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Since its initial detection in 1980, there have been 17 laboratory studies of therelred spectrum, reporting 895 transitions
from a variety of fundamental, overtone, combination, and hot bands. The results of these two decades of labor, however, are
difficult to utilize. There is no comprehensive list of the observgdidnsitions, and the literature contains errors in frequency
measurement and assignment due to the inherent difficulty of the measurements and the complexity of the spectrum. This pape
resolves these problems while assembling all of the data into a single source. We have reviewed all reported transjtions of H
for reliability in frequency measurement and have reassigned them based on a comparison with recent theoretical calculations.
We have also developed a complete labeling scheme for all energy levels below 90H0uich alleviates the confusion
in assigning H transitions that results from the difficulty of labeling the rovibrational energy levels of a molecule with such
strong mixing. Our comprehensive linelist was then used to produce a set of 526 experimentally determined energy levels,
which facilitates direct comparison with theoretical calculations and prediction of the “forbidden” pure rotation spectrum
of H»:f © 2001 Elsevier Science

I. INTRODUCTION achieved resolving powers of R 75000 (corresponding to a
N ) _ i ) o resolution 0f~0.03 cnT ! at4,.m). Soon, this resolution may ap-
H; plays important roles in many fields)( including inter- - proach the precision of the existing laboratory data, and the ak
stellar chemistry, the study of planetary ionosopheres, and thig-f astronomers to accurately measure Doppler shifts (whic
oretical calculation of_rowbratlonal+energy levels of polyatomig,easure the velocities of molecular clouds and the motions
molecules. The detailed study of;Hn these fields has only p|anetary ionospheres) will be impeded. On the computation
been possible because of the observation of infrared transitiQfie ap initio calculations have produced highly accurate po
+ . . 1
of Hy in laboratory discharges. tential energy surfaces forjHvhich take into account adiabatic
Thf laboratory detectior?) of the fundamental bang <- 0 g nonadiabatic corrections to the Born—-Oppenheimer appre
of Hy opened the door to the detailed study gfid astronom-  jmation, as well as relativistic corrections2-14. Variational
ical sources. In dense interstellar clouds, spectra pfflve  caicylations of energy levels using these potentials are said
not only confirmed the general picture of ion-neutral chemistiy,ye an accuracy of a few hundredths of a wavenuntBr (
but also allowed measurement of the physical conditions in tfigreasingly accurate laboratory frequencies (as well as reliat
clouds @, 4. In diffuse clouds, Fsli has been observed)(t0  assignments of spectral lines) are essential to evaluate the quz
be far more abundant than predicted by chemical models. it the newest theoretical calculations.
has also been observed in emission from several planetar){ ioNo, order to provide transition frequencies of Ho theorists
spheres&-9) and has been used to image the plasma activity 9§ astronomers, 17 laboratory spectroscopic stugids(3)
the Jovian ionosphera Q). o have been performed over the past two decades, resulting in
Continued lab work on other vibrational bands of Has  ohservation of over 800 different transitions. These experimer
allowed a detailed comparison with theoretical predictions gfe probed a wide range of rotational and vibrational states
rovibrational energy levels from variational calculations. Thgsth emission and absorption using several different experime
variational approach is particularly well suited tq lecause 5)techniques. The job ofthe laboratory spectroscopists has b
this simple system (consisting of only three protons and ™yitficult one—many of the observations have been performe
electons) is amenable to detailed calculations. _ at the limits of sensitivity, making frequency measurements di
Both astronomical spectroscopy and theoretical calculatiofs|t, The assignment of Hitransitions also poses a formidable
of Hy have advancedtothe pointwhere the quality of the existigsi due to strong mixing between rovibrational levels. Despi
laboratory database may soon hinder their progress. The stategod-hest efforts of the spectroscopists, the literature still contai
the-artinfrared spectrometers on large telescopBsh@ve now grrors in frequencies as well as assignments.

Supplementary data for this article are available on IDEAL (http://www. Because the precision of theoretical and astronomical wo

idealibrary.com) and as part of the Ohio State University Molecular Spet§ @pproaching that of the laboratory work, it is now importa}n
troscopy Archives (http://msa.lib.ohio-state.edu/johgehtm). to correct these problems and produce a convenient and relia
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COMPREHENSIVE H SPECTROSCOPY 61

collection of the laboratory data. In this work, we have reasloes not depend on the sign@fG = |g| is usually usedG is
signed all of the observed transitions, scrutinized the frequereyeasonably good quantum number at low energies.
measurements, and compiled a comprehensive list of transitions.

Using this linelist, we have also calculated a set of experimelh-1.2. Symmetry Restrictions and Energy Level Structure
taII_y determ_in_ed energylevelsf_ordirect com_parison with trleory. The Pauli principle requires the total wavefunction to be ar
This paper is intended to provide a convenient summaryzof q

laboratory spectroscopy and replaces the outdated lists of g’ mmetric with respect to (12) permutation of any two pro
et al. (32), Majewskiet al. (27), and Dinelliet al. (33). s and symmetric upon cyclic permutation (123) of all thre

protons (i.e., the total wavefunction must belong to the

representation). This requirement imposes a relationship &

tween the nuclear spin modification and the quantum numb

G:whenl = 3/2,0onlyG = 3nlevels (and wheh = 1/2, only

G = 3n =+ 1levels) have the proper symmetry. Additionally, cer
The quantum numbers, symmetry restrictions, energy lexaln G = 0 levels (most notabl\d = even andG = 0 in the

structure, and selection rules for?,jl—have been discussed inground vibrational state) do not satisfy the symmetry requir

detail elsewhere34, 35. Here we provide a brief discussionment and therefore do not exist.

of the basic concepts needed to understand the rovibrationarhe energy level structure of{Hs similar to that of a normal

II. BACKGROUND

I1.1. Theoretical Background

spectroscopy of the ground electronic state gf H oblate symmetric top (when plotted versGsrather thank)
except that certain levels come in pairs. These pairs are due
II.1.1. Quantum Numbers the two ways of forming the sant@ with different values ok

The total angular momentunfj and the parity £) are the and¢. Energy level diagrams for the ground and= 2, £ = 2
only completely rigorous quantum numbers of any molecule, ¥#rational states are plotted in Fig. 1.
a consequence of the isotropy and inversion symmetry of free ]
space. For K, the total angular momentufis the vector sum !l-1.3. Selection Rules

of the total nuclear spin angular momentdnand the angular  \ve first consider the electric dipole selection rules for th
momentum associated with the motion of the nudlei3 con- good quantum numbers, J, and+. Because the dipole op-
tains three spin 2 protons, sd is either }2 (referred to as erator,; does not operate on the nuclear spin wavefunction
para) or 3/2 (ortho). Because the interaction between the niyhe nuclear spin must not change during a radiative transitio
clear spin and nuclear motion is extremely webland J can  and thus the selection rule foris Al = 0. The total angular
be considered good quantum numbers, along with momentunF must obey the “triangle rule” for angular momen-
In addition to these good quantum numbers, there are sevef@h addition [asy"is a tensor of rank one and transforms a
approximately good quantum numbers which help us undgfe spherical harmonicé o andY; +; (38)], and thusAF = 0
stand the behavior of Hat low energies. These includgand oy +1, and 04> 0. SinceAl = 0, the “triangle rule” also ap-
vz, Which specify the number of quanta in theandv; vibra- - pliestoJ: AJ = 0 or+1, and 04> 0. The selection rule for the
tional modes, as well as the vibrational angular momentumparity can be obtained by considering that the matrix elemer
(associated with the degeneragamode), which takes values of of the dipole operator{y | ii|¥i), must be totally symmetric.
V2, V2 = 2,..., —v2+ 2, 0r—vy. Sincei changes sign with the inversion operatign§ —f),
For most molecules, the projection dfonto the molecular the parity of the initial and final wavefunctions must be differen
symmetry axisK) is a good quantum number. Injtihowever, (+ < -).
there is near degeneracy for levels with the sakne ¢ asa ~ The selection rule forg can be found by examining the

result of the form of the Coriolis interaction and the values @ymmetry of the Wavefunction§4) with respect to the Cyc”c
the B and C rotational constants.These levels mix strongly permutation (123):

by thel-resonance term, and it becomes useful to define a new
guantum numbeg = k — ¢ (37), which can be thought of as
the portion of the projection af onto the molecular axis that is

due to the rotation of the molecular frame. Because the ener . L . . . i
C%mblmng this with the required invariance of the transitiot

dipole moment matrix elements with respect to (123), we s¢

1 This near degeneracy is evident from the first three terms in the rotatiohiat
energy expressioif,; ~ BJ(J + 1) + (C — B) k? — 2C¢k¢. Consider the lev-

(123) 13, k, €) = e3 9|3 k, ¢). [1]

els|J, k,¢) =13, g+ ¢, ¢) and|J, g — ¢, —£). In this approximation, the en- P gt A L g
ergy separation between these levelsgé(€ — B — ¢ C), which is nearly zero (123)<‘] K] 37, K7 27)
~ i — 2°i (1 g (k! —p' A~
becauseB ~ 2C (due to the planarity of the molecule) agd= —1 (for the —e5 {(K"—¢")—(K z)}u/’ K, £/|M|J”’ K’ E”) 2]

triatomic equilateral triangle3g)). Because these levels have the same symme-
try and a small energy difference, they will be strongly mixed (the mixing is o ] .
particularly strong fof¢| = 1 due to the-resonance term(g? J2 + g2 J2)/4).  which is only invariant whem\g = (k" — £”) — (K’ — £’) = 3n.
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FIG.1. Energy level diagrams ofyfor the ground vibrational state (top two plots) and the= 2, ¢ = 2 vibrational state (lower plots). (Dotted lines connect
levels with the samd.) On the two left plots, Watson'’s calculated energy levels are plotted against the expectation v@lsseSection IIl.1 for comments on
this calculation). On the right plots, the same energy levels are plotted versus our assigned v@lygesénted in Table 3. Before being relabeled, the levels i
the ground state look much like a classic oblate symmetric top with a small distort®ratrhigher energy. The excited vibrational states are highly perturbe
and this mixing is the reason for many of the mislabeled transitions the literature. Or@eviliees are assigned, the energy level diagram looks relatively we
behaved. Similar figures for every vibrational state below 9000%cane available online39).

The possible selection rules fiothe projection of)) can be down due to mixing, butAk = odd is maintained because it
derived from the “triangle rule” to beok = 0 or +1. Because is based on the parity, which is a rigorously good quantul
the parity is linked td by the symmetry of the wavefunctionsnumber.

(34) with respect to the inversiorE() operation Finally, we consider the selection rules (which are only af
i ‘ proximate) for the vibrational quantum numbers. Thenor-
E*J, k, £) = (-1)°1J,k, £) [38]  mal mode is totally symmetric and therefore has the selectic

rule? Avy = 0. For the symmetry-allowed, mode, the selec-

tion rule Av, = 1 holds in the approximation of using har-

monic oscillator wavefunctions and only the first order tern

in the Taylor series expansion ¢f. Because the K poten-

, P , , ” p tial and dipole operator are very anharmonic, this is a pot

Ag=g -0 =K -£)— (K - ) =ak- Al approximation, and transitions withv, > 1 have reasonable
Al = Ak — Ag = (£1) — (£3n) [4] intensity.

AL #£3n.

and because the parity selection rule-is> —, Ak must be odd,
restricting its selection rule tak = +1.
The selection rule fot depends on those gfandk:

i ) 2The selection rule\vy = 0 requires some qualification. The bamd<« 0
For transitions withA¢ = +1 (e.g., theAv, = 1 fundamental has the vibrational symmetnjyy < A, which is forbidden, but can become

and hot bandsy;g must be 0, and for transitions with¢ = 42  allowed via the rotation—vibration interaction. Bands suchias v, < v, are
(sz — 2 overtone bands);g must bet3 qualitatively different in that they have vibrational symmegy<« E, which

. : . is allowed through a vibrational interaction alorg); All of these bands are
It should bg kept in mind that the selection rules gork, very weak because the change in the dipole moment is small upon excitatior
and¢ are not rigorous, because these quantum numbers are@fy symmetric mode, but; < 0 is by far the weakest, since it relies on an

rigorous. For example, thAk = +1 selection rule can break accidental degeneracy for the rotation—vibration interaction to be effective.
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(see 40) for a recent review). These works were considered |
our analysis and in this section we briefly summarize each |
them (see Table 1). It should be noted that the predissociati
spectrum of H has also been measured in the laboratday-(

Tg 3 43) and is the subject of a recent revied4). This subject,
e g - however, lies outside the scope of this paper.
T - The infrared spectrum of Hwas initially sought after by
%D ¢ _r; . 3 Herzberg in the mid 1960s when it became clear thiatlid not
Bog g - possess a stable excited electronic staf. (In the course of
53 F this work he observed a group of emission lines near 3606-cm
3 . in hydrogen hollow-cathode discharges. These were eventue
e L L L B NS L identified by Watson as emission lines of neutrg) Which are
0 1 2 3 4 5 produced in excited states after dissociative recombinatiog of -

Calculated expectation value of v, with electrons. It was not until 1980 that Ok#) bbserved in ab-

FIG. 2. Rovibrational energy of ﬁ plotted against the expectation valuesorptIon the first 15 Ilne_s of they fundamental of lg b_etween
of the approximate quantum number. Energies and expectation values (se€450 and 2950 cmt. His success was made possible by th
Section 111.1 for comments on this calcluation) are from the calculations gfevelopment of the broadly tunable difference frequency (DF
Watson 27, 54. The solid line is drawn at the barrier to linearity. This F"Otspectrometer by Pin@fﬁ) and the use of the Iong positive col-

shows that at lower energies; describes the system quite well, but at highe . -

energies, the amount of mixing increases to the point where the value of t"{'rann dlsfharge by WOOng' In hls search he Scann.ed rothIy
approximate quantum number has little meaning. 500 cm-,a feat only possible with the DF Ias.,er'. Toincrease th
sensitivity, he frequency modulated the radiation and achievt

I1.1.4. Effects of Mixing a signal-to-noise ratio of 30 for the strongest Hlines. In the

. first studies, a liquid-nitrogen-cooled positive column discharg
Levels with the same good quantum numbersi, and+] a5 used to producefHn a pure hydrogen discharge.

can mix with one another. The strength of the mixingis inversely |, ine year that followed, Okd.g) was able to extend his ob-
proportional to the energy separation between the two Unmixgghyaions to highei levels (to a total of 30 lines) by studying
levels, so that strong mixing is increasingly common at highgr\\armer. ice-cooled discharge. By 1984, the frequency co
energies where the levels tend to be more closely spaced. WRgthe was expanded by making adjustments to the DF la:
mixing occurs, the energy levels are shifted from the oblate sy@ y ysing diode lasers. Two major advances in sensitivi
metric top energy pattern and the approximate quantum nUMbg(S, o ccyred. It was found that modulating the discharge curre
break down. The mixed states can no longer be described by $8ncentration modulatiort8)) or applying an AC field across
gleintegral values aj, vy, vz, andc, butcan be described by theiry ositive column discharge (velocity modulatiat)) could
expectation values, which are linear combinations of the qualihstantially improve the sensitivity. The combination of thes
tum numbers of the unmixed values. The extent of the miXinghrovements enabled Watson, Oka, and co-worKefsté ob-

can be visualized by plotting the energy versus the expectatiQllye an additional 16, < 0 transitions, bringing the total up
values of the quantum numbers (see Figs. 1 and 2). When {he5

energy levels are notsignificgntly mixed,.the expectation valuesy | of the observed lines up to this point were from levels
of their quantum numbers will be nearly integral. with J < 5, and it was expected that large perturbations woul

The selection rules for mixed levels incorporate the szelegécur at higherJ between thev; and v, states. With this in
tion rules of each of the levels involved in the mixing. A COnging, Majewskiet al.(18) in Ottawa constructed a high-pressure
sequence of this mixing is the appearance of additional linesy{g|ow-cathode discharge coupled to a Fourier transform i
the spectrum—forbidden transitions effectively borrow intensity, .4 (FTIR) spectrometer to observe the emission Dfik
from allowed ones. One ex'a}mple of Fhese forbidden trapsitiogshydrogen discharge. With an ingeniously designed hollov
is the pure rotatlona_l _transmons, which obey the selection r“é%thode discharge and a pressure discrimination method, t
At = 0.These transitions are weak, but should be observable @pnique turned out to be very effective, nearly tripling th
perimentally (see Section IV.1). Each transition’s intensity Wil , mber of observed lines and probing levels upJto= 10.
depend on the magnitude of mixing, and must be treated oy perturbations were indeed observed, and they provide
line by line basis. The topic of rovibrational level mixing and th@ e,y test for theoretical calculations. Many additional emissio
breakdown of the approximate quantum numbers is discus§ggyres were recorded aroundin. At the time, the authors
further in Section I11.1. could not rule out the possibility that the;2m lines were due
to Rydberg H or Hs neutral transitions, and consequently the
lines were not reported.

Many infrared absorption and emission studies gf irave In 1987 Traftonet al. (6) and in 1988 Drossart al. (7)
been performed in the laboratory over the past two decadestaombled upon a rich set of unidentified emission features
characterize the rovibrational spectrum and energy level§of 12 .m while observing K emission in Jupiter. This prompted

I1.2. Previous Laboratory Work

© 2001 Elsevier Science



TABLE 1

Summary of the Laboratory Spectroscopic Studies of H;r

Label

Technidue

Reference

Oka80
Oka81

Wat84

Maj87

Maj89
Nak90

Baw90

Xu90
Lee9l

Xu92

Ven94
Uy94

Majo4

McK98

Joo00

McCO00

Lin01

cnrt Observed Assignment
2450-2950 15 lines vy <0
2450-3030 30 lines v <0
(15 new)
2210-3030 46 lines vy <0
(16 new)
1800-3300 113 lines v <0
(67 new)

4500-5100 47 newlines 12— 0
2400-2800 12 re-measuredv, <0

2080-2950 14 new lines vy <0

70 new lines 22 <y
14 new lines 20 <
21 new lines v+ vy <1y
136 new lines unassigned
4550-6000 34 lines 220
(7 new)
6860—6900 4 new lines 310
2400-3300 9 new lines v <0
21 new lines V1 4+ Vo <o
30 new lines vy <0
13 new lines 22 <,
89 new lines unassigned
6800-7270 15 lines 31«0
(11 new)
2690-3580 75 lines v, <0
(37 new)
1800-2550 52 newlines v,—0
2900-5000 9 new lines -0
12 new lines v+ v —> g
31 new lines 22>,
16 new lines 20—,
2 new lines B
1 new line 33— 202

2450-2850 27 re-measured v, < 0

~1550 1 new line vy <0

7850-8170 28 newlines vy +2v3 <0
2 new lines 21+ v« 0
3000-4200 6 lines (5 new) v, <0
22 lines (10 new) v; <0
5lines (4new) 29« v,
76 lines (44 new) 22 < v,
4lines (3new) 22«
1 new line 20«
251lines (9 new) vi+ vy <y
14 lines (7 new) v+ vy«
2 new lines <y

1re-measured vy +2v2 < v+

3lines (2new) 85« 2v2
3lines (Lnew) 3] « 219

6 lines (5 new) unassigned

I-N2 cooled positive column,
DF laser, FM detection
1-N2 and ice-water cooled positive
column, DF laser, FM detection
I-N cooled positive column,
DF and diode lasers, VM and
CM detection
Water cooled, high-pressure
hollow cathode, FTIR emission,
and diode laser absorption
Water cooled, high-pressure
hollow cathode, FTIR emission
Water cooled hollow cathode,
FTIR absorption
1-N cooled positive column,
DF laser, VM detection

I-N2 cooled positive column,
DF laser, VM detection
I-N2 cooled positive column,

diode laser, VM detection
1-N2 cooled positive column,
DF laser, VM detection

I-N cooled positive column,
diode laser, VM detection

Water cooled positive column,
DF laser, VM detection

Water cooled, high-pressure
hollow cathode, FTIR emission

Refrig. methanol cooled hollow
cathode, FTIR absorption

I-N2 cooled positive column,
diode laser, VM detection

1-N cooled positive column,
diode laser, VM detection

I-N2 cooled positive column,
CCL, VM detection

T. Ok#hys. Rev. Letl5, 531-534 (1980).

T. OKahil. Trans. R. Soc. Lond. 303,543-549 (1981).

J. K. G. Watson, S. C. Foster, A. R. W. McKellar, P.

Bernath, T. Amano, F. S. Pan, M. W. Crofton, R. S. Altma
and T. Ok& an. J. Phys62,1875-1885 (1984).
W. A. Majewski, M. D. Marshall, A. R. W. McKellar,
J. W. C. Johns, and J. K. G. Wakshhlol. Spectrosc.
122,341-355 (1987).
W. A. Majewski, P. A. Feldman, J. K. G. Watson, S. Miller, a
and J. Tennysastrophys. J347,L51-L54 (1989).
T. Nakanaga, F. Ito, K. Sugawara, H. Takeo, and
C. Matsumur&hem. Phys. Letfl69,269-273 (1990).
M. G. Bawendi, B. D. Rehfuss, and T. Qk&€hem.
Phys.93,6200-6209 (1990).

L.-W. Xu, C. M. Gabrys, and T. OkaChem. Phy93,
6210-6215 (1990).

S. S. Lee, B. F. Ventrudo, D. T. Cassidy, T. Oka, S. Miller,
J. TennysdnMol. Spectroscl45,222-224 (1991).

L.-W. Xu, M. &5slein, C. M. Gabrys, and T. Oka,

J. Mol. Spectroscl53,726-737 (1992).

B. F. Ventrudo, D. T. Cassidy, Z. Y. Guo, S. Joo, S. S. Lee,
and T. OBaChem. Physl00,6263-6266 (1994).
D. Uy, C. M. Gabrys, M.-F. Jagod, and T. @kahem.
Phys100,6267-6274 (1994).
W. A. Majewski, A. R. W. McKellar, D. Sadoyakid
J. K. G. Wats@an. J. Phys72,1016-1027 (1994).

A. R. W. McKellar and J. K. G. WatsbrMol.

Spectroscl91,215-217 (1998).

S. Joo, Fukfiemann, M.-F. Jagod, and T. Oka,

The Royal Society Discussion Meeting on Astronomy,

Physics and Chemistry of;H London, February 9—10 (2000)

(poster).

B. J. McCall and T. OkaChem. Physl13,3104-3110
(2000).

C. M. Lindsay, R. M. Rade, Jr., and T. Qk&ol.

Spectrosc210,51-59 (2001).

a Abbreviations used in this column are defined as follows: £Mrequency modulation; VM= velocity modulation; DF= difference frequency;

CM = concentration modulation; CCE& color center laser.

 Region was not scanned continuously.
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the Ottawa group to revisit the 2m lines observed with the  No new data were reported until the year 2000 when McCe
FTIR emission apparatus, and after a month, Watson assigaed Oka 80) recorded lines from the; + 2v2 < 0 and 2 +
many of the FTIR and Jovian features to the 2— 0 band of v, < 0 combination bands using an external cavity diode las
H3. The new-found confidence in these assignments was baaed the velocity modulation/positive column discharge tect
upon the latestb initio calculations of Miller and TennysoB@) nique. Thirty lines were observed from these two bands, probit
as well as the yet-to-be published work on thg 2— v, hot the highest vibrational states observed to date.
band by Bawendgt al.in Chicago (see below). Once assigned, Most recently, Lindsay and co-worke&l) used a computer-
47 lines of the 22 <— 0 band were reported from the FTIRcontrolled color center laser (CCL) spectrometer to contint
studies 19). ously scan K from 3000-4200 cm!. The improved sensitivity
Quite apart from the work in Chicago and Ottawa, Nakana@d their spectrometer and the hottest discharge to date enab
and co-workers in 1990 successfully performed the first FT#Rem to study very high rovibrational levels. A total of 96 new
absorptionspectroscopy of molecular ions, including 12 fundaransitions were observed from a variety of hot, overtone, fund
mental transitions of £ (20). While all of these lines had beenmental, and forbidden bands—some probing rovibrational leve
observed initially 9 years earlier, this work represented the fiiistthe vicinity of the barrier to linearity.
accurate measurement of the relative absorption intensities. A total of 895 unique transitions of Hhave been reported
After several years of refining their technique of DFoverthe past21 years, probing every vibrational state below t
laser/velocity modulation spectroscopy of carbocati®iydnd barrier to linearity (exceptid and 4,). Many of these transi-
introducing the helium-dominated positive column discharggpns have been recorded multiple times by multiple techniqu
the Chicago group revisited{Hwith a tremendous increase inwith multiple sensitivities. This work was only possible with
sensitivity. The next 5 years brought seven experiments whishbstantial advancements to the sensitivity of the experimen
substantially increased the number of probed levels. Initiallghich improved dramatically over the last 21 years. It is inter
Bawendiet al. (21) observed lines of they# < vy, 2v) < vp,  esting to note that if the sensitivity of the latest studies wer
andv; + v, < v1 hotbands as well as 14 new fundamental linespplied to the transitions observed by Oka in 1980, the sign:
and 136 lines which they could not confidently assign. Shorttg-noise ratio would be 3000—6000—a two-orders-of-magnituc
after, Xuet al. (22) observed the iZ < 0 band, though they improvement over the initial spectrum!
only observed seven lines not covered in Majewski’s work. Two
years later, Xeet al. (24) reported the; < 0 andvy + v < v
forbidden bands, as well as more transitions fromthe- 0 and
205 < vy bands, and additional unassignable lines. Advances in, s section we explain our efforts to assign approximat
external cavity near infrared diode Iaser's enabled the scannlnq,g%mum numbers to every energy level below 9000 raval-
belextended to higher frequency allowing the second overtofigee the assignment and quality of every reported laboratc
3v; < 0, to be observed2B, 29. During this period a diode gpsorption and emission transition, and determine energy le
laser was also used to measure the lowest frequency line t0 dgietrom the experimental transitions. Most of the results
(thev, < 0 P(12 12) at 1546.901 cm'), though this was only tyis work are tabulated here in print, but an electronic ve

reported recentlyX9). Finally, Uy and co-workersX6) recorded gjon of the complete work (tables and figures) is availabl
an H; spectrum with a water-cooled cell and observed highhline @9).

excited rotational levels of the, fundamental, up td’ = 16.

With the large amount of experimental data made available . . . _
Watson 2, ZDgan d, indepen derr)nly, Dinelit al. (53) produced II1.1. Labeling of Rovibrational Levels below 9000 cm !
empirically fitted potentials which were used to calculate more Much of the confusion in “assigning” transitions in the liter-
accurate transition frequencies (see Section 4.2 for more detaiglre is based upon energy level labeling and not the actual
All of the experimental data available at the time, as well asgnment of the transitions. This distinction is important—mos
some newly measured FTIR emission lin2g)( were collected of the assignments (that is the identification of an observed tra
and included in these calculations. These calculations provedition based on a particular calculated transition between tv
be essential to understanding the unassigned lines in Bawenidiieels with a similar frequency and intensity) were correctl
and Xu’s (1992) data, which were assigned in subsequent papaegle, but there has been confusion in the naming of the tre
(27, 33. sition and energy levels which were involved in the transitior

Four years later, McKellar and Watson recorded a clean brod&kfore each transition can be labeled, every energy level must
band absorption spectrum offHwith an FTIR spectrometer. given a unique label. Below the barrier to linearity, the appro»
Their work was similar to that of Nakanagtal.8 years earlier, imate quantum numbelG, v, vo, and¢ are reasonably good
but achieved about a factor of 10 improvement in signal-to-noiaed can be used to label rovibrational energy levels. Many
ratio enabling them to observe 27 lines of thefundamental. these levels mix, and the resulting levels have character of t
This beautiful spectrum has been published in its entirety ino& more levels with different values of the approximate quar
letter 28). tum numbers. In most cases this mixing is not complete, ar

III. ANALYSIS AND RESULTS
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each mixed level can be labeled by the quantum numbers of the TABLE 2

dominant unmixed level. Heavily Mixed Rovibrational Levels of H below 9000 cm™!
Theoretical calculations of energy levels provide only the (Each Row Corresponds to a Set of Mixed Levels)

gquantum numbers', parity, and (in most cases)}—the assign- 1+ 20 (5.4) v+ 218 (5.2) b1+ 202 (5.2) b1+ 202 (5,21

ment of the approximate quantum numbers to each level mustgkl')z;e(&z) 3} (6,2 vy + 202 (6,3)

done manually. This task would be nearly impossible without t2e? (7,0) v1 + vz (7,3)

help of the expectation values calculated by Wat&af). Even vi+ vz (7.3u v1 (7,6)

with the expectation values, this task is not easy. One can appfe’. 2 (7.5) 23 (7'4); .
ciate the difficulty in applying labels by examining the energgé A )2) g;r(gzz()u’ M
dependence of various expectation values. In Fig. 2 the energl ., (s 5) v 8.8)

is plotted versus the expectation valuegfAt energies close to v, (9,2u v1 (9,5)
each band origin, the values @) are very close to integers. As2v5 (9.5) 203 (9,1)
the energy approaches 10 000 cnhowever, many levels have 23 (gé)” ‘g}j ;23(9’2)
expectation values in between the integer values, as a resulfrq oz5; v;"(l(ojzf
mixing. Likewise, we can look at the expectation valuessof 2,9 (10,2) 22 (10,4)
(Fig. 1). While well behaved in the ground vibrational state (tog + v, (11,9) 2v3 (11,6)
left), G becomes extremely mixed at higher vibrational states(12.6) v1(12,9)

(bottom left). By carefully considering the energy, the expecta-

tion values ofG, vy, v, and¢, and the values a3, |, and parity

of all of the levels simultaneously, it is possible to assign integraliggests a different vibrational state. Table 2 lists all of the bad
values ofG, vy, vp, ande for each energy level (Fig. 1 right, topmixed levels below 9000 cmi. Above 9000 cm?, the density
and bottom). We have produced energy level diagrams simitsfistates becomes quite large and severe mixing occurs for me
to those in Fig. 1 for all vibrational states below 9000¢mand levels withJ > 5. For these levels, it probably is not useful to as
these are available onlin89). Please note that these calculatedign approximate quantum numbers. It should still be possibl
expectation values are only approximate and were performiealvever, to label low) levels with approximate quantum num-
with the intention of forming a qualitative picture of the naturéers because their density of states is much lower and the mixi

of the energy levels5d). will be less complete. At very high energy, even the lb¥evels
The five quantum numbeds G, vy, v2, and?¢ are not sufficient  will mix and their approximate quantum numbers will eventu
to uniquely label each level. For levels with2 0 and § — ally fail. When this occurs, levels will have to be labeled by the

[£]) = G > 1there are two ways to form the sa@éor different  only good quantum numberd (I, +) and the energy-ordering
values ofk. Take as an example a level whére- 1 andJ = 2. indexn.

SinceG = |k — ¢|, bothk = 0 andk = 2 makeG = 1. These  The results of our energy level labeling scheme are liste
levels always differ in energy, and we have distinguished themTable 3. Every rovibrational level below 9000 chhas been
by assigning ad” and an ‘1" to the upper and lower energylabeled withd, G, v1, vz, £, and (where appropriata)rl. Afew
level, respectively30). In the earliest papers, these levels werevels have been labeled above 9000 &nsorresponding to the
designated by “I” or “II" 2, 16 or later with “4+" or “—". Also  upper states of some of the experimentally observed transitiol
used was th&J notation initially defined by Watsorn34) as We have related these labels to the quantum numbers usus
+1 for “u” levels and—1 for “I” levels of thev, vibrational used in the theoretical calculation$, I, parity, andn. Note
state. Later, Miller and TennysobB@) extended the notation to that our assignment afi, the index ordering levels with the
arbitraryv, by redefiningl = +|¢| for “u” andU = —|¢| for samelJd, |, and parity by energy, is not necessarily final. We
“I"” levels. We have abandoned these other notations due to Hasecdh on the ordering of the energy levels in the calculation
confusion with the value of the real quantum numbémnd of Watson. It is possible, though unlikely, that for very closely

parity. We instead use the symbdDj spaced energy levels, the ordering of these levels may change
more accurate calculations, thus changing the assigned value
(3, G){u | I} [5] n.Alsoincluded in this table are the experimentally determine

energy levels, which are the subject of Section I11.3.
to label individual rotational levels within the vibrational state, Our work is not the first attempt at labeling the energy level:
In 1994, Majewskiet al. (which we refer to as Maj94 for the
or vkl [6] remainder of the paper) labeled each of the experimentally d
termined levels available at the time. This list was later expandt
A small number of levels are so badly mixed that the assighy Dinelli et al.(Din97) (33) to include many of the levels below
ment of their approximate quantum numbers is almost arbitrag@00 cnt. The list of Din97 is not complete, however; 273 lev-
In some cases the expectation value of one quantum numélsrwere left unlabeled. Of the roughly 720 levels that our wor
suggests an assignment to one vibrational state, while anothed Din97 have in common, 79 levels differ in assignment. Te

¢
v1v1 + v2v|2 !
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TABLE 3
Energy Level Labels and Experimentally Determined Energy Levels
Q.N2  Ecqc Eexp® Label Q.N2 Ecaic® Eexp® Label Q.N2 Ecaic? Eexp’ LabeP
JI1Pn (cm?) (cm™1) Rot. Vib. J I Pn (cm?) (cm™1) Rot. Vib. J I Pn (cm™1) (cm™1) Rot.  Vib.
1p-1 64123 64.121(00) (1,1) O0F | 1 p—3 3240.678 3240.739(18) (1,1) 10 | 10 p—3 4348.219 4348.435(64) (10,1) DO
lo+1 86959  86.960(00) (1,00 0F | 4 p—3 3260.197 3260.219(07) (4,2) 01' | 8 p+4 4371.260 4371.318(09) (8,7) 01
2 p+1 169.296 169.295(04) (2,2) 0F | 1 o+2 3263.054 3263.145(16) (1,00 %0 6 p+7 4378.282 4378.380(10) (6,1u 01
2 p-1 237350 237.356(05) (2,1) 0F | 6 p+3 3269.582 3269.591(09) (6,7) OF | 6 p—7 4389.279 4389.287(09) (6,5) 90
30-1 315342 315.349(08) (3,3) 0F | 5 p+3 3300.113 3300.141(08) (55) Of | 5 p—8 4398.694 (5,2) 10
3 p+1 428009 428018(07) (32) 0F | 4 p+4 3326.091 3326.118(08) (4,1) 01' | 60— 4400.982 4401.056(10) (6,0) ot
3 p-1 494753 494.775(07) (3,1) 0F | 9 p+2 3335438 3335.559(19) (9,4) O0F | 50+4  4419.137 (5,0) 10
4 p+1 502.023 502.032(06) (4,4) 00 | 2 p+4 3343.086 3343.147(18) (2,2) 10 | 7 p—5 4420.158 4420.218(14) (7,4 01
30+1 516.867 516.873(07) (3,00 0F | 4 p—4 3351.353 3351.385(08) (42u O01' | 7 p+5 4431.609 4431.693(08) (7,5u 01
40-1 658698 658.720(06) (4,3) 0CF [11 p+1 3352.780 (11,10) 00| 13 0+1  4449.473 (13,12) G0
5p-1 728991 729.022(07) (55 0F | 5 p—3 3396.514 3396.519(09) (5,4) 01' | 7 p—6 4456.873 4456.867(09) (7,7) 10
4 p+2 768451 768.476(09) (4,2) 00 |12 o+1 3402.858 (12,12) 00| 14 p+1  4494.966 (14,14) G0
4 p-—1 833555 833.583(08) (41) O0F | 2 p—3 3409.771 3409.825(15) (2,1) 10 |10 p+5 4539.221 (10,11) 1
5 p+1 928943 928.965(10) (54) 0F | 4 p+5 3423.085 3423.125(08) (4,1u 01' [ 11 0+1  4544.240 4544.410(22) (11,6) DO
6041 995842 995.884(05) (6,6) OF | 4 0—2 3447.011 3447.031(09) (4,0) OF | 7 0+3 4562.728 4562.825(10) (7,3) 01
50—1 1080.453 1080.490(08) (5,3) 0F | 9 0—2 3460.941 3461.058(17) (9,3) 0 | 8 p+5 4567.212 4567.277(08) (8,7u  01*
5 p+2 1187.067 1187.115(10) (52) 0F |10 p—1 3484.646 3484.761(16) (10,7) 00 | 6 p+8 4575.977 4575.987(14) (6,4) 90
6 p—1 1238.409 1238.462(11) (6,5) 00 | 3 0—3 3485.258 3485.306(12) (3,3) 10 | 9 0+3  4605.661 4605.735(33) (9,9) ot
5 p—2 1250.267 1250.313(10) (5,1) 0 | 5 p—4 3510.119 3510.142(07) (5,4u 01! [ 12 0—1  4634.047 (12,99 0©o
5041 1271225 1271.245(10) (50) 0F | 7 p—4 3530.235 3530.252(16) (7,8) OF | 7 p—7 4635.928 4636.020(09) (7,4u 01
7 p—1 1302.095 1302.141(09) (7,7) 0® | 5 0o+2 3553.304 3553.333(09) (5,3) 01' | 8 0—2  4650.861 4650.945(08) (8,6) 01
6 p+1 1430.667 1430.706(11) (6,4) 0® | 9 p+3 3555.305 3555.438(35) (9,2) V0 7 p—8 4663.773 4663.887(1%) (7,2)  O1
60-1 1577.279 1577.334(09) (6,3) 0F | 6 0—2 3569.436 3569.467(07) (6,6) OF | 6 0—4 4719.294 4719.259(11) (6,3) 90
7 0+1 1586.535 1586.594(08) (7,6) 0F | 3 p+4 3595.694 3595.739(20) (3,2) U0 7 p+6 4720.296 4720.421(17) (7|11) O
8 p+1 1647.199 1647.267(12) (8,8) DO 9 p—3 3609.462 3609.643(52) (9,1) VO 7 o+4  4721.787 4721.794(07) (7,6) 90
6 p+2 1679.734 1679.805(13) (6,2) 0F | 9 o+2 3627.453 3627.578(19) (9,00 Q11 p-3 4733.919 (11,5 @0
6 p—2 1740.834 1740.906(1%) (6,1) 0F | 5 p—5 3660.307 3660.348(10) (5,2) 01! [ 7 0—4 4739.173 4739.271(18) (7,0) b1
7 p—2 1818.077 1818.155(18) (7,5) 0F | 3 p—5 3661.043 3661.081(21) (3,1) %0 9 p—5 4767.501 4767.585(11) (9I8) 01
8 p—1 1972.727 1972.800(11) (8,7) 0F | 4 p+6 3667.082 3667.126(16) (4,4) 10 | 8 p+6 4774.975 4774.998(33) (8,8) 90
7 p+1 2002.387 2002.456(14) (7,4) 0F | 5 0o+3 3673.918 3673.958(06) (53u 01' | 7 0o+5 4793.598 4793.695(09) (7,3u 01
90-1 2030535 2030.623(18) (9,9) 0F | 3 0o+3 3682.683 3682.750(16) (3,00 %0 6 p+9 4818.401 (6,2) 10
70-1 2142.025 2142.094(11) (7,3) 00 | 6 p+4 3685.067 3685.004(10) (6,51 01' | 1 p—4 4842455 4842.607(71) (1,1) 02
7 p+2 2241910 2241.999(20) (7,2) 0® | 5 p+4 3722593 3722.636(10) (5,1) 01' | 8 0—3  4862.697 4862.793(07) (8,6 01
8 041 2242117 2242.206(10) (8,6) 0F |11 o—1 3725.471 3725.625(19) (11,9) DO 1 0+3  4870.187 4870.309(08) (1,0) 02
7 p—3 2300.773 2300.879(19) (7,1) 0 |10 o+1 3726.430 3726.566(16) (10,6) 00 | 8 p+7 4874.318 4874.407(11) (85) 01
7 042 2320.309 2320.372(15) (7,00 D0 5 0—3 3743.140 3743.168(14) (50) O0f | 6 p—8 4877.837 (6,1) 10
9 p+1 2396.323 2396.426(15) (9,8) DO 5 p-6 3792.977 3793.038(08) (5,2u 01' [ 13 p—2  4879.901 (13,11) 0o
10 p+1 2451.425 (10,10) 00| 4 o—3 3820.769 3820.805(12) (4,3) 10 |11 p+3 4886.315 4886.494(31) (11,4) QO
8 p—2 2462.786 2462.889(15) (8,5) 0F | 6 p+5 3825.386 3825.442(07) (6,5u 01' | 7 p—9 4891.925 4892.057(14) (7\2) O
0 p+1 2521.416 2521.411(05) (0,1) OL | 8 o+2 3828.991 3829.019(18) (8,9) OF |12 p+2  4932.993 (12,8) 00
1 p—2 2548171 2548.164(11) (1,2) 0L | 5 p+5 3863.351 3863.417(09) (5,1u O01' [ 2 p+5 4942.656 4942.720(15) (2,2) 02
1 p+1 2609.542 2609.541(05) (1,1) O0F | 7 p+3 3877.008 3877.036(10) (7,7) OF [110-2  4949.854 (11,12) G1
2041 2614279 2614.279(11) (2,3) 0% |12 p—1 3884.031 (12,11) 60| 7 p+7 4961.582 4961.729(16) (7\) O
lo-1 2616.686 2616.684(05) (1,00 0L | 6 p—3 3884.088 3884.117(10) (6,41 01' | 7 p—10 4962.125 4962.118(11) (7,5) 20
8 p+2 2639.046 2639.135(17) (8,4) 0F | 5 p—7 3888.654 3888.682(08) (55) 10 | 9 p—6 4992.888 4992.978(13) (918) 01
9 p—1 2701.980 2702.076(18) (9,7) 00 |10 p—2 3926.036 3926.180(23) (10,5) DO 1 0-2  4994.698 4994.833(08) (1,3) 02
3 p—2 2719486 2719.482(12) (3,4) 0L | 4 p+7 3928.143 (42) 1W|110-3 4994.803 (11,3) 00
2 p—2 2723958 2723.962(06) (2,2) O |13 p—1 3931.766 (13,13) 60| O p+2 4997.920 4998.049(15) (0,2) 02
2 p+2 2755565 2755.565(04) (2,1) 01' | 4 p—5 3991.803 3991.806(25) (4,1) 40 2 p—4 5023.366 5023.458(13) (2,1) 02
80-1 2775568 2775.667(18) (8,3) 0F | 7 0—2 4010.200 4010.245(07) (7,6) 01' [ 10 p—4 5026.026 (10,100 01
2 p+3 2790.335 2790.344(04) (2,1u 01' | 6 o+2 4029.988 4030.048(09) (6,3) 01' | 8 p—5 5028.265 5028.395(12) (8,4) 01
20-1 2812.850 2812.857(05) (2,00 0T | 6 p—4 4035.720 4035.770(08) (6,4u 01' [ 2 p+6 5032.288 5032.393(07) (2,4) 02
10 0—1 2856.600 2856.725(15) (10,9) 011 p+2 4044.000 (11,8) 00|14 p—1 5048.185 (14,13) G0
4 p+3 2863.938 2863.944(12) (45) 0L | 5 p+6 4084.701 4084.730(1%) (54) 10 | 30-4 5078.915 5078.930(09) (3,3) 02
8 p+3 2868.766 2868.892(27) (8,2) 0010 p+3 4086.290 4086.425(25) (10,4) DO 9 p+4 5086.222 5086.331(10) (9,7) 01
30+2 2876.835 2876.847(06) (3,3) OF | 6 p—5 4129.260 4129.331(11) (6,2) 01 [ 11 p+4 5087.285 (11,2) 00
11 p—1 2909.130 (11,11) 00| 6 o+3 4147.034 4147.057(07) (6,6) 10 | 1 p+2 5087.485 5087.617(08) (1,2) 02
8 p—3 2925302 2925.456(39) (8,1) DO 9 p—4 4165459 4165.479(17) (9,10) O0F [150-1 5091.529 (15,15) 0o
3 p—3 2931.365 2931.366(05) (3,2) 01' | 7 0—3 4177.864 4177.920(06) (7,6u 01' [ 3 p—6 5105.206 5105.292(10) (3,5) 02
9041 2957.195 2957.306(13) (9,6) O0F | 6 p+6 4188.726 4188.806(1'1) (6,1) 01' | 8 p+8 5107.141 5107.271(11) (85u 01
3 p—4 2992421 2992.436(05) (3,2u 01! | 6 o+4 4202.235 4202.300(07) (6,3u 01' | 8 p—6 5109.777 5109.740(19) (8,7) 90
3 p+2 3002.888 3002.905(05) (3,1) 01! |10 0—2 4215.094 4215.251(20) (10,3) ©O 1 p—5 5125.166 5125.292(06) (1,1) 02
30-2 3025943 3025.951(08) (3,00 OF | 8 p—4 4222533 4222.583(11) (8,8) OFf |11 p—4 5136.560 (11,1) 0o
50-2 3047.383 3047.394(11) (56) 0L | 5 0-4 4232.684 4232.694(14) (53) 10 | 7 p+8 5136.682 5136.658(15) (7,4) 90
3 p+3 3063.453 3063.478(05) (3,1u 01! | 7 p+4 4249.902 4249.973(10) (7,50 01! | 90-3 5149.109 9,9 10
4 p—2 3069.310 3069.317(07) (4,4) OF [12 p+1 4286.946 (12,10) 00| 11 0+2 5152.963 5153.139(22) (11,00 DO
40+1 3145.267 3145.276(05) (4,3) 01! [ 10 p+4 4296.478 (10,2) 00| 80+3 5171.026 5171.168(11) (8,3) 01
9 p—2 3167.221 3167.341(17) (95) 00 | 6 p—6 4309.271 4309.368(1'1) (6,2u 01' | 2 0—2 5181.056 5181.184(07) (2,3) 02
10 p+2 3196.769 3196.907(19) (10,8) V011 p—2 4315413 (11,7) 00|12 p-2 5189.071 (12,79 00
4 0+2 3233.351 3233.377(06) (43u 01' | 5 p+7 4337.019 (52) 1W|100+2 5198110 5198.221(11) (10,9) 01*
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TABLE 3—Continued

Q.N2 Ecaic? EexpC Label Q.N2 Ecaic® Eexp® LabeP Q.N2 Ecaic® EexiC Label
JI1Pn (cm™1) (cm™1) Rot. Vib. J 1 Pn (cm™1) (cm™1) Rot. Vib. JIPn (cm™) (cm™t) Rot.  Vib.
3 p+5 5210.738 5210.797(12) (3,2) 02| 40-5 5810924 5811.003(06) (4,3) 02| 60-5 6301.641 6301.446(09) (6,3) 02
40+3 5215.696 5215.742(08) (4,6) 02| 2 p+9 5815659 5815.854(12) (2,1 11' [130+2  6304.993 (13,6) 6o
4 p+8 5251.799 5251.736(16) (4,4) ©2 9 p—8 5819.792 9,7 10| 9 p+10 6306.607 6306.854(34) () 01
13 p+1 5253.446 (13,10) 60|10 p—6 5827.581 5827.721(13) (108) 01' | 9 p—12 6310.290 6310.308(27)  (9,5) %0
8 p—7 5257.167 5257.344(29) (812) 01' | 50-5 5830.536 5830.435(07) (5,3) 02 | 70+7 6312.444 6312.163(08) (7,6) 02
2 p+7 5266.301 5266.427(08) (2,2) 02| 20-3 5835140 5835.365(12) (2,0) 1| 1p-7 6323.167 (1,2) 20
70-5 5269.950 (7,3) 10|10 p+7 5842.601 5842.715(11) (10,7)  01' | 10 p+10 6326.372 (10,8) 1o
3 p-7 5282255 5282.318(11) (3,1) 02 | 9 p+8 5842.747 5842.897(14) (95) O01' | 5 p+12 6327.871 6327.954(06) (5,2u 02
2 0+2 5286.801 5286.913(06) (2,0) 02| 4 p-8 5846.716 5846.800(08) (4,1) 02| 9 p—13 6333.126 6332.831(16) (9,11) 02
3 p+6 5299.131 5299.227(09) (3,4) 02 |120-2 5856.687 (12,3) 0b|160-1 6341543 (16,15) @0
8 p—8 5304.760 5304.879(18) (8,4u 01! |13 p+2 5858.836 (13,8) 00| 4 p+14 6342.605 6342.581(23) (4l1) 11t
2 p—5 5304.836 5304.960(07) (2,1) 02 |13 p—3 5880.157 (13,14) 01| 10+4 6345.170 (1,0 2
30+4 5305.521 5305.584(09) (3,0) 02 | 4 p+12 5888.230 5888.310(08) (4,2u 02 | 5 p+13 6346.262 6346.291(06) (5,5) 1t
8 p+9 5312.854 5313.058(40) (8l1) O01' | 80-5 5895174 5895.122(21) (8,3) %9011 0+4 6359.874 6360.031(18) (1u9) 01!
9 p+5 5328204 5328.318(10) (9,7u 01! | 6 p—9 5895.861 5895.803(08) (6,7) 02| 4 p—12 6363.351 6363.417(22) (4p) 11!
90-4 5341.999 5342.110(09) (9,6) 01' | 40+4 5896.787 5896.838(08) (4,0) 02 |11 p—8 6373.929 6374.075(19) (118) o0
8 0+4 5361.226 5361.203(12) (8,6) 90 5 p-11 5899.394 5899.405(07) (5,5) 02 | 5 p-14 6376.427 6376.531(13) (5,1u 02
5p-9 5363.833 5363.825(09) (5,7) 02 |14 p—2  5900.751 (14,11) 60|17 p—1 6380.839 17,17y @0
7 p+9 5368.025 (7,2) 10| 9 p—9 5908498 5908.688(37) (912) 01' | 50+7 6391.743 6391.860(08) (5,0) 02
12 p+3  5396.949 (12,13) 01| 3 0+6 5909.950 5910.110(06) (3,3) 1% | 6 p+13 6395046 6394.877(10)  (6,2) ©2
120+2 5406.041 (12,6) Ob| 4 p+13 5920.770 5920.863(09) (4,5) 1F |14 0+2 6399.234 (14,15) 01
7 p—11 5424.988 (7,2) |12 p+5 5922.883 (12,2) 00| 10 p—7 6400.921 6401.106(27)  (10i4) 01*
30-5 5431.017 5431.122(06) (3,3) 02| 4p-9 5931.782 5931.881(06) (4,1 02 | 6 p+14 6403.624 6403.513(08) (6,4) 022
40-4 5434.341 5434.331(12) (4,3) ©2 5 p+9 5939.804 5939.707(12) (5,2) 02 5 p-15 6410567 6410.544(19) (5l4) 11!
7 046  5443.899 (7,0 10| 100-3 5944.621 (10,9) 10| 100-5 6412156 6412.314(12) (106) 01*
10 043  5454.327 5454.430(11) (1048) 01' | 3 p—11 5949.328 5949.443(17) (312) 11' | 6 p—11 6415.774 6415.757(07) (6,5) 02
4 p—6 5460.400 5460.463(10) (4,5) 02 |11 p—6 5950.826 (11,1@) 01' | 2 p+10 6422.880 2,2) »
5 p—10 5460.611 5460.464(24) (5,5) D2 9 p+9 5962.005 (9.1) 01! [11 p+6  6429.599 (11,100 10
8 04+5 5463.022 5463.104(10) (8,3u 01! |12 p—4 5969.587 (12,1) 00| 4 p+15 6430.890 6430.944(23) (4) 11*
11 p+5 5483.252 (11,11) 01| 50-6 5971.155 5971.228(08) (5,3) 02 | 9 p+11 6449.215 6449.198(39) (9,4) %20
3 p-8 5486.357 5486.457(06) (3,1) 02 |120-3  5976.967 (12,12) 01| 7 p—13 6451.317 6451.126(1%) (7,8) 1%
9 p+6 5487.233 5487.329(18) (9,8) 90 90-6 5979.029 5979.217(21) (9,0) bl 40-6 6453.613 6453.690(19) (4,0 41
140+1 5502.846 (14,12) 60| 8 p+12 5981.430 (8,2) | 6 p—12 6461.276 (6,1) 2
8 p—9 5532.618 5532.751(20) (812) O01' | 6 p—10 5984.075 5983.896(13) (6,5) 0213 p—5 6476.011 (13,5) 0]
3 p+7 5533.626 5533.730(06) (3,2) 02| 7 p—12 5985536 5985.149(13) (7,7) ©212 p+7 6481.539 (12,1 01t
4 p+9 5544.226 5544.213(08) (4,2) 02 | 5 p-12 6003.275 6003.183(14) (5,1) D2 80-6 6482.308 6482.118(19) (8,9) 02
6 p+10 5549.695 5549.624(11) (6,8) 02 |11 p—7 6003.418 (11,11) 0| 12 0+3  6483.120 (12,12) o
0 p+3 5554.029 (0,1) 11| 3 p-12 6015800 6015.946(17) (3@) 11'| 2 p-7 6488.458 (2,1) i)
10 p—5 5555295 5555.440(16) (10i8) 01' | 50+6  6023.187 6023.081(17) (5,0 ©2 7 p-14 6505.291 6505.157(08) (7,7) 02
10 p+6 5558547 (10,10) | 3 p+8 6023.657 6023.757(18) (3l11) 11' |13 p+3  6506.815 (13,13) 01
9 p+7 5565.214 5565.255(12) (9,5) 01' | 9 p—10 6031.544 6031.681(15) (9w¥) O01' | 6 0—6 6516.118 6516.152(09) (6,3) 022
3045 5567.276 5567.389(07) (3,0) 02 | 8 p+13 6034.410 6034.182(13) (8,10) 02 | 5p-16 6529.268 6529.276(11) (5,4 11t
3 p-9 5573.651 5573.764(05) (3,1u 02 | 8 p—11 6035.672 (8,2) 1| 100+4 6539.707 6539.950(14)  (10i3) 01*
130-1 5577.736 (13,99 00| 30-6 6047.437 6047.564(19) (3,0 41140-1 6552.138 (14,9) a0
1 p-6 5584.000 5584.224(10) (1,2) 1% | 90+5 6053.084 6053.096(14) (9,6) 10 | 90-7  6559.077 9,3) 10
12 p—3 5585.628 (12,5) Ob|110+3 6057.273 6057.448(13) (11l9) 01' | 30-7 6561.242 (3.3 2
8 p—10 5604.263 5604.254(22) (8,5) 90 3 p+ 9 6080.829 6080.967(18) (3i) 11' | 50+ 8 6568.335 6568.247(10) (5,3) 11t
8 p+10 5606.619 5606.814(20) (8) O01' |10 0—-4 6087.435 6087.522(11) (10,6) 01' | 7 p—15 6571.908 (7,5) @2
90-5 5610.185 5610.323(10) (9,6u  01' | 5 p+10 6089.800 6089.815(06) (5,4) 02 [150+1 6574.418 (15,12) @0
4 p—7 5610453 5610.451(13) (4,1) 213 p—4  6100.528 (13,7) b 10 p—8 6579.738 (10,7) 1
8 0-4 5628911 5629.057(13) (8,0) 01 4 p—10 6105534 6105.639(06) (4,4) 1% |12 p—5 6591.347 (12,10) 01t
1 p+3 5640.267 5640.488(15) (1,1) 1% | 50-7 6129.541 6129.539(07) (5,6) 1% | 6 p+15 6608.128 6608.127(07) (6,4l 022
10-3 5644521 5644.739(15) (1,0) 41 6 p+11 6141.434 6141.238(13) (6,4) 0210 p—9  6612.267 (10,2) 01t
4 p+10 5652.415 5652.479(07) (4,4) 02 |10 p+8 6145.084 6145.224(14) (10W) 01' |13 p+4 6612.793 (13,4) )
2 0+3 5653.801 5654.004(06) (2,3) 1% |15 p—-1 6154.036 (15,13) 0| 10 p+11 6628.474 6628.649(18) (1045) 01*
5045 5659.211 5659.227(07) (5,6) 02 | 40+5 6158.228 6158.271(15) (4,3) 11' | 60-7 6639.008 6638.903(05) (6,6) 1%
11 p—-5 5662.198 (11,10) 01! [ 12 p+6  6158.807 (12,11) 01! |11 p+7 6644.910 6644.997(17) (117) 01t
15 p+1 5679.206 (15,14) @0| 5 p+11 6169.392 6169.455(08) (5,2) 02 | 6 p+16 6650.995 6650.933(10) (6,5) 11t
9 p—7 5689.513 5689.686(14) (9,4) 01' | 7 p+10 6170.176 6170.055(11) (7,8) 02| 90-8 6651211 6650.536(18) (9,9) 02
5 p+8 5690.933 5690.831(12) (54) 2 90+6 6175031 6175.176(14) (918) O01' | 9 p+12 6654.121 9,2) 1
6 045 5705.301 5705.046(15) (6,6) 2 60+6 6184.588 6184.537(07) (6,6) 02 | 10 p+12 6665.886 6666.104(18)  (10,1) 01!
4 p+11 5716.408 5716.491(08) (4,2) 02 | 50-8 6213.676 6213.703(06) (5,3 02 |10 0+5 6669.331 6668.954(16)  (10,12) D2
16 p+1 5720.486 (16,16) 60| 9 p—11 6225491 6225.639(27) (%2) O01'| 3 p+10 6669.884 (3,2 %
12 p+4 5730.235 (12,4) 00|10 p+9 6226.551 6226.722(20) (10l5) 01' | 5 p—17 6672.901 (5,2) 11t
2 p—6 5755.800 5756.002(11) (2,2) 1% |14 p+2  6248.125 (14,10) 60| 7 p+11 6674.151 6673.853(14) (7,4) 02
8 p+11 5762.544 5762.522(20) (8,4) %0 6 p+12 6250.711 6250.710(09) (6,7) 1% | 8 p—12 6676.055 6675.655(14) (8,7) 02
3 p-10 5764.716 5764.879(07) (3,4) 1% | 40+6 6254.620 6254.705(10) (4,3u 11' | 50+9 6679.239 (5,3) 11t
70-6 5773.241 5773.110(11) (7,9) 02| 4 p—11 6276.360 6276.370(22) (4l2) 11' [130-2 6686.925 (13,12) 01t
2 p+8 5778.823 5778.995(16) (2|1) 11' | 5 p—13 6276.694 6276.726(07) (5,1) 02 [130-3  6700.977 (13,3) 6o
9 0+4 5809.240 5809.413(12) (9,3) 01' | 8 p+14 6300.971 6300.448(19) (8,8) 02| 9 p-14 6705311 9,1) 1
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TABLE 3—Continued

Q.N2 Ecaic? Eexp® LabeP Q.N2 Ecaic® Eexp® LabeF Q.N2 Ecaic® Eexp® LabeP
JIPn (cm?) (cm™1) Rot. Vib. J 1 Pn (cm™t) (cm™t) Rot. Vib. J1Pn (cm?) (cm™1) Rot.  Vib.
11 p—9 6710.274 6710.449(19) (118) 01' | 10-4  7082.860 1,0 03| 3 p+11 7460.169 3.1) 03t

90+7 6722.382 (9,0 W| 1p+4 7102718 7103.087(70) (1,1) 03 | 7 p+19 7462158 7462.319(12) (7\2) 02
6 p+17 6724.776 6724.704(11) (6,2) 02 | 9 p-—15 7105227 7104.956(13) (9,10) 1% | 80+9 7463.737 7463.686(08) (8,6u 022
5 p+14 6733.406 (51) 11 | 8o0+8  7119.292 7119.112(07) (8,6) 022 | 11 p+12 7472560 7472.755(24) (1146) 01
3 p—13 6734.090 (3.1) | 20+4 7122615 7122.646(70) (2,3) 03 | 10 p+17 7474.940 (1011) #1
7 p—16 6736.644 6736.501(11) (715) 02 | 70-9  7126.799 7126.714(08) (7,3) 02 | 50410 7475.145 (5,0) %
4 p+16 6738.201 (4,4) 2| 6 p—17 7137.200 (6,2) 11' | 8 p+18 7478.072 8.2) &2
50-9 6753.295 (5,0) 1|11 p+10 7143.390 (11,8) To| 90+8 7487.746 (9,6) @
30+7 6755.339 (3,0 2| 5p+16 7147.109 (5,4) 20| Oo+1 7492558 7492.912(18) (0,3) 03
110-4 6765.378 6765.479(18) (11,9) %013 p+6 7156.697 (13,11) 01! | 12 p+10 7494.243 (12,7) o1t
8046 6766.598 6766.387(12) (8,9) 4111 p-11 7157.738 (11,4) 01' | 130+4 7496.871 (1312) Mo
6 p—13 6768.699 6768.675(14) (6,1) 02 | 60+9 7184.268 7184.132(24) (618) 11' | 30—9  7498.146 (3,0) 03
60-8 6775.243 6775.358(05) (6,3 02 | 8 p—14 7187.096 7186.960(11) (8,7) V2 7 p-21 7499.704 (7,7) %
70+8 6784.144 6784.078(06) (7,6) 02 |10 p+15 7191.871 (10,4) T0| 70+10 7504.956 7504.928(11) (7,0) 02
5p—18 6792527 (52 11' | 6 p+20 7192.784 (6,1) 11' [100—-8 7507.678 7507.250(34)  (10,9) ©2
13 p+5 6798.691 (13,2) 00| 7 p+15 7193.350 7193.266(12) (715) 11' | 2 p—9 7514.456 (2,4) 03
70-7 6801.893 6801.634(14) (7,3) 2 2 p+11 7208.359 7208.334(70) (2,1) 03' | 4 p+19 7514.707 4,7) @
60+7 6803.721 6803.674(08) (6,0) 02 | 70-10 7209.275 7209.165(07) (7,6u  11' |13 p+7 7518.884 (13,11) o1t
100+6 6804.407 6804.385(17) (10,6) %0 60410 7214.088 (6,6) 20|13 p-8 7522.856 (13,10) 01t
10 p—10 6811.587 6811.748(17) (104) 01' | 7 p+16 7215802 7215.768(09) (7,4u 022 | 3 p—16 7525.632 3.2 03t
14 p+3 6816.687 (14,8) 00| 10 p—13 7220.112 (10,11) @2| 14 p+5 7528.745 (14,4) (4}4]
16 p+2 6831.384 (16,14) 60| 3 p—14 7230.283 (3,4) 03| 7 p—22 7529.091 7529.104(¥2) (7,1u 02
9 p+13 6832.272 6832.012(23) (9,10) 02 |12 p-8 7231.551 (12,8) 01' |170-1 7532.405 (17,15) 00
13p—6 6842.607 (13,1) 00| 2 p-8 7235508 7235.742(70) (2,2) 03 | 8 p—17 7533.994 8.1) &2
6 p+18 6842.645 6842.628(11) (6,5 11' | 8 p—15 7237.698 (8,8) M| 9 p-17 7543585 7543.360(08) (9i7) 02
130+3 6857.353 (13,0 00| 140+3  7240.093 (146) 00|14 p+6 7543.859 (1414) Mo
6 p+19 6858.525 6858.614(10) (6,2u 02 | 8 p+16 7245.339 7244.972(17) (8,4) ©216 p+3  7544.997 (16,17) &1
5 p+15 6859.884 6859.846(27) (5\) 11' |14 p+4  7245.506 (14,18) 01' | 8 p+19 7550.745 7550.536(10) (8w) 11
8 p+15 6862.974 6862.763(11) (8,8) 02 | 11045  7255.270 (11,3) 01' | 40+7 7551.194 7550.316(17) (4,3) o3t
7 p+12 6863.533 6863.442(14) (7,7) 11 90-9 7256.963 7256.689(34) (9,9) 02 [150-2  7552.649 (15,9) (¢29]
6 p—14 6885.871 6885.838(07) (6,4) 11' [110-6  7257.663 7257.845(16) (116) 01' | 50—11 7554.025 (5,6) 03
110-5 6889.006 6888.997(16) (11i6) 01! [ 15p+2  7267.339 (15,10) 00| 1 p—10 7571.716 1,2 @
40-7 6889.507 (4,3) |16 p-1 7272.831 (16,13) (0| 1l10+6 7592.288 7592.299(21)  (11,6) 20
7 p+13 6910.479 (7,2) #2| 50-10 7292.388 (5,3) 20| 70+11 7596.047 7595.852(11) (7,3) 11t
12 p—6 6924.053 (12,1@) 01' | 6 p—18 7295.826 (6,2 11' | 3 p+12 7597.008 3.1 03t
6 p—15 6929.171 6929.194(10) (6,1 02 | 2 p+12 7301181 7301.423(50) (2,1u  03' | 4 p—14 7598.521 (4,4) 03
120+4 6934573 6934.696(19) (1219) 01! [ 12045  7304.749 7304.925(24) (1249) 01' |120—4 7607.102 7607.488(24) (12l6) 11*
15p—2 6942.487 (15,11) 0| 100-7  7316.361 (10,3) 10| 7 p—23 7618.630 7618.564(17) (7w) 11
8047 6942604 6942.162(31) (8,6) 2 7 p+17 7317.914 7317.753(12) (712) 022 | 80—8 7620.729 7620.408(12) (8l6) 11!
12 p—7 6946.958 (12,11) fo| 7 p—19 7318.407 7318.322(15) (711) 02 | 9 p+15 7622.656 7622.455(12)  (9,8) 2
5p—19 6953.844 (5,5) 20|12 p+8  7319.294 (12,10) fo| 6 p+22 7628.078 (6,4) 2
15p—3 6954.114 (15,16) 01| 1p—9 7325.092 1.4) 03|12p-9 7632.355 (12,8) 01t
100+7 6958.960 6959.029(17) (1048) 01' | 20—4  7327.984 7328.209(18) (2,0) 03 |11 p—15 7638575 7638.738(29) (114) 01t
7 p—17 6961.325 (7,1) 02| 70-11 7340.062 7340.114(08) (7,3u 022 | 5p—21 7639.368 (5,8) @3
10 p—11 6967.179 6967.296(36) (10,5) %0 9 p—16 7349.528 7348.806(13) (9,7) 02 |14 p+7 7641.001 (14,13) 01t
70-8 6985.302 6985.098(12) (716) 11' | 8 p+17 7352.822 7352.467(13) (8l7) 11 [110+7  7645.892 (11,12) G2
70+9 6990.002 6989.796(20) (7,0) ©211 p-12 7357.593 (11,2) 01' | 9049 7651520 7651.050(13) (9,9) 41
4 p+17 6994.960 (4,2) 2| 6 p+21 7361.961 (6,) 11' | 8 p+20 7656.631 7656.488(15) (8,4) 022
13 p—7 6996.883 (13,13) 0| 3 p—15 7362.607 7362.203(70) (3,2) 03' | 16 0+1  7658.990 (16,12) 00
11 p+8  6999.062 (11,5) 01' | 2 p+13 7368.759 (2,5) 03| 3 p+13 7659.448 3.5 @
7 p+14 7002.735 7002.630(09) (714) 02 | 4 p+18 7374.555 (4,5) 03| 140-2  7662.640 (14,3) 0o
0p+4 7005.822 0,1) 03| 10+5 7380.868 13) 08| 7p-24 7667.810 (7,2) 11t
11 p+9 7008.607 7008.759(17) (1) 01! | 10 p+16 7381.747 (10,2) fo|150+2 7673.607 (15,15) 01
7 p—18 7027.151 7027.114(09) (76) 02 | 60—9  7383.902 (6,0 M| 9p-18 7676.894 7676.650(34) (9B) 11!
17 p+1 7034.173 (17,16) 00|11 p—13 7391.054 (11,7) fo| 10 p+18 7686.921 7686.522(17) (10,10) 202
6 p—16 7034.347 (6,4 11' | 30+8 7394.164 3.3) 03| 8 p—18 7697.713 7697.709(10) (86) 02
10 p+13 7035.883 7035.014(19) (10,10) %P 5 p+17 7394.743 (5,2) 20| 4 p-15 7701.393 4,2) 03t
11 p—10 7043.023 (11,13) 62|14 p—5 7400.014 (14,50 00| 2 p+14 7702.893 7702.986(12) (2,1) 0%
60+8 7043586 7043.279(17) (6,3) 11' | 80-7  7401.351 8.3) 2|14 p+8 7710.495 (14,2) (0}4]
14 p—3  7044.849 (14,7) 0ol 11 p+11 7405502 (11,1) 01 | 7 p+20 7717.101 7,1) 1t
130-4 7045.395 (13,12) 01' | 30-8 7418573 7418.432(13) (3,6) D3 70-12 7734.043 (7,0) M
1p—8 7046.574 7046.841(70) (1,2) 03 | 7p+18 7422.683 7422591(14) (7b) 11| 70412 7743.316 7742.932(15) (7\8) 11t
10 p+14 7055.069 7055.344(53) (101) 01' | 8 p—16 7425250 7425.161(08) (8,5) 02 |120-5 7749.110 (12,9) i)
4 p—13 7057.420 (4,1) 20| 110-7 7427.159 7427.400(24) (11,00 0114p-6 7751.221 (14,1) (4}0]
180+1 7071.560 (18,18) (0| 10 p—14 7429.353 (10,1) fo| 2 p-10 7751.596 7751.830(09) (2,2) 03
10 p—12 7072.371 7072.389(36) (102) 01' | 7 p—20 7436.896 7436.606(12) (714) 11' |140-3 7752.530 (14,12) 01t
14 p—4 7072.465 (14,14) 01| 6 p—19 7444.159 (6,5) 20| 11 p—16 7754.315 (11,5) o
8 p—13 7073.046 7072.703(22) (8,5) V212 p+9  7454.321 (12,14) (2|18 p—1 7756.049 (18,17) 00
9 p+14 7074.515 7074.017(15) (9,8) 0211 p—14 7454.676 (11,11) 2| 2045 7758.547 7758.675(12) (2,3) 03
100—-6 7080.191 7080.429(15) (10,0) 01 5p—20 7455136 (5,1) 20| 110+8 7766.629 7766.831(25) (1LB8) 01
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TABLE 3—Continued

Q.N2 Ecaic? EexpC Label Q.N2 Ecalc? Eexp® LabeP Q.N& Ecaic® EexiC Label
JI1Pn (cm™1) (cm™1) Rot. Vib. J 1 Pn (cm™) (cm™1) Rot. Vib. J I Pn (cm™1) (cm™1) Rot.  Vib.
60-10 7768.674 (6,3) 20| 3 p-19 8017.654 (3,2 03| 6 p—22 8275.953 (6,4) 03
6 p+23 7769.017 6,7) 03| 7 p—28 8019.418 (7,8) 03| 50-13 8277.627 8277.033(09) (5,6) [0k
5 p—22 7769.343 7767.914(70) (5,4) 03' | 6 p+25 8020.895 (6,5) 03'|130+6 8281674 (13,99 01t
4 p+20 7773.696 (41) 03'| 40-9 8031.115 8030.925(18) (4,0) 03 | 8 p—24 8288.656 8288.481(16) (8w) 11t
9 p—19 7778.214 7777.748(34) (9,5 V2 4 p+22 8036.056 (4,5 03| 90-12 8294.533 9.6) 11t
8 p+21 7785.048 (8%) 11' | 80—11 8043.282 8043.489(10) (88) 02 | 9 p+19 8296.092 91y 11t
40-8 7786.995 7786.722(09) (4,6) 03 | 8 p—20 8045.233 (8,4) 11! | 30-12 8302.131 8302.108(12) (3,3) 12
10 p+19 7787.226 7786.171(12) (10,8) 02 5 p-—23 8054.048 (54 03'| 8 p+28 8303.162 81 11t
19p-1 7791596 (19,19) 60| 9 p+17 8055.975 (91 11' | 70-13 8303.281 8300.927(18) (7,6) 03t
40+8 7795.070 7794.757(13) (48) O03'| 20-5 8057.083 8057.354(21) (2,3) 12 | 80+12 8305.143 (8,9) 03
3 p-17 7796.561 (3.4) 03| 110-9 8058.834 (11,3) 1| 70-14 8306.730 (7,3) %
7 0+13 7797.199 7796.716(15) (7,6) 20 | 8 p+25 8071.099 (83  11' |16 p+4 8306.809 (16,10) @0
6 0+11 7798.639 (6,9) 03| 4 p+23 8074.027 (41 03 |16 p—3 8309.933 (16,16) 01
15 p+3 7801.887 (15,8) 00| 14 p—7 8078.755 (14,13) 0|12 p+15 8315.622 (12,13) 11
12 p+11 7808.089 (12,5) 01' | 5 p—24 8090.997 (52) 03'| 4 p+24 8332152 4y oF
80-9 7822.890 7822.667(08) (8,3) 02 |100-9 8092.072 8091.784(33) (10,9) 2 3 p—21 8335467 8335.280(21) (31) 122
5 p+18 7831.448 (5,5) 03| 60-11 8099.519 (6,6) 03| 4 p—18 8340.205 8340.064(12)  (4,5) 22
15 p—4 7833.506 (15,14) 01' |12 0+7 8100.211 (12,3) 01' |12 p+16 8348.569 (12,5) o1
8 p+22 7837.460 (8,8) 20| 9 p+18 8104.543 9,2) 02|15 p-7 8352.686 (15,5) )
1 p-11 7839.758 1,1) ?| 4049 8105.366 8105.227(11) (4,6) 22 9 p+20 8359.938 8359.769(13) (914) 02
13 0+5  7844.719 (13,9) 01' |100+8  8108.521 (109) 11' | 4 p+25 8365.683 (4,4) ©
11 p+13 7846.486 (11,1) 01' |10 p—16 8109.690 (10,7) 62| 40+10 8365.752 8365.478(08) (4,3) 03
8 0-10 7851.386 7851.267(11) (86) 11' |12 p—11 8109.750 (12,13) 62| 4 p—19 8366.382 8366.107(13) (4,2) [0k
30+9  7854.403 3.3) 0B3|150-3 8123.151 (15,15) f0o| 8 0+13 8370.655 (8,6) 2
1o0+6 7857.588 (1,0 12|13 p—11 8128.161 (13,8) 01' | 6 p+26 8377.251 (6,3 03
6 p+24 7865.379 (6,2) 20| 2 p+17 8135537 8135.727(11) (2,2) 12 | 15 p+4  8378.098 (15,18) 01t
7 p—25 7866.075 (7,2 11' | 9 p—22 8135.925 8135.743(12) (9l5) 02 |11 p+17 8380.507 (1111 %1
30-10 7866.482 7866.300(07) (3,0) 03 |14 p+9 8136.791 (14,11) 01* [ 10 p—17 8380.721 (10,5) 62
0 p+5 7869.974 7870.015(10) (0,2) 12| 50-12 8138.695 8137.585(71) (5,0) 03 |14 p+10 8391.253 (14,16) 62
lo0-5 7872300 7872.661(10) (1,3) 22 30-11 8139528 8139.068(12) (3,3) 9213 p+9  8391.710 (13,7) 01t
9 p+16 7875.817 9,4) 02| 8 p+26 8139.636 8139.751(15) (82) 02 |13 p—12 8394.156 (13,13) @2
110-8 7878.132 (11,12) 11| 20+6 8142.021 8142.088(11) (2,0) 2210 p—18 8395.134 8394.981(14)  (10,7) 02
11 p—17 7882.766 (11,2) 01' |140-4  8142.969 (14,12) 01' [17 p—2 8395.571 (17,13) @0
8 p+23 7883.920 7883.910(10) (8#) 022 | 8 p—21 8143.854 (8,7) 2| 5 p-27 8397.251 5.2 03
9 0+10 7891.450 7891.333(07) (9,6) 02 | 90+11 8145.964 8145.790(09) (9,0) ©2 3 p+17 8400.644 8400.492(12) (3,2) 12
13 p-9 7897.671 (13,11) f0[120-6 8149.413 (12,6) 01' | 7 p+23 8401.355 (7,7) a3
130-5  7903.526 (13,15) (2|12 p—12 8151.257 (12,2) 01' | 7 p+24 8402.733 (7,2) p20]
12 0+6  7907.409 (12,12) 2|11 p—18 8152.184 (11,11) 62| 5 p+21 8405.601 51 0oF
12 p+12 7911.595 (12,7) 01' | 5 p+20 8153.168 (51) 03'| 60+12 8413.795 6,3 03
2 p+15 7914.800 7915.081(10) (2,4) 2211 p+16 8160.296 (11,2) 10| 30+11 8425544 8425.436(16) (3,0) 12
4 p—16 7915.419 7915.179(16) (42) 03" | 4 p—17 8167.805 (4,4) 03| 7 0+14 8432257 (7,9) @3
10 p—15 7921.531 (10,10) 11| 2 p—12 8168.050 8168.185(11) (2,1) 22120+8 8435511 (12,6) 1
8 p—19 7921.988 7921.807(17) (8l1) 02 | 9 0-11 8169.582 9,9 20| 3 p-22 8435.637 8435428(12) (3uL) 12
6 p—20 7923.430 (6,1) | 170-2 8172.423 (17,18) 01| 9 p—24 8438.879 8438.843(12) (9b) 02
13 p—10 7927.073 (13,10) 01' | 9 p—23 8176.283 8176.101(12) (9,1) 0210 p+21 8443.972 8443.688(14)  (1048) 022
7 p+21 7931.270 (7) 11 | 3 p+15 8176.849 8176.975(11) (3.4) 22 9 p+21 8444.698 9% 11t
9 p—20 7935986 7935.837(09) (9,7u 02 | 7 p+22 8176.919 (7,4) %[ 10 0410 8445.678 (10,9) 12!
12 p—10 7954.901 (124) 01'| 6 p—21 8181.377 (6,8) 03| 6 p+27 8447.143 (6,8) »
8 p+24 7956.627 7956.409(15) (8l2) 02 | 8 p—22 8182.966 8182.943(16) (8l) 022 | 8 0+14 8447.999 83 11t
1 p+5 7958.502 7958.833(10) (1,2) 2 8o0+11 8183.324 8182.737(20) (8/3) 11' [16 042  8449.967 (16,15) 01*
8 0410 7959.597 7959.452(19) (8,0) V212 p+14 8197.456 (12,1) 01' | 7 p—29 8458.186 (7,1) p20]
2 p+16 7963.525 (2,2) ®|150+3 8197.917 (15,6) 00| 130-6  8468.234 (13,6) 01
5 p+19 7964.453 (5,7) 03| 11 p—19 8203.419 (11,1) 0| 15 p+5 8472.890 (15,4) o
50411 7964.573 7963.581(70) (5,3) 03' |110+9 8218112 (11,0 1| 70+15 8476.591 (7,0) %
4 p+21 7966.380 41 03| 3p+16 8221.093 (3,2) ?|12 p-14 8477.374 (12,11) 62
11 p+14 7975.338 (11,10) 6213 p+8 8224.778 (13,100 0| 6 p+28 8482.606 (6,7) @3
3 p+14 7977.777 (3,1) 03| 8 p+27 8225.035 (8,11) 03| 14 p—8  8482.722 (14,10) 01*
9 p—21 7980.439 9,8) 11' | 50+12 8230.298 8229.545(15) (58) 03' | 4 0-—11 8484.009 (4,3) »
90-10 7984.334 9,3) 02| 12 p—13 8237.880 (12,7) 0| 5 p+22 8485982 (5,5 @3
11 p+15 7984.584 (11,4) 0| 90+12 8237.934 8237.796(09) (96) 02 | 0 p+6 8488.013 (0,2) M
1 p-12 7989.277 7989.534(11) (1,1) 22 40-10 8247.865 (4,0 03| 90-13 8492.697 9,12) 63
3 p—18 7991.546 7991.670(11) (3,5) 2211 0-10 8253.293 8251.782(12) (11,9) 02 8 p—25 8496.564 82 11t
7 p—26 7993.597 (7,10) 03| 8 p—23 8253.742 (82) 11' | 9 0—14 8500.207 8499.940(12)  (93) 02
17 p+2  7994.364 (17,14) 60| 18 p+1  8254.233 (18,16) (0| 14 0+4  8502.347 (1412) 10
16 p—2  8002.762 (16,11) ©0| 5 p—25 8256.823 (5,7) #2|110-11 8505.700 8505.370(12)  (11,9) 02
12 p+13 8003.329 (12,8) 10| 100+9 8260.234 (10,6) 02|19 0+1  8506.101 (19,18) o
7 p—27 8003.851 (7,5) 20| 3 p-20 8260.436 (3.2) 2|12 p-15 8506.621 (12,4) o1
10 p+20 8006.507 8006.247(12) (10,8) 02 |15 p—6  8266.460 (15,14) 01 | 6 p—23 8517.159 (6,2 03
2 p—11 8013.644 2,1) ?| 5 p-26 8269.548 (52) 03| 1p-13 8519.809 1,2) b
15 p—5 8017.246 (15,7) 00| 30+10 8275.007 (3,0 2| 4 p+26 8523.090 8522.615(21)  (4,4) 22
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TABLE 3—Continued

Q.N2 Ecaic? Eexp® LabeP Q.N2 Ecaic® EexiC Label Q.N2 Ecaic® Eexp® LabeP
JI1Pn (cm™1) (cm™1) Rot. Vib. J I Pn (cm™t) (cm™t) Rot. Vib. J 1 Pn (cm™1) (cm™1) Rot.  Vib.
4 p+27 8532.944 8532.448(12) (42) 12| 8 p—27 8719.623 (8,10) 03| 13 p+13 8898.676 (13,8) fo
150-4  8538.865 (15,3) 60| 7 p—30 8723.372 (74) 03" |14 p+12 8915.420 (14,14) 62
20 p+1 8539.875 (20,200 @0| 7 0—16 8729.497 (78 03' |15 p-9 8918.591 (15,17) G2
50+13 8540.141 8539.642(12) (5,6) 2216 p+5 8733.833 (16,16) f0[160+3  8919.168 (16,18) 01t
10 p+22 8543.308 (10,4) 62| 12 p—17 8734.530 (12,2) 01'| 80-13 8919.473 (8,3) 20
10 p—19 8545.624 (10,8) 11' |{180-1 8737.452 (18,15) 60| 9 p—30 8924.988 8924.601(21) (912) 11t
9 p+22 8548.456 9,8 20| 8 p—28 8738.991 (8,8) 03[ 11 p+20 8930.701 (11,8) 02
6 0+13 8550.179 (6,3) 03° |10 p—20 8740.025 8739.733(12) (10yW7) 02 |10 0—11 8931.540 (10,9) 20
5 p+23 8557.172 (51) 03'| 2 p+19 8744.402 (21  21' |10 p—23 8935.174 8934.919(13) (10,5) 02
11 p—20 8561.525 (11,10) 11' | 12 p+18 8746.539 (12,10) 022 | 5 p+26 8938.948 (5.2) Y]
8 p+29 8561.972 (8) 11 | 40+11 8748.979 8748.137(21) (4,0) 22 8 p+32 8939.808 (8,10) i)
90-15 8565.006 8564.715(15) (96) 11' | 4 p+29 8752.192 8751.462(20) (42) 122 | 9 o+14 8940.205 8940.065(14) (9,0) 02
1p+6 8572720 1,1) M| 17041 8756.619 (17,12) 60| 3 p—25 8942.914 (3,2 21
4 p+28 8573.375 (4,2) 2| 60-12 8757.929 (6,6) 03| 11 p—22 8945.891 (11,100 12!
10-6 8574.403 (1,0) M| 5 p+24 87590.484 (5,)) 0F | 3 p+18 8946.610 (3,2) 21
160—-2 8575.190 (16,9) 00| 20-6 8761.535 2,0) M| 6 p—27 8946.897 6,2) o3t
14 p+11 8575.666 (14,11) 01' | 9 0—16 8762271 8762.094(11) (9%B) 022 | 6 0+15 8948.553 8946.888(12) (6,6) 12
9 p-25 8575.676 (9,1) 022 |10 p+24 8763.050 (10,2) 02| 120-9  8949.021 (12,3) ko)
10 p+23 8578.169 (10,10) 20| 9 0+13 8765.826 93) 11'| 9 p+27 8952.113 9,2) 11t
4 p-20 8579.827 4,2 2|11 p—21 8772.922 1,7) 02| 14 p—10 8955.250 (14,10) o1t
12 p—16 8582.886 (12,5) 0| 150-5 8773.852 (15,12) 01' | 9 p—31 8957.405 9,8) 03t
8 0-—12 8583.064 (8,0 | 5p—30 8774.892 8774.058(31) (5,5) 22 9 0-17 8959.407 (9,0 ™
13 p—13 8587.078 (13,8) 01' | 6 p—25 8777.967 (6,7) 2| 5 p+27 8962.886 8961.863(13) (5,4) 22
20+7 8590.380 (2,3) M| 9 p+25 8780.294 8780.023(20) (96) 11' | 3 0-13 8971.474 (3,0) pail
11 p+18 8594.359 (11,10) 62| 10 p—21 8786.124 (10,8) 11' | 5 p—32 8971.972 (5,1) ©
11 p+19 8605.314 (11,8) 62| 140+5 8786.369 (14,9) 01! | 60-13 8973.388 (6,0 03
6 p+29 8605.757 (6,1) 03' |13 p—14 8787.329 (134) 01' | 50+15 8979.321 (5,0) »
13 p+10 8611.877 (13,14) 62| 13 p—15 8787.748 (13,14) 11| 8 0-14 8980.344 8978.305(13) (8,6) 03t
7 p+25 8611.959 (73 03'| 8 p+31 8789.389 (8,4) 20|17 p+3 8981.093 (17,17 01
8 p+30 8615.863 (8T) 03'| 4 p—22 8791.144 8790.446(21) (4L) 12 |1l1o0-12 8982.013 8981.477(12) (118) 02
9 p+23 8618.836 (94 02| 7 p-31 8792745 (7.8) 03| 13 p— 16 8983.051 (13,2) o1t
5 p-28 8620.874 (5,4) 03| 5 p-31 8793.409 (52 03|10 p+27 8983.186 (10,11) @3
6 p—24 8624.270 (6,4 03" |15p+8 8794.725 (15,18) 01' | 6 p+31 8985.268 (6,1) 03
9 p—26 8626.456 (9,10) 03| 5 p+25 8794.729 (5,4) 2|12 p+20 8986.242 (12,2) 1o
8 p—26 8629.365 (8,5) 20|10 p+25 8795.279 (10,13) @3 7 p+26 8987.697 (7,1) 03t
5 p-29 8636.047 8634.652(14) (5,5) %2 6 p—26 8795.648 (6,2) 03|19 p-2 8993.902 (19,17) @0
120+9 8641551 (12,3 01' | 50-15 8808.177 8807.586(18) (5l3) 12% |11 p—23 8997.677 (11,11) %0
9 p+24 8645701 8645.499(29) (92) 02 |16 p+6 8809.895 (16,8) 00| 10 0+12 9017.962 9017.824(11) (106) 02
130-7 8650.911 (13,9) 10| 10 p+26 8819.788 (10,7) 11! | 50-17 9050.652 9049.264(18) (5,6) 21
13 p+11 8651.186 (13,5) 01' | 12 p+19 8820.198 (12,4) 0| 50-18 9078.301 9077.153(32) (518) 122
12 0+10 8651.889 (12,12) 62| 10 p—22 8828.587 (10,1) 02| 9 0+17 9165.074 9164.618(22) (98) 11t
50-14 8652.117 (5,0 03| 60+14 8834528 8833.688(09) (68) 03" | 5 p+29 9186.991 9185.774(37) (512) 122
15p+6 8654.498 (15,2) 0b| 9 p—28 8835.646 9,7 | 50+16 9241.971 9241.090(21) (5,0 22
70-15 8671.382 (7,9 ®|18 p+2 8837.258 (18,19) 01|11 p—26 9252.173 9251.699(15) (1l7) 02
12 p+17 8676.488 (12,1 01' | 30+12 8841.826 (3.3) 2110 013 9268.164 9267.795(13) (10,3) 022
40-12 8680.186 8679.526(12) (4,3) 2213 p4+12 8847.726 (13,7) 01' | 6 0+17 9290.552 9289.879(12) (68) 03°
50+14 8683.673 8682.938(12) (5,3) V3 4 p+30 8852.976 8852.149(12) (4,5) 21 6 p+36 9314.461 9313.066(21) (6) 122
2 p—13 8688.456 2,2 M|14p-9 8859.933 (14,11) f0/100-14 9347.534 9346.886(15) (106) 11'
10 0+11 8691.214 8690.955(11) (10,6) 02 |13 0+7  8861.412 (13,3) 01' | 70+18 9366.462 9364.720(14) (7\8) 03
15p—-8 8691.410 (15,1) 6b| 7 p—32 8868.239 (74) 03| 60-16 9410.563 9409.489(09) (6,0) 03
15 p+7 8691.807 (15,14) fo| 3 p—24 8869.083 (32 21' | 6 p+37 9429.922 9428.608(13) (6iL) O0F
4 p-21 8696.975 (41) 12 |120-8 8869.733 (12,12) 11| 8 0-16 9448.280 9446.240(10) (8,6 o3t
3 p-23 8700.697 (3.4) 2| 9 p-29 8872506 8872.119(21) (9d) 02 |12 0-—11 9497.654 9497.272(14) (128) 02
2 p+18 8704.167 (1) 21| 9 p+26 8873.489 8873.350(23) (H2) 02 |10 0-16 9564.168 9564.295(15) (108) 02
150+4 8704.195 (15,0) 0b| 7o0+16 8885.813 (7,8) 03! |12 p—21 9644.523 9643.344(22) (12,7) 02
120-7 8706.587 8706.844(26) (12,00 1 50-16 8887.790 8886.456(13) (5,3) 9211 0+15 9886.631 9886.079(13) (116) 02
9 p-27 8707.442 (9,4) 11! |11 0+10 8894.796 (11,9) 11t
10 0— 10 8712.267 (10,3) 62| 6 p+30 8898.674 6,1 03t

2 Quantum numbers, | (ofor | = 3/2 andp for I = 1/2), and parity P). The column labeled is an index for levels with the sanik I, and
P ordering them by energy.
b Calculated energy value from Watsdsg).
¢ Experimentally determined energy with its uncertainty in the last digit3 {2 parentheses.
d Rotational and vibrational labels assigned as described in Section I11.1.

T Unusually large deviation frorab initio calculations.

* Level constructed using only transitions verified by combination differences.

© 2001 Elsevier Science

71



72 LINDSAY AND M CCALL

of these discrepancies can be blamed on the arbitrary assignnimpiortant to our assignments to look at the transition intensitie
of the highly mixed levels in Table 2. Most of the remaining disBy comparing the experimental intensities to the theoretical
agreements appear to be errors in the assignments of Din@lculated intensities, we were able to determine roughly the se
During our analysis, we found that some of their labels violatesitivity cutoff, limiting the number of possible lines available for
parity and symmetry requirements, some levels were labeledsagh assignment. For lines that were very close together, it w
a being part of a pair o& levels when there was only one wayuseful to look at the original scans to see if some features we
to form G, and one label was assigned to two separate levatédden on the shoulder of other transitions. In several cases:
Probably most of these misassignments were caused by not ammcluded that two calculated transitions were completely ove
sidering all of the levels simultaneously, which was essential lapped and were observed as a single feature. Studying th
our analysis. scans also enabled us to judge the quality of each line and mz¢
an estimate of the uncertainty on a line by line basis. We did n

I1.2. Compilation and Assignment of Laboratory Data  haye access to the raw data from the FTIR emission studies &

Once the energy levels were given unique labels, the nd¥gre not able to make such judgements on those lines.
step was to compile and analyze the frequency, uncertainty, anéuring our analysis, we found that the uncertainties reporte
assignment for every transition reported. Every study in Tabldn the literature did not account for the discrepancies betwe
was included in our analysis. (Please note that reference to efl¢fprent measurements of transition frequencies. This prompt
of these works for the remainder of the paper will be made usiH§ {0 re-examine the uncertainty for every experiment, and
the labels assigned in Table 1.) most circumstances to increase them. We were rather conser
Instead of reviewing every assignment made (many tranflé in our assignment of uncertainties, preferring to overest
tions have been assigned and reassigned more than three tinfBdje rather than underestimate the error. It is probably safe
we decided to consider all of the data simultaneously and mak@nsider our values as roughly two times the standard deviatic
our own assignments independently. To make the assignment#} féw systematic errors were identified which also have le
we compared the transition frequencies to the variational caldg-an increase in the uncertainty. As recently reported in McCO
lations of Watsong5) and Neale, Miller, and Tennyson (NMT) !t was found that the rate at wr_uch a scan needs to be p(_arform
(56), which are both based on spectroscopically fitted potentifiimuch slower than had previously been thought. In this worl
energy surfaces. We found that a combination of both calcuf@€ authors observed small shifts in the transition frequency d
tions was necessary in our analysis. The NMT calculations wdfethe scan rate and the lock-in detection time constant. V
very good, generally differing from experiment b0.05 cnm L. have studied this phenomenon cargfully and have conclud
There is a serious problem with these predictions, however, #§gt 0ne needs to spend at least 30 time constants on a veloc
levels withJ > 9, and the error can be as high as severaticmModulated transition to avoid afrequency shift in the absorptic
(see Section IV.2). Watson's calculations, though not as precifgature. This requirement was not met in previous laser sca
are very reliable and were used to assign levels of High (in Chicago) and must be taken into account by increasing
The intensity predictiori®f both calculations were very sim-Uncertainty in every transition to 0.01 cth This error will not
ilar, with NMT’s, on average, lower than Watson'sbt% (with ~ PPly to the FTIR emission and absorption data (Maj87, Maj8!
a standard deviation of 8%).:His known to exhibit nonther- Nak90, Maj94, McK98). Another frequency error was notice«
mal population distributions in laboratory discharges, but cafthe work of Uy94, in which several of the reported transition
be described effectively as having thermal distributions amofiipagreed with other reported values by 0.02-0.03%cm
vibrational states and rotational levels, individualBL), We . Finally, there seemed to be a Iarge_r than ex_p_ected dlffere_n
adjusted the theoretical intensities accordingly, assuming a &spme of _the reported FTIR emission transition frequencic
brational temperature of 1200 K and a rotational temperature 389, ng94) when compared_ to the theory and laser absor
. ) : . tion experiments. Some of the lines that we were unable to ¢
500 K. While the discharges used in each of the experiments had Table 4) from Maig89 and Mai94 were within 0.2 chn
different temperatures, the values that we chose are roughly ?r'ﬁn (Ta e ) fro Majos a a ¢ '
of theoretically predicted lines that should be very strong. Or

average, and served to predict the order of magnitude of e%pl#iculty with the FTIR emission experiments is the ubiquitous

transition's intensity. Rydberg H emission. While these background features wetr

Transition intensities were only reported in the literature far” "~ .
yrep Identified by their strong pressure dependence (the Rydbel

a few of the studies. Fortunately, we had access to all of the PLES quenched at higher pressure), the apparériirid position

vious laser scans performed in Chicago (ango’ XuQO, Lee(‘?gguld be displaced if it were on the side of a strongskginal. It
Xu92, Veng4, Uy94, J0000, McCO0, and Lin01), and itwas Very 5y, possible that some of the lines attributed joaire in fact

3 Note that in th  Neale. Mil daT 88)(th g H> lines which happen to increase in intensity with pressure.
ote that in the paper of Neale, Miller, and Tennys e upper an .
lower values of) are switched in the equations relating transition probabilities It became apparent during our work that many of the a

to the EinsteinA-coefficients. In their equations (2) and (3), eakfshould be  Signments in Din97 were based on frequency alone. Whi
changed ta)”, and vice versa. the differences between the calculated and observed transit
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TABLE 4 or more compactly
Remaining Unassigned Transitions v P

v’lv/z‘ P v/l’v/z/‘ ! [8]

Frequency Ref Frequency Ref Frequency Ret
1 —1 —1
(em™) (em™) (em™) and the branch symbol
1980.367  Maj94 | 2702.32%1 Baw90 | 3124.264  LinO1
{n|t|£6|£9]...} ” mfull}

2028.198  Maj94 | 2708.432  Baw90 | 3128.912  Xu92 RO HPIQIRNI”, Gy [0l
2134607  Maj94 | 2708.778  Baw90 | 3137.325  Xu92
2174478  Maj94 | 2716.843 Baw90 | 3161.805 xu92 WhereP, Q, andR correspond to the usualJ = -1, 0, +1.

2405.031  Baw90 | 2754.319  Baw90 | 3175.891  Maj94 As was done for the level labels,and| are appended to the
2483.977  Baw90 | 2807.248 Baw90 | 3177.467 Maj94 end of the symbol, when appropriate, as a superscript and
2579.828  Bawd0 | 2882.795  Bawd0 | 3180420  Xud2 g ncript referring to the upper and lower states in the transitic
2611.47t Baw90 | 2915.872  Xu92 3182593  Xu92 tvelv. Th di int Eswhen it i
2612538  Baw90 | 2918157  Xu92 | 3182.605 Lino1 'ESPeclively. Ihe preceding superscript speciieswhen itis
2614.022 Baw90 2932.711 Baw90 3188.562  Majo4 not 0. For overtone and forbidden bari& can equal:l:3 (or
2622.894 Baw90 | 2942.920 Maj94 3205732  Maj94  +1) signified byt andn for the + and —, respectively. For

2623.274 Baw90 | 2950516  Maj94 | 3206.893 Xu92  highly mixed level§AG| > 3 are possible and these are labelel
2626.289  Baw90 | 2958.735  Xu92 3285521 Lin0L /46 49 etc

2630492  Bawo0 | 2958899  Xu92 | 3241000  Ma94 0T oS Io0l o e s have b
2630.603 Baw90 | 2965.79f  Xu92 324959t  Lin01 otal o unique transition irequencies have been re

2653.290 Baw90 2087.381 Majo4 3357525 Linol  ported in the literature, and we were able to assign 823 of the
2653.559 Baw90 | 2990.280  Majo4 4394.944  Maj94 to transitions of . Table 5 lists the adopted frequency, esti
2653.692  Baw90 | 2995.60f  Xu92 4587.373  Maj89  mated uncertainty, assignment, and literature reference for e
2672862 Bawd0 | 3005898  Xu92 | 4756.345  Maj89  4gqigned transition. The assignments of 486 of these transitic
2673.229  Baw90 | 3022.332  Xu92 4788.544  Maj89 ified by thei bination diff q denot
2674344 Baw90 | 3023.904 Majod 4823315 xugo \were verified by their combination differences and are denots
2680.330  Baw90 | 3104.125  LinO1 4823348  Majgg DY asterisks. For transitions that have been reported multif
2680.485 Baw90 | 3120.826  Xu92 4823.892  Maj94 times, we used the least uncertain measurement for the fi
2699.334  Baw90 | 3121475  Xu92 4942.862  Maj89 quency. In cases where more than one equally accurate m
i i i ~ surement was available, we chose the earliest measuremen
Note.Some of these lines were previously assigned but have been ‘unassgriﬁ

during our analysis. Transitions marked with asterisks do not have any reasona??ell'lde inthis table. Many of the previous assignments have be

assignment and are likely not due tg H.ines without an asterisk had one or € anged due to both the new labeling scheme of energy lev:
more candidate assignments whose frequency and/or intensity difference fi@id the reassignment of lines to different transitions. Surpri
theory was too large to make a confident assignment. ingly, we found that fewer than 4% of the lines were assigne
'a Reference from_ whi(_:h the transition frequency was taken. Labels “Se"iﬁborrectly upon their initial observation. Most of the assign
this column are defined in Table 1. ment conflicts were in the lines that were not initially assigne
in Baw00 and Xu92. An expanded version of this table is avai
frequencies were usually small, sometimes assignments Wgfe in electronic form online and includes the calculated lowe
made to transitions predicted to have intensities orders of magate energies and Einsteircoefficients. This version also cred-
nitude weaker than the experimental sensitivity. This may pariig the first reported observation and first correct assignment
be due to the fact that observed intensities are rarely publishagth line. An online intensity calculator is also available at th
in the literature, and we urge experimenters to publish this inffuthors’ Web site (http:/h3plus.uchicago.edu).
mation in the future. Frequently our reassignment of such linesThe remaining 72 unassigned transitions are listed in Table
increased the frequency difference from theory but ultimatelrd should be considered carefully before being assigned in 1
made a much more reasonable assignment. future. Some of these that had been previously assigned are
Once all of the assignments were made, we verified mahger assigned. Many of them (marked with an asterisk) h:
of them by checking for combinations of other transitions thajp reasonable theoretically predicted lines of sufficient inter
led to the same energy differences (combination differences)sfly within ~1 cnr? of the reported transition, and are likely
program was written to search for all possible combinations of
transitions that created closed “loops” of up to 6 transitions. The

- . s . 4This “rule” is somewhat misleading and deserves more explanation. Tt
frequency of every verified transition agreed within 1.5 times nedG, denotedy = k — ¢, carries the selection rule dfg— 0, +3, 46, ...

. . .. s
the uncertainty in the frEquenCy calculated by a combination &?e to the parity and nuclear spin selection rules. The confusion begins wh

other transitions. g goes from a positive to a negative value or vice versa. Take for examg
To label the transitions, we have extended the energy lewslovertone transition whet€ = +1, ¢ =0 andk’ = 0, ¢’ ==£2. In this case
. . . o / " __ r__ i+ _— H
notation from Section I11.1 using the band symbol g'=+10¢'=F2 G"=1 andG'=2. The transitionAg=¥3 is clearly al-

lowed butAG appears to be a misleadingl. Both transitions are properly
, ;e P no1e 7] labeled with am; a label oft would denote the transitiog’ =+1tog =+4
Upv1+Upvy < vpv1 U0, whereAg=+3 andAG = +3.
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TABLE 5
Observed and Assigned Laboratory Transitions of Hi
Frequenc§ Assignmertt Ref¢ Frequency Assignmerit Ref® Frequenc§ Assignmert Ref®
(cm™1) Label Band (cm?) Label Band (cm?) Label Band
1546.901 (10) P(12 12) 0% « o¢° Joo00 2134.241 (10) Q(7. 6)y 02X « 01t Maj94 2395.500 (10) Q(8,3) 01' < 0¢° Baw90
1798.396 (02) P(9,9) 01 < oc® Maj87 2134.922 (10) P(5,5) 01 < o Maj87 2397.911 (10) Q(9,5) 01 < 00° Maj94
1826.160 (02) P(9, 8) 01 « oc® Maj87 2137.039 (10) P(5,3), 02 « 01t Maj94 2398.519 (10) Q8. 7) 01! « 00° Maj87
1843.560 (10) P(10, 7)¥ 01' < o¢° Majo4 2140.348 (10) P(5,4) 0L < o Majg7 2399.749 (10) Q(1,1) 11 < 10° Baw90
1865.199 (10) P9, 7)" 01! « 00° Majo4 2142.328 (10) P(5,4), 02 « 01t Majo4 2402.621 (10) Q(6,0) 02 « 01t Baw90
1867.905 (10) P(11 6)" 01! < 00° Maj94 2152.615 (10) P(3,0) 118 < 10° Maj94 2403.350 (20) Q(2,3) 12 <11t Baw90
1868.703 (10) P(9, 10) 02 « 01t Maj94 2152.887 (10) P(5,3) 01! « 00° Maj87 2406.029 (10) Q2. 1) 111 < 10 Baw90
1876.392 (10) P(9,9) 02 « 01t Majo4 2160.320 (10) P(5,5) 02 « 01t Majo4 2408.730 (10) Q(8,6) 01! < 00° Maj87
1882.985 (10) P(8,8) 01 < oc® Maj94 2164.278 (10) P(5,2) 01! < 00° Maj87 2411.518 (10) Q(8,5) 01* < 00° Maj87
1883.755 (10) P(10, 6)" 01! < 00° Maj94 2168.349 (10) P(5,6) 02 « 01t Baw90 2412.859 (10) Q(2.2) 118 < 10° Baw90
1904.235 (10) P(8,7) 01 « o Majo4 2168.698 (10) P(3,3) 11 « 10° Baw90 2413.314 (10) Q(5, 1), 02 « 01t Baw90
1905.488 (10) P(9, 6)" 01! < 00° Majo4 2172.815 (10) P(5, 1) 01! « 00° Maj87 2413.922 (10) R(1, 1) 02 « o1t Baw90
1916.714 (10) P(10,5)" 01! < 00° Maj94 2175.780 (10) P(5,0) 01! < o Maj87 2416.289 (10) R(1,0) 21« 2¢° Baw90
1921.286 (10) P(8, 6), 022 « 01t Maj94 2182.348 (10) P(4,2), 02 « 01t Maj94 2417.764 (10) Q(7,4) 01! « 00° Maj87
1925.254 (10) P(11, 4) 01* < 0¢° Majo4 2197.743 (10) P(4,3), 02 « 01t Majo4 2418.899 (10) Q(7,0) 01 «— o Baw90
1927.291 (10) P(11, 0) 01 < oc® Majo4 2202.691 (10) P(4,6) 0F « 02 Majo4 2419.558 (30) Q(7,1) 01! < 00° Baw90
1927.792 (10) P(7,2) 111 < 10° Maj94 2217.451 (10) P(4,4) 01 « o Wat84 2420.207 (10) Q3. 2" 111 < 10 Baw90
1933.653 (10) P(4, 3) 02X « 01t Maj94 2218.129 (10) P(4, 3) 01! < o Wat84 2420.728 (10) Q(7,3) 01! < o¢° Baw90
1935.714 (10) P(8, 6)! 01! « 00° Maj94 2223.965 (10) P(4,2)" 01! « o¢° Wat84 2421.888 (10) Q(7,2) 01! « o¢° Baw90
1937.873 (10) P(8, 7)u 02 « 01t Maj94 2229.895 (10) P4, 1) 01! < 00° Wat84 2422.983 (10) Q@3 1), 02 < 01t Baw90
1939.934 (10) P(9, 5)" 01! « 00° Maj94 2229.912 (10) P(4,4) 02 « 01t Maj94 2423.646 (10) Q(7.6) 01! « 00° Maj87
1944.087 (10) P(8,9) 02 « 01t Majo4 2241.077 (10) P(2,2) 118« 10° Baw90 2423.675 (20) Q(4, 1), 02 « 01t Baw90
1945.254 (10) P(10, 4)" 01* < 00° Majo4 2241.347 (10) P(4,5) 02 <« 01 Baw90 2424.797 (10) Q(3,3) 118 < 10° Baw90
1947.467 (10) P(8, 8) 02 <« 01t Maj94 2250.525 (10) Q(7,0) 02 <~ 01t Maj94 2431.821 (10) Q(7,5) 01! « 00° Maj87
1958.420 (10) P(10, 1)¥ 01! < o¢° Majo4 2253.633 (10) Q(1,0) 02 « o1t Majo4 2433.901 (10) Q4,3 118 « 10° Baw90
1959.957 (50) P(3, 1)y 02 « 01t Majo4 2260.480 (10) Q(11, 3y 01! < 00° Majo4 2436.653 (10) tQ(6, 3)u 111 « o1t Baw90
1967.450 (02) P(7,7) 01 « oc® Maj87 2260.480 (10) Q1 1) 03 <« 02 Maj94 2438.509 (10) Q(4,4) 118 < 10° Baw90
1968.800 (02) P(8,5)" 01! « 00° Maj87 2265.551 (10) Q(6, 2) 02 « 01t Maj94 2446.632 (10) Q(6,5) 01! « 00° Maj87
1969.319 (10) P(9, 4) 01! < o¢° Maj94 2271.405 (10) Q(6, 3), 02X « 01t Majo4 2447.903 (10) Q(6, 1) 01! < o¢° Majs7
1977.313 (10) P(9, 2)" 01* < 00° Maj94 2274.262 (10) Q(11,0) 01 < o Majo4 2449.533 (10) Q(6,2) 01* < 00° Maj87
1981.672 (10) P(7,3)! 02 « 01t Maj94 2277.104 (10) Q(5,3) 02 « 01t Maj94 2449.800 (10) Q(4,0) 02 <01t Baw90
1982.486 (10) P(6, 6) 11 « 10° Majo4 2279.406 (30) Q(3, 1) 02 « 01* Majo4 2449.885 (10) P(1,2) 02 « o1t Baw90
1982.874 (02) P(7,6) 01 « oc° Maj87 2279.406 (30) Q(3,2) 02 « 01t Majo4 2452.718 (10) Q(6,3) 01! < 00° Maj87
1984.067 (10) P(7,5) 02 « 01t Maj94 2279.632 (10) Q(3,0) 02 <« 01t Maj94 2453.408 (10) Q(6,4) 01 < 00° Maj87
1990.807 (10) P(6,0) 02 <« 01t Maj94 2279.913 (10) Q(5,0) 02 <~ 01t Maj94 2454.417 (10) tQ(7, 4) 10 « 00° Baw90
1996.884 (10) P(8, 4) 01' < 0¢° Majo4 2280.547 (10) Q(5, 1) 02X « 01t Majo4 2456.273 (20) Q(4, 2) 02 « 01t Baw90
1997.172 (10) P(9, 1) 01* < 00° Majo4 2284.000 (10) Q(4,2) 02 « 01t Majo4 2457.290 (05) P(,1) 01 < o McK98
2001.479 (10) P(9,0) 01 « oc® Maj94 2284.333 (10) Q(4, 1) 02 « 01t Maj94 2457.613 (10) Q(5,5) 118 < 10° Baw90
2002.045 (10) P(9, 3)! 01! < 00° Majo4 2295.577 (10) P(3, 1) 01! < o¢® Wat84 2457.912 (10) R(1,0) 03 <02 Baw90
2006.615 (10) P(7,6)u 022 « 01t Majo4 2295.947 (10) P(3,2) 01 « oc? Wat84 2458.850 (10) R(1, 1) 03! < 02 Baw90
2007.290 (10) P(7,5)" 01% < 00° Maj87 2295.980 (10) P(3,0) 01 < o Wat84 2464.652 (10) R(2,3) 02 <~ 01t Baw90
2011.400 (10) P(6, 3). 022 « 01t Maj94 2298.930 (10) P(3,3) 01 « o Wat84 2467.553 (10) Q(5,4) 01! « 00° Baw90
2018.029 (10) P(8, 3)" 01! < 00° Majo4 2304.343 (10) P(3,3) 02 « 01 Majo4 2469.235 (10) Q(5,3) 03 « 022 Baw90
2018.760 (10) P(7,7) 02 < 01t Maj94 2312.918 (10) P(3,4) 02 < 01 Majo4 2470.605 (10) tQ(8,4) 10 < 00° Baw90
2019.376 (10) P(7,8) 02 « 01t Maj94 2314.681 (10) Q(10, 4y 01! « 00° Maj94 2471.384 (10) R(3, 3) 03t < 02 Baw90
2020.914 (10) P(5, 4) 11 < 10° Maj94 2324.698 (10) Q(10, 3) 01! < o¢® Majo4 2471.923 (10) Q(5,0) 01 < o Baw90
2022.011 (10) P(5, 3) 111 « 10° Maj94 2331.823 (10) Q(11, 9y 01! < o¢° Maj94 2472.325 (10) Q(5,1) 01! « 0¢° Maj87
2023.165 (10) P(8, 2)" 01% < 00° Maj94 2333.983 (10) Q(5,0) 118 < 10° Maj94 2472.846 (10) Q(5,3) 01* < 00° Maj87
2032.182 (10) P(5,5) 11 « 10° Maj94 2334.544 (10) Q(5,1) 111 < 10° Maj94 2473.238 (10) Q(5,2) 01! « 00° Maj87
2033.318 (10) P(7, 4) 01! < 0¢° Majs7 2335.567 (10) Q5. 3) 118 « 10° Majo4 2474.054 (10) Q(2,0) 02 « o1t Baw90
2036.291 (10) P(8, 1) 01* < 00° Majo4 2341.498 (10) Q(10, 9y 01* < 00° Majo4 2477.797 (10) Q(4.2), 03 « 02 Baw90
2051.510 (10) P(6, 6) 01 « oc® Maj87 2348.355 (10) Q(9,3) 01! « 00° Maj94 2483.553 (10) Q@3 1) 02 « 01t Baw90
2054.047 (10) P(6, 4), 02 « 01t Maj94 2350.775 (10) Q(4,1) 118 < 10° Majo4 2486.559 (05) Q(4,3) 01! < o¢® McK98
2057.444 (10) P(2,0) 02 « o1t Majo4 2351.639 (10) Q(9,0) 01 « oc° Majo4 2486.844 (10) R(2,2) 02 < o1t Baw90
2060.200 (10) P(7,3)" 01% < 00° Maj87 2353.250 (10) Q(9,2) 01 < 00° Maj94 2491.745 (05) Q(4,2) 01* < 00° McK98
2061.680 (10) P(6,5) 01 « oc® Maj87 2354.125 (10) Q(9,4) 01! « 00° Maj94 2491.906 (10) Q(6, 6) 118 « 10° Baw90
2067.366 (10) P(7,2) 01! < 00° Maj87 2357.951 (10) Q(10, 7y 01! < 00° Majo4 2491.976 (10) R(2, 1), 02 « 01* Baw90
2073.951 (10) P(6, 5)u 02 « 01t Maj94 2360.957 (10) Q(10, 6) 01! < 00° Majo4 2492.537 (05) Q4,1) 01* < 00° McK98
2077.500 (10) P(7, 1) 01! « 00° Maj87 2362.676 (10) Q3. 1) 118 < 10° Maj94 2492.728 (10) R(2,0) 02 <~ o1t Baw90
2079.433 (10) P(6, 4) 01! « o¢° Maj87 2364.814 (10) Q(3,0) 11 < 10° Majo4 2497.349 (10) R(1, 0) 12 <11 Baw90
2080.683 (10) P(7,0) 01! « oc® Maj94 2371.155 (10) Q(9,8) 01! < o¢° Majo4 2498.080 (10) P(1,3) 0F « 02 Baw90
2089.305 (10) P(4,3) 11 < 10° Baw90 2372.185 (10) P(2,1) 01 < o Wat84 2503.350 (05) Q(3,2) 01* < 00° McK98
2089.764 (10) P(6, 6) 02 « 01t Baw90 2378.869 (10) P(2,2) 01 « o Wat84 2508.134 (05) Q3. 1) 01! « 00° McK98
2094.236 (10) P(6,7) 02 « o1t Majo4 2380.555 (10) P(2,3) 02 « o1t Majo4 2508.757 (10) Q4, 1) 02 « 01t Baw90
2095.263 (10) P(5,2)! 02 « 01t Majo4 2384.252 (10) Q9,7) 01! < 00° Majo4 2509.078 (05) Q(3,0) 01 < o McK98
2096.629 (10) P(6,3)" 01! « 00° Maj87 2384.802 (10) Q(9, 6) 01! « 00° Maj94 2509.726 (10) R(3, 3) 21t « 20° Baw90
2097.745 (10) P(4, 4) 11 < 10° Baw90 2387.602 (10) Q8. 1) 01! < o¢® Majo4 2510.291 (10) Q@& 1) 02 « 01t Baw90
2113.241 (10) P(6, 2) 01! « o¢° Majs7 2388.452 (10) Q(8,2) 01! « o¢° Majo4 2514.619 (10) Q(2, 1) 02 « 01t Baw90
2120.357 (10) P(4,0) 02 < 01t Maj94 2389.257 (10) Q(8,4) 01! < 00° Maj94 2515.755 (10) Q(1,1) 02 < 01t Baw90
2122.513 (10) P(6, 1) 01! « 00° Maj87 2394.556 (10) R(1,2) 02 <~ 01t Baw90 2518.211 (05) Q2. 1) 01! « 00° McK98
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TABLE 5—Continued

75

Frequency Assignmertt Ref® Frequency Assignmerit Ref® Frequency Assignmerit Ref¢
(cm™1) Band (cm?) Label Band (cm?) Label Band

2520.677 (10) 02 « 01t Baw90 2617.809 (10) Q(5,6) 03 « 02 Baw90 2769.393 (10) R(3,3)" 111 « 10° Baw90
2529.724 (05) 01! < 00 McK98 2620.589 (10) Q(8.6)" 01! < o¢® Baw90 2769.863 (10) R(3, 1) 118 < 10° Baw90
2532.253 (10) 02 « o1t Baw90 2621.514 (10) R(4, 4) 02 « o1 Baw90 2770.196 (10) R(7,8) 02 « o1t Baw90
2534.922 (10) 02 « 01* Baw90 2624.967 (10) Q(6, 3)" 01! « 00° Baw90 2770.940 (10) R(3,0) 11« 10° Baw90
2536.931 (10) 02 « 01t Baw90 2626.220 (10) Q(6,7) 02 « o1t Baw90 2771.586 (10) R(6, 3) 02 « 01t Baw90
2538.253 (10) 111 < 1P Baw90 2628.097 (30) Q(4, 2)¢ 022 « 01* Baw90 2783.325 (10) R(3, 1), 02 « 01* Baw90
2539.451 (10) 02 « o1t Baw90 2628.119 (20) Q7. 7) 02 « 01 Baw90 2783.417 (10) R(2, 1) 02 « 01* Baw90
2539.744 (10) ( 02 « 01t Baw90 2630.814 (10) Q(10, 8y 01! « 00° Baw90 2785.121 (10) R(3,2) 02 « 01t Baw90
2541.293 (10) Q(3, 02 « 01* Baw90 2639.806 (10) Q(7,8) 02 « 01 Baw90 2787.400 (10) R(4, 0) 12 < 11* Baw90
2541.433 (10) Q@ 02 « 01t Baw90 2640.172 (10) Q(8,8) 02 « 01 Baw90 2789.736 (10) R(6, 4) 02 « 01t Baw90
2542.467 (10) Q(2,2) 02 « o1t Baw90 2648.105 (10) R(2,3) 12 « 11t Baw90 2795.213 (10) R(4, 3)" 03! « 02 Baw90
2545.420 (05) QL 1) 01 « o0 McK98 2648.692 (10) Q(5,0) 02 « o1t Baw90 2798.620 (10) R(7,7) 02 « o1 Baw90
2552.988 (05) Q2 01! < 00° McK98 2649.315 (10) R(4, 3) 12 « 11! Baw90 2801.108 (10) R(5, 4) 118 < 10° Baw90
2554.276 (10) Q@3 02 « o1t Baw90 2650.561 (10) ~5P(4,6) 0F <~ 02 Baw90 2809.767 (10) R(2,2) 02 « 01 Baw90
2554.475 (10) Q(4,3) 03 « 02 Baw90 2650.954 (10) Q(9,9) 02 « o1 Baw90 2810.597 (10) R(5, 3) 111 « 10° Baw90
2554.666 (05) Q2 01 « oc® McK98 2653.095 (10) Q(8,9) 02 « 01t Baw90 2816.843 (10) R(2, 3) 02 « 01t Baw90
2557.484 (10) R(3,3) 02 « o1t Baw90 2653.885 (10) R(5, 5) 211 < 20° Baw90 2817.349 (10) R(5, 6) 12 < 11% Baw90
2561.497 (05) Q@3.3) 01 « oe® McK98 2657.652 (10) R(5, 6) 02 « o1 Baw90 2818.072 (10) R(4,2), 02 « 01t Baw90
2564.418 (05) Q@32 01! « 00° McK98 2660.373 (10) Q(5, 3) 02 « 01t Baw90 2818.196 (10) R(2, 1) 02 « 01t Baw90
2566.904 (10) Q(2,3) 02 « o1 Baw90 2660.638 (10) tQ(4, 2) 118 < o1t Baw90 2821.518 (10) R(8, 9) 02 « 01t Baw90
2567.288 (05) Q(4, 01 « oc® McK98 2664.213 (10} R(1,2) 0F <~ 02 Baw90 2822.357 (30) R(4, 2)! 12 « 11! Baw90
2568.708 (05) Q@3 01! « 00° McK98 2665.729 (10) Q(4, 3) 02 « 01t Baw90 2822.448 (30) R(4, 3)! 12 « 11! Baw90
2569.726 (10)  'Q(6, 10 < oc® Xu92 2666.142 (10) R(7, 6) 03t « 02 Baw90 2822.730 (20) R(7, 5) 02 « 01* Baw90
2570.858 (10) Q@ 02 « o1 Baw90 2666.500 (10) Q(9, 10) 02 « 01t Baw90 2823.138 (05) R(2,2)" 01! < 00° McK98
2570.987 (10) Q(4,6) 03 « 02 Baw90 2670.234 (10) R(1,0) 02 « o1 Baw90 2824.754 (10) R(7, 4) 02 « 01t Baw90
2571.118 (05) Q(5, 01 « o0® McK98 2671.142 (10) R(2, 1) 111 « 10° Baw90 2825.956 (10) R(4, 3) 02 « 01t Baw90
2572.220 (10) R(1, 11 < 10° Baw90 2672.799 (10) R(2, 2) 1« 10° Baw90 2826.117 (05) R(2, 1) 01* < 00° McK98
2572.357 (10) Q(6, 02 « 01 Baw90 2672.958 (10) R(3,3) 111 < 10° Baw90 2829.925 (05) R(3,3) 01! « 00° McK98
2573.057 (10) Q(6, 3 022 « 01t Baw90 2679.487 (10) R(4, 2) 02 « 01t Baw90 2831.340 (10) R(3, 1) 01! « 00° Wat84
2573.582 (10) Q(6, 01 « oc® Maj87 2680.631 (10) R(3,2) 118 « 10° Baw90 2832.198 (05) R(3,2) 01! < o¢® McK98
2574.659 (05) Q4. 01 « 00° McK98 2681.500 (10) R(3, 1) 118 « 10° Baw90 2836.028 (10) "R(5, 5) 02 « 10° Baw90
2574.893 (10) Q(7.7) 01 « oe® Baw90 2683.755 (10) R(5,5) 02 « o1 Baw90 2838.041 (10) R(6, 6) 118 « 10° Baw90
2575.112 (30) Q(o, 01 « o0® Baw90 2685.157 (10) R(4, 3) 02 « 01t Baw90 2841.148 (10)  'Q(2,0) 11 < 01t Baw90
2575.112 (10) R(1, 1 111 < 1P Baw90 2685.942 (10) 'Q(5, 2) 11t < 01! Xu92 2842.191 (10) R(5, 3), 02 « 01* Baw90
2575.312 (10) Q(8.8) 01 « oc® Baw90 2691.443 (05) R(1, 1) 01* < 00° McK98 2843.898 (20) R(3, 1)} 02 « 01* Baw9d
2577.492 (10) 03 « 02 Baw90 2695.420 (10) R(1, 1) 02 « o1 Baw90 2844.464 (10)  "R(5,4) 02 « 10° Baw90
2577.629 (10) Q4, 02 « 01t Baw90 2696.110 (10) R(2, 1), 022 « 01t Baw90 2851.433 (10) R(8, 8) 02 « o1t Baw90
2577.694 (10) R(l, 1 03 « 02 Baw90 2700.573 (10) R(3,0) 12 « 11t Baw90 2852.156 (10)  'R(2,0) 12 < 02 Baw90
2579.390 (10) 03 « 02 Baw90 2704.382 (10) R(3,2)" 03! « 02 Baw90 2853.598 (10) R(4, 1), 02 « 01* Baw90
2579.672 (10) ( 02 « 01t Baw90 2709.405 (10) "R(4, 4) 02 « 10° Baw90 2854.191 (10)  'R(5, 4) 118 « o1t Baw90
2579.748 (10) Q(3,4) 02 « o1 Baw90 2709.479 (10) R(3, 1)4 12 « 11t Baw90 2862.151 (10) R(4, 4 111 < 10° Baw90
2581.184 (10) Q(5, 4y 01! « 00° Maj87 2713.789 (10) R(4, 5) 12 « 11t Baw90 2864.369 (10) R(4, 2) 118 < 10° Baw90
2582.909 (10) Q4,2 01! « 00° Baw90 2715.559 (10) R(6,7) 02 « o1t Baw90 2868.040 (10) R(4, 1) 118 « 10° Baw90
2583.155 (10) Q4, 02 « 01t Baw90 2715.827 (10) R(3, 3 03! < 02 Baw90 2868.404 (10) R(3, 1) 022 « 01t Baw90
2586.985 (10) Q(6,5) 01' < 00° Maj87 2718.262 (10) R(1,2) 02 « 01 Baw90 2869.535 (10) R(9, 10) 02 < 01t Baw90
2589.541 (10) Q4, 1y 01' « 00° Baw90 2719.437 (10) -6Q(2,4) 03 « 02 Baw90 2870.890 (10) R(3,0) 02 « o1 Baw90
2590.071 (10) R(2,0) 12 <11t Baw90 2724.058 (10) R(3,2), 02 « 01t Baw90 2884.148 (10)  'Q(3,0) 11 < 01t Xu92
2590.315 (10) Q(6, 02 « 01t Baw90 2725.342 (10) R(3,0) 03t < 02 Baw90 2889.052 (10) R(4, 1) 01! < o¢° Baw90
2591.323 (10) Q(7. 6) 01! « 00° Baw90 2725.898 (05) R(1,0) 1« o McK98 2890.993 (10)  'R(4,3) 218 11! Baw90
2593.460 (10) Q5.3 01! « 00° Maj87 2726.220 (0%) R(1, 1) 01! « 00° McK98 2891.867 (10) R(4,2) 01! « 00° Wat84
2594.477 (10) Q 01! < o0° Baw90 2730.887 (10) R(2, 1) 02 « 01t Baw90 2893.103 (10) R(5, 0) 12 < 11* Baw90
2595.880 (10) 03t « 0 Baw90 2733.639 (10) 'R(8, 7) 11! <~ 01t Baw90 2893.369 (10) R(5, 4), 02 « 01t Baw90
2596.520 (20) 02 « o1t Baw90 2734.526 (10) R(5, 2) 02 « 01t Baw90 2894.488 (10) R(4, 4) 01! « 00° Oka81
2596.520 (20) 02 « o1t Baw90 2735.515 (10) R(3,2)! 12 11! Baw90 2894.610 (10) R(4, 3) 01! « 00° Oka81
2597.058 (10) 02X « 01t Baw90 2737.851 (10) R(4, 3), 02 « 01t Baw90 2895.600 (10) R(7,7) 118 « 10° Baw90
2597.702 (10) 01' « 00° Baw90 2740.568 (10) tR(5, 4), 11t < o1t Baw90 2895.874 (10) R(3,2)! 022 « 01t Baw90
2599.268 (10) 02 « o1t Baw90 2742.697 (10) R(6, 6) 02 « o1t Baw90 2896.161(10)  'R(4,3), 118 « o1t Baw90
2600.886 (20) 02 < 01t Baw90 2743.418 (10) R(4, 4) 118 « 10° Baw90 2898.614 (10) R(7, 6) 118 < 10° Baw90
2602.367 (10) 02 « 01t Baw90 2744.586 (10) R(4, 2) 118 « 10° Baw90 2901.516 (10) R(9, 9) 02 « o1t Baw90
2603.883 (10) 02 « o1t Baw90 2744.719 (10) R(5, 4) 02 « 01t Baw90 2901.653 (10) R(8, 8)" 118 « 10° Baw90
2605.063 (10) 01! < 00° Baw90 2745.307 (10) Q(6, 3) 02 « 01t Baw90 2902.523 (10) R(5, 4) 12 11! Baw90
2605.763 (10) 02 « 01* Baw90 2747.457 (10) R(4, 3) 118 « 10° Baw90 2909.239 (10) R(4, 2) 02 « 01t Xu92
2605.921 (10) 01! « 00° Baw90 2748.106 (10) R(5, 3), 02 « 01t Baw90 2918.026 (10) R(3,3)" 01! « 00° Oka81
2606.154 (10) 022 « 01t Baw90 2754.535 (10) R(2,0) 02 « o1 Baw90 2923.361 (10) R(3,2)" 01! « 00° Oka81
2606.296 (10) 11 < 10° Baw90 2756.142 (10) tR(7, 6) 118 « 01t Baw90 2924.414 (10) R(6, 3), 02 « 01t Xu92
2611.838 (10) 02 < o1 Baw90 2762.070 (05) R(2,2) 1 < 00° McK98 2928.351 (10) R(3, 1) 01! < 00° Oka8l
2612.842 (10) 02 « o1 Baw90 2762.250 (10) R(5,5) 1 10° Baw90 2928.470 (10)  "R(6,5) 02 « 10° Xu92
2613.540 (10) 01! « 00° Baw90 2765.545 (05) R(2, 1) 1! < 00° McK98 2930.163 (10) R(3,0) 01 « oc® Oka81
2613.932 (10) 111 « 1P Baw90 2766.032 (10) tR(6, 5) 1« o1t Baw90 2931.917 (30) R(7, 6) 02 « 01* Carbd
2615.068 (10) 02 « 01t Baw90 2767.678 (10) R(3, 2) 1100 Baw90 2932.988 (10) R(3,4) 02 « o1t Baw90
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Frequency Assignmertt Ref¢ Frequency Assignmerit Ref¢ Frequency Assignmertt Ref¢
(cm™1) Label Band (cm?) Label Band (cm?) Label Band

2934.155 (10) R(3,3) 02 <« 01t Baw90 3042.578 (10) R(6, 4)" 111 < 10° Xu92 3152.951 (05) R(6, 2)! 02 « 01t Lin01
2934.355 (10Y R(3, 3) 03 « 02 Baw90 3046.045 (05) R(5, 1) 02 « 01t Lin01 3159.015 (05) R(9, 8) 1« 00° Lin01
2938.491 (10) R(, 1) 01! < o0° Xu92 3050.552 (05) R(8, 4) 01! « o¢° Lin01 3160.236 (05) R(10, 7) 01! « 00° Lin01
2941.187 (10) R(7,6), 02 « 01t Xu92 3051.407 (05) R(6, 5)| 02 « 01t Lin01 3162.430 (05) R(10, 6) 01! < 00° Lin01
2942.209 (10) R(5,2) 01! « 00° Maj87 3052.077 (05) R(5, 1)4 03 « 02 Lin01 3163.198 (05)  'R(5, 1) 111 < o1t Lin01
2944.828 (10) R(4,0) 02 « o1 Baw90 3053.355 (05) R(6, 1) 118 1P Lin01 3167.596 (05) R(9, 9) 01! « 00° Lin01
2949.555 (10) R(5, 3) 01 < 00° Maj87 3053.562 (05) R(10, 9) 02 « 01t Lin01 3172.045 (05) R(8, 7)! 02 « 01t Lin01
2950.605 (10) R(4, 1) 02 « 01t Xu92 3056.252 (05) R(7,5) 01! « 00° Lin01 3175.189 (05) R(7, 5) 02 « 01t Lin01
2951.438 (20) R(5, 3) 118 < 10° Carbd 3059.381 (10) R(9, 5) 1t~ 00° Xu92 3177.167 (05) R(10, 8) 01! « o¢° Lin01
2953.405 (10) R(4, 1)¢ 02 « 01t Xu92 3059.512 (10) "P(3,4) 111 ot Xu92 3177.167 (05) R(7, 3)" 118 « 1P Lin01
2955.154 (10) R(5, 4) 01! < 00° Uy94 3060.507 (05) R(5,0) 02 « 01t Lin01 3177.628 (05) "R(7, 5) 02 « 10° Lin01
2956.072 (10) R(5,5) 01! « 00° Oka81 3061.287 (10) R(4, 6) 0% « 02 Xu92 3179.115(08)  'R(6,3) 111 < o1t Lin01
2956.222 (10) “SR(6, 2" 01! < o¢® Uyod4! 3062.110 (05) R(6, 6)" 1~ 10° Lin01 3179.998 (05) R(6, 4)! 02 « 01t Lin01
2956.843 (30) 'R(7,5) 10 < 00° Xu92! 3062.813 (10) "R(0, 1) 118 < 01t Xu92 3182.038 (05) R(6, 6)" 01% < 00° Lin01
2956.947 (30) R(3, 2)¢ 02 « 01t Xu92 3063.078 (10) R(11, 6) 111 < o0 Xu92 3182.281(08)  'R(5,2) 111 < o1t Lin01
2962.822 (10) R(5, 3)| 02 « 01t Xu92 3063.273 (10) R(6, 3) 03! « 02 Xu92 3187.488 (05) R(11, 8) 01! < o¢° Lin01
2964.705 (10) R(5,0) 118« 10° Xu92! 3063.935(05)  'R(6,2)| 111 « ot Lin01 3188.423 (05) R(6, 2); 022 « 01t Lin01
2964.987 (10) tR(5, 3), 111 < o1t Xu92 3064.356 (05) R(7,6) 01! < 00° Lin01 3193.232 (05) R(6, 5)" 01! < 00° Lin01
2966.864 (10) R(6, 4), 02 « 01t Xu92 3064.356 (05) R(5, 2)| 022 « 01t Lin01 3194.796 (05)  'R(6,0) 111 < o1t Lin01
2974.534 (20) 'R, 1)y 110 < o1t Xu92 3065.578 (05) R(5, 2)! 02 « 01* Lin01 3199.631 (05) "R(7,7) 02 « 10° Lin01
2974.682 (20) "Q(1L,1) 118 < 01t Xu92 3065.777 (05) R(5, 1)¢ 02 « 01t Lin01 3200.723 (05) R(10, 9) 01* < 00° Lin01
2975.656 (10) 'R(5, 3) 120 « 02 Xu92 3066.565 (05)  'R(5, 3) 10 « 00° Lin01 3201.386 (05) R(7, 1) 02 « 01t Lin01
2976.080 (10) R(8,7), 022 « 01* Xu92 3067.733 (05) R(4, 2) 022 « 01* Lin01 3201.672 (05) R(6, 5)4 02 « 01* Lin01
2976.566 (10) R(4, 2)! 02 « 01t Xu92 3069.176 (05) R(7,7) 01! « 0¢° Lin01 3202.174 (05) tR(5,2) 10 < o0° Lin01
2977.488 (10) R(8, 7) 02 « 01t Xu92 3076.175 (10) R(5, 3)¢ 03 < 02 Lin01 3203.158 (10)  'R(4, 1) 111 < o1t Xu92!t
2979.325 (10) tR(6, 4) 111 < o1t Xu92 3077.457 (10)  'R(6,3) 200 « 1¢° Lin01 3203.513 (10) R(8, 6)" 111 « 10 Xu92
2979.507 (10) R(6, 1) 01! < o¢® Xu92 3078.892 (05) R(9, 3) 01! < 00° Lin01 3205.308 (05) R(6, 4)" 01! « 00° Lin01
2979.658 (10) "R(6, 6) 02 « 10° Xu92 3085.617 (03)  'R(5,3) 111 < o1t Lin01 3209.072 (05) R(11,9) 01* < 00° Lin01
2980.327 (10) R(4, 3)! 02 « 01t Carbd 3086.072 (05)  'R(4,2) 111 < o1t Lin01 3210.543 (05) R(12,9) 01! « 00° Lin01
2984.082 (10) R(6, 2) 01! < o¢® Xu92 3091.891 (10) "Q(2, 2)" 118 < 01t Xu92 3210.801 (05) R(10, 10) 01! < o¢° Lin01
2984.259 (10) 'R(4, 3) 118 ot Xu92 3092.324 (10) "Q(L,2) 118 < o1t Xu92!t 3212.252 (05) R(6, 2)* 01! < 00° Lin01
2985.494 (10) R(6, 3) 01! < 00° Xu92 3093.669 (05) R(7, 7 111 < 10° Lin01 3214.612 (05) R(6, 6) 02 « 01t Lin01
2989.507 (20) R(6,4) 01! « 00° Xu92 3096.416 (05) R(5, 5) 01! « 00° Lin01 3216.361 (05) R(6, 3)" 01! « 00° Lin01
2989.507 (30) 'R(3,2) 110 « 01t Xu92 3096.665 (05) R(6, 3)| 02 « 01t Lin01 3219.108 (05) 'R(7,3) 10 « 00° Lin01
2989.618 (10) 'R(4,0) 12 « 02 Xu92 3097.259 (03)  'R(2,0) 118 < 01t Lin01 3220.181 (05) R(7,0) 02 < 01t Lin01
2990.585 (10) 'R(5, 2) 11' < o1t Xu92 3097.985 (05) R(5, 4) 02 « 01t Lin01 3220.816 (05) R(6, 1) 01! < 00° Lin01
2993.467 (10) R(7.5), 022 « 01t Xu92 3099.905 (05) R(8, 6) 01! < o¢® Lin01 3221.086 (05) "Q(2,3) 11+ < o1t Lin01
2994.903 (10) 'R(4, 2), 118 — ont Xu92 3100.131(03)  'R(7,3) 20 « 10° Lin01 3221.214 (05) R(7, 1)¢ 022 « 01t Lin01
2998.347 (15) R(11, 7), 02 « 01t Lin01 3100.871 (05) "R(7, 6) 02 « 10° Lin01 3222.022 (05) R(5, 3)! 02 « 01t Lin01
3000.105 (10) tR(8, 6) 111 < o1t Xu92 3101.397 (05) R(5, 3)4 022 « 01t Lin01 3228.754 (05)  'R(3,0)" 111 < o1t Lin01
3002.355 (10) R(10, 10) 118 « 10° Xu92 3102.368 (05) R(8, 5) 01! < o¢° Lin01 3235.574 (05) R(6, 7) 02 « o1t Lin01
3002.750 (10) "R(8, 8) 02 « 1¢° Xu92 3102.736 (03)  'R(3,1) 11' < o1t Lin01 3235.813 (05) R(12, 10¥ 01* < 00° Lin01
3003.253 (05) R(5,3)" 03t « 02 Lin01 3103.873 (05) R(6,0) 02 « 01t Lin01 3236.270 (05) R(7, 4) 02 « 01t Lin01
3006.996 (05) R(5, 4) 022 « 01t Lin01 3106.804 (05) R(5, 4 01! < o¢® Lin01 3238.614 (05) R(11, 10) 01! < o¢° Lin01
3008.108 (05) R(4, 4) 01! « 00° Lin01 3108.871 (05) R(7, 6)| 02 « 01t Lin01 3238.662 (05) R(9, 8)| 022 « 01t Lin01
3009.317 (05) 'R(2, 1) 111 « o1t Lin01 3110.877 (10) "P(5, 6) 111 < o1t Lin01 3240.385 (05) R(8, 6); 02 « 01t Lin01
3011.509 (05) R(6, 5) 01! « 00° Lin01 3111.038 (10) "R(9, 9) 02 «1¢° Lin01 3247.272(05)  'R(8,2)! 111 < o1t Lin01
3014.364 (05) R(6, 6)' 01! < 00° Lin01 3113.532 (05) R(8,7) 01! « 00° Lin01 3247.694 (05) R(7, 2)¢ 022 « 01t Lin01
3015.241 (05) R(4,3)" 01! « 00° Lin01 3115.615 (05) R(5,5) 02 < 01t Lin01 3247.800 (05)  'R(6, 1)} 11' < o1t Lin01
3017.629 (05) R(5,0) 0F « 02 Lin01 3118.511 (05) R(6, 4)| 02 « 01t Lin01 3247.891 (05) R(7, 4) 02 « 01t Lin01
3018.586 (05) R(9, 8), 02 « 01t Lin01 3120.210 (05) 'R(4,2) 10 < od® Lin01 3249.704 (05) R(11, 11) 01! < o¢° Lin01
3020.495 (05) R(4, 4) 02 « o1t Lin01 3120.321 (05) R(8, 8) 01! « 0¢° Lin01 3249.794 (05) R(7, 3)4 02 « 01t Lin01
3021.862 (05) R(6, 4)! 12 <~ 11! Lin01 3121.216 (05)  'R(4,0) 111 < o1t Lin01 3259.835 (05) R(7, 3)! 02 < 01t Lin01
3022.424 (05) 'R(5, 1), 118 < o1t Lin01 3121.814 (05) R(5,3)" 01! « 00° Lin01 3261.336 (05) R(8, 5)| 022 « 01t Lin01
3023.674 (10) R(6, 3)" 118 « 10° Xu92 3122.252 (05) R(5, 2)" 01! < o¢° Lin01 3265.138 (05) R(7, 7)" 01! < 00° Lin01
3024.439 (10) 'R(8, 5) 10 < 00° Lin01 3128.068 (05) R(5, 1) 01! < 00° Lin01 3265.304 (05) R(8, 1)¢ 02 « 01t Lin01
3024.558 (10) R(4,2) 01! « 00° Lin01 3128.296 (05) R(7,2) 111 < 10° Lin01 3266.017 (05) R(7,5)¢ 02 « 01t Lin01
3025.941 (05) R(7, 4) 01! < o¢® Lin01 3129.516 (10) R(6, 1) 022 « 01t Lin01 3269.095 (05) "R(8, 5)" 02 « 10° Lin01
3026.162 (05) tR(6, 4) 10 < oc° Lin01 3129.811 (05) R(5, 0) 01! « o Lin01 3269.496 (05) R(8, 3)" 111 < 1 Lin01
3028.543 (05) R(8, 6), 022 < 01t Lin01 3130.216 (05) R(9, 6) 01! < 00° Lin01 3270.571 (05) R(14, 12) 01! < 00° Lin01
3028.977 (05) R(7,3), 02 « 01t Lin01 3134.077 (05) R(7.6)" 03t « 02 Lin01 3272.713 (05) R(12, 11} 01! «— 00° Lin01
3029.075 (10) R(7, 3) 01! < o¢® Lin01 3136.793 (05) R(7, 1) 110 « 10° Lin01 3276.197 (05) R(7, 6)4 01! < 00° Lin01
3029.832 (05) R(4, 1) 01! « 00° Lin01 3137.145 (05) R(5, 6) 02 < 01t Lin01 3277.429 (03)  'R(8,3) 10 < 00° Lin01
3033.304 (10) R(6, 5) 111 < 10° Xu92 3137.814 (05) R(6, 3)¢ 02 « 01t Lin01 3282.308 (05)  'R(6,2) 10 « 00° Lin01
3033.746 (05) R(8, 3) 01! < o¢® Lin01 3138.979 (05) R(7,0) 11 < 10° Lin01 3282.997 (05) ~SR(8, 6), 02X « 01t Lin01
3035.475 (05) R(4, 5) 02 « o1t Lin01 3140.641 (05) R, 7) 01! « o¢° Lin01 3284.093 (05) R(12, 12) 01! « 0¢° Lin01
3036.720 (10) R(12 12) 02 < 01t Lin01 3144.458 (05)  'R(6,3) 10° < 00° Lin01 3285.768 (05) R(7, 6)! 02 < 01t Lin01
3037.319 (05) 'R(1, 0) 118 « 01t Lin01 3146.461 (10) "R(1, 1) 118 « 01t Xu92 3288.443(05)  'R(7,3) 111 < o1t Lin01
3038.913 (10) 'R(10, 6) 10 < 00° Xu92 3150.724 (05) R(6, 1)¢ 02 « 01t Lin01 3289.115 (05) R(7, 5)* 01! < 00° Lin01
3042.157 (10) 'R(3, 1y 118 — ont Xu92 3151.824 (05) R(7, 4)" 1 10° Lin01 3290.752 (10) R(7, 2)* 01* < 00° Xu92
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3292.521 (05) R(7, 2) 022 « 01t Lin01 3473.764 (05) R(10, 6)! 022 « 01t Lin01 4900.393 (10) 'R(3,3) 02 « 0o Xu90
3293.790 (05) R(9, 6)" 111 < 1P Lin01 3476.189 (05) R(9, 4)* 01! « 00° Lin01 4907.871 (10) tQ(1,0) 02 « 0o Xu90
3296.014 (05) R(9, 9)" 118 < 10° Lin01 3486.049 (05) R(9, 9) 02 « o1t Lin01 4908.672 (20) "P(4,3) 02 « o Xu90
3298.990 (05) R(8,3)! 022 « o1t Lin01 3497.971 (05) R(9, 3) 01! < 00° Lin01 4914.248 (10) 'Q(3,0) 02 « 0¢° Xu90
3300.111 (10)  'R(5,0) 111 < o1t Lin01 3498.764 (05) “®R(9, 5) 01* < 00° Lin01 4930.981 (20) "P(6, 5) 02 « 00° Maj89
3301.694 (05) ~6R(8, 5) 02 « o1t Lin01 3499.417 (05) R(10, 10§ 01! « 00° Lin01 4931.596 (20) tR(6, 5) 02 « 0o¢° Xu90
3302.423 (05) R(7, 4)* 01! < 00° Lin01 3503.306 (10) R(10, 9)* 01! < 00° Lin01 4936.000 (20) tR(2,2) 02 « 0¢° Xu90
3303.093 (05) R(13, 12) 01! < 00° Lin01 3513.541 (05) R(10, 8)" 01* < 00° Lin01 4955.991 (10) "P(2,2) 02 « 0o Xu90
3305.935 (05) R(7, 1) 01! « 00 Lin01 3516.951 (05) R(9, 2)! 01! « 00° Lin01 4966.838 (20) tR(5, 4) 02 « 0o Xu90
3307.150 (05) R(10, 9) 02 « 01t Lin01 3521.044 (05) R(9, 10) 02 « 01t Lin01 4968.272 (10) 'R(, 1) 02 « o Xu90
3308.650 (10) R(9, 7), 022 « o1t Lin01 3523.742 (05) 'R(8, 1) 10 < 00° Lin01 4971.561 (10) "P(3,3) 02 « 0¢° Xu90
3308.685 (05) R(7,0) 01 < o Lin01 3523.998 (05) R(10, 7) 01 < 00° Lin01 4975.338 (20) "P(6, 6) 02 < 00° Xu90
3309.924 (05) R(7,7) 02 < o1t Lin01 3527.047 (05) R(10,9)4 022 « 01t Lin01 5000.499 (10) tR(4,3) 02 < 0o¢° Xu90

3311.009 (05) R(8, 0) 02 « 01t Lin01 3531.279 (05) R(10, 6)" 01! < o¢° Lin01 5023.496 (10) "Q(L, 1) 02 « o Xu90
3313.752 (05) R(13, 13) 01! < 00° Lin01 3546.576 (05) R(10, 5) 01* < 00° Lin01 5029.071 (10) "Q(2,1) 02 « 0o Xu90
3317.786 (05)  "R(8, 1), 111 < o1t Lin01 3551.579 (15) R(10, 3) 01! « 00° Lin01 5032.447 (10) 'R(3,2) 02 « 0o Xu90
3321.010 (05) R(7,3)" 01t < 00° Lin01 3552.313 (15) R(10, 4) 01! < o¢® Lin01 5054.742 (100)  "Q(4, 1)" 02 < 00° Maj89
3325.674(10) 'R(5,1) 10 < 0o0° Lin01 3553.705 (15) R(11,0) 01 « oc? Lin01 5061.882 (20) 'R(2,1) 02 « 0¢° Xu90
3328.773 (05) R(8, 3), 022 « 01t Lin01 3571.295 (15) R(11, 10§ 01* < 00° Lin01 5094.218 (20) 'R(1, 0) 02 « 0o Xu90
3329.924 (05) R(14, 13) 01! « 00 Lin01 3572.419 (15) R(11, 11y 01! « 00° Lin01 6806.665 (70) P(3, 1) 03! < 00° Ven94
3331.374 (05) R(8, 4) 02 « 01t Lin01 3574.750 (15) tR(7,0) 10 < oc® Lin01 6807.297 (70) P(3,3) 03 < o Ven94
3331.571 (05) R(8,5)! 022 « 01t Lin01 3579.301 (15) R(11,9) 01* < 00° Lin01 6807.724 (70) P(3,2) 03 < oc® Ven94
3332.520 (05) R(7,8) 02 < o1 Lin01 3586.139 (15) R(10, 2) 01! « 00° Lin01 6811.218 (200) P(3,0) 03 « oc® Ven94
3338.534 (05) R(14, 14} 01t < 00° Lin01 3588.381 (15) R(11, 8) 01! < o¢® Lin01 6865.731 (70) P(2, 1) 03" < oc® Ven94
3343.327(05)  'R(9,3) 10 « 00° Lin01 3596.217 (15) R(11, 7} 01! < 00° Lin01 6866.340 (70) Q(5,0) 03" « o¢° Ven94
3345.710 (05) R(8, 8)" 01! < 00 Lin01 3642.547 (10) R(12, 12) 01* < 00° Maj94 6877.546 (70) P(2,2) 03 < oc® Ven94
3348.845 (05) R(9, 6), 022 « o1t Lin01 4434.861 (10) tQ(5, 4) 02 « 0o Maj94 6883.091 (70) Q(5,3) 03t < 00° Ven94
3355.517 (05) R(8, 7) 01 < 00° Lin01 4465.095 (10) tQ(6, 4) 02 « o Maj94 6891.619 (70) Q(4,3) 03! < 0¢° Ven94
3356.747 (05) R(8, 2) 01! < 00° Lin01 4539.759 (20) tP(5,0) 02 « o Maj89 7144.212 (70) R(1, 1) 03! < 00° Ven94
3358.400 (05) R(15, 15) 01! « 00° Lin01 4553.340 (10) tQ(4, 3), 03 « 01t Maj94 7192.908 (70) R(2, 2) 03! < 00° Ven94
3362.256 (10) 'R(7,2) 10 < o Lin01 4557.020 (20) tQ(4,3) 02 « o Xu90 7234.957 (70) R(3, 3) 03! < 00° Ven94
3368.118 (05) R(8, 6)" 01! « 00° Lin01 4557.731 (10) "P(7, 1) 02 « 00° Majo4 7237.285 (70) R(1, 1) 03! « 0¢° Ven94
3368.560 (05) R(8, 7)! 022 « 01t Lin01 4578.735 (20) tQ(5,3) 02 « o Xu90 7241.245 (70) R(1, 0) 03 < oc® Ven94
3369.664 (05) R(9, 5) 022 « o1t Lin01 4607.205 (20) tQ(6, 3) 02 « 0 Maj89 7265.882 (70) R(4, 4) 03t « 00° Ven94

3375.003 (05
3376.775 (05
3377.047 (05,
3380.010 (05
3381.399 (05

R(8,6)! 02 « 01 Lin01 4637.992 (50) "P(5, 1) 022 « 00° Maj89 7785.233 (10) 'Q(3,0) 12 « 00° McC00
R(11, 10)' 022 « 01t Lin01 4638.331 (10) 'R(9, 9) 02 « 0o Xu90 7785.701 (10) 'Q(1,0) 12 < 00° McC00
tR(10, 3) 10 « 00° Lin01 4641.987 (20) 'Q(7,3) 02 « 0o Majg9 7789.878 (10) 'R(3,3) 12 < 00° McC00
R(8, 5) 01 < 00° Lin01 4661.576 (10) "P(7,3) 02 « o Maj94 7805.893 (10) "P(1,1) 12 < 0o0° McCO00
R(8, 1) 01 « 00° Lin01 4664.306 (10) tP(3,0) 02 « 0P Xu90 7820.239 (10) "P(2,2) 12 < 00° McC00

)

)

)

)

)
3388.155 (05) R(8, 2); 022 « 01t Lin01 4677.273 (15) 'Q(@3,2) 02 < o Xu90 7822.375 (10) tR(2,2) 12 < 00° McC00
3389.119 (05) R(9, 3)! 022 « o1t Lin01 4685.564 (10) 'R(8, 8) 02 « 0 Xu90 7826.739 (10) "P(3,3) 12 < 00° McC00
3392.547 (05) R(8, 4)" 01! < 00° Lin01 4691.962 (100)  'Q(4,2) 02 « 0 Maj89 7833.249 (20) "P(4, 4) 12 « 00 McC00
3395.752(05)  'R(6,1) 10 < 0o0° Lin01 4700.139 (20) "P(4,1) 02 < 0o Maj89 7850.959 (10) 'R(1, 1) 12 < 00° McC00
3399.510 (05) R(8, 3)" 01! « 00 Lin01 4712.282 (10) 'Q(5,2) 02 < o Maj94 7880.921 (10) tR(4, 3) 12 < 00° McC00
3399.872 (05) R(8, 8) 02 « 01t Lin01 4721.019 (10) "P(4, 3) 03® < 01t Maj94 7894.711 (10) "Q(1,1) 12 < o0° McCO00
3407.501 (05) R(9, 6)! 02 « 01t Lin01 4732.041 (10) 'R(7,7) 02 « 0P Majo4 7898.371 (10) "Q(2,1) 12 < 00° McC00
3408.984 (10) R(10, 7)¢ 022 « 01t Lin01 4735.941 (100)  'Q(6,2) 02 < o Maj89 7905.717 (10) "Q(3,1) 12 < 00° McC00
3411.415 (05) R(9, 7)! 022 « o1t Lin01 4744.767 (10) "pP(5, 2) 022 « 00° Maj94 7912.047 (10) 'R(3,2) 12 < 00° McC00
3411.859 (05)  'R(9,2) 10 < o0° Lin01 4766.167 (100)  "P(7,4) 022 « 00° Majo4 7939.619 (10) tR(2,1) 12 « 00° McC00
3423.809 (05) R(9, 9) 01! «— 00° Lin01 4771.641(100) "P(3,1) 02 « 0o Maj89 7970.413 (10) tR(1,0) 12 « 00° McC00
3427.667 (05) R(8,9) 02 < o1t Lin01 4777.226 (10) 'R(6, 6) 02 < o Xu90 7998.890 (10) "Q(2,2) 12 < 00° McC00
3431.295 (05) R(9, 8)! 01! «— 00° Lin01 4795.030 (10) 'Q(2,1) 02 « 0 Maj94 8005.582 (30) 'R(4,2) 12 « 00° McC00
3439.825 (05) R(11 9)¢ 02 « 01t Lin01 4804.406 (50) Q3. 1) 02 « 0P Majs89 8007.410 (10) "Q(3, 2! 122 «— 00° McC00
3441.416 (05)  'R(8,2) 10 < 00° Lin01 4805.287 (20) "P(4, 2) 022 < 00° Maj89 8022.012 (20) "Q(4,2)" 12 < 0 McC00
3443.148 (05) R(9, 7)" 01! « 00° Lin01 4814.521 (20) "P(6, 3) 02 « 0o Maj89 8027.840 (20) 'R(3,1) 12 < 00° McC00
3443.466 (10) tR(7,0) 11 < o1t Lin01 4816.353 (10) "P(5, 3) 02 « 0P Xu90 8037.673 (10) "R(3, 1) 122 < 00° McCO00
3445.702 (05) R(9, 1)V 01! «— 00° Lin01 4818.901 (20) 'Q4,1) 02 « 0o Maj89 8053.382 (10) P(6, 6) 21 < o McC00
3448.014 (05)  'R(5,0) 10 < 00° Lin01 4820.598 (10) 'R(5, 5) 02 « o Xu90 8071.617 (10) "R(1,1) 12 < 00° McC00
3450.711 (05) R(9, 8)4 022 « o1t Lin01 4839.508 (20) 'Q(5,1) 02 « 0 Maj89 8089.406 (10) "Q(4, 3) 12 < 00° McC00
3452.852 (05) R(9, 0) 01! « o0 Lin01 4850.264 (20) "P(2,1) 02 « 0P Xu90 8110.069 (10) "Q(3,3) 12 « 00° McC00
3455.008 (05) R(9, 6)" 01! < 00° Lin01 4859.212 (20) 'R(8,7) 02 « o Xu90 8123.128 (10) P(5,5) 21 o McC00
3457.772 (05)  'R(10,2) 10 « 00° Lin01 4861.790 (20) 'R(4, 4) 02 « 0 Xu90 8128.280 (10) 'R(4,1) 12 < 00° McC00
3458.383 (05) R(9, 3) 02 < 01t Lin01 4876.938 (10) "P(3,2) 02 « 0 Xu90 8162.653 (10) 'R(3,0) 12 « 00° McC00
3461.308 (05) R(9, 5)" 01! «— 00° Lin01 4895.518 (20) 'R(7,6) 02 « 0o Xu90 8163.129 (10) "R(2,1) 12 < 00° McC00
3461.643 (05)  'R(7,1) 10 < 00° Lin01

a Recommended transition frequency and uncertainties in the last decimal places (in parentheses)irarrsitions marked with an asterisk were confirmec
by combination differences with other transitions.

b Recommended assignments using the transition notation defined in Section I11.2.

¢ Reference from which the recommended frequency is based. “Carbo” refers to unpublished transitions observed during carbo-catdh saiokds defined
in Table 1.

f Unusually large deviation frorab initio calculations.

 Corrected frequency. There was an error in the previously reported value.

I Transition not reported in paper, but was identified and measured by us from the original data.

e
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due to a species other tharf HLines without an asterisk had expression:
one or more candidate assignments whose frequency and/or in-
tensity difference from theory was too large to allow a confidenE(J, G) = —E11 — 6 3nEo-p + BJI(J + 1)+ (C — B)G?

assignment. —D333%(J + 1)? = DyeJ(J + 1)G? — DgsG*
(J+3)!

_ |
II11.3. Construction of Experimentally (J - 3)
Determined Energy Levels + Hj363%(J + 1°G% + Hyeed(Jd + 1)G*

One of the goals of this work was to determine the energy + HeeeG® + L5334 + 1)
levels from experimental transitions. Constructing all of the
relationships between the levels is only possible by combining +L32063°(3 + 1P°G% + Laseed*(J + 16
transitions from different bands. For example, the fundamen- + Liceed(J + 1)G® + LgseaGE. [10]
tal band (with the selection rulaG = 0) can relate individual
J levels within aG “stack” to one another with a combina-The first fitted parametef; 1, gives the energy of the low-
tion of P, Q, andR transitions. Relating differer® stacks re- est populatedrtho level (1,1) relative to the forbidden (0,0)
quires transitions with a selection rule other te@ = 0. This level, and the second parametg,_p, gives the energy sep-
is the case for overtone and forbidden bands which have thation between the (1,1) and the (1,0) levels (the relatio
selection ruleAG = £3. Using a combination of the, <0, ship betweerortho and para levels). Each energy level was
2v3 < vy, and 23 <0 transitions, Baw90 and Xu90 experi-weighted by the inverse of its uncertainty for the fit. The resul
mentally determined the first term values of the ground statedhthe fit and the 2 uncertainties in the parameters are listed i
1990. Table 6. With this information, we adjusted the absolute value ¢

We wrote a program to automatically extract from the transihe G = 3n andG = 3n =+ 1 levels by the fit parameters, defin-
tion data the relative energies of each level. First, combinatioing the nonphysical (0,0) level as zero energy. Please note tl
of v <~ 0, 202 < v, and 22 < 0 bands were used to determineexpression 10 does not behave properly outside of the energy |
as many ground vibrational state energy relationships as pog$s-used in the fit. As pointed out in Watseiral.(17), the effec-
ble. Once this was done, the program examined every transititive Hamiltonian converges very slowly, making extrapolatiol
searching for transitions whose upper or lower level had alreadificult. One may be able to overcome this problem by using
been “determined.” The other level in the transition was then
calculated. This process was then iterated until no additional
levels could be determined. Uncertainties in the transitions were
added in quadrature and propagated through the calculation. We
performed the entire process twice, once with all of the assigned

—56,3(—1)Jh3{ } + Hyy02%3 + 1

TABLE 6

Determined Molecular Constants for the Ground
Vibrational State of H;

transitions and once with only the transitions that had been con- Ep.f 64.1214 (116)
firmed by combination differences. Levels that were calculated Eo—p' 22.8389(56)
in the first list but not in the second list were necessarily deter- (E;’ gggigg gg;
mineq.by only one transition and are susceptible to mistakes in Dy, 4.1400 (63)x 102
transition assignments. Dig —0.7496 (14)x 101

At this stage, only the relative values of the energies have Dce 0.3700 (14)x 101
been determined and an absolute standard is needed. Addition- hs —0.4846 (26)x 1ffi
ally, the energy differences between betweetno (G = 3n) EJ“ _g'g;‘l‘g ggi igs
andpara (G = 3n + 1) levels are not determined because tran- Hroe 0.4145 (38) 102
sitions between them are forbidden. In the p&it, (22, the Heco -0.1942 (29)x 1073
relationship betweeartho andparalevels and the offset from L3333 —0.1015(36)x 10°°
the forbidden level §, G) = (0, 0) were taken from theoreti- Lisse 0.0769 (15)x 1”2
cal calculations. To remain independent from calculations, we t”GG ﬂ'iZijEéBi 15:5
instead performed a fit on the ground vibrational state to de- Looas 0.0594 (22)x 10°5
termine the relationship between tbheho andpara levels as
well as their relationship to the (0, 0) level. To do this, we 2 All values are in units of cmt. The numbers in parentheses
initially computed the absolute values of all of tbeho and are the 2 uncertainties in the last digits. See text for a warning

para levels assuming that the lowest populated energy level in ~ 2Pout the use ofthese values.

Coefficients used to adjust the absolute energy of the exper-
e_aCh set had zero_energy. Next, We_performed a le_aSt'S_quareS imental energy levels. These terms in Eq. (10) should be set to
fit of every determined energy level in the ground vibrational zero when the energy structure is simulated with the other coeffi-
state to the following modified symmetric top energy level cients.

© 2001 Elsevier Science
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PacE-type expressiorb{—60 as done in Ref.17). The energy frared, the rotational transitions ofjHnay soon be detected in
levels included in the fit, however, do behave properly, justifyingie laboratory.
our use of expression 10 to determiig; and Eq_p. These rotational transitions are also of fundamental impo
The values of the determined energy levels are listed gaince in the relaxation of Hin the interstellar medium, where
Table 3. Levels that were determined using only transitiofigeir spontaneous emission lifetimes are shorter than collisi
verified with combination differences are marked with an asimes. Black 63) has pointed out that the flux of suctj Hran-
terisk. The values in parentheses correspond to shercer-  sitions would be orders of magnitude lower than the therm:
tainty (in the last digits) in the energy of each level due to theontinuum from warm dust grains, making their detection infez
uncertainties in the transition frequencies used to construct #igle. Draine and Wood$4) have suggested thatHotational
level. This can be thought of as the relative uncertainty for eagfansitions may be observable in X-ray heated regions such
level. There is an additional uncertainty in the systematic shifie starburst galaxy NGC 6240. Bladi3( 69 has further sug-
that must be considered when comparing the absolute enegiggted that, under the right conditions, tR{3, 1) transition
of each level. The error in the value of the fit parameigi  could become an astrophysical maser.
must be included in the uncertainty for every level. The energyin order to enable (laboratory and astronomical) search
values for levels wittG = 3n also depend on the fit parametefor the rotational spectrum of H we have estimated the tran-
Eo-p Which adds an additional uncertainty which must be agition frequencies using our experimentally determined ener
counted for. However, the uncertaintiestin, andE,, do not  |evels from Table 3. These are given in Table 7, along with th
affect the calculations of transitions using these energy levelgaost recent intensity calculations by Neateal. (56).

IV. APPLICATION OF RESULTS IV.2. Evaluation of Theoretical Calculations

The comprehensive list of assigned transitions and observecf@fiational calculations of ki have substantially improved
energy levels presented here will find many applications in tH 'écent years _Wlth the !ntroductlon of adiabatic, relgtlwstlc
theoretical, laboratory, and astrophysical spectroscopyofii and nonad|abat|c corrections tq the theory. The experlmenta
this section, we briefly outline two such applications: the sear€i§termined energy levels provide a powerful tool to diagno:
for the “forbidden” rotational spectrum and the evaluation d¢f€ behavior of these calculations, and to compare and contr

theoretical energy level calculations. the different computational approaches. Before doing so, v
give a brief overview of the development of the most receft H
IV.1 Forbidden Rotational Transitions theoretical calculations.

At its potential minimum, H is a perfect equilateral triangle
with no dipole moment and consequently does not possess
allowed pure rotational spectrum. However, as pointed out byThe first calculations to effectively account for non-Born-
Pan and Okafl), the centrifugal distortion of the molecule dueDppenheimer behavior did so by taking alm initio potential
to rotation will break its<C3 symmetry and induce a small dipoleenergy surface (PES) and adjusting its fitting parameters to b
moment in the plane of the molecule. The resulting dipole mter match the experimental values. This semi-empirical approa
ment will give rise to a weak rotational spectrum which obeys thveas used by Watsob) using the Meyer—Botschwina—Burton
selection rule\J = 0, 1 andAG = +£3. The general theory PES €7) and similarly by Dinelliet al. (68) using the Lie
of forbidden rotational transitions in polyatomic molecules waend Frye 69) PES. Later, Dinelli, Polyanski, and Tennyson
developed by Watsor6p). In the case of a nonpolar moleculg(DPT) (563) introduced a slightly different approach: a new
like H}, the rotational transitionJ, G + 3) < |J — 1, G) can semiempirical surface is built by adding a purelp initio
be thought of as arising from a mixing betwelgh G + 3) in  Born—Oppenheimer PES to another surface (which they call
the ground state and, G) in the v, state, which leads to an“adiabatic surface”) of the same functional form whose paran
intensity borrowing from the allowed rovibrational transitioreters are determined from the fit to experimental data. In the
R(J — 1, G) of the fundamental band. work the PES of Rhse—Kutzelnigg—Jaquet—Klopper (RKJK)

The transition dipole of such rotational transitions is propo(70) was used as the Born—Oppenheimer surface. Energy le
tional to the derivative of the dipole moment with respect toalculations using Watson’s spectroscopically determined p
the v, coordinate. This quantity is much larger fof than for  tential were reported by Majewsét al.(Maj94) (27), and Neale
other molecules—in fact, the line strengths of ktansitions et al. (56) calculated energy levels using ther3p (71) suite
are orders of magnitude larger than those of,QOhhich have from the DPT surface. The transitions calculated from thes
been observed in the laboratory. Although the transition dipod@ergy levels proved to be invaluable in the assignment of la
moments are small by the usual standards of rotational specatory spectra.
troscopy (most ranging between 1 and 30 mD), they approachThe first attempt to calculate the adiabatic effeasinitio
the infrared transition moment (158 mD) at higlddevels. With  was by Dinelliet al. (Din95) (72), who added a mass-dependen
the rapid development of quantum cascade lasers in the farfumction to the RKJK surface, which accounts for the diagon:

I\é%.l. Computational Overview

© 2001 Elsevier Science
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TABLE 7

Pure Rotational Transition Frequencies in the Ground Vibrational State Determined from Experimentally Determined Energy Levels
LabeP  Frequench  |uijl° Ajj © LabeR  Frequency  |uijI° Aj© LabePR  Frequenc)  |uijl° Aj©

(em™) (mD) sh (em™) (mD) sh (em™h) (mD) sh
'R, 1) 7.255(10)  4.2B 2.78x10°°f | "Q(5,3) 190.756 (13) 17.7 6.8010* | "R(5,2) 553.791 (19) 9.24 5371073
tR(6, 3) 9.261(13) 14% 6.22x10°8f7 | "Q(3,3) 201.524 (09) 5.37 7.4010°° | "Q(7,6) 555.500 (14) 13.6 9.9310°°
"P(8,7)  29.655 (18) 223 35910° | 'R(7,2) 220.891(25) 227 1.9810° | "R(7,1) 568.013 (34) 20.0 2.5010°2
"P(5,5)  39.453(12) 8.33 1.1010°¢ | 'R(6,1) 261.550(21) 17.3 1.9810°% | "Q(6,6) 581.450 (11) 6.99 3.0010°3
'R(5,2)  51.347 (16) 11.3 6.3810°% | "Q(8,4) 286.320 (42) 29.3 6.3610°% | "R(4,3) 612.525(12) 5.86 3.0810°°
"Q(8.2) 56.563 (47) 325 5.9410° | "Q(7.4) 298.423 (24) 221 4.0610°% | "R(6,2) 621.074 (25) 13.1 1.4710°2
"Q(7,2)  58.880 (28) 25.6 4.1910°% | 'R(5,0) 306.088 (14) 17.3 3.3810°% | "Q(8,7) 666.334 (20) 15.4 2.3610°2
nQ(6.2) 61.101(21) 19.4 2.6810°° | "Q(6,4) 310.199 (19) 155 2.2610°% | "R(7,2) 683.456 (44) 17.4 3.4410°2
"Q(5,2) 63.197 (16) 13.9 1.5310°° | "Q(5,4) 321.347 (15) 9.83 1.0010°® | "Q(7,7) 700.315 (17) 7.95 6.8010°2
"Q(4,2) 65.107 (13) 9.17 7.2710°% | "R(2,2) 325.482 (09) 1.52 3.5410°° | "R(6,3) 743.039 (18) 14.8 3.2610°2
"Q(3,2) 66.758 (11) 5.33 2.6410°% | "Q(4,4) 331.549(12) 497 2.8110* | "R(4,4) 748.280 (13) 2.16 7.5210*
"Q(2.2) 68.062(07) 240 566107 | 'R(7.1) 338.256 (26) 226 7.0010°% | "R(5,4) 811.941(18) 4.62 422073
"P(6,6)  84.606 (10) 10.6 1.8110°° | "R(4,1) 353.533(15) 7.58 9.2310* | "Q(8,8) 815.622 (20) 8.93 1.3610°2
'R(4,1)  95.383(14) 8.07 2.1610°° | "R(3,2) 405.563(12) 3.47 3.2310% | "R(6,4) 870.172(23) 7.69 1.4210°2
'R(7,3) 100.112 (15) 215 166104 | "Q(8,5) 406.002 (31) 257 1.381072 | "R(7,4) 922.999 (41) 11.3 3.5810°2
"R(1,1) 105.173(04) 0.84 4.261077 | "Q(7.5) 423.844(24) 18.3 8.0010°% | "R(5,5) 950.783(17) 234 1.7610°3
"P(7,7) 128.566 (15) 131 9.8610°° | "R(5,1) 429.493 (19) 11.1 3.6210°% | "R(6,5) 1003.537 (23) 4.98 9.6010°3
'R(6,2) 138.350 (20) 16.8 230104 | "Q(6,5) 441.343(19) 11.7 3.2210°% | "R(7,5) 1050.737 (30) 8.22 2.5710°2
'R(3,0) 141.847 (10) 720 59710 | 'R(7,0) 455.294 (20) 30.5 3.3510°2 | "R(6,6) 1146.211(12) 2.48 3.3410°3
"P(8,8) 170.887 (18) 15.7 3.4010% | "Q(5,5) 458.093 (13) 6.00 1.0810°% | "R(7.6) 1189.072 (16) 5.22 1.6310°2
"Q(7.3) 178.278 (19) 346 2.3310°% | "R(4,2) 481.837(15) 6.05 1.5710°% | "R(7,7) 1336.994 (19) 257 5.6010°3
'R(5,1) 180.395 (16) 12.4 3.3610% | "R(6,1) 501.093 (25) 15.2 1.0610°2
"R(2,1) 190.662 (09) 241 13610 | "Q(8,6) 533.460 (17) 21.0 2.0010°2

a Labels for pure rotational transitions using the transition notation defined in Section 111.2.

b Transition frequencies using energy data from Table 3. Reported uncertainty in the last digits (in parenthesis) is the quadrature sum ofrttiesuincertai
Table 3.

¢ Dipole moments and Einstein coefficients from R&6)(except when marked otherwise.

T Dipole moment and Einstein coefficient taken froB8); The error in the reported values Afj anduij have been corrected as pointed out in RE®)

adiabatic contributions. Energy levels were calculated from theThe coordinate systems used in Watson’s anckisrom and
modified surface using theriarom program suite {3). Re- bvr3p calculations cannot handle the kinetic energy singularit
sults of these calculations gave the bastinitio values at the that occurs atthe barrier to linearity {0,000 cnt) when using
time, but were still inferior to the calculations using the fittethe usual Morse oscillator basis functions 1989, Whitnell
potentials. and Light (79) introduced hyperspherical coordinates, whict
Three years later Cencek, Rychlewski, Jaquet, and Kutzelniggperly treat the linear regions of the potential, to the calct
(CRJK) calculated a newb initio PES (2), taking into ac- lations of Hf. Their methodology limited the calculations to
countboth the diagonal adiabatic and relativistic corrections, adid= 0 levels, but this limitation was later overcome by Bartlet
claimed an accuracy of a few hundredths of aéndaqueet al. and Howard §0). Initially, calculations using hypershperical
(Jaq98) 74) then calculated energies from this surface usingpordinates were performed on the MBB PES-82) but later
TRIATOM. Jaquett al. considered the different choices of masaised the more accurate RKJK surface (Ali983)(and very re-
the average mass (proton mass ply3 @lectron mass denotedcently the CRJK surface (Ali01)8@). Ali95 and Ali01 were
NU23), nuclear mass$\NU), atomic massAT ), and reduced mass
(RE). Using the same PES andr3p, Polyansky and Tennyson
(P0l99) (75) calculated energy levels but attempted to Simulates At the barrier to Iingarity one Qf the moments of.inertia vanishesZ caus
the nonadiabatic effects by using a different mass for rotatio some of the terms in _the kinetic energy Hamlltonl_an to become singule
- . . < . . e terms that become singular depend on the coordinate system used. Tt
and vibrational motion. The rotational masses in their work Wegg gujarities impose boundary conditions on the basis functions which are r
set to the nuclear value and the vibrational masses were seh&dwhen using the common coordinate systems with the convenient Mor
a scaled atomic mass. Similarly, JaquEs)((Jagq99) calculated oscillators. Instead, artificial barriers must be applied to the potential to ke
energies of the CRIK PES using NU23 masses for motion a|dﬁ\§ecalculations from diver_ging (consequently these calcu!ations_ are expecte
give poor results at energies near and above the the barrier to line&8ypf

the R(H_HZ) andr (HZ) coordinates and NU masses for moéllternative basis functions such as spherical oscillators (which are much har

tion along thed(R, r) coordinate (Jacobi-type scattering coorg make converge) are uséahf. Referencest6—79 discuss this computational
dinates), which he denotes H§/VR. problem in more detail.

© 2001 Elsevier Science
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FIG. 3. Comparison of the latest calculated energy levels to experiment. Labels used in the legend are defined in Section IV.2. A printable color ve
this figure is available online3).

performed using nuclear masses, and in RES) the authors ably poorer. In these casex) initio calculations perform better
discuss the merits of this approach. due to their more systematic residuals.

2. PES and non-BO correctionsThere is considerable dif-
ference between Din95 and Ali01 (and Jaq98a) which both u

To evaluate each of the calculations, we have plotted the df-mass, but use different PESs. This suggests that the |
ference in the calculated and experimental values for all exeduction of relativistic effects (as done in CRJK, but not ir
perimentally determined levels (Fig. 3). This diagram clearlRKJK + adiabatic) may increase the energy residuals or that t
depicts the dependence of each calculation on vibrational stategonal adiabatic contribution is treated differently in the twi
rotational energy, and general scatter, which is useful in aralculations.
lyzing the effects of the various theoretical approaches. While

a detailed analysis of each of these calculations is beyond T‘Q Siduals of Jaq98b implies that NU23 calculations produce tc
scope of this paper, we would like to make several qualltat

e a moment of inertia and consequently underestimates 1
remarks that are apparent from our comparison to eXpe”mer}@thonal dependence of the the energies. While the scaled m
data:

systems (NUVR and empirical mass) give smaller residuals al

1. Semiempirical vs ab initio approachesThe semiempiri- a flatter rotational dependence, the NU-mass calculations se

cal calculations give the most accurate results at energies whergive much more systematic residuals. We cannot rule out t

data were available at the time of the fit. At higher energiegpssibility that the scatter in Pol99 and Jaq99 is due to conve
where experimental data was sparse, the agreement is consigence problems.

IV.2.2. Qualitative Comparison

3. Choice of mass.The large rotational dependence of the

© 2001 Elsevier Science
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FIG. 4. Comparison of the energy level calculations of Ali95 and Jag98a
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versus energy. Labels are defined in Section 1V.2.

determined experimentally, many of them upJte= 9. Almost
all of the observed lines have been assigned, and those that h
not are probably due to species other thgndt have an error
in the frequency measurement. While there are still transitio
to be measured in this energy regime—higleransitions in
the 2, and 3 bands should be achievable with the better diod
lasers and higher sensitivity available today—these will likel
not lead to a better understanding ¢f behavior at low energies
or produce a qualitatively better diagnostic tool for theoretice
calculations.

The next step for laboratory work is to make observations
states above the barrier to linearity, where some of the theoretit
calculations are expected to break down. This is also the regir
where the approximate quantum numbers begin to fail, and
new formalism may need to developed to describe such leve
Such experiments are currently underway in Chicago where t
5v, < 0 band is being studied with a high-power Ti:Sapphire
laser.
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