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We here theoretically outline and experimentally demonstrate that polarization spectroscopy can be
combined with cavity ring dowrfCRD) spectroscopy, thereby retaining the specific advantages of
both techniques. Thblzg(v "= 2)<—X3E§(v”=0) transition of molecular oxygen around 628 nm

is used to demonstrate the possibility to selectively measure either the polarization-dependent
absorption or the resonant magneto-optical rotation of gas-phase molecules in the appropriate setup.
Just as in CRD absorption spectroscopy, where the rate of absorption is measured, in the here
presented polarization-dependent CREEHDCRD) detection scheme the rate of polarization rotation

is measured, which enables the polarization rotation to be quantitatively determined. Apart from
studying electro-optic and magneto-optic phenomena on gas-phase species, the PDCRD detection
scheme is demonstrated to be applicable to the study of magneto-optical rotation in transparent solid
samples as well. €1997 American Institute of PhysidsS0021-96067)00836-3

I. INTRODUCTION tion after spectrally dispersing the light exiting the cavity,
either in a monochromator or by using a Fourier transform
In 1988 O’Keefe and Deacon demonstrated a new direcgpectrometef:1°
absorption spectroscopic technique that can be performed The mode structure in the cavity influences the exact
with a pulsed light source and that has a significantly highetemporal profile of the light exiting the cavity=* Compli-
sensitivity than obtainable in “conventional” absorption cations associated with this effect can, however, largely be
spectroscopy. This so-called cavity ring do@W@RD) tech-  avoided when an optically stable cavity with a near-
nique is based upon the measurement of the rate of absorgontinuum of modes is usé High-resolution CRD absorp-
tion rather than the magnitude of absorption of a light pulse&ion spectroscopy can be performed when a tunable narrow-
confined in a closed optical cavity with a highfactor* The  pand continuous laser is coupled into the ring down cavity
advantage over normal absorption spectroscopy results frognd the intensity decay in the cavity is determined. The cou-
(i) the intrinsic insensitivity of the CRD technique to light pling of the narrow-band light into the cavity can be done via
source intensity fluctuations, arfi) the extremely long ef- |ocking the laser to the cavity, or, more straightforward, by
fective path lengthémany kilometersthat can be realized in  ysing the accidental coincidences of the frequency of the

stable optical cavities. modes of theunstabilized ring down cavity with the laser
Since the technique is based on a pulsed measurementfjgquency'*1®

can be used in combination with pulsed molecular béafns In all the CRD experiments reported to date polarized
and it can also be used to study dynamical processes Vigser radiation has been used for absorption measurements.
time-resolved absorption measurements long as mirrors By putting a polarization selective optical element in front of
with a sufficiently high reflectivity, detectors with a suffi- the detector, it should in principle be possible to measure the
ciently fast time response, and tunalpelised light sources  gptical rotation of the plane of polarization of the incoming
are available there is no intrinsic limitation to the spectralyggm upon passage through the ring down cavity. With a
region in which CRD can be applied. By now, successfulyo|arization analyzer that selects radiation polarized parallel
application of CRD spectroscopy has been demonstrateg that of the incoming beam placed in front of the light
from the uv part of the spectrufiio the ir spectral regiofi”  getector, in addition to the “normal” absorption, rotation of
The application of CRD is most straightforward if it can be o plane of polarization in the ring down cavity will be

assumed that the linewidth of the light source can be negetected as an apparent absorption, i.e., as a shortening of the
glected relative to the width of the molecular absorption. 'tring down time. With the analyzer rotatégimos) 90° rela-

has been shown, however, that if this assumption iS NGy to the plane of polarization of the incoming beam, there

longer valid, one can still extract the correct absorption cosii still be shortening of the cavity decay time due to ab-

efficient from the measured transients, provide%rt%he spectrdlomtion but optical rotation will cause a time-dependent in-
intensity distribution of the light source is known.As & = (rease in the detected signal, i.e., it will appear as an appar-
consequence, it has bgen experimentally demonstrated that; lengthening of the ring down tim@cavity ring up”).

one does not necessarily need a narrow-band pulsed laser\ighen nhoth signals are measured simultaneously, one can
perform a CRD experiment. One might just as well use gjiscriminate between the effects of absorption and optical
polychromatic light source and extract the spectral informasqiation.

Magnetic rotation spectroscop§based on the Zeeman
dElectronic mail: richarde@sci.kun.nl effect, is a zero-background absorption technique that is con-
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siderably more sensitive than direct single- or double-beanmtensity inside the cavity decays exponentially in time with
absorption. This technique has been applied to a variety od decay constant, the “ring down time,” given by
paramagnetic species, and the resonant magneto-optic spec-

trum of the v’=0<v"=0 transition of the atmospheric d

band of molecular oxygen has recently been repofiathe = W @
sensitivity of the technique can in principle be increased by

multipassing through the sample polarization rotates fur-  eraq is the optical path length between the mirrarss the
ther with each traversalin practice, however, multipassing gpeed of light, and is the reflectivity of the mirrors. IR is
is often found to be limited by the deterioration of the degree,|ose 1o unity, the approximatiom=d/c(1—R) can be
of polarization with each mirror reflectior:?° made. ’
In this paper we report the first experimental demonstra- ¢ there is additional loss inside the cavity due to the

tion of the combination of polarization spelctrSSCf)py With 5resence of absorbing and light scattering species, the light
cawgy _ng down  spectroscopy. Theb=2y(v'=2)  jntensity inside the cavity will still decay exponentially in
—X24 (v"=0) magnetic dipole transition of molecular ime provided the absorption follows Beer's law. It can be

oxygen around 628 nm is used to demonstrate the possibility,own that in this case the ring down transient is propor-
to selectively measure either the polarization dependent akyn4) to-

sorption or the resonant magneto-optical rotation. The
polarization-dependent CRIPDCRD detection scheme w
outlined here offers a significant improvement in sensitivity |CRD(t)°<f I(v)e V") dy, 2
and utility over the individual methods. In contrast to most 0
other schemes for polarization spectroscopy, the PDCRD . o )
scheme is not completely background-free, and is therefor@herel (v) is the spectral distribution of the light that makes
not overly sensitive to the above-mentioned deterioration oft into the cavity and where{(») is given by
the degree of polarization upon multipassing through the
cavity. A theoretical analysis of the expected ring down tran- _ d
sients in PDCRD spectroscopy is given. In the Voigt con- )= c(In R(»)|+=;0i(v) fIN;(x)dx)
figuration (external magnetic field perpendicular to the axis
of the cavity the detection limit for molecular oxygen is and the sum is over all light scattering and absorbing species
lowered by more than an order of magnitude in the PDCRDyith frequency-dependent cross sectiangr) and a line-
setup relative to the “conventional” CRD setup. In addition, integrated number densitygNi(x)dx. The product of the
there is a sign-difference for absorptions polarized parallefrequency-dependent absorption cross section with the num-
and perpendicular to the magnetic field, which aids considber densityN;(x) is commonly expressed as the absorption
erably in the assignment. In the Faraday configurat®a  coefficientk;(»,x). In an experiment it is most convenient to
ternal magnetic field parallel to the axis of the cayithe  record 1¢7(v) as a function of frequency, i.e., to record the
experimental arrangement can be made such that one is etal cavity loss as a function of frequency, as this is directly
clusively sensitive to optical rotation, and no effect(pb-  proportional to the absorption coefficient, apart from an off-
larization dependep@bsorption is observed. In the PDCRD set which is mainly determined by the finite reflectivity of
detection scheme, the rate of polarization rotation is meathe mirrors.
sured, which enables the rotation to be quantitatively deter- \When a linearly polarized laser beam traverses the me-
mined. In the experiments presented here a noise-equivalegifum in the cavity, the intensity of the light can decay due to
polarization rotation of 10° rad/cm is demonstrated. Apart absorption and, if a magnetic field is present, the plane of
from studying electro-optic and magneto-optic phenomengolarization can rotate due to dispersion, i.e., due to different
on gas-phase species, the PDCRD technique is shown to Relocities for different polarization directior(snagnetic cir-
applicable to the study of optical rotation of transparent soliccular birefringence If the absorptions are polarization de-
samples as well. pendent, these will also lead to an effective rotation of the
plane of polarizatiorimagnetic dichroism
In the description given below, we assume that the re-
Il. THEORY flectivity of the mirrors is independent of polarization and
that the mirrors do not cause any optical rotation by them-
In a typical CRD experiment a short light pulse is selves. In addition, we assume that an ideal polarizer is used,
coupled into a stable optical cavity, formed by two highly both to define the plane of polarization of the incoming beam
reflecting plano-concave mirrors. The fraction of light enter-and to analyze the polarization of the light exiting the cavity.
ing the cavity on one side “rings” back and forth many Itis also assumed that polarization-dependent absorption and
times between the two mirrors. The time behavior of theoptical rotation is homogeneous over a lenigghd. The ex-
light intensity inside the cavitycgp(t), can be monitored by tension to more realistic situations is straightforward and in
the small fraction of light that is transmitted through the presenting the experimental results, we will briefly discuss
other mirror. If the only loss factor in the cavity is the re- the (minor) influence of the actual deviations from this ideal
flectivity loss of the mirrors, one can show that the light situation.

()
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A. The Voigt configuration 1 1

|
—_—— + J— —
In the Voigt configuration a homogeneous magnetic field ~ c74 (v) c7o  d coS¢p) [cos ¢e)COS b~ p)

B is applied perpendicular to the axis of the cavity over a . .
length |. The plane of polarization of the incoming laser X ky(v) —sin(¢g)sin(dp— ¢p)k (v)]. (6)
beam makes an angte; with the direction of the magnetic ) ) ) )
field. In the magnetic field we distinguish between absorp-  !f the time dependence of the light intensity along two
tions induced by light that is either polarized parallel or per_mutually orthogonal_ polarization directions |s_measured Si-
pendicular to the magnetic field, having absorption coeffimultaneously, the difference between the cavity losses mea-
cientsk,(v) andx, (v), respectively. Similarly, a distinction Sured for either direction is given by
is made between the refractive index for light that is polar- .
ized either paralleln,(v)] or perpendiculafn, (v)] to the 1 1 _ I sin(2¢g) [ki(v)— K, ()]
magnetic field. If the total integrated light intensity exiting ~ CTy (¥) CTg ioo:(¥) dsin2¢p) """ +
the cavity is measured as a function of time, i.e., when CRD (7)
detection without polarization selection in the detection step
is performed, the expression forck(v) is given by and this quantity can be accurately experimentally deter-
mined. Compared to “conventional” CRD absorption spec-
1 1 I . troscopy there is a gain in intensity by a factor
[ki(v)cOS' dg+ K, (v)sint dgl,  (4) sin(2¢g)/sin(2¢p), and there is a sign-difference between ab-
sorptions polarized parallel or perpendicular to the external
where 1¢7, represents the remaining, polarization indepen-nagnetic field. In addition, most of the “noise” in the spec-
dent, cavity losses. As expected, any polarization rotatiorum of 1£7(») versus frequency, noise that is probably as-
that might occur in the magnetic field will not be noticed in sociated with variations of the mode structure in the cavity,
this case. is experimentally found to be identical in either polarization
When of all the light exiting the cavity only the polar- direction, and therefore cancels out in the difference signal.
?zation cpmpongnt that makes an anglg with the incom—_ B. The Faraday configuration
ing polarization is detected, the time dependence of this light

cr(») cre  d

intensity will be given by(see the Appendix In the Faraday configuration a homogeneous magnetic
field B is applied parallel to the axis of the cavity over a

Ly clt cog ¢p) lengthl. The linearly polarized incoming laser beam is now

Lo (v, ) =lge" "™ CO§(¢D)_T to be viewed as the sum of equal amounts of right- and
left-circularly polarized light. In the magnetic field we dis-

X [cog ¢pg)cod pp— dp) ky(V) tinguish between absorptions induced by either one of the

— Sin( ) SN by — ) k. (1)] circularly polarized components, having absorption coeffi-

cientsk, (v) and x_(v), respectively. Similarly, a distinc-
1. ) tion is made between the refractive indices(v) andn_(v)
) Sin(2¢g)siN(2(¢p— ¢s)) for right- and left-circularly polarized light. If the total inte-
grated light intensity exiting the cavity is measured as a
1—c05< w|t(”|(V)—nL(V)))

X

function of time, the expression ford#(v) is given by
d

}, (5)

1 1 I
where it is assumed that a total light intendigyis transmit- crv) C—TO+ og e+ +x_(v)]. 8
ted through the end mirror at time=0, and where it is

assumed that both the polarization-dependent absorption angso in this configuration, any polarization rotation will not
the optical rotation is small, such that the term involving pe noticed when there is no polarization selection in the de-
their product can be neglected. In the above formuila the  tection step.

angular frequency of the light. When the analyzer and the  \hen of all the light exiting the cavity only the polar-
polarizer are exactly crossed, only the last term remains ifzation component that makes an anglg with the incom-

the above formula yielding a ring down transient that con-jing polarization is detected, the time dependence of this light

tains the product of an exponentially decaying part and a pahtensity will be given by(see the Appendix
that, for small overall rotations, rises quadratically with time.

In practice, however, there will always be a non-negligible 1
fraction of polarization distortion due to mirror imperfec- |¢D(V’t):Z loe™™0
tions, etc., and it is more realistic to look at angiis close

e~ K+(V)C|’[/d+ e k_(v)clt/d

to, but not identical to, 90°. For this situation, the terms (ks ()4 6 ()cltizg

containing the polarization-dependent absorption will domi- +2e cos 2¢p

nate and the dispersion term can in first order be neglected.

For weak absorptions, the ring down transient is observed to N wlt(n, (v)— ”—(V))) ©
be again an exponentially decaying function of time, with: d '
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FIG. 1. Schematic view of the experimental setup. Pulsed narrow-band laser radiation is coupled into an optically stable ring down cavity. Prior to entering
the cavity, the light passes through a Glan—Thompson polai@gy. The light exiting the cavity is split by a Glan—Laser polari¢ét) into two mutually
orthogonally polarized components that are recorded independently. The measured magnetic field strength along the axis of the cavity is indicated in the inset
both for the Voigt and for the Faraday configuration. In the Faraday configuration for the solid sample, two Helmholtz coils are used to create the magnetic

field.

In the limit of weak absorptions, and for small values of PDCRD the rate of optical rotation is measured, and this
the overall polarization rotation this expression again repreenables the optical rotation to be put on an absolute scale.
sents a single-exponentially decaying transient with

1 _ 1 e te-() Iil. EXPERIMENTAL SETUP
C’T¢D(V) CTo 2d

A schematic representation of the experimental setup is
ol(n (v)—n_(v)) depicted in Fig. 1. Pulsed narrow-band laser radiation is ob-
+ od tan(¢p). (10 tained from a pulsed amplified single-mode cw ring dye laser
system. The laser system runs at 10 Hz and delivers 5 ns
This implies that there is always a contribution from the duration pulses with approximately 1-10 mJ of energy. The
polarization-dependent absorption in addition to a contribufyl width at half maximum of the spectral profile of the laser
tion due to optical rotation. By making the anglg close to  pulse is about 100 MHz, close to the Fourier transform limit.
90°, the effect due to optical rotation is enhanced relative taContinuous, mode-hop free scans, can be made over
the effect of polarization dependent absorption. If the time1 5 cnit in the visible region of the spectrum. The absolute
dependence of the light intensity along two mutually or-frequency of the cw laser is determined via simultaneous
thogonal polarization directions is measured simultaneouslymeasurement of the absorption spectrum of molecular iodine
the difference between the values foc4(v) found for the  in a room-temperature cell. To be able to linearize the spec-
two directions is solely determined by the dispersion term¢ra| scans, the transmission spectrum of a Fabry—Péatutre

and is given by with a free spectral range of 299 MHz is recorded simulta-
1 1 20l neously.

- = - [ni(v)—n_(v)]. The ring down cavity is formed by two plano-concave

C74(¥)  CTypron(¥)  Cd SIN2p) mirrors with a diameter of 25 mm and a radius of curvature

(11 of —1 m, placed at a distance slightly less than 50 cm apart.
In this setup one is therefore selectively sensitive to polarThe mirrors are coated for an optimum reflectivity at 620
ization rotation, a quantity that cannot be measured in “connm, with a quoted reflectivity of better than 0.9969ew-
ventional” CRD spectroscopy. As in CRD absorption spec-port, SuperMirrors The mirrors act at the same time as win-
troscopy, where the rate of absorption is measured, imlows for the closed-off pyrex cell, which is filled with pure
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molecular oxygen(5—420 mbayr for the experiments re- b's *

ported here. In selecting the mirrors it is crucial to have |

coatings that do not deteriorate the degree of polarization of | M,=
the light inside the cavity to a large extent. Many of the

multilayer reflection coatings are actually optically active

and will slightly rotate the plane of polarization on every

reflection. The degree to which this occurs depends on de-

tails of the production process for the mirrors. Before enter-

ing the ring down cavity the incoming laser beam passes

through a Glan—Thompson polarizer with an extinction of y
10"°. In the Voigt configuration, an electromagri&pectro- 0.6 r i - /5 » M,=+1
magnetic Industrigscapable of producing magnetic fields up T XE Y

to 0.68 T is used and the polarization of the incoming beam
relative to the direction of the magnetic field, i.e., the angle 0.4
¢p, can be set with an accuracy of about 1°. The magnetic ] M =0
field is homogeneous over a length of 12 cm, and drops on L/
either side to zero field over a distance of several cm. In the 0.2 d
Faraday configuration an electromagnet with a 10 cm diam-
eter bore and a length of 27 cm is used. With this magnet,
only fields up to 0.02 T could be produced. In the inset of
Fig. 1 the experimentally determined magnitude of the mag-

netic field along the axis of the ring down cavity is shown for _
both the Voigt and the Faraday configuration.
The light exiting the ring down cavity is passed through M,=—1

a Glan-Laser polarizer, and split into its two mutually or- -0.4 }
thogonally polarized componentextinction of 10 °). The 00 02 o0z o
axis of this Glan—Laser analyzer can be oriented relative to
the polarization direction of the incoming beam with an ac-

curacy of 0.1°. In order to ensure that all transverse modes _ . o
are detected with equal probability the two photomultiplierF'G' 2. Calculated Zeeman shift as a function of the magnetic-field strength

. for theJ=1, N=1 rotational level in the&3%_ (v=0) ground state of°0,.
tubes(PMT) that are used to measure the ring down tran- g(v=0)g 2

- J The three AM components of the”Py(1) line of the b'S; (v’
sients are placed close to the analyzer. The signals of boths). x5 (,7=0) band, located at 15 899.55 ciunder field-free con-
PMTs are amplified and displayed on a fékd n9 and high-  ditions, are schematically indicated.

resolution (10 bit) digital oscilloscope(LeCroy 9430. At

every wavelength position some 50 transients, every tran-

sient recorded over a 2@s duration time interval, are fig|d strengtt? It is observed that in fields larger than 0.2 T
summed on the 16-bit on-board memory of the oscilloscopgnere is a significant contribution from the second-order Zee-
and read out by a PC via a GPIB interface connection. Thenan effect, resulting in a measurable shift of all the three
characteristic ring down time is determined by fitting the Am transitions from their field-free position. It is assumed
natural logarithm of the data to a straight line, using aghat the Zeeman shift in the electronically excited state can
weighted least-squares fitting algorithm. The time constange neglected. To explicitly demonstrate the species selectiv-
that describes the decay of the empty cavity in our setup iﬁy of the PDCRD technique, a small amount of water vapor
around 9us, corresponding to an effective reflection coeffi- (several mbaris leaked into the ring down cavity as well,
cient of R~0.9998 in the spectral region of the-20 tran-  gnd the 4,345 rotational line of the (1,1,3)-(0,0,0) vi-
sition of the atmospheric band of molecular oxygen aroundy ational band of KO at 15899.045 cmi is recorded in the
628 nm. same spectral scafl.

\
N\

0.0

Zeeman-shift (cm ™)
)
N
L)

1 1 )

.6 08 1.0
magnetic field (Tesla)

A. The Voigt configuration

In Fig. 3 the CRD absorption spectrum of the;(1)

For demonstration purposes, all the spectra that we wiltransition as measured with 420 mbar of @ the cell is
show are those of théP,(1) line of the blig(v’=2) shown in the Voigt configuration, without polarization selec-
«—X%%,(v"=0) magnetic dipole transition in'®0, at tion in the detection step. In the upper part, measured in zero
15 899.55 cm*.?2 The PP,(1) line originates from either magnetic field, a single line is found with a full width at half
one of the three possibl components of thd=1 level in  maximum(FWHM) of 0.068 cm%, determined by the com-
the electronic ground state and ends up in the rotationledsined effect of Doppler broadeningGaussian line with
level of the electronically excited state. In Fig. 2 the calcu-FWHM of 0.035 cm!) and pressure broadenifigorentzian
lated Zeeman splitting of thd=1, N=1 level in the elec- with FWHM of 0.050 cm').2> With the magnetic field
tronic ground state is shown as a function of the magneticturned up to 0.68 T, CRD absorption spectra as measured for

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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q y(em ) FIG. 4. The PDCRD spectrum of thBP(1) line of the b'S; (v’

=2)<—x3297(U”=0) transition in*%0,, measured at a pressure of 400 mbar
FIG. 3. The CRD absorption spectrum of the,(1) line of theblﬁg(v’ in the Voigt configuration, withpg=45°. The polarization dependent cavity
=2)HX3EQ’(U”=O) magnetic dipole transition if®0,, measured at a loss spectra shown in the upper part of the figure are recordedgor
pressure of 420 mbar, without polarization selection in the detection step. Ir=95° and¢p=5°. In the lower part of the figure the difference between
(a) no magnetic field is applied. Itb)—(d) a magnetic field of 0.68 T is  the two spectra, showing exclusively the effect of polarization-dependent
applied in the Voigt configuration and the plane of polarization of the in- absorption, is shown together with the simulated spectrum according to Eq.
coming light makes an anglégz=0°, ¢g=90°, and¢pg=45° with theB (7). The line indicated with an asterisk is due to water absorption.
field, respectively. The line indicated with an asterisk is due to water ab-
sorption.

15 899.045 cm' is visible in the lower three spectra, with an
intensity that is obviously independent of the polarization
. o . angle that is chosen.

three different angles of the plane of polarization relative to gln Fig |4 the polarization-dependent CRD spectra of the
the direction of the magnetic field are shown, under otherpp (1) tra'msition are shown, measured with 400 mbar gf O
wise identical conditions. With the laser polarization parallelin tlhe cell and with a magnétic field of 0.68 T perpendicular
to the magnetic field, i.eg¢g=0°, only theAM==x1tran- 4 the cavity axis. In Fig. @) the cavity loss spectra as
sitions are seen to absorb, in agreement with the selectioncorged for two mutually perpendicular polarization direc-
rules for magnetic dipole transitions. With the laser polarizasions are shown. In this measurement the antids set to

tion perpendicular to the magnetic field, i.¢5=90°, only  45° and the polarization components that are almost perpen-
the AM =0 transition, which is about twice as strong as thegjcylar (upper trace;¢p=95°) and almost paralle{lower
M-changing transitions, is observed. In agreement with th@race;¢D=5°) to the plane of polarization of the incoming
expression given in Ed4), all AM transitions are observed heam are detected. The two spectra contain information on
when ¢g is set equal to 45°, albeit with a factor of 2 lower poth the polarization independent and the polarization-
intensity than in either of the two situations just mentioned.dependent absorptions, as described in &Y. In Fig. 4(b)

As the magnetic field does not cover the whole absorptionhe difference between the spectra for the mutually orthogo-
cell, there is always a remaining absorption at the field-freaal polarization directions is shown. This difference spec-
position. In addition, the water absorption line aroundtrum solely shows the polarization dependent absorptions, as
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described in Eq(7), taking ¢p=5°. The three individual

AM components in the 0.68 T field are indicated as such ir
the figure. The additional structure located at a frequenc
close to the frequency of the field-free position is due to.—~
transitions in the fringe fields of the magnet. As tkle=0
component shows a quadratic Zeeman shift, & =0
transition in the fringe fields causes a sharp peak rather the
being smeared out over a wide spectral range, as is the ca
for the AM = =1 components. Using the calculated Zeeman
shift of theAM components as indicated in Fig. 2, using the
measured strength of the magnetic field along the cavity axi
as shown in Fig. 1, and using the known Doppler and pres ’ !
sure broadening of £in the room-temperature cell, the ob-
served difference spectrum can be quantitatively reproduce
as shown with the dashed line in the figure. The vertical
scaling of the simulation is in agreement with the absorptior
coefficients as extracted from Fig.d3 multiplied by a factor
that is determined from comparing Eqg&l) and (7). The
absence of the water absorption peak from the differenc -
spectrum explicitly demonstrates the species selectivity o
the PDCRD detection scheme. It is seen in Fig. 4 that thi
baseline of the difference spectrum is not exactly zero, im
plying that there is a difference in lifetime for light polarized
in mutually orthogonal directions. This difference is causec
by the effective polarization rotation of the mirrors, which,
although causing an offset, hardly influences the detectio
sensitivity in the PDCRD scheme.

The noise-equivalent absorption detection limit in the
difference spectrum is found to be arountk 80~ ° cm ™%,
i.e., around 10° of the overall cavity losses. This is at least
a factor of 3 better than in the CRD spectra of the individuaIFIG 5. The PDCRD spectrum of thBPy(1) line of the biS* (v”
polqrization cqmponents, due to Canc_elation of SyStema“=2).e>.(32’(u"=0) transiﬁion in*60,, measared at a pressure of 4900 mbar
“noise.” Relative to the CRD absorption spectra that arej the Faraday configuration. The polarization dependent cavity loss spectra
also taken with¢pg=45° but without polarization selection shown in the upper part of the figure are recorded dgr=75° and ¢p
in the detection step, as shown in FigdB there is an addi- =-15°. In thg lower part of the figure the differe_nce betvyeen_ the two
tional gain i sensiiviy with a facor of 2Isin). i, @ eCis, o sl e sl o poareen D, | o
factor of 11.5 for¢p=5°. So apart from the species selec- cated with an asterisk is due to water absorption.
tivity and the advantage of getting a sign-difference between
absorptions polarized parallel or perpendicular to the exter-
nal magnetic field, there is a demonstrated overall gain imho longer resolved. Only thil-changing transitions can oc-
sensitivity of more than a factor of 30 in PDCRD spectros-cur in the Faraday configuration. In Fig(bp the difference
copy compared to “conventional” CRD absorption spectros-petween the spectra for the mutually orthogonal polarization
copy for this specific line in molecular oxygen. directions is shown. This spectrum solely shows the optical
rotation, as described in E@ll), taking ¢p=—15°. The
observed difference spectrum can again be quantitatively re-
produced in a simulatiofdashed curyein which the differ-

In Fig. 5 the PDCRD spectra of thé;(1) transition are ence of the dispersion curves for teM=+1 and AM
shown, measured with 400 mbar of @ the cell and witha =-—1 components, obtained via the Kramers—Kronig rela-
magnetic field of 0.02 T parallel to the cavity axis. In Fig. tions from the absorption curves of Fig. 3, is considered to be
5(a) the cavity loss spectra as recorded for two mutuallyresponsible for the observed signal. The peak intensity of the
perpendicular polarization directions are shown. In this measdifference signal corresponds to a polarization rotation of
surement the polarization components that are almost pef.6x 10’ rad/cm. The absolute value for the difference
pendicularupper traceigpp=75°) and almost parallglower  [n (v)—n_(v)] in refractive indices can be determined
trace; ¢p= —15°) to the plane of polarization of the incom- from this spectrum. From the spectrum a noise-equivalent
ing beam are detected. The two spectra contain informatiopolarization rotation of around 16 rad/cm corresponding
on both the polarizatiofin)dependent absorptions, as well asto an absolute polarization rotation of approximately 1.5
on the optical rotation, as described in E§0). In the low X 10 ° degree per passage through the sample is deduced in
magnetic field employed, the individuAIM components are our present setup.

cm

-6

cavity loss (10

_1)

cm

0.8

_difference signal (10

15899.0 15899.5 15900.0
frequency (cm™)

B. The Faraday configuration

J. Chem. Phys., Vol. 107, No. 12, 22 September 1997



Engeln et al.: Cavity ring down spectroscopy 4465

35.0 (=1.84x10* min of arc T'*m™1), which is in good agree-

, ment with values quoted for the Verdet constant of glasses as
reported in textbooks. At magnetic fields higher than 5 mT
ring down transients that significantly deviate from a single
exponentially decaying function are observed, in full agree-
ment with Eq.(9).

W
o
o

01) uonejol ‘jod

25.0

.-

V. CONCLUSIONS

It is theoretically outlined and experimentally verified
that polarization spectroscopy can be favorably combined
with cavity ring down spectroscopy. In the appropriate PD-
CRD detection scheme one can selectively measure either
the polarization-dependent absorption or the optical rotation.

15.0 L . . . . id 0.2 In the PDCRD experiments described here, the characteristic
0.0 20 4.0 6.0 decay times of the ring down transients for the light polar-
magnetic field (mTesla) ized in two mutually perpendicular directions are determined
independently. As one finally is mainly interested in the dif-
FIG. 6. The polarization rotation per passage as deduced from the PDCREgrence between the polarization-dependent cavity losses,
measurementsroa 2 mmthick BK7 sample as a function of the magnetic even better results are expected if the ratio of the individual
field (Faraday configuration The measurements are performed in vacuum ring down transients is fitted to an exponentially decaying
at a wavelength of 618.79 nm. . . .
curve. By carefully selecting the mirrors of the ring down
cavity, up to two orders of magnitude can be gained in de-
tection sensitivity in the PDCRD detection scheme relative

CRD absorption spectroscopy can also be applied oto the “conventional” CRD absorption detection scheme.
transparent solid samples, although to the best of our knowlfhe PDCRD detection technique presented here can be
edge no reports of this kind have appeared in the literaturanplemented in all fields were cavity ring down has been
yet. If an optically transparent sample is placed inside thaised up to now. PDCRD detection will for instance enable
cavity in such a way that all separate cavities are opticalljthe study of polarization-dependent kinetics. Multiplex
stable?? reflections from the surface of the sample will be PDCRD can be performed when a broadband excitation
captured again, and will not be noticed as overall losses frorsource is being used and when temporal and spectral analysis
the cavity. Compared to the empty cavity there will be addi-of the light exiting the cavity is combined. PDCRD detection
tional losses due to absorption in the solid as well as due toan also be performed with narrow-band continuous lasers,
reflections of the substrate that can no longer be captured yielding the ultimate spectral resolution. Even without tem-
the cavity. Wih a 2 mmthick optically flat BK7 window poral analysis of the light exiting the cavity, the combination
inserted in our ring down cavity, the overall loss per passf a stable optical cavity with a polarized narrow-band con-
through the substrate could be kept below 3,0even though tinuous laser can be a significant improvement over the stan-
the (uncoated substrate has a reflection of about 4% perdard multipass setup that is often employed in polarization
surface. These losses are still sufficiently low that sensitivespectroscopy. When the total, time-integrated light intensity
absorption measurements as well as sensitive polarizatioexiting the cavity through the analyzer at an andlg is
rotation measurements can be performed on these samplaseasured, the time integral of the expressions given for the
In order to avoid any interferences with surrounding @&  ring down transients is probed. This signal is inversely pro-
pecially oxygemn, the first polarizer, the ring down cavity portional to the cavity losses, and it is therefore straightfor-
with the sample and the coils that produce the magnetic fielevard to extract the polarization-dependent cavity losses. Us-
(see Fig. ] are placed inside vacuum. The length of theing the latter approach, spectra of thé,(1) line of
cavity is 19.0 cm, i.e., long enough that the ring down timemolecular oxygen have been recorded with a signal-to-noise
can still be accurately determined, and short enough that th&tio that is only slightly less, but with a spectral resolution
reflections from the surfaces of the sample stay inside théhat is intrinsically much better, than that of the spectra
cavity. The ring down time at =618.79 nm, and with the 2 shown in Figs. 4 and 5. Apart from studying electro-optic
mm thick BK7 sample in the cavity and no magnetic fieldand magneto-optic phenomena on gas-phase species, the
applied, was about 700 ns. The light that exits the cavityPDCRD detection scheme is demonstrated to be applicable
after 700 ns passed through the sample about 1100 times. ta the study of optical rotation in transparent solid samples.
Fig. 6 the difference in cavity loss for two mutually perpen-
d|cul_ar polarlzat!on .dlrect|0ns is showp as a function of theACKNOWLEDGMENTS
applied magnetic field, showing again an offset for zero
magnetic fields. The rotation is deduced using @4) with This work is part of the research program of the “Stich-
¢p=—15°. From the fit through the data points the Verdetting voor Fundamenteel Onderzoek der Mate{OM),”
constant of BK7 is determined to be 5.36rad"™ !  which is financially supported by the “Nederlandse Organi-
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satie voor Wetenschappelijk Onderzo@¥WO),” and re- 2. The Faraday configuration

ceives direct support by the NWO via PIONIER Grant No. A homogeneous magnetic fieR is applied parallel to

030-66-89. the axis of the cavity(the z axig). The linearly polarized
incoming laser beam is now to be viewed as the sum of equal
amounts of right- and left-circularly polarized light, respec-

APPENDIX tively, E* andE™:

In general the electric field vector of light linearly polar- Et=1E (x+iy)elen+ZcDgmri22 (A8)
ized in thex direction and traveling in th& direction is

represented by E-=1Ey(x—iy)elwn-Ze-tg-x-22 (A9)

E= Eoei(w‘—kz&_ (A1) If the light behind the cavity is measured without polariza-
. tion selection, the time dependence of the light intensity is
The relation between the wave vectoand the frequencw given by P g y

is commonly written akc/w=n+ik’, with n and k', re-
spectively, the index of refraction a2 and the extinction
coefficient at w. Using the absorption coefficient
=2wk'/c, Eq.(Al) can be written as ~|ge~ Vo= (WK, +r)elt/d (A10)

|(t) = Oeft/TO%[ekarclt/d_i_ e*K,Clt/d]

E=Ege “(Zc Vg~ Wakzy (A2) Ifasecond polarizer is used behind the cavity, only the com-

) _ ) ponent of the electric field that makes an anglg with

1. The Voigt configuration respect to the incoming polarization is transmitted:
Linearly polarized light enters a ring down cavity with .

its plane of polarization making an angfg with a magnetic Eyp=Ex COSép+Ey sin¢p. (A11)

field B that is oriented perpendicular to the propagation di- . . . N

rectionz of the light. The electric field components of the The intensity measured behind the analyzer is given by

incoming light that are oriented parallel and perpendicular to
B can be written as: Ly (D)= 2 lge Ur|e K+eltdy g wclid
EH: EO cos ¢Bei w(n”Z/C—t)e—(l/Z)KHZ, (A3) wlt
E, =E, sin ¢gele(ne-g-(12x.2 (A4) +2c0§2¢p+ 4 (N —n-)
If the intensity of the light that exits the cavity is analyzed Wk, 4 el
without any polarization selection, and using an absorption xe e , (A12)
pathlength of 2, and a roundtrip timeé=2d/c, one mea-
sures: which leads to Eq(9).

|(t):|0e7t/1'0[c052 ¢Befkuclt/d+sin2 ¢Be7KLC|t/d].
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