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High resolution pulsed infrared cavity ringdown spectroscopy: Application
to laser ablated carbon clusters

Raphael Casaes, Robert Provençal,a) Joshua Paul,b) and Richard J. Saykallyc)

Department of Chemistry, University of California, Berkeley, California 94720

~Received 13 December 2001; accepted 25 January 2002!

We report the design and performance of a tunable, pulsed high resolution mid infrared cavity
ringdown spectrometer. Stimulated Raman scattering in H2 /D2 is used to downconvert the output of
a SLM Alexandrite ring laser~720–800 nm! to the mid infrared~3–8mm!. The infrared frequency
bandwidth was determined to be 9065 MHz from measurements of Doppler broadened OCS
transitions at 5mm. The minimum detectable per pass fractional absorption is 1 ppm. We observe
a frequency dependent ringdown cavity transmission of65 ppm due to spatial variations of the
mirror reflectivity. They6 band of linear C9 formed by laser ablation of graphite in a He molecular
beam was measured, showing a factor of 2 improvement in sensitivity relative to previous IR diode
laser experiments. Based on calculated IR intensities, the number density of C9 in the molecular
beam is 1.3* 1011 molec/cm3 and the minimum detectable density is 1* 109 molec/cm3. We expect
this spectrometer to be a powerful tool for the study of transient species formed in molecular beams.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1461825#
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INTRODUCTION

Cavity ringdown spectroscopy~CRDS! has found nu-
merous applications since its invention over a decade a
with well over 200 recorded publications.1 This technique
has now been successfully applied to variety of syste
ranging from molecular beams and plasmas to trace
analysis, and even solids and liquids, in the UV, VIS, and
regions of the spectrum.2 The development of pulsed infrare
CRDS has been of particular importance for the study
transient species.3 However, the limited resolution~1000
MHz! of currently operative and broadly tunable IR spe
trometers restricts its use to the measurements of unreso
rovibrational bands for most species of interest.4,5 Further-
more, the small absorption linewidth~20–150 MHz! of spe-
cies generated in molecular beams leads to an order of m
nitude decrease in detection sensitivity for such applicatio
To address these problems, we have designed and
structed a high-resolution pulsed infrared CRD spectrom
that is continuously tunable over most of the mid-IR~3–8
mm! with a 90 MHz bandwidth, and ca. 1 ppm fraction
absorption sensitivity.

CRDS is based on the measurement of the decay ra
light trapped in a high finesse optical cavity. Since the de
rate is directly proportional to the total intracavity loss a
independent of laser intensity, high sensitivity~;1026 per
pass fractional absorption! direct absorption measuremen
are routinely achieved with pulsed lasers.3 A number of con-
tinuous wave variants of CRDS have also been develo
which significantly improve this sensitivity.2 However, sev-
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eral factors influenced our decision to continue using pul
lasers instead of cw lasers for high resolution CRDS. F
and foremost is the lack of cw lasers with broad spec
coverage in the mid-infrared. Lead salt diode lasers lack c
tinuous tunability, while color center and quantum casca
lasers have limited tunning ranges. Furthermore, cw CR
techniques are difficult to apply to the study of a tim
varying sample, such as transient species formed in mole
lar beams. These techniques rely on intensity buildup in
ringdown cavity, caused by constructive interference of
trapped light, followed by some method of blocking the las
so that the decay of radiation trapped in the cavity can
monitored. The intensity build up only occurs when the ca
ity length is a multiple of the input source’s half wavelengt
To ensure that this condition is met, the cavity length
typically modulated such that it sweeps over one free sp
tral range of the cavity,6 leading to approximately a 100ms
timing jitter in the ringdown event relative to another eve
such as the initiation of a pulsed molecular beam.7 This dis-
courages the use of cw techniques for the study of spe
formed in laser ablation sources, since the sample tra
time is approximately 5ms. In the present work, the deve
opment of a pulsed high resolution infrared CRD spectro
eter and its application to molecular beams are describe

LIGHT SOURCE

A pulsed Alexandrite ring laser~PAL-PRO 101, Light
Age Inc.! is used to generate tunable infrared light by stim
lated Raman scattering in hydrogen and deuterium~Fig. 1!.
The Alexandrite laser produces single longitudinal mo
~SLM! pulses, 100 ns in length, and 40 MHz bandwid
SLM operation is achieved by seeding with an external c
ity diode laser~Newport! and active cavity length stabiliza
tion by an electro-optical modulator. The laser is tuna
from 720 to 800 nm with pulse energies of 100 to 110
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6641J. Chem. Phys., Vol. 116, No. 15, 15 April 2002 IR cavity ringdown spectroscopy
FIG. 1. High resolution pulsed infrared cavity ringdown spectrometer. Tunable pulsed infrared radiation is generated by Raman shifting an Alexanite ring
laser ~100 mJ pulse energy, 40 MHz linewidth! in H2 and D2 . Wavelength coverage is limited by the tuning range of the diode laser used to see
Alexandrite laser, but is ultimately 1250–3751 cm21. M15alexandrite mirror, M25dielectric NIR mirror, M35silver mirror, RM5ringdown mirror (R
50.9999), L15concave lens, L25convex lens, BF5band pass filter o.d.57.
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operating at 20 Hz. However, SLM operation is only possi
if seed lasers are available. We currently operate three d
lasers covering the range from 735 to 785 nm.

Stimulated Raman scattering~SRS!, first observed by
Woodburyet al.,8 is an efficient way to frequency shift hig
power pulsed lasers. Briefly, if the pump laser intensityI L is
large enough, then substantial intensity at the Stokes w
length can develop. Under these conditions, one has to
sider the simultaneous interaction of the molecules with b
EM waves, the pump at frequencyvL , and the Stokes wave
with frequencyvS5vL2vV , wherevV is typically the fre-
quency of a vibrational transition in the molecule. Coupli
between the two EM waves by the molecular vibration w
frequencywV leads to parametric amplification of the Stok
wave. The steady state intensity of the Stokes radiation f
pump laser intensityI L is given by

I s5I s
0 exp~aI Lz!, ~1!

wherea is the Raman gain factor,z is the length of the gain
medium, andI s

0 is the initial Stokes intensity.9 The Raman
gain factora for a plane wave pump beam is proportional
the Raman scattering cross section,ds/dV, and inversely
proportional tovS

3. Sinceds/(dV)}vLvS
3, a}vL . The

exponential dependence on path-length and pump-lase
tensity leads to a threshold condition for Stokes convers
namely I LZ.a21. However, if no radiation is initially
present at the Stokes frequency, this process amplifies
vacuum field fluctuations. As a result, in order to gener
useful amounts of Stokes radiation~1014 photons, corre-
sponding to 600mJ at 5mm!, aI LZ must exceed 30.10

The generation of multiple Stokes orders is a sequen
process, wherein radiation at the Stokes frequency serve
a pump source to generate Stokes photons at frequen
vnS5vL2nvV , n51,2,3,... . The Raman gain factor fo
each sequential Stokes shift decreases, since both the p
intensity and pump frequency decrease. This makes the
Downloaded 03 Mar 2005 to 128.32.220.140. Redistribution subject to AI
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eration of light shifted by23vv difficult with dye and Al-
exandrite lasers as pump sources. Since three Stokes sh
hydrogen or one in deuterium followed by two in hydrog
are needed to produce 3–8mm light with these pump lasers
multipass cells are used to effectively increase the p
length through the gain region.

In previous IR CRDS experiments in our group, a co
mercial dye laser~Lambda Physik! was used to pump a mul
tipass hydrogen cell, generating 0.5–1 mJ third-order Sto
radiation in the mid-infrared.11 The multipass cell increase
the Raman gain by providing multiple passes through
gain medium and by refocusing the beam after each refl
tion. Given a Raman gaina for a collimated beam, the gain
g for a focused beam is given by

g5
4 f aP

lL
tan21S 2l

b D , ~2!

wheref 5lL /(lS1lL), a is the plane wave gain coefficien
b is the confocal parameter of the input beam,P is the input
laser power, andl is the length of the gain medium.12 Since
for a focused beamb!21, the gain is independent of th
both the pump beam confocal parameter and of the g
length. For focused beams,g is inversely proportional to
(lL

21lSlL). Although this reduces the gain relative
plane waves for long wavelength pump radiation, the adv
tages gained by focusing the pump beam clearly outwe
the disadvantages considering that a 2 mmdiameter, 1 MW
beam traveling through 1 m of H2 at 1 atmosphere produce
a Raman gain factor of 5 at 700 nm, while focusing the be
increases the gain to 55.13 Multiple passes further increas
the gain by a factor of

Rs
n21S 12Rp

n

12Rp
D , ~3!
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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6642 J. Chem. Phys., Vol. 116, No. 15, 15 April 2002 Casaes et al.
whereRS andRP are the mirror reflectivity at the Stokes an
pump frequency respectively, andn is the number of
passes.14 Using a multipass cell with 98% reflectivity mirror
capable of 21 refocused passes increases the Raman
factor for a 1 MW beam at 700 nm in 1 atmosphere of H2 to
850.

H2 and D2 produce Raman shifts of 4155 and 2991 cm21

respectively. Given the Alexandrite laser tuning range
720–800 nm, a combination of stimulated Raman scatte
in both H2 and D2 is required to generate 3–8mm light.
Therefore, the Alexandrite laser pumps a 3.5 m Herriot c
filled with 4 atm of D2 . Thirteen passes of the pump las
produces 30 mJ of first Stokes light at 917–1050 nm. T
radiation is then used to pump a second 1 m Herriot cell
filled with 4 atm of H2 . Twenty-one passes in this cell pro
duces 0.5–1 mJ of second Stokes light at 1250–2631 cm21.
Since SLM operation of the Alexandrite laser is curren
limited to 735 to 785 nm, the actual tuning range in t
infrared is restricted to 1437–2304 cm21. Conversely, by
employing two Stokes shifts in D2 followed by one Stokes
shift in H2 the infrared coverage is extended to 2601–34
cm21. These results are summarized in Table I.

There have been several studies of the linewidth of S
radiation and its dependence on the pump laser linewidth
the spontaneous Raman-scattering linewidth of the g
medium.10,15,16In the case of spontaneous Raman scatter
the linewidth of the Stokes radiation is simply the sum of t
spontaneous Raman-scattering and pump-laser linewid
However, the stimulated Raman-scattering linewidth m
differ from this because of the possibility of gain narrowin
Raymeret al. have developed a theory of stimulated Ram
scattering which treats the build up of SRS from spontane
Raman scattering and spatial propagation through the Ra
medium by using the Maxwell–Bloch equations to descr
the coupling between the Stokes field operator and the
lecular vibrations.10 This treatment predicts a gain narrowe
line-shape functionPs(v) for the case where the pump las
linewidth is smaller than the spontaneous Raman scatte
linewidth G

Ps~v!}expS 2
gILzv2

G2 D , ~4!

wheregILZ is the gain factor. This gives the following rela
tionship between the stimulated (DnSRS) and spontaneou
(Dnsp) Raman scattered linewidths,

TABLE I. Infrared coverage provided by stimulated Raman scattering of
Alexandrite laser. Two Raman scattering configurations are used, one S
shift in D2 followed by two Stokes shift in H2 , and two Stokes shifts in D2
followed by one Stokes shift in H2 .

lP 1 shift in D212 shifts in H2 2 shifts in D211 shift in H2

720–800 nma 1250–2631 cm21 2363–3751 cm21

735–785 nmb 1437–2304 cm21 2601–3468 cm21

aEntire Alexandrite tuning range.
bCurrent SLM tuning range~restricted by diode seed lasers!. Infrared radia-
tion is currently tunable from 1437–3468 cm21 with a gap in coverage
from 2304–2601 cm21.
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DnSRS5DnspA ln 2

ln~GSRS/2!
, ~5!

where GSRS is the total Raman gain, given by exp(gILZ).
SuBmannet al. have achieved 90 MHz FWHM first Stoke
radiation from 75 MHz FWHM pump pulses and H2 pres-
sures of 40 psi, yielding a gain narrowed SRS linewidth
15 MHz.15 This is in fair agreement with the 9 MHz given b
Eq. ~5! for GSRS5exp(541), calculated from their pum
beam and multipass cell parameters, and a Dicke narro
spontaneous Raman linewidth of 250 MHz.17

The linewidth of each additional Stokes shift will in
crease, since theGSRSdecreases. For a given pump linewid
DnL , the linewidth of thenth Stokes beam is given by

Dnn85DnL1 (
n51

n8

DnspA ln 2

ln~GSRS
n /2!

, ~6!

whereGSRS
n is the gain for thenth order Stokes process. W

can estimate the gain for thenth Stokes process in the mu
tipass cell by measuring the energy of then– 1 Stokes beam
after a certain number of passesi such thatnth Stokes radia-
tion is only present afteri 11 passes. This value, and th
remaining number of passes, can then be used to calcu
GSRS

n . Table II summarizes these parameters forn51 – 3.
This analysis predicts a linewidth of 96 MHz for the thir
order Stokes radiation produced in our experiment, in exc
lent agreement with the measured value of 9065 MHz.

COHERENCE EFFECTS

Coherence effects in the high finesse optical cavity o
CRD spectrometer have been the subject of numer
theoretical18–20 and experimental19–22 studies, and consider
able controversy. These were motivated in part by the as
tion that cavity interference effects are unimportant if t
coherence length of the laser is less than the cavity leng23

It has been shown both theoretically and experimentally t
coherence effects are always present in a high finesse op
cavity, regardless of relative values of laser coherence t
and cavity length.18–22 However, in most pulsed CRDS ex
periments, coherence effects can be safely ignored bec
the laser bandwidth is significantly broader than the cav
FSR, leading to excitation of several cavity modes. The hi
frequency mode beating that is present in the CRDS sig
will typically be averaged out by the detector, or, in case
fast detector is used, can be electronically filtered by a

e
kes

TABLE II. Estimated linewidth fornth Stokes radiation based on exper
mental parameters.

Stokes order
lp

~nm!a passesb
I P

~MW!a GSRS

DnSRS

~MHz!
Dnn

~MHz!c

1 750 13 1 380 10 50
2 955 9 0.3 84 22 72
3 1560 12 0.1 76 24 96

aPump wavelength and power.
bNumber of passes.
cLinewidth of nth Stokes radiation for initial Alexandrite laser linewidth o
40 MHz.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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MHz lowpass filter. However, because several cavity mo
are usually excited, the CRDS signal will be a single exp
nential only if the mirror reflectivity is independent of th
transverse mode structure of the beam. Due to surface irr
larities in the mirrors, this is usually not the case and
CRDS signal is multiexponential.

The CRDS cavity is formed by two mirrors with 6 m
radius of curvature separated by 51 cm. In the case o
symmetric cavity, the cavity eigenfrequencies are given b

nqmn5
c

2l Fq1
2

p
arctanS l

Al ~2r 2 l !
D ~m1n11!G , ~7!

where q is the longitudinal mode index,m and n are the
transverse mode indices,l is the cavity length, andr is the
mirror radius of curvature. The separation between long
dinal modes with the same transverse mode indices isc/2l ,
defined as the cavity free spectral range~FSR!, and the sepa-
ration between adjacent transverse modes,D(m1n)51,
Dq50, is given by (c/p l )arctan(l/(l(2r2l)) ∧.5). Respective
cavity modes will be excited to different extents, depend
on the overlap of the incident field with the cavity eige
mode structure. The total field in the cavity can be written
a linear combination of cavity eigenmodes with coefficie
depending on the overlap described above:19

E~x,y,z,w!5(
q

(
mn

CmnCmn~x,y,z!eqmn~v! ~8!

Cmn5E
2`

` E
2`

`

u~x,y,2 l /2!Cmn* ~x,y,2 l /2!]x]y ~9!

eqmn~v!5Hqmn~v!e~v!. ~10!

HereCmn is the spatial coupling coefficient between the
cident fieldu(x,y,z) spatial structure and the cavity tran
verse modesCmn , while eqmn(v) is the frequency coupling
coefficient involving the cavity response functionHqmn(v)
and the incident field spectral structuree(v).19

In the case of a broadband laser pulse, wherein the fi
bandwidth overlaps several TEMmn cavity modes, the spatia
structure of the cavity field will be essentially independent
the incident field center frequency. To illustrate this, assu
a cavity formed by mirrors with unit reflectivity and n
losses due to absorption or diffraction. In this case, the ca
response function, Hqmn(v), will be a comb of delta func-
tions at frequencies given by Eq.~7!. If we restrict the analy-
sis to a single transverse mode, then the total cavity resp
for that particular transverse mode is19

Hmn~v!5(
q

Hqmn~v!. ~11!

Here the response function is a comb of delta functions se
rated by the cavity FSR. If we apply this function to a fie
whose power spectrum is three times the cavity FSR, typ
for dye lasers with 900 MHz bandwidth and 50 cm ringdow
cavities, centered at a cavity eigenfrequencyv8 of a TEMmn

mode, we find that emn(v8)/emn(v81FSR/2)50.9996.
Clearly, for this caseemn(v) is essentially constant and th
Downloaded 03 Mar 2005 to 128.32.220.140. Redistribution subject to AI
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transverse mode structure of the field in the cavity will d
pend only on the spatial coupling coefficientsCmn . This
situation is illustrated in Fig. 2.

Figure 3 illustrates the case for a pulse with 100 MH
bandwidth. Here it is clear thatemn(v) is not constant. When
v8 is an eigenfrequency of a cavity TEMmn mode,emn(v)
will be a maximum, indicating strong coupling to tha
TEMmn mode, while at a frequencyv82FSR/2,emn(v) will
be zero. As a result, the transverse mode structure of the
in the cavity will be a function of the incident field cente
frequency. If the incident field is mode matched to the cav
TEM00 mode, or if the cavity is constructed in such a way
to maximize diffraction losses for higher-order transve
modes, the cavity will act as an etalon, transmitting lig
only at frequenciesv8 that are eigenfrequencies of the cavi

FIG. 2. Overlap of a broadband laser pulse with the cavity response func
for a single TEMmn mode. For simplicity, cavity response function is a
sumed to be a comb of delta functions. Top: Input field centered at a ca
eigenfrequency of a TEMmn mode. Bottom: Input field centered in-betwee
two cavity eigenfrequencies. Overlap is essentially independent of the i
field center frequency.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Overlap of a narrowband laser pulse with the cavity response f
tion for a single TEMmn mode. For simplicity cavity response function
assumed to be a comb of delta functions. Top: Input field centered
cavity eigenfrequency of a TEMmn mode showing maximum overlap. Bot
tom: Input field centered in between two cavity eigenfrequencies, show
zero overlap.
Downloaded 03 Mar 2005 to 128.32.220.140. Redistribution subject to AI
TEM00 modes. Hodgeset al. have observed this effect b
placing an intracavity aperture to increase the diffract
losses of higher order TEMmn modes.19

In order to perform high resolution pulsed cavity rin
down experiments, one may either mode match the incid
beam to the cavity TEM00 mode and scan the cavity lengt
as the laser wavelength is scanned, or intentionally not m
match the incident beam to ensure that the spatial coup
coefficients form1n.0 are nonzero. The former ensure
single mode excitation and single-exponential decay, w
the significant complication of cavity length stabilization a
scanning, while the later requires no cavity stabilization
the expense of single mode excitation. We have chosen n
mode match the beam to the cavity because of the diffic
involved in locking the cavity to a pulsed laser. Figure
shows per pass fractional losses versus frequency taken
an empty cavity. Several groups have observed the base
oscillations, which are spaced by the cavity FSR.24–26These
are due to a dependence of the mirror reflectivity on
transverse mode structure of the beam, caused by inhom
neities in the mirror surface. Sinceeqmn(v)Cmn is an oscil-
lating function ofv with a period equal to the cavity FSR
the decay rate measured in the ringdown experiment
also be an oscillating function ofv with period equal to the
cavity FSR. These oscillations can easily be removed in
data analysis by fitting them to an oscillating function a
subtracting, or by recording the spectrum of the empty cav
and subtracting it from the spectrum containing the spec
of interest.

SENSITIVITY

The sensitivity of CRDS depends on the mirror refle
tivity R and on the accuracy in the determination of the rin
down timet, defined as the time it takes for the intensity
decay to 1/e of its initial value. The minimum detectabl
fractional absorption can be expressed in terms of these
parameters as

c-

a

g

ns
he
the

e

FIG. 4. Baseline oscillations. The baseline oscillatio
are most likely due to a reflectivity dependence on t
transverse mode structure of the beam. The crests in
oscillation are separated by the cavity’s FSR~approxi-
mately 300 MHz!. On top the residuals of a fit to a sin
function are plotted.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. Spectra of the OCSn1 vibra-
tional band taken with the high-
resolution infrared cavity ringdown
spectrometer. The large spectrum w
taken in fast scanning mode~100 MHz
step size!. Inset shows a background
subtracted region scanned with 1
MHz step size demonstrating an ex
perimental resolution of 133 MHz,
corresponding to a laser bandwidth o
90 MHz. A. 16O 12C 32S 1000 – 0000;
T. 16O 13C 32S 1000 – 0000; U.
16O 13C 32S 1110 – 011e0; V.
16O 13C 32S 1110 – 011f0.
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Amin5~12R!S Dt

t D
min

. ~12!

Equation~12! shows why CRDS is a highly sensitive tec
nique: In order to effect high sensitivity in the absorpti
measurement, a relatively low accuracy in the time meas
ment is needed. For example, with 99.99% reflectivity m
rors, an accuracy of 1% in the determination oft is needed to
achieve a minimum detectable fractional absorption of 1026

per pass.
Noise sources in CRDS, which lead to errors in the

termination oft, can be divided into three categories, mul
mode cavity excitation leading to multiexponential deca
technical noise, arising from electrical noise in the detec
and amplifier and from finite vertical resolution of the dig
tizer, and shot noise.27 Most pulsed ringdown experiment
report ca. 1% accuracy in the determination oft, which is
primarily due to multimode excitation of the ringdown ca
ity. Recently, van Zeeet al.27 reported an accuracy of 0.03%
in the determination oft by exciting a single cavity mode
using a seeded OPO and a temperature regulated ringd
cavity with longitudinal and transverse mode spacing
1500 and 500 MHz, respectively. It was determined that
dominant noise source in their experiment was techn
noise and, if the shot noise limit were actually achieved,
accuracy in the determination oft would be 0.003%.

Two hurdles must be overcome in order to achieve sin
mode excitation in CRDS. First, the cavity length must
stabilized. Sincedl/ l 5dv/v, the cavity length variations
must be,75 nm in order to achieve a 10 MHz frequen
stability in the mid-infrared. Second, the cavity length mu
track the laser frequency as it is swept, such that the in
source power spectrum always overlaps a cavity TEM00

mode. The first hurdle is difficult to overcome in experimen
Downloaded 03 Mar 2005 to 128.32.220.140. Redistribution subject to AI
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employing pulsed molecular beams, since in these exp
ments, the large density gradient present in the cavity w
induce a phase shift in the propagating field. This phase s
will vary from pulse to pulse due to instabilities in the m
lecular beam~this is especially true in laser ablation source
wherein a dense plasma is formed!. Thus, the cavity length
would have to be actively locked to the input laser in order
account for the varying phase shift. Of course, the sec
hurdle would also be overcome by actively locking the ca
ity length. Unfortunately, there are no cw light sources in o
experiment that would allow us to actively lock the cavity
the laser. Thus, we have decided to operate in the mult
ponential regime, leading to a routinely achievable minimu
detectable fractional absorption of;1026 per pass once the
baseline oscillations are subtracted out. Nevertheless, th
an impressive sensitivity for a direct absorption experime
especially considering that such measurements can be m
in ca. 20ms.

APPLICATIONS

The tunable, pulsed IR output from the Raman shif
was used to perform IR-CRDS experiments in both a fl
cell and in a supersonic molecular beam plasma. Appro
mately 1 mJ of 5mm light pulses with a a repetition rate of
20 Hz were injected into a ringdown cavity formed by tw
highly reflective mirrors~R599.99% at 5mm, Laser Power
Optics! with 6 m radius of curvature separated by 51 cm.
band pass filter, o.d.57 ~OCLI!, was used to block the an
cillary frequency produced in the SRS process~first and sec-
ond Stokes, anti-Stokes, and frequencies due to rovibrati
transitions in H2!. The light exiting the cavity was focuse
onto the 2 mm element of a 1 MHz LN cooled InSb detecto
~D* 51011, Infrared Associates!, amplified, digitized, and
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. n6 band of linear C9 . Carbon clusters are
formed by 355 nm laser ablation of a graphite targ
seeded in a helium supersonic expansion. Peaks lab
with an asterisk are due to hot band transitions aris
from vibrationally excited bending modes. A Dopple
broadened linewidth of 180 MHz is measured for the
transitions.
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sent to a PC for analysis. Ringdown times were calcula
from a fit of the ringdown decay to a single exponential.

Rovibrational spectra of the OCSy1 band andy1 (y2

51) hot band of16O 13C 32S isotopomer were taken by flow
ing a mixture of 3% OCS in helium through the ringdow
cavity. The pressure in the cavity was maintained at
mTorr by adjusting the flow rate with a needle valve. Figu
5 shows CRD spectra of the several transitions of OCS ly
near 2010 cm21. The large spectrum is a fast scan with st
size of 100 MHz. The inset shows a background subtrac
region scanned with a 10 MHz step size, demonstrating
experimental linewidth of 133 MHz. Deconvolution emplo
ing a 98 MHz FWHM room temperature Doppler broaden
lineshape yields a laser bandwidth of 90 MHz. The base
noise is60.5 ppm, resulting in a minimum detectable p
pass fractional absorption of 1 ppm.

Figure 6 shows CRD spectrum of then6 band of the
linear C9 cluster. The carbon cluster source employed h
Downloaded 03 Mar 2005 to 128.32.220.140. Redistribution subject to AI
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has been described in detail previously.28 Briefly, carbon
clusters are produced by laser ablation of graphite follow
by supersonic expansion in a He molecular beam, using
mJ at 355 nm from a Nd:Yag laser~Continum! focused to a
line on the graphite rod. The rod is translated and rotated
ensure that the ablation is uniform. Helium at 200 psi ba
ing pressure flows over the graphite rod and into a fla
channel~0.8 cm long and 1 cm wide at the end! before en-
tering the vacuum chamber. A solenoid valve~General
Valve! is used to pulse the molecular beam at 20 Hz and
chamber pressure is kept at 60 mTorr by a Roots blo
pump. This source produces rotationally cold~;20–40 K!
carbon clusters with vibrational temperatures that depend
the ablation laser fluence.

The cluster beam has a 5ms pulse width and crosses th
optical axis 15ms after the ablation laser is fired. The sho
transit time reduces the sensitivity of the CRDS experim
by ca. 2 ppm, but allows for active background subtracti
n.
: I.
rs
he
rp-
vity
in
a-
FIG. 7. Detector output for a carbon cluster absorptio
The intensity decay can be divided into three regions
Before clusters cross the optical axis. II. Cluste
present on the optical axis. III. After clusters cross t
optical axis. Cavity losses due to carbon cluster abso
tion are measured by subtracting the averaged ca
losses in regions I and III from the cavity losses
region II. This effectively removes the baseline oscill
tions shown in Fig. 4.
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Since the cluster beam is only present for 5ms, the cluster
absorption signal is derived from an exponential fit to a 5ms
time window of the detector output. Fits to two other tim
windows, one before and one another after the clusters c
the optical axis, are used to compute the background los
which are then averaged and subtracted from the cluster
nal ~Fig. 7!.

Because12C atoms are bosons, the C9 wave function
must be symmetric with respect to exchange of nuclear
ordinates. Since the electronic, vibrational, and nuclear s
ground state wave functions are symmetric, only even va
of J are allowed in the ground state. Peaks labeled with
asterisk are due to hot band transitions arising from vib
tionally excited bending states~one quanta excited in then15

mode!. As then15 mode is a degenerate mode, it gives rise
vibrational angular momentum, and the interaction betw
vibrational and rotational angular momenta splits the deg
erate bending states into symmetric and antisymmetric c
ponents. For the symmetric component, denoted by a su
script f, only even values ofJ are allowed, while for the
antisymmetric component, denoted by a superscripte, only
odd values ofJ are allowed. Although relative intensities a
not accurate enough to calculate the rotational tempera
by using the relation ln@I(J)/(J11)#52(B/kT)*J(J11), the
rotational temperature can be estimated from the region
maximum absorption in the spectrum by using the expr
sion T5(2B/k)* (Jmax10.5) 2. Since this occurs at P~26!,
and using published values for the rotational constant in
ground vibrational state of .0143 cm21, we estimate a rota
tional temperature of 2965 K. From this temperature, th
P~26! integrated line intensity, a 1 cmpath length~the source
exit slit width!, and a calculated band intensity of 262
km/mole,29 we calculate a C9 average density in the molecu
lar beam of 1.331011 molecules/cm3. The signal to noise
ratio is twice that obtained from previous infrared diode la
experiments under similar source conditions,30 with the
added advantage of continuous frequency coverage and
proved frequency stability. The minimum detectable num
density of C9 in the molecular beam is 1
3109 molecules/cm3, making this spectrometer a powerf
tool for high-resolution studies of laser ablated species.

CONCLUSIONS

We have described the design and performance o
high-resolution pulsed infrared cavity ringdown spectrome
that is tunable over most of the mid-infrared. The IR fr
quency bandwidth has been determined to be 90 MHz fr
measurements of Doppler broadened OCS transitions
mm. The ringdown cavity was not length stabilized and
efforts were made to mode match the input laser to the ca
TEM00 mode. As a result the cavity transmission was ind
pendent of the laser center frequency, i.e., it behaved
‘‘white’’ cavity, except for small oscillations due to mirro
Downloaded 03 Mar 2005 to 128.32.220.140. Redistribution subject to AI
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reflectivity dependence on the field transverse mode st
ture. Then6 band of linear C9 , formed by laser vaporization
of graphite followed by supersonic expansion, was shown
exhibit a factor of two improvement in sensitivity relative
previous IR diode laser absorption experiments. We exp
this spectrometer design to be quite powerful for a numbe
spectroscopic investigations.
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