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Universitéde Rennes I, Baˆt. 11B, Campus de Beaulieu, 35042 Rennes Cedex, France

Roger Bacis
Laboratoire de Spectrome´trie Ionique et Mole´culaire (CNRS UMR 5579), Universite´ Lyon I,
Bât. 205, Campus de la Doua, 43 bd du 11 Novembre 1918, 69622 Villeurbanne Cedex, France

~Received 19 October 1999; accepted 19 January 2000!

The rotationally resolved absorption spectrum of the O2 dimer involving the @O2(
1Dg)v50#2

←@O2(
3Sg

2)v50#2 transition has been recorded near 632.6 nm by continuous wave Cavity Ring
Down Spectroscopy in a supersonic slit jet expansion of pure O2. A quadratic dependence of the
absorption in the jet versus the stagnation pressure is observed. A rotational temperature of 12 K is
derived from the (O2)2 rotational analysis. The high spectral resolution of the CW-CRDS
measurements limited by the residual Doppler broadening in the jet and the low rotational
temperature allow the first rotational analysis in this open-shell complex. The same spectrum was
also recorded by Intracavity Laser Absorption Spectroscopy and the comparison of the
performances of the two methods is discussed. Among more than 600 lines measured between
15 800 and 15 860 cm21 from the CW-CRDS spectrum, 40 were assigned to theRP0 , RQ0 , andRR0

branches of two subbands associated withB1
2←A1

1 andA1
1←B1

2 transitions between the ground
and excited rovibrational levels, labeled following the G16 permutation inversion representation.
Forty five lines were assigned toPP2 , PQ2 , and PR2 branches of two subbands associated with
B1

2←A1
1 and A1

1←B1
2 transitions. The subbands centered at 15 808.401~49! @A1

1←B1
2# and

15 813.134(37) cm21 @B1
2←A1

1# for those arising fromK50, and at 15 812.656~20! @A1
1←B1

2#
and 15 818.277~35! @B1

2←A1
1# when arising fromK52, are analyzed considering (O2)2 as a

slightly asymmetric prolate top. The rotational analysis of the twoK50 subbands leads to very
close values of the effective rotational constant,Bp5(B1C)/2, for both A1

1 and B1
2 levels:

0.095 cm21 for the @O2(
3Sg

2)v50#2 lower states and 0.063 cm21 for the @O2(
1Dg)v50#2 excited

states, in close agreement with theoretical values. TheH geometry is confirmed as the most stable
for the ground electronic singlet state. A distance between the two monomers of 6.1a0 and 7.5a0

is derived for the ground and excited singlet states. Similar results are obtained from the twoK
52 subbands. A vibrational assignment is given for the two rotationally analyzed subbands (K
50) and proposed for the main features of the whole band. ©2000 American Institute of Physics.
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I. INTRODUCTION

The development of powerful high resolution optic
techniques associated with supersonic jets has given a
insight on weakly bound molecular species relevant to atm
spheric physics and chemistry, such as (CO2)2 ,1–3 (H2O)2

4,5

or the oxygen dimer.6 The importance of the oxygen dime
has been recently highlighted by kinetic studies relative
the ozone cycle. Wodkteet al.7 showed that the oxygen
dimer may be involved in a new production channel of ozo
in the stratosphere through the mechanism@O2(

3Sg
2)v>26

2O2(
3Sg

2)v50#
O3(X
1A1)1O(3P). This observation

a!Electronic mail: Ludovic.Biennier@ujf-grenoble.fr
b!Electronic mail: Alain.Campargue@ujf-grenoble.fr
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may help to address the ‘‘ozone deficit problem’’ and num
ous theoretical~see Refs. 8, 9 and references therein! and
experimental studies10–14 relative to this chemical equilib-
rium have been carried out~see the recent results and discu
sion on this problem in Ref. 15!.

According to an estimation of Ref. 16, O2 complexes
absorb about 1.531023 of the total solar energy reaching th
earth atmosphere. In particular, they may affect ozone c
centration measurements by scattering of light as so
collision-induced absorption bands of (O2)2 overlap the
Chappuis and Hartley bands of ozone. The recent obse
tion by the Hubble Space Telescope of visible absorpt
bands associated with condensed phase spectra of oxyge
Jupiter’s satellite, Ganymede, has given a clue to the m
of production and stability of oxygen through its latitudin
9 © 2000 American Institute of Physics
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distribution.17 In the chemical lasers research field, Yoshi
et al.18 observed an unexpected red fluorescence in a Ch
cal Oxygen Iodine Laser and demonstrated the possibilit
get the inversion population of an excited metastable stat
(O2)2 , similarly to excimer lasers. These authors succee
in obtaining chemical laser oscillation by exploiting th
@O2(

1Dg)#2→@O2(
3Sg

2)v501O2(
3Sg

2)v51# transition cen-
tered at 703 nm. In another domain, this emission may se
to determine the O2(

1Dg) concentration.19

The interest of the O2 complex, in particular for atmo-
spheric implications, has motivated a large number of exp
mental studies~see Refs. 6, 7, 19–22, and referenc
therein!. The atmospheric spectrum exhibits several weak
sorption bands arising from collisional induced absorption
oxygen in the infrared, the red, the blue, and the near ul
violet regions.22 Recent progress was achieved in the ana
sis of the collision-induced absorption of O2 in the
infrared23,24 and a novel complex @O2(X

3Sg
2)

1O2(c
1Su

2)# was identified.25,26

Absorption bands associated with colliding O2 molecules
appear broad and structureless due to the short duration
collision. According to Ref. 27, the absorption due to t
bound species should roughly follow the magnitude of
collision induced absorption. Therefore narrow but we
structures, revealing the existence of a bound species
expected to be superimposed on all these diffuse bands
should be more easily observable for the strongest one
the visible~at 578 and 630 nm! and in the near infrared~at
1.06 and 1.26mm!. The first evidence of a bound electron
state of (O2)2 was provided by Long and Ewing28 25 years
ago; they recorded low resolution gas phase spectra in
visible and in the infrared at a temperature of 87 K and w
a pathlength of 200 m. They assigned narrow features,
perimposed on the collision induced absorption band at
nm, to (O2)2 . A vibrational assignment was proposed but t
limited resolution of this experiment did not allow any rot
tional analysis.28 Considering the weakness of the narro
features observed by Long and Ewing, high sensitivity
sorption methods are required to detect and rotationally
solve the spectrum. In this context, we have recently app
IntraCavity Laser Absorption Spectroscopy~ICLAS!
coupled with a supersonic jet to the detection of the2
dimer.6 Two rovibronic bands near 578 and 632 nm of (O2)2

were rotationally resolved for the first time. The spectrum
578 nm was also obtained by ICLAS in a cell of oxyg
cooled to liquid nitrogen temperature6 confirming the attri-
bution to (O2)2 of the narrow features observed by Long a
Ewing. The first band lying at 578 nm and noted herea
~1–0! corresponds to the simultaneous excitation of two o
gen molecules from the ground state to the same electr
excited state with an additional vibrational excitatio
for one of the monomers@O2(

1Dg)v501O2(
1Dg)v51#

←@O2(
3Sg

2)v50#2 . The second band at 632.6 nm, noted~0–
0!, is weaker and corresponds to the@O2(

1Dg)v50#2

←@O2(
3Sg

2)v50#2 transition.
The equilibrium configuration of (O2)2 was discussed by

Long and Ewing who formulated the hypothesis of a flop
structure for this dimer.28 A few years later, Goodman an
Brus determined that the H geometry is the most stable st
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ture of the dimer when isolated in a neon matrix.29 Long and
Ewing estimated the well depth to be about 80 cm21,28 as-
suming a Lennard-Jones intermolecular potential as pr
ously suggested by Stogryn and Hirschfelder.30 This value is
in good agreement with our recent estimation of the grou
state dissociation energy from the extension of the hig
congested rotational structure.6 It also agrees reasonably we
with the potential energy surface calculated by Buss
et al.31 in the case of a planar rectangular H geometry of
dimer. Indeed, these calculations predicted that the H ge
etry is the most stable for the ground singlet and trip
states, whereas the strongest binding energy for the qui
plet state is associated with the X geometry. The H a
crossed X geometries are predicted equally probable for
four singlet states dissociating into@O2(

1Dg)1O2(
1Dg)#.

Well depths of 154, 140, and 126 cm21 are calculated for the
ground singlet, triplet, and quintuplet states, respective
These different geometrical structures result from the wea
core repulsion when the two monomers get closer to e
other in parallel configurations, and allows the attractive lo
range interactions to increase their potential well. Furth
more, the triplet–triplet spin interaction between the tw
O2 (3Sg

2) monomers is stronger and antiferromagnetic
the H geometry due to a maximum of orbital overlap wh
weaker and ferromagnetic for the X geometry. As a con
quence, it results a ground singlet state for the dimer in th
geometry.31

The floppy character of the dimer is highlighted by t
weak predicted torsional barrier of about 35 cm21 for the
singlet ground state and of a few cm21 for the excited singlet
states.32–34

The limited signal to noise ratio achieved in our prelim
nary ICLAS experiments and the congestion of the spectr
made a rotational analysis of the early spectrum impossib6

The spectral resolution was limited by the spectrograph
persing the laser spectrum resulting also in a loss of se
tivity. This stimulated us to investigate the~0–0! band in a
slit jet expansion by Continuous Wave Cavity Ring Dow
Spectroscopy~CW-CRDS! which allows sub-Doppler reso
lution. The CRDS technique has been employed as a d
nostic tool35 to detect or measure concentration
radicals.36,37 For instance, some of us detected recently
pulsed CRDS, the first ionized gas-phase spectrum of a p
cyclic aromatic hydrocarbon in a supersonic slit jet coup
with an ionizing discharge.38 The sensitivity and resolution
of the CRDS technique can be increased by the use of
lasers for injection of light39 which allows sub-Doppler reso
lution recordings40 besides broadband continuu
measurements41 as the pulsed implementation.

We report hereafter the high resolution study of t
~0–0! band of (O2)2 recorded near 632.6 nm by CW-CRD
with an external cavity diode laser source. The same sp
trum was also recorded by a newly built ICLAS spectrome
associated with a supersonic slit jet for comparison. After
description and discussion of the experimental technique
Sec. II, we will present in Sec. III the first rotational analys
of several subbands of the~0–0! band based on full quantum
dynamical calculations of the O2 dimer.42,43 The rotational
analysis, based on CW-CRDS data, will lead to the deter



in
ibr

f t
in
rs
in
e
d
-
D
e

io

n
ch
he
f
d

h-
r
ol

e
b
io
sl
c

de
e

e
t 2
e

tio
u
th

,
da

ne

pe

-

os-
ere

ol-
al
of
we
tter

20
ity
,

ce of
of

ra vs
tion
f the
eak

6311J. Chem. Phys., Vol. 112, No. 14, 8 April 2000 O2 dimer transitions
nation of the rotational temperature of the (O2)2 molecules.
We will then discuss in Sec. IV the geometry of the dimer
its ground and excited electronic states and propose a v
tional assignment of the whole spectrum.

II. EXPERIMENT

A. CW-CRDS

The CRDS technique is based on the measurement o
decay rate of photons trapped in an optical cavity contain
the absorber.44 In CW-CRDS, the injection of photons occu
when the optical frequency of a narrowband cw-laser co
cides exactly with one of the cavity modes. This is achiev
repeatedly by using a piezoelectric transducer which mo
lates the cavity length.39 CW-CRDS allows a very high reso
lution and sensitivity compared to a standard pulsed-CR
implementation. The setup used for the present experim
was essentially the same as the one used in the first d
laser CW-CRDS experiment.39 An external cavity diode-
laser~EOSI, 5 mW @ 632 nm! was used to inject photons i
the high finesse passive cavity. The laser was mode-mat
to the cavity leading to a significant improvement of t
signal to noise ratio.39 After mode matching, the ratio o
transverse to longitudinal mode excitation was measure
be 1:200. A cavity photon lifetimet of about 15ms was
measured, corresponding to a reflectivityR;0.9999. The
two supermirrors~Research Electro Optics! were mounted
on aL550 cm wide jet chamber equipped with al 524 cm
long and 12mm wide slit to increase the absorption pat
length. According to Nesbittet al.,45 the use of a slit, rathe
than a nozzle, results in an increase of the number of c
sions and then favors the dimer formation. We applied
continuous stagnation pressure of pure O2 ~Air Liquide,
99.5% purity! ranging from 1 to 5 bar at room temperatur
corresponding to a background pressure in the cavity
tween 0.7 and 3.6 mbar. The maximum dimer absorpt
signal was obtained at a distance of 2.5 mm from the
aperture which was estimated to be still far from the Ma
disk. Figure 1 shows an overview of the spectrum recor
between 15 800 and 15 860 cm21 at a jet stagnation pressur
of 2.7 bar.

The ratio of the intensity of the dimer lines to the bas
line noise increased up to a stagnation pressure of abou
bar. The increase of the noise level at higher pressures,
dent in Fig. 2, may be due to jet turbulences. The acquisi
rate was maintained at 200 Hz for that stagnation press
An avalanche photodetector was employed to monitor
signal. A noise level of about 431029/ cm ~or 2
31029/ cm for the full cavity length!, as shown on Fig. 1
was achieved by averaging 20 ringdown events for each
point. The scanning step was chosen sufficiently small~every
20 MHz! in order to accurately probe the sub-Doppler li
profiles ~250 MHz FWHM!. A 13 points Savitsky–Golay
smoothing46 was also applied to the data without linesha
distortion, further reducing the noise by a factor of 2.5.

For each laser scan (;3.6 cm21 acquired in 10 min!, we
recorded simultaneously e´talon fringes and an iodine absorp
tion spectrum using silicon photodiodes. The sinusoidal e´ta-
lon fringes ~0.115 cm21 free spectral range! were used for
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linearisation of the frequency scale and the detection of p
sible laser mode hops. Two iodine lines in each scan w
used as reference for the absolute calibration.47,48Finally, we
had to take into account the frequency shiftf induced by the
acousto optic modulator as the laser beam probed the m
ecule at a frequency ofn1 f , whereas the reference sign
had no frequency shift. In this condition, a frequency shift
f 580 MHz was subtracted. From a series of recordings,
estimated the absolute accuracy of the calibration to be be
than60.002 cm21 ~60 MHz!.

The O2 rotational temperature was estimated to be
615 K for a stagnation pressure of 2.7 bar from the intens
of three lines lying in the vicinity of the dimer spectrum
namely, PP(1), PQ(2), and PP(3) lines of theb 1Sg

1(v
52)←X̃ 3Sg

2(v50) rovibronic transition.49 The gaseous
oxygen O2 total absorbance,aL, results from the contribu-
tion of jet cooled oxygena jetl ~in the active zone! and ab-

FIG. 1. Overview of the CW-CRDS jet spectrum of the O2 dimer. Record-
ings were performed at a stagnation pressure of 2.7 bar and at distan
2.5 mm from the slit. More than 600 lines which exhibit a typical width
200 MHz, were measured above a noise threshold of 431029/ cm taking
into account of the filling ratio of the cavity~the absorption coefficient is
given by 1/(l /L)ct, with t, the ringdown time!.

FIG. 2. Study of the dependence of the oxygen dimer absorption spect
the jet stagnation pressure of pure oxygen. The relative intensity distribu
does not change with the pressure indicating a weak dependence o
rotational temperature. The zero baseline is shifted for convenience. A w
distortion of the baseline is observed for pressure above 3 bar.
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sorption due to background room temperature oxyg
abk.(L2 l ). We were able to estimate the intensity of t
absorption lines due to O2 in the jet by separately fitting the
room temperature profiles from the superposed jet temp
ture profiles. The value of 20 K obtained for the rotation
temperature will be confirmed and refined hereafter us
line intensities of the O2 dimer itself after their rotationa
assignment.

As a consequence of the bimolecular reaction leading
the formation of the dimer,50 the concentration of (O2)2 , and
consequently the intensity of its absorption spectrum, is
pected to be a quadratic function of the pressure at leas
low stagnation pressures. Figure 2 shows that the rela
line intensities are not sensitive to the stagnation pres
indicating a weak dependence of the rotational tempera
versus the pressure in the 2–5 bar range. From Fig. 3 w
shows, in a logarithm scale, the evolution of the intensities
four strong lines vs the pressure, we derived a slopen52.0
60.2. Nevertheless, recent kinetics calculations fr
Vigasin,51 which also include the trimerization of the O2

molecules, show that the concentration of the dimers foll
a quadratic dependence only up to a pressure of 4 bars
higher pressures, the increase is slower as a consequen
the formation of clusters larger than dimers.

B. ICLAS

An improved ICLAS spectrometer, based on a ring d
laser, allowing increased performances in terms of resolu
and sensitivity compared to our previous investigation~see,
in particular, Fig. 4 in Ref. 6!, has been developed in order
record the same spectrum with an expected signal to n
ratio comparable to CW-CRDS. Indeed, ICLAS is a ve
sensitive technique which has demonstrated the ability
achieve absorption coefficient of 10210/ cm with a ring laser
configuration.52 This technique has proven its efficiency
particular when coupled with a supersonic jet.53 The limita-
tion, in our previous investigation of the O2 dimer,6 arose
partly from the large spacing between laser modes comp
to the narrow absorption linewidth. If the mode frequenc
fluctuate sufficiently during the acquisition, narrow abso

FIG. 3. Dependence of the O2 dimer absorption vs the stagnation pressu
~logarithm scale!. Each series represents the evolution of the intensity
four strongQ lines.
n
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tion lines ~typically 250 MHz in a slit-jet expansion! are
averaged. As part of time the absorption lines fall in betwe
laser modes~150 MHz free spectral range in our precedin
linear configuration!, there is a loss of signal and thus o
sensitivity.53 Besides its improved sensitivity, the second a
vantage of our ring configuration lies in the enlargement
the cavity which decreases the free spectral range and
favors a more continuous sampling of the absorption lin
The only serious drawback of the present configuration w
the lower filling ratio of the cavity compared to CW-CRD
~about 10 times! which was partly compensated by operati
at a stagnation pressure of 2.73A10.9 bar as the absorption
signal depends roughly on the pressure squared.

The pressure could be increased by pulsing the jet s
higher pressures can be used in a pulsed regime than
continuous mode as a consequence of the stagnation pre
upper limit fixed at 5 bar by the pump system capacity. N
that a pulsed scheme could also be applied with CW-CR
nevertheless resulting in an important increase of the ac
sition time. The timing scheme of the ICLAS data acqui
tion has been previously described.53 The jet was pulsed dur
ing periods of about 10 s, followed by a delay three tim
longer. The spectral multiplex ability of ICLAS avoids
large consumption of gas as the spectrum~about 18 cm21!
was obtained in a few jet pulses (;60 s) whereas the record
ing of the same spectral window required about 50 min w
CW-CRDS. A high resolution CCD~3724 pixels! has been
employed to record the laser spectrum at the focal plane
the grating spectrograph. This increased the resolution of
recordings while keeping the same spectral window
previously.6 The O2 dimer spectral linewidth, limited by the
apparatus function, was measured to be about 650 M
~FWHM!, i.e., 2.5 times the residual Doppler linewidth me
sured by CW-CRDS.

As with the CRDS experiments, we used sharp fringes
a Fabry–Perot e´talon, inserted when needed in the cavity, f
frequency linearization. Two iodine lines47,48 were used as
reference for absolute frequency calibration.

A series of ICLAS measurements showed the spectr
be reproducible with minor oscillation of the baseline. T
relative intensities of all the strong lines were comparable
the CW-CRDS spectrum. Figure 4 shows a comparison
CW-CRDS and ICLAS spectra recorded at a stagnation p
sure of 2.7 and 9 bar, respectively. A noise level of
31028/ cm ~or 1029/ cm for the full cavity length! was mea-
sured from the ICLAS spectrum~Fig. 4! recorded with a
typical generation timetg of 1 ms. This limited performance
at least one order of magnitude worse than expected,
result from the fluctuations of the supersonic jet expans
due to the formation of large clusters.

In consequence, the forthcoming rotational analysis w
be based on the CW-CRDS spectra only. However, this w
constitutes a good illustration of the complementarity
ICLAS and CW-CRDS techniques. In fact, we see that
general ICLAS may be very useful in exploring large spe
tral regions, limiting gas consumption when using a slit
supersonic expansion. On the other hand, CW-CRDS is s
able when more detailed investigation is needed, since it

f
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lows a higher resolution and consequently higher sensiti
at sub-Doppler resolution.

III. RESULTS

About 600 lines are measured from the CW-CRDS sp
trum recorded between 15 800 and 15 860 cm21 with a stag-
nation pressure of 2.7 bar~see Fig. 1!. A schematic represen
tation of the O2 dimer structure indicating the three axes
inertia ~with I A,I B,I C! is given in Fig. 5, when the dime
is in the planar rectangularH(uA5uB590°,w50°) geom-
etry. This is the structure predicted by theoretic
calculations31,54,55 to be the most stable for the singlet an
triplet ground states of the dimer, while the H and t
crossed X (uA5uB5w590°) geometries are equivalent
probable for the excited states.33,34 Based on semiempirica
potential energy surfaces, full quantum calculations of
rovibrational structure of both states involved in the pres
transition have been conducted accounting only for
ground singlet state of@O2(

3Sg
2)#2 and for the singlet ex-

cited states of @O2(
1Dg)#2 as the singlet←triplet and

singlet ←quintet transitions are forbidden in a fir
approximation.31,33 These calculations have shown that for
given K value, theJ sequences follow the same progress
than those of a prolate slightly asymmetric top semirig
molecule with the rotational energy levels given by~for low
values ofJ!

F~J,K !5
B1C

2
J~J11!1S A2

B1C

2 DK2, ~1!

whereK is the projection of the total angular momentumJ
on the axis joining the centers of mass of the two monom
We note thatK is a good quantum number in the symmet
top limiting case (K5KA) and when neglecting Coriolis in
teractions. As the calculated rovibrational levels verify sa

FIG. 4. Part of the CW-CRDS and ICLAS spectrum of (O2)2 recorded at jet
stagnation pressures of 2.7 and 9 bar, respectively. The right scales c
spond to the measured decay rate of the cavity~CW-CRDS! and to the
frequency selective losses due to the whole cavity~ICLAS!, whereas the left
scales correspond to the (O2)2 absorption when we take into account th
filling ratio l /L of the cavity of 50%~CW-CRDS! and 5%~ICLAS!. Note
also that the ICLAS spectrometer induces an apparent broadening of a
three times the residual sub-Doppler width measured by CW-CRDS.
y

-

l

e
t
e

s.

-

factorily the progression inJ but not inK, different effective
rotational constants may be obtained for eachK value. Then
we note,

FK~J!5
B1C

2
J~J11!. ~2!

A. Assignment procedure

The initial identification is based on the presence of
ries of strongQ lines which should dominate the spectrum
Indeed, for a slightly asymmetric top semi-rigid molecu
the Q branch is expected to be approximately twice as
tense as theR or P branch.56 As no rotational analysis wa
previously reported, the selection of lines at the onset is p
formed on the basis of theoretical results.42,43 Due to the
floppy character of the O2 dimer, as first suggested by Lon
and Ewing28 and confirmed by theoretical calculations,31,33

the symmetry of the rovibrational levels is labeled in theG16

permutation inversion group57 instead of an usual poin
group employed with rigid molecules. Furthermore, with
zero nuclear spin for the oxygen atom, permutations betw

re-

out

FIG. 5. Schematic representation of the (O2)2 in its rectangular H geometry
(uA5uB590°,w50°). The threeaxes of the inertia momentum are give
R is the distance between the center-of-mass of the monomers andd is the
interatomic distance for the monomers.

FIG. 6. Part of the CW-CRDS spectrum of (O2)2 which shows two sub-
bands corresponding to@(v1850,v2851),K851#B1

2←@(v150,v250),K
50#A1

1 and@(0,0),1#A1
1←@(0,1),0#B1

2 transitions, the asterisk referring t
the latter. Only theQ branches assignment is given. The simulation on
lower part was calculated at 12 K with the experimental relative intensity
the P, Q, andR branches.
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the atoms inside the monomers and between the two m
mers must be even, so that onlyA1

1 andB1
2 symmetries are

physically allowed for the @O2(
3Sg

2)(v50)#2 and
@O2(

1Dg)(v50)#2 dimers.32,42 In this G16 representation, the
electric dipole selection rules imposeB1

2←A1
1 and A1

1

←B1
2 with DJ50,61 andDK561.32 In the ground elec-

tronic state, the lowest rovibrational level ofA1
1 symmetry

(K50,J50) is calculated about 6.9 cm21 below the lowest
level of B1

2 symmetry (K50,J50).42 Then given the low
temperature of the supersonic slit jet expansion, the expe
most intense transitions correspond toDK511 subbands
with K50 for the lower state as the lowest and most po
lated state is theK50 level of A1

1 symmetry. The assign
ment is initiated by considering that the stronger lines are
RQ0(J) lines with evenJ values since rotational levels fo
K50 with oddJ values are calculated at higher energy
symmetry reasons32,42and are then not observable. The wa
number of a given transition, introducing the centrifugal d
tortion constantsD andD8, can be written as56

n5n01
B81C8

2
J8~J811!2

B1C

2
J~J11!

1DJ2~J11!22D8J82~J811!2, ~3!

where

n05FK8~J850!2FK~J50!. ~4!

TABLE I. Wave numbers, rotational assignment, and residuals of the t
sitions of the K851←K50 subband (B1

2←A1
1) of (O2)2 centered at

15 813.13 cm21. The line wave numbers were included in the fit with
weight proportional to the square of their relative intensity~see text!. The
lines marked with an asterisk~* ! are perturbed and excluded from the fit

J RP0(J) obs2calc RQ0(J) obs2calc RR0(J) obs2calc

0 15 813.284 0.023
2 15 812.772 0.070 15 813.041* 0.085 15 813.337 20.001
4 15 812.026 20.011 15 812.534 20.010 15 813.158 20.020
6 15 811.218 0.068 15 811.919 0.008 15 812.78420.014
8 15 810.141 0.081 15 811.079 0.005 15 812.18420.031

10 15 808.740 20.050 15 810.046 20.012 15 811.496 0.044
12 15 807.340 20.032 15 808.880 20.013 15 810.597* 0.056
14 15 807.620 20.002 15 809.512 20.011
16 15 806.292 20.016

TABLE II. Wave numbers, rotational assignment, and residuals of the t
sitions of the K851←K50 subband (A1

1←B1
2) of (O2)2 centered at

15 808.40 cm21. The line wave numbers were included in the fit with
weight proportional to the square of their relative intensity~see text!. The
RQ0(12) line marked with an asterisk~* ! is perturbed and excluded from th
fitting procedure.

J RP0(J) obs2calc RQ0(J) obs2calc RR0(J) obs2calc

2 15 807.979 0.027 15 808.244 0.036 15 808.622 0.0
4 15 807.220 20.037 15 807.743 20.026 15 808.387 20.022
6 15 806.323 20.013 15 807.096 20.008 15 808.046 0.046
8 15 805.290 0.065 15 806.257 0.008 15 807.411 0.0

10 15 804.021 0.051 15 805.252 0.002 15 806.61120.047
12 15 804.087* 20.081 15 805.775 20.057
14 15 803.078 0.003
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The assignment of the regular series of lines dominat
the spectrum~see Fig. 6! to theRQ0 branch ofB1

2←A1
1 type

is relatively straightforward. The associatedRR0 and RP0

branches are extracted with more difficulty because of su
positions and weaker intensity. Finally 22 transitions, giv
in Table I, can be assigned to this subband centered
15 813.13 cm21. In a second step, 18 transitions of a subba
centered at 15 808.40 cm21, given in Table II, are identified
and have been assigned to aA1

1←B1
2 type transition from

the lowestK50 level of B1
2 symmetry. The observed line

positions of the twoK50 subbands given in Tables I and
were used to determine the values of then0 , Bp

5(B1C)/2 andD constants@see Eq.~3!#. The fitting pro-
cedure shows that for both subbands, theRQ0(J) line posi-
tions are more satisfactorily reproduced by Eq.~3! than the
RP0(J) and RR0(J) line positions. This result clearly indi
cates the limit of validity of the expression of the rotation
energy levels used in the present analysis. In consequenc
the global fit of theP, Q, andR line positions, we choose to
give a higher weight to theRQ0(J) lines, which are the stron
gest ones, by affecting to the wave numbers a weight p
portional to the square of the relative line intensity. Follo
ing this procedure, we obtain the values of the rovibratio
parameters listed in Table III. As a consequence of the str
correlation between the distortion constants, the value ofD8,
which is expected to be smaller thanD, is constrained to
zero leading to an effective distortion termDeffJ

2(J11)2,
whereDeff is very close toD2D8. For both subbands, th
weighted root mean square deviation achieved is of the o
of 0.02 cm21, i.e., about one order of magnitude larger th
our wave number accuracy. This result obtained after exc
ing some clearly perturbed lines~see Tables I and II and Fig
7! shows that the model used for the rotational analysis
probably over simplified. Furthermore, the quality of the
is probably affected by the occurrence of perturbations
to the large density of possibly interacting rovibrational le
els, in particular in the excited state. A global fit perform
by affecting the same weight to all the assigned lines lead
a rms error of 0.035 cm21 ~instead of 0.014 cm21! but leaves
practically unchanged the values of the rovibrational para
etersn0 , Bp , andD. The most significant change betwee
the two fits is a slight shift of 0.02 cm21 for the band center
of the first band @15 813.153~70! instead of
15 813.134(37) cm21 for the weighted fit#.

Table III shows the satisfactory agreement of the exp
mentally determined rotational constant values with the p
dicted ones obtained by integrating over the whole poten
energy surface.42,43 The consistency of our analysis is als
sustained by the very close value of the rotational consta
obtained for the two subbands under consideration.

As only the lowest levels of the ground state are
sumed to be populated, the subbands lying in
15 810– 15 820 cm21 region should have an upper level co
responding to the lowest energy levels of the@O2(

1Dg)v50#2

electronic state and are then expected to be less pertu
than those closer to the dissociation limit~i.e., in the blue
part of the spectrum!. We succeeded however in assigningQ
lines of another subband centered at 15 818.28 cm21 shown
in Fig. 8. The fit of the line positions of this subband, liste

n-

-
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TABLE III. Rovibrational parameters of the lowest vibrational levels of@O2(
3Sg

2)(v50)#2 and@O2(
1Dg)(v50)#2.

n0 Bp8 Bp DBp Deff31024 rms

K851←K50
B1

2←A1
1 obs 15 813.134~37! 0.0634~27! 0.0932~28! 20.0298 0.170~40! 0.0140

calca 0.0604 0.0856 20.0252
A1

1←B1
2 obs 15 808.401~49! 0.0640~30! 0.0962~34! 20.0322 0.328~70! 0.0210

calca 0.0601 0.0837 20.0236

K851←K52
B1

2←A1
1 obs fit1b 15 818.277~35! 20.0297(19) 0.19~4! 0.015

fit2c 15 818.276~38! 0.0621~16! 0.0918~21! 20.0297 0.19~6! 0.018
calca 0.0853

A1
1←B1

2 obs fit1b 15 812.656~20! 20.0298(23) 0d 0.011
fit2c 15 812.666~34! 0.0635~24! 0.0934~24! 20.0299 0d 0.018

calca 0.0847

aCalculated value from Refs. 42 and 43.
bOnly theQ branch was fitted.
cThe P, Q, andR line positions were included in the fit with equivalent weight.
dConstrained to zero.
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in Table IV, shows that the higher energy line
15 818.119 cm21 should be assigned toQ(2). As showed in
Fig. 8, the absence of theQ(1) line indicates that this sub
band probably arises fromK52 levels since allQ(J) lines
with even and oddJ values ~exceptJ50 and 1! are ob-
served.

Quantum calculations which predict a strong energe
shift of the K51 levels in the electronic ground state co
firm the hypothesis of excluding theK51 levels~see Fig. 2
of Ref. 42!. Indeed, the lowerK levels are calculated a
0.0 cm21 (K50), 26.2 cm21 (K51), 2.3 cm21 (K52) for
the A1

1 symmetry levels and 6.9 cm21 (K50), 29.1 cm21

(K51), 16.1 cm21 (K52) for theB1
2 symmetry levels. We

then believe that the lower state is the lowestK52 level of
A1

1 symmetry whereas the upper level corresponds toK8
51 and notK853 as a consequence of the existence o
Q(J52) line ~Table V!. Finally, we tentatively assigned
fourth Q branch centered at 15 812.67 cm21 to the PQ2

branch of aA1
1←B1

2 band. Similarly to the twoK50 sub-
bands, bothK52 subbands show that theQ branch is much

FIG. 7. Details of the CW-CRDS spectrum in the range of theQ branch of
the subband centered at 15 813.134(37) cm21 which corresponds to@(v18
50,v2850),K851#A1

1←@(0,1),0#B1
2 transition. Note that theQ(2) line is

strongly perturbed.
c

a

stronger than theR and P branches~see Table VI!. In the
case of theK52 subband at 15 812.67cm21, theP branch is
even too weak to be detected.

The fitting procedure of the rovibrational paramete
lead to a rms error of the order of 0.015 cm21. We give in
Table III the values of the parameters obtained from the fi
the line positions of thePQ2(J) lines only~fit1! and from the
global ~and nonweighted! fit including all data~fit2!. The
inclusion of the very weakPP2(J) and PR2(J) lines ~some
of them are tentatively assigned! in the fit ~fit2 in Tables IV
and V! leads to very similar, though less accurate, values
n0 , DBp , andDeff and allowsBp8 andBp to be determined
independently. Table III shows that the values obtained
the B rotational constants of the four analyzed subbands
very close as theoretically predicted.32,42,43

B. Determination of the rotational temperature

After rotational assignment, the line intensity distrib
tion within the twoK50 subbands may be used for an a

FIG. 8. Part of the CW-CRDS spectrum showing theQ branch of the
subband centered at 15 818.28 cm21 corresponding to the@(v18 ,v28),K8
51#B1

2←@(0,0),2#A1
1 transition. The assignment of theQ branch is given.

The absence of theQ(1) line, as shown on the lower part of the plot, rule
out aK850←K51 transition. The lower part of the plot shows a simul
tion of the spectrum at a temperature of 12 K based on fit2. Note that
Q(6) line is strongly perturbed.
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TABLE IV. Wave numbers, rotational assignment, and residuals of the transitions of theK851←K52 sub-
band (B1

2←A1
1) of (O2)2 centered at 15 818.28 cm21. Fit1 corresponds to the fit of thePQ2(J) lines only,

while fit2 is a global fit where thePP2(J), PQ2(J), andPR2(J) lines were included with an equivalent weigh
Lines marked with an asterisk~* ! are blended or perturbed, excluded from the fitting procedure.

PP2(J) PQ2(J) PR2(J)

0bs2calc obs2calc obs-calc
J obs fit2 obs fit1 fit2 obs fit2

2 15 817.874 0.0223 15 818.119 0.019 0.020 15 818.475 0.00
3 15 817.522 20.028 15 817.923 0.001 0.000 15 818.423 0.003
4 15 817.205 0.017 15 817.658 20.033 20.032 15 818.316 0.005
5 15 816.796 0.014 15 817.401 0.003 20.002 15 818.119 20.029
6 15 816.319 0.001 15 817.121* 0.056 0.057 15 817.923 20.01
7 15 816.692 0.015 0.017 15 817.658 20.01
8 15 816.266 0.026 0.028 15 817.375 20.008
9 15 815.745 20.017 20.015 15 817.002 20.001

10 15 815.236 20.008 20.007 15 816.582 20.028
11 15 814.693 0.000 0.001 15 816.220 0.036
12 15 814.109 20.003 20.004
13 15 813.512 0.004 0.002
14 15 812.885 20.002 20.006
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curate determination of the rotational temperature of (O2)2 in
the jet. For a prolate symmetric top molecule with perpe
dicular absorption bands, the intensity distribution of the
tational structure is given by56

I KJ5CnAKJgKJ expS 2
FK~J!

kT D , ~5!

whereAKJ is the Hönl–London factor in the case of a sem
rigid rotor, gKJ is the statistical weight of the ground state,n
is the wave number, andC is a constant proportional to th
square of the transition moment of the band. As the obser
transitions are spread over a limited wave number range,Cn
can be considered as a constant. Let us examine the twK
50 subbands which are sufficiently intense to allow go
relative intensity measurements. ForK50, the product
AKJgKJ equalsJ21, 2J11, andJ12 for the P, Q, andR
branches, respectively.56 By plotting for each branch the

TABLE V. Wave numbers, rotational assignment, and residuals of the t
sitions of the K851←K52 subband (A1

1←B1
2) of (O2)2 centered at

15 812.656~20! cm21. Fit1 corresponds to the fit of thePQ2(J) lines only,
while fit2 is a global fit where thePQ2(J) and PR2(J) lines were included
with an equivalent weight. Lines marked with an asterisk~* ! are blended or
perturbed, excluded from the fitting procedure. ThePP2(J) lines were too
weak to be detected.

PQ2(J) PR2(J)

obs2calc obs2calc
J obs fit1 fit2 obs fit2

2 15 812.480 0.003 20.007 15 812.883* 0.034
3 15 812.389* 0.091 0.083 15 812.810 20.005
4 15 812.054 20.005 20.014 15 812.716 0.013
5 15 811.756 20.005 20.012 15 812.534 0.004
6 15 811.400 20.003 20.009 15 812.267 20.031
7 15 810.982 20.004 20.008 15 812.042 0.036
8 15 810.532 0.023 0.021 15 811.635 20.02
9 15 809.961 20.011 20.012 15 811.237 20.006

10 15 809.393 0.017 0.019
11 15 808.709 20.011 20.007
-
-

ed

d

quantity ln(IB /AKJgKJ) vs the lower state energyFK50(J)
obtained from Eq.~2!, the rotational temperatureT can be
determined. Figure 9 shows the corresponding plots for
RP0 , RQ0 , andRR0 branches of theB1

2←A1
1 subband lead-

ing to an average value of 12.160.9 K. The similar determi-
nation of T from the RQ0 and RR0 branches of theA1

1

←B1
2 subband, theRP0 branch being too weak to be consid

ered, gives a value of 12.260.8 K. The linear dependenc
observed in Fig. 9 and the good agreement between the
determinations ofT strongly supports our rotational assig
ment. Note also that these values agree satisfactorily w
our approximate determination of the rotational temperat
from the O2 transitions. Table VI shows that the integrate
intensity of theP, Q, andR branches is measured to be
the ratio of 0.15:1:0.37 and 0.31:1:0.53 for the bands c
tered at 15 813.13 and 15 808.40 cm21, respectively while a
ratio of 0.45:1:0.55 is calculated at 12 K from Eq.~5! in the
semirigid rotor approximation. The observed weakness
theP branches may arise from a floppy molecule behavior
the O2 dimer.58

Figure 6 shows a comparison of a part of the CW-CR
spectrum with a simulation of the twoK50 subbands. Each
subband is simulated with a rotational temperature of 12
determined above. The relative integrated intensities of
P, Q, andR branches are fixed to their experimental valu
given in Table VI. The enlargement of the CW-CRDS spe

n-

TABLE VI. Average intensities of the branches for the four analyzed s
bands (31028/cm) calculated from all the observed unperturbed and n
blended lines in a branch.

P Q R

K851←K50
B1

2←A1
1 0.64 4.36 1.60

A1
1←B1

2 0.58 1.9 1.00
K851←K52
B1

2←A1
1 0.50 2.34 0.48

A1
1←B1

2 ,0.40 1.10 0.50
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trum, given in Fig. 7, in the range of theRQ0 branch of the
A1

1←B1
2 subband shows the overall good agreement

tween the observed and simulated lines, despite a few
turbed line positions and a few relatively strong lines wh
remain unassigned. Figure 8 shows a similar simulation
the Q branch of the K52 subband centered a
15 818.28 cm21 obtained from the results of fit2. The tw
K52 subbands present various irregularities in the inten
of their rotational lines. The intensity distribution in theQ
branch gives a rotational temperatureT of 9.461.3 K and
9.761.6 K for the bands centered at 15 818.28 and 15 812
cm21, respectively, in reasonable agreement with previ
determination.

IV. DISCUSSION

A. Structure of the O 2 dimer

Information on the dimer structure can be obtained fr
the comparison of the intermonomer distances, derived f

FIG. 9. Determination of the rotational temperature from the intensity
tribution among the lines in theP0 , Q0 , andR0 branches of theB1

2←A1
1

subband centered at 15 813.13 cm21. The given error bars correspond to th
uncertainty of the fitting line profiles.
-
r-

f

ty

6
s

m

the rotational constant, with the theoretical values of
equilibrium distances.32,42,43The rotational constantBp is re-
lated to the O2 bond lengthd, the mass of an oxygen atom
m, and the intermonomer distanceR0 by ~see Fig. 5!,

Bp5
\

4pc
3

1

2 S 1

I B
1

1

I C
D

5
\

8pcmS 1

R0
2 1

1

R0
21d2D

for the H~uA5uB590°,w50°! geometry, ~6!

Bp5
\

4pcmS 1

R0
21d2/2D

for the X~uA5uB5w590°! geometry, ~7!

Bp5
\

8pcmS 1

R0
21d2 1

1

R0
21d2/2D

for the T~uA590°,uB50°! geometry, ~8!

and by,

Bp5
\

4pcmS 1

R0
21d2D

for the linear L~uA5uB50°! geometry. ~9!

The O2 bond lengthd, assumed to be unchanged compar
to the free molecule, is 2.2884a0 and 2.3043a0 for the 3Sg

2

and 1Dg states, respectively.59 Table VII gives the inter-
monomer distanceR0 in the ground and excited singlet stat
calculated for each possible geometry from the observed
predicted42,43 rotational constants. The theoretical valu
agree within 10% or better with the experimental values.
the intermonomer distanceR0 is expected to be approxi
mately equal to or slightly larger than the equilibrium di
tanceRe , the comparison of the values given in Table V
rules out a linear or a T-shaped structure for the dimer in
ground singlet states. On the other hand, theR0

obs value sup-

-

al
re
TABLE VII. Comparison of the intermonomer distanceR0 obtained from observed and calculated rotation
constants of the lowest rovibrational levels~see the text!. The equilibrium distance is also given. All values a
in a0 units.

Electronic state
Intermolecular

distance
Level

symmetrya

Geometry

H X T L

@O2(
3Sg

2)v50#2 R0 A1
1 obs 6.14 6.13 6.02 5.91

calcb 6.44 6.43 6.33 6.22
B1

2 obs 6.04 6.02 5.92 5.80
calcb 6.51 6.50 6.40 6.30

Re calcc 6.10 6.30 7.60 8.69

@O2(
1Dg)v50#2 R0 A1

1 obs 7.53 7.53 7.44 7.35
calcb 7.73 7.72 7.63 7.53

B1
2 obs 7.51 7.50 7.41 7.32

calcb 7.75 7.74 7.65 7.56

Re calcc 6.3–6.4 6.2 7.6 8.7

aSymmetry of the lowest rovibrational levels.
bReferences 32, 42, 43.
cReferences 31, 33.
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ports an H geometry for the singlet ground state, in agr
ment with recent beam scattering experiments.60 For the ex-
cited state, the observed and calculatedR0 values tend to
favor a perpendicular T geometry but as a wide choice
intermediate structures are not presented here, we ca
conclude about the most probable structure for the dime
its excited state.

B. Vibrational assignment

Our attempts to identify newQ branches correspondin
to other subbands remain unsuccessful. Moreover, the
ceding rotational analysis have showed that theP and R
branches are weaker than expected and therefore even
difficult to detect. Under these conditions, in order to local
the Q branches, we have affected a Lorentzian line shap
0.5 cm21 width ~FWHM! to each measured line with an a
sorption coefficient above a fixed threshold of 1
31028/ cm, three times the noise level. The related sp
trum is shown in Fig. 10. The labeled peaks correspond tQ
branch maxima (nQ) and are then red-shifted from the ban
centers (n0). As an example, theQ branch maxima of the
previously rotationally analyzedK50 subbands centered a
n0515 813.13 and 15 808.40 cm21 are shifted by22.1 and
22.0 cm21, respectively.

Considering the dimer in the semirigid limit in the mo
stable H geometry, (O2)2 has four intermolecular norma
modes;n1 associated with the intermonomer stretching mo
and correlated toṽ1523.6 cm21 in quantum calculations o
the ground state,n2 , associated with the torsion mode~Dw!
~see Fig. 5! and correlated toṽ256.9 cm21, n3 andn4 asso-
ciated with the parallel and antiparallel bending (ṽ3 ,ṽ4

.ṽ1).42 Again, for symmetry reasons~see Fig. 3 of Ref.
42!, only two vibrational modesn1 and n2 are physically
allowed among the lowest vibrational levels involved in t
current experimental conditions. As noted before, only
lowest levels of the ground state are significantly popula
under our experimental conditions and the strongestQ
branch maxima listed in Table VIII and shown in Fig. 10 a
expected to arise mostly from the lowest (K50) level of the
ground electronic state which is ofA1

1 symmetry and corre-
lated to (v150,v250) in the semirigid limit. The symmetry
selection rules imply34 that the upper level of these band
must have aB1

2 symmetry which corresponds to an od
number of vibrational torsion (v1850,1,2,3,4,. . . ,v28
51,3,5,7,. . . ).42,43 Conversely the weaker bands starti
from (K50)B1

2 levels correlated to (v150,v251) have an
(K51) A1

1 upper level correlated to (v1850,1,2,...,v28
50,2,4,...). Thevibrational assignment proposed in Fig. 1
and Table VIII from both intensity and energetic consid
ations seems to be the most reasonable. The two rotation
analyzed subbands centered at 15 813.13 and 15 808.4021

are then assigned to@(v1850,v2851),K851#B1
2←@(v1

50,v250),K50#A1
1 and @(0,0),1#A1

1←@(0,1),0#B1
2 tran-

sitions, respectively. Figure 11 displays the energy diag
of the levels of interest in the forthcoming discussion.

The strongest series,@(v18,1),1#B1
2←@(0,0),0#A1

1 , cor-
respond to an excitation of the stretching mode until
dissociation limit. Assuming a constant red-shift of theQ
e-
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e-

ore
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e

e
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-
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m

e

branch maxima compared to the band center, the differe
of the upper levels of two successive transitions,G@(v18
11,1),1#B1

22G@(v18,1),1#B1
2 , leads to the Birge Spone

plot inserted in Fig. 10, which gives the dissociation ene
of D0854964 cm21. The stretching frequency in the uppe
electronic state can be estimated fromG@(1,1),1#B1

2

2G@(0,1),1#B1
2>ṽ18>18.261.0 cm21. These values are

close to those found in Ref. 28 for the excited electronic st
@O2(

1Dg)v502O2(
1Dg)v51#: D0854162 cm21 and ṽ18

517.860.5 cm21 but about twice the theoretical valuesD08
524 cm21 and ṽ18510 cm21.33,43

From the vibrational assignment~see Fig. 10!, we infer
G@(0,2),1#A1

12G@(0,0),1#A1
1.2ṽ2851.7 cm21 and

G@(1,3),1#B1
22G@(1,1),1#B1

252.7 cm21 not far from the
theoretical values of 1.1 and 1.9 cm21, respectively.43 The
difference between the experimental and theoretical va

FIG. 10. Broadening of the CW-CRDS spectrum. A Lorentzian line sh
of 0.5 cm21 width ~FWHM! is affected to each line which absorption coe
ficient is measured above a fixed threshold of 1.231028/ cm in order to
emphasize the regions of strongQ lines which characterize the variou
bands. Most features are assigned toQ branches of subbands correspondin
to @(v18 ,v28),K851#B1

2←@(0,0),0#A1
1 and @(v18 ,v28),1#A1

1←@(0,1),0#B1
2

transitions. The asterisks (* ) are referring to this second transition. Th
upper state vibrational level is indicated in parentheses (v18 ,v28). The dag-
gers (†) at 15 813.82 and 15 817.43 cm21 indicate the subbands centered
15 812.66 and 15 818.28 cm21 arising from aK52 level whose upper state
is not vibrationally assigned. The insert is a Birge Sponer plot of the dif
encesG@(v1811,1),1#B1

22G@(v18,1),1#B1
2 with 0<v18<3.

TABLE VIII. Observed Q branch maxima (nQ) of the @(v18 ,v28),K8
51#B1

2←@(0,0),K50#A1
1 and @(v18 ,v28),1#A1

1←@(0,1),0#B1
2 subbands.

v28\v18 0 1 2 3 4

1 B1
2←A1

1 15 811.04 15 829.28 15 844.99 15 853.27 15 859.
3 15 812.99 15 832.01
5 15 816.55 15 834.40
7 15 819.46
9 15 822.53

0 A1
1←B1

2 15 806.40
2 15 808.16
4 15 810.06
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may result from an underestimation of the well depth of
excited state semiempirical potential.43 Nevertheless, we are
aware that our experimental values cannot be sustained
rotational analysis in reason of perturbations that could s
our determined band heads.

We can infer now the separation between the lower l
els of the two rotationally analyzed subbands withK50,
namely,@(0,0),0#A1

1 and@(0,1),0#B1
2. As both upper levels

correspond toK51 and as the rotational constants are clo
for both excited states, we have then~see Fig. 11!

DG0~B1
22A1

1!5ṽ25G@~0,1!,0#B1
22G@~0,0!,0#A1

1 ~10!

515 813.13215 808.40

1$G8@~0,1!,1#B1
22G8@~0,0!,1#A1

1%.

The second term corresponds toṽ28 , estimated to be
0.85 cm21 just above, and the1 sign before this term come
from the fact that the lowest (K51)B1

2 excited state is lower
in energy than the lowest (K51)A1

1 excited level~see Fig. 1
of Ref. 43!. We then estimate the value of the torsion mo

FIG. 11. Energy levels in the ground@O2(
3Sg

2)v50#2 and excited
@O2(

1Dg)v50#2 electronic singlet states of the (O2)2 dimer. The energy of
the K50 level of B1

2 symmetry was obtained from the determination
DG0 , whereas the upper levels energy are those of theQ branch maxima
(nQ) and are then red-shifted from their origins (n0). The K52 levels
positions are placed arbitrarily.
e

y a
ft

-

e

e

n2 to be about 5.58 cm21 in good agreement with the pre
dicted value (6.9 cm21). The related Boltz-
mann factor atT512 K is then exp(25.58/kT)50.511 lead-
ing to a ratio of 1.96 between the intensity of the lines of t
two subbands instead of the measured value of 2.3. As
rotational temperature is very close for both subbands,
conclude that the transition moment is slightly higher f
B1

2←A1
1 than for A1

1←B1
2 , except if a non-Boltzmann

equilibrium between theA1
1 and B1

2 levels occurs in the
cooling of the jet expansion.

The subband arising from the lowestK52 level does
not allow an estimation of the separation between the orig
of K52 and K50 levels of A1

1 or B1
2 symmetry in the

ground state because of the nonassignment of the exc
K851 vibrational level. Nevertheless from the above inte
sity considerations we can estimate the separationDG2(B1

2

2A1
1) andDG0(B1

22A1
1) for K52 andK50 levels in the

ground state. From the average intensity of theQ branches
given in Table VI, we have exp(2DG2 /kT)51.10/2.34 and
exp(2DG0 /kT)51.9/4.36 which givesDG256.3 cm21 and
DG056.9 cm21 in good agreement with the above determ
nation ofDG0 and with predicted values.42

V. CONCLUSION

The high sensitivity and resolution of the CW-CRD
technique has allowed the first rotational analysis of a tr
sition of the (O2)2 open-shell complex and the first exper
mental determination of its structure. A tentative vibration
assignment has been also given. As previously predic
(O2)2 is a typical van der Waals system between norm
rigid molecules and special van der Waals dimers with f
internal rotations such as (H2)2 , rare gas–H2 or CO–H2. In
spite of its shallow potential well, it has a large number
bound rotational and vibrational states though only levels
A1

1 or B1
2 symmetry are populated due to zero nuclear s

of the oxygen atom. The theoretical calculations were
great help in disentangling the lines of the analyzed s
bands. The spectroscopic parameters obtained here corr
rate the H geometry of the ground singlet state of the2
dimer and they confirm the floppy structure of (O2)2 in its
excited state. We have gathered in Table IX the main res
of the present paper. We also give for comparison the th
5

TABLE IX. Summary of the main experimental results and comparison with theoretical results.

@O2(
3Sg

2)v50#2 @O2(
1Dg)v50#2

Expt Calcb Expta Calcc

Dimer geometry H H, X, T
Intermonomer distanceR0(a0) 6.04–6.14a 6.44–6.51 7.50–7.53 7.72–7.7
Dissociation energyD0 (cm21) 65615d 74 4964 24
Stretching modeṽ1 (cm21) 23.860.5e 23.6 18.261.0 10
Torsion modeṽ2 (cm21) .5.6a 6.9 .0.85 0.55

aThis work.
bReference 42.
cReference 43.
dReference 6.
eReference 28.
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retical values determined in Refs. 42 and 43. Neverthel
substantial work remains to be done in order to confirm a
complete the present analysis for both states.

In the short term, the determined rotational constants
the ground state should allow to tackle the analysis of
much more congested~1–0! spectrum previously recorded a
578 nm by ICLAS.6

From an experimental point of view, a lower temper
ture of the jet~He seeded jet for example! would simplify the
present~0–0! spectrum and improve the detection of the fi
lines of every branch which are of primary importance
assign a transition. This will be of great help to confirm a
improve the knowledge of the ground state.

In addition, in the mid-infrared, widely tunabl
quantum-cascade distributed-feedback lasers capable
emitting tens to hundreds of milliwatts with linewidths of th
order of tens of MHz are very promising for CRDS.61 In
spectroscopic applications, these lasers could operate pu
at room temperature or in cw mode at cryogen
temperatures.62 This should allow to probe the first transitio
of the O2 dimer at 6.4mm, corresponding to a stretchin
excitation of one of the monomers.

In the midterm, we hope that the present data will help
refine the potential energy surface of (O2)2 , which is tightly
linked with thermophysical properties of strong atmosphe
interest and that our experiments will allow us to clea
define the (O2)2 atmospheric absorption spectra.
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