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Laser diode cavity ring-down spectroscopy using acousto-optic
modulator stabilization
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Department of Electrical Engineering, Stanford University, Stanford, California 94305-4070

J. Martin,? J. Xie,” and R. N. Zare®
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(Received 28 April 1997; accepted for publication 23 June 1997

By using an acousto-optic modulator, we have stabilized a free-running continuous@&yé&aser

diode in the presence of strong reflections from a high finesse Fabry—Perot resonator. The laser
diode linewidth can be stabilized from several MHz, for high resolution spectroscopy of species at
low pressures, to several hundred MHz, for lower resolution spectroscopy of species at atmospheric
pressures. We demonstrated CW cavity ring-down spectroscopy of water vapor at both 1 atm and
5 Torr. We achieved ring-down repetition rates of 10-50 kHz, and a noise levet d02% cm ™.

© 1997 American Institute of Physids$0021-89787)01219-X

I. INTRODUCTION of light inside the ring-down cavity, then switched off the
light with an acousto-optic modulat¢AOM) and measured

Cavity ring-down SpectroscopfCRDS is a high sensi-  the intensity decay. Acquisition rates of several hundred Hz

tivity absorption technique with potential for absolute con-were thereby demonstrated, in addition to excellent light

centration measurements of trace gases and imputitles. throughput, and reduced baseline noise leading to very high

CRDS is usually practiced by coupling a pulsed laser sourcgensitivities. Romaninet al ! were also able to apply CW-

into a high-finesse optical resonat@fabry—Perot cavily cRDS to an external cavity diode las@&CDL).

that encloses the sample of interest, and detecting the decay \,ch of current ring-down spectroscdp§ still relies

of light in the resonator. Under many conditions, the decay i%n fairly costly laser sources. As solid state laséesy.,

exponential'and a plot of the ring-down decay_ rate Versu%’i:Sapphire lasers, Nd:Yag-pumped OPOs, and EQDLs
frequency gives the absorption spectrum. The ring-down deﬁave gained in reliability, tuning range, and output power,

cay rate is controlled by the resongtor finesse, anq C.hang.?ﬁ'ey have started to replace the more traditional tunable dye
wherever the sample absorbs. This approach is limited in

spectral resolution by the laser linewidth- 100 MHz for lasers, although they are no less expensive. Simultaneously,

pulsed sourced in data acquisition rates by the pulse rep- gemiconductor laser diodé€kDs) have also.begn improving.
etition rate of the lasefca. 10—100 Hg and in sensitivity by in power, wavelength _cov_eragg, and rgllabmty. The rapid
the inherent trade off between resonator finesse and IigrQrOWth O_f the commur.u.catlons industry |n.recent years has
throughput. resulted in the availability of tunable near-infrared LDs at a
Recently, efforts have been made to overcome theskPidly diminishing cost £$500. In fact, owing to their
limitations of pulsed CRDS by the use of narrow linewidth COmpactness, low cost, durability, high wallplug efficiency,
(<10 MH2) continuous wave(CW) lasers. Lehmanh, and compatibility with both fiber and silicon technologies,
Meijer,® and Romanirl® were the first to propose and imple- infrared laser diodes seem to be an ideal light source for
ment the use of narrowband laser sources in CRDSealizing practical CRDS systems.
Lehmand first proposed coupling narrowband CW diode la-  Early attempts demonstrated difficulties in applying LD
ser sources to ring-down cavities, in order to build up enouglsources to CRDS? whenever a LD beam is reflected di-
energy in the cavity to perform shot noise limited measure+ectly back into the laser, as occurs in a linear cavity con-
ments. Meijeret al® measured phase shif®SS-CRD$  figuration, even under optical isolation, the optical feedback
rather than intensity decay of an intensity-modulated CWmay result in phase fluctuations and mode hopping of the
light beam. They demonstrated for the first time, that acquiiD. In fact, at higher feedback levels, as would be typical for
sition rates of kHz were compatible with high-resolution most practical setups, a wide variety of effects ranging from
CRDS, and that narrowband laser throughput, could be imlinewidth broadening to complete “coherence collapse”
proved by using stable resonators with a dense transverggnewidth >10 GH2 is often observed and is illustrated in
mode structure. In an alternative approach, Romaetiai."®  Fig. 1(a). The inherent problem is the formation of “external
swept one resonant mode of the cavity through the CW lasefayities” by reflective optics with the output facBvhich
linewidth (CW-CRDS, thereby allowing significant buildup a5 either a low reflectivity or is antireflectidAR) coated
to increase output powgf the LD. The external cavity
SL Microtest, Wildenbruchstrasse 15, 07745 Jena, Germany. affects both the gain and phase relations of thef3®

bState Key Laboratory of Molecular Reaction Dynamics, Dalian Institute OfThUS whenever back reflection is allowed. the Iasing char-
Chemical Physics, CAS, P.O. Box 110, Dalian 116023, Peoples Republic ) ’

of China. acteristics of the LD(frequency, number of excited modes,
®Electronic mail: zare@stanford.edu output power, etg.become highly dependent on uncontrol-
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FIG. 1. (a) Linewidth for a free-running LD(solid) and for a LD under
feedback(36 dB feedbackfrom a ring-down cavity(dashegl (b) LD line-
width as a function of external cavity length for only first order feedback:
Lex=215 cm (solid), Le,=100 cm (dashegl and L.,=55 cm (dashed-
dotted. The feedback level is 50 dB in all three cases.LD linewidth for
only first order(50 dB) feedback(solid) and both first(50 dB) and zeroth
(50 dB) order feedbackdashedl

and a frequency selective elemgrthat allows only one spe-
cific mode to exist, and that reduc@mit does not completely
eliminate the sensitivity of the LD to feedback;the feed-
back from a linear cavity configuration can be completely
eliminated by using a ring resonator structure, as will be
discussed elsewheté;or, the external cavity effect can be
controlled by placing an AOM inside the external cavity,
thereby stabilizing the time-averaged behavior of the LD.
The last approach, first demonstrated by Maetiral® as a
useful scheme for stabilizing LDs in the presence of direct
back reflections, and its application to CW-CRDS, is the
primary focus of this article.

IIl. AOM STABILIZATION OF LASER DIODES

In an AOM device, a pressure transducer creates a sound
wave that modulates the index of refraction in an active non-
linear crystal, thereby producing a Bragg diffraction grating
that disperses an incoming light beam into multiple ord@rs.
By switching the radio frequencirf) power that drives the
pressure transducer, light can be rapidly deflected by the
AOM into and out of the first order, so that AOMs can be
used as high-speed<(10 ns risefall tim¢ CW light modu-
lators. The resulting diffracted beam is also frequency shifted
by an amount equal to the acoustic wave frequéfityence,
by placing an AOM into the external cavity formed by the
LD back facet and the ring-down resonator input mirror, any
light fed back from the first order becomes frequency shifted
by twice the rf driver frequency. By considering the Lang
and Kobayashi equatiotisthat model the effects of optical
feedback on LD behavior, it becomes clear that the fre-
guency shift of the AOM forces the diode to cycle through
all values of phase with a period equal to the reciprocal of
the frequency shift® Therefore, in order to achieve adequate
stabilization, the AOM frequency must exceed the ring-down
decay rate. Typically, a driver frequency greater than several
MHz is sufficient for good quality ring-down reflectof®
>99.99%, and will eliminate any changes in phase shift
associated with changes in length of the external cavity. Un-
der these conditions, the effective LD linewidth becomes in-
sensitive to both thermdbkeconds time scaland mechani-
cal (milliseconds time sca)eperturbations of the external
cavity length.

By placing an AOM between the laser diode and the
input mirror of the ring-down cavity, the AOM can be used
not only to switch the CW beam into and out off the first
order diffraction, but simultaneously control LD linewidth.
The AOM driving power determines the diffraction effi-
ciency and hence, the amount of feedback to the LD. The
external cavity length fixes the maximum achievable line-
width for each feedback levétf. Fig. 1(b)]. The first order
diffraction feedback drives the LD phase and stabilizes line-
width. Finally, the linewidth can be further enhanced by in-
troducing nonfrequency-shifted feedba¢&f at least the
same magnitude as first order feedbadkat allows multiple

lable experimental parameters, most notably the externaxternal cavity modes to exist. The first order feedback then

cavity length.
Several solutions exist to this coupling problem. A LD

cyclically chirps the LD output through these modes at twice
the AOM driver frequencycf. Fig. 1(c)]. The flexibility in

with an AR coated output facet can function as a gain meachievable LD linewidth in turn enables many different

dium in an external cavityformed by a feedback element

3200 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997

CRDS applications. Pressure broadened transitions, such as

Paldus et al.
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those of trace gases in the environment, can be studied usin
a broad LD linewidth(100 MHz to 1 GHz with the advan- SCI
tage that the cavity throughput is increased with broader line-
width. Alternately, high resolution, Doppler-limited
CRDS¥1can be performed with a narrowét MHz to 100 A.- Meter
MHz) LD linewidth.

In this article, we focus on the demonstration of sensitive
CRDS detection of water vapor using an AOM stabilized LD

Ring-Down Cell

PMT

with both first and zeroth order feedback. The absorption o roler 7 1
spectra were extracted from a measurement of the intensity 1N Jl
decay of light exiting the ring-down resonator. We note,

however, that the sensitivities reported here are only a start: -

ing point for this method, as the primary sources of baseline g‘;‘lﬁ‘r‘;’t‘:)r Scalar

noise are not presently, completely understood. System per Personal or
formance will strongly depend on the application at hand. Computer Oscilloscope
System optimization for several different applications, and a
discussion of the trade offs involved in these different situa-
tions will appear elsewher8.

FIG. 2. Laser diode cavity ring-down spectroscopy setup using AOM feed-
back stabilization.

Il. APPARATUS AND EXPERIMENTAL METHOD

The LD employed in these experiments was a Sharp
LTO17MD single-mode (V-channel current blocking in the diagnostics achieves a 65/35 split with 65% of the
GaAlAs LD. The reflections of the facets are about 90% andight reaching the wavelength meter. The first order passes
5%. Its threshold current is typically 60 mA when free- through optional beam shaping optilseam expander and
running. The LD was operated with both current and tem-mode-matching lensgdefore entering the ring-down reso-
perature stabilizatioriPeltier heater/coolgr provided by a nator. The ring-down cavity is 45.7 cm in length, comprises
laser diode controller(Melles Griot: 06DLD203 and two 1 in. mirrors wih 1 m radius and 99.97% reflectivity
06DTCO007. The free-running diode produces about 40 mW (Newport: 10CV00.SR.40F and is enclosed in a vacuum
output power at 812 nm for 26 °C and 100 mA operatingchamber with 2 in. sapphire windows. Cavity adjustment is
current lop. Wavelength scans were performed by currentnade via flexible bellows fixed in gimbal mount®DC:
tuning the diode for small wavelength excursid8€001 nm  FGC-275-M. Such a stable rather than confocal optical cav-
=0.015 cm ! at 810 nm with a 0.01 nm/mA raieand tem- ity configuration, as first proposed by Meijer al.® was cho-
perature tuning for larger wavelength excursiq@sl nm sen to provide a fairly dense mode structure that was found
=0.15 cm ! at 810 nm with a 0.05 nm/°C rateThe LD  to increase output signal levels; and reduce shot-to-shot fluc-
output remained stable over 1.2 ni812.6—-813.8 nm but  tuations in cavity coupling, and hence time constant.
only 0.6 nm(813.2-813.8 ninwere used for the spectros- Detection at the cavity output is performed with a pho-
copy of water vapor. The bandwidth of the free-running de-tomultiplier tube (Hamamatsu: R2658P with SRS PS 325
vice was independently measured to be about 50 MHz.  high-voltage supply and a photon-counting scaldSRS:

The experimental setup is shown in Fig. 2. The compo-SR430. It should be noted, that the cavity output is attenu-
nents were mounted on a vibration-isolated movable opticahted with a ND= 2 filter in order to prevent overflow of the
table (Newport: VW Series Workstationbut otherwise no scalar's counting bins. Later, the attenuator was removed,
special precautions were taken against thermal motion of thand the output signal of the photomultiplier was directly
optical elements, even the ring-down resonator. The outpuligitized on an oscilloscopéHP: 54510A. The ring-down
of the laser is collimated with a NAO.25 lens, and passes decay obtained from either the scalar or the scope is fitted on
through a pinholdused to selectively block back reflections a personal computer using the Levenberg—Marquardt algo-
into the laser, and to protect it from back reflections from therithm, with the initial guess being provided by a linear least
isolator itselj, and then an optical isolat¢©OFR: IO-5-NIR-  squares fit of the logarithm of the signal. This scheme, first
LP) before it reaches the AOMBrimrose: GPM-400-100- proposed by Naust al,?! correctly fits exponential decays
960 with FFA-400-B2-F1 driver The laser is focused to with a constant offset, as is typical for a photomultiplier
about 60um at the center of the AOM crystal and is recol- output. This becomes especially important when a large dy-
limated after the AOM. The rf driver of AOM is modulated namic range in ring-down constant is required, i.e., both very
with a square wave output from a function generdtdP:  weak and very strong lines are simultaneously present in a
8116A). The zeroth order of the AOM passes into the diag-spectrum, or large fluctuations in concentration for a given
nostics of the experiment, namely a fiber-coupled wavespecies are being measured. Our effective data acquisition
length meter with 0.001 nm resolutigAdvantest: TQ8325  rate is presently limited to several hundred Hz by the oscil-
and a scanning confocal interferomei@urleigh: 8 GHz loscope and scalar response rates.

SAPs analyzer with RG-91 driver, DA-100 detectarhose Cavity pressures are measured with both a baratron
back reflection can be used for zeroth order feedb@ck (MKS: PDR-D-1) and a convection gaugéGranville—
blocked with a pinhole on slight detuningrhe beamsplitter  Phillips: Model 275. Before any sample is introduced for

J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Paldus et al. 3201
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measurement, the cavity is purged below 1 mTorr using a
mechanical pump with a liquid nitrogen trap. All background ()
scans are also taken at this pressure. For low pressure mee
surements, a constant water vapor pressure is established il
the cavity, by adjusting both the cavity evacuation rate and
the water vapor inflow rate. Stable flows ranging from 20

mTorr to 10 Torr in cavity pressure were thus established.

When measuring water vapor in room air, the pump was

removed, and the valve simply opened to let air into the

cavity.

Q
o

o
o

Linewidth (GHz)
o
S

IV. RESULTS AND DISCUSSION

Using the AOM stabilization scheme for a laser diode 08213.2 81.;3.4 815.6 813.8
source, shown in Flg. 2, we were ablt_a to perform CRDS on Wavelength (nm)
water vapor present in ambient air or in an evacuated optical
cavity. LD linewidth control was performed with feedback
from both first and zeroth orders, with levels 648 and 1
—47.6 dB, respectively, worst case, an®2 and—51.7 dB, (b)
respectively, best cagéhe isolator has 36—40 dB isolatipn
for broad linewidth measurements. These feedback levels
were estimated with the help of a beamsplitter placed imme-
diately at the LD output. A total full width at half-maximum
linewidth ranging from 500 MHz at lower tuning tempera-
tures (30°C) to 240 MHz at higher tuning temperature
(40 °C) was observed, and is illustrated in Fig. 3. This laser
linewidth assured that at least one longitudinal mode, and its
associated transverse modes, were always excited in the ring
down resonatot.Similar observations can be made for low
pressures scans made with narrower linewidth80—-240 0
MHz).

The decrease in linewidth, i.e., the number of excited
external cavity modes, appears to indicate that the overall
LD dynamics depend strongly on temperature. Changes iE
carrier density noise, index of refraction or carrier confine-
ment, all of which affect the LD phase, appear to be fairly
negligible for a 10 °C temperature change, and hence not
directly responsible for this substantial linewidth change.kHz is convolved with the cavity response, producing an
Nonoptimal packaging, and hence nonuniform LD heatingexponential signal build ufring-up) and an exponential de-
could produce strain on the output facet, thereby changing itsay (ring-down with equal time constants. For sufficiently
reflectivity, and hence the feedback coupling. More detailedast sampling electronics, both ring-down and ring-up time
investigations are necessary in order to determine the originonstants could be measured, and time constant acquisition
and to control this dependent®&For small temperature ex- rates on the order of kHfepending on the quality of the
cursions(ca. 2 °Q and correspondingly small wavelength cavity mirrorg could be achieved. Of course, ring-up time
excursions(ca. 0.1 nm, however, the linewidth remained constants have the possibility of additional laser noise, which
constant, as expected. Thus, for monitoring one or two lineseems to be the case in the present setup.
of a given species, this stabilization scheme is more than On closer inspection of the coupling, however, it was
adequate. Because minimization of baseline noise remairfeund that there was a variatiqgabout 5% in the intensity
critical, a comparative study on the effects of using zerothof the coupled light. This root-mean-squdrens) variation
order feedback versus external cavity length to achieve broacbrresponds to different numbers of cavity modes being ex-
linewidth LD output is necessaf. cited by the input radiation. In fact, this cavity mode number

The cavity output decay train as seen on an oscilloscopeariation was probably a major source of our baseline noise,
is shown in Fig. 4a), while that recorded by the scalar for a which proved to be about 1% from shot to shot at a fixed
single decay is shown in Fig.(d). Figures 4a) and 4b), wavelength in an evacuated environment, and about 4% from
show the actual averaged signals that were fitted to obtaishot to shot in room air. By averaging over 300 shots on the
the ring-down decay rates. Over a millisecond time interval pscilloscope and 5000—10 000 shots on the scalar, this varia-
the stabilized LD is coupled into the unstabilized resonatotion could be significantly reduced. Signal levels for both
every time that the AOM diffracts light into the first order, scalar and scope detection remained high, so that actual
because our linewidth was much larger than that used bpoise in the waveform itself remained below 1%, allowing
Meijer? Effectively, the AOM modulation square wave at 10 accurate numerical fitting.

o
0

e o
I o

PD Voltage (a.u.)
o
N

Frequency (GHz)

IG. 3. () LD linewidth as a function of wavelengits0 dB feedback (b)
D spectral output at 813.2 nifdashed and 813.6 nnsolid).
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FIG. 4. Ring-down waveforms showing cavity throughput as recorded on
(a) an oscilloscope(300 shots averaggdand (b) a multichannel scalar

(5000 shots averaggd FIG. 5. Spectrum ofa) water vapor in room air an¢b) 5 Torr water vapor
in a cell previously evacuated to below 1 mTorr. Spectra based on
HITRAN96 are shown as dashed lines. Weakest lines occur é813.391
nm) and p2 (813.452 nm. Transitions are labeled agl’, K}, K{)
Spectra of water vapor in room air and at 5 Torr are—(J, Ka, K¢).

given in Fig. 5. Spectra were obtained in one continuous

scan. Spectra at ambient pressure used maximum zeroth or-
der feedback47.6 dB to achieve the largest possible line-
width (240-500 MHz and cavity coupling. Spectra at low

pressures €100 Torp used less zeroth order coupliri§8 HITRANO6 databasé” HITRAN is an acronym for High

dB) to achieve a narrower laser linewidth80—240 MH Resolution Transmission molecular AbsorptioN database
and to avoid convolution of the laser line with the absorbtion"tP:/www.hitran.com The peak located at 813.224 nm,

line# Scan step size in both cases remained limited to 0.00Y/hich consistently appeared in our spectra, is not listed in
nm resolution by the current step resoluti@hl mA) of the ~ HITRAN96, but can be found in Table IIl of Ref. 23, where
LD driver. No baseline adjustments have been made, but th&!S u.n.a55|gn.ed.. The lines presented here belong to rotational
overall baseline noise exceeds that reported by Romanirfansitions within the 2;+v;+v;, 3v1+v,, and v+,
et al,’® and results from the excitation of multiple trans- 273 Vibrational bands. The weakest peaks recorded in HI-
verse modes in the cavity, which were used to improve lightt RAN96 were measurable with our system. These peaks,
throughput. Our detection limit was 10 8 cm ! for ~ located at 813.452 nr{p2 in Fig. 5 and 813.391 nnfp1 in
99.985% reflectors. Our quoted detection limit is calculatedFig. 5 correspond to linestrengths of 6:830°%° cm™Y/
as the rms baseline noise in an evacuated cell, divided by tH@nolecule/crf), and 3.40< 10~?° cm™*/(molecule/crf), re-
quantityL/(1—R), whereL is the path length an& is the ~ spectively. The nominal sensitivity of this system to water
mirror reflectivity. Its value is comparable to most pulsedvapor was 20 ppm in low pressure flows, and 200 ppm at 1
CRDS studie$;*®and is presently limited by the quality of atm pressures.
our mirrors. For the “open air” CRDS measurements, the baseline,
Our spectra compare very favorably, in absolute fre-noise, and overall sensitivity were significantly degraded
guency, linestrength and linewidth, to those generated by thfom those of the evacuated célhe time constant decreased

J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Paldus et al. 3203
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from 10 to 6us). This degradation is most likely caused by the authorgJ. M.) thanks the DAAD for a NATO postdoc-
the deposition of dust and other airborne particles or dropletsoral fellowship. This work was supported by the Office of
existing in the environment, because it was reproducibyBasic Energy Research at the Department of Ené¢@pn-

eliminated by evacuating the ring-down cell. Such contami+ract No. DE-FG03-92ER1430%&nd ARPA-ONR(Contract
nation of the high reflectors that are fundamental to CRDS\o. N00014-92-J-1903

sensitivity, may limit the ultimate sensitivity of trace species

detection systems for the ambient environment.

V. CONCLUSIONS

We have demonstrated that it is possible to not onlylA. O'Keefe and D. A. G. Deacon, Rev. Sci. Instruf®, 2544(1988.
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