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Cavity-ring-down spectroscopy on the oxygem band in magnetic fields up to 20 T
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Rotationally resolved spectra of tihElE;(v=0)<—X 325(1;:0) band of molecular oxygen are recorded
by cavity-ring-down(CRD) spectroscopy in magnetic fields up to 20 T. Measurements are performed in a
3-cm-long cavity, placed in the homogeneous field region inside a Bitter magnet. CRD absorption spectra are
measured with linearly and circularly polarized light, leading to diffeceht selection rules in the molecular
transition, thereby aiding in the assignment of the spectra. Dispersion spectra are obtained by recording the rate
of polarization rotation, caused by magnetic circular birefringence, using the polarization-dependent CRD
detection scheme. Matrix elements for the Hamiltonian and for the transition moment are presented on a
Hund’s casea basis in order to calculate the frequencies and intensities of the rotational transitions of the
oxygenA band in a magnetic field. All spectral features can be reproduced, even in the highest magnetic fields.
The molar magnetic susceptibility of oxygen is calculated as function of the magnetic-field strength and the
temperature, and a discussion on the alignment of the oxygen molecules in the magnetic field is given.
[S1050-294{@8)06710-9

PACS numbg(s): 33.55.Be, 33.15.Kr, 33.76w, 39.30+w

[. INTRODUCTION order to be able to extract quantitative information from the
MRS spectra, detailed information on the frequency shifts
The blzgexﬁg magnetic dipole transition of mo- and rotational line intensities as functions of the magnetic
lecular oxygen is very important in molecular spectroscopyfield is required.
Especially theb 12g+(v=o)Hx 32&@:0) band (the A Magnetic trapping of atoms has led to a breakthrough in
band is well studied for remote sensing applications in thevarious fields of research, e.g., the creation of Bose-Einstein
atmospherg1,2], since the system lies in a relatively trans- condensate$10] and “laserlike” atoms[11]. In principle,
parent part of the atmospheric spectrum. Although this tranP@ramagnetic molecules can be trapped as well. The mag-
sition is spin forbidden, it becomes weakly magnetic dip0|enet|c field splits and shifts the energy levels of the molecule

allowed due to a rather large spin-orbit coupling between th@S @ result of the interaction between the magnetic dipole
bis*t stat nd the lowest spin component of themoment and the magnetic field. A molecule in a state with a
g State a p p

el - positive Zeeman shift, i.e., in a state that increases in energy
X"%g(Ms=0) stallge[3]. ~with increasing magnetic field, will be attracted toward a

The A band of O, has been used to test the symmetri-fig|g minimum when placed in an inhomogeneous magnetic
zation postulate for spin-0 nuclg4,5]. Since the nuclear- fig|d. Doyleet al. [12] described a method for loading para-
spin of *°0 is zero, the nuclear-spin function dfO, is  magnetic atoms and molecules into a magnetic trapich
symmetric. Furthermore, the vibrational wave function isconsists of two coils in an anti-Helmholtz configuratioRe-
symmetric under the exchange of the nuclei. Since the totalently, they demonstrated this method by trapping atomic
wave function must be symmetric, only rotational states witheuropium[13]. Molecular oxygen is thought to be a promis-
even (odd rotational quantum numbeX are therefore al- ing candidate for trapping molecul¢$2]. Laser spectros-
lowed if the electronic wave function is symmetric, e.g., thecopy on theA band of oxygen can be used as a probe in
b'Y; state(antisymmetric, e.g., th¥X 33 statd. In order  order to determine the number density and rotational tem-
to test the symmetrization postulate, Angedisal. [4] and  perature of the trapped molecules. In order to interpret the
Hilborn and Yuca[5] used sensitive diode laser absorptionrecorded spectra, a detailed knowledge of the frequencies
spectroscopy to search for the forbidden states, i.e., to searelind intensities of the rotational lines as a function of the
for transitions arising from eveN in theX3E§ state. They magnetic-field strength is a prerequisite.
set an upper limit of aboutX® 10~ ’ to a possible violation of Recently, we reported on polarization dependent cavity
this postulate. Several groups are trying to improve the dering down (PD-CRD spectroscopy[14] a spectroscopic
tection sensitivity on the oxygeA band. Besides direct ab- technique which combines the advantages of MRS and CRD
sorption spectroscopy, techniques like cavity-ring-downspectroscopy. In this technique trete of polarization rota-
(CRD) and magnetic rotation spectroscogWRS) offer  tion of the light is measured rather than the rate of absorption
promising perspective$,7]. Recently, several MRS studies in CRD spectroscopy or the total polarization rotation in
on theA band have been report¢d—9]. Since the line pro- MRS. We demonstrated the PD-CRD technique in a study of
files in MRS spectra are combinations of absorption and disthe magneto-optical effects in molecular oxyddd]. In a
persion curves, the line profiles are rather complicated. Inmagnetic field perpendicular to the axis of the ring-down
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cavity (Voigt configuration, the absorption spectrum due to energy eigenvalues of E¢l) are given byB’J(J+1) and
magnetic dichroism of theb 12g(v=2)<—x32;(u=0) corresponding eigenfunctions by
transition of Q was measured. In a magnetic field parallel to
the cavity axis(Faraday configurationthe dispersion spec- 10,3,M)=[27)|3,0M), 2
trum due to magnetic circular birefringence was measured. . o ,
In this work [14] the highest possible magnetic field in the Where the wave function is split into a spin factor and a
Faraday configuration was only 0.02 T, which was too smalfymmetric-top wave functiofd,K,M) with K=0. The sub-
to resolve the dispersion curves of the individual Zeemarscript O in the spin factor denotes the value(@f the g-
components. In the present experiment, the magnetic field@ubscript has been dropped for clarityide infra) For a
are sufficiently high that fully resolved dispersion spectracorrect description of the '3 state the centrifugal distor-
can be recorded. tion term should be included in the Hamiltonif&qg. (1)].

In this paper, the rotationally resolved absorption spectr&/alues for the molecular constants can be found in Refs.
of the A band of molecular oxygen measured in magnetidZ,G]-
fields up to 20 T by the CRD method are presented. The The effective spin-rotation Hamiltonian for the
observed shifts and splittings of the rotational lines inducedX 325 state is
by the magnetic field are solely a result of the shifts and oo ) 2w
splittings of the rotational levels in thé33  (v=0) state, H"=B"N"+ yN-S+3A(3S,—-S), (©)
since the rotational levels of trtelzg state are not affected w
by the magnetic field. In other words, the recorded spectra aﬂsqe total electronic spinB” is an effective rotational con-

function of the magnetic field directly visualize the . ) o :
magnetic-field dependence of the rotational energy levels oﬁ'tant’ ¥ (mo in Refs.[18,19)) the spin-rotation interaction

3w — . constant, and the spin-spin interaction constant. F80,
the X 29. state. The .CRD experiments have' beeq Pl hese constants af@9] B"=1.4377,y=—8.4x10 3, and
formed with left- and right-hand circularly polarized light, — 19848 cnl andB” and\ are thus of the same order
and it is explicitly demonstrated that the polarization state o%f mégnitude A,discussion about the Van Vieck transforma-
the light is hardly affected by the multiple reflections on thetion for this s.tate can be found in the work of Tinkham and
mirrors. A detailed theoretical description is presented Whicrbtrandberg[zo] Expressions for a more complete Hamil-
explains all observed spectral features, and which wil bE:tonian incIudng higher-order effects can be found in Refs
valuable for future experiments on oxygen. Although the a '

P118,19
plied magnetic fields in MR$and also in PD-CRD spectros- i .

. Ground-state energy levels can be found by a diagonal-
copy are generally much weaker than 20 T, the spectra "Nzation of the pure triplet Hamiltonian of E@3). The cou-

high fields show that the theoretical description used to ex- .. . _
plain the low-field spectra is still valid. pling scheme for the angular momenta in bhéig state of

This theoretical description gives us the possibility to Iook02 is cIosg to Hund’s'(_:gséb). Howeyer, the ca!qulatio_n of
at physical effects which are a result of the interaction be-thle 'Erransn:ion_ probabll_|t|e§ of_r_otat_lonal transitions in the
tween the oxygen molecules and the magnetic field. First, thB >g —X =g System is simplified if the Hund's case)
spin contribution to the molar magnetic susceptibility of oxy- COUPliNg scheme is used. The Hund's caaebasis func-
gen is calculated as function of the magnetic-field strengtfions, in which the eigenfunctions of E¢3) can be ex-
and the temperature, and is compared to Curie’s law. FuRressed, argl7]
thermore, in a high magnetic field the oxygen molecule 3e— B
might be in a so-called pendular state. linaagneti¢ pen- |Q,3,M)=[*%)[3,Q,M), Q=-101. (4)
dular state, the molecular magnetic dipole moment librate . N
about the field direction as a result of its interaction with thesrhe K value of the symmetric top wave function is matched

o . to the value of(2. On this basis set, the Hamiltonian blocks
magnetic f|_el({1_5,1_6|, and the degree of aligment obUn a in 3X 3 matrices belonging to the differedtvalues(except
magnetic field is discussed.

for J=0). The matrix elements can be evaluated after choos-
ing the phases of the rotational and spin functions. Following
Il. THEORY the choice of Watsof17],

This section provi_qes the necessary theory tq desc.ribe_the(\lxiiJ )|3,KMY=[I(I+1)~K(KF 1)]1’2|J,K11,M>
energy levels, transition frequencies, and rotational line in- y 5)
tensities of theb 'S 7« X33 transition of molecular oxy-
gen in a magnetic field. Concepts and notations provided bynd
Watson[17] are used. We start with the Hamiltonians of
oxygen in the absence of an external magnetic field. (S*iS) P20y =[2-Q(QF 1) .4), (6

The effective rotational Hamiltonian in the'S.; state is

hereN=J—S is the rotational angular momentum, a8d

the matrix elements can be evaluated. For a giVéime en-
H' =B'J? 1) ergy levels and the eigenfunctions are obtained after diago-
nalization of the matrix. The three levels can be labeled with

whereJ is the total angular momentum. The rotational con-N, a good quantum number provided that Ihﬁg state of
stantB’ is an effective constant since it contains effects ofO, can be described as pure Hund’s cése In increasing
the Van Vleck transformation needed to eliminate terms irenergy order the levels are labeled wiNk-J—1, N=J, and
the Hamiltonian which couple different electronic states. TheN=J+ 1.
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FIG. 1. Energy-level diagram of thé 32§(v:0) state of mo- FIG. 2. Part of the energy-level diagram of tMéZ;(UZO)
lecular oxygen as function of the magnetic field. The zero at thestate of molecular oxygen as a function of the magnetic field. The
energy axis is taken at the hypothetical leis:J=0 [18]. zero at the energy axis is taken at the hypothetical |&elJ=0

[18]. TheN=1,J=1, M=+1 (lower), andN=3,J=2, M=+1
Since for Q the spacing between the levels with different levels are dashed. The mixing coefficients of their wave functions
N values is much larger than the spacing betweenJtlee-  are shown in Fig. 10.
els, the energy-level structure in thé¢33_ state shows
groups of three levels in which the group is labeled\bgnd pendix. For the actual calculation, we have used as basis the
the three levels witld. As discussed in Sec. |, levels with  eigenfunctions of oxygen in zero magnetic field:
even do not exist in th& 3%, state of °0,, while in the
b'I, state, wherd=J, levels withN odd do not exist due IN,3,M)=cyj] = 1.3,M)+c5|0,3,M) + ¢yl 1.9, M).
to spin-statistical considerations. Transitions between rota- 8
tional levels (N”,J") in the X 32&(1) =0) state and rotational . . _
levels (N’,J') in the blgg(vzo) state are denoted as TNis has the advantage that on the diagonal of the matrix the
ANAJ(N”,J"), whereAN=N'—N" andAJ=J"—J" are de- energles_of the rotatlona_l levels in zero magnetic field ap-
noted a0, P, Q, R, andSfor a change in quantum number P€ar, WhICh hav_e been directly _taken _from Table 10 of Ref.
of -2, -1, 0, 1, 2, respectively. [18]. Eigenfunctions up to and |nclud|_r1§j=.31 _have been _
If an external magnetic field is applied, an extra term inuSed to set up the matrix of the Hamiltonian in a magnetic
the Hamiltonians of the ground and excited state has to bfi€ld (giving a 48<48 matrix, since only oddN exis. An
added to describe the interaction of the molecule with theddditional advantage of using this basis rather than a pure
magnetic field. For thé 'S state, however, this term can Hund’_s _case{a) bggis is that the.eigenvectors.directly provide
be neglected since boEBIangdA are 0. For thex 33~ state, the mixing coefficients of the flgld_—free rotational levels due
the dominant contribution is due to the interaction betweer%0 the presence of the magnetic field.

i 3y~ () —
the electronic spin magnetic moment and the external fiel? Th_e energy-level st_ruc_ture_m the 29 (v_—O) state as
H unction of the magnetic field is shown in Figs. 1 and 2. At

zero magnetic field, the levels with the saidevalue group
Hine=9s8S-H=g8S,H, (7)  together and are labeled with=N—1, J=N+1, andJ=N
in increasing energy order. It is clearly seen that the energy
in which gs=2.002 32 is theg factor of the free-electron difference betweed=N—1 andJ=N+1 rapidly decreases
spin, andg is the Bohr magneton. In the last step it is as-as function ofN. Turning on the magnetic field results in a
sumed that the magnetic field only has a component alongplitting of each N,J) level in (2J+1) M components. Af-
the Z axis (note that the space-fixed axis system is denoteder @ somewhat chaotic part in which the energy levels inter-
by X,Y,Z, and the molecule-fixed axis system Xy, z). act strongly with each othdbelow 2.5 T), the levels within
In order to calculate the energies of the rotational levels@ N multiplet regroup into three components which relative
the matrix elements 08, on a Hund's casda) basis are energy can be described with
needed. They can be evaluated using ®j.and the matrix
elements of the direction cosines, and are given in the Ap- AE;v=9sBMsH~0.9MsH (cm™%), (9)
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with Mg=—1, 0, and 1, andHd in T. This is the molecular oscilloscope
analog of the Paschen-Back effect, where for high fi&ds Dl 10 bits, 10 ns.
couples to the field21]. — GPIB

In deriving the effective Hamiltonian€Egs. (1) and (3)], E_1t---- 29 o
a Van Vleck transformation has been used to remove the )

_________

coupling terms describing the interaction between different '
electronic states. The same transformation has to be applie

to the magnetic dipole moment operator in order to obtain an B-field

effective operatoM which couples theb 'S, and X33, | —_—

states via a magnetic dipole transition. By taking into ac- —

count rotational symmetry about the molecular axis, reflec A Z: z

tion symmetry of theX state, and time-reversal arguments, GT ——

Watson[17] showed that the only nonvanishing real mag- | |

netic dipole momeni\ is given by

1c +(n—1/2 . 3¢ — FIG. 3. Scheme of the experimental setup. The CRD cavity

(g |2 (My+iM y)| 270 consists of two high reflectance mirrors with a separation of 3 cm.
:<123|2_1/2(Mx_ iM y)|321_>=/\/l. (10) This cavity is placed inside an 84-cm-long cell, which is inserted in

a Bitter magnet(bore 3.1 cmu For PD-CRD a Glan-Thompson
The (relative rotational lines strengths can now be calcu- (GT) polarizer is placed in front of the entrance window of the cell,
lated by evaluatinq\If’|M||\If”) in which ¥’ and¥” are and a Glan-Lase{GL) analyzer is used to split the light exiting the
: : : . + 3y — cell into two orthogonal polarization directions. Each component is
the eigenfunctions in, respectively, th129 and X °%,

state, andM, is a space-fixed component of thaolecule- focused ont? a flber_ whlgh is coupled to a photomultlplle_r tube
. . . . . (PMT). For “conventional” CRD the Glan-Laser analyzer is re-
fixed) transition moment. In the experiments described in

thi the light itinal th | les t Is al th moved, and, optionally, a/4 plate is placed between the Glan-
.'S pf”‘pe“ e g exc;l |ng e.mo'ecu €s travels .a ong eI'hompson polarizer and the entrance window of the cell to create
direction of the magnetic fiellvhich is along theZ axis). If

N . circularly polarized light.
the polarization is linear, the matrix elements have to be P 9

evaluated forM,=My. If the light is circularly polarized, ) ) .
the matrix elements foM, =M, or M _ are requiredwhere the cavity. The long cell is made of a stainless-steel tube
M, =2"YAMy+iMy) andM_=2"Y%M,—iM)]. These which is closed off by two borosilicate Crown Glass win-

matrix elements are given in the Appendix. dows. The cell is fiIIed_ with pure mo_lecular oxyg€h00—
500 mba), and holes in the small ring down cavity tube

allow the oxygen to enter the cavity as well.

Pulsed-laser radiation at a wavelength of 762 nm is ob-

A schematic representation of the experimental setup igined from a Nd:YAG (yttrium aluminum garnet laser
depicted in Fig. 3. Since the magnetic field is homogeneoupumped dye lasefSpectra Physics GCR-150-10 PDL-3
over a few centimeters, a very short ring-down cavity hagcombination, 10-Hz repetition rate, 5-ns duration pulsés-
been used in order to prevent that the spectra become tdivering pulses with several mJ of energy in a spectral profile
complex. The length of the cavity is chosen such that thevith a bandwidth of approximately 0.07 crh Prior to en-
broadening of the rotational lines due to the inhomogeneityering the cell with the ring-down cavity, the incoming laser
of the magnetic field is comparable to the combination ofbeam passes through a Glan-Thompson polarizer with an
Doppler and pressure broadening. The ring-down cavity i€xtinction of 10°°. For the PD-CRD experiments, the light
formed by two planoconcave mirrors with a diameter of 25exiting the ring down cavity is passed through a Glan-Laser
mm and a radius of curvature of —1 m, placed 3 cm apartpolarizer, and split into its two mutually orthogonally polar-
The mirrors are coated for an optimum reflectivity at 810ized componentgextinction of 10 °). The axis of this Glan-
nm, with a quoted reflectivity of better than 0.99@9ew-  Laser analyzer can be oriented relative to the polarization
port, SuperMirrors The time constant that describes the direction of the incoming beam with an accuracy of 0.1°.
decay of the light in the empty cavity in our setup is aroundSince the photomultiplier tub€®MT’s) cannot be placed in
350 ns, corresponding to an effective absorption path lengtthe neighborhood of the Bitter magnet, the light is coupled
of 105 m(for one7) and an effective reflection coefficient of into 13-m-long fibers which are connected to the PMT’s.
R~0.9997 in the spectral region of the-Q0 transition of The signals of both PMT’s are amplified and displayed on
the atmospheric band of molecular oxygen around 762 nnma fast(10 ng and high-resolutior(ten bif digital oscillo-
The decay constant of the empty cavity is independent of thecope(LeCroy 9430. At every wavelength position about 20
applied magnetic field. transients, every transient recorded over au$-duration

The mirrors are mounted on a short tube, in a fixed positime interval, is summed on the 16-bit on-board memory of
tion relative to each other. This short cavity is placed insideghe oscilloscope and read out by a personal computer via a
an 84-cm-long cell, which is inserted in a Bitter magnet withGPIB interface connection. The characteristic ring down
a bore of 3.1 cm. The axis of the cavity is parallel to thetime 7 is determined by fitting the natural logarithm of the
magnetic-field lineg(Faraday configuration The cavity is data to a straight line, using a weighted least-squares fitting
positioned in the center of the magnet in a region where thalgorithm. Dispersion spectra are obtained by plotting the
field is rather homogeneous; the field at the position of thalifference between the cavity loss ratesc@)/ for the two
mirrors drops to 98.5% of the maximum field at the center ofpolarization directions as a function of wavelengti].

Ill. EXPERIMENTAL SETUP
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FIG. 4. PD-CRD dispersion spectrum in the region of the

PP(1,1) transition. Measurements are performed with 200 mbar of

oxygen in a magnetic field of 1.5 T. The magnetic field splits the

transition into two components. The two small dispersion curves

belong to the®0(1,2) transition, which becomes allowed through a
magnetic field induced mixing with th€P(1,1) transition. The
dispersion curves are labeled with the quantum numbers of th
X33, state.

In order to perform “conventional” CRD spectroscopy,
[22,23 the Glan-Laser analyzer is removed, and all light
exiting the cavity is focused onto the fiber which is con-
nected to a PMT. Optionally, by placing\d4 plate between
the Glan-Thompson polarizer and the entrance window o
the cell, circularly polarized light is created.

IV. RESULTS AND DISCUSSION
A. PD-CRD spectra
In Fig. 4, a PD-CRD spectrum of theP(1,1) transition
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FIG. 5. CRD spectrum of the central part of théX  (v=0)

—X 3EQ;(U:O) transition of molecular oxygen as function of the
magnetic field(in T). Right-hand circularly polarizedo(™) light
has been used to excite the molecules. The vertical scale is the same
Lor each spectrum, and has been omitted for cldsge Fig. 9. The

pectrum measured in the absence of a magnetic field is recorded
under different experimental conditions, in order to show the cor-
rect line intensities. The transitions from the=1, J=1, andM

=+1 level (around 13125 cm') andN=3, J=2, andM=+1
level of theX?’Eg(v=0) state toward th&N'=J"=2 andM’'=

+2 level of theblzg(v:O) state are indicated by the dashed
lines. The energy and the mixing coefficients of the wave functions
of both ground-state levels are shown, respectively, in Figs. 2 and

of molecular oxygen is shown, measured on 200-mbar oxy10.

gen in a magnetic field of 1.5 T. The magnetic field splits the

(N=1, J=1) level in theX33 (v=0) state into three
components labeled witM = —1, 0, and+1. Since the se-
lection rules in the Faraday configuration a1 = + 1, only
two transitions can be made to the£0, J=0) level in the

b lEg(u=0) state. It is evident that the spectrum of Fig. 4
can be obtained by subtraction of two dispersion curves ce
tered at the position of the two transitions, as we describe
previously[14]. At higher frequencies two weaker dispersion
curves are visible in Fig. 4, which arise from th©(1,2)

B. CRD spectra

CRD spectra of oxygen have been recorded with linear,
right-hand circularly polarized, and left-hand circularly po-
larized light as functions of the magnetic field. Figure 5
shows the spectra for right-hand circularly polarized light
(o), containing only transitions withM =+ 1. Only the
entral part of théy '3 ; (v=0)—X 3/ (v=0) transition is

isplayed. Three different kinds of spectral features can be
distinguished. First, there are features which rentaimos}
at the same frequency while increasing the magnetic field.

is forbidden sincedJ=—2. However in a magnetic field of 0.9 cm Y/T to higher frequency. Third, there are features
1.5 T the eigenfunction of the ground-state level denotedvhich appear and disappear as the magnetic field increases.

with (N=1, J=2) has 10% =1, J=1) character, and
the PO(1,2) transition thereby gains intensity. Therefore, it
is expected that the intensity ratio of th&P(1,1) and

The latter features are mainly located in the central part of
the spectrd13118-13119 cm?). Figure 6 shows the spec-
tra for left-hand circularly polarized light«{ "), containing

PO(1,2) dispersion curves is 9:1. However, the intensity ofonly transitions withAM = — 1. Again the same three spec-

the measured’P(1,1) dispersion curve is underestimated
because the bandwidth of the laser is only slightly smalle
than the linewidth of the dispersion cur&3]. The steps in

tral features can be distinguished, although the features
which shift as function of the magnetic field now shift to
lower frequency. The CRD spectra measured with linear po-

the baseline of the spectrum are due to nearby transitionarized light contain transitions witAM=*1 and are not

which still have a significant contribution in the region of the

shown here, since they can be obtained by direct summation

PP(1,1) line, since dispersion curves extend over large spe®f the spectra measured with right- and left-handed circularly

tral regions.

polarized light(vide infra).
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FIG. 6. CRD spectrum of the central part of tbéEg(v:O) FIG. 7. CRD spectra of molecular oxygen at 20 T: the measured

—X33(v=0) transition of molecular oxygen as function of the spectrum with<_r+ polarized light(a), the measured spectrum with
magnetic field(in T). Left-hand circularly polarizedd™) lighthas @ Polarized light(b), the sum of the spectra shown @ and (b)
been used to excite the molecules. The vertical scale is the same fgivided by 2(c), the measured spectrum with linearly polarized
each spectrum, and has been omitted for claige Fig. 9. The I!ght (d), and the _S|mulat|on_of the spectrum with linearly polarized
spectrum measured in the absence of a magnetic field is recorddght (€). The vertical scale is the same for each spectrum, and has
under different experimental conditions, in order to show the cor-Peen omitted for claritysee Fig. 9.

rect line intensities. The transitions from the=1, J=1, andM . o .
=+1 level (around 13125 cm') andN=3, J=2, andM=+1  decay time of thex™ light. Now the transient measured at

level of theX S ; (v=0) state toward th&l’=J'=2 andM’=0 the exit of the cavity is a sum of two transients with different
level of theb 'Y (v=0) state are indicated by the dashed lines.decay times, and is no longer a single exponentlally decz_iylng
The energy and the mixing coefficients of the wave functions ofcurve. In the measurement procedure all transients are fit to a
both ground-state levels are shown, respectively, in Figs. 2 and 1@ingle exponential curve, and therefore the decay time will
be overestimatedand thus the absorption will be underesti-
Comparing the spectra from Figs. 5 and 6 shows that thenated. In Fig. 8, a calculation of this effect is shown. The
polarization state of the light inside the cavity remains wellobserved absorption, i.e., the absorption deduced from the
defined, since there exist strong features that are present ifhg-down transient, is calculated as function of the real ab-
the o™ spectra and that are totally absent in the spectra  sorption. The biexponential transient has been fit using our
(and vice verspa Therefore, it is concluded that CRD spec- standard weighted least-squares fitting algorithm, using a
troscopy can well be performed witftircularly) polarized time window of three times the decay time in the absence of
light, which thereby can be used to simplify spectra. absorption. If the absorption is very strong, all the light of
Figure 7 shows the CRD spectra at 20 T measured Wwitlone polarization component is absorbed, and the decay time
o*, o7, and linearly polarized light. In addition, the sum of of the unabsorbed component is obser{eging the decay of
theo’ ando™ spectra(divided by 2 is shown. This sum the empty cavity. No absorption is measured in that case. It
spectrum should be identical to the spectrum measured witis seen that there are already deviations at an absorption of
linearly polarized light, but, although all features can be5% of the cavity losses of an empty cavity. It is therefore
found in both spectra, it is seen that the intensity of strongconcluded that care has to be taken in the interpretation of
features which arisesolely from AM=+1 or AM=-1 the data recorded with linearly polarized light. This effect of
transitions are underestimated in the measured spectrumanderestimating the absorption is similar to the case of mea-
This is an experimental artifact that can be understood asuring a spectral feature with a spectral width which is
follows. The linearly polarized light can be decomposed intosmaller than the linewidth of the lasg#3]. In that case, only
an equal amount of " and o~ polarized light. If there is part of the light that is coupled into the cavity is absorbed,
no absorption by the molecules in the cavity, the transienand the recorded transient is a multiexponentially decaying
measured at the exit of the cavity consists of the sum of twa@urve. Note that the present effect is also present, however,
(" ando ™) transients with the same decay time, and is avhen the laser linewidth is infinitely small.
single exponentially decaying curve. Suppose the laser fre- With the theory presented in Sec. Il, we have simulated
guency is centered on AM=+1 transition. Only the the spectra at all magnetic fields. Examples are shown in
o* light can be absorbed in this case. Therefore, the decalfigs. 1e) and 9. It is seen that the strongest transitions are
time of thes™ light in the cavity will be shorter than the underestimated. This is due to the linewidth eff&3], since
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FIG. 10. The amount of,J character (i,%,J) in the wave func-
tion of theN=1, J=1, andM=+1 (lower panel andN=3, J
=2, andM = +1 (upper panellevels of theX 32;(1;:0) state is
plotted as a function of the magnetic field. Both levels are indicated
in the energy-level diagram of Fig. 2. The transitions from these
two levels towards th&l’'=J"=2, M'=+2, andM’=0 levels of
theb 1Eg(u=0) state are marked in the spectra of Figs. 5 and 6.

the linewidth of the laser is only slightly smaller than the
linewidth of the rotational lines. The agreement between the
simulated and experimental spectra is very good for all mag-
netic field strengths used. Since the energy levels in the
b 12;’ state are not affected by the magnetic field, we can
“project” the energy-level scheme onto the spectra. It is
clearly seen that the features in Figs. 5 and 6 which are
hardly affected by the magnetic field are described by(8q.
with Ms=0, and the features which shift are described by
Eq. (9) with Mg=*1.

The energy-level diagram of Fig. 1 shows also five per-
turbations(avoided crossingsat 8, 14(three perturbations
and 20 T. These magnetic fields are just those where the
spectra(Figs. 5 and § show the third kind of spectral fea-
tures: the ones who appear and disappear. To illustrate the
shifting of the lines, two transitions have been marked in
Figs. 5 and 6: the”Q(3,2) and "R(1,1) both originating
from theM” = +1 sublevel. Both transitions go to the same
upper level N'=J'=2 andM’'=+2 in Fig. 5, andN'’
=J'=2 andM'=0 in Fig. 6), thus their relative frequency
directly reflects the relative position of the ground-state en-
ergy levels which is shown in Fig. 2. Figure 10 shows the
mixing of the wave functions of these levels as a function of
the magnetic field. At low magnetic fields dllevels within
one N multiplet interact with each other. At higher fields
there is a strong interaction between tRe=1 and N=3

(b) polarized light. For clarity, the calculated spectra are shiftedmultiplets, since their energy difference becomes smaller. At

upwards.

fields higher tha 8 T the dominant character of both levels is
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FIG. 11. The calculated spin part of the molar magnetic suscep- FIG. 12. Alignment of an ensemble of oxygen molecules as
tibility ( xspi) Of molecular oxygen as function of the magnetic-field function of the temperature for a magnetic field of 0, 1, 3, 5, 10, and
strength for various temperaturésolid lines. The dashed lines S50 T.
represent the values gf,, calculated with Curie’s laWEg. (13)].

The inset showg(eyn at 300 K. lines. From the figure it is seen that Curie’s law can be

applied well for high temperatures and low magnetic-field
hstrengths. At low temperatures, where only a few rotational
vels are populated, the deviation from Curie’s law is sub-
tantial.

The molar magnetic susceptibility describes the magnetic
response of the oxygen gas, and can be used to calculate the
force exerted on the gas by an inhomogeneous magnetic

Since both the frequencies and intensities of all rotationafield. However, it does not provide information on a possible
transitions of thed 1zg+&x 325 band can be described ac- alignment of the molecules in a magnetic field. The expec-
curately with the theory of Sec. II, we can use this theoreticatation value of co®, whereg is the angle between the mo-
framework to calculate the spin contribution to the molarlecular axis and the external magnetic field, is used to de-
magnetic susceptibility. This spin part is the dominant con-scribe the alignment of the molecule in a specific rotational
tribution to the magnetic susceptibility. Although other partslevel [25]. By averaging over all internal states that the mol-
(e.g., the diamagnetic tepraontribute to the measured molar ecules can be in, a measure for the alignment of the ensemble
magnetic susceptibility as well, those contributions are in theé?f 0xygen molecules is obtained. If there is no alignment, the
order of a few parts per thousand at room temperd2@  expectation value of cd8 is equal tos. In Fig. 12, the
Following Van Vleck’s classic work on susceptibilitieg4],  alignment parametei25] (3 co$6—1)/2 is plotted as func-
the spin part of the susceptibility can be obtained from thdion of the temperature for various magnetic fields. The tem-

exchanged. At about 14 T both levels interact strongly wit
two other levels, resulting in a change of relative energy an
in a change of the mixing coefficients.

C. Magnetic susceptibility and alignment

averaged magnetic dipole moment: perature influences the alignment via the population distribu-
tion over the rotational levels.
E (uye BT Such an alignment was first reported by Slenczka,
No 4 Ki Friedrich, and Herschbach for jet-cooled ICI molecules,
Xspin= g — (1) which were laser excited to th&®ll, state in a magnetic
> e EilkT field of 0.8 T[16]. In their paper about the possibility of
I

aligning paramagnetic molecules, Friedrich and Herschbach
. - [15] explained that pure Hund’s cal® molecules in a state
whereN, is the Avogadro numbeH the magnetic field, the with A=0 are not amenable to magnetic alignment, since

sum s t?ke” over all energy Ieve_tlsw_th energyE; , gnd _the neither the total electron sp®nor the projection of the total
expectation value of the magnetic dipole moment is given b%lectron angular momentum on the molecular aXigoro-
() =(Wi|(—9sBS,)|¥)). (120 Vides a grip on the molecular _axis..'lfhaé32§ state of
O, has a large spin-spin interaction arising from the interac-
Usually the expression fogspin is approximated by Curie’s tion of the magnetic dipole moments of the two unpaired

law [20,24] electrons. This spin-spin interaction tends to align the spins
along the internuclear axis as in Hund's céae[26]. There-
NogiB?S(S+1) fore, theX 33 state cannot be described as a pure Hund’s
Xspin— 3kT ’ (13 case(b). In high magnetic fieldS couples to the field, and,

due to the spin-spin interaction, the field gets a grip on the
since evaluating Eq(11) requires the exact energies and molecular axis. Thus several rotational states may become
wave functions of all occupied energy levels. In Fig. 11 thependular states in high magnetic fields. The curves in Fig. 12
calculatedys, is shown as function of the magnetic-field show that at low temperatures, which can be readily obtained
strength for various temperatures using both the exact exn supersonic jet expansions, an appreciable alignment is pre-
pression[Eq. (11), solid line§ and Curie’s law(dashed dicted.
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V. SUMMARY The matrix elements fos, are
In this paper it is demonstrated that sensitive direct ab- 2
sorption spectroscopy can be applied via PD-CRD and CRD (Q,3,M |SZ|Q,J,M>=J(J—+1), (A1)

spectroscopy in short cavities in environments that are diffi-
cult to access, like inside a high-field magnet. PD-CRD spec- 2 M2y (32— 1) ]2
troscopy has been used to record well-resolved dispersion (Q,J-1M|S,|Q,3,M)=0 ( ) )]
spectra of thé 'S5 (v =0)«—X 3% (v=0) transition, theA R " J%(43%2-1) '
band, of molecular oxygen. CRD spectra of théand have (A2)
been measured with linearly and circularly polarized light as

function of the magnetic field. It is shown that the polariza-

tion state of the light is notor hardly affected by the mir- <Qi1’J’M|Sz|Q'J'M>=mv (A3)
rors of the cavity. Therefore, circularly polarized light can be

used in the CRD setup to simplify the measured spectra. (Q*1,J-1M|S,Q,3,M)

Care has to be taken in the interpretation of the results when

linearly polarized light is used, as this might lead to a sys- (J2-=M3ITQ)IFQ-1) 12
tematic underestimate of absorptions that are exclusively in- == > 2 (A4)
duced by left-or right-handed circularly polarized light. A 23°(4°-1)

theoretical description for calculating the transition frequen-T
cies and Ilne intensities for thle<—X system of oxygenis .4 Strandber{20].

given, and is shown to be valid for magnetic fields up to 20 The matrix elements for the transition moments are
T. It is shown that molecular oxygen can be aligned in such

high magnetic fields. This is a nice example of a molecular

system in which the alignment is caused by the spin-spin (0J,M=*=1|M,|Q,J,M)=C,
interaction via a coupling of the spin angular momentum to

(JFM)I=M+1)|¥2

4J(J+1)

the magnetic-field direction. (A5)
(0J+1M*+1|M||Q,I,M)
ACKNOWLEDGMENTS
_ . ) _ FO[IEM+1)(IEM+2)I(I+1)|V?

The authors would like to thank Andnean Roij for his =C, 311 420+ 1)(23+3) , (AB)
excellent technical assistance. This work was part of the re-
search program of the “Stichting voor Fundamenteel Onder- _ .
zoek der MateridFOM),” which is financially supported by (0-1M=1|M|2,J.M)
the “Nederlandse Organisatie voor Wetenschappelijk Onder- FQ[IF=M)IFM-1)J(J+1) 12
zoek(NWO),” and receives direct support by NWO via PI- =( — m
ONIER Grant No. 030-66-89. I A2)-1)(23+1)

(A7)

APPENDIX where () can take the values -1 andl. If the light is

In this appendix the matrix elements 85, My, M, linearly polarized, the, =My andCy=M/+/2 [note that
andM _ are presented on a Hund’s cag basis. The ex- M is the magnetic dipole moment defined in E0), while
ternal magnetic field is taken along tEeaxis. The matrix M is a quantum numbgrlf the light is o* polarized, then
elements of the direction cosines have been obtained frodvl, =M, , C. =M, and only the upper signs are tak@mly
Refs.[27,28. This phase convention is consistent with Eq.AM = +1 transition$. If the light is o~ polarized, therM,
(5) [17,27,29. Note that only the basis function®,J,M), =M _ andC_= M, and only the lower signs are takémnly
with Q=-1, 0, and 1 exist. AM=—1 transitions.
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