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Observation of the second’Il,, valence state of Q
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Rotational perturbations in thé 33 state of molecular oxygen are studied by measuring high-resolution
vacuum ultraviolet laser photoabsorption cross sections of(16¢0—(18,0 B 33, —X 3E§ Schumann-
Runge bands oft®0,. The observation of numerous extra lines in the spectrum, togetherabittmitio
calculations of relevant potential-energy curves, enables the perturbing state to be assigned as the second
valence state ofIl, symmetry. This weakly bound state, which we na@€Il,, is also likely to be
principally responsible for the well-known rapid increase in the magnitudes oBthtate triplet-splitting
constants\, and y, as the dissociation limit is approach¢81050-2947@6)07911-3

PACS numbse(s): 33.20.Ni, 33.70.Jg

I. INTRODUCTION are tentative, the perturbations remain unanalyzed, and no
progress has been made in the identification of the perturbing
Molecular oxygen plays an important role in the photo-state. Finally, for all Q isotopomers studied, the triplet-
chemistry of the terrestrial atmosphere through its absorptioaplitting constants., andy, for B 3% [ (v=11) exhibit rap-
of solar vacuum ultraviolefvVUV) radiation and subsequent idly increasing smooth perturbations as the dissociation limit
(preydissociation. In particular, a precise knowledge of theis approached10]. Bergeman and Wofsy13], using the
spectroscopic parameters, oscillator strengths, and predissénique-perturber approximation of Zae¢ al. [14], have in-
ciation linewidths of the Schumann-Rund8R system, Vvoked a spin-orbit interaction between Ae’S | state and a
B33, X3S, is necessary for realistic photochemical °I1, state correlating with the GD) + O(°P) dissociation
modeling of the stratosphere and mesosplig/a. limit to explain this observed perturbation i, . A similar
The SR bands of @have been the subject of much study. @PProach has been followed by Cheetgal. [10], without
The many spectroscopic investigations have been reviewedSignment of the perturber. _ _
by Yoshinoet al. [3], while Lewis et al. [4] have recently In this work, we measure high-resolution photoabsorption

. 3y - ; - cross sections for selected rotational lines from (th& 0—
reviewed work on the X, -state predissociation. Thi %18,@ SR bands of®0, and observe consistent sets of extra

state 15 subject to a number of pe_rturt_)atlons. Relevanl nes associated with the lowest-energy rotational perturba-
po;en:clal-ener.gy curves are s.hown in Fig. 1, vyhere the[ions of theF, levels ofB 33 (v=16—18). In addition, we
B °%, curve is a Rydberg-Klein-Red®RKR) potential de- o ormap initio calculations of possible perturbing states. A
termined by Lewiset al.[5] and the repulsive curves are the
ab initio calculations of Partridget al. [6] (1 3T, 1°I1,) S —
and Partridge[7] (1M1, 233). As has been shown by I o 1 N
Julienne and Kraugs] and Juliennd9], the four repulsive I ! O(D) +O(P) |
states in Fig. 1 are responsible for the predissociation of . |'®
every vibrational level of th& state and are also expected to
produce irregular perturbations in the spectroscopic and
triplet-splitting constants of th@® state. In particular, the
1311, state is expected to pertu®,, B,, \,, and y,
through a combination of spin-orbit, spin-electronic, and
L-uncoupling interactions. Irregular perturbations have in-
deed been observed in the second vibrational differences
A?G, of the B state forv=1—10 and can be explained
using the same model as that necessary to explain the ob-
served predissociatigm,8,10.

In addition to the perturbations of tH&-state vibrational S e T T % 2 0
structure caused by the repulsive states in Fig. 1, perturba- R(A)
tions in the rotational structure of thB state have been
observed forn=16 in every G, isotopomer studie@3,10— FIG. 1. Potential-energy curves for electronic states ofrél-
12]. A few extra levels associated with the bound perturbingevant to perturbation of the 3., state. Energies are given relative
statés) have been reportel®,11], but the level assignments  to the minimum of the ground-sta 33 potential-energy curve.
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0.2 m Monochromator and monochromator scanning, the pressure gfirDthe ab-
Oxygen Cell . L
cate Detector i sorption cell, and the acquisition of the shot-averaged detec-
7 integrator [pur [F=220 tor and monitor signals from the boxcar system.
1 In order to obtain the measurements presented here, scans
= T
l Vonitor | 2 xenon were performed at room temperatuf293 K) over ~0.3
Microcomputer Cell A ranges in the VUV from~1755-1780 A with wave-
| Experimen length increments of 0.001 A. The phase matching for each
ontroller > f=25cm .. . . .
| q scan was optimized by adjusting the pressure of Xe in the
gﬁ;zz‘:fu range 70-90 Torr to maximize the VUV signal. The monitor
ool 4560-4730 A and detector signals were averaged over 50 laser shots for
Excimer Laser each datum point, during groups of three scans with the ab-
] 3080 A Dye Laser Doubling sorption cell alternately filled with a pressure of, @ the
gf’z“(’)“;;'&" 807 ggg'f' ot range 0.8-15 Torr, then evacuated, then refilled. This

scheme allowed compensation for any slow drifts in detector
sensitivity and correction for wavelength dependences in the
generated signal which were not related tg @bsorption
o ) ) [15]. Division of the detector signal by the monitor signal,
full characterization of the perturbations, together with theater correction for scattered radiation, provided a measure of
ab initio calculations, leads to an aSS|gnn;|ent of the perturbgompensation for the shot-to-shot fluctuations inherent in the
ing state as the second valence state“Bf, symmetry,  generated VUV signal. Absolute cell transmittances were ob-
which we nameC’ °II,. The calculated potential-energy tained by dividing the full-cell ratiog(detectoy/(moniton]
curve for this state is shown in Fig. 1, where it can be seefpy the empty-cell ratios for each wavelength. Photoabsorp-
that the C’ °Il, state is bound for energies near tion cross sections were calculated from the absolute trans-
B °3, (v=16). In addition, we show that @’ state is also  mittances using the Beer-Lambert law. Statistical uncertain-
likely to be principally responsible for the rapidly increasing ties in the measure¢peak cross sections were-3% and
smooth perturbations observed in tBestate triplet-splitting  there was an additional systematic uncertainty-@&% aris-

FIG. 2. Schematic diagram of the experimental apparatus.

constants,, andy, . ing from uncertainties in @ pressure, temperature, and cell
length.
Il. EXPERIMENTAL METHOD Each dye laser was operated with an intracavity etalon,

resulting in a nominal bandwidth of 0.04 crh full-width at

The experimental apparatus, shown schematically in Fighalf-maximum (FWHM) for each fundamental beam. The
2, is similar to that used in an earlier study of théX | and  average VUV bandwidth was estimated to be 6:0802
f' 13 states of Q and described in detail elsewherts). cm ! FWHM by fitting an instrumentally degraded Voigt
Briefly, we used two-photon-resonant difference-frequencyprofile to the SR lines of narrowest predissociation linewidth
four-wave mixing(2PR-4WDM) in Xe [16,17] to generate (v'=16, Fy, high N’) [18]. This value is consistent with
narrow-bandwidth, tunable vacuum ultraviolet radiation inthe bandwidth of 0.060.01 cm * FWHM reported by Ya-
the range 1755-1780 A in order to study rotational perturmanouchi and Tsuchiyfl7] for 2PR-4WDM in Sr vapor.
bations inB 33 (v=16—18) by means of high-resolution The nominal VUV wave number was given by
photoabsorption spectroscopy.

One of the excimer-pumped dye lasé@oumarin 307 in Vyww™ V2p~— s (1)
methanol was tuned to a vacuum wavelength of 5120.2
A so that its frequency-doubled output was two-photon resowhere v,, was the wave number of the Xe two-photon reso-
nant with the Xe transition B°(2P3,)6p[3],«5p® 1S,.  nance andr,s was the vacuum-corrected wave number of
The doubled radiation was combined, after removal of théhe tunable dye laser. Absolute wave number calibration was
fundamental radiation, with the tunable radiation from theachieved by comparison with the measured wave numbers of
other dye lasefCoumarin 47 in methanplnd both beams Yoshinoet al. [3] for selected sharp, unblended lines of the
were focussed into a cell containing X&S Services Inc., SR system. The linearity and calibration of the dye-laser e
99.999% by a 25-cm focal-length quartz lens. VUV radia- lon scanning system were confirmed over the relatively small
tion generated by the 2PR-4WDM process was passefts10 cm 1) ranges involved, by comparison of the mea-
through a 0.2-m VUV monochromator which acted as asured combination differences between SR lines having a
broad bandpass filter, tuned synchronously with the secondommon upper level with accurately knowr, @round-state
dye laser and discriminating against the fundamental anénergy level§19]. The estimated absolute uncertainty in the
doubled dye-laser radiation. The VUV radiation leaving thewave number of a sharp, unblended line~€0.1 cm™?,
exit slit of the monochromator was divided into two beamswhile the relative uncertainty is-0.01-0.04 cm !, the
by a slotted Al beam splitter. The reflected beam was monismaller value applying in the case of two sharp lines within
tored directly, while the transmitted beam passed through the one etalon scan.
33-cm long, Mgk-windowed absorption cell containing,O
(BOC, 99.9% before being detected. Output pulses from the Il LINE-PROFILE ANALYSIS
solar-blind monitor and detector photomultipli¢esMI type
9413, Csl photocathodevere processed by a boxcar averag- SR absorption-line wave numbers, oscillator strengths,
ing system. A microcomputer was used to control the laseand predissociation linewidths were determined by a least-
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squares fitting procedure. In this procedure, the measured ——— ]
photoabsorption cross sections were compared with model 120 |

calculations, appropriate to the experimental conditions, in i P(5) 'measured
which the line parameters were allowed to vary indepen-~ 400 [ 0 P& fit component.]
dently. For unperturbed lines, or for well separated pairs of § [ 2 . ‘ ]

perturbed lines, the predissociation component of the line

. ; 8.0 |
shape was taken as Lorentzian. The corresponding cross seg; i

tion for theith line was given by S eol
R |
0.563x 10" %%, 3 [
O'i(V :fyé sz, (2) @ 4.0 i
I 1+ ' g
: F,/2 O 20 [
where s; is a strength factor related to the line oscillator o 4. T T et T
strength'; (cm™?) is the FWHM predissociation linewidth, " 56683.5 56684.0 566845 _  56685.0
andv; (cm™Y) is the wave number of the line center. As has Wave Number (cm )

been explained in detail elsewhdi0], Eq. (2) is inappro- _ _ _ )
priate to describe the predissociation line shapes of perturbed F'G: 3. Photoabsorption cross section #60, in the region of
pairs of lines whose separation does not greatly exceed the % P2(5) 3ar_1d Ps(5) lines from the (16,0 band of the
predissociation linewidths. In those cases, most noticeabl >y —X >g system, m,elas”red at:293.KW|th an instrumen-
for v’ =16, destructive interference was observed for wav al resolution of0.06 cm™ FWHM. The fitted model cross sec-

.etion, and its components, which include the Doppler contribution,
numbers between the centers of the perturbed and perturbng)glt not the instrumental degradation, are also shown. Fk(®)

lines, and_' therefore, the_h pair of perturbed mamr_(]) a“?‘ . line is perturbed, a strong destructive interference being observed
extra x) lines was described by the coupled predissociation,enyeen the corresponding main and extra lines.

line shapg20]

d functions and that the outet primitive is uncontracted.
This basis set provides an accurate description of the valence
regions but does not contain the diffuse functions needed to
describe Rydberg character. The potential-energy curves
have not been corrected for basis-set superposition error
(BSSB.

r./2 . rx/z)2
V=V, VYV Vy

1+( r./2 rx/z)2

0.563< 10~ 1zsi<
c?, (3

oi(v)=

T, +

V= Vg VP

wherel’;=T"|,+TI', ands; is the total strength for the pair of

interfering lines. The Doppler component of the line shapes V. RESULTS AND DISCUSSION

and the effects of the finite instrumental resolution were in- A. Perturbations in B 3%~ (v = 16— 18)

cluded in the model through appropriate convolution proce- )

dures and the underlying continuum was expressed as a low- A combination of high-resolution photoabsorption cross

order polynomial inv. section measurements and the line-profile analysis technique

described in Sec. Il enabled the discovery and detailed char-

acterization of many extra lines associated with rotational

perturbations inB 33 (v=16—18). It is usually not pos-
The ab initio calculations followed the procedure re- sible to obtain comparable information from spectrographic

ported in Ref.[6]. The orbitals were optimized using the data alone, especially for blended spectral features, because

state-averaged complete-active-space self-consistent-fief the difficulty in extracting reliable intensity information.

(CASSCH approach with the @ orbitals active. The calcu- In particular, we were able to measure the effects of the

lations were performed iB,;, symmetry with symmetry and perturbations, not only on the term values, but also on the

equivalence restrictions imposed on the orbitals. All states opredissociation linewidths and oscillator strengths. Using this

the specified spin and spatial symmetry which dissociate tinformation, we were able to determine thelependence of

the OCP) + O(®P) and O¢D) + O(®P) asymptotes were the perturbation matrix elements and thereby establish the

included in the averaging; five states were included for thesymmetry of the perturbing state. While there are three fine-

311, (and 3® ) optimization and six were included for the structure components associated with tBe’S, state,

33 7 and®A, states. External correlation was included usingnamely, theF, levels (f parity, J=N, Q=1) and the mixed

a multireference configuration-interacti@dRCI) procedure F; and F; levels ( parity, J=N*1, Q=0 and 2, theF,

using the CASSCEF reference and correlating both tharii  levels forv=16—18 are well separted from the, andF4

2p electrons. The effect of higher excitations was estimatedevels and do not participate in the particular perturbations

using a multireference analog of the Davidson correctiondiscussed here.

denoted +Q. The basis set employed is the atomic As an example of an observed perturbation, in Fig. 3 we

natural orbitals (ANO) [21] basis set designated show the measured photoabsorption cross section in the re-

[6s 4p (3+1)d 2f 1g]+(sp) [6]. The “+sp” indicates  gion of theP,(5) andP5(5) lines from the(16,0 SR band.

that the basis is augmented with diffus@andp orbitals and It was not possible to obtain a convincing fit to the measured

the notation ‘(3+1)d” indicates that there are three ANO cross section when the predissociation line shapes of the

IV. AB INITIO CALCULATIONS
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TABLE |. Wave numbers for mainfupper entriesand extra-(lower entries branch lines from the
B33, (v'=16, N', Fand F3)«—X 3% (v”=0, N”) band of °0,, together with upper-state term val-

ues, all in cn 1. Absolute uncertainties-0.1 cm~

1

, relative uncertainties-0.01-0.03 cm .

1

N Ry(N")? P,(N") Ra(N") P3(N") N T(N)® Ty(N)P

1 56719.08 2 56721.88  56720.66

3 56710.07 56704.65 56710.42 5670548 4 56727.37  56725.60
56711.44 56710.68 56728.70  56725.82

5 56692.88 56684.23 56693.32 56684.49 6 56735.94  56734.44
56693.71 56685.58 56684.71 56736.85

7 56666.87 56655.43 56667.85 56655.92 8 56747.39  56746.38
56667.57 56656.35 56748.08

9 56633.26 56618.03 56634.06 56616.00 10 56762.64  56761.48
56632.159 56618.74" 56761.49

11 56590.64 56572.94 56591.89 56573.70 12 56780.33  56779.66
56588.67 56571.78 56778.37

13 56539.41 56518.82 56541.20 56520.05 14 56800.96  56800.82

15 56479.69 56456.19 56481.94 56457.91 16 56824.45  56824.85

17 56411.23 56384.96 56414.03 56387.20 18 56850.70  56851.63

19 56333.94 56305.10 56337.48  56307.84 20 56879.56  56881.21

21 56216.38 56219.87

®The lines RQ,,(1)=56720.82 cm'® PQ,4(5)=56686.26 cm?®, RQs(1)=56717.79 cmt',
TR31(1)=56724.60 cm *', and "Ry, (1)=56724.83 cm 1€ were also observed.

bWeighted averages determined from the separate branch wave numbers.

“Blended with a weaker line.

dShoulder.

‘Weak.

fExtra line also reported by Brix and Herzbdtil].

9Extra line also reported by Yoshiret al.[3].

hBlended with a stronger line.

three component lines were represented by(BqHowever, tra lines have been observed, only four of which, to our
when the two higher-energy lines were described by(By. knowledge, have been reported previously in spectrographic
the excellent fit shown in Fig. 3 resulted. Evidently, thestudies[3,11]. As mentioned in Sec. Il, wave numbers for
P4(5) line is split into two mutually-interfering components the main-branch lines in Tables I-Ill are calibrated against
due to a perturbation. Although the shift in energy due to thehose of Yoshincet al.[3] and are essentially indistinguish-
perturbation is small, almost total intensity sharing occursable for unblended, sharp lines. However, the wave numbers
between the main and extra lines. This conclusion is conin Tables I-IIl for the many blended features at lower rota-
firmed following an analysis of our measured cross sectionsion should be more reliable than those of Yosh@tal. [3]
near theR3(3) and "Ry (1) lines which, together with because of superior instrumental resolution and a realistic
P4(5), share the common upper levdl'=4, J’=3. Our line-profile analysis procedure.
assignments [22], P,(5)=56684.23 cm?!, Py(5) The term values in Tables I-Ill are presented in Fig. 4 in
=56 684.49 cm?! and P3(5)=56684.71 cm?!, differ such a way as to emphasize the perturbed main and extra
from those of Brix and Herzberd 1] and Yoshincet al.[3],  levels in theF, andF; fine-structure components. It can be
neither of whom report a perturbation for this level. Ourseen clearly in Fig. 4 that thE, levels forv=16—18 are
measured cross section for the region nearRhgl1) per-  perturbed by levels with smaller rotational constants. How-
turbation in the(16,0 band, which also exhibits a particu- ever, these perturbations fall into two classes. First, through
larly obvious interference effect, has been reported elsewhette observation of the single extra level associated with the
[20]. F 3 perturbation forv =16, J=3, it is apparent that the cor-
Wave numbers for the lines observed in this work, to-responding perturbing level has closely spaced and
gether with the corresponding upper-state term values, areparity components, implying a perturbing state with
summarized in Tables I-IIl. Where possible, the term values\=1 and a very smal\ doubling. Second, in contrast, the
are averages of the values determined from Eheand F; levels forv =17 and 18 are unperturbed in the range of
R-branch wave numbers for unblended lines. Thirty-four ex-rotation under consideration, implying that the-level per-
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TABLE Il. Wave numbers for main{upper entriesand extra-(lower entrie$ branch lines from the
B33, (v'=17,N’, F,andF3)«X 33 (v"=0, N") band of'°0,, together with upper-state term values,
all in cm~1. Absolute uncertainties-0.1 cm™1, relative uncertainties-0.04 cni 1.

N” R2(N") P,(N") R3(N") P3(N") N’ To(N")? T3(N")?
1 56851.62 2 56854.50 56853.29
3 56842.11 56837.29 56842.6%  56838.12 4 56859.35 56857.79
5 56823.78 56816.22 5682425 56816.67 6 56866.92 56865.41
7 56796.63 56786.41 56797.44 56786.88 8 56877.16 56875.98
9 56760.69 56747.80 56761.96 56748.57 10 56890.06  56889.38
11 56715.78 56700.42 56717.6%  56701.61 12 56905.49 56905.43
13 56661.94 56643.99 56664.48 56645.83 14 56923.42 56924.09
15 56598.82 56578.63 56602.28 56581.16 16 56943.56  56945.21

56606.92 56951.68
17 56504.09 56530.89 56507%4 18 56965.59 56968.51

56531.88 56512.20 56971.36
19 56448.56°  56419.98 56424.72 20 56994.17

56443.1% 56425.76 56988.72
21 56357.0% 56330.99 22 57020.22

56349.59 56325.57 57012.74
23 56256.58 56228.09 24 57048.69

56220.58 57038.04

25 56146.56 56116.21 26 57079.02

56132.52 56105.58 57064.96
27

55980.81

AVeighted averages determined from the separate branch wave numbers.
bBlended with a weaker line.

®Shoulder.

9Blended with a stronger line.
€Assignment differs from that of Yoshinet al.[3].

turber is either & state, or a state with=1 and a very weighted averages of separa® and R-branch measure-
ments. Predissociation linewidths and oscillator strengths are
The measured cross sections for perturbed pairs of lineglso shown in Figs. 5 and 6, respectively, for fhg main
lines from the(16,0—(18,0 bands, together with the corre-

large A doubling.

from the (16,0 band were fitted using Eg3), allowing the

determination of separate predissociation linewidths for théponding main-extra sums. The effects of the perturbations

main and extra lines and the corresponding line-strengt®n the main-line parameters are clearly evident. It is also
apparent from Figs. 5 and 6 that the predissociation-

sums. These data are presented in Table IVI'a#l',,,

I'y+Ty, and f g+, (=f,). The line strengths have
been converted into equivalent band oscillator strengths u

ing the relation

foi=si/(a]S),

(4)

linewidth and oscillator-strength sums in the perturbed re-

Sgions join smoothly onto the values for the unperturbed lev-

els. These observations confirm the validity of the two
assumptions implicit in the use of E(B): in the absence of
perturbations, levels of the perturbing state are not predisso-
ciated and transitions into them from the ground state have
insignificant strength20]. With these assumptions, the mea-

n

Where__ozi and S; are appropriatel)_/ normalized Boltzmann g ,eqd  term-value separationsAT=|T,,—T,] and
and Hal-London factors, respectively. For th&7,0 and  predissociation-linewidth ratios=I'y /T (= f, 1y /f, ) for
(18,0 bands, where Eq(2) was used to fit the measured the main- and extra-level pairs in Table IV can be used to
cross sections, linewidth and oscillator-strength ratios weralculate perturbation matrix elements and level shifts.
determined independently and the weighted average of thesgithin the framework of standard two-level perturbation
ratios is given in thel’, /I, column of Table IV. Where theory[23], it is easy to show that the perturbation matrix
possible, the data listed in Table IV were determined a®lement is given by
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TABLE IIl. Wave numbers for main{upper entriesand extra-(lower entrieg branch lines from the
B33, (v'=18, N', FandF3)«—X 33 (v”=0, N”) band of'°0,, together with upper-state term values,
all in cm~1. Absolute uncertainties-0.1 cm™1, relative uncertainties-0.04 cni 1.

N Ry(N")? P,(N") Ra(N") P3(N") N’ To(N")° To(N')P

1 56953.52 2 56956.40 56955.40

3 56943.24 56939.15 5694396 56940.23 4 56960.48 56959.16
56948.58 56965.80

5 56923.68 56917.38 56924.53 56918.05 6 56966.80 56965.64
56928.34 56922.6% 56971.53

7 56894.65 56886.29 56896.18 56887.11 56975.15 56974.71
56898.98 56891.02 56979.48

9 56856.01 56845.77 56858.79 5684%.28 10 56985.35 56986.21
56860.53 56850.10 56989.90

11 56813.03 56795.62 5681293 56798.38 12 57002.73 56999.78
56807.62 56800.26 56997.32

13 56756.44 56741.19 56740.18 14 57017.94
56749.66 56735.82 57011.16

15 56673.18

56666.38

aThe linesRQ3,(1)=56952.52 cm! and TR;;(3)=56950.35 cm ! were also observed.
byweighted averages determined from the separate branch wave numbers.
‘Blended with a stronger line.

YWeak.

®Blended with a weaker line.

(5) ments for theF, and F; fine-structure components of
B(v=16), while only theQ)=0 component(large A dou-
bling) can explain the observed perturbations in F3ecom-
ponents ofB(v=17 and 18) and the lack of perturbation of
the nearbyF5; components.

It is advisable to consider whether a first-order picture of

Values calculated using Eq$5) and (6) are included in the perturbations is appropriate for the levels studied here.

Table IV and the perturbation matrix elements are alsdVear a dissociation limit, the separation in energy between
shown in Fig. 7. It is clear from Fig. 7 that tHe, matrix electronic states can become small compared with the spin-

elements fow = 16— 18 exhibit an essentially linear depen- Orbit splittings, leading to a mixing of states with different

dence on rotation and that the singflg perturbation matrix A =, andS values, and resulting in far-nuclei cags be-
element forv = 16, J=3 lies marginally below the line rep- Navior[25] where onlyJ and(} are good quantum numbers.
resenting thev=16, F, data. These are key observations " qu present case, thB(16-18) levels lie ~420-180
state. off-diagonal spin-orbit interactions are expected to be less

. 1
The heterogeneous nature of thg-level perturbations

[Hmd = JFAT/(L+1),
and the magnitude of the level shift by

|S|=rAT/(1+r). (6)

than the atomic spin-orbit parametég(2p)=150 cm™ -.

shown in Fig. 7 AQ==1) confirms that the perturbing Thus, a ca§¢a)_ description of the perturbgr_levgls in thi_s
state is ofungeradesymmetry withQ =0 or 2. If each per- €Nergy region is reasonable, but a descrlptlon intermediate
turbation results principally from interaction with a single Petween casef) and (c) may be more appropriate for the
state, then the first-order selection rules for perturbation®erturbers oB(v=18).

[23] suggest that the perturber is 31, state, interacting
with B33, through the L-uncoupling operator
(AA=AQ==1). Only theQ2=0 and()=2 components of
a °I1, state with coupling approaching Hund’s cdsg can No Rydberg states of ©lie low enough in energy to
produce a purely J-dependent interaction with produce bound-bound perturbations Bn®S (v=16—18).

B 33 ,1(F,, f) [4,24) and it is well known[24] that these However, the extensivab initio calculations of Saxon and
components have completely differentdoubling character- Liu [26] show several weakly boundingerade valence
istics, providing a possible explanation for the two classes ostates, correlating with the @) + O(®P) dissociation
perturbation shown in Fig. 4. Using the more detailed argudimit, some of which may be energetically capable of per-
ments set out in the Appendix, we find that only le=2  turbing B33, (v=16—18). Since the first-order
component of the’I1,, perturber(small A doubling can ex-  configuration-interactior(FOCI) calculations employed by
plain simultaneously the observed perturbation matrix eleSaxon and Lil[26] are expected to yield only qualitatively

B. Potential-energy curves
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of °II, symmetry, which we nam€&’ %1, is responsible
for the perturbations that we have observed in
B 33, (v=16—18). As can be seen in Fig. 8, vibrational
] levels of the C’ potential-energy curve occur near the
] v=16— 18 levels of theB state and th€’- andB-state outer

] limbs are nearly coincident far=18, implying strong vibra-

] tional overlap. In addition, the large equilibrium internuclear
] distance for theC’ potential R.=2.386 A) explains the lack
of predissociation of this state: no repulsive states correlating
with the only lower limit, OFP) + OCP), rise rapidly

] enough to cross the bound portion of t8¢ state. Despite

. the fact that the€’ °I1,—X 33 transition is electric-dipole

] allowed, very poor Franck-Condon overlap between Xhe
] state R.=1.208 A) and theC’ state explains the negligible

] strength of the unperturbed’ < X lines.

Although ruled out as the principal perturber in a two-
state interaction picture, it is possible that thé>3 and
23A, states may produce other perturbations in the rota-
1 tional structure of thd state. Energetically, the¥® | state
1 could perturbB(v =18) through the first-order spin-orbit in-

] teraction®3 ; —33, , but such perturbations are likely to be
4 weak, since, as can be seen in Fig. 8, the outer limbs of the
] potential-energy curves for the two states are well separated,
implying small vibrational-overlap factors. Energetically, the
. — — 23A,, state could perturB(v=16) through second-order in-
0 50 100 150 ; o ~ 3 3 .
J(J +1) teractions, principally of the typés, —3I1,—3A,, involv-
ing spin-orbit and/orC-uncoupling interactions. These per-

FIG. 4. Reduced term values for the mdmircle9 and extra  turbations are also expected to be weak, not only because of
(squareslevels associated with the lowest-energy rotational perturtheir second-order nature, but also due to reasonably small
bations in theF,(f) (closed symbolsand F3(e) (open symbols  vibrational-overlap factors. In addition, an examination of
components ofB 33 (v=16—18). Deperturbed energies of the the calculated rotational constants in Table VI and those for
respectiveF, levels (Table VII) have been subtracted from the the B-state levels in Table VII, indicates that sucﬁ&u
absolute term values to enhance the visibility of the perturbationsperturbing levels would be likely to approach the perturbed
The fitted perturbeddashed linesand deperturbedsolid lines levels from below, rather than above as is the case for the
reduced term valu_es were obtained using the _two-level perturbatioBresem observations. However, it is possible that some acci-
model described in the text and the respective model parametetganta| perturbations involving coincidences between rovibra-
given in Table VII. Whlle. the lowest-energy pgrturber level hastional levels of theB, C’, and 23Au states will be observ-
closely spacee- and-parity components, resulting in & perturba- g0 iy fact, we have found some multiple perturbations, as
tion of B °Y, (v=16,F3), the F5 levels forv =17 and 18 are un- . . 3w — .
perturbed. yet unanalyze_d, in rota’glona! levels Bf°3, | (v=16) h.|gher

than those discussed in this work. FOCI calculatip6]

indicate that well depths for other weakly bound states cor-
reliable binding energies for these st_a{éi;, we have per- relating with the OtD) + O(3P) limit are <100 cm™ 2, im-
formed MRCI+ Q calculations according to the method de- p|ying that states other than the three discussed here are un-
scribed in Sec. IV, in order to assess more accurately thﬁ'kely to play a role in the perturbation & 33 (v=<20).
possible candidates for the perturbing state. Results for the
three most strongly bound of these states are given in Table
V. The corresponding potential-energy curves, formed by
spline fitting the data of Table V and shifting in energy to be  We used a nonlinear least-squares fitting procedure and a
consistent with the experimental &) + O(°P) dissocia- simple two-level perturbation modg23] in which the unper-
tion limit [27], are shown in Fig. 8. Spectroscopic constantsfurbed B- and C'-state term values were described by the
determined by fitting th&, and B, values obtained by nu- usual polynomials inJ(J+ 1), with the additional assump-
merical integration of the Schdinger equation for these tion that the interaction matrix element was given by
MRCI + Q potentials, are given in Table VI. The FOCl well |Hgc/|=|7gc/|VI(I+1)— Q¢ (Fig. 7). For each level
depths calculated by Saxon and L[R6] for these states ex- B(v=16—18,F,), we performed simultaneous fits to the
ceed the MRCH Q well depths by an average of 25%, measured main and extra term values listed in Tables I,
somewhat less than, but in the same sense as, the discrepamegpectively, and the width ratioas=T",/T",, listed in Table
observed for other weakly bound states of €orrelating V. The root-mean-squar€RMS) term-value fitting devia-
with the OGP) + O(®P) limit [6]. tions were only~0.01 cm !, ~0.03 cm !, and ~0.02

The MRCI+ Q calculations, together with the evidence cm ™%, respectively, forv=16, 17, and 18, supporting the
presented in Sec. V A, indicate that the second valence statégh relative accuracy claimed for the measurements. The

15.0

50 L

-5.0

150 L

Reduced Term Value (cm")

C. Deperturbation
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TABLE IV. Measured upper-state predissociation linewidths and equivalent band oscillator strend@h&fp(v’ =16—18, N’, F,
andF3)—X 32;(1;”:0). Measured width ratios and energy separations for the nmajraid extra x) levels observed in association with
perturbations irB 33 (v=16—18) are also shown, together with interaction matrix elements and level shifts estimated usit Bgg.

).

v’ Level N’ |T,—T,,cm™?! /T, M+, em™t (fomt+f,)X10°  |[Hpd, cm™?t ||, cm™?t
16 F, 2 0.343-0.013 2.86-0.09
4 1.33-0.03 0.022-0.008 0.362-0.030 2.86-0.30 0.19%0.036 0.02&0.011
6 0.91+0.02 0.095-0.015 0.357%0.017 2.8¢0.13 0.256:-0.017 0.07%0.011
8 0.69+0.01 0.914-0.063 0.316:0.012 2.60:0.09 0.345-0.005 0.32%0.013
10 1.15-0.01 0.1810.010 0.3130.005 2.610.03 0.414-0.010 0.176:0.008
12 1.96-0.01 0.075-0.009 0.2990.011 2.57-0.08 0.499%0.025 0.13%0.015
14 0.273:0.011 2.44-0.07
16 0.254+-0.006 2.34-0.04
18 0.225-0.008 2.14-0.06
20 0.1970.014 1.980.10
16 Fj 2 0.36+0.09 2.74-0.39
4 0.22+0.03 0.86-0.22 0.38-0.06 2.95-0.40 0.116-0.016 0.1020.022
6 0.335-0.025 2.8%0.12
8 0.324-0.016 2.830.16
10 0.304-0.005 2.66-0.03
12 0.311-0.010 2.7¢0.07
14 0.273-0.010 2.55-0.07
16 0.265-0.007 2.37%0.05
18 0.255-0.010 2.250.06
20 0.238:£0.023 2.1%0.15
17 F, 2 0.281+0.030 2.440.17
4 0.286+0.015 2.42:0.10
6 0.278+0.028 2.22:0.19
8 0.280+0.017 2.320.11
10 0.294-0.016 2.2&0.09
12 0.286-0.010 2.31+0.08
14 0.245-0.013 2.010.08
16 8.12+0.04 0.0870.008 0.2190.016 1.81%0.14 2.20:0.11 0.65-0.06
18 5.770.04 0.2810.027 0.1890.008 1.490.04 2.39%:0.10 1.270.11
20 5.45+0.06 0.810.10 0.1080.020 0.9%0.12 2.710.05 2.44-0.16
22 7.48-0.04 0.245-0.032 0.1220.024 1.3:0.18 2.970.12 1.470.16
24 10.65-0.04 0.132-0.013 0.115:0.007 1.170.03 3.42:0.12 1.24-0.11
26 14.06-0.04 0.08@:0.012 0.088 0.009 1.02-0.05 3.68:0.23 1.04-0.14
17 Fj 2 0.282+0.102 2.24-0.71
4 0.280+0.036 2.480.14
6 0.304+0.032 2.3220.18
8 0.276-0.012 2.380.09
10 0.284+0.009 2.3%0.06
12 0.259-0.010 2.1%0.05
14 0.235-0.010 2.12-0.07
16 0.2510.014 2.0x0.07
18 F, 2 0.2070.014 1.880.09
4 5.32+0.04 0.038-0.009 0.1980.021 2.030.09 1.06:0.11 0.20:£0.05
6 4.73+0.05 0.16:0.02 0.192-0.029 1.75%0.25 1.36-0.12 0.43:0.09
8 4.33+0.04 0.310.03 0.1590.007 1.44-0.04 1.84-0.06 1.03:0.09
10 4.55+0.04 0.7G:0.04 0.123-0.009 1.05-0.04 2.24-0.03 1.870.08
12 5.41+0.04 0.75£0.08 0.118-0.021 0.92-0.08 2.68-0.04 2.32£0.15
14 6.78+0.04 0.470.05 0.146:-0.011 1.07%0.06 3.16-0.08 2.170.16
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TABLE IV. (Continued)

v’ Level N’ [Tm—Tyl, cm™? Ty r,+r,, cm? (f,rm+ £y X 10° [Hmy, cm™1 ||, cm™?t
18 Fj 2 0.211+0.027 1.94-0.19

4 0.2170.017 1.87240.10

6 0.221+0.009 2.020.07

8 0.209:0.010 2.0%x0.07

10 0.209-0.009 1.91%+0.05

fitted width ratios agreed with the measured values withinn Fig. 7, the model interaction matrix elements are com-
the experimental uncertainties, except fo=17, J=24, pared with the values determined individually from the mea-
where the deviation slightly exceeded the uncertainty. Th&urements using E@5). It is seen in all cases that the simple
deperturbed spectroscopic constaf28] obtained for the perturbation model which we have used gives an excellent
B 33, - andC’ ®II,-state levels are given in Table VII, to- description of the observations.

gether with the fitted interaction matrix-element slopes The best agreement between the calculated and deper-
| 78c/|. The fitting procedure indicates that the perturbationgurbed perturber levels is obtained by assuming @©&0)

for B(16—18) culminate [23] at J=8.1, J=19.5, and perturbsB(16), C’'(2) perturbsB(17), andC’(3) perturbs
J=10.9, respectively. The deperturbed term values, predisB(18). While these vibrational assignments are likely, they
sociation linewidths, and oscillator strengths consistent wittcannot be regarded as definitive until further experimental
the model parameters of Table VII, together with the fittedinformation on perturber isotope shifts becomes available.
perturbed values, are shown in Figs. 4, 5, and 6, respectively.
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FIG. 6. Measured equivalent band oscillator strendtiissed

FIG. 5. Measured predissociation linewidtft$osed circlesfor circles for theB 33, (v’ =16—18, F,)«X 32;(v”=0) bands in
the F,, levels of B 33, (v=16—18) in the region of their lowest- the region of their lowest-energy rotational perturbations. In the
energy rotational perturbations. In the case of the perturbed levelgase of the perturbed levels, the oscillator-strength sum for the main
the sum of the linewidths for the main and extra liiepen circleg and extra linegopen circlegis also shown. The deperturbed oscil-
is also shown. The deperturbed linewidtfsolid lineg were ob-  lator strengthgsolid lineg were obtained from a linear fit to the
tained from a quadratic fit to the main-extra linewidth sums, whilemain-extra oscillator-strength sums, while the corresponding per-
the corresponding perturbed linewidtfdashed lineswere calcu-  turbed oscillator strength@ashed lineswere calculated using the
lated using the two-level perturbation model described in the textwo-level perturbation model described in the text and the respec-
and the respective model parameters given in Table VII. tive model parameters given in Table VII.
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TABLE V. Energies(in cm™1), calculated at the MRC}+ Q

YT T level, for three weakly bound states of,@orrelating with the
O(*'D) + OCP) limit. Energies are referred to the &) +
i v=18,Q=0 1 O(®P) limit.
30 | -
R (a.u) c’ 11, 234, 337
E 20 | v=17,0=0 | 2.50 72827.54
g L ] 2.60 62190.18
[ ] 2.70 53250.23 80859.66
1.0 | 1 2.80 45817.28 68056.57
[ V16, Qo2 ] 3.00 34170.16 34582.20 47896.91
:/e)/./’/'/‘ ] 3.20 26988.06 33595.93
0.0 3.25 27172.41
[J(J+1) - Q"™ 3.40 22042.15 23487.62
3.50 21090.32
FIG. 7. Perturbation matrix elements for the interacting main3.60 17979.95 18897.54
and extraF, (closed circles and F; (open circle¢ levels of 3.75 17511.58
B 32;(11:16— 18), obtained from the measurements given in3.80 16477.64 17120.72
Table 1V using Eq(5). Fitted matrix elementésolid lines implied 4.00 16017.78 15758.97 16217.36
by the respective two-level perturbation-model parameters given i oq 15490.76 15826.55
Table VIl are also shown. In anticipation of later conclusions in this 4 15540.28
work, and for consistency with expressions given in the Appendix,
the abscissa of the figure includes tAevalue for the perturbing jgg 15454.00 15447.00 15700.87
level, which differs for theB(16) andB(17 and 18) perturbations, - )
respectively. 4.75 15490.94
4.80 15575.29 15733.68
Cheunget al. [10,12 have reported rotational perturbations 5.00 15556.66
in the B(16) level of 2*0'%0 and theB(18) andB(19) lev-  5.20 15719.54 15828.26
els of 180, but their failure to observe extra lines makes it 5.50 15679.83
difficult to determine the perturber origins for these isoto-5.60 15815.67 15895.99
pomers. For comparative purposes, calculated MR@ 6.00 15771.80 15873.63 15936.25
constants for theC’ I, perturber levels are included in ¢50 15837.14 15915.26
Table VII. The agreement between the deperturbed and cat-gg 15882.77 15939.49 15976.41
culated band origins and rotational constants is good, espé-5q 15914.15 15954.84 15982.91
cially' when it is reaIizeq that.the calculatgd values do notfg g 15935.53 15965.13 15986.18
take mto account the spin-splitting of ti& °II, state, and ¢ 15960.20 15976.85 15988.53
effecuvely refer to the) =1 component, whereas the actual 1, 5 15966.93 15982 73 15989 28
levels which pertgrlB(lG) andB(17 and 18) have)=2 _ . 15986.13 15989.86
and() =0, respectively. The calculated value of the centrn‘u—loo_0 1597503

gal distortion constarDd for the C'(2) level agrees with the

deperturbed value within the experimental uncertainty. How-

ever, since theC’(3) level suffers a further perturbation C’ ®I1,o(v=2,3), providing better agreement with all of the
from below forJ values higher than those examined here,deperturbed parameters. Quantitatively, invoking a regular
not removed by our two-level deperturbation procedure, the€’ *I1,, state having a spin-orbit constaAt~+30 cm™ !

D value for this level is not fully deperturbed and cannot beminimizes the discrepancies between the deperturbed and

compared with the calculated value.

calculated origins and rotational constants. The verification

The small discrepancies between the deperturbed and caif this tentative conclusion, however, must await the obser-
culated perturber spectroscopic constants in Table VII can beation of more() levels of theC’ state than those reported

reduced further by considering the spin-splitting of thehere.
C’ 31, state. It follows, approximately, from the triplet term

We have estimated numerically tdendependent part of

formulas discussed by Kowa[24] that the origins of the the £-uncoupling interaction matrix elements between the
outer components of a reguldfl term with coupling inter- RKR B-state potential and the calculatéd-state potential
mediate between Hund's casés and (b) are given by using Eq.(A3) with the electronic part replaced by the pure-
vo*£A, and the effective rotational constants by precession23] value, i.e.,|7gc/|=vV2|(vg|Blvc:)|- The vi-
B(1+2B/A), wherev, andB are the origin and rotational brational quantum number of the’ state was treated as a
constant for the central componert>>0 is the spin-orbit continuous variable and the values |afzc/| for levels de-

constant, and the upper and lower signs refer to(®he?2

generate with th@®-state levels were estimated by graphical

and(Q =0 components, respectively. Qualitatively, the appli-interpolation. Agreement between the relative calculated and
cation of these relations to the calculatét=1 values deperturbed values, which is only fair, can be improved by

in Table VII simultaneously increases the, and B

considering the spin-structure of th@' state, as demon-

values for C’ ®II,(v=0), while decreasing those for strated above for the spectroscopic constants. For a regular
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56 725.72-0.04 cm ! can be determined. From our deper-
turbed spectroscopic constants for thestate in Table VII,

an estimated deperturbed term value for
C' 3l »(v=0,J=3,f) of 56725.75-0.06 cm ! is ob-
tained[29]. The deperturbed\ doubling for J=3 is thus
Ti—T.=0.03+0.08~0 cm~! within the experimental un-
certainty. As discussed in the Appendix, such a small value
is consistent with expectation for 1, level approaching
Hund’s coupling casé¢a).

58000.0 T

57800.0

57600.0

57400.0

572000 [ D. Perturbations in A, and vy, for B 32;

As noted in Sec. |, the spin-splitting constants for the
B 33, state of Q, A, andy, exhibit smooth perturbations
which increase rapidly for high as theB-state dissociation
limit is approached. Bergeman and WofEi3] first sug-
FIG. 8. Potential-energy curves for_electronic states _energetigested that the perturbation i, could be explained by a
Cals'yfcapab'e of playing a role in the perturbation of ghin orpit interaction between tH@ state and &Il state
B "%, (v=16-18). TheB-state curve is a RKR potential, while o rrelating with the same limit. Later, Julienne and Krauss
the others were obtained from spline fits to the MRCQ calcu- [8] noted that the rotational constars would also be af-
Ia.tions of Tabl.e V, following Sh‘ﬁ}ing i.n energy to b.e consistent fected by rotational interactions with such®H , state, pro-
\(/:w/tr;lt]he e;;f”“;i;tagsgg))civi(s wegésﬁj(x'e?ggnb!/mllgég'ége viding a possible explanation for the pathological turning in
us ur . " H . .
121.5¢cni t, and 121.5 crl%l, respectively. Energies are given rela- gf t_hedlnfner IItrEbS OfB'.StatetﬁKdR tpotlen:ﬁl-ener?y curves
tive to the minimum of the ground-stabé¢ 32§ potential-energy eérived trom the experimental data. in tis section, we in-
curve. vestigate the consequences igrand vy, of the interactions
between thé 33 state and th€’ *I1,, state, which, as we
3[1 state, the effective potential-energy curves for thehave seen in the previous sections, is responsible for rota-
Q=2 andQ =0 components will lie a little above and below tional perturbations in th8-state levels withv=16.
that for theQy =1 component, respectively, resulting in over- ~ Brown et al. [31] have developed an effective Hamil-
lap factors|(vg|Blvc:)| smaller for 0=2, and larger for tonian for diatomic molecules and give a convenient set of
Q =0, than those fof)=1. These variations are in such a expressions for th&-dependent electronic Hamiltonian pa-
sense as to improve agreement between the calculated af@meters which includes both direct contributions and the
deperturbed relative values pfigc/| given in Table VII. We effect_s of interaction with other electronic states through ap-
do not pursue these considerations more quantitatively bedropriate perturbation-theory terms. For example, the effec-
cause of the great sensitivity of the overlap factors to thdive spin-spin parametex(R) comprises two contributions:
details of the calculated potential-energy curves, but merel
note that the calculated pMRG+ Q potegn{ial—energy curve g MRI=AP(R)FAZ(R), @)
for the C’ state is broadly consistent with all of the deper- Where)\(l)(R) results from the direct spin-spin interaction
turbed parameters of Table VII. In contrast, if, for example,Hss and \®(R) arises from second-order interactions in-
we were to postulate that the lev@{18) were perturbed by volving the spin-orbit operatdk S°. Thus, the effective spin-
either the $3 1 or the 23A, states, then the corresponding spin constant for the leval is given by '
overlap factors result in numerical estimate pf some 70
times and 15 times greater, respectively, than the tabulated )\v=(vI)\(l)(R)Iv>+(vl)\<2)(R)|v)=)\(v1)+>\(vz). (8)
value of | ngc/|, clearly ruling out these states as the per-
turber. Field and Lefebvre-Brion32] have estimated the direct
Finally, from Tables | and IV, an estimate of the deper-component of\, for the B state of G using the single-
turbed term value for C’ 3I,,(v=0,J=3,e) of configuration approximation, obtainingﬂl)=1.38 cm L In

57000.0

TABLE VI. Summary of spectroscopic constants for the three weakly bound states of RigcB™ 2, unless indicated otherwige
determined from fits t&, andB,, values obtained by numerically integrating the Sclimger equation for the MRCH Q potential-energy
curves of Fig. 8. Constants reproduce thg andB, values to within+1 cm™! and +0.002 cni'!, respectively.

State Te D, we WeXe ®eYe R. (A) Be e Ve
c’ 3P 57406 518 154 16.0 0.63 2.386 0.370 0.0337

23A,° 57372 552 211 27.0 1.12 2.301 0.398 0.0306 —0.0025
33y rd 57621 303 158 20.9 2.401 0.366 0.0226  —0.0095

ot to be confused with the effective spin-rotation constgnt
bConstants determined from levels with-0—6.
‘Constants determined from levels withk=0—5.
dConstants determined from levels with=0— 3.
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TABLE VII. Deperturbed spectroscopic constants and interaction matrix elerfiertsi ) for levels of theB 33, andC’ °II, states,
obtained from the measured term values of Tables |, I, and Il and the width ratios of Table 1V, together with comparable calculated
constants for the’ 31, levels.

State Level v vo? B DX 10° |7 [P
B33, o, f 16 56719.53 0.03 0.3937%0.0004 3.16:0.08

c’ ®I, 0=2f 0o° 56721.35-0.06 0.3676:0.0015 ~0.4 0.0402-0.0012
c’ ®I, Q=1, calc? 0 56691.5 0.3545 0.94 0.65
B33, F,, f 17 56852.42-0.06 0.3474-0.0006 3.76:0.01

c’ °m, 0=0,f 2 56875.65 0.58 0.28080.0026 1.40.3 0.1325-0.0022
c’ °m, Q=1, calc? 2 56913.8 0.2852 1.63 0.69
B33, F,, f 18 56954.65 0.06 0.3016:-0.0019 471.0

c’ ®1, O=0,f 3 56960.7G-0.09 0.246@-0.0024 -1.9+1.1 0.2137-0.0026
c’ %M, Q=1 calc? 3 56988.5 0.2519 1.97 0.44

@The unperturbed- and C’-state term values were represented by the polynomjalBJ(J+1)—D[J(J+1)]? in the deperturbation
procedure.

®The interaction matrix elements are given [bgc/|=|7gc/| VI +1)— Q¢ .

‘Likely vibrational numbering fronab initio calculations. Absolute numbering is not definitive.

dConstants determined by numerical integration of the Slihger equation for the calculaté2l potential-energy curve of Fig. 8.
®Pure-precession estimat®|(vg|Blvc')| for degenerate levels.

fAnomalous sign foD reflects a further perturbation at high&rnot included in the present analysis.

the unique-perturber approximation, where we assume thah principle, the sign of the interference cross-term
the B state is perturbed only by the' state, the expression &(R)#(R) in Eqg. (13), which is independent of the phase
for the indirect contribution given by Browat al. [31] re-  conventions for the molecular wave functions, can be deter-
duces to mined experimentally by observing the sense of the pertur-
) bation iny, .
\O(R)= — 1 [¢4R) 9 The expressions given by Julienne and Krd@3slescrib-
2 Vg(R)=Vci(R)' ing the perturbations in, and y, for a 33 state uniquely
perturbed by &1 state are equivalent to our treatment, but
where are computationally unattractive, involving perturbation
_ , sums over the discrete and continuum levels of the perturber.
E(R)=(B "2, |H¥C" *Tlyy), (10 On the other hand, the expectation values of E(q}sr.)and

andVg(R) andVc (R) represent the potential-energy curves (13) are easy to calculate and the resultant values/8fand

of theB andC’ states, respectively. ¥?) should be accurate for levels in regions where the
Similarly, the effective spin-rotation parametg(R) is  Potential-energy curves of thé and C’ states do not ap-
given by proach each other too closely. In this section, we consider
only the B-state levels withv<15. From Fig. 8, it can be
y(R) =vyY(R)+ y?(R), (11)  seen that the separation in energy of e and C’-state

potential-energy curves is 200 cm™ ! near the outer turning
where the first-order term/™(R) results from the direct point for B(v=15). As we shall see, this is significantly
spin-rotation interactiort{ SR and is much smaller than the greater than thé-C’ interaction matrix elements and im-
second-order termy?(R) which arises from interactions plies that Eqs(9) and(13) are applicable.

with other states involving the product of tiuncoupling Effective values of\, and y, for B-state levels with
and spin-orbit operators. The effective spin-rotation constany =0— 15, determined from the measurements of Yoshino
for the levelv is given by et al.[3] by Lewiset al.[33], are shown in Fig. 9, where the

D @ 1. (2 rapidly increasing perturbations fovy=11 can be seen
Y=YV (R)[o) + @[y (Rfv)=v"+%". (12 readily. Using Eqs(8), (9), (12), and(13), we have calcu-

(2) (2) 5 i - -
With a unique-perturber view of the second-order contribu-Iated values fork,” and ,” in the unique-perturber ap

tion to the effective spin-rotation parameter of tBestate, proximation. The RKR and calculated MRE1Q potential-

; : energy curves were used foVg(R) and V¢ (R),
the expression given by Browet al.[31] reduces to respectively. In addition, it was assumed tHHR) was

R-independenf34] and that Eq(14) could be rewritten as
7(2)(R)=—2\/§M, (13
Vg(R) = Ve (R) 7(R)=B(R)L™(R), (15)
where where

n(R)=(B %3 ,|BL7|C" °I1,). (14) B(R)=h/(872ucR?), (16)
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reported for the interaction between tBestate and the first
valence state ofI1, symmetry[4]. There have been no pre-
vious estimates of ~ (R).

As has been pointed out by Julienne and Kral8k
whereas many electronic states can contribute to the pertur-
bation of\, for the B state, only®I1,, states can contribute to
the perturbation ofy, (andB,). The Wigner-Witmer corre-
lation rules[35] imply that, in addition to theC’ state, there
are two other states otll, symmetry associated with the
O(*D) + O(®P) limit. However, for the same electronic in-
teraction strengths, our calculations show that these essen-
tially repulsive states are expected to be 48 times less
efficient than theC’ state at perturbing thB state, due to
greater separation in energy from tBestate potential. Of
the other bound states shown in Fig. 8, only th&&3 state
has a first-order-allowed spin-orbit interaction with tBe
- state (33 | #5932 ;), resulting in a perturbation which de-
creases,, . This is in the opposite sense to the perturbation
1 produced by theC’ state and observed experimentally,
where both thed=0 andQ =1 components participate in
_ spin-orbit interactions in which th& 33, levels are de-
T T pressed by twice as much as B€e’S, ; levels. Julienng9]

v has estimated a semiempirical spin-orbit matrix element of
16 cm !t atR=2.117 A for the 3, —B 33, interaction.

FIG. 9. Measured valueglosed circles of the spin-splitting | we adopt this value, together with our MRGIQ
parametera,, andy, for the B °3, state, emphasizing the rapidly potential-energy curve for the®X state, then our estimate
increasing perturbations foo=11. Also shown are values of of the corresponding perturbation iy, is — 15% of the ob-

(2) — (2) (1 i i - . . . .
L8+A,” and 0.015+ 7, (lines) .Ca!CUIatEd in the unique served value. Thus, the inclusion of this effect will change
perturber approximation whereby it is assumed that only the

C’ 31, state perturbs thB state, and that the corresponding spin- our conclusions only marginally. Despite all of the approxi-
orbit and £-uncoupling interactions arg(R)=35 cm L and  Mations in our analysis, it is likely that the interaction pa-
L~ (R)=—2.0, respectively. rameters obtained using the unique-perturber approximation

will be qualitatively sound. Nevertheless, a complakeini-
and tio study of the spin-orbit and-uncoupling matrix elements
between all relevant electronic states correlating with the
L~ (R)=(B33,|£7|C 3I1,) (17 O(*D) + OCP) limit would be invaluable in refining our
picture of theB-state perturbation.
was also taken to b&-independen{34]. The results ob- ~ symmarizing the results of this section, we concur with
tained with£(R) =35 cm™*, L™ (R) = —2.0 and constant ef- the suggestion of Bergeman and Wof4g] that the pertur-
fective Va|Ue_9\z(Jl): 1.8 cm * and 75_1): —0.015 cmi b are  pation inA, for the B state is caused principally by a single
compared with the measurements in Fig. 9 where the agreeq{]  state. Moreover, our unique-perturber calculations indi-
ment is seen to be very satisfactory. No allowance has begthie that the perturbing state is likely to be the same
made for the small perturbations caused by the repulsivg., 31, state that we have shown to be responsible for the

states, shown in Fig. 1, which are responsible for therotational B-state perturbations reported in Sec. VA. The

B—stgte pr¢d|§§OC|at|0[8], but this will not affect our con- C' state is also principally responsible for the observed per-
clusions significantly. The character of the observed pertur: . . . . :
turbations iny, . The negative sign determined for the elec-

bations in\ , andy, can be understood by referring to Fig. 8, ) . - L
where it can be seen that the energy denominator in @gs. tronic matrix-element produdt™(R)£(R) is significant. In

and (13), Ve (R)— Vg(R), decreases foR>R,(C')=2.39 contrast, following a consideration of interference effects

A but i,ncrgases veBry rr;lpidly foR<R Sin?:e the o.uter governing fine-structure-specific predissociation linewidths
’ e . . .

turning point for B(v=12) is approximately equal to N the SR bands, Lewist al. [4] found that the equivalent

R.(C'), this explains why the perturbations in the spin- matrix-element product was positive for interactions between

splitting parameters have a rapid onset nearl2. the B and 111, states. Although there are significant uncer-

Our value for&(R) is in satisfactory agreement with val- tainties, adopting the calculated MRE&IQ potential-energy
ues of 40 cm * and 32 cm ! determined by Bergeman and curve for theC’ state, and considering both the analysis of
Wofsy [13] and Cheunget al. [10], respectively, by fiting observed rotational perturbations presented in Sec. V C and
the perturbation in\, using a simple unique-perturber for- the results of this section, it appears that the magnitude of the
mula which did not involve the potential-energy curves ofJ-independent part of the electronfeuncoupling matrix el-
the relevant electronic states. A spin-orbit matrix element oement between th& and C’ states is on the order of the
this size seems reasonable: a value of 31 énhas been pure-precession valué ~(R)|= 2. This is not necessarily
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to be expected for these mixed-configuration valence states (335 v.de|H|?M,,v",J,8)=V2(+27), (Ala)
[23] and suggests that ab initio evaluation of this matrix

element is desirable. (335 0.6/ HP, v, J,8) = — 9233+ 1),
(Alb)
VI. CONCLUSIONS

3103 HP v 3,5 =F 7IJ+1), (Alc
Several rotational perturbations in tBe*S | state of mo- (R v, dif o v )= = ) (ALY

lecular oxygen have been studied by measuring high-
resolution VUV laser photoabsorption (E)r?(())ss sections of the
(16,0—(18,0 Schumann-Runge bands ,. The obser-
vation of many extra lines in the spectrum, a line-profile (21 w3 AHPIL 03,0 =—7VI3+1)-2,
analysis procedure which allows for non-Lorentzian line (Ale)
shapes due to interference between the main and extra lines

and state-of-the-arab initio calculations have enabled the Where

perturbing state to be identified as the second valence state of

G W IAHPIL 03, =¢6+\2y,  (Ald)

31, symmetry,C’ °I1,,. &', )= ICEHPIY[v",3),  (A2)
In particular, we have located three vibrational levels of
the C’ state which perturtB(v=16—18, F,) through an n(v,0’, )= (v, (3= |BL7PIT) v’ ,J), (A3)

L-uncoupling interaction. We have also shown that @le

state is likely to be responsible for much of the well-knownand H, H°°, and BL™ represent the full molecular Hamil-

rapid increase in the magnitudes of thBestate triplet- tonian, the spin-orbit operator, and theéndependent part of

splitting constants\, and y, as the dissociation limit is ap- the £-uncoupling operator, respectively.

proached. Over the full range of rotation, appropriate wave func-
Further work is in progress to examine and analyze othetions for theB 33 state are intermediate between Hund'’s

rotational perturbations iB 33, (v=16) which occur at coupling casesa) and(b) and can be expressed [@9,41]

higher energies, at higher rotational excitation, and in other

fine-structure components. Eventually, with the aid of isoto- 1’3, ,F1,0,3)=al*%; ,v,J,e)+Db[*S] ,v,d.e),

pic studies, we hope to make rigorous vibrational assign- (Adq)

ments and determine a realistic semiempirical potential-

energy curve and spin-orbit constant f@' 3I1,. In 1’3, Fo,0,0) =337 ,v,3,f), (A4b)

addition, it may be possible to clarify the roles of the

23A, and 33 states in the perturbation of th@ 33 1°%, ,F3,0,0)=b[3%; ,v,d,e)—a|®3] ,v,J.€).

state. Ab initio calculations of the spin-orbit and (Adc)

L-uncoupling interactions between th@ 33, state and

other states in this energy region would be extremely valuThe mixing parametera andb are given by

able in progressing towards a complete understanding of the

B 33, perturbations. a(v,J)=\/[Tz(v,J)—Tl(v,J)]/[T3(v,J)—Tl(v,J)(], )
Aba)

ACKNOWLEDGMENTS b(v,9)=\[Ts(v.d)~ To(0. )T T5(v.3)— T1(0.I)],
The authors are grateful to Professor H. Lefebvre-Brion, (A5b)

Professor J. H. Carver, and Dr. L. W. Torop for critical com- , .
ments on the manuscript. We also thank Professor M. L\.NhereTi(?”‘J) are the_ flne-structure term values, provided
Ginter for his assistance, comments, and suggestions ma&%at .Centr'fUQ?l d'StO”'Of? IS negl_ectédO]..
during visits to the ANU sponsored by the National Science First, we wish to consider the interactions of I_ﬁglevels
Foundation (U.S) through a U.S.-Australian Cooperative of the B state. From Eqs(ﬁs\lc), (Ale) and (A4F’)* It can t,)e
Research Grant. Valuable technical assistance was providgf®" that only théll, and °II, substates can interact with a
by K. J. Lonsdale and C. J. Dedman. >, state in a way consistent with tlledependent pertur-
bation matrix element measured in this work. From Egs.
(A1) and(A4), the interactions of thesd1,,, substates with

APPENDIX: THE ®%; —°II, COUPLING B 33, (F, and F3) are given by

33 — 311 perturbations have been discussed in detail by _ )
Kovacs[24,36,37 and are central to an understanding/of (2 F2w M y0,0",3,F) = 733 +1), (A6a)
doubling in 31 states[24,38. Here, we are concerned pri-
marily with determining which®[I, substates are respon- (S, F3.0,JH*y0,0",d,8)= 2b(£+ 2 7)
sible for the perturbations observed in thg(v=16—18)
andF (v =16) levels of theB 33 state. +anI(3+1),

If we express the molecular wave functions in the Hund’s (A6b)

case(a) e/ f-parity basig23], then the nonzerd= — 311 in-
teraction matrix elements are given p4,8,39 and



(G2 Fo,0IHP 0", 3,f)=— 733+ 1) -2,
(A7a)

33, F3,0,d|HP ;0" J,e)=anyI(J+1)—2.
(A7b)

In the case ofB 33, (v=16,J=3), substituting into Eq.
(A5) the deperturbed term valuék;(16,3) deduced from
Tables | and IV,T,(16,3) deduced from Table VII, and the
unperturbedT,(16,3) of Yoshinoet al. [3], we find that
a(16,3)=0.92 andb(16,3)=0.38. If the perturbing substate
is 3I1,,, from Eq.(A6) the ratio of theF; andF, perturba-
tion matrix elements is

Ha(vd) _ . V2b(¢+\27) (A8)
Ha(v,J) IQA+1)

Thus, H5(16,3)H,(16,3)~0.92+ 0.15%/ 5, assuming that
n<¢&. With this assumption, the second tefaf either sign
will dominate and the ratio will be much greater than unity,

inconsistent with our observations. For example, in the cas

of the interaction between tHe state and the i1, valence
state, it has been reported by Lewsstal. [4] that
7/ £=0.019. In this casetl;(16,3)H,(16,3)~9. However,
if the perturbing substate i8Il ,, from Eq. (A7) it follows
that Hs(v,J)/H,y(v,J)=—a and H3(16,3)H,(16,3)

illustrated in Fig. 7, thatH4(16,3)H,(16,3)~1 and dem-
onstrates that the perturber B{16) is a I, state.
The above arguments, based on a daseicture of the
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—0.92. Clearly, this is consistent with our observation,
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state has intermediate coupling witke Y, but the parameter

n must be replaced by an effective value given by
ne=n+2&(Y7). In other words, the conclusion that
only %I, or 3I1,, states can produce purelydependent
perturbations in th&, levels of theB state remains valid for
coupling intermediate between cagasand(b), but tending

to case(a). Thus, the observation that the experimental per-
turbation matrix elements shown in Fig. 7 do not deviate
significantly from a lineard dependence fod=<25 implies
that the value ofy for the perturber is significantly greater
than 25. Similarly, although EqsiA6b) and (A7b) are
slightly modified in the case of intermediate coupling, both
by the appearance of terms weakly dependeni®and by
the introduction of effective values fory in the
J-dependent terms, the conclusion, based on a consideration
of the ratioH3(16,3)H,(16,3), that the perturber d(16)

is a °II,, state remains valid.

Support for these conclusions can be obtained from a con-
sideration ofA doubling in 3I1 states. For &1l state con-
forming to Hund's case(a) coupling (Y—«), the
?\-doubling expressions given by Brown and Me[a8] re-
duce to

%11, perturber, are essentially unchanged when we consider

a 31, state with coupling intermediate between casgsnd
(b), but tending to caséa). This situation is expected to
apply for rotational quantum numbeds<Y=A/B, where

ATfe(3HO):2(Ov+pv+qv)l (Aloa)
AT =0,J(J+1), (A10b)
AT(®I1,) =0, (A10¢)

A andB are the diagonal spin-orbit and rotational constantsvhereo, , p,, andg, are the normal\-doubling parameters

of the 31, state, respectively. Applying this approximation
to the triplet transformation matrix of Koea[24], we can
express the intermediate-coupledl, wave functions in
terms of the caséa) basis functions as follows:

2J(J+1)

|,3HUO,!U’J>%|3HUO!U’J>+ Y |3HUl,U,J>’
(A9a)
J-1)v2(J+1
|/3Hulr,v,\]>%_ #F‘Huoavww
Y3
JV2(J+2
+ ¥y ,v,d) + ¥|3Hu2,v,.]>,
YV(J—1)
(A9b)
V2(J—1)(J+2)
|’3Hu2’.v,J)~—fﬁnul,v,.])
+[*Myz,0,3). (A9c)

Using Egs.(A9a) and(A9c), it is easy to show that the form
of Egs. (A6a) and (A7a) remains unchanged when ti&l,

[31,38. The parameteo, includes the effect of the direct
spin-spin interaction and the effects of spin-orbit interactions
with other electronic states. The second-order parameters
g, and p, represent the effects of interactions with other
states through th&-uncoupling operator, and through the
product of theC-uncoupling and spin-orbit operators, respec-
tively. Broadly speaking, thé\-doubling parameters for a
%11 state embody the same interactions as those responsible
for the perturbations in,, y,, andB, for a 33 state and
mathematical inter-relationships can be demonstrated in the
case of the unique-perturber approximation and further sim-
plifying assumption$38].

An examination of Eq. (A10) indicates that the
A-doubling characteristics for thd1, and I, components
differ considerably. The lack of doubling expected for a
311, level supports the classification of tiB€16) perturber
as a’ll, level, since an inspection of Fig. 4 shows minimal
splitting between the and f levels of this perturber. The
nonzero doubling expected for3l, level is consistent with
the classification of thé3(17 and 18) perturbers a¥l
levels, since we have observed meevel perturbers for
theseB-state levels, implying that thd doubling in these
cases is large, i.e., beyond the scale of Fig. 4. This can be
understood by anticipating the results of Sec. V D in which it
is proposed that thB state and the perturbing]1, state are
in a unique-perturber relationship, resulting in large pertur-
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bationsin\, for the B-state levels withv=17. Under these significantly higher than the correspondifi¢gvels, since the
conditions, it is expected that the magnitudeogfwill be B state has nd)=0 levels off parity. This expectation is

dominated by this unique spin-orbit interaction, and that theconsistent with the lack of perturbation of thg(e) levels of
e levels of the I, perturber will be pushed to energies B(v=17 and 18) shown in Fig. 4.
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