
I n s t r u m e n t a t i o n 

Cav i ty R ingdown 
L a s e r Absorpt ion 
Spectroscopy 

ecause it is simple, fast, and ver
satile, absorption spectroscopy is 
often the method of choice for 

performing noninvasive in situ measure
ments of concentrations and composition in 
chemical systems. When performed under 
conditions where Beer's Law applies, it 
yields accurate species concentrations in a 
straightforward manner. However direct 
absorption techniques typically lack the 

sensitivity of competing methods such as 
laser-induced fluorescence multiphoton 
ionization and photodepletion that are 
based on detecting of the 
photon absorption event and this differ
ence limits their use in some 
as in trace eras analysis 

This reduced sensitivity results from 
the measurement of absorption as a small 
change in the total transmitted source 
intensity. To achieve high sensitivity, flue-

tuations in the source intensity must be 
minimized accordingly, which seemingly 
precludes the use of pulsed lasers for 
making direct absorption measurements 
of trace species. This is unfortunate, be
cause modern commercial pulsed laser 
systems can be operated over much wider 
wavelength intervals than can continuous-
wave (CW) lasers, and they are generally 
easier to use (single-mode optical para
metric oscillator/amplifier systems being 
a recent exception!) and less expensive. 

In this Report, we describe a promising 
new approach for making ultrasensitive 
direct absorption measurements with 
pulsed lasers. We call this technique, in
vented in 1988 by O'Keefe and Deacon (i), 
cavity ringdown laser absorption spectros
copy (CRLAS) (2). CRLAS combines very 
high sensitivity (fractional absorptions 
smaller than 1 ppm), good time resolution 

(~ 10 us), and perhaps most important a 
compelling degree of simplicity and general
ity. It has recently been used from the IR to 
the UV for the spectroscopy of metal clusters 
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and refractory molecules in pulsed molecular 
beams (3,4), for the study of free radicals in 
combustion systems (5-8) and in diamond 
film deposition (9), for bimolecular kinetics 
measurements (10-12), for the ssudy oo mo
lecular ions in plasmas (13,14), foo the eeter
mination of absolute concentrations of small 
water clusters in supersonic expansions, and 
for the measurement of high overtones of 
molecular vibrations (15)) 

Basic principles 
Basic principles of the CRLAS experiment 
are shown in Figure 1. One can view in 
this simple model the light pulse pro
duced by a tunable pulsed laser as a wave-
packet of spatial extent given by the co
herence length of the laser (here taken as 
C/2TCAV, where Av is the ffequency band
width of the pulse). The pulse is injected 
into an optical cavity formed by two highly 
reflecting mirrors, separated by a distance 
(L), which is chosen to be large with re
spect to the coherence length. Under 
these conditions the effects of multibeam 
interference that ordinarily define the fa
miliar behavior of such optical cavities are 

insignificant, and the amount of energy 
coupled into the cavity is independent of 
the center frequency of the laser. One can 
then simply view the laser pulse as a parti
cle, which will be partially transmitted into 
the cavity by the input mirror and will 
make many (typically several thousand) 
round trips inside the cavity before its 
intensity decays, which is caused by the 
finite losses sn the system. 

A detector placed after the exit mirror 
encounters a train of pulses (essentially 
much less intense replicas of the original 
laser pulse) emerging from the cavity, sepa
rated in time by the cavity round-trip ttme 
(2L/c) and wiih a ssmple exponential lecay 
envelope caused by the cavity losses. The 
time for the amplitude of this pulse train to 
decay to l/e of its initial value is called the 
"ringdown time". The condition that the 
coherence length of the laser pulse be 
much less than the cavity mirror spacing is 
equivalent to requiring that the frequency 
bandwidth of the laser be much greater 
than the cavity longitudinal mode spacing 
If this condition is fulfilled using either de-
scription the effects of multibeam interfer

ence (i.e., frequency-dependent transmis
sion) will be negligible, and the cavity will 
exhibit simple exponential decay of the 
light intensity. The cavity ringdown time is 
then independent of the transmitted laser 
intensity; combined with the long, effective 
pathlength, this accounts for the high sensi
tivity of the method. 

If an absorbing sample is placed in
side the cavity under the above condi
tions, the cavity ringdown time will be 
shortened at those wavelengths where 
absorption occurs. The sample absor-
bance at a given wavelength is then very 
simply related to the cavity ringdown 
time by the equationA = tt/2(l/z - -/x0)) 
where A is the sample absorbance, t is 
the cavity round-trip time, x is the ring-
down time, and T0 is the ringdown time 
of the empty cavity. 

In practice, the CRLAS experiment 
consists of measuring the ringdown time 
for each laser shot at each wavelength 
increment, averaging successive laser 
shots to reach a desired S/N. A plot of the 
total cavity loss versus wavelength then 
yields the corresponding absorption spec
trum, wherein the spectral features of the 
sample are superimposed on the back
ground cavity losses (x0 varies slowly with 
wavelength). To achieve high absorption 
sensitivity, the background losses must be 
small; that is, the mirrors must be very 
highly reflecting. The relationship be
tween mirror reflectivity absorption sensi
tivity and the cavity ringdown time is 
given in Table 1 For verv trood mirrors 
available in the near-UV and visible re-

crirms (T? = QQ QQW^ ,ractional lasnrntirtn*; 

per pass as small as 5 x 1(T7 can be mea
sured with a sinrie laser pulse corre
sponding to 10 000 passes through the 
samnle and a measurement time of SO us 
for a SO-cm cavity This capability is 'm 
pressive by any standard! 

Table 1 . Relationship b e t w e e n mirror ref lect ivi ty, absorption sensit ivity, and cavity r ingdown t ime . 

Mirror No. of passes Time constant Time constant Time constant Time constant 
reflectivity toe - 1 to 1% to 2% to 3% to 10% 

0.9950 100 ±5 .05 x 1 0 " 5 ± 1.02 x 10'4 ± 1 . 5 x 1 0 " 4 ± 5 . 5 x 1 0 " 4 

0.9990 500 1.1 x10~ 2.04 x 1 0 3.0 x 10'5 1.1 x 10" 
0.9995 1,000 5.05 x 10~5 1.02 x 1 0 " 5 1.5x10" 5 5.5 x 1 0 ' 5 

0.9999 5,000 1.1 x 10"6 2.04 x 10 3.0 x 10"6 1.1 x10~ 5 

0.99995 10,000 5.05 x 10"7 1.02 x 1 0 " 6 1.5x10~6 5.5 x 1 0 ' 6 

0.99999 50,000 1.1 x 10"7 2.04 x 1 0 " 7 3.0 x 10"7 1.1 x 10"6 

Figure 1 . A simple model for CRLAS. 
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Design considerations 
One of the most appealing aspects of the 
CRLAS approach is the simplicity of design 
and operation. By considering just a few 
basic factors, one can easily construct a 
spectrometer capable of measuring frac
tional absorptions of just a few parts in 106. 
The most effective way to achieve high sen
sitivity levels is to use the highest reflectiv
ity mirrors available, because higher reflec
tivity yields longer ringdown times which, 
in general increase the overall sensitivity of 
the apparatus (see Table 1). Short decay 
times place increasingly stringent require
ments on the overall speed of the detector 
and associated electronics For a 0 5-m cav-
ity length mirrors having R > 0 999 result 
in ringdown times long enough (> 2 us) to 

allow the 1 ISP of common 10- to 20-MHz 

detprtrtn; amplifier<i and Clgnal arniii<5itinn 

hardware Furthermore transient signals at 

the hpoinnino- of the rinorlnwn event (such 

as rf noise from 
tV»e» Infj/if -fit-inn^ c a n 

actual ringdown signal, which is more likely 
to happen for short decay times. v inally, 
high-frequency oscillations assoaated with 
the cavity round-trip time are more easily 
filtered out for longer decay times. 

The only potential drawback of using 
extremely high reflectivity mirrors is the 
corresponding increased demand for laser 

power. For example, 8 orders of magni
tude less intensity initially reaches the 
detector than impinges on the first mirror 
with two mirrors of R = 0.9999 each, 
whereas 102 more than this reaches the 
detector with R = 0.999 mirrors. This is 
not usually a problem in the UV-vis re
gion, where extremely sensitive photo-
multiplier tubes can be used. However 
using such ultrahigh reflectivity mirrors 
with standard InSb or MCT detectors in 
the IR requires laser powers of at least 
200-300 uj/pulse 

The design constraints on the ringdown 
cavity geometry are quite lenient—virtually 
any stable geometry, including confocal 
and near confocal geometries, can be used. 
We typically use 6-m radius-of-curvature 
mirrors with a 0.5-m cavity; this provides a 
very stable cavity that is relatively insensi
tive to slight alignment errors. The situa
tion can get somewhat complicated as the 
frequency resolution of the laser exceeds 
the cavity-free spectral range. In this re
gime "etalon" effects (i e. frequency-
dependent transmission) are to be ex
pected and should be more pronounced for 
confocal geometries However we must 
emphasize that for where Beer's Law 
applies for a single pass of the laser pulse 
throurii the sample these intensity varia

tions affect only the initial intensity of the 

ringdown signal but not the actual "ring-
down time" (i.e., the measured quantity) 
and thus become problematic only when 
they impose a dynamic range constraint on 
the detection apparatus. 

Once constructed, the typical ringdown 
spectrometer is very simple to operate on a 
routine basis. The initial alignment proce
dure takes < 10 min and usually leaves the 
cavity sufficiently well aligned to observe 
the ringdown decay. Once the signal is ob
served, the input mirror is adjusted for the 
longest decay time and single exponential 
character. This final step is facilitated by 
transferring the decay waveform to a com
puter fitting it in real time to a simple expo
nential and displaying the result overlaying 
the recorded ringdown signal Once 
aligned our system can often be used for 
days even weeks with only minor ad
justments unless the mirrors need to be 
removed (to be cleaned for example) 

There are, of course, some complica
tions. A debate has occurred recently re
garding the validity of the simple "photon 
bullet" model, which admittedly seems 
questionable for the case of a high-resolu
tion (120-MHz) transform-limited laser sys
tem, for which the coherence length 
(~ 1 m) is close to typical cavity round-trip 
length. Others (16-19) have treated the 
CRLAS experiment in a frequency domain 
formalism, seeking to characterize the situ
ations in which the CRLAS experiment will 
fail to yield straightforward results. In any 
case it is clear that the cavity ringdown 
times are linearly related to the sample ab
sorptions for those conditions in which 
Beer's Law as well as the photon bullet 
model aoolv Specifically this requires that 
the source frefiiiency bandwidth be much 
less that the absorption linewidth that both 
are n-reater than the rintrdown cavity mode 

spacinp- and that the magnitude of t h e oK_ 

sorptinn be small (optically 

i i 

nnthincr more than 
usual conditions that apply to most direct 

u 4.- • <. n u t . i_ it-

absorption experiments. Although the re-
cent experiments of Van Zee and col-
leagues (19) show that with truly heroic 

« • , - i l l - , . , • 

efforts, one can indeed achieve conditions 
(highly stabilized confocal cavity, transform-
limited source, use of obstructing aper-
tures) for which multibeam interference 
effecta become troublesome, such condi
tiens ara easily (and we would suggest pru-
denuy) avoided. This same conclusion was 

Figure 2. Rovibronically resolved CRLAS spectrum of the PtSi molecule in 
a supersonic expansion. 

The spectrum is observed near 350 nm. 
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also reached by Zare's group in its recent 
study of interference effects in CRLAS (18). 

At times, CRLAS might be used in situa
tions in which Beer's Law does not apply. 
In these cases, this method yields decay 
times that are related nonlinearly to the 
absorption intensity and the overlap of the 
laser bandwidth with the absorption band
width, resulting from the fact that the decay 
waveform will no longer be a single expo

nential. If the absorption spectral profile 
spans a few cavity longitudinal modes and 
the laser spectral profile is known, the cor
rect absorption intensity can still be ex
tracted (20). As the absorption bandwidth 
narrows to considerably less than the cavi
ty-free spectral range (and the laser line-
width remains broad), severely distorted or 
even missing line intensities are predicted, 
although such effects have never been re

ported. In any case, these situations are 
easy to avoid, and from the examples de
scribed below it should be absolutely clear 
that despite the debate over the precise role 
of interference effects in CRLAS, this new 
technique is capable of detecting many im
portant species in a wide variety of chemi
cal environments nonintrusively and with 
very high sensitivity, which would be diffi
cult to accomplish with other methods. 

A p p l i c a t i o n s of C R L A S 

Transient molecules in molecular 
beams. The most extensive use of CRLAS 
so far has been for the study of metal clus
ters and metal-containing molecules gener
ated by laser ablation in supersonic beams 
(2). Our work on the copper dimer and 
trimer constituted the first use of CRLAS 
with supersonic beams (3). The compari
son of these direct absorption spectra with 
those obtained previously with "action" 
techniques (laser-induced fluorescence and 
resonant multiphoton ionization) revealed 
new features that were invisible to these 
more complicated processes Subsequently 

able to study the aluminum dimer 
and the series of coinage metal silicides 
(CuSi Ae"Si AuSi) and PtSi (4) Fienre 2 
shows a representative vibronic band of 
PtSi nhservpH with 0 04. cm resolution 

Pnr the cacp of the aluminum dimer WP 

r \Ko»nr»r1 a b a n d c^ro tem n o i r AC\f\ n m tViat 

and R2PI methods, but not observed due to 
a rapid predissociauon in the excited state. 

Using a Raman-shifted (third Stokes) 
pulsed-dye laser for the light source, we 
have recently extended the Berkeley 
CRLAS spectrometer (Figure 3a) into the 
mid-IR region of the spectrum (3 um) and 
have used this new capability to measure 
the absolute concentrations of small water 
clusters (n = 1 - 55 )n a pulled supersonii 
expansion. Figure 3b shows the spectrum 
of the OH-stretching vibrations in the su-
personically cooled water clusters. This 
capability of measuring absolute concen
trations of water clusters may be impor
tant for in situ studies in the atmosphere 
where it is suggested that they may be 
involved in acid rain formation (21) 

Trace gas detection. The application 
of CRLAS specifically for trace gas detec
tion was first demonstrated by O'Keefe and 
Lee (22), who determined the ambient con
centration of N02 (a common atmospheric 

Figure 3. IR-CRLAS. 

(a) The Berkeley IR cavity ringdown laser absorption spectrometer, (b) The OH stretch 
IR-CRLAS spectrum of small water clusters in a pulsed supersonic expansion. 
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pollutant) to be about 16 ppb, with a detec
tion limit below 1 ppb for the 0.5-m cavity 
used. More recently, Meijer and colleagues 
(23) measured the ambient concentration 
of Hg (7 ppt) using CRLAS; in this case, the 
detection limit was ~ 1 ppt with a 45-cm 
cavity length, using mirrors with relatively 
low (99.6%) reflectivity near 248 nm. 

Flame and plasma diagnostics. 
CRLAS has been used to study transient 
species present in flames and plasmas, be
ginning with the work of O'Keefe (13), who 
monitored the N£ molecular ion in a glow 
discharge. More recently, this work was 
extended to hollow-cathode discharges by 
Maier and co-workers (14), who reported 
densities of the NJ ion near 1011 cm"3. 

Meijer and colleagues first applied 
CRLAS to the study of flames, extending 
the technique into the UV to observe the 
A-X system of the OH radical near 298 nm 
in a methane/air flame operating near 
1600 °C. Interestingly, they observed 
strong OH signals as far as 10 cm above 
the top of the visible part of the flame with 
nearly thermalized rotational tempera
tures. Their room-temperature detection 
limit for OH was determined to be ~ 1011 

cm3 again using relatively low reflectivity 
(99 6%) UV mirrors 

Scherer and colleagues (24) first ex
tended CRLAS into the mid-IR region and 
have observed both stable gas components 
(CH4, H20, C2Ha) and the OH radical near 
3 um in various flames. Figure 4 compares 
the sensitivity of IR-CRLAS with that of 
high-resolution FT-IR for detection of mole
cules in an oxyacetylene flame (7). The 
CRLAS measurements of these (currently 
unassigned) high-temperature spectral fea
tures near 3160 cm"1 indicate that the ring-
down approach is at least 2 orders of magni
tude more sensitive than a state-of-the-art 
FT-IR system for such purposes 

Recently, Scherer and Rakestraw (8) 
detected the HCO radical in a low-pres
sure methane/oxygen/nitrogen flame via 
its A-X electronic transition in the visible 
region. From these direct absorption 
spectra, the absolute HCO concentration 
in the flame was determined to be 2.1 x 
1013 cm-3 at the flame temperature of 
1600 K. Extrapolated to room tempera
ture, this implies a detection limit of 1.4 x 
10n cm"3 which is comparable to that of 
laser-induced fluorescence and other tech
niques used to study this species. 

Zalicki and colleagues (9) have deter
mined the radial distribution of methyl radi
cals surrounding a 1600 K tungsten filament 
by using CRLAS to monitor the well-known 
UV B-X Rydberg transition at 216 nm. This 
information is important for the understand
ing of diamond film growth in a chemical 
vapor deposition reactor, because CH3 is 
believed to be an important precursor in this 
process. A noise equivalent sensitivity of 
25 ppm (per pass) was demonstrated with 
mirrors of only 99% reflectivity which corre
sponded to a column density detection limit 
of 3 xlO12 methyl radicals/cm2 Despite this 
low reflectivity CRLAS proved in this 
be than an order of magnitude more 

sensitive than conventional multipass CW 
aHQnrptinn Q r w t r f i c p n t w 

Chemical kinetics. The capability 
to determine absolute concentrations of 
molecules in most chemical environments 
with high sensitivity and in a time interval 
of tens of microseconds makes CRLAS 
appealing for chemical kinetics studies. 
Lin and co-workers (10) have pioneered 
the application of CRLAS for measuring 
reaction rates and have demonstrated 
that as long as the reaction times are 
slower than the cavity ringdown time, 
accurate determination of second-order 
rate constants is straightforward They 
initially studied the reactions of phenyl 
radicals with several molecules by moni
toring the absorption of reactants and/or 
products in the visible and they have 

since used this method extensively to 
study various reactions (11). Recently, 
Zhu and Johnston (12) used CRLAS to 
study the reaction of the vinoxy radical 
with molecular oxygen. 

FT-CRLAS. Meijer and co-workers 
(25) have recently developed an FT ap
proach to exploit the inherent broadband 
capability of CRLAS. Using a broadband 
dye laser as a light source, they coupled the 
output of the ringdown cavity into a step-
scan Michelson interferometer and re
corded a (nonexponential) cavity decay 
signal for roughly 3000 interferometer mir
ror positions (0.4 cm"1 resolution). These 
decays were compiled to give essentially a 
time-dependent interferogram which was 
Fourier transformed to yield the (exponen
tial) intensity decay as a function of fre-
quencv The absorption spectrum then 
obtained by fittintr the data for each fre-
rnienrv interval to an exponential function 

Tnpv demonstrated this technimie hv mea

suring the donhly forbidden O transition 

near 763 nm This novel approach will un-

rtmibtort1\r h p fo f inpH in f u t u r e f»ffnr+c* Vimxr 

a factor of 20) than "rnnventional" CRL AS 

High-resolution CRLAS. Cavity 
ringdown spectroscopy was originally de
veloped with narrow-bandwidth CW lasers 
(26), and although the problems associated 
with mode matching a high-resolution laser 
to an ultrahigh-finesse cavity did indeed 
limit the sensitivity to values well below the 

Figure 4. Comparison of IR-CRLAS and FT-IR spectra of a 25-torr 
oxyacetylene flame. 
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present limits achievable with the pulsed 
CRLAS approach, impressive results were 
nevertheless obtained. In particular, by 
measuring the phase shift of an amplitude-
modulated CW laser, Herbelin and col
leagues (26) were able to achieve sensitiv
ity limits of ~ 100 ppm fractional absorp
tion, albeit with some difficulty. This 
technique is known as the CAPS (cavity-
attenuated phase shift) method. 

Meijer and colleagues (27) have re
cently implemented a high-resolution ver
sion of CRLAS based on the CAPS tech
nique. Rather than painstakingly dealing 
with the problems of mode matching and 
length and temperature stabilization that 
must be resolved to perform this experi
ment in the "single-mode" limit, they pur
posely used a cavity geometry and laser 
incidence and detection conditions that 
ensured the excitation of a near-continuum 
of longitudinal and transverse modes in th( 
cavity This approach permits a higher dut 
cycle for measuring absorptions in a static 
gas sample as well as much higher spectn 
resolution (via CW lasers) than does the 
pulsed version of CRLAS albeit at the cost 
of a siibstantially reduced level of conve
nience and flpYi'hilitv 

Cavity ringdown laser absorption spec
troscopy can be performed with simple 
commercial pulsed lasers (e.g., nitrogen-
pumped dye lasers) and standard electron
ics and is primarily limited by the availabil
ity of high-reflectance mirrors at most 
wavelengths (particularly in the IR and UV 
regions). However, as such mirrors be
come available, one can expect that this 
exciting and powerful new method will be
come rather widely used as the technique 
of choice for measuring trace species con
centrations in various chemical systems 

This work was supported by the Air Force Of
fice of Scientific Research and the Experimen
tal Physical Chemistry Program of the National 
Science Foundation. 
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