
w

m
a
m

Monolithic folded resonator for
evanescent wave cavity ringdown spectroscopy

Andrew C. R. Pipino

An optical resonator is characterized that employs both ultrahigh-reflective coated surfaces and total
internal reflection to enable cavity ringdown spectroscopy of surfaces, films, and liquids. The monolithic
folded design possesses a polarization-independent finesse that allows polarization-dependent phenom-
ena, such as molecular orientation, to be probed. Although a restricted bandwidth ~;15% of the design
wavelength! results from use of reflective coatings, the resonator provides high sensitivity and facile
operation. A minimum detectable absorption of 2.2 3 1026 was obtained for single laser shots by use of
multimode excitation at 530 nm with an excimer-pumped, pulsed dye laser.

OCIS codes: 230.5750, 240.6490, 300.1030.
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1. Introduction

In recent years, cavity ringdown spectroscopy1–3

~CRDS! has been applied widely for the measurement
of weak optical transitions and low number densities,
equaling or exceeding other optical absorption tech-
niques in sensitivity. CRDS utilizes the intensity
decay time or ringdown time of a high-finesse optical
cavity as the absorption-sensitive observable. Typ-
ically, the optical cavity is constructed from two or
more ultrahigh-reflective coated mirrors that have
appropriate spacing and radii of curvature to form a
stable resonator. A laser source excites one or more
cavity modes which then decay exponentially with a
ringdown time given by

t~v! 5
tr

+0~v! 1 +abs~v!
, (1)

here +0~v! and +abs~v! are the round-trip intrinsic
and absorption loss, respectively, and tr is the round-
trip time for light propagation in the cavity. Mea-
surement of the difference in the intensity decay rate
~}1yt! in the presence and absence of an absorbing

edium as a function of laser frequency yields the
bsolute absorption spectrum of the medium. The
inimum detectable absorption in CRDS can be ex-
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pressed as the product of the intrinsic loss and the
relative uncertainty in the ringdown time, or
~+abs!min 5 +0*~Dtyt!min, which separates approxi-
mately into cavity- and instrumentation-dependent
terms, respectively. Optimization of sensitivity in
CRDS is therefore achieved by one’s minimizing the
intrinsic cavity loss and measuring the ringdown
time with the highest possible precision. With a few
exceptions,6–11 CRDS has been applied mainly to gas-
phase diagnostics. The dependence of ~+abs!min on
the intrinsic loss presents a challenge for extension of
CRDS to surfaces and condensed media. New cavity
designs are needed that allow other states of matter
to be probed, while providing low intrinsic loss and
simplicity of operation.

Evanescent-wave cavity ringdown spectroscopy
~EW-CRDS!7–9,11 combines the properties of total in-
ternal reflection ~TIR!, including broad bandwidth,

ltrahigh reflectivity, and evanescent wave genera-
ion with CRDS, allowing sensitive condensed-matter
pectroscopy. The first demonstration of EW-CRDS
mployed a Pellin–Broca prism in a conventional
RDS cavity.7 Submonolayer coverage of adsorbed

iodine was detected by the change in ringdown time
arising from evanescent-wave absorption at a TIR
surface. However, the Pellin–Broca prism provided
moderate finesse only for a single polarization state,
which introduced a large intrinsic loss arising from
depolarization by residual birefringence and pre-
cluded the determination of molecular orientation at
the surface. In addition, because conventional
CRDS mirrors were used, the cavity possessed a nar-
row spectral bandwidth. Circumventing these lim-
itations, a TIR ring minicavity was employed for EW-
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CRDS, which has a broad bandwidth and a small
polarization-independent intrinsic loss.8,9,11 How-
ever, to excite the modes of the TIR ring cavity, pho-
ton tunneling is used, which requires precise
positioning of one or more coupling prisms. In the
following, a new monolithic resonator design for EW-
CRDS is demonstrated that employs both ultrahigh-
reflective coatings and TIR. For applications that do
not require a broad bandwidth, the design has sev-
eral advantages, including direct excitation by a
propagating wave, high finesse for both polarization
states, and simplicity of operation.

2. Cavity Design and Performance

Figure 1 shows a schematic diagram of the folded
resonator design, which is formed from a monolithic
solid of ultralow-loss optical material having a refrac-
tive index n1. Planar surfaces S1 and S3 are
ultrahigh-reflective coated surfaces, whereas convex
surface S2 forms a TIR mirror if ui . uc 5 sin21~n2y
n1!, where n2 is the refractive index of the ambient
medium. The resulting twin-waist, astigmatic res-
onator is stable if the spherical radius of curvature Rc
of S2 and the unfolded cavity length L satisfy the
ondition12

0 # S1 2
L

Rc cos ui
D2

# 1 (2)

in the tangential plane where the effective radius of
curvature Reff 5 Rc cos ui. Note that this condition
assures stability for the sagittal plane for which Reff
5 Rcycos ui. The ringdown time for this cavity is

Fig. 1. Schematic diagram of a monolithic optical cavity that
permits CRDS of surfaces, films, and liquids. Surfaces S1 and S3

of the monolithic solid are coated with an ultrahigh-reflective di-
electric coating, as employed in gas-phase CRDS cavities. For
n1 . n2, surface S2 becomes a TIR mirror if ui . uc 5 sin21 ~n2yn1!.

he three-mirror system forms a stable optical resonator for a
udicious choice of mirror separation and spherical radius of cur-
ature Rc given by inequality ~2!. The evanescent wave at the

TIR surface probes optical absorption of an ambient medium
through a change in ringdown time of the cavity.
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given by Eq. ~1! with intrinsic loss +0~v! 5 2~+c 1

surf 1 +bulk!, where the +i are the per pass coating,
TIR surface scattering, and bulk loss, respectively,
and tr 5 2Ln1yc, where c is the speed of light in
vacuum. Ideally, +c should be dominated by resid-
ual transmission with a minimal contribution result-
ing from coating absorption and scattering. When
superpolished, surface scattering losses at all reflec-
tive surfaces are minimized by a root-mean-square
~rms! surface roughness of ;0.05 nm.13 At the de-
sign wavelength of 520 nm for this research, surface
scattering losses can be significant. For example,
the single-surface scattering loss at 520 nm is esti-
mated to be8 ;150 3 1026 for a standard laser-grade
optical finish of 0.5-nm rms roughness for fused silica
at ui 5 45°. Under the same conditions, a superpol-
ished surface with 0.05-nm rms roughness will have
a single-surface scattering loss of ;1.5 3 1026. Dif-
fraction losses can be neglected for the resonator of
Fig. 1 if the resonator mode diameter is small relative
to the system’s clear aperture. Nonspecular trans-
mission losses can also be neglected if ui 2 uc $ 1°,
depending on the curvature of the incident wave front
at the TIR surface.14 The sample absorption +abs is
probed by the evanescent wave that emanates from
the apex of the TIR surface, decaying exponentially in
space outside the resonator with a decay length that
is comparable to the incident wavelength.15

Figure 2 shows single-shot ringdown transients at
480, 520, and 540 nm for a fused-silica ~Amersil
311!16 resonator as depicted in Fig. 1 with L 5 3.0 6
.03 cm, Rc 5 7.5 6 0.001 cm, and ui 5 45.0° 6 0.08°.

The surface normals for S1, S2, and S3 lie in the same
plane to within 60.08°. Surfaces S1 and S3 were
coated with an ultrahigh-reflective coating centered
at ;520 nm with an estimated loss of +c 5 1.2 3 1025

Fig. 2. Single-shot ringdown transients for three wavelengths for
a fused-silica, monolithic cavity as in Fig. 1 with L 5 3.0 cm, Rc 5
.5 cm, and ui 5 45°. An excimer-pumped, pulsed dye laser was

employed as the excitation source. The transients were detected
with a photomultiplier tube and a digital oscilloscope, which ap-
plied a 25-MHZ bandpass filter. The inset defines the in-plane ~P!
and out-of-plane ~S! polarizations and the coordinate system at the
TIR surface.
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per reflection according to the manufacturer’s speci-
fications ~Research Electro-Optics, Boulder, Colo-
ado!.16 Because the angle of incidence was selected

to be close to the critical angle for a fused-silica–air
interface ~uc ;43.3°!, this particular design permits
diagnostics of adsorbed layers and thin films with a
significant surface electric field enhancement.15 An
excimer-pumped dye laser, which generated 20-ns,
;0.25-mJ laser pulses, was used without mode
matching to generate the transients by light injection
through S1. The transmission through surface S3
was monitored with a photomultiplier tube and an
8-bit digital oscilloscope. The resonator was
mounted on a prism table with control of all degrees
of freedom relative to the incident laser beam.
Course alignment was accomplished by tuning the
laser wavelength to the edge of the resonator band-
width to permit visual inspection of the transmitted
modes. After adjustment of the resonator orienta-
tion to obtain low-order mode excitation, the collec-
tion and detection hardware were configured,
allowing final alignment by observation of ringdown
transients near the design wavelength. Figure 3
shows the ringdown time and round-trip intrinsic
loss on opposite axes as a function of wavelength for
S and P polarizations, which are defined in the inset
f Fig. 2. The useful bandwidth of the resonator can
e seen to be approximately 80 nm, which is limited
y transmission of the coated surfaces. Note that
he intrinsic loss is essentially independent of polar-
zation. The minimum round-trip loss of 220 3 1026

is found for S polarization at 530 nm with tS~530 nm!
1.316 ms, which is bulk-loss limited. By averaging

5 individually acquired ringdown times, a relative
ncertainty in t ~530 nm! of ~Dtyt!min 5 =2sty~t=N!

5 0.002 was obtained, where st is the ensemble stan-
dard deviation and N is the number of decay times

Fig. 3. Intrinsic loss and ringdown time are shown on opposite
axes as a function of wavelength for the monolithic cavity. The
useful bandwidth of the resonator is approximately 80 nm, limited
by the coating reflectivity. A minimum loss of 220 3 1026 occurs
t 530 nm, which is determined mainly by the bulk attenuation of
used silica. The circles indicate S polarization; triangles indicate

P polarization. Note that the intrinsic losses for the two polar-
izations are nearly equal.
averaged. This yields a minimum detectable ab-
sorption of ~+abs!min 5 +0*~Dtyt! 5 4.4 3 1027, cor-
esponding to a noise equivalent absorption of 7.0 3
027 Hz21y2 for a 10-Hz repetition rate.17

3. Measurement of Molecular Orientation

The polarization-independent finesse of the resonator
in Fig. 1 allows polarization-dependent phenomena
to be probed in the evanescent wave. Because the
absorbance A will be significant only when an electric
field component is aligned with a molecular transi-
tion moment m according to A } ^~m z E!2&, knowledge
of the electric field E can be combined with
polarization-dependent absorbance measurements to
probe molecular orientation of an adsorbed layer or a
thin film. Using the Fresnel equations within a
plane-wave approximation, we can calculate the elec-
tric field of the evanescent wave15 as a function of the
refractive indices, angle of incidence, polarization,
and distance from the TIR surface. For S and P

olarizations, the electric field direction and magni-
ude can be expressed as EsyEos 5 Gyy and EpyEop 5

xx 1 Gzz, where Eos and Eop are the respective in-
cident field amplitudes, Gx, Gy, and Gz are field en-
hancement ~or modification! factors, and x, y, and z
are unit vectors of the TIR surface coordinate system
shown in the inset of Fig. 2. For ui 5 45.0°, the
lectric fields at a fused-silica–air interface ~z 5 0!
ere found to be EsyEos 5 1.94y and EpyEop 5
.64x 1 2.62 z for S and P polarizations, respectively.

To provide a simple demonstration of chemical detec-
tion, the adsorption of I2 was examined, as in previ-
ous studies.7,11 Figure 4 shows S- and P-polarized
optical losses AS and AP as a function of time during
exposure of the TIR surface to I2 vapor, which was
generated from solid I2 at room temperature. The
TIR surface was sealed to the I2 cell with a Viton16 O

Fig. 4. Optical losses at 540 nm for S- and P-polarized cavity
modes as a function of time during exposure of the TIR surface to
I2 vapor at room temperature. Inset ~a! indicates the geometry for
sealing the TIR surface to the I2 source by an O ring. The

-polarized optical loss is found to be much larger than the
-polarized case. Because the electric field associated with an
-polarized mode lies entirely in the plane of the TIR surface, the
atio of absorbances suggests that surface-bound I2 lies flat on the

surface @Q 5 90° in the inset ~b!# as discussed in the text.
20 March 2000 y Vol. 39, No. 9 y APPLIED OPTICS 1451
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ring as indicated in inset ~a!. Note that the
S-polarized loss is considerably stronger than the
P-polarized case, while the ratio r 5 ASyAP, remains
essentially constant. If it is assumed that molecules
are oriented with a well-defined polar angle Q and
andomly distributed in the azimuthal angle w, which
re defined in inset ~b! of Fig. 4, then r is given by18

r~Q! 5
Iy

Ix 1 2Iz cot Q
, (3)

where Ii 5 uEiu
2 with i 5 x, y, z. The results of Fig.

4 yield Q ;88°, suggesting that the transition mo-
ment of the surface-bound species lies in the plane of
the surface. Alternatively, we can describe orienta-
tion by invoking a distribution function N~Q,w!.19 If
r~Q,w! and N~Q,w! are expanded in spherical harmon-
cs, Y~,,m!, a relationship between r and the expan-

sion coefficients d,m of N~Q,w! can be derived.
Assuming isotropy in w we found this relationship to
be given by

r 5
Iy~1 1 d20!

~Ix 1 Iz! 1 ~2Iz 2 Ix!d20
, (4)

revealing that optical absorption measurements ~in
general! provide only a value for the ~, 5 2, m 5 0!
expansion coefficient d20, which has been pointed out
previously.20 Additional information about the dis-
tribution function is therefore needed to fully eluci-
date molecular orientation, although depending on
the precision of d20, some differentiation between dis-
tributions may be possible.21 Indeed many factors
can complicate the interpretation of orientation mea-
surements, including the existence of different ad-
sorption sites or surface reactions. Multilayer
adsorption could also complicate interpretation, al-
though for adsorption of I2 on silica the saturation
coverage appears to be well below a full monolay-
er.7,22 In addition, a contribution to the optical loss
rom the ambient bulk can be significant,23 although

for scan times of several minutes with a 10-Hz laser
repetition rate, no gas-phase spectral structure was
observed in these experiments over the limited band-
width of the resonator.

4. Detection Limit

Based on a minimum detectable absorption of
~Labs!min 5 4 3 1027 and a room-temperature absorp-
tion cross section of s~540 nm! > 2 3 10218 cm2y
molecule ~Ref. 24! for I2, a minimum detectable
coverage can be estimated from Labs 5 2G2s~v!Nsycos
ui, where Ns is the surface density and G2 is the
intensity enhancement factor. Assuming N0 5
4.5 3 1014 sitesycm2 as the definition of one mono-
layer on the SiO2 surface,25 one can find a minimum
detectable coverage of 0.004% of a monolayer. This
rough estimate assumes that I2 molecules lie flat on
the SiO2 surface so that the local electric field inten-
sity is enhanced by ~GS!2 5 ~1.94!2 > 3.8. The gas-
phase absorption cross section is also employed for
reasons discussed previously.7 One can realize an
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increase in sensitivity by working in spectral regions
where bulk and coating losses are smaller or, to a
certain degree, by reducing the size of the resonator.
Between 520 nm and 1.5 mm, the bulk losses of fused
silica decrease from ;30 3 1026 cm21 to ;5 3 1027

cm21 for selected material,26 providing a significant
reduction in +0. One can also expect improvements
in sensitivity by employing single-mode excitation,17

which should be facilitated by the monolithic design
of the resonator. Single-mode excitation eliminates
nonexponentially in the ringdown transient that ac-
companies multimode excitation, thereby improving
decay-time measurement precision, if employed with
low-noise detection and high-resolution digitization.
The high sensitivity provided by EW-CRDS should
enable a variety of novel fundamental studies, espe-
cially of surface processes. The technique also pro-
vides a new platform for chemical sensing when the
analyte of interest can be detected at the surface.
However, to fully elucidate any specific interaction,
multiple techniques will likely be required to thor-
oughly characterize the surface conditions, analogous
to studies on single crystals under ultrahigh vacuum.
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