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Extreme ultraviolet ultraviolet (XUV +UV) two-photon ionization spectra of thé II,(v
=0-9), ¢35, (v=0,1), 0 M (v=0,1), c; 12 (v=1) andb’ 3 (v=1,3-6) states of°N,

were recorded with a resolution of 0.3 emfull-width at half-maximum(FWHM). In addition, the

b IlI,(v=1,5-7) states of'N'*N were investigated with the same laser source. Furthermore, using
an ultranarrow bandwidth XUV las¢r 250 MHz (~0.01 cm 1) FWHM], XUV +UV ionization
spectra of theb T ,(v=0-1,5-7),c5 *11,(v=0), 0 }11,(v=0), ¢, = (v=0), andb’ '3 (v

=1) states of'N, were recorded in order to better resolve the band-head regions\W¥oN,
ultrahigh resolution spectra of the'Il (v =0-1,5-6),c5 I1,(v=0), andb’ 13/ (v=1) states
were recorded. Rotational analyses were performed for each band, revealing perturbations arising
from the effects of Rydberg-valence interactions inthe and'3 states, and rotational coupling
between the'll, and'X | manifolds. Finally, a comprehensive perturbation model, based on the
diabatic-potential representation used previouslyfd,, and involving diagonalization of the full
interaction matrix for all Rydberg and valence states'®f, and *IT, symmetry in the energy
window 100 000—-110000 cit, was constructed. Term values f&iN, and *“N*N computed
using this model were found to be in good agreement with experimern20@3 American Institute

of Physics. [DOI: 10.1063/1.1589478

I. INTRODUCTION present. The isotopic study of the singletgeradestates
reported here and in subsequent works is important for fur-
Molecular nitrogen dominates atmospheric absorption irther characterization of the molecular potentials and interac-
the extreme ultraviole{XUV) spectral region for wave- tions that must be included in realistic predissociation mod-
lengths immediately below 100 nm.pNshields the Earth's els for N,. Laboratory investigations of the spectra and
surface from XUV radiation through photodissociation, pho-predissociation rates for different,Nsotopomers are also
toexcitation, anld Ehotm?nlzatlon processes, in which the sinrelevant to an understanding of differences in isotopic abun-
glet ungerade("> andIl,) states play significant rolés. dances in nitrogen-rich planetary atmospheres. For example,
These processes occur predominantly in the uppefn the Earth’s atmosphere, only 1 out of 273 nitrogen atoms
atmospheric layers above 100 km. At those altitudes, thgs the heavier*®™N isotope. On Titafd, the N atom is en-
singletungeradestates are not only populated via photoex-riched 4.5 times compared to the Earth, while on Mitke
citation, but also via electron-collision-induced excitation 15\ enrichment factor is 1.6.
processes. Following excitation, competing emission and  Molecular nitrogen is almost transparent in the visible
predissociation processes occur, their rates providing key inand the ultraviolet domains. However, strong electric-dipole-
puts for models explaining the radiation budget of the Earth’sgjlowed absorption occurs in the XUV region with=100
atmosphere. Such processes are also important in thn, down to the first ionization limit at 79.5 nm and beyond.
nitrogen-rich atmospheres of the satellites Titan and Tritony efebyre-Brion’ Dresslef and Carroll and Collirsshowed
of Saturn and Neptune, respectively. o that the allowed spectrum consists of transitions from the
Pre(_jlssoua'_uon of the smglehggrqde;tates is likely to ground stateX 12$ to thec, '3 ! andc, 11, Rydberg series
occur via coupling with(pre-dissociating valence states of converging on the ionic ground sta)t(ezEg . wheren is the
triplet charactef:> However, the predissociation mechanismsprincipa| guantum number, the, [T, Rydberg series con-
and the singlet-triplet coupling are not understood aierging on theA 211, state of the ion, and the valence states
b’ 13 andb 1, . Potential-energy curves for the relevant
dElectronic mail: arjan@nat.vu.nl electronic states of Nare shown in Fig. 1. It should be noted
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125000

ent Raman spectroscopy experiment by OréalX® while

in a more recent Fourier-transform-Raman experiment,
Bendtseh’ determined the molecular constants NN
and >N, with even better accuracy.

In the case of the excited states in the XUV, the vibra-
tional isotope shifts for'®>N, have been investigated by
Ogawa et al'®!® in a classical absorption experiment.
Yoshinoet al?® measured the isotope shifts for teband-
heads of theo, *I1,(v=0-4) levels for both**N'*N and
5N,. Mahon-Smith and Carrdt measured vibrational iso-
tope shifts for>N, in transitions between electronically-
excited states. Rotationally-resolved spectra accessing the
c, 13 (v=0) andb’ 13 (v=1) levels of ““N**N and!*N,
were recorded by Yoshino and Tan&kayho analyzed the
homogeneous interaction between these states for the differ-
ent isotopomers. Hajim and CarrGtt calculated the vi-
bronic energies and the interaction energies of ¢h&S
andb’ 13! states oft°N,; their results were compared with
unpublished results of Yoshino in Ref. 23.

In this article, an XUWUV spectroscopic study of sin-
glet ungeradestates of the isotopometéNN and °N, in
the 100 000—108 000 cnt region is reported. While much
of the study was performed with high resolutior 3x 10°
resolving powey, in some cases ultrahigh resolution was em-
ployed (~10’ resolving power. Molecular parameters and
isotope shifts have been determined from the rotationally-
FIG. 1. Potential-energy curves for relevant singlet electronic states of N resolved spectra. Finally, u%n,g the_mOdel originally de_'vel_
shown in a diabatic(crossing representation. Full curvesil, states. ~Oped for'“N, by Stahelet al,* including heterogeneous in-
Dashed curvess, states. The energy scale is referenced to a zero definederactions, we have computed term values for the relevant
by thev=0, J=0 level of theX 'S state(not shown. states of"®N, and ¥*N'N. Using the diabatic potential en-
ergy curves and couplings employed f8iN,,° we find
good agreement between the experimental and computed re-

15 14115 H H
that there are alternative nomenclatures in use for some GUlts for™N; and™N™N. The present paper, one in a series,
these states. In particulas, is commonly known as. is intended to broadly summarize the isotopic results and

The N, absorption spectrum in the XUV domain shows ifjentify t.he effects of the principal interactions. The original
many irregularities, not only in the rovibronic structure, but!iN® assignments leading to the results presented here are
also in the intensity distribution. Indeed, the spectrum wadVailable separately via the EPAPS data depository of the
not understood for many years due to the complications infAmerican Institute of Physf"'@' Future reports will focus on
troduced by strong interactions between the singteterade e'XC|ted-st'ate predlssqmathn lifetimes and on the effects of
states in this region. Staheletal’® modeled the singlet—triplet interactions in the XUV spectrum.

(cy,ci, andb”)'> ! and (c5,0, andb)Il, states in a di-
?bapc representation and showe(_j that the prmmpal wregull EXPERIMENT
arities are due to homogeneous interactions within each o

the two manifolds of states, mainly of Rydberg-valence type.  The experimental system has been described in detail
Furthermore, heterogeneous interactions between'the  elsewheré®?” and only the key features will be summarized
andIT, manifolds also add to the complexity of the spectra.here. We employ an XUV source which is based on har-
Helm et al,? Edwardset al,** Walter et al,*? and Ubachs monic upconversion, using two laser systems: a pulsed dye
et al!® extended the work of Stahadt all® by including laser(PDL) with high resolution XUV bandwidth ~9 GHz
these heterogeneous interactions in their calculations. The~0.3 cmi'?) full-width at half-maximum(FWHM)] for un-
interactions between the;, ;'S and c,I, Rydberg dertaking survey spectra; and an ultrahigh resolution pulsed-
states, which are members pfcomplexes, were analyzed dye-amplifier(PDA) yielding an XUV bandwidth of~250
using L-uncoupling theory by Carroll and YoshifdMore ~ MHz (~0.01 cm * FWHM) for measuring precise line po-
recently, a comprehensiab initio study of the three lowest sitions and widths and to enable resolution of the congested
1S and I, states and their mutual interactions has beerband heads.

performed by Spelsberg and Meyer. Both tunable pulsed laser systems, the RRQuanta-Ray

The isotopomers®N'®N and®N, have not been studied PDL3), as well as the home-built PDA, are pumped by the
experimentally as extensively as the main isotopofiss . second harmonic of a pulsed Nd:YAG laser. In such a sys-
In the case of th&X 13 state, accurate molecular constantstem, a range of dyes can be used to cover a broad wavelength
for %N, and >N, were obtained in a high-resolution coher- range in the red-yellow region with a short wavelength limit
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of 545 nm. The PDA is injection seeded by the output of atures that spectrally coincide with'N, lines, the mass-
Spectra Physics 380D cw-ring-dye laser, pumped by a cwelectivity is limited by the strong signal from the main iso-
532 nm Millennia laser. In the configuration employed, thetopomer for two reasons: the large number of ions created
short-wavelength cut-off of this cw-system is at 566 nm,give rise to a Coulomb explosion and the large mass-28 sig-
thereby also reducing the accessible wavelength range of theals saturate the detector. In regions without spectral overlap
PDA. the “N°N features were more favorably recorded.

The XUV radiation is generated in the same way for  The absolute frequency-calibration procedures employed
both laser systems, by frequency doubling the visible pulsetiave been discussed elsewhere for the PDL-4sadd
output in a KDP crystal, and then frequency tripling the re-PDA-base® XUV sources. In both cases, frequency calibra-
sulting UV beam in a pulsed xenon jet. For the PDL andtion is performed in the visible and the result is multiplied by
PDA sources, the lower wavelength limits in the XUV are 91a factor of 6 to account for the subsequent harmonic conver-
and 94.3 nm, respectively. At long wavelengths, both thesion. The frequency of the PDL is determined by simulta-
PDL and PDA systems can be tuned to 600 nm, thus allowneously recording a Doppler-broadengdabsorption spec-
ing the lowest dipole-allowed states in, & be accessed in trum which is compared with an iodine atf¥s.The
the XUV near 100 nm. frequency of the PDA is determined by simultaneously re-

The generated XUV beam and the UV beam propagateording fringes from a stabilizectadon (free spectral range
collinearly into the interaction chamber, where they are per148.9567 MHz and an } saturated-absorption spectrum, us-
pendicularly crossed with a skimmed and pulsed beam oing the output of the cw-ring dye laser. Reference lines
N,. For the measurements with the PDL system, the distanci®r the |, spectrum are taken from an accurate list of satu-
between the nozzle and the skimmer was decreased to onlyrated resonances produced in our labor&toty or from
few mm, in order to increase the number of Molecules in  calculations®
the interaction zone. In this way, the weaker bands°f, In some of the spectra recorded with the PDL source,
and some strong bands &IN'°N could be observed. For line broadening associated with the ac-Stark effect was ob-
1NN, only strong bands were observed because natyral Nserved, sometimes yielding asymmetric line shapes. This
gas was used, containing only 0.7495'N. For the'®N,  phenomenon was not investigated in detail, but the ac-Stark-
experiments, a 99.40%N isotopically enriched gas sample induced shifts were compensated for by comparison with
(Euriso-top was used, enabling weak bands to be observedspectra obtained using the PDA source. For several bands,
For all PDL scans, the highest achievable laser power wa®w-J lines were recorded with the PDA, while the entire
used, i.e., 40 mJ/pulse in the UV, to enhance the signal dpand was recorded using the PDL at high laser intensity. Line
weak lines which otherwise could not be observed. In experipositions from the PDA source were systematically lower by
ments with the ultrahigh resolution PDA source, the nozzle-App-ppa~0.05—0.20 cm'. Based on the observations with
skimmer distance was increased to a maximum of 150 mm tboth systems, the PDL data were corrected for the ac-Stark
reduce the Doppler broadening, enabling more precise me&hift, for those bands where ultrahigh resolution PDA data
surement of the transition frequencies and linewidths. were available. Due to the uncertain Stark shifts, the absolute

The N, spectra were recorded using 1 XU\ UV two- ~ wave number uncertainty for the lines recorded with the
photon ionization spectroscopy. The XUV photon excites thé®DL-based XUV source isz0.2 e *, significantly worse
N, molecules from the ground state to the states under inthan the calibration uncertainty of 0.05 cni*. The abso-
vestigation and, subsequently, the UV photon ionizes théute calibration uncertainty for the PDA source is
molecule forming N , which is detected using a time-of- *0.003 cm 1. This value represents a lower limit to the un-
flight (TOF) electron-multiplier detection system. It should certainty for the narrowest spectral lines recorded. For lines
be noted that the signal intensities for the spectral lines rewhere lifetime and/or Doppler broadening is of importance,
corded in 1 XUV+1 UV two-photon ionization do not di- the uncertainty ist0.02 cm *.
rectly reflect the cross sections of the single-XUV-photon-
inducgd .boynd—bound tra.nsitions. The QV—Iasm_ar—indu_qeq”_ ANALYSIS OF SPECTRA
photoionization step also influences the signal intensities,
particularly when autoionizing resonances are probed in the Using the PDL system, rotationally-resolved spectra of
continuum above the ionization potential. No signatures ofransitions from xlzg(v=0) to the bIl,(v=0-9),
such resonances were found, however. Furthermore, }he Nc; *I1,(v=0,1), o'l (v=0,1), ¢, (v=1), and
signal intensity is strongly dependent on the lifetime of theb’ '3 f(v=1,3-6) states of N, and the bl (v
intermediate(targe) state. If the lifetime is shorter than the =1,5-7) states of*N'°N were recorded. With the much
duration of the laser puls@ ns for XUV, 5 ns for UV}, e.g.,  narrower-bandwidth PDA source, spectra for transitions to
as a result of predissociation, the signal drops considerablyhe b Il,(v=0-1,5-7), c3I,(v=0), olIl,(v=0),

This phenomenon has been discussed in quantitative terneg 'S (v=0), andb’ '3 (v=1) states of'*N, and the

by Eikemaet al?® The Nj ions are accelerated in the TOF b!Il,(v=0-1,5-6), c3'II,(v=0) and b’ 3 (v=1)
apparatus, allowing for mass selective detection of the difstates ofN'°N were recorded in order to resolve the band-
ferent isotopomers of N(masses 28, 29, and BNeverthe-  head regions.

less, the signal of the much more abund#iht, was more Since the nozzle-skimmer distance was increased in the
than an order of magnitude higher than that of tAé'®N  PDA-based measurements, to minimize the Doppler width
isotopomer. In cases where th#!°N isotopomer has fea- and improve the spectral resolution, the rotational tempera-
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O’R Rotational lines in thé, Q, andR branches of all bands

20 15 10 5 were assigned using ground-state combination differences
M T A A S A DA Q and guidance provided by the effects of nuclear-spin statis-
A A S G A tics on the appearance of spectra. Eti,, the nuclear spin

I=1, which results in a 2:1 intensity alternation of the
even:odd rotational lines. Conversely, folN, |=1/2 and

the odd lines are three times stronger than the even lines.
Because“N'®N is not a homonuclear diatomic molecule, no
intensity alternation occurs in this case. Rotational line as-
signments and corresponding wave numbers for all bands
studied are listed in Tables which have been lodged with the

15 1
N, b'TI(v=1)

- d o EPAPS data depository of the AfPAs an example, transi-
| : T - | : : - T * tion energies for theb 'I1,—~X ' (1,0) band of**N, are
101250 101300 101350 101400 101450 listed in Table L.

-1
Frequency / cm Term values for the rovibrational levels of the excited

FIG. 2. 1 XUV+1 UV ionization spectrum and line assignments for the '3 and'Il, states accessed in this work were determined

5N, b MT,—X 'S (1,0 band, recorded using PDL-based XUV source with from the experimental transition energies usiKg}Eg (v

a resolution of~0.3 cn* (9 GH2) FWHM. =0) terms obtained from the spectroscopic constants of
Bendtseh’ for both °N, and “N'*N. Effective spectro-
scopic parameters for the isotopomers were determined by

ture was low and transitions arising from only those ground/&@st-squares fitting polynomial expressionsJito the ex-
state levels with)”<5 could be observed. The difference in Perimental rotational terms. We eschew the use of the termi-

resolution of the two laser systems is illustrated in Figs. 210100y “Spectroscopic constant” in relation to the excited
and 3, in which spectra of the—X(1,0) band of'*N,, re- states considered here since, for the most part, the observed

corded with the PDL source, and the-X(5,0) band of°N, levels are significantly perturbed, thus limiting or removing

obtained with the PDA system, are shown, respectivelyf‘he mechanical significance normally attributed to these con-

Linewidths of~0.3 cn X EWHM are observed in the PDL- Stants. Moreover, for the same reason, the number of poly-

based recordings if the excited state is not severely prediss§°Mial terms necessary to reproduce the experimental results
ciated. This value is predominantly due to the laser band{® @n acceptable accuracy was, in many cases, found to be
width, but includes a contribution from Doppler broadening9réater than usual, and the values of the polynomial coeffi-
and is independent of the specific nozzle-skimmer distanc&/€Nts were dependent on the number of terms. .
chosen. The linewidths for the PDA-based recordings are 1herefore, in the case of the excited states vbith
partially determined by the laser-source bandwidgs0 Symmetry, the terms are taken to have the form

MHz FWHM) and partially by Doppler broadening which T(J,e)=vo+Bx—Dx2+Hx3+H'x*, (1)
depends on the nozzle-skimmer distance. The minimum line-

width measured was 300 MHz FWHM, corresponding to thewherex=J(J+1), v is the band originB, D, H, andH’
case of no predissociation. are rotational parameters, and we note that all rotational lev-

els are ofe parity>* The terms for the excited states with
1, symmetry are represented as
— _ 2 3 1\ 4
A() 15N2 b11'[u(v=5) T(J,f)=vg+By—Dy“+Hy +H'y", 2
for the f-parity levels, and

T(J,e)=T(J,f)+ATe(J), <)
R3S
) for the e-parity levels, whergs/=x—1 and theA-doubling is

taken as

ATe(d)=qy+a'y*+q"y*+q"y*, (4

"

k@) whereq, q', q”, andq” are A-doubling parameters. The

levels of the excited state are accessed in Eheand
R-branch transitionsJ=J"—1 andJ=J"+1, respectively,
. *JL ) JL . while the f levels are accessed in tl@@-branch transitions
- : . (J=J"), absent in the case of tH& ; -X '3 bands.

104618 104618.5 From the least-squares fits, spectroscopic parameters for
Frequency / cm’’ theb’ 3 ' (v=1,3-6) anct, '3 (v=1) states of°N, and
FIG. 3. 1 XUV+1 UV ionization spectrum of th&®N, b II,—-X '3} (5,0 the b’ 12:(0-: 1) -State OFIN"N werelde+termined and the
band-head region, recorded using PDA-based XUZV souruce Withga résolutiOrESl'lltS are listed in Tat_)le Il. For thft{l 2u (v =O) state of
of ~0.01 cni'L (~250 MHz) FWHM. For this level, little lifetime broad- Nz, Only a fewR(J) lines were measured with the PDA
ening occurs and the observed linewidth reflects the instrumental width. system, yielding, however, an accurate determination of the

bkl w v

: !
104617.5
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TABLE |. Observed transition energies for tie'IL,—X ' (1,0) band of'*N,. 101000 cm* has to be

added to listed values for transition energies. Wave numbers given to three decimal places are from narrow-
bandwidth pulsed dye-las€PDA) spectra, those to two decimal places are from pulsed dye-(&@fek)

spectra. Wave numbers derived from blended lines are flagged with an agterigiose from shoulders in the
spectra by s, and those from weak features by w. Deviations from transition energies calculated using a
least-squares fit of Eq2)—(4) to the corresponding term values are also shotp# obs—calc.). All values

1

incm .
J R(J) Aoe QW) Age PQJ) Age
0 458.455 —0.004
1 460.014s 0.009 454,737 —0.007
2 460.465 0.001 452.565 —0.009 447.17 -0.14
3 459.890s 0.053 449.310 —0.009 441.35 —0.08
4 458.04 —-0.08 444.88 -0.10 434.39 -0.07
5 455.336 0.016 439.57 0.02 426.39 —0.01
6 451.48 0.05 433.10 0.07 417.13s -0.13
7 446.35 -0.10 425.42 —-0.01 406.99 —0.05
8 440.40 0.03 416.80s 0.07 395.66s —0.05
9 433.10 -0.09 406.99 0.04 383.30 -0.01
10 424.96s 0.03 396.12s 0.06 370.02 0.21
11 415.54 —-0.02 384.09 0.01 355.18 —0.05
12 405.13 0.04 371.26 0.25 339.49 —0.05
13 393.44 -0.07 356.84 0.01 322.75 -0.01
14 380.86 0.03 341.52 —-0.04 304.92 0.05
15 367.16 0.12 325.16 -0.01 285.91 0.01
16 352.05 —-0.09 307.69 0.01 265.83 0.01
17 336.11 0.00 289.12 0.05 244.43 -0.19
18 318.90 —-0.06 269.41 0.06 222.36 0.04
19 300.74 0.05 248.45 —0.06 198.91 0.00
20 281.30 0.01 226.51 —-0.03 174.38w 0.01
21 260.79 0.03 203.34 -0.11 148.66 —0.06
22 239.04w —-0.04 179.22w -0.01
23 216.20 -0.07 153.84 -0.03 094.02w -0.02
24 127.38w 0.01
25 167.29w 0.10 099.78w 0.05

band origin. Spectroscopic parameters for fiig, states,

crossings are not so apparent, we follow the rotational term

obtained from the least-squares fits, are given in Table I, foseries to as high d value as possible, thus requiring addi-
5N,, and Table IV, for'“N'®N. Term values derived from tional polynomial terms in the fitting procedure. In these
the PDL-based measurements, as well as the more accuratases, of course, the electronic character of each level
data from the PDA-based source, were simultaneously inehanges significantly over the full rangebf(2) For weaker
cluded in the fitting routines, taking account of the PDL- perturbations, we follow the terms through the level cross-
PDA shift, and using proper weighting of the uncertainties. ing, neglecting the small range dfvalues around the per-
The isotopic spectroscopic parameters in Tables II—-IMurbed crossing region. The rangesJ¥alues included in
display the effects of perturbations, just as in the well-knownthe fits are indicated in Tables II-IV. Our principal aim is to
case of*™N,. In our analysis, we have taken the following provide spectroscopic parameters which enable the reproduc-
approach:(1) For the stronger perturbations, where leveltion of the experimental term values over as wide a range of

TABLE Il. Spectroscopic parameters for the | states of'*N, and*N*N. All values in cm .

Level B Dx10° Hx10° H’'x10% vo? Jmay

b’ 'S (v=1)"N, 10733418 —29(6) 104 419.898a2) R(8),P(5)
b’ 'S (v=3)"N, 107974 21210 105824.408)  R(19),P(17)
b’ i3 F(p=4)°15N, 1.168321) —155(22) 1228) —16.0(10) 106567.86)  R(14),P(21)
b’ 1S/ (v=5) N,  1.087Q8) 23384 3303 107 227.4%4) R(25),P(27)
b '3 (v=6) "N, 11331 6.39) 107 874.974)  R(20),P(18)
¢, 'S (v=0) "N,  1.789027) 104 326.267®) R(3)

c, 135 (v=1) "N,  1.6052) 1912) -122(4) 10.23) 106308.015  R(23),P(21)
b' 1S5 (v=1) NN 1.11243) -7(7) 104 419.00@)  R(5),P(2)

aNumbers in parentheses indicate fltting uncertainties, in units of the last significant figure. Absolute uncer-
tainties in band origins are highésee discussion at end of Seg. Il
PHighestd" rotational-branch lines included in fit are indicated.

€J=21, 22, 24,26 omitted from fit due to perturbation with'> . (v=1) andc; *I1,(v=1) states.
dFixed atD constant of Yoshino and TanakRef. 22.
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TABLE lIl. Spectroscopic parameters for thel, states of**N,. All values in cnT?.

Level B Dx10f HXx 108 qx 10 q’ x1¢° vod Jimay

b 'I,(v=0) 1.347 410) 36(7) -0.8(9) 100 844.729) R(9),Q(11),P(8)
bl,(v=1) 1.315 25%8) 13.4514) —0.01(4) 101 457.142) R(25),Q(25),P(23)
b l,(v=2) 1.299 @4) 20.512) 0.32) 102 130.22) R(19),Q(17),P(5)
b ',(v=3) 1.292 83) 20.78) —0.72(14) 102 819.1@) R(19),Q(19),P(17)
b I, (v=4)° 1.32054) 33.97) —0.9(4) —2.0(10) 103 486.7®) R(21),Q(23),P(23)
b ',(v=>5)" 1.342 83) —43(3) 4.347) 14.33) —3(4) 104 6.4.5022) R(15),Q(18),P(16)
b I,(v=6) 1.268 §2) —-0.9(8) 1.62) 105 235.932) R(16),Q(14),P(12)
bl,(v=7) 1.260 33) —18.6(9) 10.61) —0.15(20) —5.5(5) 105 980.06@) R(25),Q(23),P(25)
b 'I,(v=8)° 1.272 29) —151(6) 9.210) 9.412) —40(12) 106 764.7@) R(21),Q(20),P(20)
b I, (v=9) 1.156 14) —5.5(14) 0.22) 107 445.113) R(17),Q(16),P(15)
3 I (v=0) 1.398 0%10) 40.2113 —0.72(4) —16.37(14) 27.1®) 104 071.3468) R(26),Q(27),P(25)
cy I (v=1)9 1.590 219) 16812) —18(3) 6a3) —649(22) 106 450.34) R(21),Q(27),P(26)
o M, (v=0)" 1.582 23) 63.313) —10.1(4) 433) 105 646.691) R(21),Q(17),P(14)
oMl,(v=1) 1.619 53) 7.36) —0.6(3) —7.0(9) 107 578.1®) R(19),Q(22),P(21)

#See footnote a to Table II.

bSee footnote b to Table I1.

€J=15e,15f,16f (rotational perturbation, see Sec. V B&e omitted from fit.

9H'=—1.7(2)X1071° q"=9.8(1.3)x 10" 8.

8q"=2.3(4)xX1077, q"=—2.6(4)x 107 1% J=4f 5f 6f are blended and omitted from fit.

fq"=—1.56(4)x 10 8,

9H'=1.35(17)x 1010 gq"=1.55(6)x 10, q"=—1.08(4)x10"°. J=3-11 for bothe andf levels(rotational perturbation, see Sec. V B&mitted from
fit.

hg”=—1.10(5)< 10 . Deperturbedsee Sec. V B%

rotation as possible, to a level of precision commensuratéower-lying >\ level, while in case of a negativg-value,
with the relative experimental uncertainties. e.g., forcg(v=0) of N, in Table I, the most strongly
Specific effects of perturbations manifest in Tables I1-1V interacting'S | level lies energetically above tHél, level.
include irregularities in vibrational spacings aBdvalues,
together with widely varyind andq values. Some of these IV THEORY
effects are summarized in Fig. 4, and particular cases are’
discussed in more detail in Sec. V. Principally, they are A theoretical framework within which the perturbations
caused by Rydberg-valence interactions within thlg, and  as well as the intensities in the dipole-allowed spectrum of
13 ¥ manifolds, together with rotational coupling between N, could be explained was published in the seminal paper
these manifolds. In the simplest possible view, anomaloushpy Stahelet alX° Vibronic matrix diagonalization and close-
large values oD, e.g., forb(v=4) of N, in Table Ill,  coupling methods were applied separately to tht&e
indicate either homogeneous perturbation by a level with &b’, c;, ci) states and thredl1, (b, c3, 0) states in a di-
smaller B value, or heterogeneous perturbation, both fromabatic representation. A perturbation model was built sepa-
above. Conversely, a negatiievalue, e.g., fob(v=8) of  rately for each symmetry, taking into account the Rydberg-
5N, in Table IIl, indicates either homogeneous perturbatiorvalence interactions. Later on, rotational coupling, i.e.,
by a level with a largeB value, or a heterogeneous pertur- heterogeneous interactions between state¥¢f and 11,
bation, both from below. A large-magnitude-doubling pa-  symmetry, was included in extended models by Hetral,?
rameter|q| for a 11, state indicates a significant heteroge- Edwards et al,'* and Ubachset al!®* These models ac-
neous interaction between tH&l, e-level and one of the counted forJ-dependent effects and also thedoubling in
13 ¥ states. In principle, théll, f-levels could be shifted in theIl, states. In the present study, the procedures of Ref. 13
interactions with!S | states, but such states have not beerused for'“N, have been applied to th&N, and NN
reported for the 100 000—110 000 chregion in N,. Hence  isotopomers. The same RKR diabatic potentials generated
a positiveg-value, e.g., forb(v=>5) of 1N, in Table Ill,  from molecular constants given by Stateilall® and the
signifies that the'll, level is dominantly perturbed by a same Rydberg-valence coupling strengths have been used,

TABLE IV. Spectroscopic parameters for thH,, states of“N*N. All values in cm 2.

Level B Dx10° Hx10° qx10° q'x10° vo? Jmas
bl (v=5) 1.38832) —24.2(3) 2.02) 8.64) 36.615 104658.278%) R(8),Q(20),P(18)
b, (v=6) 1.31563) 93 1.1(2) 105 292.53067) R(8),Q(10),P(5)
b, (v=7) 1.296Q7) —24(4) —0.6(4) 106 046.34@) R(9),Q(14),P(12)

c3 Ml (v=0) 1.4582)  —6(8) —24(2) 104 106.370) R(7).Q(2)

aSee footnote a to Table II.
bSee footnote b to Table 1.
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300 - | - | T . T | - the 11, states, the only components affected by the hetero-
i @) 1 geneous interaction. To obtain the corresponding components

_ 2001 7 of f symmetry, and consequently tAedoublings of the'T,,

'-'E I states, a similar calculation has been performed for dach
S 100- 7 with the same electronic coupling strengths, but without in-
° I ] cluding the heterogeneous interaction term. The reduced
b4 or T masses used were.(*°N,)=7.5000544865a.m.u. and
S ¢ ] w(MNN)=7.242 226 813 a.m.t It is worth recalling that,

o 1007 ] as in Ref. 13, the Fourier grid Hamiltonian methidan
o _200'_ _ efficient and accurate method for bound state problems has

I ] been applied. The advantage of this method is in providing
300 , | , . , | , all the eigen values and the coupled-channels wave functions

0 2 4 6 8 in one single diagonalization of the Hamiltonian matrix ex-

v pressed in a discrete variable representation. As outlined

1.50 : , : | : , : previously'® for each energy value indexed lyand given

i 1 J, the coupled-channels radial wave function is given by a
1451 (b) c.(0) ] six-component vector, each component corresponding to a
1.40F ‘e s given electronic diabatic stae(e=b,c3,0,b’,c,,cs):

e b(o;\_\\/ b(s) . XER) =R XG(R), . ) 5
L 1300 173 4 \\/ ] The percentage of the electronic charaetds obtained di-

Ny 1.95F 8 6 v 8 _ rectly by

! . Pk= f XR)PAR ®)
1sp o) | j
. ! . | . ! . The electronic component takes into account not only the
100000 102000 104000 106000 bound vibrational states but also the vibrational continuum.
Energy (cm ) The calculation forJ=0 vyields the perturbed band origins.

In principle, rotational parameters can be derived by fitting
the results obtained for a set dfvalues to a polynomial.
This has been done for a number of states during the course
7 of analysis and some of these rotational parameters are given
in Sec. V. However, for the most part, to be consistent with
the case of“N,,° the model rotational parametBrof each
state has been calculated as the mean value of the operator
h/8m?cuR? using the channel wave function with=0. The
. model band origins anB values for'®N, and NN, listed
in Tables V and VI, respectively, are found to be in fairly
good agreement with experiment, with deviations of the
same order as found in the case'®l,.'° The model rota-
I S S tional term values fof°N, (curve$ are compared in Fig. 5
v with our experimental valuetopen circleg Inspection of

o _ Fig. 5 reveals the most prominent local interactions. Besides
FIG. 4. Perturbations in the spectroscopic parametetS\yf. (a) Reduced . . .
band origins forb 11, state. A linear term irv has been subtracted to the well-known rOtatlonaHY'depende_m interaction between
emphasize the perturbatior(s) B values for theb I, andc, 1T, (v =0) c;4(0) andb,(l),zz’zg’SYaV()lded crossings clearly occur be-
states/(c) D values for theb 11, state. tweeno(0) andb(7), betweeno(0) andb’(3), between
c3(1) andb(8), andbetweenb’(4) andc,(1).

since the diabatic potentials and coupling strengths, of elecy. DISCUSSION
tronic character, can be considered as invariant for differenL
isotopomers. Thus, for each isotopomer and for each rota--
tional quantum numbed, coupled equations have been  The vibrational isotope shifts folPN, and **N*N are
solved simultaneously for six states of bdt, and'3  defined as the band origin #N, minus the band origin in
symmetries, with a centrifugal term added to the diabatic>N, or 1*N*®N, respectively. Isotope shifts derived from the
potentials and including only the most important heterogepresent experimental measurements for 8¢ and 11,
neous interaction term (%%/ wR?)J(J+ 1) between the,  states are listed in Tables VII and VIII. In determining the
andc; states. Both terms, being mass dependent, clearly varigotope shifts, the band origins 8N, were taken from Ref.
with the isotopomer under consideration. This calculation37 for b’ > (v=1) and c,'>;(v=0), Ref. 38 for
provides the term values of the rotatioracomponents of b’ '3[ (v=3-6) andc, '3 (v=1), Ref. 39 forb II,(v

Isotope shifts
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TABLE V. Calculated band origins, and rotational parameteBs obtained

values in cm®.

Isotopic molecular nitrogen

3167

TABLE VI. Calculated band origing,, and rotational parametei8, ob-

from the comprehensive perturbation model, for the singlet ungerade statdained from the comprehensive perturbation model, for the singlet ungerade
of 1N, . DeviationsA from the experimental values are also indicated. All states of“N'®N. DeviationsA from the experimental values are also indi-
cated. All values in cm?.

12 Avg B AB Vo Avy B AB
Level model calc—obs. model calc—obs. Level model calc—obs. model calc—obs.
b ', (v=0) 100 838.088 -6.641  1.3130 —0.0344 b I, (v=0) 100 823.749 1.3595
b, (v=1) 101 471.808 14.666 1.2996 —0.0157 b, (v=1) 101 469.292 1.3455
b, (v=2) 102 135.720 5.50 1.2885 —0.0105 b, (v=2) 102 145.790 1.3339
b, (v=3) 102815.508  —3.67 1.2862  —0.0066 b, (v=3) 102 838.068 1.3320
b I, (v=4) 103483.531  —-3.21 1.3158  —0.0047 b, (v=4) 103516.116 1.3660
b’ 13/ (v=0) 103 698.483 1.0803 b’ 13 (v=0) 103 684.821 1.1187
c3 I, (v=0) 104 075.404 4.058 1.4046 0.0065 ¢35 I, (v=0) 104 111.146 4.776 1.4606 0.006
¢, 130 (v=0) 104 329.699 3431 17867 —0.0023 ¢, 35 (v=0) 104 327.640 1.8497
b 130 (v=1) 104 416.495 —3.404  1.0741 0.0008 b S (v=1) 104415.428  —3.581 1.1125 0.0001
b ,(v=>5) 104608.546  —5.956  1.3673 0.0245 b T,(v=>5) 104652.988  —5.285 1.4089 0.0206
b’ 130 (v=2) 105 127.642 1.0667 b’ 13 (v=2) 105 138.809 1.1045
b ,(v=6) 105234.038  —1.894  1.2643 —0.0042 b T,(v=6) 105 292.593 0.063 1.3077 —0.0079
o I, (v=0) 105 661.170 14.48 1.5738 —0.0084 oM (v=0) 105 670.635 1.6319
b’ 13/ (v=3) 105 826.844 2.44 1.0726 —0.0071 b’ 13/ (v=3) 105 849.472 1.1117
b, (v=7) 105965.810  —14.259 1.2443  —0.0160 b, (v=7) 106 037.459  —8.890 1.2821  —0.0139
c, 3 (v=1) 106 306.961 -1.05 1.6498 0.045 c, i w=1) 106 337.397 1.7002
¢y I (v=1) 106 456.420 6.08 1.6307 0.0405 ¢ (v=1) 106 493.141 1.7025
b’ =i (v=4) 106 565.300 —2.54 1.1408  —0.0275 b' IS4 (v=4) 106 604.364 1.1859
b I, (v=8) 106737.598 —27.16 1.2595 —0.0127 b ,(v=8) 106 825.700 1.2812
b’ 13 (v=5) 107 230.487 3.04 1.0755 —0.0115 b’ 3/ (v=5) 107 279.719 1.1135
b ,(v=9) 107438.341  —6.78 1.1568 0.0001 b T,(v=9) 107 542.079 1.1941
oI (v=1) 107575.750  —2.40 1.5845  —0.0350 oM (v=1) 107 605.417 1.6389
b’ 1S, (v=6) 107 877.546 2.58 1.1291 —0.003 b’ 13 (v=6) 107 939.255 1.1656
b HT,(v=10) 108 157.169 1.1259 b T,(v=10) 108 271.946 1.1616
c, i (w=2) 108 381.354 1.3738 c, 3 w=2) 108 457.126 1.4196
c3 I (v=2) 108 587.796 1.7210 c3 I, (v=2) 108 652.739 1.7804
b =i (v=7) 108 792.718 1.2197 b' 13/ (v=7) 108 869.575 1.2688
b I, (v=11) 108 872.210 1.1060 b I, (v=11) 108 998.444 1.1396
b’ 35 (v=8) 109 386.783 1.0674 b' I3t (v=8) 109 469.218 1.1042
oMl (v=2) 109 430.677 1.5419 oMl (v=2) 109 493.941 1.6056
b I, (v=12) 109 578.467 1.0883 b I, (v=12) 109 711.747 1.1102
b’ 1S/ (v=9) 110 032.076 1.0375 b’ 13/ (v=9) 110 121.647 1.0772
b I, (v=13) 110 255.672 1.0574 b I, (v=13) 110 399.274 1.0886
c, 3 (v=3) 110 486.892 1.6313 c, 3 w=3) 110 574.578 1.6618
¢y I (v=3) 110 633.689 1.6700 c3 M (v=3) 110 733.375 1.7331

=0), Ref. 40 for b, (v=1), Ref. 9 for bIl,(v
=2-5,9), Ref. 26 fob I1,(v=6-8), ando II,(v=0),

Ref. 37 forcg I, (v=0), Ref. 10 forcg Il (v=1), and
Ref. 20 foro 'I1,(v=1). The band origins taken from some
of these work$'%2026:3"have been corrected to account for

the different energy representation used previously.

In Tables VII and VIII, the isotope shifts are compared | bed )
with literature values, and with values calculated using thec_anty perturbed, partic
perturbation model discussed in Sec. IV. The isotope shift o

the corresponding band origin is negative for théll (v

=0-1) levels because the isotope shift of the ground stat

perturbation behavigr The isotope-shift perturbations be-
come more noticeable far=4, where small shifts for the
low-v levels of thecs; Rydberg state, together with larger
shifts for the highew levels of theb state, result in differ-
ential effects which influence the pattern of Rydberg-valence
energy degeneracies and consequent perturbation behavior.
Isotope shifts for the Rydberd], states are also signifi-

pon of Table VIII shows

ularly for the=0 levels. An inspec-
YN,—1N, isotope shifts of 68.64

and 37.96 cm?, respectively, forc;(0) and o(0), much
Qigher than the near-zero value expected for an unperturbed
v =0 level. The positive perturbations observed in the tow-

X lE;(z):O,\]:O) is larger than that of the excited states.
Reducedexperimental**N,—1°N, isotope shifts for vi-
brational levels of thd 111, valence state, plotted in Fig. 6,
are irregular, deviating from the smooth vibrational depen
dence expected for an unperturbed state. The experimen
isotope-shift perturbations are in excellent agreement witi‘é
our model calculations, which are also shown in Fignéte '
that the small systematic difference between the vibrational The !II, states of*°N, undergo strong homogeneous
dependencies of the experimental and computed isotopateractions with each other and strong heterogeneous inter-
shifts has been removed to facilitate this comparison of thections with states ofS,, symmetry. For mostII,, levels of

Rydberg isotope shifts contrast with the predominantly nega-
tive perturbations found for thé I, valence levels of
higherv, supporting the mutual Rydberg-valence nature of
tr(,j“ese perturbations.

The 11, levels of '°N,
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q T 1 TABLE VIII. Isotope shifts of band origins for th&ll, states(see the text
b(10 b(6) _ _o-o o(1) _ >
P par-Sea b(9) for 14N, references Observed shifts are compared with literature data and
108000 coee®®® ™  o® o—o-—0 DO with the comprehensive perturbation model calculations. All values in
- b(8) cm L.
b‘%4)
C3 1) lSN2 15N2 15N2 14N15N 14N15N
a1 X
b(47) Level obs. previous  model obs. model
o(0) biT,(v=0) —26.466 -24.8% -2835 -13.34° -14.04
b(3) !
i b I, (v=1) —4.140 —43® —488 —-195° —-240
- i b(6) b I (v=2) 22.9 15.%8 20.09 9.99
106000 g o8 ( "
pooceo S - (@) b 1T,(v=3) 45.8 398 44.84 22.24
- - b I, (v=4) 63.5 66.18 64.49 31.87
5 b M (v=5) 87.1 89.8 8822 434 43.74
g b I,(v=6) 111.45 106.¥  115.04 54.85 56.45
o> bl (v=7) 130.90 137.%  141.88 64.62 70.20
2 bl (v=8)  169.62 178 175.71 87.58
- . b, (v=9) 199.6 182.8  209.70 105.93
el c3 M, (v=0) 68.64 68.%° 70.36 33.62 34.58
104000 . A
c3 Ml (v=1) 79.2 79.7 73.44 36.68
o I,(v=0) 37.96 49.8 19.25 17.%° 9.75
37.8°
I b2) oMl,(v=1) 61.1 70.68 54.72 41.8° 25.02
42.7°
b(1)
102000
B0 . .
‘) such as the interaction betweegn'Il,(v=0) and theb 11,
levels, but there are also somewhat weaker interactions that
- give rise to local perturbations near crossing points. These
to local turbat ts. Th
points can be identified from the plot of term values in Fig.
T | T I T

' 5. In the following sections, these interactions are discussed

I
0 200 400 600 for several groups of levels.

J(J+1)

FIG. 5. Comparison between experimental and calculated rovibronic term

values for the'Il(e) and'S, states of°N,. Solid curves: calculated term 7 p 1, (v=0)

values for the'll () states. Dashed curves: calculated term values for the

15! states. Open circles: experimental term values. As observed in the case 6fN,,%% even allowing for
considerable experimental uncertainty due to the low range
of J values accessed, ol value for N, is significantly

5N,, the perturbations are due to interactions with severahigher than those observed fofv =1,2). Contrary to the

other states and/or levels. Some distinction can be made bsuggestion of Carroll and Collifishat this effect is due to a

tween the strong vibronic interactions that cause entire rotastrong perturbation di(v =0) by an undetermined state, our

tional manifolds to be shifted by several hundreds of ém  calculations support the view that the hibhvalue is a prop-

TABLE VII. Isotope shifts of band origins for thE, ;" stategsee the text fol*N, references Observed shifts
are compared with literature data and with the comprehensive perturbation model calculations. All values in

cm L.
ZI.SN2 15N2 15N2 14N15N 14N15N 14N 15N
Level obs. previous model obs. previous model
b I3t (v=1) -1.99 -1.07 -2.03 -1.10 -0.82 -1.00
—2.072
—0.3®
b’ 13/ (v=3) 44.8 44.3° 44.90 22.24
b’ 13 F(v=4) 79.1 79.8° 77.69 38.59
80.28
b’ 13/ (v=5) 99.3 89.3° 97.82 48.56
100.38
b’ 13/ (v=6) 124.3 123.8 122.65 60.90
129.38
c, 35 (w=0) -3.36 —3.43 —-4.01 -1.72 —-1.99
—3.52
c, 3 iw=1) 61.5 69.6° 60.49 30.02
62.4°
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20 T T T T T T T T T plots in Fig. 5. In the absence of an interaction, Bigalue
for c3(0) predicted by the diabatic model is much higher:
1.8277 cm'!, characteristic of @ =0 member of a Rydberg
series converging on the ground state of the ion, while the
predictedB values forb(4) andb(5) are much smaller:
1.2278 and 1.2100 cnt, respectively. Furthermore, the
same interaction is responsible for the widely differiBg
values forb(4), which is significantly larger than expected
for an unperturbed level, and fd¥(5), which is of even
greater magnitude antkgative as shown in Fig. @).

There is also significant-doubling in this region, which

e
o
LI R I B

Reduced Isotopic Shift (cm“)

-10 ®
indicates heterogeneous interaction wih,| states. First,
the b’ 13 7 (v=0) state lies just abovb(4), shifting its e
20 T T e levels to lower energies, increasingly asncreases, while
2 4 6 8 10 leaving thef levels unaffected, and resulting in a negative

v value for b(4). Second, as in*N,,° the b(5) andc4(0)

FIG. 6. Perturbations in th¥N,—N, isotopic shifts for theb I, state. state§ have relatively strong hef[erogeneous interactions with
Closed circles: Experimental. Open circles joined by solid lines: Modelthe ¢4(0) andb’(1) states, which lie between them. The
calculations. To facilitate presentation of the perturbations, the experimentalesult is that thee levels of theb(5) state are pushed up-
and computed isotope shifts have been reduced by the subtraction of SeMdiards in energy and those of t@(O) state are shifted
rate linear terms iw. . .

downwards. Therefore, th&-doubling parameteq is nega-

tive for c3(0) and positive fob(5), with almost the same

has an unusual shape due to a configurational change near @ (3), and (4), with the same numbers of levels and
minimum (see Fig. 1'° parameters as in the experimental fits, lead to the following

results for theB, D, and q parameters:(1) b(4): B
P =1.3143 cm?!, D=357x10°%cm!, and q=-1.94
2. by(v=1-3) %103 cm L (2) b(5): B=1.3674 cm’, D=-40.0
There is no significant perturbation visible in the rota- x 1076 cm~!, and q=11.5<10 3 cm % (3) c5(0): B
tional structure of thé—X(1-3,0) bands. For example, the =1 4056 cm!, D=54.04x10"® cm !, and q=—14.75
b*Il,(v=1) level, which has been found to be well de- x 103 cm *. Overall, these parameters are in reasonably
scribed by an unperturbed rotational progression'fi, by good agreement with those obtained from the experimental
Ubachset al,** behaves similarly in the case 6fN,, as fits, given in Table IIl.
shown in Table I. However, a global perturbation by the  Finally, we note that we have observed new, weak local
higher-lying c3 'II,, state causes an overall shift of these perturbations and extra lines in spectra of bhex(4,0) band
b-state levels downwards by about 200¢hn This shift,  for both 15N, and 2N,. These perturbations occur in both
however, has little effect on the rotational structure whichthe p andR branchege levels ofb(4)] and in theQ branch
can still be described USing Only two rotational parameterS(f levelg, most prominenﬂy in thel=15e region forl5N2
According to Ref. 39, rotational levels of tHéN, b 'IT,(v  and atJ=18e for “N,. The latter perturbation has also been
=3) state are diffuse and broadened due to the short lifetimgpserved in synchrotron-based photoabsorption spectra by
of this level. As has been found elsewhere by Robite  Stark®? There is no known singlet state of,Mnergetically
broadening of this level inf*N, is much smaller than in |ocated so as to be able to cause these local perturbations,

1¥N,. The isotope-dependent lifetimes and predissociativgyhich will be assigned and analyzed elsewhere.
behavior of the'll, states will be discussed in detail in fu-

ture publications. 4. b11,(v=6-7) and o I1,(v=0)
; S The b II,(v=6 and 7) valence levels interact with the
3. b°1l,(v=4-5) and c 37, (v=0) 0I,(v=0) Rydberg level. As already mentioned by

The b'I,(v=4-5) valence-state levels interact Yoshino et al,®® the interactions in*N, of o(0) with
strongly with thecs *I1,(v=0) Rydberg level which lies b(6 and 7) are equally strong, but opposite in sign. In con-
between them. This homogeneous interaction pushes theast, in1°N, the b(7) level lies closer to(0) than does
b(4 and 5) levels downwards and upwards in energy, resped(6),° resulting in much stronger interaction betwes(T)
tively, perturbing the corresponding origins as shown in Figando(0) than betwee(6) ando(0). A plot of the experi-
4(a). The perturbation model predicts for thg4), b(5), mental term values in thie(7)—0(0) region, shown in Fig.
and c;3(0) states level shifts of~157.96, +224.00, and 7, demonstrates the effects of the avoided crossing between
—187.42 cm!, respectively, relative to their unperturbed these two levels as the(0) Rydberg level approaches the
positions (diabatic term valugs The effects of the severe b(7) valence level from below with increasidg including a
Rydberg-valence mixing are particularly noticeable in Bhe tendency toward the two term series becoming parallel as the
values, which are fairly similar for all three levels, as shownmixing increases. In fact, dtvalues higher than those in the
in Fig. 4(b) and as illustrated by the near-parallel term-valueavoided-crossing regionJ¢&25, according to the perturba-
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FIG. 9. Experimental rotational term values for thg'Il,(v=1) and

b T, (v=8) states, and the, 'S (v=1) andb’ '3 (v=4) states of
N, . Solid curves: Il (e) levels. Closed circlesl(f ) levels. Dashed
curves:'3 ! (e levels only. Strongly-avoided Rydberg-valence crossings
occur for each symmetry.

FIG. 7. Experimental rotational term values for the!Il,(v=0),
b MI,(v=7), andb’ 13} (v=3) states of*N,. Solid curvesII,(e) lev-
els. Closed circlestII,(f ) levels. Dashed curvedZ (e levels only. A
strongly-avoided Rydberg-valence crossing occurs betweero(fg and
b(7) levels.

. ) o though the experimental data are insufficient to allow one to
tion mode) the upper term series, labelb@7) in Fig. 7, has  istinguish between a homogeneous or heterogeneous pertur-
predpminantly Rydberg character, while thg Iower_has_ Prepation, we can safely assume that thi,—111, interaction
dominantly valence character. The same interaction is reg heterogeneous, in which case the deperturbation implies an
sponsible for the negativ® value for b(7), the largeD effective two-level interaction matrix elementH .,
value foro(0), and theneed for a cubic polynomial to ac- _ _ g o1 JO+1) cm L.
curately represent thi(7) rotational termgsee Table II]. It is well known that it is hazardous to rely on intensities

While the A-doubling inb(7) is smalll and regular, the i, ionization spectra as indicators of photoabsorption inten-
hetler(zgeneous interaction  betweeo "Il,(v=0) and  gjjies. However, even with this proviso, our spectra indicate
b’ *X (v=3), whose term series crosses thab@®) from 5, interesting anomaly in tHe-branch intensities associated
above, nead= 19, results in significant perturbation of tee  \yitn the 0(0)—b’(3) crossing regionR-branch lines in
levels ofo(0), leaving thef levels untouched, as illustrated b’'—X(3,0) are excessively weak for excited-stdtalues
in Fig. 8, where we have also shown the results of a locajymediately below the crossing region, and are abnormally
two-level deperturbation of the-level crossing region. Al- grong forJ values immediately above the crossing region. It
is likely that this is an example of the well-knowR—R
intensity anomalies caused by quantum interference between
the amplitudes for dipole-allowed transitions into coupl2d
and I states, as discussed, e.g., by Lefebvre-Brion and
Field3* Unfortunately, however, due to limitations in the
spectra, we are unable to confirm the opposite intensity be-
havior expected in thk'—X(3,0) P branch, and the opposite
P—R behavior expected in the—X(0,0) band crossing re-
gion.

We note also that we have observed new, weak local
perturbations im(0), specifically in theJ=3e—4e region,
and also in thel=10-14 region for both the andf levels.
These regions were either deperturbed or excluded from the
corresponding spectroscopic-parameter fits in Table Ill. As in
the case ob(4), wewill consider these particular perturba-
! 1 ! 1 ! S ! tions elsewhere.
200 300 400 500

J(J+1) 5. bI,(v=8) and ¢ ;' ,(v=1)

FIG. 8. Reduced term values in the region of t)—b’(3) crossing Experimental rotational terms for thig(8)—c3(1) re-
[closed circles:o(0,e), open circles:0(0,f ), closed trianglesb’(3) (e gion are shown in Fig. 9. Thie 1Hu(v=8) valence level is

levels only], including the results of an effective two-level deperturbation 1 _
of the e-level interactior{solid line: 0(0), dashed lineb’(3)]. A quadratic perturbed from below by the; “11,(v=1) Rydberg level, a

in J(J+1) has been subtracted from all terms so that the depertoice) S_trong|Y'aV0ided _crossing between the_se two levels occur-
levels lie on the zero line. ring nearJ=19 with H,,=126 cm 1. As in the case of the
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FIG. 11. 1 XUV+1 UV ionization spectrum of th&N, b 'TT,-X ' (8,0

FIG. 10. Observed\-doubling in theb I1,(v=8) valence andt; *II,(v band, recorded with PDL-based XUV source. Note thatRt@) andP(2)
=1) Rydberg states. lines were not observed. Lines marked with an asterisk are from the

b’ 'Sy -X'37(5,0) bandP(22), R(25), P(25), andP(27), respectively,
in order of decreasing energy. Note the ac-Stark-induced asymmetry in the
spectral lines.
b(5)-c5(0) interaction, significant perturbations occur in
the B values for these levels, the value for the lower level
c3(1) is elevated, thd value for the upper levelb(8) is
Iarge and negative, and addition.al polynomial terms are re-  \we note in passing that the slightly scattered points in
quired to reproduce the experimental term vallue+s. Alsrig. 10 at lowd values for thecs(1) state result from further
shown in Fig. 9 are expenm,elntﬁl terms for thé"X (v weak local perturbations. There appear to be three perturba-
=4) valence level and the, ">, (v=1) Rydberg level jong in the rangd<12, in both thee andf levels, similar to
which play secondary roles in perturbing theédg, states. one of the groups of perturbations observed 6¢0) and
TheselEu+ levels themselves exhibit a strong mutual homo'mentioned in Sec. VB4. These perturbations will be ana-
geneous interaction, resulting in an avoided crossing dear lyzed further elsewhere

— ; — =1 ; ;
=16 with H,,=94 cm %, as is clear from Fig. 9. There is also a perturbation visible in the intensity dis-

14 PR
trib Itn d 't\lz’ th.ef\-do?bllng_:rr: :Eg?ﬁl) ftt""Eg _Pss been .at— tribution of theb—X(8,0) band, the spectrum of which is
ributed fo an nteraction wi (4) state. € EXPEN-  shown in Fig. 11. Rotational lines for all branches exciting

mental A-doubling in thecg(1) andb(8) states of'°N,, A : _
shown in Fig. 10. is sianificant. displaving a dearee of Cc)m_low-J levels are significantly less intense than rotational
S 9 » Q1Splaying g lines to higherd levels, an effect unrelated to laser power

lexit b d th I li d d 5] . TR .
plexity wefl beyon e usual linear dependence X levels. This perturbation in intensity occurs due to a destruc-

+1). In the case of thb(8) level(closed circles in Fig. 10 ) .
the A-doubling is primarily caused by heterogeneous inter—t've quantum-interference effect between #é, Rydberg

; ; Y , and valence transition amplitudes. Vibrational intensit
actions with the lower-lyingcy(1) andb'(4) states, the nomalies observed in tIte—Xps stem of“N,,** includin ’
b(8,e) levels being perturbed upwards with a greater thari™ ™ ) o y 21 9
linear dependence al{J+ 1). TheA-doubling in thecs(1) an intensity minimum for thés_,O) banq, are kn(_)wn to result
level (open circles in Fig. 10shows clear evidence of being from these Rydber_g-valt_arjce interactions, haV|1r(|)g been treated
affected by the Rydberg-valence interaction between th&uccessfully semi-empirically by Staheit %l" and by
b’ 1S (v=4) valence andc,’S(v=1) Rydberg states Spelsberg and Meyer usirap initio methods'® These inter-

u u . .
which lie above and belows(1), respectively, post interac- ference effects have a strong rotational dependence: in the
tion (see Fig. 9, producing perturbations in they(1,e) lev-  the case of'N,, Carroll and Collind note that the intensities
els of opposite signs. For very low values, thecs(1e)  Of Iines.in the(E},O) banq with i.nterm.ediate] drop markedly
levels are predominantly perturbed upwards, due to th&efore increasing again at highr in the present case of
strong rotational interaction with the)(1) state which is a 15N, evidently the destructive interference effect maximizes
member of the samp Comp|ex?4 despite its |y|ng further at low J. We have found this observed iSOtOpiC ahdepen-
away fromc,(1) than does’(4). On theother hand, for dence to be qualitatively consistent with predictions based on
higherd, as the valence levé’ (4) approaches the Rydberg the'IL, Rydberg-valence interaction model of Spelsberg and
level c5(1) more closely, the predominant effect becomes Meyer!® The alternative explanation of our observations for
downward perturbation of they(1.€) levels byb’(4), this "N, namely that the low} levels ofb(8) are heavily pre-
effect maximizing nead=19, corresponding to the region dissociated due to an accidental perturbation by a short-lived
of closest approach of they(1) andb’(4) levels, which do level of another electronic state, is unlikely since no detect-
not cross because of the strongly-avoided crossings in botable broadening is observed. Furthermore, we know of no
the 1T, and!3 [ levels. such level near the energy of th¢8) bandhead.
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6. bMI,(v=9) and o IlI,(v=1) achievable using present-day XUV-laser technology. New

In 2N, the rotationles®(1) Rydberg level lies slightly molecular spectroscopic parameters and precise isotope
below theb(9) valence level, the higher RydbeR value shifts have been determined, which will help to inform future

and homogeneous Rydberg-valence interaction resulting in @odels of the molecular structure, interactions, and dynam-

weakly-avoided crossing Hy,=8.1 cmi'l) in the corre- €S Of Np.
sponding rotational term seri@SIn N, the order of these While the overall pattern of strong Rydberg-valence per-

B . l + . .

levels is reversed and their energy separation is increasddrbations in thell, and'3 | states, together with rotational
substantially, as illustrated in Fig. 5. As a result, their degre€°upling blgtween thell, and' | r_nanlfoldsz,l is found to be
of mutual perturbation decreases significantly and they carsimilar in N to that known previously fofN,, there are
in effect, be regarded as independent levels. many significantly isotope-dependent aspects. With the aid

For example, théd(9) level is very well behaved, with of a comprehensive perturbation model, which is based on
no local perturbations evident in its rotational structur® a Parameters used previously f&N2 and includes Rydberg-
value appropriate to an unperturbed valence state, a Ve,xgplence interactions and rotational co_uplmg simultaneously,
small D value, no additional polynomial terms necessary to& have found that the present experimental resulté%;_r_
describe its rotational energies, and negligibledoubling. ~ €an be reproduced to a similar level of accuracy as achieved

Similar comments apply to the(1) level, where th@® value ~ for N, o . . .
is typical of an unperturbed Rydberg state, with the exception N @ futuge publication, experimental studies of the life-
of a detectable amount df-doubling (@<0), likely caused times of the'Il, states of the different isotopomers of N

by heterogeneous interaction with the higher-lyingWi” be presented, providing insight into the isotope depen-
b’ I3 (v=6) valence level which has a smalBrvalue. dence of the predissociation behavior for these states. In a

further study, the singlet—triplet interactions which are re-

sponsible for the several weak local perturbations seen here

for the first time in'>N,, and which have not been reported
Practical considerations limit the amount of data obtain-previously in**N,, will be discussed.

able for the mixed isotopomer. For the feMl, states of

NN studied, the derived spectroscopic parameters IIRCKNOWLEDGMENTS
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