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Cavity ring-down spectroscopy: Experimental schemes and applications
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Cavity ring-down (CRD) spectroscopy is a direct absorption technique, which
can be performed with pulsed or continuous light sources and has a signi® cantly
higher sensitivity than obtainable in conventional absorption spectroscopy. The
CRD technique is based upon the measurement of the rate of absorption rather
than the magnitude of absorption of a light pulse con® ned in a closed optical cavity
with a high Q factor. The advantage over normal absorption spectroscopy results
from, ® rstly, the intrinsic insensitivity to light source intensity ¯ uctuations and,
secondly, the extremely long eŒective path lengths (many kilometres) that can be
realized in stable optical cavities. In the last decade, it has been shown that the
CRD technique is especially powerful in gas-phase spectroscopy for measurements
of either strong absorptions of species present in trace amounts or weak absorptions
of abundant species. In this review, we emphasize the various experimental schemes
of CRD spectroscopy, and we show how these schemes can be used to obtain
spectroscopic information on atoms, molecules, ions and clusters in many
environments such as open air, static gas cells, supersonic expansions, ¯ ames and
discharges.
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1. Introduction

Direct absorption spectroscopy of atoms and molecules in the gas phase, yielding

both quantitative absolute concentrations as well as absolute frequency-dependent

cross-sections, is a very powerful tool in analytical chemistry and physical chemistry.

This absoluteness is the reason why sensitive absorption spectroscopy techniques have

gained renewed interest, even in research ® elds where more sophisticated laser-based

diagnostic techniques are commonly applied. Among the various direct absorption

techniques, the cavity ring-down (CRD) technique has proven to be a valuable

addition, since it combines a good sensitivity with a rather simple and straightforward

experimental set-up.

In a `conventional ’ absorption experiment, one measures the amount of light that

is transmitted through a sample. If the light source is monochromatic (e.g. a laser), one

can record an absorption spectrum of the sample by recording the transmitted

intensity as a function of the frequency. Alternatively, a broad light source can be used

when the incident light or the transmitted light is spectrally dispersed. A drawback of

direct absorption might be its limited sensitivity. A small attenuation in transmitted

light has to be measured on top of a large background. High sensitivity is obtained by

using modulation schemes and by increasing the absorption path length. Alternatively,

other experimental spectroscopy techniques can be used which are based on the

detection of phenomena which are induced by absorption of light, such as pressure

changes in photoacoustic spectroscopy, ¯ uorescence in laser-induced ¯ uorescence

(LIF), or ions in resonant enhanced multiphoton ionization (REMPI). The great

advantage of these techniques is that they are background free. A disadvantage is the

sometimes di� cult calibration procedure which is needed to make these techniques

absolute (i.e. these techniques are not self-calibrating).

CRD spectroscopy is a sensitive absorption technique in which the rate of

absorption rather than the magnitude of the absorption of a light pulse con® ned in an

optical cavity is measured. The sample is placed inside a high-® nesse optical cavity

consisting of two highly re¯ ective mirrors. A short laser pulse is coupled into the

cavity, the light is re¯ ected back and forth inside the cavity and, every time that the

light is re¯ ected, a small fraction of this light leaks out of the cavity. Instead of

measuring the total intensity of the light exiting the cavity, one determines the decay

time by measuring the time dependence of the light leaking out of the cavity. In this

way the rate of absorption can be obtained; the more the sample absorbs, the shorter

is the measured decay time. There are several advantages to this approach. Since the

absorption is determined from the time behaviour of the signal, it is independent of

pulse-to-pulse ¯ uctuations of the laser. Furthermore, the eŒective absorption path

length, which depends on the re¯ ectivity of the cavity mirrors, can be very long (up to

several kilometres), while the sample volume can be kept rather small. Compared with

other sensitive absorption techniques, especially those using modulation schemes,

CRD spectroscopy has the additional advantage that the absorption is measured on

an absolute scale. Another attractive property is its simplicity, it is rather easy to

construct a CRD set-up out of a few components.

The work reported by Herbelin et al. (1980) and Anderson et al. (1984) can be

regarded as precursors to the CRD technique, although the transmission of a light
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CRD spectroscopy: experimental schemes and applications 567

Figure 1. CRD absorption spectrum of ambient air around 253 ± 7 nm measured in a cavity
45 cm long, using mirrors with a re¯ ection coe� cient of only 99 ± 7% . It demonstrates the
use of CRD spectroscopy for trace gas detection (atomic mercury ; with the known cross-
section for this transition the density of these atoms can be determined) and for measuring
absolute cross-sections (molecular oxygen; with the known density the cross-section can
be determined). (Figure reproduced from Jongma et al. (1995) with permission. Copyright
the American Institute of Physics).

pulse through an optical cavity has already been studied for a long time (see for

example Kastler (1974)). Herbelin et al. (1980) were the ® rst to propose the use of an

optical cavity for measuring the re¯ ectance of mirror coatings (the re¯ ection losses are,

in a way, the `absorption ’ of the optical cavity). By intensity modulating a continuous-

wave (CW) light beam and measuring the phase shift introduced by the optical cavity,

they were able to determine accurately the high re¯ ectance of their mirrors. In 1984,

Anderson et al. demonstrated that the re¯ ectance could be measured even better by

abruptly switching oŒthe CW light source when the intracavity ® eld exceeded a

certain threshold value, followed by a recording of the subsequent intensity decay of

the light in the optical cavity. In both techniques, injection of light into the cavity

occurred via accidental coincidences of the (narrow-bandwidth ) laser frequency with

the frequency of one of the narrow cavity modes.

In 1988 O’Keefe and Deacon showed that problems associated with mode

coincidences could be circumvented by using a pulsed laser. Additionally, owing to the

pulsed character, no electronics were needed for monitoring the intracavity power or

for switching oŒthe laser, before observing the decay transient, thus providing a

simple experimental design for measuring the cavity loss. O’Keefe and Deacon

realized that this method was suitable for measuring the absorption spectrum of

molecules present in the cavity. They demonstrated the sensitivity by recording the

CRD absorption spectrum of the weak b "R +
g
( Š ¯ 1, 2)" X $ R 

g
( Š ¯ 0) bands of

molecular oxygen (O’Keefe and Deacon 1988). Since then, it has been shown by many

groups that this technique is powerful in gas-phase spectroscopy for measurements of

either strong absorptions of species present in trace amounts or weak absorptions of

abundant species (® gure 1).

Although CRD spectroscopy is signi® cantly more sensitive than `conventional ’

absorption spectroscopy, in general it cannot compete with background-free detection

techniques such as LIF or REMPI. The CRD technique, however, can still be applied

with success when the molecule’ s excited state does not ¯ uoresce (a prerequisite for
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568 G. Berden et al.

Figure 2. Part of the A # R +(Š « ¯ 3)" X # P ( Š § ¯ 0) spectrum of OH, measured simultaneously
by CRD and LIF spectroscopy in a laminar methane± air ¯ ame at atmospheric pressure.
The diŒerences in relative intensity are due to the rotational dependence on the
predissociation rate; with increasing rotational quantum number in the A # R +( Š « ¯ 3)
state, the predissociation rate increases. (Figure reproduced from Spaanjaars et al. (1997)
with permission. Copyright the American Institute of Physics).

LIF) or cannot be ionized (a prerequisite for REMPI). In high-pressure samples, such

as ¯ ames and plasmas, CRD can be successfully used to extract quantitative absolute

concentration data, which is nearly impossible by either LIF (because of di� culties

associated with collisional quenching of the ¯ uorescing state (® gure 2)) or by REMPI

(owing to di� culties in extracting the charged particles).

To date, the CRD technique has been successfully applied in various environments.

High resolution spectroscopy studies have been performed on molecules in cells and

supersonic jets and on transient molecules generated in discharges, ¯ ow reactors and

¯ ames. The CRD spectra directly provide the frequency-dependent absorption

strengths of the molecules under study, which contain information on the number

density, cross-section and temperature. As long as mirrors with a su� ciently high

re¯ ectivity, detectors with a su� ciently fast time response, and tunable (pulsed) light

sources are available, there is no intrinsic limitation to the spectral region in which

CRD can be applied. By now, successful application of CRD spectroscopy has been

demonstrated from the ultraviolet (UV) part of the spectrum to the infrared (IR)

spectral region.

Although nowadays most CRD experiments are performed with pulsed lasers,

several schemes have been developed during the last 5 years in order to perform CRD
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CRD spectroscopy: experimental schemes and applications 569

spectroscopy with CW lasers. Advantages of continuous-wave cavity ring-down

spectroscopy (CW-CRD) are a better spectral resolution and a better duty cycle.

Furthermore, the sensitivity of CW-CRD can in principle be improved by careful

design of the coupling of the laser modes to the cavity modes. It is interesting to note

that the ® rst two CW-CRD experiments which have been reported are inspired by the

aforementioned `precursor ’ experiments. Engeln et al. (1996) reported phase-shift

cavity ring-down (PS-CRD) spectroscopy, in which the absorption spectrum is

extracted from a measurement of the magnitude of the phase shift that an intensity-

modulated CW light beam experiences upon passage through an optical cavity. Later,

Romanini et al. (1997a ) used the other approach; the resonant cavity mode is swept

over the CW laser line ; then, when su� cient light is coupled into the cavity, the laser

is switched oŒ; subsequently, the CRD transient is recorded.

Several review papers on CRD spectroscopy exist. An historical overview of the

development of CRD spectroscopy can be found in the book edited by Busch and

Busch (1999). This book contains also papers on the theory of optical cavities,

diŒerent CRD techniques and applications of CRD spectroscopy. Scherer et al.

(1995d, 1997b) and Paul and Saykally (1997) have reviewed the early literature and the

application of CRD spectroscopy to pulsed molecular beams. An overview of the use

of CRD spectroscopy for the study of fast (subnanosecond ) predissociation of

electronically excited states of small molecules and radicals has been given by Wheeler

et al. (1998c). Cheskis (1999) discussed the application of the CRD technique to the

measurements of radicals in ¯ ames. Applications in analytical atomic spectroscopy

have been reviewed by Miller and Winstead (2000).

In this article, we emphasize the various experimental schemes of CRD

spectroscopy and their applications. First, we outline the basic concepts of

`conventional ’ pulsed CRD spectroscopy, and we show that the CRD technique can

be combined with other spectroscopic techniques such as Fourier transform (FT)

spectroscopy and magnetic rotation spectroscopy (MRS). Then we shall discuss the

development of CW-CRD spectroscopy and make the step to cavity-enhanced

absorption (CEA) spectroscopy. The latter technique, which has been developed

recently, is a simple CW absorption technique which uses ideas from the ® eld of CRD

spectroscopy. We illustrate all these techniques with some key studies in order to try

to convince the reader that CRD spectroscopy is indeed a powerful technique.

2. Pulsed cavity ring-down spectroscopy

2.1. Principle

In a typical CRD experiment, a light pulse with a spectral intensity distribution I(m)

and a duration which is shorter than the `CRD time’ s (de® ned below) is coupled into

a non-confocal optical cavity consisting of two highly re¯ ecting mirrors. The fraction

of the light that is successfully coupled into the cavity bounces back and forth between

the mirrors. The intensity of the light inside the cavity decays as a function of time,

since at each re¯ ection of a mirror a small fraction of the light is coupled out of the

cavity. The time dependence of the intensity inside the cavity is easily monitored by

measuring the intensity of the light exiting the cavity.

In an empty cavity, this ring-down transient is a single-exponentially decaying

function of time with a 1}e CRD time s(m) which is solely determined by the re¯ ectivity

R(m) of the mirrors and the optical path length d between the mirrors. The presence of

absorbing species in the cavity gives an additional loss channel for the light inside the

cavity. If the absorption follows Beer’s law, the light intensity inside the cavity will still
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570 G. Berden et al.

decay exponentially, resulting in a decrease in the CRD time s. Generally, the intensity

of the light exiting the cavity is given by

I
CRD

(t)£ & ¢

!

I(m)exp 9 ® t

s(m): dm, (1)

where the ring-down time is given by

s(m) ¯
d

c ² rln [R(m)]r R
i
r

i
(m) l

!
N

i
(x)dx ´

, (2)

where c is the speed of light and the sum is over all light-scattering and light-absorbing

species with frequency-dependent cross-sections r
i
(m) and a line-integrated number

density l
!
N

i
(x)dx (in the case when the complete cavity is ® lled with absorbing or

scattering species, l will be equal to d ). When considering narrow frequency intervals

the frequency dependence of the Rayleigh cross-section r
Ray

(m) and the Mie cross-

section r
Mie

(m) as well as of the mirror re¯ ectivity can be neglected, and an eŒective loss

factor rln (R
eff

)r is taken. This eŒective loss factor may also include broad-band

absorption. The product of the absorption cross-section r
i
(m) and the number density

N
i
(x) is commonly expressed as the absorption coe� cient j

i
(m, x) (also frequently

denoted as a
i
(m, x)).

The re¯ ectivity of the mirrors is typically R ¯ 0 ± 99 or better. Since the

contributions of broad-band scattering and absorption to R
eff

are generally much

smaller than the re¯ ection losses of the mirrors and R E 1, one can write rln (R
eff

)r E
1 ® R

eff
. If we take the special case in which the number density does not depend on the

position inside the cavity, equation (2) can be written in a form which is often used in

the CRD literature :

s(m) ¯
d

c[(1 ® R) j(m) l]
, (3)

where we have replaced R
eff

by R just for convenience. The ringdown time depends

only on the properties of the cavity and the absorbing species present in the cavity and

is independent of the amplitude of the light inside the cavity.

In a CRD experiment the CRD time s is measured as a function of the laser

frequency m. An absorption spectrum is obtained by plotting the cavity loss 1}cs as a

function of m. The background in this spectrum is then given by (1 ® R)}d. Absolute

absorption strengths can thus be obtained by subtracting the oŒ-resonance cavity loss

from the on-resonance cavity loss.

2.2. Experimental set-up

There are no intrinsic limitations to the spectral region in which CRD can be

applied, provided that mirrors with a su� ciently high re¯ ectivity, detectors with a

su� ciently fast time response, and tuneable pulsed lasers are available. A typical

experimental CRD set-up is given in ® gure 3. This basic set-up is fairly simple; it

consists of a pulsed laser system, a ring-down cavity, a fast detector, a fast and deep

analogue-to-digita l converter, and a computer for data handling. The actual choice of

these components depends on the wavelength region in which the CRD spectrum

needs to be recorded.

In the visible wavelength region, CRD spectroscopy is usually performed with

pulsed dye lasers (typical pulse duration of 5± 15 ns). Only moderate pulse energies
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CRD spectroscopy: experimental schemes and applications 571

Figure 3. Scheme of the experimental set-up for CRD spectroscopy. The mode-matching
optics are optional (see text).

( C 1 mJ) are needed. In this wavelength region, highly re¯ ective mirrors are

available (1 ® R from 10 $ down to 10 ’), and time-dependent detection of the light

leaking out of the ring-down cavity is easily performed with a photomultiplier tube

(PMT). Tuneable pulsed UV light can be generated by, for example, frequency

doubling or Raman-shifting visible laser light. The re¯ ectivity of the ring-down

mirrors is somewhat worse compared with the re¯ ectivity available in the visible

spectral region (1 ® R E 10 #± 10 $). Again a PMT can be used as a detector. Tuneable

pulsed IR light can be obtained by Raman shifting or frequency mixing visible laser

light, or by using for example an optical parametric oscillator (OPO), a CO
#

laser or

a free-electron laser. The re¯ ectivity of the mirrors in the near IR is comparable with

that in the visible region but becomes worse when going to the far-IR (typical losses

are 10 $ at around 10 l m). The ring-down transients can be recorded with liquid

nitrogen cooled HgCdTe detectors.

The ring-down cavity is formed by two identical plano-concave mirrors. The

radius of curvature r is typically between ® 25 cm and ® 1 m, and the mirrors are

placed at a distance d such that the cavity is optically stable (and non-confocal), that

is 0 ! d ! r or r ! d ! 2r. Cavity lengths of 3 cm (see section 2.6.1) (Berden et al.

1998) up to 270 cm (Le Grand and Le Floch 1990)have been reported. The mirrors are

placed in mounts such that their positions can be adjusted in order to align the cavity.

For cell experiments the mounts are connected to a tube in such a way that the mirrors

act as entrance and exit windows of the cell. It is very di� cult (`impossible ’ ) to place

a cell inside a cavity since the re¯ ection and absorption losses of the cell windows are

too large for observing a CRD transient (although experiments have been performed

with optical elements inside the cavity, see section 2.7).

Suppose that we have mirrors with a re¯ ectivity of 0 ± 9999 and a radius of curvature

of ® 1 m placed at a distance of 0 ± 5 m. The eŒective path length d}(1 ® R) is then equal

to 5000 m, and the decay time s is 16 ± 7 l s. An absorption j ¯ 10 ) cm " changes the

decay time to 16 ± 6 l s. In order to observe this absorption it is important to determine

the decay time accurately. Obviously, the most accurate way is to use a digitizer with

the highest vertical resolution (10 bits or higher) and horizontal resolution (20 Ms s "

or higher). In our laboratory we use a fast (100 Ms s ") digital oscilloscope with a 10
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572 G. Berden et al.

bit vertical resolution (Le Croy 9430). The decay transient is recorded over three or

four times the decay time of the empty cavity. After averaging the ring-down transients

over a prede® ned number of laser pulses (20± 50) on the on-board memory of the

oscilloscope, the data are transferred to a personal computer (PC). After subtracting

the baseline of the data, the natural logarithm of the data is taken and the result is

® tted to a straight line using a least-squares weighted ® tting algorithm. The slope of

this ® tted line is recorded as a function of the laser frequency.

Instead of recording the complete ring-down transient, Romanini and Lehmann

(1993) used two boxcar channels which integrate and average the decay inside two time

windows. The natural logarithm of the ratio of the signals measured at both channels

is then proportional to the absorption coe� cient. O’Keefe (1998) used two unequal

time windows. The ® rst gate integrates the complete decay transient, providing a signal

which is proportional to the laser pulse energy and the ring-down time s, while the

second gate measures the laser pulse energy from the very ® rst part of the decay

transient. The ratio of the two signals provides the ring-down time s.

2.3. CaŠ ity modes

Above, we have given a rather simpli® ed picture of CRD spectroscopy, namely a

pulse of light which is re¯ ected back and forth in a high-® nesse optical cavity. This

picture gives the impression that this process is independent of the frequency of the

laser light exciting the cavity, which is obviously not the case since we have to consider

the mode structure of the cavity. This mode structure can cause several problems.

Narrow molecular absorption features might fall between the cavity modes and these

features will then be absent in the spectrum. Furthermore, mode beating, resulting

from multimode excitation, can generate oscillations in the ring-down transient, which

prevents an accurate determination of the decay time s.

Potential problems associated with the mode structure can easily be cirvumvented

by using a stable optical cavity with a near-continuum mode structure (Meijer et al.

1994, Engeln et al. 1996). In general, a cavity has both longitudinal and transverse

modes. The frequency of a TEM
qmn

mode having a longitudinal index q and transverse

indices m, n is given by (see for example Hodges et al. (1996b))

m
qmn

¯
c

2d 9 q  (m  n  1)
2

p
arctan 0 d

[d(2r ® d)]"/# 1 : . (4)

From this equation it is seen that the longitudinal mode spacing (often referred to as

the free spectral range of the cavity) is D m ¯ c}2d and that the transverse mode spacing

is given by (c} p d ) arctan ² d}[d(2r ® d )]"/# ´ . Therefore, the mode structure in the cavity

is a continuum when the ratio of the transverse to longitudinal mode spacings is

irrational.

Experimentally, such a continuum can readily be achieved. First of all, no mode-

matching optics should be used to couple light into the cavity. Second, the cavity

should be stable (and non-confocal), that is 0 ! d ! r or r ! d ! 2r. Third, the ratio

of the mirror diameter to the length of the cavity should be not too small in order to

ensure that the transverse modes remain in the cavity (i.e. the diŒraction losses of the

transverse modes should be minimized). Finally, care should be taken that all modes

exiting the cavity are detected with equal e� ciency, since transverse modes are

spatially more extended. For example, a cavity with a length of 50 cm, mirrors with a

diameter of 25 mm, and a radius r of curvature of ® 1 m satis® es the second and third
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conditions. All modes are detected by placing a photomultiplier directly behind the

cavity. If the eŒective surface of the detector is small, a lens with an appropriate

diameter and a short focal length should be used to focus the light onto the detector.

Since the bandwidth of the excitation laser is often much larger than the (residual)

mode spacing, many modes are excited. As shown by Hodges et al. (1996b), the

excitation of many (transverse ) modes dramatically reduces the modulation depths of

the beats observed in the ring-down transients. By making the cavity mechanically

unstable, the mode spacings vary, assuring that all frequencies are coupled into the

cavity with an `equal probability ’ (this also assures that the ratio of transverse and

longitudinal modes is most of the time irrational). When the ring-down transients are

averaged, the residual mode beating eŒects are further minimized, leading to a single-

exponentially decaying transient. Note that mode beating eŒects in the transient are

often di� cult to observe owing to a `slow’ detector response or electronic ® ltering.

There are a few disadvantages of the continuum-mode approach. First of all, the

spatial resolution of CRD spectroscopy is not optimal because of the spatial extent of

the transverse modes. Spatial resolution is important in experiments where one wants

to map out the spatial distributions of molecular species (see for example Zalicki et al.

(1995a ) and Zhao et al. (2000)). Exciting only longitudinal modes (`TEM
!!

mode

matching ’ ) improves the spatial resolution and can be achieved by using mode-

matching optics to couple the laser light into the cavity, or by using small-diameter

mirrors (Romanini and Lehmann 1993), or by placing apertures in the cavity (Zalicki

et al. 1995a, Hodges et al. 1996b).

Another disadvantage of the continuum-mode approach is the ultimate sensitivity

that can be obtained (Hodges et al. 1996b), which is important for quantitative high-

sensitivity absorption measurements. The accuracy in the determination of the decay

time is limited owing to very small quasirandom variations in the residual transverse

mode beating. The ultimate sensitivity is obtained if only one single longitudinal mode

is excited in the cavity, giving a truly single-exponential decay (Van Zee et al. 1999).

Lehmann and Romanini (1996) suggested that one can perform CRD spectroscopy

with a higher spectral resolution than the laser which is used to excite the cavity. In

order to perform such an experiment, the mode spacing of the cavity should be larger

than the spectral width of the laser, and the cavity length should be carefully controlled

in order to prevent drift of the modes. Such an experiment has been reported by Van

Zee et al. (1999) and is described in more detail in section 2.8.

It should be noted that pure TEM
!!

mode matching is not straightforward. As

shown above, observing a single-exponentially decaying ring-down transient does not

have to indicate that a single mode is excited in the cavity, since this can also be due

to excitation of (many) transverse modes and}or slow detector response. A charge-

coupled device (CCD) camera should be used in order to visualize the mode pattern

(spatial structure) of the light exiting the ring-down cavity (see for example Hodges et

al. (1996b)). This provides a way to maximize coupling into the TEM
!!

modes.

A more extensive discussion on the mode structure in a ring-down cavity, and how

this aŒects the ring-down transient (mode beating) and the measured absorption

spectrum, can be found in the work by Zalicki and Zare (1995), Martin et al. (1996),

Lehmann and Romanini (1996), Hodges et al. (1996b) and Scherer et al. (1997b).

However, it should be emphasized that, for the majority of CRD applications,

problems associated with the mode structure of the ring-down cavity are largely

absent.
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2.4. Laser bandwidth eŒects

It is evident from equations (1) and (2) that the CRD transient is only a single-

exponentially decaying curve if the bandwidth of the laser radiation that is coupled

into the cavity is much smaller than the width of the absorption features. Consider for

example a strong but narrow absorption which is detected with a broad bandwidth

laser whose centre frequency is set at the frequency of the absorption. Light with a

frequency at the centre of the absorption line will have a short decay time whereas

frequencies in the wings of the laser pro® le will have the decay time of the empty cavity,

which is much longer. The observed ring down time, which is obtained by ® tting the

measured (multiexponentially decaying) transient to a single-exponentially decaying

function, is predominantly determined by the contributions of the wings of the laser

pro® le. Thus, in general, an absorption is underestimated if the bandwidth of the laser

is comparable with or larger than the width of the molecular absorption. It is noted

that this `bandwidth eŒect ’ is similar to that observed in conventional absorption

spectroscopy when the instrumental resolution is lower than the width of the

absorption features.

The bandwidth eŒect in CRD spectroscopy has been investigated by Zalicki and

Zare (1995), Jongma et al. (1995) and more quantitatively by Hodges et al. (1996a).

These studies have shown that, for cases in which the bandwidth of the laser cannot be

neglected, one can still extract the correct absorption coe� cient from the measured

decay transients, provided that the spectral intensity distribution of the light source is

known.

Zalicki and Zare (1995) have also shown that for small absorbance the measured

integrated absorption deviates only slightly from the true integrated absorption. The

condition of small absorbance can be achieved by obtaining the ring down time s from

the early part of the decay transient. This has experimentally been demonstrated by

Newman et al. (1999) who reported the integrated absorption intensity of the a " D
g
( Š

¯ 0)" X $R 
g
( Š ¯ 0) band of molecular oxygen, measured with two spectroscopic

techniques: high-resolution Fourier transform spectroscopy with a long-path ab-

sorption cell, and CRD spectroscopy. In their CRD experiment the laser bandwidth

was 0 ± 25 cm ", while the pressure- and Doppler-broadened linewidths of oxygen were

only 0 ± 098 cm ". By limiting the determination of the ring-down time to the ® rst

0 ± 5 l s of the decay transient (with a decay time of approximately 10 l s), the integrated

absorption intensity obtained from the CRD experiment was in excellent agreement

with that obtained from the Fourier transform experiment.

2.5. Multiplex ca Š ity ring-down spectroscopy

Quantitative information is most easily extracted from the CRD measurements

when the bandwidth of the laser can be neglected relative to the width of the

absorption features (see section 2.4). If this is no longer valid, knowledge of the

spectral intensity distribution of the laser is required in order to obtain the correct

absorption coe� cients. Therefore, one can also use a polychromatic light source and

extract the spectral information after spectrally dispersing the light exiting the cavity.

For this the temporal shape of the ring-down transient has to be recorded and analysed

for a speci® c frequency (interval). A monochromator with a suitable detector or a

time-resolved optical multichannel analyser can for instance be used. Another

possibility is to couple the polychromatic light exiting the cavity into a Michelson

interferometer. The time dependence of the ring-down transient per frequency interval
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is found after Fourier transformation of the measured time dependence of the

(spectrally integrated) ring-down transients recorded at well de® ned interferometer

arm length diŒerences.

This so-called Fourier transform cavity ring-down (FT-CRD) scheme has been

described and demonstrated by Engeln and Meijer (1996). In their experiment they

recorded the FT-CRD spectrum of the A band of molecular oxygen around 762 nm.

The light of a broad-band pulsed dye laser with a spectral width of about 400 cm " was

coupled into the CRD cell 45 cm long with a near-continuum-mode spectrum. The

light exiting the cavity was coupled into a multimode ® bre which was connected to a

FT spectrometer (Bruker IFS 66v with the step-scan option). At every mirror position

the multiexponentially decaying transients were measured with a PMT, digitized with

an oscilloscope and stored on a PC. After the complete measurement, the data were

rearranged so that, at each time point, interferograms were formed (i.e. signal as a

function of mirror position). These interferograms were Fourier transformed to

obtain the spectral intensity distribution at each time point. By again rearranging the

data so that at each frequency the time points were collected, a ring-down transient at

that frequency was obtained, from which s was determined. In this way the absorption

spectrum of oxygen was `constructed ’ . The resolution of a FT-CRD spectrum is

determined by the resolution of the FT spectrometer. In FT-CRD spectroscopy, the

absorption is deduced from the temporal shape of the ring-down transient ; therefore,

only the spectral shape of the light source has to be known and has to remain constant

during the measurement, whereas the intensity of the light source is allowed to

¯ uctuate ; one does not need to know the absolute intensity of the interferograms.

The signal-to-noise ratio and the resolution of the spectrum of oxygen recorded

with the FT-CRD technique is not as good as can be obtained with a tuneable narrow-

band pulsed dye laser (with the same data acquisition time and under the same

experimental conditions (Engeln and Meijer 1996)). Because of the narrow width of

the oxygen transitions, one has to record interferograms at many positions of the

moving mirror of the FT spectrometer. Together with the mathematical conversion of

the data, this is rather time consuming. Therefore, the FT-CRD technique is especially

suitable when spectrally broad survey scans have to be made or when broad spectral

features have to be recorded. The technique can also be used to enhance the resolution

of the pulsed laser. This has been shown by Engeln et al. (1997b), who have recorded

the FT-CRD absorption spectrum of ethylene around 10 ± 5 l m using an intrinsically

broad-band laser pulse from a free-electron laser.

Instead of a FT spectrometer one can also use a monochromator for dispersing the

light exiting the cavity. One can scan the monochromator and measure the ring-down

transient at each wavelength (Crosson et al. 1999), or one can use a time-resolved

optical multichannel analyser for recording the transients at many wavelengths

simultaneously. This latter approach has been demonstrated by Scherer (1998). In his

ring-down spectral photography (RSP) technique the time and frequency response of

the cavity are recorded simultaneously along orthogonal axes of a two-dimensional

array detector. The light exiting the cavity is dispersed in time with a high-speed

rotating mirror and in wavelength with a diŒraction grating and imaged on a CCD

camera. In the initial proof-of-principle study, Scherer (1998) measured the ® fth

overtone spectrum of propane in the 635 nm region with a narrow-band pulsed dye

laser which is tuned over the absorption band. Although not yet demonstrated, the use

of a broad-band light source results in a continuous image of wavelength versus time,

a `spectral photograph ’ , which can be converted to yield an absorption spectrum by
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® tting the decay constants of the time traces. RSP oŒers possibilities for real-time

monitoring of molecular species.

2.6. Polarized light in ca Š ity ring-down spectroscopy

Most CRD experiments are performed with linearly polarized light, although the

polarization of the light is not explicitly used. Nevertheless CRD experiments can be

designed which make use of the polarization state of the light. Already in 1990, Le

Grand and Le Floch had shown that, by placing polarization-selective elements in

front of and behind the ring-down cavity, the linear or circular dichroism in either

optical or atomic systems can be measured, but it was only in 1997 that polarized light

was used in CRD spectroscopy of molecules.

Two examples will be presented which show the application of polarized light in

molecular spectroscopy. In the ® rst, the rotationally resolved spectra of the b " R +
g
( Š ¯

0)" X $R 
g
( Š ¯ 0) band of molecular oxygen are recorded by CRD spectroscopy in

magnetic ® elds up to 20 T (Berden et al. 1998). The absorption spectra are measured

with linearly and circularly polarized light, leading to diŒerent D M selection rules in

the molecular transition, thereby aiding in the assignment of the spectra. In the second

example it is demonstrated that use can be made of the polarization state of the light

in the cavity to improve further on the sensitivity and species selectivity of the CRD

method. This polarization-dependent cavity ring-down (PD-CRD) technique, which

is the CRD analogue of MRS, extends the applicability of the CRD method to the

accurate measurement of magneto-optical phenomena, such as polarization rotation

(Engeln et al. 1997a).

2.6.1. Spectroscopy with polarized light

The rotationally resolved spectra of the b "R +
g
( Š ¯ 0)" X $ R 

g
( Š ¯ 0) band of

molecular oxygen have been recorded in magnetic ® elds up to 20 T in order to validate

the theoretical model that is used to describe the interaction between the oxygen

molecules and the magnetic ® eld (Berden et al. 1998). With this model it is possible to

calculate the spin contribution to the molar magnetic susceptibility of oxygen as a

function of the magnetic ® eld strength and the temperature. Furthermore, it can be

shown that molecular oxygen is aligned in high magnetic ® elds. This is a nice

example of a molecular system in which the alignment is caused by the spin± spin

interaction via a coupling of the spin angular momentum to the magnetic ® eld

direction. Additionally this study demonstrates that sensitive direct absorption

spectroscopy can be applied in short cavities in environments that are di� cult to

access, such as inside a high-® eld magnet.

Since the magnetic ® eld was homogeneous over a few centimetres, a very short

ring-down cavity has been used in order to prevent the spectra from becoming too

complex. The length of the cavity was chosen such that the broadening of the

rotational lines due to the inhomogeneity of the magnetic ® eld was comparable with

the combination of Doppler and pressure broadening. The ring-down cavity was

formed by two plano-concave mirrors with a diameter of 25 mm and a radius of

curvature of ® 1 m, placed 3 cm apart. The mirrors were mounted on a short tube, in

a ® xed position relative to each other. This short cavity was placed inside a cell 84 cm

long, which was inserted in a Bitter magnet with a bore of 3 ± 1 cm. The axis of the cavity

was parallel to the magnetic ® eld lines (Faraday con® guration). The cavity was

positioned in the centre of the magnet in a region where the ® eld was rather

homogeneous; the ® eld at the position of the mirrors dropped to 98 ± 5% of the
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Figure 4. CRD spectra of molecular oxygen at 20 T: (a) the measured spectrum with r+-
polarized light; (b) the measured spectrum with r -polarized light; (c) the sum of the
spectra shown in (a) and (b) divided by 2 ; (d ) the measured spectrum with linearly
polarized light ; (e) the simulation of the spectrum with linearly polarized light. The
vertical scales are the same for each spectrum. When CRD spectroscopy in a magnetic
® eld is performed with linearly polarized light, absorptions induced exclusively by r+ or
r light are underestimated. (Figure reproduced from Berden et al. (1998) with
permission. Copyright the American Physical Society).

maximum ® eld at the centre of the cavity. The cell was ® lled with pure molecular

oxygen (100± 500 mbar) and holes in the small ring-down cavity tube allowed the

oxygen to enter the cavity as well.

Pulsed-laser radiation at a wavelength of 762 nm was obtained from a pulsed dye

laser (10 Hz repetition rate and 5 ns duration pulses), delivering pulses with several

millijoules of energy in a spectral pro® le with a bandwidth of approximately 0 ± 07 cm ".

Prior to entering the cell with the ring-down cavity, the incoming laser beam passed

through a Glan± Thompson polarizer, creating linearly polarized light. Optionally, by

placing a k}4 plate between the Glan± Thompson polarizer and the entrance window

of the cell, circularly polarized light was created. Since the PMT could not be placed

in the neighbourhood of the Bitter magnet, the light exiting the cavity was coupled into

a ® bre 13 m long which was connected to the PMT. The time constant s that described

the decay of the light in the empty cavity in our set-up was around 350 ns,

corresponding to an eŒective absorption path length of 105 m (for one s) and an

eŒective re¯ ection coe� cient R E 0 ± 9997.

Figures 4 (a), (b) and (d ) show three CRD absorption spectra of oxygen measured

in a magnetic ® eld of 20 T using diŒerent polarization states of the light, namely right-

hand circularly polarized (r+), left-hand circularly polarized (r ) and linearly polarized

respectively. Comparison of the spectra in ® gures 4 (a) and (b) shows that the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
4
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



578 G. Berden et al.

Figure 5. Schematic view of the experimental set-up for PD-CRD spectroscopy : PDA,
pulsed dye ampli® ed ; GT, Glan± Thompson polarizer ; GL, Glan laser polarizer ; PMT,
photomultiplier tube ; GPIB, general-purpose interface bus. Pulsed-laser radiation is
coupled into a ring-down cavity. Prior to entering the cavity, the light passes through a
Glan± Thompson polarizer. The light exiting the cavity is split by a Glan laser polarizer
into two mutually orthogonally polarized components that are recorded independently.
In the Faraday con® guration for the solid sample, two Helmholtz coils are used to create
the magnetic ® eld. (Figure reproduced from Engeln et al. (1997a) with permission.
Copyright the American Institute of Physics).

polarization state of the light is not (or hardly) aŒected by the multiple re¯ ections on

the mirrors of the cavity. In addition, the sum of the r+ and r spectra (divided by 2)

is shown in ® gure 4 (c). This sum spectrum should be identical with the spectrum

measured with linearly polarized light but, although all features can be found in both

spectra, it is seen that the intensity of strong features which arise solely from D M ¯  1

or D M ¯ ® 1 transitions are underestimated in the measured spectrum. This is an

experimental artefact that can be understood by realizing that, at such a transition,

only one of the circularly polarized components can be absorbed, while the other is not

aŒected at all. Since the transient measured at the exit of the cavity is ® tted to a single-

exponentially decaying curve, the absorption is underestimated. A comparable eŒect

occurs when the bandwidth of the light source is larger than the linewidth of the

absorption (see section 2.4). However, note that the `polarization ’ eŒect is also present

when the laser line width is in® nitely small.
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2.6.2. Polarization-dependent ca Š ity ring-down spectroscopy

By placing a polarization-selective optical element in front of the detector (e.g. a

polarizer), it is possible to measure the rotation of the plane of polarization of the

incoming linearly polarized beam upon passage through the ring-down cavity. If (part

of) the cavity is placed inside a magnetic ® eld, the plane of polarization can rotate

owing to dispersion (magnetic birefringence) or polarization-dependent absorption

(magnetic dichroism). The experimental set-up for PD-CRD spectroscopy which has

been used to measure these magneto-optical eŒects on molecular oxygen (Engeln et al.

1997a) is shown in ® gure 5. The ring-down cavity with a length d is placed inside a

magnetic ® eld which extends over a length l. Before the light enters the cavity, it passes

through a Glan± Thompson polarizer. In the Voigt con® guration (cavity axis is

perpendicular to the magnetic ® eld) the polarizer is used to de® ne the angle u
B

between

the polarization direction of the light and the direction of the magnetic ® eld. In the

Faraday con® guration (cavity axis is parallel to the magnetic ® eld) the polarizer is used

to de® ne the degree of polarization of the light better. The light exiting the cavity is sent

through a Glan laser polarizer, split into its two mutually orthogonally polarized

components and measured with two identical PMTs. The axis of the analyser can be

oriented at an angle u
D

relative to the polarization direction of the incoming beam.

The time dependences of the light intensity for both polarization directions are

measured simultaneously. The decay times s are determined in the same way as in

`conventional ’ CRD. In the Voigt con® guration the diŒerence between the cavity

losses in the two directions is given by (Engeln et al. 1997a)

1

csu
D

(m)
®

1

csu
D+*!° (m)

¯
l

d

sin (2u
B
)

sin (2u
D
)
[j< (m)® jv(m)], (5)

in which j< (m) and jv (m) are the absorption coe� cients for absorptions induced by

light that is polarized parallel and perpendicular respectively to the magnetic ® eld.

Compared with `conventional ’ CRD spectroscopy there is a gain in the intensity by a

factor sin (2u
B
)}sin (2u

D
), and there is a sign diŒerence between absorptions polarized

parallel and perpendicular to the magnetic ® eld. Experimentally it is found that there

is a reduction in the noise in the spectrum, noise that is probably associated with

variations in the mode structure. Since this noise appears in the signals of both

polarization directions, it cancels out in the diŒerence signal.

In the Faraday con® guration the diŒerence between the cavity losses is given by

(Engeln et al. 1997a)

1

csu
D
(m)

®
1

csu
D+*!° (m)

¯
2xl

cd sin (2u
D
)
[n

+
(m)® n


(m)], (6)

in which n
+
(m) and n


(m) are refractive indices for right and left circularly polarized

light. In this set-up, one is therefore selectively sensitive to polarization rotation, a

quantity that cannot be measured in `conventional ’ CRD spectroscopy. As in CRD

absorption spectroscopy, where the rate of absorption is measured, in PD-CRD the

rate of optical rotation is measured, and this enables the optical rotation to be put on

an absolute scale.

It is important that u
D

is not equal to 90° , but it should be chosen such that the ring-

down transients are single-exponentially decaying functions for either polarization

direction. Note that PD-CRD is only sensitive for paramagnetic species, for example

oxygen. Absorptions of other species are detected in both polarization directions but
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580 G. Berden et al.

Figure 6. PD-CRD dispersion spectrum in the region of the PP(1, 1) transition in the A band
of molecular oxygen at 200 mbar. Measurements are performed in a 3 cm cavity which is
placed in a magnetic ® eld of 1 ± 5 T. The magnetic ® eld, which is parallel to the cavity axis,
splits the transition into two components. The two small dispersion curves belong to the
PO(1, 2) transition, which becomes allowed through magnetic-® eld-induced mixing with
the PP(1, 1) transition. The dispersion curves are labelled with the quantum numbers of
the X $ R 

g
state. (Figure reproduced from Berden et al. (1998) with permission. Copyright

by the American Physical Society).

cancel out in the diŒerence spectrum. The PD-CRD technique has been demonstrated

on the b "R +
g
( Š « ¯ 2)" X $R 

g
( Š § ¯ 0) transition of molecular oxygen around 628 nm,

by measuring either the polarization-dependent absorption or the magneto-optical

rotation of oxygen in the appropriate set-up (Engeln et al. 1997a). Figure 6 shows part

of the magneto-optical rotation spectrum of the b "R +
g
( Š « ¯ 0)" X $R 

g
( Š § ¯ 0) tran-

sition of molecular oxygen around 762 nm.

2.7. CaŠ ity ring-down spectroscopy on surfaces, thin ® lms, liquids and solids

Although most CRD experiments have been performed on gas-phase species, there

are a few studies which report a successful extension of the CRD technique for the

application on solids. Schemes have been developed for measuring dichroism in an

optical element (quarter-wave plate) (Le Grand and Le Floch 1990), phase retardances

of highly re¯ ective mirrors (Jacob et al. 1994), magnetic rotation in optically

transparent solids (Engeln et al. 1997a), absorption in thin solid ® lms (Engeln et al.

1999b) and absorption at surfaces (Pipino et al. 1997b).

Le Grand and Le Floch (1990) measured the residual re¯ ectivity of an

antire¯ ection-coated quarter-wave plate by placing this plate in a cavity that was

formed by a plane input mirror and a concave (r ¯ ® 300 cm) mirror. The re¯ ectivity

of the mirror coatings was greater than 0 ± 999, and their spacing was made large

(270 cm) in order to have decay times as long as possible. In front of and behind the

cavity they placed linear polarizers. Inserting the quarter-wave plate in the cavity

reduced the decay time to about 500 ns. The quarter-wave plate, which acts itself as a

Fabry± Pe! rot etalon, was tilted such that one of the (incident) polarized light directions

had maximum transmission, while the orthogonal polarization component had a

minimum transmission. The decay time of the `resonant ’ polarized light was 830 ns,
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while the decay time of the `antiresonant ’ polarized light was 360 ns. Since the

diŒerence between the cavity losses in both directions is proportional to the re¯ ectivity

of the quarter-wave plate, they determined the residual re¯ ectivity to be 0 ± 35 % .

If an optically transparent sample is placed inside the cavity in such a way that all

resulting cavities are optically stable, re¯ ections from the surface of the sample will

remain in the ring-down cavity and thus will not be noticed as overall losses from the

cavity. Of course, compared with the empty cavity there will be additional losses due

to, for example, absorption in the solid and re¯ ections of the sample which can no

longer be captured in the ring-down cavity.

We have used this approach to measure the polarization rotation as a result of the

Faraday eŒect in a optically ¯ at BK7 window 2 mm thick using the PD-CRD scheme

(see ® gure 5) (Engeln et al. 1997a). In order to avoid any interferences with ambient air

(especially oxygen), the ® rst polarizer, the ring-down cavity with the sample, and the

coils that produced the magnetic ® eld were placed inside vacuum. At a wavelength of

618 ± 79 nm, the ring-down time of the cavity with sample and no magnetic ® eld was

about 700 ns. Thus light passed through the sample about 1100 times in one decay

time. By measuring the diŒerence signal given by equation (6) as a function of the

magnetic ® eld strength (0± 6 mT) we were able to determine the Verdet constant of this

BK7 window (at a magnetic ® eld strength of 2 mT the polarization rotation was about

2 ¬ 10 & rad per passage).

The same approach has been used to record the absorption spectrum of a C
’!

® lm

20± 30 nm thick deposited on a ZnSe substrate 3 mm thick in the 8 ± 5 l m region (Engeln

et al. 1999b). The ring-down cavity is formed by two identical plano-concave mirrors

(radius r of curvature of ® 1 m) placed at a distance d of 36 cm apart. Tuneable pulsed

radiation was obtained from an IR free-electron laser. The measured decay time of the

empty cavity at 8 ± 5 l m was 5 ± 6 l s, implying a re¯ ectivity of 0 ± 9998. Inserting the

optically ¯ at ZnSe window (without the C
’!

® lm) reduced the decay time to 2 ± 2 l s.

Absorption of the thin ® lm caused an additional loss determined by jl}d, in which j

is the absorption coe� cient and l the thickness of the ® lm. The absorption spectrum

of the C
’!

® lm 20± 30 nm thick recorded between 8 ± 1 and 8 ± 9 l m showed a resonance

at 8 ± 45 l m which is one of the four IR-active fundamental modes of C
’!

. The peak

absorption is 0 ± 24 l m " and the full width at half-maximum (FWHM) was about

0 ± 1 l m.

The aforementioned approach requires that the sample is optically transparent.

Pipino et al. (1997b) have placed a fused-silica Pellin± Broca prism with ultra smooth

facets under Brewster’s angles in the ring-down cavity. Surface processes at the plane

of total internal re¯ ection (TIR) of the prism have been probed by CRD through

absorption of the associated evanescent wave by a submonolayer of adsorbed iodine.

This is a successful demonstration of the combination of attenuated total re¯ ectance

spectroscopy (which uses evanescent waves for probing optical absorptions) with

CRD spectroscopy. Pipino et al. determined a minimum detectable coverage of 0 ± 04

monolayer of iodine at 625 nm. The same group has theoretically outlined that, by

using a TIR minicavity, absorption spectra of either thin solid ® lms or species in

solution are measurable via evanescent wave absorption spectroscopy (Pipino et al.

1997a). Since this set-up does not require the ultrahigh-re¯ ectivity dielectric mirrors

generally used in CRD, it can be used in a much broader wavelength range. This is

especially advantageous for spectroscopy on liquids and solids which often have broad

spectral features. Such a TIR minicavity requires optical materials with low bulk losses

and ultrasmooth polished surfaces. Recently, Pipino (1999) reported the ® rst successful
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582 G. Berden et al.

experiment. He used a 7 ± 5 mm ¬ 7 ± 5 mm ¬ 5 ± 0 mm square fused silica cavity, with

facets which were polished to 0 ± 05 nm rms surface roughness. One facet was convex

(2 ± 23 cm radius of curvature) in order to form a stable optical resonator. Light enters

and exits the ring cavity by photon tunnelling through coupling prisms. The losses of

this cavity were dominated by bulk losses ; the ring-down time ranged from 200 ns at

450 nm up to 1 ± 3 l s at 580 nm. In the actual experiment, one facet had been exposed

to iodine vapour, and the ring-down times of s- and p-polarized light were measured

at a wavelength of 580 nm. Both polarizations showed a decrease in decay time as a

result of optical absorption of iodine in the evanescent ® eld. The decrease for the s-

polarized light, however, was larger, suggesting that the iodine molecules are

preferentially oriented with their molecular axis parallel to the surface of the cavity

(since in this transition the transition dipole moment of iodine is along the molecular

axis). For applications that do not require a broad bandwidth, Pipino (2000) designed

a diŒerent monolithic cavity consisting of two ultrahigh-re¯ ection-coated planar

surfaces, thereby facilitating the in-coupling and out-coupling of the light, and one

convex surface acting as a TIR mirror.

2.8. Quantitati Š ity and sensitiŠ ity of ca Š ity ring-down spectroscopy

The absorption coe� cient is obtained from a CRD spectrum after subtracting the

cavity loss measured without the absorber. In practice, however, one determines the

cavity loss without absorber from the baseline in the spectrum. Thus, rewriting

equation (3),

j(m)
l

d
¯

1

cs
®

1

cs
!

¯
s
!
® s

cs
!
s

, (7)

in which s
!

is the decay time measured without absorber (Van Zee et al. 1999). This

equation shows that measuring the absorption coe� cient simply involves the

determination of two time constants. Furthermore, it shows that, for a simple static

cell experiment where l ¯ d, the absorption coe� cient does not depend on the actual

length of the cell. Therefore, the quantitativity of a CRD experiment is determined by

the accuracy with which the ring-down times can be determined.

The minimum detectable absorption in CRD spectroscopy depends on the

re¯ ectivity R of the mirrors and on the accuracy in the determination of s (Zalicki and

Zare 1995) :

[j(m) l]
min

¯ (1 ® R) 0 D s

s 1
min

. (8)

It should be emphasized that R in this equation is in fact R
eff

which is smaller than (or

equal to) the re¯ ectivity of the mirrors (see section 2.1). Equation (8) shows an

attractive feature of CRD spectroscopy ; in order to achieve high sensitivity in the

absorption measurement, only a rather low accuracy in the time measurement is

needed. For example, an accuracy for the determination of s of only 1% combined

with a cavity 10 cm long consisting of mirrors with a re¯ ectivity of 99 ± 999% leads to

a minimum detectable absorption of 10 ) cm ".

The obtainable accuracy of s is determined by many factors, for example, the laser

system (bandwidth, modes and power), cavity (mirror re¯ ectivity and modes),

detector, data acquisition and data analysis. In most of the reported CRD experiments

the accuracy of s is of the order of a per cent, which is due to multimode excitation of
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the ring-down cavity (see section 2.3). The sensitivity of CRD spectroscopy can thus

be increased by single-mode excitation of the cavity.

This single-mode approach has been demonstrated by Van Zee et al. (1999). Their

pulsed-laser system (an injection-seeded pulsed OPO) had a bandwidth of about

115 MHz (FWHM). In order to be able to excite only one cavity mode, the cavity

length should be rather short. The combination of a cavity 10 ± 5 cm long and a mirror

curvature of 20 cm gave longitudinal and transverse mode spacings of 1 ± 5 GHz and

500 MHz respectively. Mode-matching optics maximized the coupling into the lowest-

order transverse mode (TEM
!!

). In this geometry, a single longitudinal mode could be

excited, which led to a single-exponentially decaying ring-down transient. The relative

standard deviation D s}s of 0 ± 03% in the ring-down time extracted from a ® t to an

individual ring-down curve was found to be identical with that for an ensemble

of a hundred independent measurements. CRD absorption specra of the PQ(9)

transition of the A band of molecular oxygen were obtained by simultaneously

scanning the laser and the cavity length. A noise-equivalent absorption coe� cient of

5 ¬ 10 "! cm " Hz "/# was demonstrated. Furthermore, Van Zee et al. showed that the

standard deviation for repeated measurements of the line strength was less than 0 ± 3% .

Summarizing, CRD spectroscopy oŒers a sensitivity of 10 ’ ± 10 * cm " with a

rather simple experimental set-up. The sensitivity can be increased by exciting a single

longitudinal mode. This single-mode approach is experimentally more involved than

the `normal ’ (i.e. multimode) CRD approach, which is due to the locking and

simultaneously scanning of the laser and the ring-down cavity.

3. Continuous-wave cavity ring-down spectroscopy

Excitation of a single longitudinal mode of the ring-down cavity provides the best

sensitivity. For pulsed CRD spectroscopy, this implies that a FT-limited pulsed laser

should be used in combination with a short cavity (see section 2.8). In this case, the

length of the cavity (and thus the modes) should be scanned simultaneously with the

laser wavelength, in order to record a CRD absorption spectrum. An alternative is the

use of CW lasers which have to be switched oŒin order to observe a ring-down

transient. The bandwidth of these lasers is very small (typically less than a few

megahertz); therefore longer cavities can be used, resulting in longer ring-down times.

In the literature, CRD spectroscopy performed with a CW laser is called CW-CRD

spectroscopy, but it should be realized that this technique is in fact not a CW technique

at all.

Whether pulsed CRD or CW-CRD should be used depends strongly on the

application. Pulsed dye lasers and OPOs can be scanned over a large wavelength

region. Furthermore, their power is high enough that nonlinear conversion techniques

(frequency mixing and Raman shifting) can be used to extend the wavelength region

to the UV and IR. CW lasers, on the other hand, can only be scanned over small

wavelength regions and are not (yet) available at all wavelength regions. The

advantage of CW-CRD is the higher repetition rate and a higher spectral resolution

than can be achieved with pulsed CRD spectroscopy (the latter is only true for

multimode excitation of the cavity ; when exiting a single mode, the resolution in both

CW-CRD and pulsed CRD spectroscopy is only determined by the width of the very

narrow cavity modes). An additional advantage is an increased energy build-up inside

the cavity as the linewidth of the CW laser decreases. Higher intracavity energy results

in higher light intensities on the detector, improving the signal-to-noise ratios on the

ring-down transients and therefore improving the sensitivity. Furthermore, compact,

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
4
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



584 G. Berden et al.

easy-to-use and rather inexpensive CW diode lasers that have low power consumption

and do not require cooling can be used, which are for example interesting for trace gas

detection applications at remote locations. A drawback, on the other hand, is that the

simplicity of the experimental set-up is abandoned, even when ultrahigh sensitivity is

not needed.

3.1. Experimental schemes

In CW-CRD spectroscopy, this additional complexity arises from the fact that the

spectral overlap between the laser frequency and the frequency of one of the cavity

modes is no longer obvious. This logically emanates from the narrow linewidth of the

laser (megahertz ) and the high ® nesse of the cavity (kilohertz width of the modes). A

build-up of the intracavity ® eld will only take place if the laser frequency and a cavity

mode are in resonance, for which there are several ways to proceed.

For the measurement of the re¯ ectivity of the cavity mirrors, Anderson et al. (1984)

used the occasional coincidences of a He± Ne laser with one of the cavity modes. When

the light intensity inside the cavity exceeded a prede® ned threshold, a triggering system

switched a Pockels cell that interrupted the laser and started the data acquisition for

recording the ring-down transient. In a more controlled way, the cavity length is

slowly scanned with a piezoelectric transducer, which allows repeated measurements

(see for example Le Grand and Le Floch (1990) and Rempe et al. (1992)).

This approach has also been used by Romanini et al. (1997a ) for measuring CW-

CRD absorption spectra. The cavity length was piezoelectrically modulated in order

to let one of the cavity modes oscillate around the laser line. When the light intensity

inside the cavity exceeded a prede® ned threshold, an acousto-optical modulator

(AOM) turned oŒthe laser beam, followed by a measurement of a ring-down decay.

Since they used transverse mode matching, only the TEM
!!

modes could have

su� cient intensity build-up to trigger the data acquisition system. A feedback circuit

measured the distance of the position of the mode responsible for the ring-down

transient with respect to the centre of the modulation range and provided a correction

voltage to the piezoelectric transducer. In this way they were able to record ring-down

transients at a range of 200 Hz while the laser was scanned in wavelength. With this

CW-CRD method, Romanini et al. (1997a ) measured a part of the C
#
H

#
overtone

spectrum around 570 nm, using a CW ring dye laser, with a sensitivity of 10 * cm ".

Using an external cavity diode laser around 775 nm, Romanini et al. (1997b)

demonstrated a sensitivity of 2 ¬ 10 "! cm ", and they recorded part of the rotationally

and vibrationally cooled spectrum of NO
#

in a slit nozzle expansion. In the jet

experiment, their tracking system had problems with sudden ¯ uctuations of the cavity

length owing to mechanical vibrations of the pumping system. Note that the tracking

system is not needed if the modulation of the cavity length is slightly more than one

free spectral range and if the modulation speed is not too slow (Romanini et al. 1997b,

and He et al. 1998). Instead of modulating the cavity modes, one can also modulate the

frequency of the laser (Romanini et al. 1997b, Schulz and Simpson 1998). However,

this approach can only be used if the width of the absorption features is much larger

than the free spectral range of the cavity. This scheme is, for example, attractive when

external cavity diode lasers are used to detect absorptions at atmospheric pressure

(Schulz and Simpson 1998).

The above mentioned CW-CRD scheme in which the cavity length is modulated

can also be used without an optical switch. With a piezoelectric transducer, Hahn et

al. (1999) swept a cavity mode into resonance with the laser. When the intensity on

the detector exceeded a prede® ned value, a switching circuit was triggered which
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CRD spectroscopy: experimental schemes and applications 585

discharged the piezoelectric transducer. In this way, the cavity length changed a

quarter-wavelength in 1 l s, causing the cavity mirror to move oŒresonance within a

few nanoseconds. The mirror was held at this oŒ-resonance position until a complete

ring-down transient was recorded. Although no AOM or Pockels cell was used, Hahn

et al. (1999) still needed a switching circuit. He and Orr (2000) used only the rapidly

swept cavity. The resonance frequency of the cavity was swept continuously through

the laser frequency on a time scale that is much shorter than the ring-down time of the

cavity. A time gate was used to select one resonance during each single sweep for

display on the digitizing oscilloscope. The measured transient started with a rapid

increase in the intensity, when the cavity mode comes into resonance with the laser

frequency. Then, the mode scans out of resonance, and the ring-down decay starts. In

the early part of the decay, oscillations were observed, which limited the determination

of the ring-down time to the last part of the decay transient. These oscillations are

caused by the beating between the laser frequency and the cavity mode frequency,

which is Doppler shifted owing to the moving mirror (see Poirson et al. (1997), and

references therein, Hahn et al. (1999) and He and Orr (2000)). In fact, from these

oscillations, one can determine, in speci® c cases, the velocity of the moving mirror (An

et al. 1995) and the ® nesse (and thus the losses) of the cavity (Poirson et al. 1997).

Paldus et al. (1997) did not scan the cavity modes into resonance with the diode

laser line, but instead they used a quasicontinuum mode structure (see sections 2.3 and

4) to enhance the incoupling e� ciency. In this way, repetition rates up to 50 kHz could

be achieved. However, higher-order transverse modes were excited, limiting the

accuracy in the determination of the ring-down time. Nevertheless, their initial

experiments showed already a sensitivity which is comparable with most pulsed CRD

studies, and a tracking system was obviously not needed.

When the CW laser is in resonance with the cavity mode, a large fraction of the

light, depending on the bandwidth of the laser with respect to the width of the cavity

modes, is coupled into the cavity, but also a large amount of light is coupled out of the

cavity in the direction of the detector and in the direction of the laser. This strong

optical feedback induces mode hops (jumps in wavelength) of the laser, thus breaking

the resonance and causing irregularities in the wavelength scan. Therefore, an optical

isolator is needed between the laser and the cavity. The AOM which also turns oŒthe

laser beam can be used for this purpose (Romanini et al. 1997a), but sometimes this

modulator alone does not give enough isolation and an additional Faraday isolator is

used (Paldus et al. 1997, Romanini et al. 1997b).

Active locking of a cavity mode to the frequency of the laser, which would lead to

higher and more reproducible intracavity energies and therefore less variation in the

ring-down times, is not straightforward since the laser has to be switched oŒin order

to record a ring-down transient.

Paldus et al. (1998) used a sophisticated scheme to record ring-down transients

while the cavity is locked to the laser. The key concept is that the laser beam is split into

two beams with orthogonal polarizations ; one beam is used to lock the ring-down

cavity continuously to the laser, while the other beam is used to measure ring-down

transients. Their ring-down cavity consisted of three mirrors. In this way, the optical

feedback from the ring-down cavity was absent. Furthermore, the orthogonally

polarized light beams will now see diŒerent mirror re¯ ectivities as they are incident

under non-normal angles. Consequently, the cavity will have diŒerent ® nesses for both

beams. The low-® nesse resonator was used for the locking of the cavity to the laser

mode, while the high-® nesse resonator was used to perform CW-CRD spectroscopy.
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586 G. Berden et al.

Both polarized beams are simultaneously resonant in the cavity, and the cavity can,

therefore, be continuously locked to the laser even when the beam used for CRD is

switched on and oŒby an AOM. The decay transient was detected and analysed in the

usual way, but an improvement of the sensitivity can be obtained by using optical

heterodyne detection (Levenson et al. 1998, 2000). Despite the greater complexity

involved in this active locking approach, it is a promising way to achieve higher

sensitivities (section 3.2) (Spence et al. 2000).

Recently, Ye and Hall (2000) presented a scheme that oŒers a quick comparison of

on- and oŒ-resonance information. Two cavity modes, one probing the empty cavity

losses and the other probing the total cavity losses (including molecular absorption),

were excited simultaneously. The intensities of the modes were temporally out of

phase, with one mode decaying and the other rising. This was achieved with two

AOMs that also provided the necessary frequency oŒset. Heterodyne detection

between the two modes yielded the molecular absorption.

3.2. Sensiti Š ity

Exciting a single longitudinal mode of the ring-down cavity provides the best

sensitivity, just as in pulsed CRD spectroscopy (see section 2.8). By locking the cavity

to the laser line, the energy build-up in the cavity is high, which results in a high

intensity on the detector that records the ring-down transient, thus improving the

signal-to-noise ratio. With a locked cavity consisting of three mirrors with a re¯ ectivity

R ¯ 0 ± 9993, Paldus et al. (1998) achieved a sensitivity of 5 ¬ 10 * cm ". Although the

repetition rate could in principle be more than 10 kHz, the actual repetition rate was

only a few hundred hertz, limited by the acquisition speed of the digitizing electronics.

Furthermore, the sensitivity of their spectrometer was limited by electronic noise

imposed by the detection electronics (e.g. the digitizer).

Recently, this set-up has been spectacularly improved by using an analogue

detection scheme (Spence et al. 2000). With this improved CRD spectrometer, they

achieved a sensitivity of 8 ± 8 ¬ 10 "# cm " Hz "/# for the detection of carbon dioxide at

around 1064 nm. The cavity round-trip path was 42 cm, and the ring-down time of the

empty cavity was 2 ± 8 l s. The switching speed of the AOM, used for turning the laser

beam on and oŒ, was 80 kHz. Note that mirrors of modest re¯ ectivity were used in

order to obtain not too low intensities on the detector.

Van Zee et al. (1999) compared, very generally, the sensitivities which can be

obtained with single-mode pulsed and CW-CRD spectroscopy. Their conclusion is

that, in principle, the highest sensitivity can be obtained when a CW laser with a very

narrow bandwidth is used. This is mainly due to the more e� cient coupling of light

into the cavity. Obviously, a real comparison between pulsed and CW-CRD

spectroscopy is very di� cult since detailed knowledge is needed of all components of

the spectrometer.

3.3. Applications

CW-CRD spectroscopy is suitable for ultrahigh-resolution spectroscopy of

molecules and clusters in a supersonic expansion. In general, jet spectra are much

simpler to interpret than spectra recorded in a cell, because of the reduced Doppler

width of the rovibrational transitions and the reduced number of spectral lines as a

result of rotational and vibrational cooling. For example, Hippler and Quack (1999)

recorded the jet-cooled spectrum of the m
#
 2m

$
combination band of methane, and

Biennier et al. (2000) recorded the rotationally resolved spectrum of an electronic

transition of the O
#

dimer.
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An additional advantage of CW-CRD spectroscopy is the high intracavity power

which can be achieved, which oŒers the possibility of studying nonlinear eŒects

(Romanini et al. 1999b, Bucher et al. 2000). Romanini et al. (1999b) recorded the

absorption spectrum of NO
#

in a jet, using a 2 W single-mode titanium-doped

sapphire laser. The power in their ring-down cavity was about 20 W, which allowed

them to observe saturation eŒects such as decreased absorption and Lamb dips. It

should be noted, however, that such nonlinear eŒects have also been observed with

pulsed CRD spectroscopy (Lehr and Hering 1997a, Labazan et al. 2000).

Furthermore, CW-CRD spectroscopy can also be used for trace gas detection. For

example, Campargue et al. (1998) demonstrated the sensitive detection of SiH
#

in a

argon± silane discharge. In this context, the development of compact and low-cost

diode lasers is important. Since only one (or a few) rovibrational transitions of a trace

gas molecule need to be monitored, the limited spectral region in which a single diode

laser operates is not a disadvantage. For example, with a multiplexed diode laser

system consisting of two diode lasers operating at 1391 and 1402 nm, Totschnig et al.

(2000) could measure, simultaneously, methanol and isopropanol in a cell with a

sensitivity of 2 ± 4 ¬ 10 * cm " for a 4 ± 3 s averaging time.

4. Cavity-enhanced absorption spectroscopy

CRD spectroscopy with CW lasers can also be performed without temporal

analysis of the ring-down transient. In PS-CRD, the absorption coe� cient is extracted

from a measurement of the wavelength-dependent phase shift that an intensity-

modulated CW light beam experiences upon passing through a high-® nesse optical

cavity. This technique has been developed by Herbelin et al. (1980) for measuring

mirror re¯ ectances near unity. Engeln et al. (1996) have used this technique to record

the absorption spectrum of the c band of ")O
#
.

In this experiment, the output of the CW laser was passed through an electro-

optical modulator that sinusoidally modulated the light intensity. The intensity-

modulated light was coupled into the optical cavity. No mode-matching optics were

used, and the separation of the mirrors was chosen such that a very dense (near-

continuum) mode spectrum was obtained (see section 2.3). In this way, the incoupling

e� ciency of the light was maximized. The inner diameter of the cavity 45 cm long was

8 mm, reducing the total volume of the cell to only 25 cm$, providing a way to save on

the rather expensive isotopic oxygen. The intensity of the light that leaked out of the

cavity was detected with a PMT placed closely behind the optical cavity in order to

ensure that all cavity modes were detected with an equal probability. The phase shift

U of this signal is directly related to the cavity ring-down time s via tan U ¯ Xs, where

X is the angular frequency of the modulation. This phase shift was determined with a

fast lock-in ampli® er.

The independence of intensity ¯ uctuations allows the PS-CRD absorption method

to be performed in optical cavities without any length stabilization. The sensitivity of

this technique is comparable with that of multimode pulsed and CW-CRD techniques.

Since no ® t of the ring down transient is required, PS-CRD can easily be performed

with analogue detection electronics. In PS-CRD spectroscopy the decay time of the

light in the cavity is obtained via a measurement of the phase shift. Instead of an

optical switch, which is needed in CW-CRD spectroscopy, one now needs an electro-

optical modulator.

In CEA spectroscopy, no switch or modulator is used. Laser light is coupled into

the cavity via accidental coincidences of the light with the cavity eigenmodes, and the
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time-integrated intensity of the light leaking out of the cavity is measured. In our

preliminary experiments (Engeln et al. 1997a), this CEA scheme was used to record the
PP

"
(1) transition of the oxygen c band with a single-mode ring dye laser. A detailed

description of the CEA technique, together with a description of relevant experimental

details, has been given by Engeln et al. (1998). In short, the key concept is that the

frequency of the laser should be in resonance with each cavity mode equally long. This

can easily be done by scanning the frequency of the laser so fast that the interaction

time is determined by the scanning speed of the laser, and not by the instability of the

cavity. Alternatively, the laser can be scanned slowly while the cavity mode structure

is scanned by moving one of the cavity mirrors.

Although we have called this experimental scheme CEA spectroscopy, in order to

distinguish it from CRD spectroscopy, it is not the same as cavity transmission

spectroscopy (which is also called CEA spectroscopy). In cavity transmission

spectroscopy, the laser frequency is locked to the frequency of a cavity mode, and the

transmission through the cavity is recorded as a function of the frequency (see for

example Nakagawa et al. (1994), Ye et al. (1998)and Inbar and Arie (1999)). The high-

® nesse cavity is used to enhance the detection of absorptions, since its transmission is

sensitive to small variations in the absorption inside the cavity. The essential diŒerence

from CRD spectroscopy is that the resonance between the laser and cavity mode is

never broken. By combining cavity transmission spectroscopy with modulation

techniques, Ye et al. (1998) reported a sensitivity of 1 ¬ 10 "% cm " using a CW

neodymium-doped yttrium aluminium garnet laser at 1 ± 064 l m and a cavity with a

® nesse of 100000. This spectacular sensitivity is superior to that achieved with CRD

spectroscopy. However, the technical requirements are very high. On the other hand,

the `crude ’ CEA approach described in this section is very simple and technically less

demanding.

4.1. Experimental set-up and measurement procedure

Similar to CW-CRD spectroscopy, light from a narrow band CW laser is coupled

into an optical cavity formed by two highly re¯ ective mirrors. Since the cavity acts as

a frequency-selective ® lter, only those laser frequencies will enter the cavity that are in

resonance with the cavity eigenfrequencies. In CW-CRD spectroscopy, the cavity

geometry is chosen mostly in such a way that the longitudinal modes and the

transverse modes are at isolated frequencies. Furthermore, mode-matching optics are

used to excite mainly the longitudinal cavity modes. In CEA spectroscopy the cavity

mode spectrum is chosen to be a quasicontinuum (see section 2.3).

The frequency of the laser and}or the frequencies of the cavity modes are scanned

rapidly ( Š ide infra) while the time-integrated intensity of the light exiting the cavity is

measured with a detector placed behind the cavity end mirror. This intensity is

proportional to, ® rstly, the ® nite `resonance ’ time of (a fraction of) the spectral pro® le

of the laser with the cavity mode and, secondly, the maximum intensity that can be

reached inside the cavity. The resonance time is mainly determined by the scanning

rate of the laser (and}or the scanning rate of the cavity mirror). This rate should be

chosen so that the resonance time is equally long for each cavity mode, assuring that

the frequency jitter of the cavity eigenfrequencies due to mechanical instabilities will

be of hardly any in¯ uence on the resonance time. Furthermore, the interaction time

must be su� ciently long in order to allow the light intensity inside the cavity to

converge to its limiting value. The maximum intensity that can be reached inside the

cavity is proportional to the spectral overlap of the laser pro® le with the pro® le of the
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cavity mode. As the spectral pro® le of the cavity mode is given by the Airy function

with a width proportional to the cavity losses, that is proportional to 1}s, and with an

intensity proportional to s#, the maximum intensity in the cavity is directly

proportional to the ring down time s. The results of more detailed calculations using

Fabry± Pe! rot theory (see for example, Zalicki and Zare (1995)) and taking into account

the cavity build-up and decay can be found in the paper by Engeln et al. (1998). In this

paper it is shown that time-integrated intensity of the light leaking out of the cavity is

linearly proportional to the cavity decay time s. Thus, by plotting the inverse of the

detected signal versus frequency, an absorption spectrum is obtained.

Depending on the scanning capabilities of the laser, a CEA spectrum can be

obtained in various ways. When using a laser that can be scanned over a wavelength

interval with a high repetition rate, as is the case with an external cavity diode laser

(ECDL), the laser is scanned rapidly in time (e.g. 1 cm " at a rate of 30 Hz). The CEA

signal is recorded as a function of time, which is proportional to the wavelength of the

laser. As the optical cavity is mechanically unstable, the cavity length will jitter in time

and, as a result, each single scan will have contributions from slightly diŒerent

frequencies. Therefore, summation over several scans (typically more than 100)

provides a method to sample each wavelength with an equal probability. When using

a laser that can only be scanned slowly or that can only be stepped in wavelength, the

cavity modes are scanned rapidly using a piezoelectric transducer mounted on one of

the cavity mirrors while the signal is averaged over some time. Again, this approach

allows all laser wavelengths to be coupled into the cavity. The rate at which light will

be coupled into the cavity strongly depends on the mode structure of the cavity, in

combination with the scanning rate of the laser or cavity and the frequency jitter of the

cavity eigenfrequencies.

The limiting factor for the sensitivity of this CEA approach results from the

residual mode structure which is visible on the baseline of the absorption spectrum. In

order to wash out this residual mode structure fully, an additional, preferably random

cavity mode jittering is required. The easiest way is to construct a mechanically

unstable cavity and to make use of the vibrations, for example those generated by a

rotary pump (section 4.2) (Berden et al. 1999). Another way is to scan both the laser

wavelength and the cavity mode eigenfrequencies (section 4.3) (Peeters et al. 2000).

When the laser wavelength is stepped or scanned slowly, and the cavity eigen-

frequencies are rapidly scanned, the signal-to-noise ratio can be improved by rapidly

modulating the laser wavelength (O’Keefe et al. 1999).

In CEA spectroscopy, the total time-integrated signal is inversely proportional to

the ring-down time s. The absorption coe� cient is then given by, using equation (3),

j(m) ¯ 0 S!
(m)

S(m)
® 1 1 1 ® R

l
, (9)

where S(m) is the recorded time-integrated intensity with absorbing species, and S
!
(m)

is the CEA signal without absorbing species (i.e. the baseline). This equation shows

that an absorption spectrum is obtained by dividing the baseline by the CEA signal.

Furthermore, this equation shows that the absorption coe� cient is expressed in units

of (1 ® R)}l. Therefore, the intensity axis in a CEA absorption spectrum of a sample,

whose number density or absorption cross-section is not known, can only be obtained

on an absolute scale when the mirror re¯ ectivity is known. The mirror re¯ ectivity can

be determined in a CRD experiment, or can be calibrated by measuring the absorption
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590 G. Berden et al.

Figure 7. CEA spectrum as recorded with molecular oxygen at 200 mbar in a cell 12 cm long
at room temperature, displaying the band heads in the RR and RQ branches of the c band
around 628 nm. (Figure reproduced from Engeln et al. (1998) with permission. Copyright
the American Institute of Physics).

of molecules with a known absorption cross-section and number density. So, contrary

to (CW-)CRD, CEA is not a self-calibrating absorption technique. However, it should

be emphasized that the CEA spectra are of comparable quality with those obtained via

(multimode) pulsed CRD or CW-CRD spectroscopy.

4.2. Applications of caŠ ity-enhanced absorption spectroscopy

Since the technique has only recently been developed, only a few experiments have

been performed with CEA spectroscopy which, however, give a good impression of the

versatile experimental capabilities of this technique.

In ® gure 7 a part of the absorption spectrum of the b " R +
g
( Š ¯ 2)" X $ R 

g
(Š ¯ 0)

band of oxygen (c band), showing the band heads of the RR and RQ branches, is

shown as recorded with a CW ring dye laser in a cell 12 cm long ® lled with molecular

oxygen at 200 mbar and room temperature. The spectrum is a compilation of three

partly overlapping measurements, each covering about 1 ± 5 cm " averaged over 100

scans. With a scanning rate of the laser of around 5 Hz, this implies an eŒective

recording time of 1 min. The relative line intensities match calculated absorption

spectra very well, thereby demonstrating the viability of the data extraction procedure.

As mentioned above, the absorption is expressed in units that depend on the

re¯ ectivity of the mirrors. For these transitions of oxygen the cross-sections are
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Figure 8. Linearity plot of the CEA detector. For diŒerent ammonia and water concentrations
the CEA spectrum is measured. The integrated absorption S, which is equal to the area
under the CEA spectrum, is plotted versus the ammonia concentration and water
concentration, measured with a chemiluminescence monitor and a relative humidity
sensor respectively. (Figure reproduced from Peeters et al. (2000) with permission.
Copyright Springer Verlag).

known, providing a way to determine the re¯ ection coe� cient R ¯ 0 ± 9998, which is in

good agreement with independent CRD measurements.

It is always possible to deduce absolute absorption coe� cients from the CEA

spectra, when the species whose absorption cross-section or number density is not

known is measured simultaneously with a species with a known absorption coe� cient.

This has been demonstrated by recording the CEA spectrum of water at 1 ± 0 mbar with

a trace amount of ammonia using an ECDL around 1 ± 5 l m (Engeln et al. 1998). With

an ECDL operating at 1 ± 3 l m, O’Keefe et al. (1999)have measured absorption spectra

of water vapour and carbon dioxide (note that they name this technique integrated-

cavity output spectroscopy instead of CEA).

As the spectral information is deduced from the time-integrated signal rather than

from the time dependence of the signal, it is possible to perform these measurements

with relative low-power lasers and cheap detection systems. Combined with the

sensitivity of CEA spectroscopy, trace gas detection based on the CEA technique

might oŒer attractive possibilities.

Recently, we have developed a compact open-path ammonia detector which uses

a commercially available ECDL operating at 1 ± 5 l m (Peeters et al. 2000). The set-up
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592 G. Berden et al.

Figure 9. Experimental set-up for recording the CEA spectra of jet-cooled ammonia. The
wavelength of the CW diode laser is scanned over 1 cm " at a rate of 30 Hz using a sweep
generator, which also triggers the data acquisition. Part of the laser beam is used to record
the absorption spectrum of ammonia at room temperature. Light is coupled into the high-
® nesse optical cavity 8 ± 5 cm long, which is enclosed in a vacuum chamber. The vacuum
chamber is evacuated by a 1200 m$ h " Roots pump backed by a 180 m$ rotary pump. A
planar jet is formed by expanding ammonia strongly diluted in argon through a
40 mm ¬ 0 ± 03 mm slit nozzle. The cavity axis is along the long axis of the slit nozzle,
intersecting the jet a few millimetres downstream from the ori® ce. The light that leaks out
of the cavity is detected with a photodiode and displayed on the oscilloscope, which is
used in x± y mode. The horizontal axis is triggered by the sweep generator and is therefore
proportional to the laser wavelength. Further data analysis is performed on a PC. (Figure
reproduced from Berden et al. (1999) with permission. Copyright Elsevier Science.)

consists of a diode laser, a high-® nesse cavity (R ¯ 0 ± 9997) with one mirror mounted

on a piezoelectric transducer used to vary the cavity length, and a (slow) photodiode.

Data acquisition was carried out with an analogue-to-digita l card and Labview-based

software. The system was tested in a climate chamber, where it was possible to vary the

amount of ammonia and water in the air. Figure 8 gives an overview of the results. The

ammonia and water concentrations were calibrated independently using a chemi-

luminescence monitor and a relative humidity monitor respectively. It is concluded

that the CEA signal is indeed linear with the concentration of the molecules.

Furthermore, these measurements show that the sensitivity for detection of ammonia

under atmospheric pressure is 2 ¬ 10 ) cm ".

The spectral width of spectroscopic features in ® gures 7 and 8 are dominated by

Doppler broadening and pressure broadening respectively, while the bandwidth of the

lasers is less than 5 MHz (10 % cm "). The high-resolution character of CEA

spectroscopy has been demonstrated by recording absorption spectra of oxygen

(Engeln et al. 1998) and ammonia (Berden et al. 1999) in a molecular jet. The

experimental set-up which is used to record the spectra of ammonia is shown in

® gure 9. Jet-cooled spectra of ammonia are shown in ® gure 10. The FWHM of the ro-

tational transitions is 180 MHz, demonstrating the high-resolution character of CEA
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Figure 10. Part of the m
"
 m

$
spectrum of ammonia containing the PQ

"
branch. The lower part

shows the CEA spectra recorded in a jet obtained by seeding diŒerent amounts of
ammonia in argon. The ammonia concentration increases from spectrum I to III. The
absorption coe� cient j is expressed in units of (1® R)}l which is about 1 ¬ 10 % cm ".
Spectra II and III have been oŒset for clarity. The upper part shows the corresponding
part of the single-pass absorption spectrum of ammonia at 3 mbar and room temperature.
(Figure reproduced from Berden et al. (1999) with permission. Copyright Elsevier
Science).

spectroscopy. Mechanical vibrations due to the pumps did not perturb the

measurements ; on the contrary, they introduce a randomization of the jittering of the

cavity length which in turn increases the in-coupling e� ciency of the laser light and

thereby the signal-to-noise ratio of the spectrum.

A diŒerent way of performing CEA spectroscopy has been reported by He and Orr

(2000). They have constructed a cavity in such a way that the cavity will exhibit a dense

mode structure, with the modes at isolated frequencies. In addition to the cavity decay

time, as has already been mentioned before (section 3), they have measured the CEA

peak signal instead of the total time-integrated cavity signal. In their experiment they

only allowed for a short resonance time, resulting in a short intracavity intensity build-

up and a longer decay time. The CEA signal was now derived by integrating the

intensity in a narrow gate around the maximum intracavity intensity. They compared

the sensitivity achieved with this `peak-detected ’ CEA scheme with the sensitivity

obtained with the CW-CRD scheme. They remarked that the baseline noise level in the

CW-CRD experiments is better than in the `peak-detected ’ CEA spectra and assigned

this to power ¯ uctuations in the laser output and spatial and wavelength instabilities

of the laser. However, it is obvious that, in using `peak-detected ’ CEA spectroscopy,
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Figure 11. The number of papers on CRD spectroscopy as a function of the year of
appearance.

one does not fully exploit the eŒective measurement path length achievable in the high-

® nesse optical cavity. Therefore, the attainable sensitivity does not compare with the

sensitivity of pulsed CRD, CW-CRD or CEA spectroscopy.

The CEA technique can also be used to measure optical rotation spectra, by

placing a polarization analyser in front of the detector (Engeln et al. 1998). This cavity-

enhanced magnetic rotation (CEMR) scheme is closely related to the PD-CRD

scheme (see section 2.6.2). The experimental set-up for CEMR is slightly diŒerent

from the CEA set-up. Prior to entering the optical cavity the laser beam passes through

a polarizer to de® ne the polarization state of the incoming light better. A second

polarizer, which is set at an angle of u
D

relative to the polarization of the incoming

light, is placed in front of the detector which measures the time integrated intensity.

For u
D

¯ 90 ° , the recorded spectrum is a result of optical polarization rotation due to

magnetic birefringence while, for u
D

away from 90 ° , the spectrum is dominated by

magnetic dichroism.

It is clear that the CEA technique is an addition to the pulsed and CW-CRD

techniques. An attractive feature of CEA spectroscopy is the simple experimental set-

up combined with a good sensitivity. The ultimate sensitivity is limited by the residual

mode structure and power ¯ uctuations of the laser and is therefore not as good as can

be achieved with CRD spectroscopy.

5. Applications

By now (June 2000), more than 190 papers on CRD spectroscopy have appeared.

Figure 11 shows the number of CRD papers as a function of the year of appearance

(the numbers are taken from the reference list of this paper). It is evident that CRD

spectroscopy is becoming a standard spectroscopic tool. This conclusion can also be

drawn by looking at the titles of the papers ; more and more papers appear with titles

without the words `cavity ring-down ’.
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Since this review is focused on the various experimental schemes of CRD

spectroscopy, we shall only brie¯ y mention the applications of CRD spectroscopy.

Table 1 gives an overview of the literature. Care has been taken to make this table as

complete as possible but, nevertheless, there might be papers that have escaped our

attention.

Although the papers are listed according to the wavelength used in the reported

studies, they can be categorized in three groups. The ® rst group (labelled t) contains

those papers which describe a particular CRD scheme and contain CRD spectra

demonstrating the speci® c technique. Papers reporting a spectroscopic study of a

molecular system, belong to the second group (labelled s), while papers which use

CRD spectroscopy for the detection of species in a certain environment are in the third

group (labelled d ).

From this table, several conclusions can be drawn. First of all, CRD spectroscopy

has been performed in quite a large spectral region, from the UV (200 nm) to the IR

(10 l m), almost without gaps. Second, a large variety of atoms and molecules have

been studied, including radicals, ions, clusters and even molecules in the solid phase.

Besides the detection of molecular absorptions, the technique has also been used to

measure extinctions due to, for example, scattering and photodetachment . Third,

CRD spectroscopy can be applied in many environments ; in open air, cells, jets,

discharges and ¯ ames.

Very generally, one can say that reported detection sensitivies for all CRD schemes

are in the 10 ’± 10 "! cm " range for multimode excitation of the ring-down cavity, and

in the 10 * ± 10 "# cm " range for single-mode excitation. This good sensitivity

combined with a fairly simple experimental set-up, makes these direct absorption

techniques very powerful in many areas of research.
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