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id-infrared quantum cascade laser based
ff-axis integrated cavity output spectroscopy for
iogenic nitric oxide detection

ury A. Bakhirkin, Anatoliy A. Kosterev, Chad Roller,
obert F. Curl, and Frank K. Tittel

Tunable-laser absorption spectroscopy in the mid-IR spectral region is a sensitive analytical technique for
trace-gas quantification. The detection of nitric oxide �NO� in exhaled breath is of particular interest in
the diagnosis of lower-airway inflammation associated with a number of lung diseases and illnesses. A
gas analyzer based on a continuous-wave mid-IR quantum cascade laser operating at �5.2 �m and on
off-axis integrated cavity output spectroscopy �ICOS� has been developed to measure NO concentrations
in human breath. A compact sample cell, 5.3 cm in length and with a volume of �80 cm3, that is suitable
for on-line and off-line measurements during a single breath cycle, has been designed and tested. A
noise-equivalent �signal-to-noise ratio of 1� sensitivity of 10 parts in 109 by volume �ppbv� of NO was
achieved. The combination of ICOS with wavelength modulation resulted in a 2-ppbv noise-equivalent
sensitivity. The total data acquisition and averaging time was 15 s in both cases. The feasibility of
detecting NO in expired human breath as a potential noninvasive medical diagnostic tool is discussed.
© 2004 Optical Society of America
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. Introduction

itric oxide �NO� detection is important for a number
f applications such as atmospheric pollution moni-
oring,1 vehicle exhaust control,2,3 and noninvasive
edical diagnostics of various lung diseases by
eans of NO concentration measurements in expired

reath.4,5 In fact, exhaled breath contains a large
umber of molecular species at ultralow concentra-
ions �parts in 109 by volume �ppbv��, some of which
re possible biomarkers for a variety of human ill-
esses and diseases. Trace-gas quantification in
reath is inherently noninvasive and in some cases
an obviate the need for invasive surgical procedures
uch as biopsies.
NO is involved in many biochemical processes and

erforms important functions in human physiology

The authors are with the Department of Electrical and Com-
uter Engineering, Rice University, 6100 South Main Street,
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uch as immune reactions, neurotransmission, and
egulation of platelet function.6–13 In 1998 the
obel Prize in Physiology and Medicine recognized
iscoveries concerning the role of NO in the cardio-
ascular system.
Concentrations of oral exhaled nitric oxide �eNO�

hat originates from the lower airways in the absence
f asthma and acute respiratory illnesses typically
ary from 5 to 20 ppbv.9,10 Nasal nitric oxide �nNO�
hat originates from the nasal cavity has higher con-
entrations, ranging from 40 to 200 ppbv.9,10 Hum-
ing, a voice maneuver, has been reported to produce

00 to 500 ppbv of NO in expired breath.6,8

Concentrations of eNO are reduced below typical
evels in patients with cystic fibrosis12 and in smok-
rs.13 Elevated eNO concentrations in expired
reath are associated principally with inflamma-
ion of the lower airways. Asthma is one of the
ost investigated inflammatory disorders.
sthma is a chronic inflammatory disorder of the

ower airways that results in increased levels of
NO in human exhaled air.9 Noninvasive diagnos-
ics of asthma, which afflicts millions of adults and
hildren worldwide, are of great importance, and
arly diagnosis and intervention in asthma cases
an lead to a significant reduction in the number of
10 April 2004 � Vol. 43, No. 11 � APPLIED OPTICS 2257
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atient hospitalizations. Typical asthmatic eNO
evels in exhaled breath range from 20 to 80
pbv.9,10 Therefore NO detection and quantifica-
ion at the level of parts in 109 by volume in human
xhalation poses an important medical diagnostic
hallenge.10

A number of different analytical methods, both op-
ical and nonoptical, have been developed to measure
ltralow concentrations of various gases, particularly
O. Nonoptical approaches include mass spectrom-

try and gas chromatography. The main drawbacks
f these techniques are the size and cost of the appa-
atus, the need for sample conditioning and consum-
bles, and the inability to make real-time on-line
easurements. The most advanced optical tech-

iques are based on either chemiluminescence or la-
er absorption spectroscopy. Chemiluminescence is
idely used for measuring eNO levels in both chil-
ren and adults. This technique has been approved
y the U.S. Food and Drug Administration and has a
inimum detection sensitivity of �1 ppbv.11 Two

ompanies, Sievers and more recently Aerocrine,
ave developed analyzers based on a chemilumines-
ence approach for high-precision real-time NO mon-
toring. This technique requires calibration at the
ame humidity and temperature as breath and can
lso measure NO2. Another optical method for pre-
ise NO measurements is based on the Zeeman and
araday effects and makes use of the paramagnetic
roperties of NO. Background-free Faraday laser
agnetic resonance spectroscopy �Faraday-LMRS�
easures only NO in human breath.8,14,15 The
ethod was evaluated in a clinical environment for

n-line NO monitoring with a detection sensitivity
f �1 ppbv.8 However, because Faraday-LMRS re-
uires a magnetic field of more than 1000 Gauss
nd is incapable of measuring nonparamagnetic
ases, its applicability to clinical diagnostics is lim-
ted. An ideal eNO sensor platform should be able
o measure other gases �e.g., CO and CO2� in ex-
aled breath for calibration and standardization
urposes.16

In this work we investigate tunable-laser absorp-
ion spectroscopy �TLAS� as an effective technique for
ensitive and selective NO monitoring. The mid-IR
pectral range is ideally suited for TLAS because
ost molecular gases possess strong fundamental

otational–vibrational lines in this region. The NO
olecule has a strong absorption band near 5.2 �m

1900 cm�1� with a highest line intensity of �6.04 	
0�20 cm�1��molecule cm�2� for the R�7.5� NO lines
t 1903.1 cm�1. High-resolution TLAS with a tun-
ble single-frequency mid-IR laser can resolve NO
bsorption features and selectively access NO spec-
ral lines at low ��100 Torr� pressure without inter-
erence from CO2 and H2O. This is particularly
mportant in the development of biomedical gas
ensors for breath analysis. Several types of
ontinuous-wave �cw� spectroscopic laser sources
perate in the mid-IR spectral region. These in-
lude the optical parametric oscillator, coherent
ources based on difference frequency generation,
258 APPLIED OPTICS � Vol. 43, No. 11 � 10 April 2004
ead-salt diode lasers, and quantum cascade �QC�
asers. QC lasers were selected for this work on
ccount of their potential to meet the spectroscopic
ource requirements for compact, sensitive, and se-
ective gas detectors.17 Two cw distributed-
eedback QC lasers were utilized in our sensor
rchitecture �as described in Section 2�. Each of
hese lasers has a spectral width of 
3.0 MHz, and
ogether they provide a total single-mode tuning
ange of �10 cm�1.
To obtain detection sensitivities at levels of parts in

09 by volume or lower, long optical path lengths
�30 m�, usually realized in multipass absorption
ells, are used.16,18–20 As can be deduced from the
esults presented in Ref. 20, a sensitivity of 0.7 ppb�
z1�2 can be achieved by use of a multipass cell with
36-m path and a 0.3-L volume �Aerodyne Research,

nc., Model AMAC 36�. Another approach for
chieving long optical path length and minimizing
as-cell volumes is to use a cavity that consists of two
ltralow-loss dielectric mirrors ��100 parts in 106

ppm�� separated by a few centimeters. In this man-
er, effective optical path lengths of hundreds of
eters can be realized. Absorption in the cavity can

e measured from the change in the cavity ringdown
ime or from the time-integrated cavity output. The
rst method, known as cavity ringdown spectroscopy
CRDS�, has been successfully applied to measure
O concentrations at parts in 109 by volume lev-

ls.17,21 The second approach for measuring absorp-
ion in the cavity is based on the excitation of a dense
pectrum of transverse cavity modes and time aver-
ging of the cavity output. In this scheme the
reater the number of modes that are excited, the
asier it is to suppress the related cavity throughput
uctuations. This method was first reported by two
roups almost simultaneously and is referred to as
ntegrated cavity output spectroscopy �ICOS� or cav-
ty enhanced absorption spectroscopy.22,23 ICOS is
ess technically demanding than CRDS because it
oes not require fast time-resolved measurements,
igh laser-pulse energies, or narrow cw laser line-
idths. ICOS with an on-axis laser-cavity config-
ration has been used to measure NO with a
etection limit of 16 ppbv.19 Off-axis ICOS �OA-
COS� was proposed and implemented in near-IR
ecause it provides increased spectral density of
avity modes and thus minimizes the noise in the
esulting absorption spectra.24–26 In OA-ICOS the
aser beam is directed at an angle with respect to
he cavity axis. In this paper we describe the use
f the OA-ICOS technique with a cw mid-IR QC
aser to measure NO concentrations in a compact
bsorption cell �76 cm3�. A NO analyzer with a
oise-equivalent �signal-to-noise ratio �SNR� of 1�
ensitivity of 10 ppbv for OA-ICOS alone and 2 ppbv
or OA-ICOS with wavelength modulation was
emonstrated and used to detect NO in a nasal
reath sample. The time required to obtain the
eported sensitivity was 15 s in both cases.
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. Off-Axis Integrated Cavity Output Spectroscopy
echnique

he off-axis laser-cavity geometry has several advan-
ages over CRDS or a multipass cell direct absorption
pproach:

• No need for submicrosecond time-resolved mea-
urements;

• Low requirements for cavity mode stability and
ence mechanical stability;
• Simplified alignment; and
• Small cell volume.

high-order transverse cavity TEMmn mode has �n �
� times smaller free spectral range �FSR� compared
ith TEM00 mode. Off-axis alignment causes an ex-

itation of many transverse modes of different orders.
his results in a more efficient averaging of the cavity
utput and an order of magnitude improvement in
etection sensitivity through reduced noise. The re-
ulting compact cell design is compatible with the
equirements for a portable clinical sensor. For
uantitative concentration measurements, OA-ICOS
equires that the sensor be calibrated after each re-
lignment of the OA-ICOS cell.
A compact cell is required for our specific applica-

ion of NO detection in breath. Because NO is a
hemically active gas, concentration measurements
hould be carried out in flowing gas. It is also de-
irable to obtain the concentration profile during a
ingle breath cycle to derive the NO production from
ifferent parts of the airway. Because the typical
reath volume is �500 cm3 and a breath cycle is �4
, the cavity volume should be between 10 and 100
m3, and the data acquisition time �1 s. A critical
esign issue for the OA-ICOS breath analyzer config-
ration is the use of cavity mirrors with a diameter

arge enough to allow multiple reflections of the laser
eam inside the cavity without causing beam over-
aps on the mirror surfaces. This decreases the
ringe contrast and provides a higher SNR. There-
ore a pair of 50.8-mm diameter mirrors �radius of
urvature of 1 m, R 
 99.975; Los Gatos Research,
nc., Mountain View, Calif.� was selected. To main-
ain the required small cell volume, the mirrors were
ositioned 5.3 cm apart.
Off-axis beam propagation in a stable two-mirror

avity was first analyzed by Herriott, Kogelnik, and
ompfner.27 The cavity used here satisfies the fol-

owing stability condition:

0 � �1 � L�r�2 � 1, (1)

here L is the mirror spacing �cavity length� and r 


1 
 r2 is the radius of mirror curvature �i.e., the
avity is formed by two identical spherical mirrors�.
he previous analysis27 demonstrates that the spot
attern on the mirrors generally lies on an ellipse.
o maximize the circumference that can be fitted onto

he mirror surface and thus the number of spots that
an be accommodated without overlap, the elliptical
orm should be a circle near the edge of the mirrors,
s shown in Fig. 1�a�. Herriott et al. calculated the
nitial beam direction required to form a circle. Be-
ause the orientation of an X, Y axis system on the
irror is arbitrary, one �x0�� of the four variables, x0,

0, x0�, y0� �where x0, y0 determine the location of the
pot and x0�, y0� determine the ray’s direction� can be
et equal to zero and then the requirement that the
pots lie on a circle of radius A determines the other
hree parameters. The initial slope, y0�, is given by

y0� � A��fL, (2)

here f 
 r�2 �focal length of the mirror�. Some-
hat surprisingly, the angle 2� of a round-trip rota-

ion of the beam spot is determined solely by the
irror spacing and curvature:

cos � � 1 � L�r. (3)

he reentrant condition is satisfied if

2m� � 2n�, (4)

here m is the number of the beam round trips, n is
n integer, and after every m round trips the ray
tarts to retrace its path �see Fig. 1�b��. The FSR of
uch a cavity mode is c��2Lm�. From Eqs. �3� and
4�, m is determined only by the geometrical param-
ters of the cavity and not by the beam alignment.
or OA-ICOS it is desirable to have the highest pos-
ible value of m that can be achieved without having

ig. 1. �a� Off-axis beam propagation. L is the cavity length �5.3
m in our experiments�; x0, y0, the coordinates of the injected laser
eam on the input mirror. �b� Laser spots on the input mirror.
umbers corresponding to spots reflect the numbers of round-trip
asses within the cavity. The reentrant condition occurs after 48
ound-trip passes. A is the radius of the circle of laser spots.
10 April 2004 � Vol. 43, No. 11 � APPLIED OPTICS 2259
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verlapping beams. Therefore mirror spacing
hould be chosen so as to avoid low-m conditions.
or example, a confocal resonator satisfies the reen-

rant condition for m 
 2.
In our design the cavity length is 5.3 cm and the
irror radius of curvature is 100 cm. According to

elations �3� and �4�, m 
 48, n 
 5, and FSR 
 0.002
m�1 �59 MHz; see Fig. 2�a��. The cavity length was
ntentionally detuned from 5 cm, where the reentrant
ondition is satisfied after only 10 round-trip passes.

We believe that the choices made here are optimum
or spherical mirrors. Astigmatic optics can signifi-
antly extend the optical path before satisfying the
eentrant condition and can improve the off-axis per-
ormance of a compact cell, because the spot patterns
ie on Lissajous curves for astigmatic mirrors.24

his allows use of more of the mirror surface. How-
ver, high-quality astigmatic mirrors are difficult to
abricate.

The ideal case for ICOS is achieved when the ef-
ective cavity FSR is significantly smaller than the
aser linewidth. Once this condition is satisfied, the
esonant cavity properties disappear and the cavity
utput does not depend on laser frequency over a
arrow range, effectively eliminating the noise
aused by the transmission variations as the laser
cans from mode to mode. However, in practice, it is
ifficult to make the FSR small enough for a short cell
nd a narrow laser bandwidth. Instead, to reduce

ig. 2. �a� Frequency hierarchy for off-axis alignment when the
eentrant condition is satisfied after 48 round trips. Spectral
idth of the cavity mode is 0.2 MHz. Fluctuations of the cavity
SR due to thermal displacement of the mirrors are of the order of
.15 FSR. �b� The same hierarchy for on-axis laser-cavity align-
ent. Spectral width of the absorption line is 0.019 cm�1, laser

inewidth �1 	 10�4 cm�1 ��3 MHz�, cavity FRS 
 0.1 cm�1.
260 APPLIED OPTICS � Vol. 43, No. 11 � 10 April 2004
he fringe contrast, which introduces noise, the laser
requency can be rapidly scanned through the cavity
ode and�or one of the cavity mirrors can be dithered

o generate random jittering of the cavity modes. In
his work we combined these methods. A mirror
isplacement with a piezoelectric actuator results in
better SNR under the same averaging conditions,

ielding improved sensitivity.
Because the high mirror reflectivity permits the

ntroduction of only a small fraction of invisible laser
adiation, it is difficult to monitor the laser spot pat-
erns. Instead, a convenient method of alignment is
o monitor the SNR of the cavity output.

. Experimental Arrangement

he experimental arrangement is shown in Fig. 3.
he laser source utilized in the experiments is a cw
istributed-feedback QC laser �Lucent Technologies
nc., Murray Hill, N.J.� operating at a single fre-
uency at liquid-nitrogen �LN2� temperature.28 A
aser chip containing several QC lasers with output
t �5.2 �m ��1920 cm�1� is mounted on a cold finger
nside a LN2 cryostat with one laser selected for us-
ge. For better beam stability, a special design of
he LN2 cryostat �Model DET-1746-SLN from Cryo
ndustries, Manchester, N.H.� was used. The cryo-
tat has a rigid support for the LN2 reservoir, pre-
enting mechanical displacement of the cold finger
nd thus the QC laser during the cryostat refilling
rocess and the entire LN2 holding period. A cur-
ent driver �MPL-5000, Wavelength Electronics,
ozeman, Mont.� is used to operate the QC lasers. A

urrent ramp with a maximum frequency of 5 kHz
as applied to tune the laser frequency. In this
ork we used two QC lasers: one with a tuning

ange of 1911.5–1917.5 cm�1 and the other with a
ange of 1918.0–1923.0 cm�1. The threshold cur-
ent of each laser is �300 mA and the maximum

ig. 3. Off-axis ICOS experimental arrangement: L1 and L2,
wo collimating lenses; W1 and W2, two 30� wedged uncoated ZnSe
indows for frequency calibration; QCL, the QC laser mounted

nside a cryostat; P, an off-axis parabolic mirror; MCZT, a room-
emperature HgCdZnTe photodetector.



o
t

p
a
2
a
L
m
c
t
A
a
e
i
g
T
c
l
o
l
u
t
i
�

t
�
l
r
e
t
a

c
t
p
n
b
2
o
t
c
t
a
i
o

t

F
m
G
d

utput power varies from 18 to 25 mW �depending on
he wavelength and the laser�.

The QC laser radiation was collimated with two
ositive lenses �see Fig. 3�. The first lens, L1, is an
spheric ZnSe lens with an effective focal length of
5.4 mm, a diameter of 27.94 mm, and broadband
ntireflection coatings �3–12 �m�. The second lens,
2, is a CaF2 biconvex lens with a diameter of 12.7
m and an effective focal length of 13 mm. The

ollimator length is 130 mm, and the distance be-
ween the QC laser output facet and L1 is 18 mm.
pproximately 80% of the emitted power is collected,
ssuming a divergence of 60° and a Gaussian beam
nvelope. The collimated beam diameter is approx-
mately 3 mm and can be made divergent or conver-
ent by changing the position of L2 relative to L1.
his degree of freedom is important for optimal laser-
avity-mode coupling. Another advantage of the col-
imator is that, by its use, a simple routine to perform
ptical alignment and realignment for different QC
asers on the same chip is possible. A He–Ne laser is
sed for coarse alignment because the 5.2-�m radia-
ion is not visible. The final alignment of collimat-
ng lenses was performed with an IR camera
ThermoVision�.

The laser beam exiting the collimator is directed to
he compact OA-ICOS cavity described in Section 2
also see Fig. 4�. For spectroscopic measurements,
aser radiation is scanned over a specific spectral
ange containing the gas absorption features of inter-
st. Laser radiation is coupled into the cavity via
he accidental coincidence of the laser frequency with
cavity mode.

Fig. 4. Photograph of a compact OA-ICOS gas cell.
The radiation exiting the cell is focused onto a LN2-
ooled photovoltaic HgCdTe detector �1-mm2 sensi-
ive area� with a built-in 104 V�A transimpedance
reamplifier �Model KMPV8-1-J1�DC, Kolmar Tech-
ologies, Newburyport, Mass.�. An off-axis para-
olic mirror �3-in. diameter, 3-in focal length; 1 in 

5.4 mm� is used to collect the transmitted cavity
utput, which was focused onto the detector area,
hereby maximizing the light signal. A personal
omputer with a data acquisition and processing sys-
em based on LabVIEW 6.1 software is used for data
ccumulation, storage, and time averaging. Averag-
ng many laser frequency scans results in smoothing
f the cavity resonance spikes.
The transmission of the cavity mirrors as a func-

ion of frequency is depicted in Fig. 5�a�. The reflec-

ig. 5. �a� Spectral characteristic of a mid-IR high-reflectivity
irror �diameter of 50.8 mm, ROC of 1 m; data provided by Los
atos Research, Inc., Mountain View, Calif.�. �b� Typical ring-
own event of 0.7 �s.
10 April 2004 � Vol. 43, No. 11 � APPLIED OPTICS 2261
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ion coefficient or mirror losses at a specific
avelength can be estimated from the cavity decay

ime of the TEM00 mode, assuming that the reflec-
ivity is uniform across the entire mirror surface.29

he intensity of a light pulse, trapped in an optical
esonator, decreases exponentially with a time con-
tant determined by the cavity finesse. In the case
f a stable evacuated cavity formed by two identical
irrors and negligible Mie and Rayleigh scattering

osses, the decay time �empty for the TEM00 cavity
ode or cavity ringdown time is defined only by the

avity length and the reflection coefficient �R� of the
irrors:

�empty �
L
c

1
�1 � R�

, (5)

here L is the cavity length �5.3 cm� and c is the
peed of light. For Eq. �5� we should consider the
aximum experimental value of the decay time be-

ause the TEM00 mode has the lowest diffraction
osses and thus the maximum ring down time. We

easured �empty 
 0.7 �s; thus, R 
 99.975% or 250
pm in terms of mirror losses. A ring down event
ith a typical decay time is shown in Fig. 5�b�. The
C laser linewidth has been estimated as described
y Kosterev et al.21 From the cavity transmission
esonance spikes, we obtain 2.9 and 3.5 MHz for the
inewidths of the two cw QC lasers used in this work.

The principal limitation to the detection sensitivity
f ICOS is the cavity-mode noise that results from
ncomplete averaging of the optical-cavity transmis-
ion �see Fig. 2�b��. This problem becomes more pro-
ounced in the case of a short optical cavity. This
an be explained by the larger FSR and hence the
ider gaps between the cavity transmission peaks, as
ell as by the higher mechanical stability of the short

avity. Our observations have shown that even for
ff-axis beam alignment, natural cavity instabilities,
uch as acoustic noise and temperature variations,
re not sufficient to average out the cavity-mode
tructure. Therefore, in addition to laser scanning,
he length of the cavity is dithered by PZT actuators
t 200 Hz. The PZT mirror displacement amplitude
orresponds to �7 FSR of the modes that result from
ff-axis alignment and therefore is sufficient to wash
ut the throughput spikes. The absorption signal is
xtracted from a measurement of the time-integrated
ight intensity that leaks out of the cavity.

A gas-flow system enables us to control flow rate
nd perform NO concentration measurements at re-
uced pressures �to eliminate line broadening and
inimize interference by other gases� and known

ow conditions. A pressure controller can provide
as-cell pressures ranging from 1 to 100 Torr. The
as-flow system is also configured to permit off-line
O measurements of breath samples collected in spe-

ial medical breath bags �Model QT00830-P, Quin-
ron, Milwaukee, Wisc.�.

The reference channel of the gas analyzer system
onsists of a 10-cm-long cell filled with 1 Torr of pure
O and a room-temperature photodetector with a
262 APPLIED OPTICS � Vol. 43, No. 11 � 10 April 2004
reamplifier �Model PDI-10.6, Boston Electronics
orp., Brookline, Mass.�. The laser scan is fre-
uency calibrated by use of an air-spaced Fabry–
erot etalon that consists of two 30� wedged ZnSe
indows �W1 and W2� separated by 20 cm and that is

emporarily inserted in the reference channel laser
eam path. The FSR of this etalon is 0.025 cm�1

ith a fringe contrast of �8%, which is sufficient to
erform a frequency calibration of the acquired NO
pectra. A portion of this calibration data is de-
icted in Fig. 6. The onset of multimode lasing at a
urrent of �0.71 A is apparent. All QC laser based
O concentration measurements were performed in

ingle-frequency laser operation.

. Mid-IR NO Detection

ccording to the HITRAN database,30 the fundamen-
al absorption band for NO is located in the region
rom 1780 to 1950 cm�1. The optimum NO target
avelength is 1900.08 cm�1 for the R�6.5� transition
hen the maximum line intensity and minimum in-

erference from nearby absorption lines from other
race-gas species are taken into account.31 The in-
ensity of the R�6.5� line is S 
 6.0 	 10�20 cm�1�
molecule cm�2�. However, the two available QC
asers cover the spectral ranges 1918.0 � 1923.0
m�1 �QC laser 1� and 1911.5 � 1917.5 cm�1 �QC
aser 2�, which do not overlap the optimum NO line at
900.08 cm�1. Therefore a different choice of target
avelength was required.
Figure 7 depicts a HITRAN-based simulation of a
2O–CO2–NO mixture absorption spectrum in am-
ient air in the range covered by QC lasers 1 and 2.
he total pressure is 50 Torr and the optical path

ength is �100 m �typical value for our compact ICOS
avity�. The H2O and CO2 concentrations corre-
pond to levels present in human breath. Only NO
ines that do not suffer from H O and CO interfer-

ig. 6. Spectral calibration of the QC laser scan using an air-
paced Fabry–Perot etalon �separation of reflecting surfaces is 20
m; FSR 
 0.025 cm�1�.
2 2
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nce are presented. The HITRAN 92 database was
sed instead of the more recent 96 and 2000 versions
ecause of an absence of the NO pressure-broadening
oefficient in the two more recent editions. The NO
bsorption lines R�10.5� at 1912.7 cm�1, R�11.5� at
915.0 cm�1, and R�13.5� at 1920.7 cm�1 are suitable
or breath analysis. Moreover, the QC-laser tuning
ange covers several CO2 lines, which can be used for
nternal calibration in breath analysis. The stron-
est NO line accessible with QC laser 2 is R�10.5�
ith a line intensity of S 
 5.17 	 10�20 cm�1�

molecule cm�2�.

. Experimental Results

s described in Section 2, the off-axis laser beam
avity alignment decreases the cavity FSR and ex-
ites a large number of transverse cavity modes.
he typical transmitted intensity through the cavity

or off-axis alignment for a single laser current scan is
epicted in Fig. 8. The high number of excited cav-
ty modes permits such cw laser radiation-cavity in-
eraction to be considered as noncoherent on average.
he cavity serves as a simple multipass cell with a

otal optical path P, which depends on the reflectivity
nd the distance between the mirrors. According to
ef. 17, the laser power transmitted through the cav-

ty is

I � I0 Cp

�1 � R�2

2��1 � R� � kL�
, (6)

here I0 is the initial laser power, Cp is a spatial
oupling parameter �between 0 and 1�, and k is the
bsorption coefficient. For weak absorption and for
erfect laser-cavity mode coupling �Cp 
 1�, Eq. �6�
an be rewritten as

I
I

�
1 � R

2 �1 �
kL

1 � R� , (7)

ig. 7. HITRAN-based simulation of mid-IR absorption spectrum
f a NO-CO2-H2O mixture in the tuning range of the two available
C lasers. The total pressure of the mixture is 50 Torr; path

ength is 100 m; concentrations of NO, CO2, and H2O are 0.5 ppbv,
%, and 1%, respectively.
0

here it is assumed that kL �� �1 � R�. P 
 L��1 �
� is the theoretical optical path length from Eq. �7�.
For a cavity without absorption, the optical

hroughput is equal to �1 � R��2 ��1 � R��2 �� 1,
ecause R � 1�. This explains the need for a sensi-
ive photodetector for this technique. Equation �6�
s the basis for quantitative measurements that use
he ICOS approach. Once the cavity alignment is
ccomplished, a calibration procedure must be per-
ormed to estimate the effective optical path length
eff � P. The effective optical path length for a par-

icular cavity alignment should be substituted for the
heoretical path length P given above. For a partic-
lar configuration Peff can be written in the form

Peff �
L

1 � Reff
, (8)

here Reff is the effective mirror reflectivity and is
ess than the value of R measured for the TEM00

ode.
For ICOS path-length calibration we followed the
ethod described in Ref. 19 that measures the

hange of cavity transmission caused by a known
oncentration of an absorbing gas, such a CO2. CO2
as a weak absorption line at 1921.66 cm�1. The
avity transmission T �absorption A 
 1 � T� was
easured at the center of the CO2 absorption line for

ifferent concentration levels, starting with pure
O2. The total pressure was always set to 100 Torr.
ccording to Ref. 19 the absorption of the cavity can
e given by

A �
kL

�1 � Reff� � kL
. (9)

Experimental results, together with the fitting
urve based on Eq. �9�, are shown in Fig. 9. It was
ound from fitting parameters that the effective path
ength for this condition and particular cavity align-

ig. 8. Typical transmitted intensity through the OA-ICOS cav-
ty for a single laser current scan. The QC laser scan frequency is

KHz.
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ent is 80 m. This is compared with the value ob-
ained from the cavity ringdown time of 106 m �Peff 

c�2��, where the division by 2 is explained in Ref. 24�.
onsidering that the reflectivity is unlikely to be con-
tant across the mirror surfaces and that � is uncer-
ain, this is satisfactory agreement. This evaluation
or Peff was confirmed by comparing the measured
mplitude for a NO absorption line with the known
oncentration from a calibration mixture with the
ITRAN simulation for the same line and concentra-

ion. This estimate yielded an effective path length
f 75 m, which corresponds to �1,400 passes of the
aser beam inside the cavity.

The OA-ICOS technique was tested by use of two
alibration mixtures of NO in N2 �Scott Specialty
ases, Inc., Plumsteadville, Pa.� with known NO con-

entrations of 490 and 94.9 ppbv, respectively, at a
ressure of 100 Torr. The NO concentration for the
rst mixture was independently measured by use of
RDS,21 and for the second calibration mixture, the
O concentration was determined by means of chemi-

uminescence. The time-integrated transmitted in-
ensity of the OA-ICOS cell filled with two NO–N2
alibration mixtures for 5 	 104 averaged scans of the
�13.5� NO line at 1920.7 cm�1 is depicted in Fig. 10�a�
fter a third-order polynomial baseline correction and
can frequency calibration. The laser scan frequency
as 3 kHz. The measured absorption spectra are in
ood agreement with the HITRAN simulation for an
ffective absorption path length of 75 m. An estimate
f the detection sensitivity can be obtained from the
eviation of the best-fit coefficients for a Voigt fit of the
O absorption line, which yields a noise-equivalent

ensitivity of 10 ppbv for a 1� deviation of the best-fit
oefficient. Experimental results, together with the
tting curve, are given in Fig. 10�b�.
Feasibility experiments with OA-ICOS and wave-

ig. 9. OA-ICOS absorption �1 � I�I0� as a function of CO2 con-
entration in a CO2–air mixture. Curve fitting parameters yield
he effective optical path length of 80 m for a specific OA-ICOS
avity alignment.
264 APPLIED OPTICS � Vol. 43, No. 11 � 10 April 2004
ength modulation spectroscopy �WMS�32 were per-
ormed to determine the biogenic NO concentrations
rom nasal-exhaled air. The current for QC laser 2
as scanned across the NO line by use of a triangular

urrent ramp at a frequency of 8 Hz. A sinusoidal
ither of f � 5 kHz �maximum for the laser current
river used in this work� was superimposed on the
C laser current ramp. The second-harmonic �2f �

ignal of the OA-ICOS cavity output was sampled
ith a lock-in amplifier and averaged with a data
cquisition card �DAQ Card 6062E, National Instru-
ents, Austin, Tex.� and LabVIEW software. The

mplitude of the 2f spectra is directly proportional to
he NO concentration, which can be retrieved from
alibration measurements. Figure 11 depicts 2f
pectra of the R�10.5� NO line at 1912.07 cm�1 for the

ig. 10. �a� R�13.5� NO absorption line at 1920.7 cm�1 after base-
ine correction and frequency calibration. NO concentration mea-
urements for two different calibration mixtures: 490-ppbv NO in
2 and 95-ppbv NO in N2. The total gas mixture pressure is 100
orr. �b� Voigt fit of the R�13.5� NO absorption line data �same
5-ppbv NO in N2 mixture�.
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5-ppbv NO:N2 calibration mixture as well as for
ollected nasal NO. The nNO concentration was de-
uced to be 53 ppbv. It is apparent from these re-
ults �see Figs. 10 and 11� that wavelength
odulation spectroscopy yields a better detection

ensitivity than does direct absorption spectroscopy.
he increase of the SNR is �5, and the noise-
quivalent detection sensitivity is �2 ppbv. The
NR could be further improved by use of a faster QCL
urrent driver, which would enable us to achieve op-
imum values for the laser current ramp and sinu-
oidal dithering frequencies.

. Summary

cw QC laser based NO sensor that uses a compact
A-ICOS cell has been developed, and its perfor-
ance characteristics have been investigated and

ompared with previous gas analyzer designs based
n CRDS and ICOS. The OA-ICOS-based sensor of-
ers a noise-equivalent sensitivity of 10 ppbv that is
imilar to that of a CRDS-based sensor platform, but
t is easier to align and more robust during long-term
peration. Feasibility experiments of biogenic nNO
oncentration measurements from the nasal cavity
ave been performed by adding wavelength modula-
ion to improve the detection sensitivity. A wave-
ength modulation spectroscopy noise-equivalent
ensitivity of 2 ppbv has been achieved. The total
ata acquisition and averaging time was 15 s in both
ases. Although this time exceeds a typical breath-
ycle duration, the time required for a single data-
oint measurement is much shorter ��1 s�.
herefore the described NO measurement procedure
an be modified to measure NO concentration as a
unction of breath-cycle phase. To achieve this goal,
rimary data should be collected during several
reath cycles and later sorted and averaged sepa-
ately, depending on the breath-cycle phase.

ig. 11. NO concentration measurement with wavelength mod-
lation applied to OA-ICOS: �1� NO concentration of 53 ppbv in
asal breath; �2� NO–N2 calibration mixture for 95-ppbv NO.
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