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New magnetic dipole transition of the oxygen molecule:
B’ Il 4z~ X33(0,0)

E. H. Roberts, K. L. Nixon,® C. J. Dedman, S. T. Gibson, and B. R. Lewis
Research School of Physical Sciences and Engineering, The Australian National University, Canberra,
ACT 0200, Australia

(Received 13 November 2001; accepted 10 January)2002

Through the use of isotopically pure gas at a temperature of 77 K, a weak photoabsorption band of
%0, is found near 1856 A, underlying the stronger Schumann—Rui@® band B33,
HX?’EQ(S,O). The location, structure, and intensity of this new band are consistent with
expectation for the magnetic dipole transitiBn 31'[g<—X3E£;(O,O), where the designatidd’ is

chosen to represent tl103‘°’1'[g valence state. This electronic transition contributes to the “excess
absorption” underlying the SR banfB. R. Lewis, S. T. Gibson, and E. H. Roberts, J. Chem. Phys.
115 245(2001)]. © 2002 American Institute of Physic§DOI: 10.1063/1.1456506

I. INTRODUCTION the above-mentioned observations is that ?EEJ valence
states behavdiabaticallyin the region of their crossing, due

+ o S . 'to the comparatively small value of the coupling involVed.
[y—3% transitions are electric dipole forbidden by the P y ping

. e Therefore, since thé 3Hg state is bound, one would hope to
g—u selection rule, but are allowed as magnetic dipole ra

diati ith ted intensiti i q f _be able to detect some of its lowépredissociatedvibra-
'ation, With expected INtensiies some five orders ot MagNiy, 5| jevels. In a conventional single-photon absorption ex-
tude weaker than for electric dipole allowed transitions.

Whil lecul h ided ber of | geriment, however, this task is made very difficult by strong
le molectiiar oxygen has provide almim e; of example ompeting absorption from the electric dipole allowed SR
of magnetic dipole transitions, e.gh "2y —X°3; and

3y — 3y — i i
TV ; . .~ systemB°X [« X°%,, which, as can be seen from Fig. 1,
a’Ag—X 29 » leading FO the retland infrared atmosphe_nc overlaps the expected locations of ﬂlhéHg<—X3E§ bands.
OXygen bgands, “;f‘s"ie"“"e'y' t'heref have beef‘.m PrEVIOUS T€- 11y this work, operating so as to minimize spectral con-
porlts Olf I1g—X"%4 magnetic dipole transitions for this tamination by the SR system, we report the first observation
molecule. of the magnetic dipole transitiot 3Hg<—x32§(0,0). We

N In fact, expeqmint?l mfor:na:mn on tﬁﬂgﬁgf)m% rename the upper state of this transitBh®Il, and use this
as arisen principally from electron energy and D0 tre henceforfh

(2+1) resonance-enhanced multiphoton-ionizatiBEMPI)

spectroscopic studies, due to the different selection rules ap-

plying to these excitation mechanisms. These studies havt EXPERIMENTAL METHOD

been reviewed recently by Morrikt al* Potential-energy The choice of apparatus was governed principally by the
curves for some of the lower-enerdyl, states of @ are  need for a very high signal-to-noise rati/N) in order to
shown schematically in Fig. 1, in a diabaticrossing rep-  detect weak structure in the presence of significant compet-
resentation, together with adiabatic curves for ®&. ,  ing absorption. Radiation from anktontinuum capillary
8325, and 2325 states. Discrete vibrational levels of the discharge, operating at a dc current of 1.2 A, was passed
3say C *I14 Rydberg state are well knowkHowever, only a  through a 2.2 m scanning vacuum-ultraviolet mono-
little is known experimentally about the lowest two valence chromatort? providing a resolution of~0.06 A full width at
states), Il, °I14. First, the inner limb of thel °I1, state, i half-maximum(FWHM). Some of the radiation exiting the
the region of its crossing with the state, together with the monochromator was reflected from a slotted-Al beam splitter
value of the corresponding Rydberg-valence couplin§20  into a monitor photomultiplier, the remainder passing
cm 1),” are defined by the experimental pattern of predissothrough a~1 m long absorption cell, fitted with MgFwin-
ciation of the vibrational levels of th€ state?~" Second, the  dows, into the detector photomultiplier. Both photomultipli-

1 [T~ 11 °I1 valence—valence coupling-500 cni*),* can  ers(EMR type 542F-09-17, CsTe photocathpdeere oper-

be deduced from the experimental photodissociation branchated in the pulse-counting mode, vyielding typical signal
ing ratios for the loweC-state leveld:® Finally, decomposi- count rates of~10 kHz.

In the case of homonuclear diatomic molecules

tions of the Schumann—Rung&R) continua observed in The absorption cell was operated at a temperature of
EEL experiments have led to estimates-of.6 eV(~61000 77 K by filling its surrounding annular jacket with liquid,N
cm ) for the Vertlca“|3Hg<—X32§ transition energy:' Low-temperature operation was essential in order to mini-

An important conclusion following from the second of mize spectral contamination by high-rotational lines of the
SR (v,0) system and eliminate the SR,{) hot bands. The

apresent address: School of Chemistry, Physics, and Earth Sciences, TH&CUUM System surrounding the cell was filled with Ar at a
Flinders University of South Australia, Bedford Park, SA 5042, Australia. pressure of-0.2 Torr, as this was found to decrease the rate
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. . FIG. 2. Experimental photoabsorption cross section for g@, mea-

E;GO 1‘353\?\/???2(: d?:lgzgﬁlroins?r:gyrec;gggnfgtitc:]:,stjl\i%e;tjr(\alg%ygsé?rt;? sured afT =77 K andP=100 Torr, in the region of the cross-section mini-
2> . 3o = Fw 3 — mum between thé7,0) and (8,00 Schumann—Runge band heaB$N") and

with adlabancscurve/ssfor th 29 » B 2“.' and 2_29 states_(dashed . R(N") branch lines from th&« X(8,0) band are indicated. Weak features,

curves. The Il "IIy(B" °TIy) valence state is the principal subject of this marked with asterisks, and not belonging to the Schumann—Runge system,

work. are apparent in the vertically expanded spectrum.

of degradation of cell-window transmittance caused by the

inevitable deposition of condensible impurities during theyncorrected for pressure effects, is shown in Fig. 2. The prin-
experimental low-temperature runs. Wavelength scans wergpal P(N”) and R(N”) branches from theé8,0) band are

performed with the cell filled to a pressure ©fl00 Torr of  yisjble in the spectrum foN”<21. However, because of the
%0, (ISOTEC, 99.993 atom9s The isotopically enriched |ow cell temperature of 77 K, no features attributable to sat-
sample was necessary in order to eliminate spectral contamgijite brancheg<? principal branches witiN">211% or v”
nation by the SR¢(,0) bands of°0 10, easily observl%ble i >0 hot band¥’ are discernible. Furthermore, the use of an
the spectrum of normal Owhich contains 0.41%°0 *°0. isotopically pure*®0, sample has ensured that features aris-
Wavelength-dependent photoabsorption cross sectionfg from the°0 %0 isotopomeY* cannot be detected. Nev-

were determined from the cell transmittances using thertheless, inspection of the vertically expanded spectrum in
Beer—Lambert law, with the effects of lamp-intensity fluc- Fig. 2 reveals a number of previously unreported weak fea-
tuations eliminated by normalizing the detector signalyres, the strongest of which are indicated by asterisks, which

against the monitor signal. Because of the problem with cellzre unrelated to the SR system and cannot be associated with
window transmittance degradation, for the most part, emptyany conceivable impurity?

cell transmittances were determined only at the start and end |y order to assign the upper electronic state for the new
wavelengths of each scan. Thus, cross sections at interme@jround-state transition responsible for these features, we
ate wavelengths were subject to error since the windowonsider which bound states of @xist in the energy region
transmittances decreased nonlinearly with time during thef the observations, i.e~3300 cm* below the OFP)
scan. This problem is of minimal importance in the present; o(1p) dissociation limit. The lowest Rydberg state of O
work, however, where we are concerned primarily with thejg the 30, C °T1, statel® shown in Fig. 1, the lowest vibra-
peak cross sections of relatively sharp spectral featuregional level of whic lies ~12 000 cm* above the present
rather than the absolute value of the pressure-dependeghergy region. Comprehensiwab initio calculations’® of
background cross section. Data were accumulated for 30 s gie valence states of Ghow only two bound states in the

each wavelength during individual scans, yielding a statistirelevant region; £I1, (the lower adiabatic state formed by
cal uncertainty 0-0.3% in the cell transmittance. Since the the interacting! 3[1, and! °I1, diabatic states of Fig.)land

weak spectral lines being sought in this work were only ap 32;_ Transitions fromx 33, -

_ were. g to’llg and®3 ; states are
factor of ~2 stronger than this level of uncertainty, it was magnetic dipole and electric quadrupole  allowed,

necessary to average the experimental cross sections ov@ispectively. However, electric quadrupole transitions are

~20 scans in order to achieve a reasonable S/N. Absolutgych weaker than magnetic dipole transitidi&rthermore,
wavelength calibration was performed using the SROY  the 235 state lies at a large internuclear distan@,
line positions of Yoshinet al,** the embedded SR lines also —1 91 A18 see Fig. 1, implying negligible Franck—Condon

serving as alignment points to minimize degradation of th%verlap with theX state(R,= 1.21 A'%). Therefore, it appears
effective wavelength resolution when averaging scans.  that the only feasible candidate upper state for the weak tran-
sitions observed here B’ 31, (i.e., 1%II or 1I°I1, in
Il RESULTS AND DISCUSSION adiabatic or diabatic notation, respectivelyhis conclusion
The resulting experimental cross section in the region ofs supported qualitatively by an inspection of Fig. 2 which
the minimum between thB«— X(7,0) and(8,0) band heads, shows a band head near 53 810 ¢mwith rotational struc-
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ture degraded to the red, and additional subband structur
lying ~100 cm * higher in energy. These characteristics are
consistent only with a transition into a valence state having
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testing the hypothesis that the weak features in Fig. 2 resul’c | ‘R, A, “ ﬁ:{ﬁloﬂ'm ]

from the B’3ngX32§(O,O) magnetic dipole transition, a" 10 9 3, 9 1o o 9 o

through more detailed analyses of energy, rotational struc-'o o PaFa ﬁ—ﬂ—ml Pan R“H—W”PP i Ay

ture, and intensitg* = , G 36 @ s 0012 1
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Spectroscopic constants for tlBg(v=0) state and the
oscillator strength for th&' < X(0,0) transition were deter-
mined using a least-squares fitting procedure in which the g
fragmentary experimental cross section for the weak bancg
was compared with a synthefltl —33 cross section. In this
band modef? rotational energies and mixing coefficients for
a3l upper state with angular-momentum coupling interme- 00
diate between Hund'’s casé® and(b) were calculated using
the effective Hamiltonian of Brown and Mergtcontaining . . _ _
up to ten adjustable parameters, while intermediate energie€|®, . Somparion teween oxonmena s seor, olowing oo
mixing coefficients, and Boltzmann factors for the fitted 3Hg<—X3E; band-model cross section far=77 K (solid curve.

X 32&(0 =0) state triplet components were calculated usingzaps in the experimental spectrum coincide with stréagX lines. The

the spectroscopic constants of Veseth and LoftAusine branch structure implied by the band-model fit is also indicated.

centers for each of the 27 rotational branches characteristic

of a3HgHX 32; transition were then calculated using these

energy level€® Each rotational line was represented by agood description of the observed structure. However, it
Voigt profile, with a Gaussian FWHM defined by the appro-should be noted that the experimental S/N worsens consid-
priate Doppler width(0.06 cmiFWHM at 77 K), and a erably in the high-energy’[l,) subband, where the SR pho-
Lorentzian(predissociationFWHM for each subband which toabsorption cross section is increasing rapidige Fig. 2,

was a free parameter. Rotational line strengths, calculateléading to considerable fitting uncertainty in this region.
using the methods described by Houd@nyere combined Rotational-branch assignments for the fitted spectrum are in-
with the Boltzmann factors and a band oscillator strengthdicated on Fig. 3, but no completely resolved lines are evi-
which was a free parameter to determine the intensities odent in the experimental spectrum. Wave numbers and as-
individual lines. The background cross section was fitted bysignments for the strongest of the observed blended features
a low-order polynomial in energy and instrumental effectsare listed in Table I.

were allowed for by convolutio{in transmissioh with a Due to the limited experimental resolution and poor S/N,
Gaussian of 1.7 cim FWHM. it was not possible to determine values significantly different

The results of the fitting procedure are illustrated in Fig.from zero for many of the higher-order parameters in the
3. The experimental cross section in FigsBlid circles has ~ Brown and Merer Hamiltoniaf® Accordingly, \, v, and all
been obtained from that of Fig. 2 by subtracting a smoothlyof the centrifugal-distortion parameters were held fixed at
varying background, in order to isolate the contributions ariszero during the final fitting procedure. In addition, although
ing from the newly observed transition. In addition, cross-fitted values for theA-doubling parameters were not at all
section regions near the strong SR lines have been excisedbust, the quality of the fit was definitely better for the two
from the fit and are not displayed in Fig.?3.The 3Hg higher-energy subbands wheérrdoubling was nonzero. Fi-
<—X329’ band-model fit(solid curve in Fig. 3 provides a nally, residual systematic discrepancies in the fit for the

Section
o
h%

0.5

AN

L L |
53850

P IR T
53950 54000

.
53900 ;
Wave Number (cm )

| ORI
53750 53800

TABLE |. Wave numbers and assignments for the strongest features observedB'(nﬁngX 3E(;(O,O) band

of O,.
Subband Wave numbéem 1)3 Assignmerit

°11, 53811.6 TR31(3),"Ra1(1),"R34(5)
53803.8 *R3x(1),°Rax(3),°Q31(3),°Qax(1),"Rax(7)
53797.8 RQax(3),°Rax(5),°Qa1(5) Ra(3)
53788.4 RQ32(5),°Q31(7),°R3x(7) Rs(5) .Q3(3)

*I1, 53888.3 RQ21(5),%R23(3),%P24(3)
53880.5 RQa1(7).7Q24(3),“Rz4(5),%P21(5)
53867.0 PQ23(5),"Q21(9) “Rao(7) 0P 2y(7)
53851.4 PQ2x(7),%R25(9),°P2y(9)

*I, 53969.4 PQ12(5),°P1(3),°Q13(3) °R1A7) ,P1(5) ,"R15(5),Qu(7)

AVave number for center of broad line.

bMain contributing transitions, listed in order of decreasing strength.

‘Shoulder.
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TABLE Il. Spectroscopic parameters for tBe *[1,(v=0) state of Q. constant A= —86 cm L, is consistent with the expectation
T (cmr Y 53 889.03)° of an invert_ed31'[_g state a_risi_ng fr_om thergwg molecular-_
o(31,) ~ T+ 2B (cm™ Y 53890.93) orbital configuratior!, and is in quite good agreement with
B(cm Y 0.9604) the ab initio calculation of Li etal,*® who find A
A(ijll) —86.03) =-82cm ! atR=1.475A, i.e., at the equilibrium internu-
A Egm_lg g'g) clear distance of the MRGIQ-derivedIl °II, state.
g+p+q(cm71) —0.94) The tra_nsition moment for :I.[<—E(v’,v”) transition
p+2q (cm 1) —~0.2(5) may be estimated using the relation

q(cmh 0.033) ;
f 3.4(7)x10° 10 _ [ Tyryr
I‘Of(cmleWHM) 02(4) Mv/v//(a.u)—406 _]vavuquvu y (1)

o uncertainties of the fit are given in parentheses, in units of the lastwherew,,,»cm™ ! is the transition energy,,, is the oscil-
?uoted dei:;rirrlfl place. Energy uncertainty does not include absolute calibragiqr strength, and,,,~ is the Franck—Condon factor. Using
blgzr;ali:gferrs Wi)t/.hout uncertainties fixed during fit. radial wave functions computed for the=0 levels of a
Rydberg—Klein—Rees potential for th¥ staté! and the
MRCIJrQ—derivedll?’Hg potential, we estimate a Franck—
middle GI1,) subband provide some evidence for a localCondon factorgyy~9.0x 10~° for the B’ X(0,0) transi-
perturbation in its rotational structure, although this conclu-tion. Substitution of this value into Eql), together with the
sion is extremely tentative. experimental oscillator strength of Table I, yields an esti-
Final values for the fitted spectroscopic parameters arenate ofM y,=0.0034 a.u. for thé’ « X(0,0) transition mo-
summarized in Table II. As shown below, the experimentalment. This order of magnitude is consistent with expectation
values for the energy, rotational constant, and spin-orbit confor a magnetic dipole transition. For #l—33 transition,
stant provide strong support for thg' 3Hg(v=0) assign-  the magnetic dipole transition moment is giverby
ment for the upper state of the transition. In Fig. 4, the mul-
tireference  configuration-interaction  plus ~ Davidson v (R)|= f|<|_+(R)>|’ 2
correction (MRCI+Q) ab initio 1,23Hg potential-energy 2
curves of Partridgé? adjusted in energy to reproduce the where « is the fine-structure constant axt (R)) is the
experimental O{P) + O(*D) dissociation limi® are shown  expectation value of the angular-momentum raising operator
(closed and open circles, respectiellf the avoided cross-  petween the®s and 3II states. Thus, using the estimated
ing is removed, then the diabatidl 31‘[g potentials shown in  yg|ye of M in Eq. (2), a value of|(L | =0.93a.u. can be
Fig. 1 are obtained. The energy and rotational constant ass@stimated for theB’ —X(0,0) transition. This is in reason-
ciated with thev=0 level of thell °*II; MRCI+Q-derived  aple agreement with the value 1.16 a.u. computednitio
potential are 53810 and 0.959 chy respectively, in good by Kotz et al®® at R=1.21 A, but we note that our experi-
agreement with the experimental values of Table Y  ment samplefL*(R))| at a considerably larger internuclear
=53889cm ' and B=0.960cm ', the energies differing gistance R~1.475 A.
by 79 cni’?, i.e., only~10% of the vibrational spacing. The In summary, the experimental band location, structure,
experimental value for the8’(v=0) diagonal spin-orbit ang oscillator strength combine convincingly to support the
assignment of the newly observed band as the magnetic di-
Y — pole transitiorB’ 3HgHX32§(O,O). Unfortunately, the lim-

— Model I itgd experimentlal resplution and poor S/N mgke it_ impos—
6ol Qe Modellal'lg b sible to determine rellably Fhe. degree of pred|s§OC|at_|or_1 of
— ’ . B’ (v=0). Nevertheless, it is likely that the predissociation
£ *MRCHQ 1T, | line width T'_ lies in the range 0.0-0.6 CMFWHM (see
“ 58 |- \ o MRCIHQ 21, ] Table Il). Finally, we note that more definitive information
z 1 on theB’ state, particularly clarification of the possibilities
Bss | of A-doubling and local perturbation, will require higher-
Ss:j resolution experiments employing different modes of excita-
T 54 1 tion. Spin-orbit and rotational interactions between the
= B’ Il and 2°3; states provide the most likely explanation
2 sal for any significantA-doubling and local perturbation. How-
ever, an accurate MR&IQ-level potential-energy curve for
o “.\ e ] the 2329’ state is required to test this proposition.
1.2 14 16 1.8 2.0

Internuclear Distance (A) IV. COMPUTATIONAL MODEL

FIG. 4. Model diabaticgl'lg valence potential-energy curvéknes) com- We have used the experimental results of Sec. Il to con-
pared with the MRCHQ adiabatic curves of Ref. 2@ircles. The model . .

potentials are referenced to an energy zero defined by(rtbeexistent struct a S|mple computa_tlo_nal model for tBe-state SP,,eC'
X35 (v=0J=N=0F,) level and theab initio curves have been adjusted troscopy and predissociation. The coupled-channel Schro

in energy to reproduce the experimentafBf+O(!D) dissociation limit.  dinger equatiofCSE technique’**>which has been applied
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4,36-38

extensively to Q, was used to compute photoabsorp- s T T T
tion cross sections for transitions between Xnstate and the i |3
valence—valence coupledll Il states. i 1
First, a diabatic two-channel CSE model of the upper<_ 290 - ]
states was constructed, consisting of the MRQ}derivedl, o
Il 3Hg potential-energy curves coupled together by an’s s b ‘ ‘ ]
R-independent electrostatic interactidlf=500cm *.* Sec- T | ]
ond, employing a least-squares fitting procedure in which the %
B’(v=0) energies and rotational constants deduced from th¢$ "° [
CSE-computed’ X cross sections were compared with
the experimental values of Table I, tHe"*Hg potential-
energy curve was adjusted smoothly to optimize the agree
ment. The resulting diabatic model potentiétsirves are L
compared in Fig. 4 with the PartridfeMRCI+Q calcula- O e mew o s
tions. As expected from the discussion in Sec. I, minimal Wave Number (cm ')
adJL!Stmems W.ere required: the Mm-%gnve_d” 3H9 po- FIG. 5. Comparison between computed and experimehtaV7 K cross
tential was shifted to smalleR by 3 mA™ while the well  sections for thes’ *M4—X 334 (0,0) magnetic dipole transitioria) CSE-
depth was decreased by 3%. These very small discrepancie®del computation.(o) CSE-model computation following instrument-
between the experimental and MRED potentials are function convolut_ion.(c) Experiment_al cross _section. For clarity, the com-
broadly consistent with those found for other electronicputEd cross sections have been shifted vertically.
states of @.%° As part of the least-squares fitting procedure,
the magnetic dipole transition moment, assumed to be ind&; g MMARY AND CONCLUSIONS
pendent ofR, was adjusted to produce agreement between
the CSE-computed and experimental oscillator strengths. The B’ °Il;—X %% magnetic dipole transition of the
The final valueM =0.0031(5) a.u., differs only marginally ©Xygen molecule has been observed for the first time, in the
from the initial estimate of Sec. Il and yields a final value of form of the weakB’ —X(0,0) band near 53 890 crh (1856
[{L*)|=0.85(13) a.u. The CSE-computed« X(0,0) cross A) which underhias the electrlc dipole aIIovyed Schumann-—
Runge band ®%; —X33(8,0). The experimental energy
and rotational constant for th8’(v=0) level are in good
agreement with values deduced from the re@minitio cal-
culations of Partridgé® and the experimental magnetic di-

[23
@
o
—
O 05

section vyields a predissociation line width of 0.4
cm FWHM, a value lying within the somewhat broad line-
width range determined experimentally. The origin of the

, : o
_B -state_: pred|ssomat|on3 Is, of co3urse, the valence—valencsole transition moment is in reasonable agreement with the
interaction between thé "1, and!”1l, states. ab initio calculations of Klotzet al3® The experimental re-
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