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Neutral dissociation by non-Rydberg doubly excited states
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Neutral photodissociation from Nas been studied in the range 20—30 eV by observing dispersed fluores-
cence from excited N fragments. From comparisons with calculations using many-body perturbation theory it
follows that these fragmentations follow from predissociations ¢fRydberg series by a number of non-
Rydberg doubly excited statds$1050-294799)04007-X

PACS numbgs): 33.80.Gj, 31.50tw, 33.70.Ca

. INTRODUCTION A=113.4nm emission from this level was outside the sensi-
tivity range of the detector. With increasifg,. other struc-

A great amount of experimental data concerning phototures were found and attributed to the Rydberg seRE3)
dissociation and photoionization of,Mave been collected n=4,5andR(C) n=4,5, ... . Astrong intensity increase of
using continuously tunable synchrotron light. Ref.[1]and  the UV emission was observed f&t,,=>21.5€V, i.e., at
references given thergirMost of the structures in the photo- energies where excited nitrogen atoms in the
ionization spectra from the limit at an excitation energy3p(*S°,*P%*D?%2D?,...) states may be created via predis-
E.=15.58 eV up toE.,.=18.75eV are well understood in sociations(Fig. 1). All the 3p quartet states decay to the
terms of autoionizations of the Rydberg sef(), R(A), 3s 4P state with subsequent= 120 nm resonance emission.
andR(B) converging to the )" statesX, A, andB, respec- To investigate these predissociation processes it was de-
tively. For Eq,=19.4 eV the very weaR(D) series occurs Cided to measure the dispersed fluorescence frormithe
and forEe>22.1eV the wealR(C) series is observable. Eex>21.5€V range and look for possible NI multiplets.

In addition to photoionization/photoabsorption measureNeutral dissociation of Nhas been extensively discussed in

ments, fluorescence from,Nollowing synchrotron light ex- the Iiter_ature in vie_:w of its important applications, for in-
citation has also been studied in numerous investigaticins stance in the physics of the atmospheres of the planets and

Ref.[1] and references given thergif\part from molecular the sun as well as in plasma physics. As an example molecu-
N," emission bands, strong atomic NI UV emissiti20

nm) was observed1] at the thresholtEg,=20.09eV. As 22 ] Slom’s’  me'®  m® D’ w0
found in[1] this emission (NI 3*P—2p “S?) as a function I= 3
of E¢ shows the same discrete structure in thg, =
=20-30¢eV region as the photoionization spectrum, i.e., s &
originating from the Rydberg serig®(C) andR(D). 214 “”’

Figure 1 shows low lying excited states of the neutral < | v
nitrogen atom formed by excitationsp2-3s(*P,%P) and R 3
2p—3p(*s%,4P°,%D%,2D% as well as the emissiof\ nm) 00l =5 N
from these states. The zero point of the energy scale refers to --"}:EL) T
the ground state of the Nmolecule. Thus, the first structure PPN
observed1] at E.,.=20.09 eV was attributed to predissocia- 121 +
tions of the N Rydberg serieR(D), n=3 mediated by 104 ,
some unknown neutral state in,Nhaving the limit - 2 ground state
N(g.s)+N(3s*P). This excited N(3*P) state subse- 9

quently decays to {¢.s) by strong\ =120 nm resonance
emission. AtE.,.~=20.44 eV predissociations might lead to
the formation of N(3 ?P) and subsequent=149 nm emis-
sion (Fig. 1) which was included in the undispersed ﬂuores'dashed transitions have been observed in our earlier {ddrind
cence(l4l?—200 nm measurementl]. At Ee,=20.68€V 0 infrared multipletgsolid lines are studied in the present work.
N(2s2p® *P) (not shown in Fig. 1could be formed, butthe £rom the measured excitation functioffsig. 3 and from many

body calculationgFig. 4 we conclude that the observed excited N

atoms follow from predissociations of the, Rydberg serieR(C)

*Permanent address: Instytut Fizyki Mariana Smoluchowskiegoand R(D) (displayed in the figure aboye&aused by non-Rydberg

Jagiellonian University, Reymonta 4, KrakpPoland. doubly excited states.

FIG. 1. Atomic transitiong\ nm) in neutral nitrogen observed
at direct photon excitation in the range 20—28 eV from the ground
state in the N molecule(=zero point in the energy scaleThe
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FIG. 2. The multiplet NI $ “P°—3s“P recorded at a photon
excitation energyEg,=23.17eV. The well-resolved multiplet
gives a unique fingerprint of the dissociation limit N(3P°)
+N(g.s)

lar collisions involving atomic nitrogen are known to have
very high cross sections. However, studies of neutral photo-
dissociation of N have been concentrated to low photon
excitation energiesH.<15eV). For instance, it has been
shown[2] that atomic nitrogen is formed in its lowest ex-
cited stateq 2p3(?°D°,2P%)] following predissociations of
higher lying (13.7-14.1 eV valence states of Nby a pos- o
tulated state 211,,.

Relative population

II. EXPERIMENTS AND RESULTS

The experiments were performed by recording dispersed Br

fluorescence emitted from Nmolecules excited by mono-
chromatized VUV photons from beam line 52 at the MAX
synchrotron radiation facility in Lund, Sweden. The excita-
tion energies utilized were in the 21-28.5 eV energy region
with band widths ranging from 0.1 to 0.2 eV. The experi-
mental setup included an interaction chamber with a glass 20
window, a fluorescence light collecting system, a high
throughput grating spectrometer with a CCD array detector.

The photon beam entered via a differential pressure chamber ;5 3 \easured excitation functions of thep(3P°, “D°,
into the interaction chamber with a background Pressureno  ang 4s0) levels arranged in the order of decreasing popula-
lower than 5<10°°Torr and a constant base pressure 3tons. The positions of the precursing Rydberg levels ofR(E)

X 10~?Torr during measurements. The Yas was of purity  and R(D) series in N are indicated in the figures. The doublet
higher than 99.9%. The fluorescence light was collected by gpiitting of theR(D) levels are not shown.
lens system and directed into the spectrometer equipped with

a 600 g/mm grating providing a wavelength dispersed imaggibrational structure aroundEe.=24eV with a spacing
on the liquid nitrogen cooled CCD detector resulting in re-youghly equal to that of thR(C) series, which supports that
corded low dark current spectra with a resolution in the ranggne atomic emission follows from predissociations of the

0.2-1 nm in the interval 440—-950 nm. various vibrational levels of the Rydberg seri@6éC) and
The four multiplets indicated in Fig. 1 were observed andg(p).

the spectrum of the well resolvech3P°— 3s *P multiplet

is shown in Fig. 2. The excitation functions, i.e., the popula-y, ‘11 NEUTRAL PHOTODISSOCIATION MECHANISM

tion _of a given multlp_let as a function dg, of the_four OF N, IN THE 20-30 eV REGION

multiplets, are shown in Fig. 3. as well as the energies of the

primary excitedR(C) andR(D) Rydberg series. It should be  To interpret the present experimental results we have
noted that there might be additional, but very small contri-made theoretical predictions to enable an identification of the
butions from Rydberg series converging to the very recentl\states that cause the observed predissociations of the N
discovered 211, %%, %A, and 221, states in N* [3].  R(C) andR(D) series leading to the excited@P,*P) and
The excitation functions are arranged in the order of decreassp(*s%,*P°,*D°,2D% levels in neutral nitrogen. The states
ing intensity. Thus p “P°—3s %P is by far the strongest of interest will dissociate into atomic products where one of
multiplet and its excitation functiofFig. 3) shows a distinct the N atoms is expected to be in its ground state
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(1s?2s?2p® 4s%), whereas the other will be in an excited
state characterized by g2-3p or a 20— 3s single excita- 54 | T gy \ -
tion. Thus, we expect the relevant states to be of valence - 'm — ) \
type, since molecular Rydberg states will converge to atomic - \ |
fragments of higher energy. == o \ 3p P° | 3p*s®
Starting with the well-known Wigner-Witmer ruldg,5] .53 —_ —
for correlating atomic and molecular states in the diatomic 52 (36): 3 1n. g 4o 5.7 (15): Aattng 2%
case, we have worked out the number of molecular states o20 Tl (25): 30, 1,1 21
. pe . . . . . -4 u . 9 u 9 q
a specific symmetry that correlate with a given dissociation
product. The number of molecular states of a given symme-
try to be considered is then obtained simply by counting
. . . 3¢ +
from the ground state dissociation products and upwards -: o=
The correlation with molecular states is finally performed in SR u— R ‘\
thg star_ldarq way by o_bserving the noncrossing rule, and th(%‘- - A 32: pm—
adiabatic principle which ensures that the symmetry labelsiy| _=-% °*mn,—" N,
. . SEF L& 4, — 3p° \ 3p°D
are conserved at all internuclear separations. The molecula ==71 Ay Wepb
: o i - -
s’Fates that gndergo predlssoma}log are reached by el_ectrl 1% RIC) 5 (60 20,30, 1m 25y 5 (1 1 Sy g
dipole transitions from the NX “%; ground state. This 0 © . (270 1 30s me doy M (14): 17 200 1, 21
. . ] (27): 10,7 30 17y 4o, u (19): 107 26, 1mg 2,
means that the states of interest will be ¥ or I, 2 My (27) r B0y g 20y D (67) 12 B0 Ingdoy |
symmetry. Thus, according to well-known selection rules, "8 (8): 3051, 21, 204 30, Trg?
the states causing the predissociations have to bEgf, —
s, MI, or *A, symmetry. However, spin conservation is 221 3t —— ‘ \
not strict in predissociation, so triplet states have to be con- | N Y—
sidered as well. = \3sp 3P
. . . . ]l =,
Vertical energies for th_e r_elevgnt singlet and trlple'_[states 20 T S5t (2300 1 S Trgds (320 By T g 404
at the ground state equilibrium internuclear separatiBp ( RID 3021, 2 511, 48): 30,7 1, 30
. g 2Ty u . u u
=2.068a.u.) have been computed by a general multirefer- (D) 0 ’ °

ence many-body methd®]. The computed results are visu- _ _
alized in Fig. 4. There are for instance just two states of FIG. 4. Calculated vertical energies of non-Rydberg doubly ex-
relevant symmetry that converge to théghé)-+N(3p *S°) cited resonance@NRDER's) in N, of various configurations caus-
dissociation products at 21.75 eV, i.e., ohB; and one Nd Predissociations of the NRydberg Se”::ﬁg(ff) agd';z(zD)O'ead'

. . L . ing to the observed populations of the@3S°,"Py,”D",“D") and
33, state with vertical excitation energies 17.7 and 23.9 eV 0

. i+ ) ; 3s(*P,2P) levels in the neutral nitrogen atom. The numbers within
respectively. Hence, th Eu state is energetically not rel- the brackets are the calculated autoionization lifetifire$s) of the

evant, whereas th&, state seems promising and may yield yarious NRDER's.
a weak predissociation, in fact the only candidate that leads

to this specific dissociation limit. From Fig. 4 we see that
there are two singlet states leading to the
N(g.s)+N(3p *PP) dissociation limit, i.e., one of> sym-
metry at 24.0 eV, and one i1, symmetry at 23.7 eV. Both

which allow a photon excitation from the molecular ground
states. The NRDER’s observed in the present work have

are thus energetically promising candidates that may lead t8ther symmetries and are observed_ln a.tvx./o step process
strong spin-allowed predissociations. We have not included/N€re they act as mediators of predissociations of primary
triplet states that lead to this dissociation limit. excited Rydberg states. _

All states that may cause predissociations considered in All NRDER's shown in Fig. 4 are unstable against auto-
the present investigation are non Rydberg doubly excitedonization, and we have estimated their Ilfetlmes_ at vertical
resonance§NRDER'’S), with one excitation to thed, low-  €xcitation by use of a many-body method as outlinefsip
est excited molecular orbital, and the other to a higher orbital he autoionization lifetimeéin fs) are given within brackets
of valence type. In a recent experimental work using synin Fig. 4. They are considerably longer than the calculated
chrotron light excitatiorj 7] such NRDER'’s were revealed in lifetimes[6] for NRDER's with allowed excitations from the
the 19—34 eV region in N These states autoionize on the fs N, ground state. A long lifetime is an indication that, after
regime into the N* B state and were observed by measur-switching to a dissociating state, the molecular state will be
ing the vibrational branching ratia’(=1/v'=0) of the sub-  stable enough to dissociate rather than undergo autoioniza-
sequent " (B—X) emission. Follow-up many-body per- tion. The fact that the states may autoionize unfortunately
turbation calculations[6] showed the symmetries and means that accurate excitation energies are hard to compute,
configurations of the observed NRDER’s in.Nsimilar dis-  since the process of autoionization is characterized by a sin-
persed fluorescence measurements of branching ratios in Cglarity in the perturbation expansion. [I6] the accuracy of
also showed the existence of NRDER's in (8)]. Very the excitation energies was estimated to be about 0.5 eV.
recent €,2e) experimentd9] have confirmed the existence This problem very much hampers the calculation of reliable
of NRDER'’s in N, at the same energies as found in thepotential curves, and we have made computations only
fluorescence measuremenhts. within the Franck-Condon region at vertical excitation. All

The NRDER’s observed so fdi7—9] have symmetries states of present interest that are included in the figures have
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30 . : * Fig. 5. The two calculated energies afandb atr =R, are
a: "% (36): 30g 11, g 40 i also included in Fig. 5 which suggest the shapes of the two
b M1, (25): 30, 1m, 17 2 NRDER'’s to be within the hatched area in Fig. 5, i.e., they

should be attractive states with an equilibrium distance larger

than that ofR(D). Thus the fact that the fluorescence starts

at the 21.60 eV limit excludes repulsive states since such

states would have to croR{D) far above the observed limit

n=5 R(C) . o

n=4 for the fluorescence. The predissociations of the Rydberg

levels caused bg andb should take place in such a way that

a maximum effect for th&®(D) levels occurs at around 21.7
eV and for theR(C) at around 23 eV to explain the mea-

n=5 R(D) o :

ed sured excitation function.

N3P “P%) + N(g.s.)[ In Fig. 6 the excitation function of theB*D%—3s *P
T multiplet is included as well as the calculated energies of the
configurationsc—f (see Fig. 6 of the NRDER'’s having the
A . limits N(3p *D® +N(g.s). The shapes of the potential
1 r(A) 3 curves of these NRDER’s are assumed to be within the

hatched area in the figure, i.e., they should be attractive

FIG. 5. Suggested shapebatched argaof the NRDER's States withR,=1.5A for the same reasons as discussed
s -(a) and I (b) with the dissociation limit N(® “P°) above concerning Fig. 5. Since four NRDER'’s are involved
+N(g.s). The shapes follow from the calculated points and slopesn the formation of the N(B “D?) excitation function, the
at the ground state equilibrium distance and the form of the insertepgattern of the latter is more complicated than that of the
excitation functions, which demands the depicted crossing pointl(3p “P%) excitation function. To understand the differ-
with the Rydberg stateR(C) andR(D). ences in the shapes of the N(3P°) and N(3 “D°) exci-

tation functions, we have to consider the electron configura-
tions of the Rydberg levels and the predissociating
rather large negative derivatives in this region, typicallyNRDER's.

about—2.0 eV Fier O:]E A o The configurations of thR(C) andR(D) Rydberg levels
A more detailed information concerning the NRDER po'?re %glwﬁlwgnl)\ and ?ugzlwﬁlwgnl)\, respectively. The

tential curves may be obtained by combining the results .Ostrongest observed predissociations lead to thephi@®)

the measured excitation functions, the calculated eNeTYIq it and are mediated by the spin-allowed interactions with
and slopes at=R,(g.s.) and the known dissociation limits. e yl P . :
Figures 5 and 6 show the potential curves of the primary® NRDER's "%, and “II, whose configurations are

excited R(C) and R(D) (n=4,5) states including the 3oglmilmgday and Irglmilm2m,, respectively. These
=0-10 vibrational levels. Figure 5 also includes the excitatwo configurations differ by just the one outermost electron
tion function of the $ *P°—3s “P multiplet originating from that of theR(C) levels, which enables strong predisso-
from the dissociation limit N(p “P°)+N(g.s) at 21.60 eV  ciation processes. However, these NRDER configurations
of the postulated NRDER'’s with configuratioasandb (see  differ from that of theR(D) levels by two electrons and
hence the predissociations to the (8°) limit of the

Excitation function

20

30 4 : ' R(D) levels should be considerably weaker than those of the
¢: *%," (68): 20,30 17q 27g i R(C) levels in agreement with the observations. The excita-
d: *Au (27): 11,2 304 11g 404 tion function shows that predissociations to the N(D°)
s e: 31, (27): 1m.° 304 1mg 27g - limit predominantly occurs at low excitation energies. The
1 g £: "Au (8): 304Mg 21y + 20,30 17y’ 1A, state ), which correlates with this limit, enables spin-
; E allowed predissociations, and may be expected to account for
8 ; this observation. It is also noted that the configuration of the
< 3 :j R(C) 1A, state when compared to that of tiR{C) and R(D)
Che levels favours an interaction with the latter levels in agree-
W ment with the experimental excitation function. For the other
predissociations, that are all weak and caused by spin-
n=5 R(D) i forbidden interactions, the experimental evidence in favor of
=4 one or the other of the two Rydberg series is less clear.
10 N@p D)+ Nig.s) [ However, for the lowest limit 8 P predissociations are en-
ergetically possible only for th®(D) series(Fig. 4). Since
20 these predissociations are spin-forbidden, the subsequent

1 r(A) ‘ 3 =120nm emission is weak until the thresholdE(,
=21.5eV) is reached for spin-allowed predissociations lead-
FIG. 6. Suggested shapes of the NRDER's-{ ) with the dis-  ing to 3p(*P°,“D?). The latter levels subsequently decay to
sociation limit N(3 “D°) +N(g.s) based on the same discussion 3s *P (Fig. 1) yielding a strong increase of the=120 nm
as in the Fig. 5 caption. emission as observed jd].
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Direct dissociations to the limits under present study tend IV. SUMMARY
to be highly improbable. Electric dipole excitation from the
N, ground state will lead td= | or II,, states, and the only

singlet state that can be reached and which is able to diss 't : t0 about 30 eV. F " d .
ciate to one of the actual limits is the doubly excitéH, nitrogen atoms up 1o avou eVv. From Ihe measured exci-

state of Fig. 4. However, its electric dipole strength for tran-tation function; and_fo_llow-up calculations we ﬁ”‘?‘ that the
sition from the ground state is computed to be as low adeutral photod|sso§|at|ons follpw from predissociations of
0.028 a.u., which is about 50 times smaller than that of 4he N, Rydberg series converging to t@?%,; andD °I1
typical single excitation. Finally it should be noted that nostates in N* by a set of attractive non-Rydberg doubly ex-
emission is observed from the higher lying NI multiplets cited states. The strongest of the predissociation channels are
4p(*S°,4P°,*DY (thresholdE.,=23.00eV. This suggests mediated by doubly excited states of symmetfy,, '3,

that, within the accuracy of the measurement, no predissand A, leading to the limits  *P° and 3 “D°, respec-

We have studied neutral photodissociation gfffdm the
6r_1reshold(20 eV) for the production of p— 3s,3p excited

ciations of theR(C) levels take place to these limits. tively.
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