Doppler-free nonlinear absorption in ethylene by use of
continuous-wave cavity ringdown spectroscopy
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We report what we believe to be the first systematic study of Doppler-free, nonlinear absorption by use
of cavity ringdown spectroscopy. We have developed a variant of cavity ringdown spectroscopy for the
mid-infrared region between 9 and 11 um, exploiting the intracavity power buildup that is possible with
continuous-wave lasers. The infrared source consists of a continuous-wave CO, laser with 1-mW tun-
able infrared sidebands that couple into a high-finesse stable resonator. We tune the sideband frequen-
cies to observe a saturated, Doppler-free Lamb dip in the v, 11, ¢ < 11, ,, rovibrational transition of
ethylene (C,H,). Power studies of the Lamb dip are presented to examine the intracavity effects of
saturation on the Lamb-dip linewidth, the peak depth, and the broadband absorption. © 2000 Optical
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1. Introduction

Cavity ringdown spectroscopy (CRDS) is a technique
developed for the observation of weak absorption sig-
nals. The principles of CRDS are quite simple.
Light couples into a high-finesse optical cavity,
known as a ringdown cavity, defined by two highly
reflective mirrors that propagate back and forth in-
side the cavity. The highly reflective mirrors effec-
tively lengthen the absorption path length, and
propagation path lengths can reach from 102 to 10°
times the cavity length. On each pass through the
ringdown cavity, the light experiences a small inten-
sity loss that is due to the <100% mirror reflectivity
and absorption by the sample contained between the
mirrors. One can observe the total optical loss of the
cavity by monitoring the free (i.e., without driving
radiation) decay of the energy stored in the cavity.
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For linear absorption and when the optical loss is
constant for all optical frequencies coupled into the
cavity, the time-varying intensity decay is exponen-
tial, and the ringdown decay rate, k(»), is a measure
of the total loss inside the cavity. The characteristic
ringdown decay rate is represented by the following
equation:

k(0) = 2(1 — R)/t, + ca(w), (1)

where R is the mirror power reflectivity, ¢, = 2L/c is
the optical round-trip time of the cavity, L is the
cavity length, w is the angular frequency of the radi-
ation, ¢ is the speed of light, and a(w) is the absorption
coefficient of the medium contained between the mir-
rors. For an empty cavity we determined the ring-
down rate by L and R, where R is assumed to change
slowly with frequency. If an absorbing species is
introduced into the cavity, the ringdown rate in-
creases by ca(w) because of the additional loss term.
Therefore, CRDS measures absorption as the change
in the rate of light intensity decay inside a high-
finesse optical cavity, and several papers discuss the
linear response theory of CRDS more rigorously.1-+
This theory is identical for excitation of a ringdown
cavity by both pulsed and continuous-wave (cw) la-
sers although experimental subtleties exist to imple-
ment the two approaches.

The majority of CRDS experiments reported to
date have used nanosecond pulsed laser sources.
For example, O’Keefe and Deacon first demonstrated
the sensitivity of CRDS by using a nanosecond pulsed




dye laser to observe the highly forbidden atmospheric
bands of O,.5 However, pulsed lasers produce cer-
tain limitations on CRDS performance, which are
surmountable through the use of cw lasers. For this
reason, there has been an increased interest in em-
ploying cw lasers for CRDS measurements.6-8 The
first ew CRDS experiments were carried out at
Princeton,? but the first successful implementation
was reported by Romanini et al.1° Engeln et al.8 in-
troduced a phase-shift, cavity ringdown method, but
this method does not involve measurement of the
cavity decay.l! There are several advantages of cw
CRDS as have been discussed in Refs. 10 and 12-14.
The primary advantage is that a single mode of the
ringdown cavity can be excited with a narrow-
bandwidth cw laser. When the laser is tuned to one
of the cavity resonances, intracavity intensity
buildup results. In addition, more light can couple
into the ringdown cavity with cw excitation because
of the improved spectral overlap between the laser
linewidth and the cavity mode width. Therefore,
when one uses cw lasers, the intracavity light inten-
sity can be several orders of magnitude larger than
the excitation source whereas in traditional pulsed-
excitation experiments, the intracavity intensity is
many orders of magnitude smaller than the source.
Thus, the two excitation methods can result in simi-
lar intracavity power even when the peak power of
the pulsed source is ~10° times larger. In the cw
regime, then, the cavity enhances the possibility of
the observation of nonlinear effects as a result of the
intracavity power buildup. Even with low-power la-
sers, saturated absorption by use of CRDS becomes
feasible, and nonlinear spectroscopy opens up many
new possibilities. Despite this, we know of only one
report on nonlinear optical effects observed by CRDS.
Romanini et al.1% observed nonlinear optical effects in
the electronic spectrum of NO, near 796 nm, includ-
ing saturation, Lamb dips, and two-photon excitation
(observed in fluorescence). However, we do not
present any quantitative study of these effects.
Besides developing cw CRDS techniques, another
general motivation is to expand the wavelength re-
gion covered by CRDS. The mid-infrared region is
appealing for the extension of CRDS because it effec-
tively ensures that all polyatomic molecules have
rovibrational transitions in this spectral range.
However, this region originally received little interest
because of the lack of highly reflective mirrors for
these wavelengths. The first CRDS studies in the
infrared were reported by Scherer et a/.16 at 1.6 and
3.3 pm. Mid-infrared CRDS studies have been re-
ported by three groups working in the 8-11-pm
region. By using a free-electron laser, Engeln and
co-workers measured ethylene spectra with a stan-
dard CRD detection scheme and also by a Fourier-
transform multiplex detection method.’” Crosson et
al. used a synch pumping or pulse-stacking excitation
scheme, in which many pulses from a free-electron
laser are coherently added by making n times the
ringdown cavity rate equal to the pulse repetition
rate of the free-electron laser, leading to dramatic

increases in optical throughput.’® Muertz and co-
workers studied ethylene trace-gas absorption with a
line-tunable CO, laser and compared their results
with photoacoustic measurements.’® For this study
we used a laser setup that is similar to that used by
Muertz et al., but we adapted it to provide greater
tunability and optimized it to obtain orders-of-
magnitude higher sensitivity.

We developed a novel variant of cw CRDS for the
mid-infrared region between 9 and 11 pm by exploit-
ing the intracavity power buildup that is possible
with cw CRDS to observe nonlinear absorption. A
cw CO, laser system with tunable infrared sidebands
couples into a ringdown cavity and produces a satu-
rated absorption in an inhomogeneously broadened
rovibrational line of ethylene. The cavity is closely
locked to one of the sidebands, allowing for >200-fold
enhancement of the intracavity power over the
source. To our knowledge we report the first sys-
tematic study of Doppler-free nonlinear absorption by
use of cw CRDS. Power studies on the absorption,
measured by CRDS, are presented to understand the
effect of saturation on the Lamb-dip linewidth, peak
height, and broadband absorption. A potential ap-
plication of these saturation measurements is that,
when they are considered along with the intracavity
electric field, the transition dipole moment for a sam-
ple can be calculated without prior knowledge of the
concentration. This technique, thus, holds great
promise for IR measurements of transient or unsta-
ble species.

2. Experimental

Figure 1 is a schematic of the experimental optical
setup. The principal components are a line-tunable
CO, laser, a microwave synthesizer and amplifier, a
CdTe electro-optic modulator (EOM), a 1.12-m-long
vacuum-sealed cavity for the ringdown measure-
ments, and a stabilized reference cavity and spec-
trum analyzer for frequency stabilization and
calibration of the laser source. The CO, laser gen-
erates as much as 10 W of infrared radiation with a
short-term (~1 s) instrumental linewidth of 180-kHz
(peak-to-peak after locking). One can generate tun-
able infrared sidebands (Av = 12-18 GHz) on the CO,
carrier by mixing 20 W of amplified microwave power
with the infrared radiation in the EOM.2° The two
infrared sidebands emerge from the EOM with or-
thogonal polarization to the CO, carrier and with a
power of ~1 mW in each. A p-i-n diode switch?! in
front of the microwave amplifier provides a fast gate
(rise time of ~10 ns) for on and off intensity modu-
lation of the sideband power at a repetition rate of 15
kHz. A Ge wedge oriented at the Brewster angle
separates the S-polarized sideband frequencies from
the P-polarized carrier frequency with an efficiency of
~100:1. The reflected sideband light couples into
the ringdown cavity after encountering two ZnSe
lenses that are optimized for mode matching into the
TEM,, mode of the cavity. Only one sideband is
generally transmitted by the cavity inasmuch as the
cavity functions as a frequency filter. Further fre-
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Fig. 1. Optical experimental setup. TWT, traveling-wave tube.

quency discrimination occurs with a monochromator
(0.75 m with f/8 optics and entrance and exit slit
widths of 200 and 100 p.m, respectively) to provide for
a clean spectral separation of one sideband from the
residual carrier and the other sideband. The infra-
red light is focused (F = 2.54 c¢m) onto a liquid-
nitrogen-cooled HgCdTe detector with an 80-ns rise
time (this rise time is measured and represents the
convolution of the detector and the infrared intensity
modulation) and a 400-us high-pass response.

A. Ringdown Cavity

The ringdown cavity (noncommercial) consists of a
near-confocal Fabry-Perot resonator constructed
from a hollow Pyrex tube (1.12 m long and 2.54-cm
outer diameter) with a stainless-steel central section
(~0.3 m). Heating tape is wrapped around the
stainless-steel area for cavity-length control. At ei-
ther end of the cavity is a 2.54-cm-long piezoelectric
transducer (PZT) to which a ZnSe mirror is attached.
The two concave mirrors have a 1-m radius of curva-
ture and a coating of R = 99.5% reflectivity at 10.6
pm.22 The mirrors are held in aluminum plates that
screw into Maycor cavity end pieces. Compression
of the mirrors against O rings in the Maycor end
pieces creates the vacuum seal.

From the cavity geometry and mirror curvature, a
round-trip time of 7.47 ns, a longitudinal-mode sep-
aration of 134 MHz, and a transverse-mode spacing
of 72 MHz are calculated. At 10.6 wm, the TEM,,
mode of the cavity has a beam waist of 1.03 mm at the
center and 2.0 mm at the mirrors. The Fresnel
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number of the cavity is calculated to be 52, implying
that diffraction losses are completely negligible for
the lower-order transverse modes. The measured
ringdown time ¢ of the evacuated cavity is 736 ns from
which R = 99.49% can be calculated, implying that
each cavity mode has a linewidth of 216-kHz FWHM
and the cavity has a finesse of 617. The effective
path length ct of the cell is 225 m. We performed
optical alignment and telescope adjustments by rap-
idly sweeping the sideband frequency and/or the PZT
voltage over a free spectral range of the cavity and by
observing the transmitted light intensity. Both to
maximize sensitivity and to allow for calculation of
the modal distribution inside the cavity, it is impor-
tant for one to ensure that only the TEM,, mode of
the cavity is excited. The nearest low-order coinci-
dence of cavity modes has a separation of 10 MHz,
which is much greater than the linewidths of both the
cavity modes and the laser. Thus, excitation of a
pure TEM,, mode is expected if the peak of this mode
is locked to the laser frequency.

The cavity length is adjusted through the use of the
two PZT’s at each end of the cavity and the heated
stainless-steel central section. The cavity is made of
Pyrex for electrical isolation of these elements. A
high-voltage amplifier (~4 kV) drives the PZT’s for
fast changes (>200 Hz) in cavity length with a tuning
range that is slightly greater than a free spectral
range at 10.6 pm. Slower temperature-induced
length changes of the heated stainless-steel section
provide for coarse adjustment of the mirror separa-
tion over many optical wavelengths. The ringdown




cavity length is actively locked to maintain resonance
of a TEM,, mode with one of the sidebands of the CO,,
laser. The sideband frequency is modulated at 100
kHz with a modulation depth of 20 kHz and the de-
modulated error signal is first conditioned in propor-
tional, integral, and differential (PID) gain stages
and then used to regulate both the voltage to the PZT
amplifier and the current to the heater tape. Based
on the magnitude of the error signal and the 216-kHz
linewidth (FWHM) of the evacuated cavity, the lock
stability is estimated to be better than 100-kHz
(peak-to-peak) over a period of hours, as determined
by the residual feedback signal. It is also noted that
this lock is not significantly degraded despite the
100% modulation of the sideband power needed to
observe the ringdown transients. An estimate of the
short-term stability during the 22-us ringdown peri-
ods is ~100 kHz based on the transient response of
the error signal at the moment the sideband is
switched back on.

B. CO, Laser Calibration and Stabilization

The CO, laser system has been described previous-
ly.23 We identified the CO, laser lines by using a
spectrum analyzer. For more precise frequency con-
trol, a He—Ne-stabilized transfer cavity24 is used to
stabilize actively the CO, laser frequency. The
transfer cavity is 53 cm long with a cavity spacer that
is identical in design to the ringdown cell. The ZnSe
mirrors have a double-V dielectric coating for reflec-
tivity at both 0.632 and 10.6 wm and radii of curva-
ture of 1 m, which creates nondegenerate cavity
modes and 283-MHz free spectral range of the TEM,,
modes. The cavity is also evacuated to eliminate the
effects of dispersion that are due to ambient pressure
changes. We combined and separated the He—Ne
and the CO, lasers by using dichroic optics, and we
detected cavity transmission signals by using a sili-
con photodiode and a liquid-nitrogen-cooled HgCdTe
detector, respectively. Lock-in methods first stabi-
lized the transfer cavity to the He—Ne laser and then
the CO, laser frequency to the transfer cavity. In-
asmuch as both lasers share a common cavity, it is
convenient to dither the spacer length (~4 kHz),
which gives modulated transmission signals near
cavity resonances at both colors. However, the two
frequencies differ by 17 fold, and thus the modulation
depths (in megahertz) for the two colors differ by the
same factor. To maximize the signal-to-noise ratios
for the lock-in methods, it is desirable to have similar
modulation amplitudes at both colors for a given
change in cavity length. We accomplished this by
making the mirror reflectivities <70% and 98.5% at
0.632 and 10.6 pm, respectively. As before, the de-
modulated signals are conditioned in proportional
and integral gain stages that are used to regulate the
PZT high voltage and heater current to the transfer
cavity and the high voltage to the PZT-controlled end
mirror of the CO, laser cavity. Tunability of the
He-Ne frequency in combination with access to
higher-order modes of the nondegenerate cavity per-
mit lock-point selection at any CO, laser frequency.

The long-term stability of the He-Ne laser is esti-
mated to be 1.5 MHz, which implies a stability of the
CO, laser of <125 kHz. The drift of the sideband
radiation matches that of the CO, carrier., sincp the
microwave source has a negligible frequency drift on
this scale. The CO, laser stability is COmpurabl.e
with the calculated transit-time broadening in this
experiment, and the <125-kHz long-term stability of
the CO, sideband has been confirmed in repeated
Lamb-dip measurements made over a period of many
hours.

C. Signal Acquisition and Averaging

Individual ringdown curves are digitized at a sam-
pling rate of 20 MHz over a period of 5 ps by use of a
digital oscilloscope with 8 bits of vertical resolution.
Thus, each recorded ringdown transient contains 100
points that extends over more than six time constants
of the decay. After 44 ps, the sideband power 18
switched back on for 22 pus. A fixed number of decay
transients, typically 100, are averaged in the tran-
sient digitizer (LeCroy 9350M) and are then trans-
ferred to a personal computer where the transient 18
fit to a first-order exponential function by use¢ of a
nonlinear least-squares procedure. The best-fit de-
cay time ¢ is saved as a function of sideband frequency
at stepped intervals of 100 kHz or less. The 15-kHz
ringdown transient detection rate is limited by the
digitizer.

Inasmuch as the degree of optical satumtion. (_1e-
pends on the intracavity power, a method to stabilize
the optical power in the cavity is employed that tal;es
advantage of the rapid feedback control of the applied
microwave power. Two gates are positioned at dif-
ferent times along the detector signal. One gate
monitors the detector signal prior to switching off the
sideband radiation, and the other gate monitors the
detector signal prior to switching on the sideband
radiation. Each gate integrates at 1-ps intervals
along the detector voltage. The signals from the two
gates are then sent to boxcars and subtracted, uﬁnd
the voltage difference is used to regulate the applied
microwave power on a shot-to-shot basis. I’<')wer-
level variations over the course of a scan arc typwzn}ly
better than 0.5%. We also note that the intr;ut:n{nty
loss, and thus the @ of the resonator, changes with
frequency when one tunes through a transition. At
a fixed output power level, the intracavity power 18
effectively constant as well, requiring that the input
power be increased at frequencies for which the cav-
ity loss increases. Measurement error is currently
limited by systematic variations in the ringdown
times; however, potential nonlinearity of the detector
cannot be fully discounted. Power leveling rcduges
the systematic error by more than tenfold, decreasing
rms fluctuations in the fitted ringdown rates to
0.085% (for 400 fits with an average of 100 deciys per
fit).

A premixed sample containing 0.5% - 0.00% of
C,H, in He (by volume) continuously flows Lhmqgh
the cavity at a total pressure of 1.3 + 0.3 Pa, yielding
a number density of 1.6 x 102 em *. A 1.3-kPa
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obtained in this study. It can be seen that, prior to
the observation of the ringdown transient, the intra-
cavity light intensity is constant for a time long com-
pared with the relaxation times, and thus a steady
state should be achieved. However, the ringdown
time is short compared with the relaxation times, so
it should be a reasonable assumption that the molec-
ular absorption coefficient remains constant at the
saturated value predicted by the intracavity intensity
at the beginning of the ringdown decay.

When we make a comparison with our experimen-
tal results, we must consider the fact that the optical
transition is not a single two-level system, but a se-
ries of degenerate transitions. This results from the
fact that the transition dipole depends on the value of
the projection of the angular momentum on the axis
of polarization of the laser beam and is in fact linear
with M for a @-branch transition, as considered here.
We can thus write

wioM) = poM/[J(J + 1)]2. 3)

The fractional population of the lower state of the tran-
sition is calculated to be 3.2 X 1073, Combined with
the integrated line intensity, a value of py = 1.01 X
1073° C m (0.305 D) was calculated. In addition to
the inhomogeneous distribution of transition mo-
ments, there is a distribution of the closest point of
approach of the molecules to the optical axis, the ve-
locity at which they move through the field, and also
where they are at the start of the ringdown decay.

In steady state and assuming that the optical Bloch
equations are valid, the degree of saturation in the
Doppler-broadened line is determined by the satura-
tion parameter S. It is related to the saturating
electric field E and the transition dipole moment p,
by the following equation:

S = [M12E/ﬁ]2T1 T,, (4)

where T is the population relaxation lifetime (as-
sumed to the same for the upper and lower states of the
transition) and 7T, is the homogeneous dephasing
time.3* Under the low-pressure conditions of the
present experiment, both T'; and T, are expected to be
equal and determined by transit-time broadening T,
produced by the thermal motion of the absorbers
through the laser field. Given the mean speed trans-
verse to the laser propagation direction of v = 421 m/s
for C,H, and a TEM,y, spot size of w, = 1.03 mm, T} is
calculated to be wy/v = 2.3 pus.32  Transit-time broad-
ening produces a Gaussian homogeneous line shape
(ignoring the spread of transverse velocity) with a
FWHM given by 0.37/T, = 155 kHz (for a complete
theory of the saturated line shape, see Ref. 33). This
calculation holds for the beam waist, but as one moves
away from the center of the cavity, the spot size in-
creases (decreasing the transit-time broadening), and
the beam develops a curvature, leading to homoge-
neous Doppler broadening at low power. The two ef-
fects cancel for a TEM,, mode so that the
homogeneous line shape is the same throughout the
cavity.33 Aninconsistency in the present treatment is
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that the optical Bloch equations predict a Lorentzian
homogeneous line shape.

The saturation parameter can also be expressed in
terms of intensity so that Eq. (4) can be rewritten as
S = I/Ig, where intracavity intensity I is related to the
electric field by

I = E%¢/2, (5)
and saturation intensity I is given by
IS = ﬁzce/2p,122T1 T2. (6)

The saturation parameter is expected to be linearly
proportional to the electric field intensity within the
resonator and is therefore proportional to resonator
output power. Away from the Lamb dip, the relevant
intensity is the one-way power, inasmuch as the for-
ward and the backward waves in the cavity are in
resonance with separate velocity classes of molecule.
On the peak of the Lamb dip, both the forward and the
backward waves couple to the same velocity class of
molecules, and thus the saturation parameter is ap-
proximately doubled.3¢ By increasing the saturating
power, the nonlinear effect becomes more pronounced.

Figure 4 shows the influence of saturation on the
Lamb dip for three different saturation powers. In
this experiment, we controlled the saturation power
by changing the microwave power that couples into
the EOM and hence determines the power in the IR
sideband. Larger ringdown amplitudes correspond
to greater saturation powers, inasmuch as the trans-
mitted power is proportional to the intracavity power.
As the power of the saturating beam increases, three
saturation effects result: the Lamb-dip linewidth
broadens, the baseline absorption rate away from the
Lamb dip decreases, and the dip depth decreases.

These effects are predicted for optical saturation of
a two-level system in steady state and are related to
saturation parameter S. The Lamb-dip linewidth is
the homogeneous linewidth at low power times a sat-
uration factor, i.e. the homogeneous linewidth is
power broadened:

Avg = Avg(1 + S)V2, (7

where Avy; is the homogeneous linewidth of the tran-
sition. The line shape of the Lamb dip when coher-
ent effects are neglected is expressed by3!

Avy/2
cor(v) = g + (V) 2 (B
(V - Vo)
Bl1- |2~
iSFell
with
A =[(v — vp)? + (Avy/2)7])2,
B =[(v—vo)® + (Avg/2%(1 + 28)]">  (8b)
Y
ao(v) = a exp[—Z In 4 %} : (8¢)




where o,,(v) is the measured absorption rate, o, is
the unsaturated absorption coefficient, v, is the ab-
sorption center frequency, and Av, is the room-
temperature Doppler width fixed at 66.5 MHz. In
Eq. (8a) we have also included the empty-cavity ring-
down rate, agc, for the purposes of fitting our data.
It is easily verified that for S = 0 Egs. (8) reduce to
the sum of the rates, ay(v) and agc, expected in the
linear absorption limit. For frequencies away from
the absorption center, the decrease in the broadband
optical absorption with saturation is given by a re-
duction of Eq. (8a):

as(v) = ag(v)/(1 + 9)'2. 9

Dip depth D depends on S according to the following
equation:

D =af1/(1+S)"* - 1/(1 + 28)]. (10)

Our initial interest is to apply this simple theory to
the CRD data of ethylene to determine if it can ac-
count for the effects of saturation on a system for
which all the parameters in Eqs. (8) are known except
for S. The homogeneous linewidth, Avy, is fixed at
0.155 MHz and is determined from transit time
broadening because this broadening dominates at
low power. In the top panel of Fig. 4, we show the
line shapes predicted (dashed curves) from nonlinear
least-squares fits of the data to Egs. (8) for three
different intracavity powers. The empty-cavity
ringdown rate, agc, and the unsaturated absorption
coefficient, «,, are fixed at 1.358 and 0.811 MHz,
respectively. For the Lamb dips acquired at relative
powers of 2.0 and 3.6 (lower two traces), the predicted
curves are only a poor representation of the observed
line shapes. The best-fit values of saturation pa-
rameter S are shown at left in Fig. 4. For the lowest
intracavity power (top trace), the model fails com-
pletely; it is not possible to fit S within these param-
eter constraints because the observed absorption
rates of the dip exceed those predicted for linear ab-
sorption with S = 0 (dashed curve). To verify that
the sample concentration is not the source of this
discrepancy, we made an independent direct absorp-
tion measurement of the gas by using a Fourier-
transform infrared spectrometer with a 10-cm
absorption path length and found that the concentra-
tion is identical to our initial measurement taken
with the literature value for the line strength,6 thus
confirming the unsaturated absorption rate of 0.811
MHz.

To provide further insight into the model’s failure
to account for the observed trends, we refit the data to
Egs. (8) by relaxing the constraints on agc and ay. A
summary of the fitted parameters and uncertainties
is given in Table 1, in which Type A standard uncer-
tainties (i.e., 1o) are given, as determined directly
from the least-squares fit. The predicted line shapes
are shown as dashed curves in the lower panel of Fig.
4 and are now in good agreement with experiment.
However, the empty-cavity decay rates are underes-
timated by as much as 15% and, more dramatically,

R

Table 1. Summary of the Parameters from Nonlinear Least-Squares
Fits of Eqs. (8) to the Lamb-Dip Data Shown in the Bottom Panel of

Fig. 4°
Relative Power e o S S Ratio
1.0 1.273(7) 2.43(1) 4.8(1) 1.0
2.0(2) 1.195(3) 2.41(1) 6.7(1) 14
3.6(2) 1.148(2) 2.62(1) 10.1(1) 2.1

“Type A standard uncertainties (i.e., 1o) are given for the least-
significant digit, as determined from the least-squares fit.

the o, values are ~300% larger tharn the unsaturated
absorption loss rate of 0.811 MHz. A further test of
this model is found in the S ratios (see Table 1), which
are expected to scale linearly with power according to
Eq. (4). The predicted ratios are underestimated by
nearly 50% in both cases. We also found that o, and
S are correlated in the fits and that little change in
the standard deviation of the fit results if o, is fixed
at the average value of 2.49 MHz and only minor
(<10%) changes in S are observed. Finally, refitting
with a fixed agc of 1.358 MHz also gives poorly pre-
dicted line shapes. From repeated Lamb-dip mea-
surements made at the beginning and end of a 2-h
experimental run, systematic drift errors of the base-
line are found to be <0.05 MHz and are unlikely to
account for even the 15% differences in agc.

It is at least surprising that with either an increase
in the empty-cavity rate or a decrease in the broad-
band absorption rate toward the values anticipated,
the degree of saturation reflected in the Lamb-dip
line shapes is predicted at less than what is actually
observed. Possible reasons for these exaggerated
saturation effects may be found from the following
considerations. For example, from simple resonator
theory3°, changes in the impedance-matching condi-
tion can be important under the conditions in our
ringdown cell. Perfect impedance matching of the
input wave with the resonator is defined when the
sum of the cavity mirror losses (exclusive of the input
coupler) equals the round-trip cavity losses. In this
ideal limit, there would be zero reflective loss from
the input coupler and optimum build up of intensity
within the resonator (X200 enhancement for our cav-
ity). However, when on resonance, the round-trip
absorption loss of 0.6% is comparable with the output
coupler transmission loss of 0.5%. Thus, for con-
stant input intensity, the intracavity enhancement
would be expected to decrease from X200 off reso-
nance to X42 on resonance, for a change of >300%.
It is also well known from this same theory that the
ratio of transmitted to intracavity intensity in these
two cases is nearly constant (<0.6% change). For
our experiments, the output power leveling scheme
enforces this latter condition, thereby circumventing
these intracavity intensity changes. It is, however,
unavoidable that the cavity @ also decreases as a
result of this additional round-trip absorption loss.
For example, the empty-cavity linewidth of 216 kHz
is predicted to increase to 462 kHz when on resonance
(note both widths are larger than the homogeneous
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width of 155 kHz for an unsaturated velocity class).
1t is also likely that the spectral intensity is distrib-
uted over this mode prior to each ringdown event as
a result of contributions from the 100-kHz frequency
modulation scheme used to lock the sideband. With
an increase in the spectral bandwidth of light within
the cavity, the intensity per unit frequency interval
must thereby decrease for a constant intracavity
power, decreasing the effect of saturation for a given
off-line-center velocity subset. At the center of the
Lamb dip, the absorption loss rate decreases owing to
a decrease in the population difference. This condi-
tion results in a higher cavity @ and an increase in
spectral power density and, thus, tends to exaggerate
the saturation effect for the zero velocity subset, con-
sistent with the trends observed here. As a further
complication, the magnitude of this effect diminishes
as the degree of saturation increases and is a conse-
quence of the increase in the power-broadened homo-
geneous linewidth according to Eq. (7). Finally, we
note that Egs. (8) are derived in the plane-wave limit.
Therefore, the effect of saturation integrated over the
intensity profile of the TEM, mode is ignored. The
ensemble average of these nonlinear effects will cer-
tainly change the Lamb-dip width, depth, and unsat-
urated absorption coefficient from that predicted by
Egs. (8). Further studies of weaker transitions in
ethylene and ozone are currently in progress, where
the effects of saturation are expected to be less dom-
inant.

As a final note, it is worth addressing whether the
CRDS will be exponential or nonexponential as a
result of saturation. The ringdown signal for a sat-
urable absorber is expressed by the following differ-
ential equation:

dI/dt = —c[age + ao/(1 + I/I ]I, (11)

where the total losses of the system include a cavity
loss term, agc, and a nonlinear absorption loss term
that depends on saturation. To understand whether
this equation predicts an exponential or nonexponen-
tial function for the intensity decay through the cav-
ity, one must consider the difference between the
ringdown time and the population relaxation times
and the effect this difference has on the absorption
coefficient. For these experiments, the ringdown
time (<600 ns) is much shorter than the relaxation
times (~10 ps). This indicates that, during the
course of the ringdown decay, the saturated mole-
cules do not relax to the ground state nor are replaced
because of molecular motion, and the population dif-
ference is unchanged. As a result, the absorption
losses are constant at the saturated value as the in-
tensity leaks out of the cavity, and the ringdown de-
cay will be a simple exponential. These are the
conditions in our experiment since the ringdown sig-
nals measured both on and off the peak of the Lamb
Dip absorption fit well to single exponential decays
over >3-us interval (~67).

In the other limit when ringdown times are long
compared with T; and 7T, relaxation times, the ab-
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sorption losses are not constant, and nonexponential
behavior describes the ringdown decay as given by
Eq. (11). This nonexponential character arises from
the fact that the molecules can now relax on the time
scale of the ringdown decay, yielding a time-
dependent absorption coefficient.l> At different
times along the ringdown decay, there are different
absorption coefficients that are due to the change in
the population difference throughout the decay and
to the change in the saturation effect as the intensity
leaks out of the cavity. At initial times along the
ringdown signal, the molecular ensemble will be sat-
urated and the absorption rate will depend on the
saturated absorption coefficient. At longer times, an
increasing fraction of the molecules will relax to the
ground state and the saturation effect will decrease
because the intracavity intensity will have decreased
from its initial value. As a consequence, the absorp-
tion coefficient will asymptotically approach its un-
saturated value. These effects have been observed
before by Romanini et al..*> The more complete the-
ory of nonlinear CRDS will need to address these
issues to gain a complete account of the effects of
optical saturation.

5. Conclusions

We have successfully demonstrated the use of cw
CRDS to observe Doppler-free nonlinear absorption
in a low-pressure sample of C,H, in He by using a
low-power (~1-mW) source, and we have been able to
quantify the saturation systematically. Strong sat-
uration is observed because of the build up of inten-
sity inside the resonantly pumped ringdown cavity,
resulting in a Doppler-free Lamb dip at the center of
the Doppler-broadened line. The low power used in
the present experiments bodes well for the use of
other tunable infrared sources, such as ew optical
parametric oscillators or quantum cascade lasers.35:36
A key feature, however, is that the source should
have a sufficiently narrow bandwidth so that one can
efficiently excite a single mode of the ringdown cav-
ity.

The mirrors that we used are of modest reflectivity,
compared with those currently available in the mid-
infrared.3” However, it should be recognized that,
even with the present mirrors, strong saturation is
observed when the flux on the detector is only a mod-
est factor (two times) above the detector noise. For
the present experiments, a further increase in the
reflectivity of the mirrors would likely be counterpro-
ductive, as we would have strong saturation even at
the lowest output optical intensities required for good
signal-to-noise ratio on the detector. This can be
overcome by the use of heterodyne detection meth-
ods,?8 but at a further increase in experimental com-
plexity and bandwidth requirements on the detector.
Furthermore, with increased mirror reflectivity, the
locking of the cavity mode to the laser becomes more
difficult, and increased fluctuations of the initial de-
cay intensity can be expected. Although this is not a
limitation for linear absorption CRDS with an ideal
linear detector, these fluctuations are clearly unde-




sirable in nonlinear spectroscopy inasmuch as the
spectroscopic features being observed are intensity
dependent.

A goal of our experiments was to develop a tool for
the quantitative study of optical saturation in the
mid-infrared. Such an instrument should allow de-
termination of the infrared transition moment of rad-
icals and other unstable species for which the
integrated line strength cannot be directly deter-
mined from the observed absorption strength that is
due to an unknown sample concentration. Once the
line strengths have been determined by study of the
optical saturation at low pressure, that transition can
be used for quantitative determination of the concen-
tration of that particular unstable species. It is ad-
vantageous to work at pressures low enough that
relaxation is dominated by transit-time broadening,
because this can be calculated quantitatively from
the TEM,, mode profile in the cavity. Further de-
velopment along these lines requires a quantitative
calculation of the saturated ringdown transients
without extraneous assumptions. An important
feature to be studied is the degree to which the tran-
sients are nonexponential, inasmuch as this will pro-
vide a direct measure of the saturation of the optical
absorption.
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