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Highly excited states ofjerade symmetry in molecular nitrogen have been investigated in a
resonance-enhanced XUWis (extreme ultravioletvisible) transition scheme. Nineteen bands
have been observed, of which only four involve known stétedI, (v=1), x'X; (v=2), and

y 1Hg (v=1,2)], albeit in new systems. Three of the newly observed states have been assigned as
yly (v=3) and k'l (v=2.3). Level energies are determined with an accuracy of
~0.20 cm!. © 2002 American Institute of Physic§DOI: 10.1063/1.1468220

I. INTRODUCTION were analyzed at even higher accuracy by Mifein recent
years this system was reinvestigated in a resonance enhanced

At excitation energies between100000 cm?® and the ; T .
g multi-photon  ionization (REMPl) schemé&® and in

first ionization limit (125 666 cm ), molecular nitrogen ex- L .
hibits a complex and congested spectrum, which was Ob(_emlssmnl. Thea state was also observed in some other sys-

served in absorptidnand partly in emissioA® This spec- €M by Galydon alnd Herrjwlii_’nig(G?ydon—Hlerman lsmglet
trum was extensively studied by Lefebvre-BribBressler sy?tems;P Hu_a, 1Hg+' b1 2,2 Hg'l Cs Hlu_a Iy,
and Carroll, Collins, and Yoshifid and it is established now C4 lu—2 E[_gzé ¢; %y -a’lly, and o Hu_la ) 1an_d
that it can be explained in terms of two valence states!v'c':arlIané ) (McFarlane infrared systeng "Ilg—a’' "X,
b’ 13! andbIl,, two Rydberg series), 'S} andc, 11,  andw-A,-a’lg). ) _ _
which both converge to the first ionization limit and the ~ The existence of tha" 'S state was first predicted by
Rydberg series, 111, converging to theh 2I1,, excited state Mulliken?* in 1957. Lefebvre-Brion and Mos&restimated
of the N; ion?® that this state can be observed in absorption by quadrupole
A similar structure is to be expected for therademani- transitions or pressure induced dipole transitions from the
fold, but investigations in the past have been sparse due @ound state. Dressler and Lutz observed this transition in
the fact that transitions from the electronic ground state ta-967°° In an investigation of Rydberg states, Ledbétter
thesegeradestates are dipole forbidden. Emission experi-obtained molecular constants for several vibrational levels in
ments in discharges have been performed in the past, froffie @" state, which were the most accurate for many years.
which some information about thgeradestates has been Suzukiand Kakimot® improved the rotational constants for
obtained. More recently, laser excitation experiments involv2 =0 in 1981, but more accurate data on higher vibrational
ing geradeexcited states have been performed as well. Belevels were obtained from new experiments only in the last
sides the ground state, up to now only six singlerade decadé”*
states have been observed and identified in molecular nitro- Duncan observed in 1935for the first time thex '3
gen:allly, a" 'S, xSy, y Iy, k'Ily, andz'A,. The  state in the fifth positive systemx{X,-a’ ‘%), but did
MO (molecular orbit configurations are tabulated in Table 1. not make any assignments in terms of electronic character.
The a’ll, state is a valence state whereas the other fivéNeither did Appleyard, who added several more bands to this
states are Rydberg states. systent>? Van der Zief® performed a rotational analysis of
The first excited singlegieradestate observed, was the the bands, and assigned the correct symmetry to the state;
all'lg state. This state was first detected in emission in théﬁg . Gaydor® pointed out that the symmetry of thestate
alll-X 13} system by Lyman in 19131 More bands were ~also could beé'S |, however, theoretical consideratidhéa-
added to this system by Birge and Hopff@l@/ho also ana- vored the assignment 612; . The most accurate measure-
lyzed the vibrational structure. The system has becomenents were performed by Lofthds.
known as the Lyman-—Birge—Hopfield system. In 1965  Though Duncaft observed they 1Hg state for the first
Vandersliceet al** obtained the absorption spectrum at hightime in 1925, it was Kaplali—>’ who recognized the regu-
accuracy and Ref. 11 was the most important reference fdarities in 1934 and the two observed systems were later
several decades. Some of the bands, observed in absorptioeferred as Kaplan first systerg J(Hg—a’ 12; ) and Kaplan

0021-9606/2002/116(18)/7893/9/$19.00 7893 © 2002 American Institute of Physics

Downloaded 26 Apr 2002 to 129.132.217.133. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



7894 J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 de Lange et al.

TABLE |. The molecular orbittMO) configurations of the known singlet |
geradestates.
X1z (Llog)* (1o (2054 (20,)*(1m,)*(30)? 140 000 {
ang (10'9)2(1Uu)2(20'9)2(20'u)2(17Tu)4(30'g)1(177'g)1
a'tsy (1og)2(10)X(209)%(20,)2(1m,)*(304)* Ry 3s0y N;
X 1E§ (10—9)2(1Uu)2(20'9)2(20'u)2(17Tu)3(3ag)2 Ry 3pm, 1
y g (Log)*(Lay)*(209)*(20)*(1m,)%(30g) Ry 4po, 125 666 P
k', (1og)¥(10)*(204)%(20)*(1m,)*(304)* Ry 4d g
21, (109?(10)%(205) (20,)(17,)(30,)* Ry 3p, 120 000 2
1Zgi or 1I'[g
second systemy(*Il—w *A,). Gaydon performed a rota- Vis
tional analysis of Kaplan’s first system, and assigned either eg 1zt
the "1, or 11, label to they state. Lofthus and Mulliket? 100 000 1
remeasured both systems under high accuracy and settled the
final assignment of thg state tolﬂg. Strong perturbations XUV
in the rotational progressions for both vibrational levels -
=0,1 were observed. Beside this, some of {Becompo- 'g
nents of thev =0 state and all of thée) components of the -
v=1 state were missing in the spectra. Carroll and =
Subbaran® showed that the perturbations arise from an in- i x iy +
teraction with thek ll'Ig state. Furthermore, an indirect pre- o &
0 5 10
Pulsed valve (Ny) Internuclear Distance [a.u.]
FIG. 2. Atransition scheme of the experiment. An XUV photor~®6 nm
Tripling is used to populate a specific rotational level of s} (v=0) state. A
nozzle (Xe) second laser scans the wavelength regiok @1?20—970 nm to pr.obe sin-
glet geradestates between 114 500—120 200 ¢mN, molecules in these
post highly excited states, are finally ionized by the second harmonic of a
. Nd:YAG laser(532 nmj.
. ) = [~ -
dissociation mechanism was proposed to explain the missing
A pomonges e e / A A (e) components. All these experiments were emission experi-
o ;E'VL[—l_ I ments. Recently, thée) components were observed in a
:D‘ o |——— o4 double resonance experiment by de Lange and Ub¥dfse
: ’ predissociation mechanism proposed by Carroll and Sub-
TOF T 4 M baram was supported by their analysis.
e @ The k!II, state was first observed by Carroll and
Dye | i |__+[*/ |35]| |Dve Subbararf® and thei iven to t tems:
. L | 22 ubbarant an eir names were given to two systems:
Laser :@ kN Laser kI -a’' 'S (Carroll-Subbaram first systérandk *[1,—
[ = 1 %5.3 ‘ w A, (Carroll-Subbaram second syster8imilar perturba-
- = E‘ — — tions as in they state were observed, which can be explained
] e 3 2 by a mutual interaction between those stdfeslso in the
3 S b case of thek state, thge) components o =1 were missing
< < e in the emission spectra of Carroll and Subbaram, but were
: % : observed in the laser excitation spectra by de Lange and
z z z Ubachs®
Finally, the sixth identified singlegerade state is the
— [ Trigger ', zlAg state. This state was observed by Lofthus in 1dHY

emission. Although this is the only reported observation up
FIG. 1. Scheme of the experimental setup. XUV radiation is generated bYo our knowledge, the state is also found in thie initio
frequency doubling, and subsequent tripling of the output of a pulsed dygalculations of Michel4?2

laser. This radiation is used to drive the transition from the ground state to . L
specific rotational level of the intermediatg 'S (v=0) state. The radia- In this paper we report on a two-photon laser excitation

tion of a second pulsed dye laser is exploited as probe laser for the highigtudy, with subsequent photo-ionization by a third laser
excited singlegeradestates. Finally, a third laser, the second harmonic of pylse. As a result 19 vibronic systems gdradesymmetry

Nd:YAG (532 nm), is used to ionize the Nmolecules in these highly ex- \ are identified of which 15 were hitherto unobserved. Since
cited states. These ions are accelerated, mass-selected, and detected in a time . . .
of flight setup(see insét The wavelength of the second laser is calibrated N0 ab initio potential energy curves of spectroscopic accu-

online against a U-Ar standard. racy are available and because, similar to the casengér-
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oy ? tx“' o (16' x12g7v=2 R3
viaJ =1
" L y " lL it msl le .
11800.0 12000.0 12200.0 12400.0 12600.0 viaJ = 9)
B (B y'mv=2
| [ | 1 viaJ=3
hid [ 1 . I
12600.0 12800.0 13000.0 13200.0 13400.0
k=2 o) o viaJ =4
oy bt s M viaJ=5
13400.0 13600.0 13800.0 14000.0 14200.0
cm™’
FIG. 3. An overview spectrum of part of the investigated wavelength re- ‘ ] x viaJ=6
gion. The XUV laser is tuned such that tkg'S . (v=0J=5) level at PP 0] 0, R R,
104 380.42 cm? is populated. The second laser is scanned from 11 800— e g iaJ=17
14 200 cm'*. One feature in the spectrum is not assigned and this is indi- o] - viaJ =
cated with(?). ! " Y Sl tapie bl
P2 R3 R2
viaJ=9
ade symmetry states in this energy region, strong perturba- P, i R, R,
tions are expected, no definite vibronic assignment of the via J =10
features can be made. However, as a helpful feature of A 1 a.L.
double resonance spectroscopy the assignment in terms c Py (P, R, R,
rotational quantum numbers can be given unambiguously in viaJ =11
virtually all cases. Moreover, based on estimates of vibra- Ao e
. . . . P, P, R, R,
tional spacings newly observegerade vibronic systems ]
were assigned, albeit tentatively, wél1, (v =3) andk 'II, | Ve J=12
" "

=2 i T T T T T T T T T T T T T
(v 3) 13020 13040 13060 13080 13100 13120 13140 13160

-1
Il. EXPERIMENT frequency (cm )

The general features of the experimental set are thFIG. 4. Observed spectra, via different rotational levels of the intermediate
g xper up Statec; '3 (v=0). The transition& '3 (v=0)—c} '3 (v=0) P(11)

same as the one used in a previous investigation focusing Qfydp(12) are partially overlapped and both transitions will occur when the
the k 1Hg andy 1Hg states'® A schematic overview of the XUV laser is set on either one of the resonances. This results in additional
setup is depicted in Fig. 1. Tunable XUV laser light ( lines which are indicated with an asterisk.
~96 nn) is generated by frequency doubling the output of a
PDL (pulsed dye lasgiinto ultraviolet in a KDP crystal, and
subsequently frequency tripling the output in a xenon gas jetiately the resulting accuracy is somewhat less020
This XUV radiation is used to populate a single rotationalcm 1) than in the case of Jeabsorption £0.05 cmi ). A
quantum state in the, > | (v=0) state, which was used as third laser pulsg532 nm further excites the N molecules
an intermediate. The second beam, the probe beam, was spato the ionization continuum, therewith producing Nons
tially overlapped with the XUV beam and in view of the that can be sensitively detected. The third laser pulse was
short life time of thec, state[~1 ns(Ref. 43] also tempo-  both spatially and temporally overlapped.
rally overlapped. The wavelength of this second beam cov- Double resonance spectra were obtained by setting the
ered the range of 620—970 nm generated by a second PDiynable XUV laser on one of the rotational lines in the
enabling us to investigate the energy region of 114500-€, 'S ;X 'S (0,0) band and keeping it fixed, while scan-
120200 cm* above the ground state. The transition schemening the second laser in the visible wavelength domain. Sig-
used in this experiment is shown in Fig. 2. The wave func-nal is obtained by monitoring the Nion yield as a function
tion of the intermediate state is located at small internucleaof wavelength, resulting in a typical double resonance spec-
distances, restricting the possible states that can be investira as shown in Fig. 3. In this figure six up to now unob-
gated. Only states with sufficient wave function density atservedlzg states @3—ag) are depicted along with three
these small internuclear distances can be probed. newll'lg stateq 3, ,85 andk (v =2)]. Thevibrational levels
Whereas a Tgabsorption spectrum was used for calibra-v =2 of they state andv=2 of the x state were already
tion purposes in the experiment of Ref. 40, in the currenknown. One feature in Fig. 3 is not identified. The intensity
investigation an argon-filled hollow uranium cathode lampof the laser radiation is not diminished, resulting in possibly
was used. The advantage of this calibration method is thbroadened lines. For instance banf seems to be broad-
large wavelength region that can be covered, but unfortuened, but this does not necessarily imply a short lived level.
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121000 — TABLE Ill. Level energies ofx 1Eg’ (v=2).

:,Beee&o k' =3 J X3y (v=2)
o=

120000 [ 3 116 928.26
3 'L (=3) 5 116 958.69
M ’ 7 117 002.88
) 8 117 030.12
119000 020> ‘ 9 117 060.33
1 117 131.60

the resonances in the first excitation step cannot be resolved.
We note however, that the perturbationcip (v =0) is fully
understood and modeled; it has no effect on the assignment
and accuracy in the double resonance spectra.

Although all three lasers are both temporally and spa-
tially overlapped, unambiguous assignments of the quantum
states excited, can be made. All signal is dependent on the
first XUV-resonant excitation step, while XUWgreen does
not yield ion signal; the observed resonances in thespéc-
trum rely on the tuning of the second laser. In some inciden-
tal cases signal was obtained, however, that was independent
of the 532 nm pulse and which was attributed to XtVis
14000 v Loy 0 0 | +Vis excitation. In these cases a resonance at the X\ig

0 10 15 energy level would not be required, and the signal could be
J produced by autoionizing levels at the X2 Vis energy
FIG. 5. An overview of all observed levels, plotted here with rotational Igvel. All spectra were reqorded by monitoring m0|ecu.|ar lon
guantum number unambiguously assigned. Four vibronic states have beé{gnal at mass 28. Atomic fragments are produced in cases
observed befora ' (v=2), y Tl (v=1,2), andk ‘Il (v=1). Three when a predissociating state is probed; these fragments are

states are tentatively assigned to higher vibrational levels of known elecnot detected since they are electrically neutral.
tronic statesy 1, (v=3) andk Il (v=2,3).

llI. RESULTS AND DISCUSSION

Figure 4 displays spectra to the levels nangadand 8 Nineteen rotational progressions have been discerned, of
for various intermediatel levels. Although there is some which four were already knowfix 1E§ (v=2), yll'lg (v
irregularity in the intensity patterns, two seriesRfQ, and =1,2), andk1Hg (v=1)]. The level energies were deter-

R transitions are discernable. All recorded spectra reflect thenined by adding the calibrated transition energies to the
well-known perturbation in the,'S ! (v=0) state by the level energies of the intermediat¢ 'S, state. The latter are
b’ 13! (v=1) state with an avoided crossing neks10.  known within~0.03 cnt *.* The observed energy levels are
This is observable in Fig. 4 through the shifts of some linesshown in Fig. 5. The energies of all observed levels are listed
and by the appearance of additional lines, due to the fact than Tables [I-VIll, except fork lHg (v=1) andy1Hg (v
=1), which can be found in Ref. 40, with an accuracy of
~0.04 cm 1. The energies are listed rather than the transi-

TABLE II. Level energies positively assigned as vibrational levelsf  tion frequencies to bypass the perturbations in the interme-

states. diate state.
J 2 ag as
0 114 617.40 116 234.50 116 700.68 TABLE IV. Level energies positively assigned as vibrational Ieveléﬂ)g
1 114 619.71 116 237.52 116 702.69  States.
2 114 624.32 116 244.55 116 707.52
3 114 631.32 116 255.13 116 714.32 B1 Ba
4 114 640.38 116 269.51 116 723.63 3 (@ 0 () 0
5 114 652.11 116 288.20
6 114 665.36 116 310.00 116 751.20 1 115 524.87 115 524.30 118 989.78 118 990.47
7 114 681.65 116 336.51 116 768.77 2 115 531.02 115 531.02 118 997.72 118 997.56
8 114 699.41 116 366.14 116 788.24 3 115 540.85 119 008.98 119 009.63
9 114 719.40 116 399.70 116 808.94 4 115 553.82 119 024.32 119 025.13
10 116 436.35 116 899.28 5 115 569.53 119043.31 119 045.52
11 116 474.28 6 119 066.12
12 116 521.05 116 951.04 7 119 095.47
13 116 579.30 8 119 124.36
14 117 017.95 9 119 162.01
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TABLE V. Level energies of the 11'[g (v=2,3) statesv=2 was already TABLE VII. Level energies of states tentatively assignedl‘a"[%. It is,

observed before;=3 is observed for the first time. however, possible that bang, probes alAg state, as is explained in the
text. Of neither state &= 1 rotational level has been observed, leaving the
y 'l (v=2) y 'l (v=3) assignment tentative.

J (e) (f) (e) (f) 2 P
1 117 664.75 117 664.80 119 375.84 119 375.90 J (e ) (e )
2 117 671.45 117 671.53 119 382.51 119 382.33
3 117 681.54 117 681.78 119 392.38 119 392.56 2 117 419.33 117 419.36
4 117 694.47 119 405.61 119 405.99 3 117 430.48 117 430.42
5 117 711.57 117 712.38 119 422.30 119 422.89 4 117 445.32 117 445.49
6 117 731.58 117 732.48 119 442.03 5 117 451.94 117 451.95 117 463.98 117 463.96
7 117 754.81 117 756.19 119 465.89 6 117 477.11 117 477.10 117 486.51 117 486.43
8 117 781.01 117 783.37 119491.43 7 117 505.81 117 505.86 117 513.04 117 513.05
9 117 811.67 117 813.77 119521.04 119522.75 8 117 537.53 117 543.91
10 119 554.08 119 555.92 9 117 579.29 117 579.36 117 572.00 117 572.16
11 119 590.63 119 592.67 10 117 619.14 117 619.28 117 609.61 117 609.70
12 117 922.64 119630.14 11 117 663.18 117 662.86 117 650.82 117 650.60
13 117 969.42 119676.31 12 117 710.69 117 710.47 117 695.12 117 695.13
14 118 012.11 119719.92 13 117 762.06 117 743.30

The assignment of all observed spectral features in termseen given. If theP(1) transition is observed, the probed
of electronic symmetries and rovibrational quantum numberstate has to be &3 state; only3 states support d=0
is a difficult task.Ab initio calculation§? have been per- rotational level, and only, ™ can be probed via & transi-
formed resulting in Born—OppenheimeiBO) potential  tion. And, if P, Q, and R transitions are all observed, the
curves, but not to the level of spectroscopic accuracy reprobed state must bl . It might of course be that, in the
quired for unambiguous assignments of levels. However, thease of d1 state, either th®/R or Q branch is missing, due
nature of the double-resonance excitation scheme gives song the predissociation of either th@) or (f) component
help in the assignments. The rotational quantum numbers afhich would lead to ambiguities in the assignment. Further-
the newly observed levels are known without ambiguity.more, it is possible that the lowest rotational level is not
This holds foremost for those levels observedPrand R discerned, which also may lead to equivocalities. Based on
transitions, but also the ones observed in a single transitiothis scheme, threézg states @;,a3, and as) have been
(e.g.,Q branch lineg follow clearly rotational progressions. unambiguously assigned, as well as stg states

In view of the excitation scheme, the features studied 8, ,8,,y (v=1-3, and k(v=1-3]. In five cases
here have singlet character agdradesymmetry. Further- (o}, al,af,a’, andag) only aP andR branch is observed,
more, the states that can be probed from ¢§é%; are  putJ=0 has not been measured, leaving the final assignment
constrained by dipole selection rules. Only rovibrational lev-still unclear. In two casesﬂtz and,8‘3) all three branches are
els of '3 ; and'Il, states can be populatedl.andR transi-  observed, but noti=1. Finally a Q branch is observed
tions probe eithek ™ or I(e) states, wherea® transitions  which coincides with the levels of thelS; (v=2) state.
probell(f) statesP andR transitions both populate identi- This is peculiar as & ; —'X; transition is dipole forbidden.

cal levels and therefore combination differences can be usedrobably some transition strength is gained from an interac-
to yield higher accuracies than in the case(fransitions

(=~0.15 cm ! and~0.20 cm !, respectively. On the basis

of observed transitions a tentative symmetry assignment ha#BLE VIIi. Level energies of states tentatively assigned's§ . Only P
andR branches are observed in the following bands. Howeved+0 level
has been observed, leaving the assignment tentative. It may be that the

TABLE VI. Level energies of the I, (v=2,3) states. Both vibrational probed states are dfl, () signature.
levels were hitherto unobserved.

J atz az ag a‘7 aé
kg (v=2) kg (v=3) 1 116031.15 116613.71 116827.26 118084.35 118441.99
3 © ) © ) 2 11603658 116617.29 116829.37 118091.74 118449.77
3 11604929 116622.25 116832.31 118103.28 118460.94
1 118 060.27 120 167.79 4  116058.92 116628.40 116836.56 118118.36 118475.98
2 118068.00  120175.11 5 11607135 118 137.46
3 118079.38  118079.38 12018658 6 11608594 116643.95 11684857 118160.20 118517.48
4 118094.42  118094.95 120 201.66 7 11610253 116652.91 116856.79 118 186.70
5 11811342  118113.98 12022113 8  116121.29 116662.42 116867.29 118217.11 118574.26
6 118136.16  118136.84  120242.31 9  116141.24 116881.02 118251.18
7 118162.30 118 163.54 120269.34 10 116162.11 116683.24 116828.71 118289.21
8 118192.39  118193.58 120 298.24 11  116184.98
9 12 116203.19 116706.45 116862.24 118376.22 118731.97
10 118 265.07 13
1 118 309.30 14 116 889.54 118 834.58
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TABLE IX. Molecular parameters of the unassigned states along with theTABLE XI. The molecular parameters of the interacting staggsand g5 .
parameters of the ground state and the first excited statg of Ml values All values are in cm.

are in cm' 1,
System v B D (109 H bt
System v B D (10°%) Q X ; ;
Heterogeneous interaction assumed

a 114617.3012) 1.1768)  0.479) 0.13
B1 115521.1421)  1.654) 1.31.2) 163 B, 117 389.0824) 2.1296) 0.493) 0.3638)
al 116 033.6016)  0.75Q3) 1.135) 0.5453) 2.28 B 117 408.28) 1.8491) 0.3638)
as 116234.216) 1.7792) —0.5514) 48.07 x?=0.36
at 118 080.5010) 1.8962) 0.10
ag 118438.2910) 1.8861) 0.84 Homogeneous interaction assumed

118 985.8 1.9563 -0.0373)  0.46
Pa &) 3 3 B 117 389.5926) 2.1306) 0.483) 3.137)

States of the §l ion B 117 407.709) 1.8471) 3.137)
x?=0.36
X2y
v=0 0.00 1.922 0.0057 o . .
b1 2174.75 1903 0.0058 parameter was set@=0 in the case that the adding of this
v=2 4316.98 1.884 0.0058 parameter did not result in a lowering of tb}é.
v=3 6426.46 1.865 0.0060 From the intermediate, 'S | state, both valence states
AL and Rydberg states can be probed. In the former case, an
! electron is excited from a bonding orbital to an antibonding

v=0 9016.00 1.735 0.0056 orbital, resulting in an increase of the internuclear distance,
v=1l 10889.45 1716 0.0057 whereas in the latter case, an electron is excited to an orbital
v=2 12732.83 1.697 0.0056 i which it : nificantly | il ¢ h
b=3 1454617 1678 in which it experiences significantly less influence from the

nuclei than the other electrons, and the nuclear distance will
resemble the distance of an ionic state. As the molecular
constants depend on the internuclear distance, these can be
used to interpret the character of the observed states. In a
Rydberg series, the Rydberg electron occupies orbitals with
increasing principal quantum numbers, and finally the series
converges to an ionic state. It is therefore to be expected that
the molecular constants of such a series also converge to the
constants of the ionic state. In Table IX the constants of the
ground state and the first excited state of the molecular

tion with all'[g state. The levels which could not be identi-
fied as vibrational levels of known states, are labeled;dn
the case of & state with the index as an arbitrary label,
numbering the states from low to high energies. Thetates
are calledB;. A t superscript is added if the assignment is
tentative.

The rotational level energies of the unperturedtates

fitted to the following formula: ion*>~*8 are listed.
are THea o The ToTOWIng Tormia: Based on the rotation& parameter, a first crude assign-
E=v+BJ(J+1)—DJ?J+1)2 (1) ment can be made on the character of the excited state. It

seems that state8;, o, ag, and B, belong to Rydberg
series converging to the electronic ground state of tge N
ion. Bandsa}, 81, a5, a4, as, andag have relative small
Ee=v+(B+Q)J(J+1)—DJ*(J+1)? rotational B parameters, indicating that the internuclear dis-
_ 2 tance must be relatively large corresponding to valence
Ej=v+BJ(J+1)-DI(I+1)% ? states. Bandys, with B=1.775 cm %, is just between the
The results from least-squares fits of the data to these equaalues of the rotational constant of the ground state and the
tions are listed in Tables IX-XI. The centrifugal distortion first excited state of §I. However, it seems that the rota-
tional structure is distorted sind@<<0, which is unphysical,
and xy?> 1. If the perturbation is correctly accounted for, the
TABLE X. Molecular parameters of the assigned vibrational levels. All deperturbed value of the rotation@lparameter will some-
values are in cm. what change and might resemble the values of one of t;he N
states. FinallyB=2.129 cm® of systemp}, exceeds any

In the case ofll statesA doubling will occur and the rota-
tional level energies are fitted to the set of equations

v v B D (10°79) Q X’ value in N, and N; , indicating that also this state is per-
x13 g turbed.
2 116907.9816) 1.6952) 0.22 The values for the centrifugal distortion parameeras
y I, obtained from the fits, are unphysically large in many cases,
which is indicative for weak or strong perturbations. The
2 117661.3%)  1.6931) —0.0231) 113 |atter is certainly the case in system with D<0.
3 119372.46)  1.6691) -0.0161) 0.80

Another approach to assign the observed states, is to
k', extrapolate the vibrational progression of known singket
> 11805635 193411 03416  —00204) 0.40 ad_estates. Thelonly two statef suitable for such anlextrapo-
120163.80) 1.90811) 03416 -00175 216  lation are they *Ilg, and thek “lI, states. Both the "Il
anda” 'Y states have vibrational levels in the energy re-

w
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gion investigated in this experiment, but these are far above 116000 Y

the known levels, and extrapolation becomes insecure. The
x12g_ andzlAg states are in principle not accessible from I “ﬂ\
the intermediate; ' | . This leaves only thg andk states 115980 A

for a vibronic extrapolation.

The deperturbed band origins of thg state are
114073.34 cm* (v=0),*°115905.33 cm* (v=1)* and
117661.39 cm?! (v=2) (this pape). From this it is esti-
mated, via a fit to a second order polynomial function, that
the band origin ofv =3 is at~119341 cm®. At 119372
cm ' a 'll, state is observe(see Table X Moreover, the 115940
value of B=1.669 cmi! of this level coincides withB
=1.678 cm ', the value ofA %Il (v=3) state of the Bl 3
ion. This strongly suggests this band probes yHél, (v
=3) state. T —T) —

Thek state belongs to a Rydberg series converging to the U
ground state of the Nion. The vibrational spacings of the
ionic state can be used to estimate the vibrational level erf!G. 6. The avoided crossing between systgsh(filled markers and 53
ergies of thek state. To validate this procedure, the spacingiﬁgﬁgvga:r‘]‘:g; ;'ea”y seen. For clarity 1:8)(J+1) is subtracted from
betweenv =0 andv=1 of these two states are compared.

The two known deperturbed band origins of thetate are

113723.58 cm® (v=0)* and 115905.71 cm (v=1),""  seems to be two interactirig states. However, if one of the
and therefore the spacing equals 2181.13 tnwhich is g is all state, the other state may be\astate that gains
0'1|y slightly more than g\e spacing in the ground state ofyansition strength from the interaction. The line strengths of
N5 , being 2174.75 cm'.* The spacings in the ground state poty systems are equally strong around the interactibn (
of N, of subsequent vibrational levels are, respectively,— 8), but is smaller for systens}, for the other values od.
2142.23 cm* and 2109.22 cm".* This leads to estimated Thjs indeed indicates that the interaction strength to system
band origins of 118048 cnt for v=2 and 120157 cm' B is gained by the mixing with systerl,. Therefore sys-
for v =3 of thek state. At 118056 cm" and 120164 cm® g gUis identified as 4l state, but systersl, may be either
two bands are observedee Table X The rotationaB pa- 47 state orA state. In Table XI the molecular constants are
rameters are comparable with the corresponding values Gisteq for both possibilities: a homogeneous interaction and a
the ground state of N. These bands are therefore assignecheterogeneous interaction. For both cagés 0.36, hamper-
to probe thev=2 andv =3 vibrational levels of thé'II, ing a positive assignment for systgsj. It should be noted,
state. ) _ . that not only the assignment @, as aA state explains the
Some_mteracnons have bgen taken _expll_c:ltly_ INto aCqntensity behavior of the band, but alsolh with a low
count. As is clear from the avoided crossings in Fig. 5 SeVgranck—Condon factor in the transition from the intermediate
eral states undergo a mutual interaction. The energies agaie c,, would result in a similar intensity pattern. It is

115960

Energy-1.8 JUJ+1) (em™)

fitted to the eigenvalues of the matrix, for evely peculiar, that in neither band a transitione=1 could be
E,n, H observedsee Fig. 6, which is the lowesf supported by &l
( ) V=gV, (3) state.
H EIow

In Fig. 4 it is shown that thé transitions in the bands

in which E,, andE,,,, are the unperturbed level energies of g,—c, and83—c, are systematically weaker than tQetran-

the upper and lower energy levels, respectivélyis the  sitions, and these transitions are in turn less intense than the
interaction parameter and is a constant when the two inteiR transitions. As this effect is not observed in the other band

acting states have the same symmetry propettiesnoge- systems, it cannot be ascribed to polarization effects of the
neous interactionand is dependent od when they differ several laser beams. Furthermore, in that case it would be

(heterogeneous interactipn expected that the effect is more strongly present for lower
values of]J, than high values. This seems, however, not to be
Hoe yJ(J+1), @) the case; even fal=12 this tendency is observed. In prin-
in the case of an interaction betweert% and a'Il state, ciple such intensity pattern could be a result of interfering
and matrix elements in the excitation of coupled states. The per-
e turbing systemg,—B5 cannot be interpreted as an isolated
HeyI(I+1) =2, ®) two-level perturbation problem. The unphysical value for the
when the interaction is between'H and a’A state. rotational constant of3, suggests that an additional unob-

In the case of the interacting systeg@sand 85 it is not  served state perturbs the system.
clear whether a homogeneous or heterogeneous interaction In Ref. 40 a perturbation was observed in the level en-
should be taken into account. Of both syste<Q, andR  ergies of thele) component of the lHg (v=1) andklﬂgJ
transitions are observed, as can be seen in Fig. 4, indicating = 1) states. It was stated that the perturber has to bé a
that the states cannot e states. The only other possibility state since the rotational progression of (hecomponent is
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117440 TABLE XII. The molecular parameters of the interacting statgs as, and
i . B, ng af . All values are in cm?. To identify the symmetry ok, a heteroge-
neous interaction witlws and e and a homogeneous interaction are taken
117430 — . into account.
o~ L 3
E 1 . System v B Hatas Halal Hagal
g . B, Heterogeneous interaction betweeh and as/al assumed
S r o o ° '
n 7ato b o ©° ° o © ° o 116 614.397)  0.8841) 1.772) 6.151)
Fel
2 00 ® . as 116 707.207)  1.4081) 1.772) 31.616)
i r . a 116 818.618) 1.7011) 6.151) 31.616)
2_
117400 |- ° x?=23.37
L )
r Homogeneous interaction betweeh and as/af assumed
n7eole 1w I . . . . .
0 5 10 15 ay 116 642.7660) 0.4693) 42.6522) 0.3926)
J as 116 680.2756) 1.5794) 42.6522) 36.219)
a 116 817.5615) 0.3962) 0.3826) 36.279)
FIG. 7. The circles correspond to tkél’[g (v=1) state and the squares to ¥?=6.70

the perturber; the, '3 state. Of thek state, both thée) (black circles

and the(f) componentiopen circleg are depicted. The rotational progres-
sion of thef component is without irregularities, indicating that the perturb-
ing state must be d‘ng+ symmetry. From the levels around the crossing, it

is estimated that the interaction parameter of this heterogeneous interacti(man in ,\g It seems therefore. that alsd. and « repel
H=0.3 cnT . The overall deviation from a straight line is due the interac- ' ' 4 5

tion with they 1Hg v=1 state. Furthermore, the increasing energy differ- ?aCh cher' Th_e aVOIded_ crct)s_smg betwe@,randag C_an be

ence between thee) and(f) component, originates from doubling. investigated without takingr, into account, by leaving the
low rotational levels ofws out of the analysis. Though it is
certain thatas is 'S state[ P(1) has been observidyg

not distorted. From Fig. 7 it is clear that, causes an anti- can still be eithei‘EJ or lHg and hence, this interaction can

crossing betweed=11 and 12. The level energies of this Still be homogeneous or heterogeneous. On the basis of the

state are determined up =12 and therefore on|y the in- flttlng pl’OCGdUFES in which either of the interactions is incor-

teraction parameter with thk state can be estimated. By porated, itis deduced that it is more probable that alsathe

applying Eq.(3) to the highest observed rotational levels, State is a2 state. Finally, to deduce the symmetry of the

this parameter of the heterogeneous interaction is found to be} state, all three bands have to be analyzed simultaneously.

H=0.3 cn L. The energy levels of the three states are fitted to the eigen-
From Fig. 8 it is clear that another system of interactingvalues of the X 3 matrix,

states has bee'n obseryed; staiés.ag,, and o undergo a Es  Hy. Hyu

mutual interaction. At first glance it seems that the avoided 4 478 476

crossing betweems and ag is the only perturbation to be Haias Es Hasag P =EV. (6)

accounted for, yet the level energies of the low rotational
levels of a5 are higher than expected. Furthermore, in band

t _ —3 —1. H H
g D=1.1x10"" cm=; three orders of magnitude higher | the case that, is a's state, all interactions are homo-

geneous and all interaction parameters armdependent.
Alternatively, in the case that}, is a'll, state, the interac-
tions betweenry and the two other states are homogeneous,
L andHaZa5 andHaE‘aE3 depend onJ as in Eq.(4). The results

5 %, of both analyses are listed in Table XIl. Note that the char-
acter of the interaction between; and a has been set to a
- o o ° homogeneous one on beforehand, but the value has been
Lol TS determined by fitting to Eq(6). The assignment of2, is
o : more favorable thahll, asx?=6.70 in the case of a homo-
. geneous interaction ang?=23.37 if a heterogeneous inter-
o action is assumed, but since in both cagés 1, the assign-
ment is still tentative.
| ozt The emphasis in this study was laid on the spectroscopy,
e x x " rather than intramolecular dynamics. Though linewidths of

1166005~ 10 is <0.10 cm'! (laser linewidth are feasible, as demonstrated

7 in the detail study of Ref. 40, the lines are usually intensity

FIG. 8. The avoided crossing between systemd(filled marker$ and a bro_adenEd' AS- the acc_uracy of -the calibration #@20

= . . ¢ cm !, no special attention was given to produce minimal
(open markersis clearly seen, but also the repulsmncdj (crossed mark- ; ! ) A .
ers and as of low J. For clarity 0.4< J(J+ 1) is subtracted from the level lIN€widths. This might have concealed broadening effects
energies. which could have been ascribed to fast dynamical processes.

Htt H t E t
0(4116 C(G

C(slle

117000

116900 —

Energy - 04 J(/+1) (cm™)

1167009*
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