state
elsewhere [12]. The continuum states included inof N,*. A long autoionization lifetime ol.2 X 107" s
the calculations have been identified in accordancéeaves the state time to dissociate and is therefore clearly
with Ref. [13]. First we calculated the NRDER pro- visible in the fluorescence data of Ukeai al.[5] at
posed by Wendin [2] and investigated its influence23.5 eV.
on the N, X — N,* B photoionization process. The The (20,) '(3a,) !(1m,)? electron configuration
(3a,)"'(1m,)"(1,)* electron configuration couples to couples to d3, state, which can be photon excited from
three repulsive' I1, states which can be photon excited the ground state and autoionizes into tNet X 22;,
from the ground state. The RHF theory as a first ordqu 22;" andczz; continua. The resonance calculated

TABLE |. Optically allowed, non-Rydberg doubly excited resonances (NRDER’sNpftalculated in the20,)~! excitation

range. The energie§ (eV) relative to theN, ground state are calculated within the relaxed Hartree-Fock theory. The total
autoionization FWHMT, (eV) and the partial widtH'; (eV) of the NRDER decaying into th8*3* continuum are calculated

within the lowest order of the many-body perturbation theory. The computed energies are compared with the experimental values.

Electron configuration States E (eV) I, (eV) 'y (eV) Ee*Pt (eV) Feature
(Bo,) (1) N (1m,)? 11, 20.9 0.24
I
IHZ
(Bo,) *(1m,)'3oy,)! I, 23.6 0.006 23.5°
(2o,) 'Bo,) (1m,)? s+ 25.1 0.64 0.006 245 A
(1) 2(17y)' Boy,)! 1, 26.5 0.11 26.5°
I
IHZ
Qo) (m) " s 27.9 1.04 0.12 272 B
(17 B! I3+ 30.4 29.3 C
(2o,)*(17)'3ay)! 1, 33.1 0.92 0.05 322 D
#From Ref. [5].
This work.
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— T T T Feature D in Fig. 2 should originate from a bound

s D " ] state (20,) *(17,) 3c,) 'II,, which can host several
N—— | /‘:"’7*1“ ’ vibrational levels. The following ionidN,* states have

been included in the calculation of the decay rates:

| 15
JT_M*IO § 322;—, D2H81 FZE;’ 21_[”’ and3 22;— AISO in thlS

case we obtain a large total width', = 0.92 eV), which

<15
me § agrees well with the width of the observed feature. A

considerable partial width'z (0.05 eV) is responsible for

104105 the occurrence of this NRDER state in adf/ o data.
%‘— In summary, we have calculated seven NRDER’s in
M~ =605 N, which can be photon excited from the ground state.

Four of them are found to be attractive, decaying into
the NfBzzj state and they have been identified in
our N, (B — X) DF measurements. Thus, we have
N;BZE;,vd) =27410°56 shown, that the DF technique is a very sensitive tool,
most suitable for studies of extremely short-livedl fs)
Py S— P L NRDER'’s. Furthermore we attribute the strong feature
20 22 24 26 observed at 22 eV to the interchannel coupl@d,) !
shape resonance. In addition the two most prominent
intermacear distanee (a2 features in the data of Ukadt al.[5] could be identi-
FIG. 3. Theoretical potential curves ofIl, and 'S+  fied as repulsive NRDER’s. However, the autoionizing

NRDER's in N, and their lifetimesr. The Franck-Condon state first proposed by Wendin [2] still remains experi-
region for transitions from neutral ground stalelzg IS mentally unrevealed.

also shown. The states denotéd— D are observed in our

measurements displayed in Fig. 2, while the three lowEkt

states do not autoionize inté," B.
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