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We consider several highly sensitive techniques commonly used in detection of atomic and molecular absorp-
tions. Their basic operating principles and corresponding performances are summarized and compared. We
then present our latest results on the ultrasensitive detection of molecular overtone transitions to illustrate
the principle and application of the cavity-enhanced frequency-modulation (FM) spectroscopy. An external
cavity is used to enhance the molecular response to the light field, and an FM technique is applied for shot-
noise-limited signal recovery. A perfect match between the FM sideband frequency and the cavity free spec-
tral range makes the detection process insensitive to the laser-frequency noise relative to the cavity, and, at
the same time, overcomes the cavity bandwidth limit. Working with a 1.064-um Nd:YAG laser, we obtained
sub-Doppler overtone resonances of C,HD, CyH,, and CO, molecules. A detection sensitivity of 5 X 10712 of
integrated absorption (1 X 10 1%cm) over 1-s averaging time has been achieved. © 1998 Optical Society of
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1. INTRODUCTION

Ultrasensitive detection of optical absorption by atomic/
molecular samples can be approached from two direc-
tions: either the intrinsic absorption signal (contrast) is
enhanced or the background noise is reduced, ideally to
the fundamental quantum limit. An optical cavity
placed around the absorber is an effective technique to
enhance the absorption contrast, as is conveniently ex-
plained in terms of extending the effective cell length.
From another viewpoint, for a given noise generated by
transmitted dc light on the detector, the high internal
buildup field of the cavity elicits a strong molecular radia-
tion, which is resonantly coupled out for detection.

The ultimate detection sensitivity is achieved when we
are able to observe each absorption event, with the noise
basically limited by the uncertainty of event occurrence,
namely, the shot noise in the signal. To avoid excessive
low-frequency noise of technical origins, signal detection
should employ ac methods, comparing on-resonant and
off-resonant cases in quick succession. By simulta-
neously obtaining and subtracting these cases, one pro-
vides a signal channel with no output unless there is a
resonance. This is conveniently accomplished by use of
the frequency-modulation (FM) technique.

To tailor the FM method for use in the presence of an
enhancement cavity, one arranges the FM sideband offset
frequency to match the cavity free-spectral-range split-
ting frequency so that the optical heterodyne sidebands
and carrier are transmitted through the cavity via adja-
cent axial orders. A remarkable property of this configu-
ration is the suppression of any detection of laser-
frequency noise with the transmitted light. This enables
profitable use of cavity finesse in the range above 10 000,
without a noise penalty.

Using this detection scheme, we have now achieved a
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noise-equivalent absorption sensitivity of 5 X 10713 (1
X 10"%/cm) at 1-s averaging time. This sensitivity is
demonstrated in the high signal-to-noise ratio (S/N) re-
covery of sub-Doppler resonances of weak molecular over-
tone (CoH,, CoHD, and CO,) transitions at 1.064 um. A
high sensitivity is desired for studying “forbidden” transi-
tions or for detecting substances with very small absorp-
tion, owing to either low concentration or weak intensity.
Applications of sensitive detection cover many different
fields such as fundamental physics, atmospheric optics,
trace-gas monitoring, molecular dynamics, reaction kinet-
ics, and biology. In our application we seek a high sen-
sitivity to use in developing visible-frequency standards
based on a rich spectrum of attractive and yet extremely
weak molecular overtone transitions.

The paper is organized in the following structure.
First, we compare various sensitive detection techniques
and their corresponding sensitivity limits. While meth-
ods of high-resolution spectroscopy are highly valuable in
their own right, here we focus on the sensitivity aspects of
various experimental approaches, in comparison with our
method. We should bear in mind that each detection
technique has its unique advantages and so may be the
most effective method for one particular application. We
then briefly present in Section 3 the detection principle of
the cavity-enhanced FM technique. Experimental re-
sults are shown in Section 4. Finally in Section 5 we con-
clude with a summary and discussion of the technique
and an outlook for its future applications.

2. COMPARISON AMONG VARIOUS
SENSITIVE DETECTION METHODS

A. Direct Absorption (Homodyne) Measurement
Beer’s absorption law states that light passing through an
atomic/molecular sample of length L will be attenuated
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by the factor exp (—a L). The physical origin of this at-
tenuation process is the destructive interference between
the incident radiation and the electric field generated by
the coherently driven sample dipole moments.! There-
fore the direct absorption is an intrinsically microscopic
(quantum-mechanical) effect. The name, homodyne de-
tection, arises from the fact that the two interfering fields
have the same frequency. The maximum sensitivity con-
dition will arise if the probe field has no amplitude noise
beyond its intrinsic quantum fluctuation. Given a detec-
tion bandwidth of B, the minimum detectable absorption
signal under this shot-noise limit is

2¢B 1/2
) ) (D

(aL)min = (m

where e is the electron charge, 7 is the photodetector re-
sponsivity in amperes per watt, and P is the incident ra-
diation power. This sensitivity can be as high as 1
X 107% at 1-s averaging for P, = 1 mW and a reasonable
7 (~0.8 A/W at 1.064 um). In practice, however, noises
of various technical origins tend to become dominant in
the low-frequency ranges. A noisy background severely
affects the measurement of a small change of signal and
so limits the detection sensitivity. It is quite usual to
lose several orders of magnitude relative to the shot-noise
limit. In order to reduce the low-frequency noises, one
can use modulation techniques, either on the laser ampli-
tude or frequency, to encode and detect the absorption at
a higher frequency and with a narrower bandwidth.
Zero-background detection techniques are also quite often
used in avoiding excessive noises. Alternatively a differ-
ential detection technique that suppresses noises with
dual beams is also attractive. Besides reducing noises,
improvements on the detection sensitivity can be directly
approached by enhancing the signal itself. This leads to
considerations of increasing sample path length by
multiple-pass cells and intracavity enhancement.

B. Photothermal Spectroscopy

Photothermal spectroscopy is simple, convenient, and
widely applicable.? The underlying principle is that the
heat transferred from the absorbed optical power to the
sample via various de-excitation channels can cause sub-
sequent macroscopic changes. Such thermal effects can
be manifested and measured, for example, in the forms of
temperature rise (photothermal calorimetry), pressure
change and/or volume expansion (photoacoustic effect),
change of optical properties such as the refractive index
(probe-beam refraction, diffraction, or deflection, and
probe-beam homodyne interference), and thermal-
emission change (photothermal radiometry). This tech-
nique of photothermal spectroscopy has in principle a zero
background and is generally more sensitive than the di-
rect absorption measurement. However, the significant
amount of energy associated with the macroscopic heat
transfer limits the sensitivity of photothermal spectros-
copy. In the case of photoacoustic detection, noises of
technical origins such as fluctuations of laser intensity
and pointing direction, undesired absorption, and vibra-
tion and acoustic disturbance still far exceed the funda-
mental noise limit set by the Brownian-motion noise and
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shot-noise (statistical fluctuations) nature of the excita-
tion and deexcitation processes. These similar technical
noises also limit attainable sensitivities of the thermal-
lensing detection technique and the optical phase-shift
measurement in a two-beam interferometer. The ob-
tained sensitivities are generally of the order of
107%-=10"° fractional absorption (107°-10"'%cm).?
Similar sensitivity limits are also obtained with other
macroscopic techniques such as the optogalvanic effect,
the optical rotation effect (dichroic absorption), and the
change of photoconductivity.

C. Polarization Spectroscopy

Polarization spectroscopy* is in principle a zero-
background detection method used in nonlinear spectros-
copy. Absorption-induced polarization changes of light
can be measured at an extremely small level, significantly
improving the detection sensitivity. However, any prac-
tical polarizer has a finite extinction ratio (¢), which may
limit the attainable sensitivity. In fact, if the shot noise
is the dominant noise source in the detection process,
then the polarization technique offers no advantage com-
pared with the direct absorption measurement. (Of
course, if the detection power is shot-noise limited and it
is larger than what a conventional photodetector would
normally accept, then it is advantageous to use polariza-
tion spectroscopy.) This is because for the polarization
spectroscopy to recover a small absorption signal, it will
also rely on the heterodyne (or homodyne) product be-
tween the probe beam and the local oscillator. Only
when the optical power is increased to a certain level
where the technical noise dominates can the polarization
spectroscopy reduce the noise level by a factor of e, with
e ~ 1077 for a good polarizer. The sensitivity limit of po-
larization spectroscopy therefore follows Eq. (1).

D. Fluorescence Detection

Resonance fluorescence is a highly sensitive technique for
detecting small numbers of atoms and molecules.? It has
also been applied in the spectroscopy of trapped single
ions.%” In analytical chemistry and biology, resonance
fluorescence is used extensively for efficient detection and
identification of single molecules.® Fluorescence is also
an efficient detection technique for multiphoton absorp-
tion. The sensitivity of the fluorescence-detection tech-
nique depends on several factors including the character-
istics of the decay channels of the excited states, namely,
that the fluorescence branching ratios are favorable and
the quenching processes are not significant. For maxi-
mum detected signal, the decay photons must be collected
over as large a solid angle as possible. A reasonably
well-designed optical system can collect ~10% of the ra-
diated quanta after having filtered out stray scattered
light. With quantum efficiencies in the range of 20% for
the cathode surfaces of modern photomultipliers in the
visible domain, one can expect a photoelectron event for
every 50 or so fluorescent decays. The dark current of
the quantum detector can be as small as a few counts per
second for cooled photomultipliers with bialkali cathodes.
Photon-counting techniques permit one to detect a light
level some (suppose we say ten) counts per second above
this background. If the incident cw laser power is 1 mW
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and 10% of the absorption events result in photons of the
desired wavelength, an attenuation of this beam by
1071°-10"! can be detected. For multiphoton absorp-
tions, this sensitivity can be further enhanced with the
use of a higher optical power. However, various phenom-
ena may degrade the S/N, particularly if the excitation
and detection are at the same wavelength. Then the
most severe limitation on the detection sensitivity is
caused by the background spurious scattering light,
which usually dominates stray ambient light, even with
careful baffling and shielding. By discriminating the
event photoelectrons from the background noise, photon-
correlation spectroscopy, such as photon-burst spectros-
copy or the time-interval-distribution analysis, often help
to enhance the effectiveness of the fluorescence
detection.’

E. (Non-) Resonant Multiphoton Ionization
Spectroscopy

This technique has been used very efficiently in the fields
of surface analysis, isotope analysis, rare-element detec-
tion, and single atom or molecule detection.!® For an ab-
sorbing transition with an ionizable upper level, ioniza-
tion spectroscopy can be the most sensitive detection
technique simply because both the collection and detec-
tion efficiency for the charged particles could approach
unity. This means that every photon-absorption event
can be made detectable, by measurement of the total ion
counts, mass spectroscopy of ions, or analysis of the ki-
netic energy of ions or electrons. The disadvantage lies
in the requirement of a large photon flux so that the ion-
ization rate of the excited state is sufficient, compared
with other relaxation channels of its decay into lower lev-
els.

F. Balanced Beam/Differential Receiver

With a dual-beam approach the information about the la-
ser noise can be measured twice, and therefore it is pos-
sible to completely eliminate the technical noise and ap-
proach the fundamental limit of shot noise by use of
clever designs of optoelectronic receivers. Conventional
dual-beam detection systems use delicate optical balanc-
ing schemes,'! which are often limited by the noise and
drift of beam intensities, residual interference fringes,
drift in amplifiers, and spatial inhomogeneity in the de-
tectors. This is the reason why present dual-beam opti-
cal balancing schemes often employ some sort of modula-
tion strategies. Electronic autocancellation of the
photodetector currents has provided near-shot-noise-
limited performance.'? Indeed a noise-equivalent ab-
sorption of 4.2 X 10~® was achieved with 1.2 mW of opti-
cal power and 1-Hz bandwidth, roughly 2 above the
shot-noise limit. This technique is straightforward and
requires no modulation, although it does not fully solve
the problem of baseline drift.

G. External-Cavity Spectroscopy: Comparison
Between Cavity-Ring-Down and
Direct-Cavity-Transmission Measurements

Sensitivity enhancement of absorption measurements has
been accomplished by use of long multipass absorption
cells.’® Kastler suggested a Fabry—Perot cavity could be
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used because its transmission is sensitive to small varia-
tions of its inside absorption.'* The use of the external-
cavity technique was later extended to the high-
resolution sub-Doppler spectroscopy.®~17 The
advantages of using an external optical resonator are
manifold. First, the light travels many times through
the intracavity absorber so that the effective absorption
length is increased by the factor of (2 X finesse/7). This
directly increases the detection sensitivity. Second, the
cavity builds up its intracavity power. This allows the
use of low-power lasers for the input, even for the weak
transitions that require large intensities for sub-Doppler
high-resolution saturation spectroscopy. For a given sig-
nal, effectively the cavity reduces the output power level
that needs to be handled by a photodetector. In addition,
the geometrical self-cleaning and matching of the two
counterpropagating waves inside the cavity are important
both for eliminating pointing-direction-related noises and
for obtaining narrow and unshifted resonance lines.!® In
another role, a stable cavity helps to prestabilize the laser
frequency when it is locked on a cavity resonance, thereby
reducing the detection noise. For the purpose of estab-
lishing a stable and repeatable optical frequency refer-
ence, it is also attractive to separate the absorber from
the laser to avoid various coupled instability problems as-
sociated with intra-laser-cavity absorption.

The shot-noise-limited sensitivity in Eq. (1) of direct
absorption measurement can therefore be multiplied by a
factor of (2 X finesse/7) with the use of an optical reso-
nator. With a cavity finesse of 100 000, it is possible to
reach a sensitivity in the 10713 range, as long as one
avoids various technical noises associated with the high-
finesse cavity. The so-called cavity-ring-down
spectroscopy'® takes advantage of the cavity memory to
avoid laser technical noise. It measures the cavity field-
decay time (which is a function of the intracavity absorp-
tion) once the input laser field is switched off, hence
avoiding the laser amplitude noise. Given an adequately
fast digitizer to record the ring-down waveform with a
sufficient resolution, it appears that the shot-noise limit
can be approached. Unfortunately the on-resonance ver-
sus off-resonance decay-time measurements are sepa-
rated in time, and it is their difference that contains the
desired information. This time separation allows the in-
fluence of many unwelcome noise sources including
geometry-dependent ring-down rates. The best reported
sensitivity so far is 9 X 1073(7 x 107%cm).2°

Another effective technique for avoiding the light noise
at low frequency is to lock the laser frequency tightly on
the corresponding cavity resonance and then modulate
the cavity mode around the desired molecular resonance
while monitoring the cavity transmission. Essentially
this approach is a simple lock-in derivative-line-shape re-
covery process. In order for this method to be successful
it is important to have a super-tight frequency lock loop
between the laser and the cavity since any laser-
frequency noise relative to the cavity will be converted to
amplitude noise in detection. A piezoelectric transducer
(PZT) mounted on one of the cavity mirrors can be used to
modulate the cavity length, and the laser will track this
modulation. The modulation frequency is usually lim-
ited to the audio range owing to the mechanical resonance
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and roll-off of the PZT and mirror assembly. Depending
on the laser (amplitude) noise spectral distribution, the
modulation frequency may be too low to reach the shot-
noise-limited spectral region. However, attractive re-
sults have already been obtained in our experiment. Our
solid-state Nd:YAG laser is locked onto our high-finesse
(100 000) cavity with ~1-mHz relative linewidth. A cav-
ity dither (at 500 Hz) and lock-in detection yields a detec-
tion sensitivity of 3 X 107 (6.4x 10 ¥/cm) at 1-s aver-
aging. This is already more than 1000 times better than
the ring-down result.

H. Intracavity Spectroscopy

It was realized in the early days of laser development that
a laser cavity can be used to greatly enhance the absorp-
tion detection sensitivity.?! Basically the advantage
comes from the multipass effect and the delicate balance
between the laser gain and intracavity absorption
(threshold effect and the mode-competition effect).?? Al-
though it is still a complicated system involving the dy-
namical evolution of laser modes, it is one of the most sen-
sitive detection techniques for absorption. Operating
with a single-lasing mode, or when the intracavity ab-
sorber has a linewidth wider than the entire laser band-
width, intracavity absorptions can be monitored directly
with the laser output power or indirectly with respect to a
reference loss, to the laser emission spectrum, to the
laser-magnetic resonance, to the lasing dynamics, etc. A
reasonable enhancement is obtained only when the laser
operation is near threshold where various instabilities
tend to limit the sensitivity. When a narrower band ab-
sorber is used instead, the broadband laser gain is not
much affected by the narrow line absorption. For such a
multimode laser the resultant emission spectrum relates
to the intracavity absorption with a high sensitivity, lim-
ited only by the degree of nonlinear mode coupling, the la-
ser pulse duration, and more fundamentally, the broad-
band cavity loss and the quantum noise (the ratio of
induced and spontaneous emission in the laser mode).
For the best sensitivity, other unwanted frequency-
selective losses should be avoided. To avoid spurious
resonance features in the spectrum, all intracavity optics
should be clean and free of interference. Laser intensity
noise should be kept small. The highest sensitivity re-
ported so far using the intracavity spectroscopy is 3
X 107%cem.?® A major advantage of intracavity spec-
troscopy is that it covers simultaneously a broad spectral
width, similar to the laser gain bandwidth.

I. Frequency Modulation (Wavelength Modulation)

FM spectroscopy is one of the most powerful spectroscopic
techniques available for supersensitive and high-speed
detections of weak absorption signals. In principle, FM
spectroscopy offers a detection sensitivity approaching
that of Eq. (1), limited only by the fundamental quantum
noise. A side advantage of this technique is that line-
width broadenings associated with low-frequency modula-
tion processes are not present. The widespread FM spec-
tra allow each individual component to interact with the
spectral features of interest and thereby preserve the ul-
trahigh resolution capability of contemporary narrow-
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linewidth lasers. The high bandwidth associated with
the radio-frequency (rf) modulation enables rapid signal
recovery.

Modulation techniques are of course often used to ex-
tract weak signals from a noisy background. Small reso-
nance information is encoded into a frequency region
where the technical noise is relatively weak. Various
modulation schemes allow one to compare on-resonant
and off-resonant cases in quick succession. Subsequent
demodulations (lock-in detection) then simultaneously ob-
tain and subtract these two cases, hence generating a sig-
nal channel with no output unless there is a resonance.
Lorentzian signal recovery with the frequency-
modulation method has been well documented.?* The as-
sociated lock-in detection can provide the first, second,
and third derivative type of output signals. However, in
this type of modulation spectroscopy the modulation fre-
quency is often chosen to be relatively low to avoid distor-
tions on the spectral profile by the auxiliary resonances
associated with modulation-induced spectral sidebands.
An equivalent statement is that the line is distorted be-
cause it cannot reach an equilibrium steady state in the
face of the rapidly tuning excitation. This low-frequency
operation (either intensity chopping or derivative line-
shape recovery) usually is still partly contaminated by the
technical noise and the achievable S/N is thereby limited.
To recover the optimum signal size, large modulation am-
plitudes (comparable to the resonance width) are also em-
ployed, leading to a broadened spectral linewidth.
Therefore the intrinsic line shape is modified by this
signal-recovery process and the direct experimental reso-
lution is compromised.

A different modulation technique was then proposed
and developed in the microwave magnetic resonance spec-
troscopy and similarly in the optical domain.?®27 The
probing field is phase modulated at a frequency much
larger than the resonance linewidth under study. Subse-
quent heterodyne and rf phase-sensitive detection yield
the desired signal. The high sensitivity associated with
the FM spectroscopy is mainly due to its high modulation
frequency, usually chosen to lie in a spectral region where
the amplitude noise level of the laser source approaches
the quantum (shot-noise) limit. The redistribution of
some of the carrier power to its FM sidebands causes only
a slight penalty in the recovered signal size. In practice,
some systematic effects exist to limit the ultimate FM
sensitivity. Spurious noise sources can include residual
amplitude noise at modulation frequency,?® laser excess
noise, and étalon fringes in the optical system.?? A num-
ber of techniques have been developed to overcome these
problems. The residual amplitude-modulation (AM)
problem can be actively servo controlled down to the shot-
noise limit.>® The étalon fringe effect can be minimized
by various optical or electronic means.?*? An additional
low-frequency modulation (two-tone FM?2) can be used to
reduce drifts and interferences of the demodulated (from
the high-frequency FM) baseline.

When the modulation index S is of the order of unity or
less, the FM spectrum can be approximated by a carrier
and two first-order sidebands. If only the carrier is
tuned to interact with a narrow sub-Doppler resonance,
then the detection process is intrinsically dispersion sen-
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sitive. When converted to the equivalent absorption sig-
nal, the shot-noise-limited FM sensitivity becomes

(223>1/2 \/5
(aL)min =\ -
nPo]  Jo(B)J1(B)

where Jy(J;) is the zero (first) -order Bessel function.
The modulation-dependent function JJy(B)J(B) has its
maximum value of 0.34 at 8 ~ 1.1. Compared with Eq.
(1) for the ideal case of homodyne detection, FM hetero-
dyne detection suffers a factor of ~4 loss in sensitivity for
a fixed total optical power. This is due in part to the
power reduction implied in converting some of the main
carrier to sidebands and in part to the downconversion of
shot noise from an additional spectral window by the sec-
ond sideband. Carefully designed FM detection can often
nearly reach the sensitivity limit set in Eq. (2).

The sensitive nature of FM spectroscopy along with its
high resolution and high-speed detection capabilities
have rendered this technique very popular. It has been
used widely in nonlinear laser spectroscopy,®* including
optical heterodyne saturation spectroscopy,?’ two-photon
FM and modulation transfer spectroscopy,®3® Raman
spectroscopy,®” and heterodyne four-wave mixing.3%3°
Recent developments with tunable diode lasers have
made the FM technique simpler and more accessible.
The field of FM-based laser-diode detection of trace gas
and remote sensing is growing rapidly.

(2

J. Noise-Immune Cavity-Enhanced Optical Heterodyne
Molecular Spectroscopy

We have seen that a shot-noise-limited absorption sensi-
tivity of 107 12-10712 is in principle available by use of the
external-cavity-enhancement technique. FM spectros-
copy becomes a natural candidate to achieve such a lofty
goal. In our recent development of noise-immune cavity-
enhanced optical heterodyne molecular spectroscopy
(NICE-OHMS) we have done exactly that, by combining
the FM technique with the external-cavity-enhancement
approach. In the best case, when the -cavity-
enhancement effect applies only to the signal without
causing any extra noise, the sensitivity of FM spectros-
copy will be improved simply by the cavity-enhancement
factor, namely, (2 X finesse/w). Therefore we can re-
write Eq. (2) for the minimum detectable absorption as

- (ZeB) vz V2

2 X finesse \ 7Py]  Jo(B)J1(B)

A numerical example is given here to better serve the
illustration. Suppose the modulation index 8 = 0.5 and
the photodiode responsivity » = 0.85 A/W. Also assume
the total optical power P, = 5 mW and the detection
bandwidth=1/27 Hz, corresponding to a 1-s time con-
stant. Then for a plain cell the noise-equivalent inte-
grated absorption is (L), = 2.2 X 1078, Under the
same conditions a cavity with a finesse of 100 000 im-
proves the sensitivity to (aL);, = 3.5 X 10713, We
have indeed achieved a noise-equivalent sensitivity of
5.2 X 10712 of an integrated absorption at 1-s averaging,
corresponding to an absorption of 1 X 107 '%/ecm. Such a
sensitivity is 4 orders of magnitude higher than any other
previously reported results, according to our knowledge.

(aL)min = (3)
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3. NICE-OHMS PRINCIPLE

In order to use the FM detection technique for the absorp-
tion sample located inside a high-finesse cavity we have to
overcome two limitations. First, the linewidth of a high-
finesse cavity is narrow. Thus the cavity is a sharp dis-
criminator against laser-frequency noise. Any residual
frequency-locking noise between the laser and the cavity
is efficiently converted to amplitude noise. This leads to
a serious degradation of the achievable S/N. Second, the
FM sideband frequency is limited by the cavity band-
width. Too high a modulation frequency simply reduces
the coupling of the sidebands into the cavity and thereby
denies their useful interactions with molecules. For a
cavity with a reasonable length, say 50 cm, and a finesse
of 10 000, its linewidth (FWHM) is only 30 kHz. A modu-
lation frequency this low seldom yields a shot-noise-
limited performance. What is needed is a way to have
the FM sidebands at a high frequency to get low-
amplitude noise, while the cavity accepts the sidebands in
exactly the same manner as it accepts the carrier so as to
reduce the FM-to-AM noise conversion. In our new
scheme of modulation and detection we frequency modu-
late the input laser beam at exactly the splitting fre-
quency of the cavity free spectral range (FSR). We then
detect and demodulate the cavity-transmitted light at the
modulation frequency. The small residual frequency
variations of the laser will still lead to some amplitude
fluctuations and small optical phase shifts of the trans-
mitted carrier, but they will also lead to exactly the same
amplitude fluctuations and phase shifts of the sidebands
that are transmitted on adjacent or nearby cavity axial
orders. So the transmitted light still accurately repre-
sents an FM spectral triplet, with minimal AM conversion
that is due to the relative laser/cavity frequency jitter.
Thus the noise level can approach the intrinsic AM noise
level of the laser at the FSR frequency, typically a few
hundred megahertz or a few gigahertz.

We can refer to this property as (laser-frequency) noise-
immune detection. This modulation and detection
scheme enables profitable use of the high cavity finesse
without a noise penalty. Figure 1 shows the case where
the central component is used to detect the intracavity
molecular resonance. Initially all the FM components
are lined up with their respective cavity modes. The cen-
tral cavity mode will then be frequency pulled because of
the change of intracavity refractive index by the molecu-
lar dispersion. The detector viewing the transmitted
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J L L

! EP
One mode shifted

& A
by molecules, Frequency
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Signal Appear Y
J\
o

(A)O-A , u)o+A

Fig. 1. Optical spectrum and the detection principle for NICE-
OHMS.
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Fig. 2. General experimental schematic for the NICE-OHMS
spectrometer.

light will thus generate a dispersion signal in the rf beat
after the phase-sensitive demodulation.

Figure 2 shows the general experimental schematic.
One may use two electro-optic phase modulators to im-
pose two sets of FM sidebands on the laser beam. The
modulation at a low-frequency & is detected in the cavity-
reflection signal to produce the cavity-dispersion locking
error for stabilizing the laser onto the cavity. The side-
bands at the high-modulation frequency A = FSR are
used to probe the intracavity molecular resonances and
are detected in cavity transmission, after some adequate
optical isolation between the cavity and the photodiode.
To study the resonance signal line shape and width, a
precision scanning capability for the spectrometer is im-
portant. A frequency offset locking loop is implemented
to permit a sweep of the laser frequency relative to a
stable reference with an rf resolution. During the scan
the cavity FSR will change slightly. To maintain the
noise-immune property, we actively track the sideband
frequency to the cavity FSR value.

4. EXPERIMENTAL RESULTS

First we show the noise-immune detection of the
C,HD(v, + 3w3)P(5) transition at 1.064 um.*° To have
a clear demonstration of the noise-immune nature of the
detection, we deliberately set the laser/cavity lock to be
loose and even oscillating; then we compare the recovered
S/N before and after the lock was sabotaged. The result
is shown in Fig. 3. The cavity length was dithered at a
low audio frequency, and a lock-in was used to demodu-
late signals from the direct cavity transmission (DC) and
from the high-frequency channel of the NICE-OHMS.
Signal line shapes follow modulation-broadened deriva-
tives of absorption (DC)** and dispersion (NICE-
OHMS).*! The DC detection of the intracavity molecular
absorption (upper row) is shown to be critically dependent
on the performance of the laser/cavity lock. (A fast laser/
cavity frequency-lock servo was used for the graphs ob-
tained in the left column, while a slow and noisy servo
was used for those in the right column.) However, in-
creased laser-frequency noise (relative to the cavity)
yields little effect in our FM detection (bottom row).
Figure 4 shows the experimental sensitivity we
achieved using 1.8-mTorr C,HD gas. The cavity finesse
is 100 000 and the intracavity buildup power is ~300 W,
giving a saturation parameter of ~1.75 and a saturation
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peak contrast of 13.2%. The single-pass (46.9-cm-long
cavity) linear absorption is ~3 X 1078, Therefore the
absolute level of saturated absorption by the intracavity
molecules is 4 X 107%. This is verified by the DC detec-
tion of the cavity transmission, shown in the top graph of
the figure. The calibration process involves measure-
ment of cavity finesse, on-resonance transmission, and re-
flection dip contrast, from which we calculate the residual
round-trip cavity losses. With the laser locked tightly
onto the cavity with a relative linewidth of ~1 mHz, the
simple cavity-dither and lock-in detection of the transmis-
sion yields a S/N (amplitude/rms noise) of 130 at 1-s av-
eraging. This corresponds to a detection sensitivity of 3
X 107 at 1s. The corresponding S/N from the NICE-
OHMS detection is 7700 with a 1-s time constant, as
shown in the bottom graph of the figure. This translates
into a noise-equivalent detection sensitivity of 5.2
X 10713 at 1-s averaging, ~1.5 times worse than the
shot-noise limit calculated previously. The NICE-OHMS

Tight Cavity Lock Loose Cavity Lock

DC detection DC detection

7.5E-9 saturated
absorption

NICE-OHMS NICE-OHMS

Fig. 3. Demonstration of the noise-immune property of NICE-
OHMS. The C,HD (vy + 3v3)P(5) resonance signal is recov-
ered by both cavity-dither lock-in (DC) detection and the NICE-
OHMS technique, under the experimental conditions of a tight
laser/cavity lock (left column) and a substantially deteriorated
lock (right column).

S/N = 130 at 1s,
Sensitivity:
0.5+ 11

0.0+

-0.5 DC detection (1.8 mTorr)

= 4E-9 saturated absorption
C
o T T T T
= -1 [} 1 2
5 MHz
(4]
£ 204 S/N = 7700 at 1s,
~ ) Sensitivity:

1.5 s2x10"°

1.0 -
0.5 Sensitivity at 1s: SE-13

0.0

I I 1 1

-1 [} 1 2 MHz
Fig. 4. Sensitivity measurement of the NICE-OHMS technique.
The upper graph shows the level of the saturated absorption,
while the lower graph shows the corresponding S/N obtained via
NICE-OHMS. The noise-equivalent detection sensitivities (nor-
malized to 1-s time constant) are 3 X 107! for cavity-dither de-
tection and 5.2 X 10~ for NICE-OHMS.
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result is ~60 times better than the straightforward dither
detection, basically because of its higher modulation fre-
quency (319-MHz FM sideband frequency compared with
500-Hz dither frequency) and its insensitivity toward the
laser-frequency noise relative to the cavity.

We have to point out that although the requirement of
the laser/cavity locking is much more relaxed for NICE-
OHMS than in the simple DC detection, the laser line-
width still needs to be narrowed so that a stable optical
power is effectively coupled into the cavity. For a cavity
linewidth of, say, 10 kHz, it should be straightforward to
lock a commercially available external-cavity diode laser
below 100 Hz relative to the cavity, using a simple feed-
back control of laser-diode current and its external grat-
ing. Another important technical issue is that the recov-
ered line shape is influenced by a residual AM associated
with FM at the cavity FSR frequency. With an active
control loop we are able to eliminate the residual ampli-
tude modulation*? and obtain a line shape matching per-
fectly to a theoretical model, resulting in a flat and nearly
shot-noise-limited background for the fit residual
throughout the entire tuning range of the resonance.

With this ultrasensitive capability of our spectrometer
we naturally seek other weak transitions within the tun-
ing range of the Nd:YAG laser at 1.064 um. We have
measured two such lines, namely, 2CoHy(2v; + vy
+ v5)R(12)* and 2C'%04(2v; + 3v3)R(6),** with their
respective transition dipole moment of 50 uD and 6 uD
(1D=3.33564%x10"3° C-m). They are both weaker than
the CoHD(vy + 3v3)P(5) transition, which has a transi-
tion dipole moment of ~70 uD.

Using the same gas pressure, optical power, and cavity-
dither amplitude, we compare the saturated absorption
signals of COy, CoHD, and CoH, in Fig. 5. The CyH,
transition is recovered with an excellent S/N, as shown in
Fig. 5(c). The signal size is roughly 1/4.3 of that for
C,HD, using the same gas pressure and optical power. It
provides another frequency reference for the Nd:YAG la-
ser. The center frequency of the resonance is
281 612 403.278 (0.025) MHz, i.e., it is 17 708.458 (0.014)
MHz red of a frequency-doubled Nd:YAG laser locked on
the a1y hyperfine-structure component of the R(56) 32—0
I, transition.*? The pressure broadening rate of 34(1)
MHz/Torr is similar to that of C,HD.4°

For the CO, transition, however, the saturated absorp-
tion signal is much weaker than the C,HD line, by more
than a factor of 350. This CO, resonance involves two
quanta of symmetric stretch and three quanta of antisym-
metric stretch of the C—O bond.** The bending mode (v5)
is not excited. The lifetime of the excited vibrational
state is estimated to be ~2 ms, mainly because of the de-
excitation via the vibrational transition
(2,0° 3) — (2,0° 2). The relevant molecular con-
stants are (cm™!) B’ = 0.39021894, D' = 1.33373
X 1077 for the ground state, and B” = 0.38234, D"
= 1.71 for the excited state with the band origin at
9388.990.46

Under exactly the same experimental conditions (ex-
cept for the change of sample gas), the recovered line
shape associated with the 12C!604(2v; + 3v3)R(6) tran-
sition is vastly different from either CoHD or CoH,, as in-
dicated in Fig. 5. In fact, our theoretical model for the
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nearly perfect fit of the experimental data involves two
separate resonances that have different line centers and
line widths. More importantly, the narrower negative-
going peak indicates a physical process reversed from the
normal saturated absorption. The intracavity optical
power is 410 W, where the saturation of this CO, transi-
tion is estimated to be only a few percent (2%) in the free-
flight regime. As we reduce the input power by a factor
of 4, the resonance line shape remains relatively un-
changed. The signal size, however, reduces roughly by
the square of the power change. The line shape does not
depend on the laser-dither frequency either. The change
of the dither amplitude, on the other hand, will surely
have a larger impact on the signal size of the relatively
wider peak, thereby causing the apparent change on the
signal line shape. This change is well accounted for by
our theoretical model, and our fit is able to produce nearly
consistent linewidths corresponding to a certain gas pres-
sure.

As we change the intracavity gas pressure, we witness
linewidth broadenings and line-center shifts for both
peaks. Extrapolated to zero pressure, the inverted peak
has a FWHM of ~100 kHz, while the normal peak has a
FWHM of 410 kHz. The width of the normal peak is al-
most twice the transit linewidth, which would usually be
obtained in the absence of the interaction between the
two resonances. The two line centers are pushed apart
as the pressure increases. The zero-crossing point shows
relatively small shifts caused by pressure. These results
are shown in Fig. 6.

(a) o4 5mToir CO,, 410 W
50 kHz p-p dither

Saturated
absorption

0.1
0.0
-0.1
-0.2 . Absorption
-0.3
residual

0.4 W
T 1 T I T 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
(b) ] 8 mTorr C,HD, 410 W Saturated

50 kHz p-p dither

Absorption

Scale

Linear

(c) 5 mTorr C,H,,
410 W,

50 kHz p-p dither

T T T T T 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

MHz

Fig. 5. Line-shape comparison among the resonances of (a) CO,,
(b) CoHD, and (c) CoH,, under the same experimental conditions.
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1200- O FWHM (inv. peak) = 90(11) + 22(1) * P
® FWHM (up peak) = 414(16) + 3(3) * P + 1(0.2) * P*

1000 —

800

600+

400 -

200 -

o+

T T T T T 1
0 5 10 15 20 25

Fig. 6. Pressure-dependent linewidth changes for both CO,
resonances. The negative-going peak has a zero-pressure ex-
trapolated linewidth of ~100 kHz, half the value of the transit
time broadening. These aspects lead us to tentatively identify
this feature as arising from two-photon absorption.

Since our detection scheme involves a pair of FM side-
bands lying one cavity FSR away from the laser carrier, it
is natural to suspect that maybe the asymmetrical line
shape is caused by some coincidental resonances located
just at the sideband frequencies or at the crossovers be-
tween the carrier and one of the sidebands. We tuned
the laser frequency around those places and found no
such lucky resonances. One likely explanation for the
abnormal line shape is the existence of a near-resonant
two-photon transition in the neighborhood of the one-
photon resonance. This is supported by the fact that the
zero-pressure linewidth of the inverted peak is only
~100 kHz, half of that dictated by the transit time broad-
ening (210 kHz). It is as if, during the transit, the mol-
ecule experiences twice as many radians of signal phase,
for example, by resonating with a two-photon response.
A second possible physical effect is the existence of some
quantum interference caused by the state mixing of the
excited vibrational state.

5. SUMMARY, DISCUSSIONS, AND
OUTLOOK

A record high detection sensitivity has been achieved by
the NICE-OHMS technique in the work on molecular
overtone transitions at 1.064 um with a cavity finesse of
100 000. With a single-pass integrated (saturated) ab-
sorption at the level of 4 X 1072, the recovered S/N is
~7700, normalized to 1-s averaging time. This corre-
sponds to a noise-equivalent absorption detection sensi-
tivity of 5.2 X 1073 (1 X 107%cm) at 1 s. Stated
equivalently, the detection sensitivity for the refractive
index is of the order of 1 X 1071 at 1 s.

It is amusing to illustrate this kind of detection sensi-
tivity with a more conventional model of two-level atoms.
A two-level atom has an absorption cross section of
x2 ~ 10719 ¢m? for its resonance line. If we assume the
spatial density of the atoms is ~1 atom/cm®, then in a
50-cm absorption length (about the length of our cavity)
the integrated absorption will be 5 X 107°. It is at this
level of absorption that we are getting a S/N of 9000 at 1
s. The density of 1 atom/cm? corresponds to a pressure of
3 X 10717 Torr (4 X 107 !® Pa). The equivalent number
of atoms inside the mode volume of our intracavity light
field is ~0.13. The minimum detectable absorption sig-
nal will thus correspond to an atom density of
1/9000 cm ™3, or a pressure of 3.4 X 1072! Torr (4.5
X 107! Pa). This result is of course not realistic, owing
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to the saturation of the relatively strong transitions asso-
ciated with two-level atoms, demanding a low input
power to the high-@ cavity. If we reduce the input power
by a factor of 108 to avoid saturation, then the sensitivity
as expressed in Eq. (3) will correspondingly decrease by
10%, and we will be able to detect just a single atom in a
1-cm? volume.

To further enhance the detection sensitivity, a direct
approach is of course to build a cavity with an even higher
finesse. With the present cavity having a finesse of
100 000 the potential for growth along this direction is
limited. Finding a fast photodetector that is able to
handle a large optical power, say, 10 mW, will also in-
crease the detection S/N. However, in the heterodyne de-
tection, the shot-noise level is set mainly by the local os-
cillator, i.e., the leakage power from the cavity, which has
prepared the molecular signal, but is not a molecular sig-
nal itself. In the ideal case, we should have the signal
itself set the shot-noise level. All other power, after pre-
paring the molecules, should be avoided in detection. In
this way the shot-noise floor will be extremely small.
From this point of view it seems to be advantageous to de-
tect the molecular signal in cavity reflection, provided
that the optical impedance match of the cavity is ad-
equate. The power of the local oscillator is reduced by a
large factor because of the destructive interference be-
tween the cavity-leaked field and the direct reflection of
the incident field. Assuming that similar proportions of
the molecular signal travel through either exit of the cav-
ity, with a much reduced shot-noise floor we can thus ex-
pect an enhanced detection S/N. Our preliminary result
of the reflection detection actually produced a less favor-
able S/N, limited by noise of technical origins. In the
transmission detection the spatial mode cleaning and
matching of the local oscillator with respect to the mo-
lecular signal is achieved automatically by the cavity it-
self. This ideal condition, however, is compromised to a
certain degree in the case of reflection detection, owing to
several causes. The incident field has a certain level of
pointing instability that is due to the laser source. The
original nearly ideal Gaussian mode structure of the field
could also be slightly damaged along the optical path.
This mode spatial variance, often time dependent, leads
directly to the amplitude noise in the subsequent photo-
diode detection and rf demodulation. A reasonable ap-
proach to solve this problem would be to use an auxiliary
optical cavity placed just before the high-finesse cavity to
stabilize the mode direction and the structure of the inci-
dent field.

At present the instrumental resolution bandwidth of
our spectrometer still exceeds the natural linewidth of the
molecular resonance. Although such a transit-time-
limited linewidth can be narrowed by optical selection of
slow-moving molecules, the result comes with a penalty in
the reduction of S/N. To have a longer interaction time,
we either need heavier molecules or to use an optical cav-
ity with a larger mode size. Construction of a high-
finesse cavity with a large mode size could be technically
challenging. For our 1.064-um standing-wave cavity we
will soon try to replace the mirror of 1-m radius of curva-
ture with a 50-m radius one. The other mirror is flat.
The cavity finesse will remain the same, but the mode
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size should increase threefold, producing a transit limit of
~95 kHz for CoHD molecules. More exotic multiple-
mirror cavity designs involving astigmatism-compensated
intracavity beam expansion are also under consideration.
A more straightforward and less expensive approach
could be by use of a pressure-tuned high-finesse mirror to
achieve the desired radius for operation.*’

A high detection sensitivity along with a high resolu-
tion brings us precious opportunities to explore new phe-
nomena that are otherwise hidden from us. An ongoing
collaboration between JILA and MIT (R. W. Field’s group)
is to utilize the available sensitivity and resolution of our
spectrometer to search for the predicted permutation
splitting associated with exchange of the hydrogen atoms
when their vibrational amplitudes become significantly
large in the high-order overtone band (5v3) of *CyH,.*8
Another interesting project is the test of the symmetriza-
tion postulate of quantum mechanics. Using diode-laser
absorption spectroscopy with 0, molecules, scientists
have demonstrated that if there is any violation of Bose—
Einstein statistics by the identical spin-0 oxygen nuclei, it
does not exceed a part in a million, the sensitivity of their
spectrometer.*? The possible violation of the Bose statis-
tics can of course be tested at a sensitivity one million
times higher than these reported results.

The NICE-OHMS detection technique can also be ap-
plied to the case of two-photon resonances. When the op-
tical intensity is reduced, the fluorescence S/N decreases
as 17! while the NICE-OHMS S/N decreases as I~ Y2,
Therefore NICE-OHMS should win at the low-intensity
range, while the fluorescence detection may be advanta-
geous at a high power. Using a relatively low optical
power is advantageous, in the point of view for a fre-
quency standard, as the power-related systematic shifts
on the center frequency can be reduced. Ordinarily the
direct absorption, i.e., the change in transmitted light
that is due to such a two-photon transition, would be
small and difficult to detect. However, with the high sen-
sitivity available from the NICE-OHMS, it compares fa-
vorably when a low light level is used for detection, and it
is especially valuable in the case when the fluorescence is
weak and the fluorescence-detection efficiency (quantum
efficiency and/or collection efficiency) is low.

In the work of optical frequency metrology, the NICE-
OHMS technique can provide us with thousands of weak
molecular lines as high-quality visible-frequency/
wavelength references. We will soon start to construct
an optical frequency network covering the important
spectral region around 790 nm using overtone transitions
of C,H,, C,HD, and NH,.%°
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