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b12;’—x32§ (0,0) band of oxygen isotopomers in relation to tests
of the symmetrization postulate in %0,
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We investigated the 'S ; X % (0,0) band of the'®0'0, '%0'’0, *80,, *"0'0, and*’0, isotopomers
of oxygen. The weak magnetic dipole transitions around 760 nm were observed using cavity-ring-down
absorption spectroscopy. The positions of over 340 lines are presented togethérewimalyses of the
rotational constants. We discuss the importance of these data in view of tests of the symmetrization postulate
in %0, and present a sensitivity scale of 13 orders of magnitude that could be practical for future test
experiments[S1050-294{®@7)07812-9

PACS numbsgs): 33.20-t, 31.30.Gs, 05.30.Jp, 42.62.Fi

. INTRODUCTION an accuracy of 0.03 cnt. Knowledge of the spectral posi-
tions of all isotopomer lines will ascertain that no coinci-
The so-called oxygen A band,” corresponding to the dences occur between weak signals from isotopomer lines
b!Sy-X3%7 (0,0 band at 760 nm, is the most prominent and the position of lines it®0, selected for search proce-
near-infrared absorption feature in the Earth’s atmospherglures to test the symmetrization postulate. Furthermore, an
This A band is highly forbidden, since it is a gerade-geradeglectric quadrupole line in'°0, was observed, which is
3*-3~, and a singlet-triplet transition. With an Einsteln  known to have a line strength 0b310™° with respect to the
coefficient of 0.0887 st [1] the four allowed branches in the Magnetic dipole transitiori$], setting our present sensitivity
magnetic dipole transition are a factor of®1@eaker than limitat 1.5<10°". Based on the known natural abundances
typical electric-dipole-allowed transitions. of the rare oxygen isotopomers in conjunction wlth the glec-
Recently this oxyger band has been used for a test of tric quadrupole transitions a sensitivity scale is este_lblls_hed
the symmetrization postulate of quantum mechanics in th&1at may be of use in future work testing a possible violation
160, molecule[2,3]. Since the early observations of the Of the symmetrization postulate HO,.
spectra of molecular oxygen it has been recognized that tran-
sitions starting from even rotational quantum states i, Il. EXPERIMENT
were missing[4]. This phenomenon was explained by

Heisenberd5] to be a consequence of the symmetnzanonl_ Wavelength tunable pulsed laser radiatisms near 760

postulate for identical spin-O nuclei. T_Héo nucleiin this "o 1sed in a typical cavity-ring-down spectroscopy
homonuclear molecule are spin-0 particles, and quantum sta-

tistics rules that its molecular wave function must be totally

Our experimental setup is displayed schematically in Fig.

symmetric under permutation of the nuclei. As a conse-

quence, states with an even rotational angular momentum NA:YAG  f— Pulsed Dye laser

cannot exist, or cannot be populated. For a detailed explana-

tion we refer to Herzberd6] and Bunker[7]. This well- FD .—IZL 580[nm
known phenomenon may be used as a test of the symmetri- oo

zation postulate, in search of weak signals on transitions ¢

originating from such symmetry-forbidden states. In two re-

cent experiments upper limits for a violation of the postulate DM Rarman cel

have been set t0>610 7 [2] and 8x 10 ' [3], using tech-
nigues of frequency-modulated absorption and tunable diode

lasers. In one of these studig transitions in'°0%*0 and PRLELL DM
160’0 were explicitly studied. Magnetic dipole transitions
in 10, or electric quadrupole transitions #80, [8], which .

should be observable at thexd0 ’ sensitivity level were ! PMT
not included in these studies.

In the present work we report on observations on the oxy-
genA band, using cavity-ring-down spectroscopy. This tech- ,
nigue has in recent years been developed into a versatile and Osclloscope
sensitive spectroscopic tool for measuring weak absorptions
or low concentrationf9—14]. TheA band of the isotopomers FIG. 1. Schematic display of the experimental setup: PD, pho-

1600, 1600, 0, 00, and 'O, was studied in  todiodes; DM, dichroic mirrors for separation of the Raman-shifted
isotopically enriched samples, resulting in line positions withwavelength from the fundamental.

Cavity Ring Down Cell

1050-2947/97/56)/47559)/$10.00 56 4755 © 1997 The American Physical Society



4756 H. NAUS, A. de LANGE, AND W. UBACHS 56

P
RR ! 3 5 7 9 111315 19 & P P (s [24 23
R T T T Y P
Q 1 5 5 7 b6 117 {879 "7 QT [26 [os P
80.0
0.11 Torr ~— — 0.29 Torr .
= 150.0 £ 800 |
5 5 . .
% S .
= 100.0 — = 400
= = .
8 8
g so0 - & s00 L
2 &
| G
00 - 0.0 it ‘ gAY
1 1 1 1 1
e 13020.0 13025.0 13030.0 13035.0
131300 131400 131500  13160.0 frequency (cm™)
frequency (cm™)
FIG. 2. CRD recording of botR branches of®0,. The two FIG. 3. Rlscording of theé\ band of 1’0,, at a pressure of 2.25
parts displayed here were recorded at different pressures, as indorr of the O-enriched sample. Lines df0'0 are indicated
cated. by *. The remaining absorptions are duef®,.

(CRDS configuration. For the principles of CRDS we refer evaluated on-line by computéBun workstatioh The result-

to the literaturgd9—14]. With highly reflecting mirrors oR ing decay transient, measured as a function of wavelength
>99.998%(Research Electro Optiga stable cavityradius  setting, is an accurate and sensitive measure of the absorp-
of curvature, 45 cm; mirror separation, 42 cim formed. tion in the cavity. The extremely long ring-down decay times
Ring-down decay times of typically 10Q@s (empty cavity  obtained in our setup correspond to effective absorption path
could be obtained. Decay transients were detected with Bngths of over 100 knt37). To keep the absorption in the
photomultiplier tube(Thorn EMI 9658RA and stored on a linear regime, the oxygen gas pressure was regulated for re-
350-MHz oscilloscopéLeCroy 9450. After averaging sig- cordings of weak and strong lines. As an example, a spec-
nals from 10-30 laser pulses the decay transients wereum of the RR and RQ branches of®0, is shown in Fig. 2,

TABLE |. Transition frequencies of°0'0 in cm™. Levels denoted by an asterisk do not exist due to
constraints of angular-momentum couplidg, . refers to the difference between the observed value and the
calculated value determined by a least-squares fit of the molecular constants.

PQ PP RR RQ
N observed Ay ¢ observed Ay ¢ observed Ay ¢ observed Ay ¢

0 * * * * * * 13127.467 0.042
1 * * 13120.278 0.006 13128.192 0.036
2 13119.616 —0.005 13117.419 —-0.050 13130.608 0.000 13132.549 0.010
3 13116.589 —-0.058 13114.522 —0.056 13132.994 0.023 13134.932 0.004
4 13135.249 0.003 13137.238 0.016
5 13110530 —0.008 13108.570 0.037 13137.446 0.013 13139.4230.001
6 13139.525 —-0.007
7 13104.104 —0.005 13102.141 0.002 13 143.532—-0.026
8 13100.756 —0.012 13098.836 0.025 13143.447-0.015 13145.482 —0.008
9 13097.380 0.040 13095.444 0.049 13145.295 0.001 13 147.33D.002

10 13093.853 0.026 13091.865—0.028 13 147.043 0.006 13 149.069-0.017

11  13090.178 —0.049 13.088.249 —0.055 13148.716 0.026 13 150.803 0.054

12 13086.510 —0.031 13084.598 —0.030 13150.281 0.027

13 13082.792 0.024 13080.833—-0.032 13 151.786 0.057 13153.835 0.028
14 13078.897 —0.012 13077.003 —0.012 13153.147 0.033 13155.202 0.001
15 13074.949 —-0.014 13073.080 0.001 13154.409 0.000 13156.4990.006

16 13 070.947 0.016 13 069.064 0.008 13155.614 0.000

17 13 066.844 0.032

18 13 060.759 0.009

19 13058.275 —0.040 13056.425 —0.042

20 13053.885 —0.053 13052.052 —0.046 13159.519 —-0.014

21 13049.491 0.018 13 047.666 0.024

22 13 044.945 0.022 13 043.127 0.027
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TABLE Il. Transition frequencies of°0*0 in cm™™. Levels denoted by an asterisk do not exist due to

constraints of angular-momentum couplidg,_ . refers

to the difference between the observed value and the

calculated value determined by a least-squares fit of the molecular constants.

PQ PP RR RQ
N observed Ay ¢ observed Ag_¢ observed Ay observed Ag_e

0 * * * * * * 13126.493 —0.015
1 * * 13119.231 0.010 13127.328 0.005 13129.221 0.014
2 13118.510 0.004 13116.336-0.005 13129.871 0.029 13131.798 0.029
3 13115.444 -0.003 13113.361 —0.009 13132.290 0.019 13134.213-0.012
4 13112.298 -0.046 13110.298 —0.011 13134591 —-0.019 13136.574 —0.009
5 13109.180 0.013 13107.177 0.018 13136.8490.008 13138.867 0.020
6 13105.906 —0.001 13103.928 0.009 13139.035 0.021 13141.051 0.034
7 13102549 -0.012 13100.571 —-0.018 13141.051 —0.028 13143.120 0.025
8 13099.113 -0.015 13097.160 —0.010 13143.120 0.068 13 145.108 0.027
9 13095.605 —0.001 13093.672 0.011 13 144.968 0.033 13 146.996 0.022

10 13092.010 0.014 13090.069 0.007 13 146.746 0.021 13 148.766.009

11 13088.291 —0.006 13086.345 —0.029 13148.424 0.001 13150.464-0.019

12 13084.501 —0.007 13082582 —0.015 13149.999 —0.029 13152.061 —0.037

13  13080.641 0.010 13078.737 0.008 13151.5160.031 13153.595 —0.026

14 13076.649 —0.015 13074.770 —0.002 13152.941 —0.021 13 155.067 0.016

15 13072.609 0.001 13070.704—0.022 13154.286 —0.003 13156.408 0.021

16 13068.451 —0.012 13066.603 0.013 13155.541 0.019

17 13064.215 —0.013 13062.356 —0.008

18 13059.892 —0.011 13058.021 —0.028

19 13055.486 —0.003 13053.638 —0.005

20 13050.995 0.010 13049.166 0.018

21 13 046.400 0.010 13044.588 0.025

22 13041.716 0.010 13039.889 0.002

23 13036.933 0.001 13035.126 0.004

24 13032.057 —0.010 13030.261 —0.005

25 13027.142 0.030 13025.328 0.009

26  13022.075 0.009 13020.289 0.007

27 13016.919 —0.011 13015.149 —0.005

28 13011.700 —0.002 13009.921 -0.014

29 13006.392 0.008 13 004.624—0.001

30 13000.977 0.003 12999.243 0.020

31 12995.473 0.001 12993.726 —0.004

32 12989.888 0.009 12988.156 0.011

33 12984.172 —0.022 12982.427 —0.042

with adjacent parts recorded at different pressures. Spectra
O, isotopomers were recorded, either from naturalgas
samples, d%0-enriched sampléEuriso Top, 95%'%0,) also
containing 1’00 and %00, or a ’O-enriched sample
(Campro Scientific 5094 ’0O-atom) also containing*®0*’0.

A spectrum of theA band for 1’0, is shown in Fig. 3. Lines
pertaining to'%0’0 and %0, are also present.

aum of O, isotopomers. Before further analysis thespec-
trum is normalized to the power spectrum of the dye laser.
Absolute frequency positions of Qines are obtained from
computerized fitting of both spectra and subsequent interpo-
lation. The Raman shiff), which slightly depends on the
H,-gas density in the Raman cell, is evaluated wilp)
=Q0o+ ap+ Bp?, where ),=4155.2547 cm?, a=—3.38

Since absolute frequency calibration of pulsed nearx10 2 cm !amagat?, B=4.1x10 ® cm ! amagat? and
infrared lasers is not straightforward, we choose to pump @ is the H, density in amagaf16]. Various densities of
dye laser in the range 577-587 nm and then employ RamatD—-25 amagat were used in the Raman shifter.

shifting in H, to cover the wavelength range 759—775 nm.

The linewidth of the laser source is 0.06 thand the

The visible output of the dye laser can easily be calibratedandwidth of the Raman-shifted frequency was found to be

against the J4reference standardl5]. For this purpose the
I,-absorption spectrurtin linear absorptionand the dye la-

the same. Under the chosen pressure conditions in the CRD
cell of 0.1-20 Torr, collisional broadening can be neglected.

ser power are measured simultaneously with the CRD speFhe |, calibrations were performed in low-pressure samples,
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TABLE Ill. Transition frequencies of®0, in cm™™. Levels denoted by an asterisk do not exist due to
constraints of angular-momentum couplidg,_ refers to the difference between the observed value and the
calculated value determined by a least-squares fit of the molecular constants.

PQ PP RR RQ

N observed Ag_¢ observed Ay e observed Ay_¢ observed Ay ¢

1 * * 13122536 —-0.001 13129.957 —0.001 13131.869 0.002

3 13119341 0.110 13117.228 0.050 13134.49%+0.001 13136.458 0.001

5 13113.514 0.026 13111.473-0.018 13138.697 0.001 13140.692 0.002

7 13107.497 0.054 13105.536 0.060 13142.5650.002 13144.588 0.003

9 13101.116 0.039 13099.160 0.027 13 146.106-0.004 13 148.139 —0.002
11  13094.455 0.069 13092.524 0.061 13149.3030.002 13 151.362 0.001
13 13087.401 0.031 13085.498 0.033 13152.170 0.001 13154.244 0.001
15 13080.057 0.030 13078.165 0.026 13154.725 0.030 13156.821 0.034
17 13072.386 0.030 13070.511 0.026 13 156.909 0.029 13159.010 0.022
19 13064.397 0.040 13062.549 0.047 13158.746 0.024 13160.860 0.014
21 13055.977 —0.052 13054.178 —0.012 13160.245 0.026 13162.377 0.018
23 13 047.406 0.035 13 045.580 0.032 13161.394 0.026 13 163.548 0.024
25 13038.441 0.059 13 036.628 0.053 13162.185 0.018 13164.374 0.035
27 13029.114 0.053 13027.230—0.039 13162.622 0.010 13164.822 0.022
29 13019417 0.011 13017.655 0.025 13 164.917 0.012
31 13009.462 0.045 13 007.692 0.036
33 12999.085 —0.005 12997.369 0.025
35 12988.422 —0.003 12 986.698 0.003
37 12977.423 0.003 12975.706 0.001
39 12 966.097 0.025 12964.361-0.011
41 12954.359 —0.020 12952.659 —0.035
43 12942.170 —0.169 12940.603 —0.066

where typical linewidths of 0.07 cit were obtained. The E(N)=vy+B'N(N+1)—D'N?(N+1)?, 1)
estimated uncertainty in our frequency determination is
0.02-0.03 cm? and up to 0.05 cm! for overlapping and

; where v is the band originB’ the rotational constant, and
very weak lines.

D’ the centrifugal distortion parameter. Accurate spectro-

scopic studies on th& 3%, v=0 state have been per-
ll. SPECTROSCOPIC RESULTS ON 0%, 16070, %0, P g Y P

0%, AND 0,

From series of CRD recordings, using low- and high- =4 N T J=4
pressure samples of naturab @nd *0- and ’O-enriched e s N=3 J=3
samples, we derived data on the transition frequencies of the V=2 — J=2 ‘):Z, AR | Fa
b3 X33, (0,0 band. The results fof°0*%0, %00, Pel|Pqf Pol Rs N=1 J=1
180,, 170'%0, and’0, are collected in Tables |-V, respec-  n-o Jeo PR |PQ)
tively. Since the resolution in our experiment does not make No)

an improvement over existing data f§i0, [8,17], we do not
include these. During the final analysis of our measurements,
highly accurate data on th& band of %0, were reported
[18]. Since these data were limited to 15 transitions we de-

cided to report here on our extended analysis of 72 lines for ,_,_ j;g
0,. Transitions in the four magnetic dipole-allowed \ J=2 , J=2
branchegsee Fig. 4 for an energy-level schemere deter- Jo1 N=2—C jj?
mined. For!80,, similar to 10, transitions originating in N=1— — J=2

the even rotational states are forbidden. This is not the case N=Q— J=1
for 1’0,, where a 7:5 ratio is found between odd and even
N, due to the nuclear spin of 5/2 for tHé0 nucleus, nor the
case for the heteronuclear isotopomers.

FIG. 4. Energy-level scheme of molecular oxygen with the
X33, ground andb'S; excited state. On the left side the

F hi he d ; dinal symmetry-allowed levels if®0, and 80, are shown with the four
or each isotopomer the data were Incorporated in a eas}ﬁagnetic dipole branche(§P, PQ, RR, and RQ) as well as the

squares minimization routine to derive molecular constantsy, electric quadrupole branchég0, NO, RS, andTS). On the
3y — () — . e , NO, Rs, .
For theX “%; (v=0N,J) state, the effective Hamiltonian of jght side the symmetry-forbidden levels and transitions are shown:

Rouille etal. [19] was adopted, while for thé 1E§(v note that these are allowed for isotopomers other tH@) and
=0,N) excited states, we used 180,
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TABLE IV. Transition frequencies ot’0'®0 in cm ™. Levels denoted by an asterisk do not exist due to
constraints of angular-momentum couplir, . refers tof the difference between the observed value and
the calculated value determined by a least-squares fit of the molecular constants.

PQ PP RR RQ
N observed Ag_¢ observed Ay e observed Ay_¢ observed Ay ¢

0 * * * * * * 13128512 0.042
1 * * 13121.536 0.068 13129.136 0.029 13131.029 0.021
2 13120.932 0.043 13118.723-0.030 13 131.507 0.023 13133.445 0.024
3 13117.986 —0.027 13115901 -0.052 13133.785 0.009 13135.737 0.001
4 13115.033 —0.059 13113.002 —0.066 13135.978 —0.004 13137.967 0.007
5 13112.035 —-0.065 13110.112 0.012 13138.102—0.001
6 13109.046 0.016 13107.099 0.052
7 13105.921 0.043 13103.953 0.043 13 144.088-0.018
8 13102.667 0.023 13143.930—-0.023 13145.971 —0.010
9 13099.333 0.006 13145.711-0.019 13 147.764 —0.004

10 13095.943 0.017 13094.008 0.016 13147.4020.019

11 13090.460 —0.058 13151.124 0.041

12 13088.811 —0.061 13086.904 —0.055 13150.577 0.035 13152.644 0.035
13 13085.207 —0.012 13083.307 —0.008 13152.003 0.031 13154.062 0.015
14 13081.445 -0.037 13079.575 —0.012 13153.316 0.003

15 13077.636 —0.024 13075.761 —0.013 13154.591 0.024

16 13073.740 —0.013 13071.876 0.000 13155.733 0.001

17 13 069.763 0.002 13 067.892 0.000

18 13 065.686 0.002 13 063.891 0.067

19 13061.523 0.002 13 059.635—-0.035

20 13057.241 —-0.032 13055.370 —0.060

21 13052.901 —0.038 13051.108 0.004

22 13 048.562 0.043 13046.741 0.049

23 13 044.087 0.075 13 042.258 0.065

24 13 039.456 0.037 13 037.628 0.020

25 13034.671 —0.067 13032.868 —0.068

26 13029.914 -—-0.057 13028.153 —0.023

27 13025.164 0.049

formed for all isotopomers exceptO,. The results from all cases an unperturbed molecular band structure was found.
microwave, far-infrared, laser magnetic resonafickIR), The deviations from the least-squares fit for each line are
and Raman spectroscopic studies yielded a better accuradycluded in the Tables I-V. Consistency is found with the
for the ground-state molecular constants than the presesverage estimated uncertainty of 0.03¢rfor the transition
electronic excitation. Therefore these constants were kefftequencies, resulting in g per data point of 1.0. The band
fixed in the fitting routines at accurate values from the litera-0rigin v is for all isotopomers chosen as the difference be-
ture. These ground-state constants are listed in Table VI. Thisveen theN=0 level in theb 1Eg , v=0 state and thé&\
data on theb 'S s X33 (0,0) band of %0, from Babcock =0, J=0 level in the electronic ground state. Although the
and Herzberg17] and Brault[8] were reanalyzed with up- latter level is nonexisting, this definition provides the best
dated constants for the ground state. These were obtaindusis for a comparison in terms of a pure isotope shift.
from the study of Rouilleet al.[19], in which data from the
LMR study of Mizushimaet al. [20] and the far-infrared
study of Zink and Mizushima/21] were included. For
16080 and 20, the constants of Steinbach and Gof@y]
were used, while fort®0’0 and "0%¥0 the constants of In their search for a possible violation of the symmetriza-
Cazolli et al. [23] were adopted. In the fit fot%0, the data tion postulate, de Angeliet al. [2] probed the expected po-
of Gagliardi et al. [18], with an accuracy of 10° cm %, sition for the RR(4) line of theb— X(0,0) band, while Hil-
were included. For thé’O, isotopomer no data were avail- born and Yucd3] searched for th€Q(22) [24] line. Upper
able, and therefore also the ground-state constants were vaimits were determined at:$10 7 [2] and 8<10 7 [3], re-
ied in the minimization routine. The spin coupling constantsspectively. Study of the less abundant isotopomers of oxygen
Ao and u, for 'O, were estimated from the values for the is of importance for tests of the symmetrization postulate in
other isotopomers. These values are listed in Table VI as%0,. First of all, the weak line intensities of the rare isoto-
well. pomers can provide a sensitivity scale. The dynamic range of
Resulting molecular constants for tlh1912; , v=0 ex- many detectors is limited to a few orders of magnitude and
cited state are presented in Table VII for all isotopomers. IrBeer’s law for direct absorption is only linear in the limit of

IV. RELEVANCE FOR TESTS OF THE
SYMMETRIZATION POSTULATE IN %0,
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TABLE V. Transition frequencies ot’O, in cm™%. Levels denoted by an asterisk do not exist due to
constraints of angular-momentum couplidg,_ refers to the difference between the observed value and the
calculated value determined by a least-squares fit of the molecular constants.

PQ Pp RR RQ
N observed Ag_¢ observed Ag_¢ observed Ay observed Ag_e

0 * * * * * * 13 127.558 0.010
1 * * 13120.421 0.008 13128.300 0.032 13130.191 0.030
2 13119.760 —0.010 13117.591 —-0.028 13130.729 0.018 13132.656 0.013
3 13116.796 —0.011 13114.745 0.006 13133.084 0.018 13134.9980.025
4 13113.794 -0.007 13111.734 —0.037 13135.324 —0.010 13137.325 0.015
5 13110.714 -0.007 13108.736 0.019 13137.520 0.007 13139.512 0.008
6 13107.569 0.008 13 105.596 0.021 13139.610 0.006 13141.612 0.003
7 13104.317 0.000 13102.337-0.009 13141.612 0.006 13 143.654 0.031
8 13100.973 —0.015 13099.016 —0.015 13143.553 0.033 13145577 0.029
9 13097.555 —0.018 13095.605 —0.023 13145.373 0.028 13 147.401 0.017

10 13094.071 —-0.002 13092.158 0.019 13147.110 0.029 13149.1260.004

11 13090.502 0.016 13088.560—0.003 13148.766 0.038 13150.755—0.032

12 13086.796 —0.017 13084.885 —0.015 13150.244 —0.041 13152.327 —0.026

13  13083.053 0.000 13081.165 0.015 13151.7320.020 13153.797 —0.033

14 13079.215 0.008 13077.304—0.009 13153.108 —0.022 13155.232 0.016

15 13075.269 —0.005 13073.385 —0.005 13154.420 0.003

16 13071.239 —-0.016 13069.358 —0.022 13155.630 0.017

17 13067.145 —0.004 13065.282 0.000

18 13062.950 —0.006 13061.101 0.003

19 13058.668 —0.008 13056.819 —0.008

20 13054.295 —0.013 13052.494 0.026

21 13049.871 0.017 13 048.020—0.002

22 13 045.345 0.032 13043.522 0.033

23 13 040.693 0.009 13038.868—0.001

24 13035.959 —0.008 13034.165 0.004

25 13031.156 —0.007 13029.349 —0.016

26  13026.280 0.008 13024.477—0.005

27 13021.323 0.031 13019.509-0.001

28 13016.229 0.005 13014.452 0.001

29 13011.059 —-0.010 13009.298 —0.005

30 13005.835 0.011 13 004.052-0.015

31 13000.482 —0.009 12998.773 0.031

32 12995.053 —0.017 12993.328 —0.001

TABLE VI. Molecular constants for th&X 32; , v=0 ground state of molecular oxygen, which were kept fixed in our analysis, obtained from the
literature. For’0, the rotational and centrifugal distortion constant were derived in the present study. Vaues for the spin-coupling parameters were estimated.
All values are in cm®. The value in parentheses represents the uncertéirigrnational standard deviatipin units of the last significant digit.

1602 160170 160180 170180 1802 1702
By  1.43767647677) 1.395 3193) 1.357 853 (B) 1.315 49Q3) 1.278 008 423) 1.352 892)
D,  4.84256(63K10°® 4.623x10°6 4.302x10°© 4.102x10°© 3.835x 10 ¢ 4.29(5)x10°®
Ho  2.8(16)x10 2
No 1.984 751 32¢72) 1.984 709 43) 1.984 676 214) 1.984 632 913) 1.984 596 2237) 1.984 676 2
No 1.945 21(50x 10°® 1.917(6)<10°® 1.771(26)x 10 ® 1.801(10)x 1076 1.738(14)x 10°® 1.8
Ny 1.103(41)x 10~
o —8.425390(13x10° % —8.17612(13x10° % —7.9551(23Kx10°% —7.706 96(23x10°° —7.48648(10x10° % —7.9x10 %2
wh —8.106(32)x 10°° —8.0(10)x 10°° —2.06(38)x107° —9.0(20)x107° —11.7(18x107° —8.0x107°2
wh —4.7(19)x 10714
Ref. [19] [23] [22] [23] [22] This work

&Constants fixed in the fit at these estimated values.
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TABLE VII. Molecular constants for thé 12; , v=0 excited state of molecular oxygen. The constants
for the %0, and*%0*"0 isotopomer were derived from a reanalysis of the data of R&f4.7]. All values are
in cm™L. The value in parentheses represents the estimated(anemational standard deviatipfrom the
fit in units of the last digit.

1602 160170 160180 170180 1802 1702

vo 13122.69087) 13123.8083) 13124.7977) 13125.9248) 13126.9327) 13 124.9318)
B’ 1.3912518R8l0) 1.35023215 1.313979) 1.273198)  1.236 83%6) 1.309 163)
D’ 5.360(1X10°° 5.07(2)x10 % 4.4(2)x10°% 4.8(1)x10°® 4.255(8x 10 ® 4.68(8)x10

weak absorption. Searches for violation of the symmetrizaanalysis has been presented for the other isotopomers.
tion postulate at the intensity level of 1® and beyond re- Knowledge of the spectral positions of the isotopomer lines
quire an intensity scale over many orders of magnitudeprevents erroneous interpretation of weak signals. From our
Weak resonances pertaining to rare isotopomers in a gamalysis it follows that the?R(3) line of 'OX0 lies at
sample can be used for this purpose. Because the ling3 133.78 cm?, while the RR(4) line of 10, is expected at
strengths of the various isotopomers can in first order b3 133.89 cm’. The separation is only 3 GHz, while the
considered equal, the abundances themselves reflect the iimewidth in the absorption spectrum of de Angedisal. [2]
tensity levels to be obtained in measurements of natural gasquals this value when the side lobes occurring in frequency-
The natural abundances of atomitO and 7O are 0.20% modulated spectra are included. We note that the relative
and 0.037%, respectively. From these values the naturalbundance of’O0 in natural Q is 7.5<10 7, just at the
abundances of all isotopomer molecules can be calculatedetection limit claimed by de Angeli®tal. Near the
Resulting values are listed in Table VIII. It is taken into symmetry-forbidden magnetic dipofR(4) line of 10, is a
account that the symmetry-allowed states'¥, and ¥0,  RS(3) electric quadrupole line. These electric quadrupole
have double occupancy, because half of the states are symmansitions, calculated from the molecular constants of
metry forbidden. In'’O, there is a 7:5 ratio between odd and Tables VI and VII, are presented in Table IX. TH&(3)
even rotational states. The sensitivity scale can be extenddithe, separated by 10 GHz from tH&R(4) line, should be
to lower values if electric quadrupole transitions are considobservable at the:810 ¢ level, which is a factor of 6 above
ered. Brault succeeded in recording several quadrupole tramhe detection limit in the experiment of de Angedital.
sitions in %0, from long path-length spectroscopic studies The PQ(22) line, sought by Hilborn and Yudi,24] is
of the Earth’s atmosphere and determined their relative innot overlapped by any of the isotopomer lines. TH@(20)
tensity, with respect to magnetic dipole transitions, at 3line, initially referred to as the searched for line in R,
%1078 [8]. The combination of natural isotopic abundancescoincides with thePP(21) line of 1°0%0. At a sensitivity
and quadrupole or dipole line strengths provides a sensitivityevel of 8x 107 this %0'®0 isotopomer line should appear
scale of 13 orders of magnitude, as given in Table VIII. Finewith a signal-to-noise ratio of 5000 at the search position of
tuning between the gaps on this scale is possible via calcuhe symmetry-forbiddert®0, PQ(20) line.
lable relative populations of rotational states in a room- For the convenience of future use, the symmetry-
temperature gas sample. From such calculations it followsorbidden lines of®0, are listed in Table X. The fact that
that the PQ(22) line, sought by Hilborn and Yud®,24], is  these frequencies are accurately known makes'# di-
a factor of 5 weaker than thQ(8) line in the same branch.

In this work we have recorded spectra of e X(0,0) TABLE IX. Calculated transition frequencies in ctfor elec-
band for the!’0'®0 and 70, isotopomers, while improved tric quadrupole transitions if°0,.

TABLE VIII. Relative intensity scale of transitions in dsoto- N Fo NO ks s
POMErS. 1 1311991 13129.26  13147.73

Isotopomer Transition Relative strength 2 ig Eigg 12 ég:ii 12 12222 ig i?ggi
160, magnetic dipole 1 7 13 100.85 13070.21 13142.53 13195.40
16080 magnetic dipole X103 9 13 093.74 13 051.93 13146.48 13210.50
160170 magnetic dipole %1074 11 13 086.25 13033.28 13 150.05 13225.21
8o, magnetic dipole %10°°© 13 13078.40 13014.28 13153.24 13 239.52
180, electric quadrupole 2107 15 13070.17 12 994.93 13 156.05 13 253.43
17080 magnetic dipole %1077 17 13 061.58 12 975.22 13 158.47 13 266.93
1o, magnetic dipole X107 19 13 052.61 12 955.16 13160.51 13 280.03
16080 electric quadrupole 810°° 21 13 043.27 12 934.74 13162.16 13292.71
16070 electric quadrupole %10°° 23 13 033.56 12 913.97 13163.41 13 304.98
180, electric quadrupole x10° 1 25 13023.48 12 892.85 13 164.27 13 316.82
1700 electric quadrupole 21012 27 13 013.02 12 871.38 13164.72 13 328.23

7o, electric quadrupole %1013 29 13002.18 12 849.56 13164.77 13339.21
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TABLE X. Tabulated transition frequencies in cfn for
symmetry-forbidden magnetic dipole transitionsfi,. 391.0
N PQ Pp RR RQ g 389.0 [
0 1312547  © 387.0 |
2 13117.24 13 115.07 13128.98 13 130.90 \c/ [
4 1311089  13108.85 1313389 13135.86 2 385.0 1
6 1310426  13102.27 1313843 1314043 g 383.0 I
8 13 097.27 13 095.31 13142.59 13 144.62 Qo i
10 13089.93  13087.99 1314637 1314843 © ag10 L
12 13082.21 13 080.30 13 149.78 13151.85 ! 1 L L ! L ' :
14 1307413 1307224 1315280  13154.89 18209.7 132102 132107 13211.2
16 13 065.68 13 063.81 13 155.44 13 157.55 frequency (cm'1)
18 13 056.86 13 055.01 13 157.69 13 159.82
20 13 047.67 13 045.84 13 159.55 13 161.70
22 13 038.14 13 036.30 13 161.02 13163.19 m
24 13028.18 13 026.38 13 162.09 13164.28 §
26 13017.87 13 016.09 13162.77 13164.97 g
28 13 007.19 13 005.43 13 063.04 13165.26 :@
30 12 996.13 12 994.39 13 062.90 13165.14 5
3 ine sought by de Angelist al. [2]. %
®Line sought by Hilborn and Yucg8,24). 2
©
atomic homonuclear molecule a suitable candidate to study L L ' . . L .
fundamental physics. Symmetry-forbidden lines can be 17365.0 173655 17366.0 17366.5

searched for at a well-established frequency position. frequency (cm™)

FIG. 5. Upper trace: observed spectrum of tH&9) electric
quadrupole line of*%0, superimposed on an oscillatory back-

The noise equivalent detection limit in our present CRDground, due to a variation of the background loss in the CRD setup.
setup was determined from a measurement of a quadrupol@Wer trace: a simultaneously recordgdbsorption spectrum with
line in the TS branch. The electric quadrupole lines are well the fundamental output of the dye laser. Thespectrum is Raman-
suited to a sensitivity determination, since they lie at the bluehifted by 4155.24 cm" with respect to the calibration spectrum.
side of all magnetic dipole lines. Also no interference with

the (1,1) band occurs at these frequencies. For the spectraare in good agreement with the expected values. From the
scopic measurements aimed at a high sensitivity we used agbservation of this quadrupole line, at a signal-to-noise ratio
average of 12 decay timéafter signal summation over ten (SNR) of 2, we estimate that our sensitivity in performing a
laser shots for each degagit each wavelength position in test on the symmetrization postulate is 2 B0~ ¢ with re-
search of the™S(9) electric quadrupole transition at 600 spect to a magnetodipole transition 80,. Compared to
Torr pressure. The result of this procedure is shown in Fig. Sne previous tests the sensitivity for a test of the symmetri-

By interpolation with a s_imultaneously recordedspectrum, ation postulate is only slightly lower than in Refg] and
a weak resonance is observed at a frequency 3]

13 210.51 cm?, determined by a computerized fit of a Voigt
profile with an oscillatory background. The background Ieve|1802 in natural Q gas. Although the lines should have in-
is mainly due to the reflectivity of the mirrors in our setup, - "5

while at 600-Torr gas pressures, extinction due to RayleigilienSItles at th? 41(_) level, they were (_)bscured by the
scattering is also observed. The oscillation at an absorptiofifo"d Lorentzian wings of the neard§o; lines, and were
level of 3x 10~ cm™* corresponds to an effective variation therefore not observed.

of 1077 in the mirror reflectivity. Oscillations of the back- e note that, in fact, the work of Bra(8] represents the
ground are also observed in other CRD studies; their originighest sensitivity study of molecular oxygen. Quadrupole
however, is not understood. It is verified that the weak resolines were recorded from 43-atm km oxygen samples in the
nance is reproducible and disappears in an empty cavitypunset spectrum of the Earth’s atmosphere, with a SNR of
while the oscillatory background remains. The molecularl00. This corresponds to ax3L0 ® sensitivity, which is
constants for®0, predict a line at 13 210.50 cmh (see more than an order of magnitude better than all laboratory
Table IX, where we have listed calculated positions of quadstudies of molecular oxygen using lasers, including the
rupole lines. In view of the 0.05-cm? error margin for this ~ present study and the studies of R¢f.and[3]. However,
weak and pressure-broadened line, the observed resonartte method of Fourier-transform spectroscopy in the Earth’s
perfectly coincides with’S(9). Also the width(full width at  atmosphere was not used to search for symmetry-forbidden
half maximum of 0.1 cm?) and intensity (X10 °cm™Y)  lines.

V. EXPERIMENTAL SENSITIVITY

We attempted to observe somi® lines atN=9-13 of
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VI. CONCLUSION also the electric quadrupole lines presented here, provides

. insight into the occurrence of coincidences at search posi-
In the present work, frequency positions and molecular,

constants for the oxygeA band have been determined for tions for symmetry-forbidden lines with weak allowed reso-
; " : nances.

all isotopomers. We were able to record a positive signal on

aline at the X 10~ ® sensitivity level, thus demonstrating the

sensitivity of our cavity-ring-down setup. The use of a sen- ACKNOWLEDGMENTS
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