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A new approach to wavelength-modulation photoacoustic spectroscopy is reported, which incorporates
diode lasers in the near infrared and optical fiber amplifiers to enhance sensitivity. We demonstrate the
technique with ammonia detection, yielding a sensitivity limit less than 6 parts in 109, by interrogating
a transition near 1532 nm with 500 mW of output power from the fiber amplifier, an optical pathlength
of 18.4 cm, and an integration time constant of 10 s. This sensitivity is 15 times better than in prior
published results for detecting ammonia with near-infrared diode lasers. The normalized minimum
detectable fractional optical density, �minl, is 1.8 � 10�8; the minimum detectable absorption coefficient,
�min, is 9.5 � 10�10 cm�1; and the minimum detectable absorption coefficient normalized by power and
bandwidth is 1.5 � 10�9 W cm�1��Hz. These measurements represent what we believe to be the first
use of fiber amplifiers to enhance photoacoustic spectroscopy, and this technique is applicable to all other
species that fall within the gain curves of optical fiber amplifiers. © 2003 Optical Society of America

OCIS codes: 300.6430, 300.6260, 300.6390, 280.3420, 120.6200, 060.2320.
1. Introduction

Significant demand exists for gas-sensing techniques
that are fast, sensitive, selective, and compact, and
laser-based approaches are attractive because they
offer the promise of meeting these criteria. For
these systems, diode lasers are popular as sources
because they have the beneficial features of narrow
linewidth, continuous tunability, compact size, cost
effectiveness, room-temperature operation, and com-
patibility with optical fibers, which enables conve-
nient alignment and multiplexing. However, the
most popular telecom lasers that have these features
operate at near-infrared wavelengths �generally 1.5–
1.65 �m� and therefore overlap with the spectra of
vibrational overtones, which are in general 10–200
times weaker than the spectra resulting from funda-
mental vibrations. To compensate for these small
absorption cross sections �line strengths are typically
1 � 10�24 to 1 � 10�25 cm�1��molecule � cm�2� for
most species, though some species have line
strengths as high as 1 � 10�21�, many researchers
have turned to more-sensitive techniques that work
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well in the near infrared including �1� cavity ring-
down spectroscopy and its variants such as inte-
grated cavity output spectroscopy, which achieve
excellent sensitivity through the creation of very long
path lengths �kilometers and longer� in a compact
volume,1 �2� autobalancing techniques, which use so-
phisticated circuitry to reject common-mode electri-
cal and laser-source noises,2 and �3� frequency-
modulation spectroscopy.3

Photoacoustic spectroscopy, which is also known to
be sensitive for detecting fractional absorbance, has
many other attractive features, including compact
cell size, ruggedness, simple optical alignment, and
inexpensive hearing-aid microphones as transducers.
However, the spectroscopic sensitivity of this tech-
nique is power dependent, and thus it has been
mostly deployed with CO and CO2 lasers. Despite
the many attributes afforded by diode lasers, their
low powers �typically less than 25 mW� have pre-
vented their widespread use for photoacoustic spec-
trometers, and in fact, the authors are aware of less
than a dozen published articles to date on this topic,
starting with the first introduction by Feher et al. in
1994.4–10 This study presents what to our knowledge
is the first implementation of photoacoustic spectros-
copy with commercial telecom diode lasers that over-
comes the problems of lower power by use of an
optical fiber amplifier. Thus the detection benefits
of photoacoustic spectroscopy are combined with the
performance benefits of diode laser sources to achieve
a system that is far more sensitive than prior dem-
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onstrated results with near-infrared diode lasers.
The new technique is demonstrated with measure-
ments of ammonia, which is a widely used molecule
for industrial purposes, a common environmental
pollutant, and a biomarker for kidney and liver dys-
function11 and thus is a valuable target species to
monitor. However, the advantages of this technique
are applicable to any species with spectral bands that
overlap with the wavelengths at which fiber amplifi-
ers operate.

2. Photoacoustic Spectroscopy

Photoacoustic spectroscopy is an attractive gas-
sensing technique because of its relative simplicity,
ruggedness, and overall sensitivity. As such, many
publications are available that describe its principles
and various implementations in great detail.12–15 In
brief, photoacoustic spectroscopy is an absorption-
based technique that requires modulating the laser
output �either in wavelength or amplitude� and then
using a microphone to monitor the acoustic waves
that occur after the laser radiation is absorbed and
converted to local heating by means of collisions and
deexcitation in the photoacoustic cell. The magni-
tude of the measured photoacoustic signal is given by

S � Sm PC� , (1)

where C is a cell-specific constant, in units of pascal
centimeters per watt; P is the power of the incident
laser radiation, in units of watts; � is the absorption
coefficient of the transition that is being interrogated,
in inverse centimeters; and Sm is the sensitivity of the
microphone, in units of volts per pascal.16

The cell-specific constant, C, is a function of cell
geometry, measurement cell conditions �pressure and
temperature�, and the modulation frequency. If the
modulation frequency coincides with the resonant
frequency of a given mode for an acoustic resonator,
stronger photoacoustic signals are achieved as a re-
sult of resonant buildup of the sound in the cavity.
For this case the cell parameter C is given by

C �
�� � 1� LQ

f0 V
, (2)

where L is the cell length, � is the ratio of specific
heats, V is cell volume, f0 is the resonant frequency,
and Q is a quality factor.17 The quality factor is
defined as the resonant frequency, f0, normalized by
the half-width of the resonance profile, 	f:

Q �
f0

	f
. (3)

The half-width refers to the width of the resonance
profile at half the intensity and is measured between
the points where the amplitude of the resonance pro-
file is at 1��2 the peak value.14 Q is typically between
10 and 50 for small-diameter longitudinal resonators
but can be as high as 1000 for spherical cavities.18

Although photoacoustic spectroscopy is often pre-
sented as a “zero-baseline” strategy �since to first

order, no signal is generated if the target molecules
are not present�, for implementations that use am-
plitude modulation of the laser, background “noise”
that is coherent with the signal often emerges be-
cause of window absorption. Although many sophis-
ticated acoustic cells have been developed to suppress
the effects of window noise,19 its presence typically
remains for amplitude-modulated photoacoustic sys-
tems, and indeed, is often the limiting factor for de-
tectivity. Moreover, broadband absorption from gas
constituents other than the target species may also
contribute to the background and impede sensitivity.

Perhaps the most robust technique for eliminating
the background signal from broadband absorbers
is wavelength-modulation spectroscopy �WMS�.
When the wavelength of the laser is modulated at a
frequency f about the center of the absorption tran-
sition, the acoustic signal from wavelength-
independent sources such as window absorption and
other broadband absorbers �for example, continuum
spectra and the wings from interfering species� show
up as an offset and thus are eliminated when we
evaluate the derivatives of the signal by means of 2f
demodulation.4 The laser frequency for WMS is de-
scribed by


i�t� � 
c � a cos� ft� , (4)

where 
i�t� is the instantaneous frequency of the la-
ser, 
c is the laser’s mean frequency, a is the modu-
lation depth, and f is the sinusoidal modulation
frequency. For an absorption transition s at half-
width at half-maximum denoted as 	
, the
wavelength-modulation index m, which is a dimen-
sionless parameter used to describe WMS systems, is
defined as 20

m � a/	
 . (5)

3. Fiber Amplifiers

Optical fiber amplifiers are the outgrowth of research
by the telecommunications industry to transport op-
tical signals over long distances. The basic operat-
ing principle is that short lengths of optical fiber,
when doped with a small amount of an appropriate
rare-earth ion and then pumped with a high-power
semiconductor diode, can be used to achieve amplifi-
cation factors up to 3 orders of magnitude for input
signals that occur within the gain band of the do-
pant.21

Although fiber amplifiers can theoretically work at
a wide range of wavelengths from 651 nm to longer
than 2 �m, depending on the choice of dopant,21 the
most common operating ranges for commercial tech-
nology cover the S, C, and L bands in the near infra-
red. These bands are available by use of fiber
amplifiers doped with thulium, ytterbium, erbium, or
some combination and have output powers up to 2 W.
Table 1 shows the wavelengths for these bands, com-
mercially available output powers, and some species
that have spectra within those ranges. Because the
telecommunications industry is actively extending
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the range of wavelengths that it uses, it is reasonable
to expect that the coverage by fiber amplifiers will
extend to longer wavelengths, thereby offering the
opportunity to enhance detection of the first overtone
of the C-H stretch for hydrocarbon monitoring. Fi-
ber amplifiers have been used before for spectroscopy,
most commonly as a way to improve efficiencies of
difference frequency generation to yield milliwatt-
level mid-infrared radiation with a Gaussian-beam
profile.22,23 The research in this paper represents
the first application of fiber amplifiers to enhance
photoacoustic signals for systems operating in the
near infrared.

4. Sensor Design

The sensor’s schematic is shown in Fig. 1. The tun-
able diode laser �TDL� operates near 1532 nm with
more than 30 dB optical isolation and greater than 20
mW of output power to ensure that the erbium-doped
fiber amplifier �EDFA� is fully saturated. Operating
in the EDFA’s saturation regime prevents unwanted
amplification of backreflected radiation, which might
damage the laser, and also makes the output power
relatively constant, despite small changes to the in-
put power from the seed laser. The ammonia tran-
sition near 1532 nm was selected because of its
isolation from H2O and CO2 interferences �see Fig. 2�,
line strength, and overlap with the operational range
of a C-band fiber amplifier.24,25

The diode laser is operated in wavelength-
modulation mode, whereby it is scanned with a com-
bined sawtooth and sinusoidal waveform. The
sawtooth induces the laser to scan slowly �1–10 MHz�

in wavelength across the feature of interest, and the
sinusoidal waveform dithers the laser’s wavelength
at half the resonant frequency of the optoacoustic
cell’s first longitudinal mode ��900 Hz�. Although
operating the laser this way yields an undesired
ramp of the laser’s output power from one end of the
scan to the other, the fiber amplifier’s saturated out-
put removes the effects of these minor input ampli-
tude changes and thus provides nearly constant
output power.

The output of the commercially available EDFA,
which has up to 500 mW of power with the same
linewidth and wavelength as the seed laser, is colli-
mated into free space �N.A. � 0.15; focal length, fL �
11 mm; beam diameter �BD�, 3 mm; angled-
physical contact fiber connector� and aligned through
the optoacoustic cell with a double-pass configuration
to yield a total path length of 18.4 mm. The EDFA
unit also has a built-in uncalibrated photodiode for
monitoring the relative output power, which is used
for normalizing the optoacoustic signal to account for
any power changes. The signals from the 5-kHz
bandwidth microphones are conditioned and demod-
ulated at twice the modulation frequency by use of a
lock-in amplifier �1–10-s time constant� to yield a dc
value proportional to the second derivative of the
absorption lineshape �see Fig. 3 for sample absorp-
tion and 2f spectra�.

The optoacoustic cell’s resonance profile was char-
acterized to determine the frequency of its first lon-
gitudinal mode and the value of the cell’s quality
factor, Q, for a range of pressures from 50 to 150 Torr
�see Fig. 4�. The resonant frequency was twice the
modulation frequency at the profile’s maximum, and
the quality factor was calculated by division of the
peak amplitude by the width of the profile where the

Table 1. Telecommunications Bands, Output Powers, and Species Whose Spectra Overlap with the Wavelength Ranges
of the Optical Fiber Amplifier

Band
Wavelength

�nm� Species Power

S �Short� 1450–1500 H2O, NH3 30 mW
C �Conventional� 1520–1570 NH3, CO, CO2, HCN, C2H2 2 W
L �Long� 1565–1610 CO, CO2 1 W

Fig. 1. Experimental schematic for the TDL-OFA photoacoustic
sensor. OA, optoacoustic.

Fig. 2. Ammonia transition at 6528.76 cm�1 is isolated from in-
terference from typical background constituents CO2 and H2O.20,21
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amplitude had decreased to 1��2 of the peak value
�the half-intensity value, or 70.7% of the peak�. For
this optoacoustic cell, the resonant frequency varied
from 1770 Hz at 50 Torr up to 1810 Hz at 150 Torr,
and Q varied from 32 to 58 over the same range �see
the Fig. 4 inset�. Clearly, for this cell, higher pres-
sures yield better resonant amplification.

The gas-handling system was composed of a source
bottle with a NIST-traceable mixture containing 10.9
parts in 106 �ppm� of NH3 in a balance of N2, a bottle
of N2 for dilution, and two mass-flow controllers that
were used to create mixtures with ammonia concen-
trations of 100–1000 ppb. Because of ammonia’s
sticky and corrosive nature, all measurements were
made with flowing samples, and appropriate nonad-
sorptive materials were used wherever possible, in-
cluding Teflon and quartz. Flow rates between 50

and 100 cm3�min were used to prevent excessive flow
noise resulting from turbulence in the cell.

The signal amplitude and overlap between the
neighboring transitions at 6528.76 and 6528.89 cm�1

were measured between 50 and 150 Torr to deter-
mine the optimum cell pressure for the sensor, with
the optimum being the pressure that yields a good
compromise between achieving the highest signal but
least overlap. The resulting spectra from these tests
are plotted in Fig. 5 and clearly illustrate that the
peak amplitude increases with pressure. There are
two reasons for this trend: �1� as explained above,

Fig. 3. Calculated absorption spectra based on spectral values from
Ref. 20, and measured 2f spectra for two ammonia transitions at
6528.76 and 6528.89 cm�1, respectively. LIA, lock-in amplifier.

Fig. 4. Resonance profiles of the first longitudinal mode for five different cell pressures at the modulation frequency, which is half the
resonance frequency. The inset plots the quality factor, Q, and resonant frequency as a function of pressure. OA, optoacoustic.

Fig. 5. 2f Spectra for different cell pressures from 50 to 150 Torr
for 10.9 ppm NH3 in N2. The peak amplitude and interband
height, which is proportional to the overlap between these neigh-
boring transitions, both increase with pressure.
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the amplification factor, Q, increases with pressure,
and �2� the peak of the lineshape, which is affected by
both Doppler and collisional broadening, increases
with the partial pressure of ammonia. Although in-
creasing pressures yield higher signals, the overlap
between the neighboring transitions, indicated in
Fig. 6 as interband height, also increases, thereby
limiting the instrument’s interference rejection. For
this system, the optimum pressure was determined
to be 100 Torr, which is consistent with prior deter-
minations for the best measurement pressure to use
when ammonia is monitored with direct absorption to
accomplish the same goal of maximizing signal and
isolation.26

For wavelength-modulation spectroscopy, an im-
portant sensor design parameter is the modulation
depth for dithering the laser’s wavelength. In an
analogous fashion to the pressure tests described
above, spectra were recorded for different modulation
depths, from 50 to 200 mV peak-to-peak �mVp–p�, to
determine the optimum condition that yields the best
balance between signal magnitude and highest reso-
lution �the current controller transfer function is 20
mA�V�. The spectra from these measurements are
shown in Fig. 7 for 10.9 ppm NH3 at a cell pressure of
100 Torr, with the modulation depth increasing in
25-mVp–p increments for successive measurements.
As can be seen from this plot, the peak signal mag-
nitude mostly increases with modulation, whereas
the widths and overlap of the transitions also in-

creases. Figure 8 shows the ratio of signal ampli-
tude and linewidth for varying modulation depths,
which reveals that a modulation of 100 mVp–p �2 mA�
yields the highest ratio, and thus was determined to
be the best condition to use with this sensor. For
this particular laser, 2 mA corresponds to a peak-to-
peak modulation depth of 2a � 0.053 cm�1. With a
Voigt FWHM linewidth evaluated to be 0.036 cm�1

for this transition at room temperature and 100 Torr,
the modulation index is then 1.47. This index is
lower than a typical value of 2.2–2.4 that is used to
maximize signal20 but is very similar to a prior pub-
lished value of 1.46 used to maximize both signal and
isolation for measurements of CO.27

5. Results and Discussion

The sensor was operated according to the optimum
design conditions that were determined beforehand
and explained above, namely, at a pressure of 100
Torr, with a modulation depth of 2 mA, and at a
modulation frequency equal to half the resonant fre-
quency of the cell, which was roughly 1800 Hz. The
sensor was used to measure the ammonia mixture
after dilution with N2 by a factor of 100, to yield a flow
with an ammonia concentration of roughly 110 ppb.
The measured spectra for this condition are shown in
Fig. 9 and have signal-to-noise ratio equal to slightly
more than 19. The noise is estimated to be the stan-
dard deviation of the optoacoustic signal at an off-
resonant wavelength, as shown in the graph, but
because the sensitivity-limiting noise appears oscil-
latory or nonstochastic in nature, the standard devi-
ation is a less meaningful indicator of noise, and thus
it serves only as a useful metric for comparing this
study with other prior publications. A stricter test
of the minimum detectivity for this study and similar
efforts is the replicate precision of successive mea-
surements when the sensor is exposed to the same
known gas concentration over a statistically signifi-
cant period of time. The source of the noise at off-
resonance wavelengths is unknown to the authors at
this time. Its oscillatory pattern is consistent with
interference fringes from optical components in the
measurement path or from residual amplitude mod-
ulation from within the fiber amplifier, but since the
photoacoustic technique monitors acoustic power in-

Fig. 6. Signal amplitude and interband height as a function of
pressure.

Fig. 7. Successive scans of the two ammonia transitions near
1531.7 nm with modulation depths varying in 25-mVp–p incre-
ments.

Fig. 8. Ratio of measured peak amplitude and feature width as a
function of modulation depth, with a maximum near 100 mVp–p.
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stead of laser power, it is insensitive to optical
fringes, and thus the authors suspect that the noise is
electrical in nature.

This signal-to-noise ratio indicates that the 1�
noise-limited detection limit for this sensor is better
than 6 ppb of ammonia, which is superior to the
detection limit that has been achieved with any
other published near-infrared diode laser system, to
the best of the authors’ knowledge. This sensitiv-
ity was achieved with 500 mW of power, a path-
length of 18.4 cm, and a lock-in time constant of 10
s. Thus the normalized minimum detectable frac-
tional optical density, �minl, is calculated to be 1.8 �
10�8; the minimum detectable absorption coeffi-
cient, �min, is 9.5 � 10�10 cm�1; and the minimum

detectable absorption coefficient normalized by
power and bandwidth is 1.5 � 10�9 W cm�1��Hz.
Assuming that the noise is nonoptical in nature, the
sensitivity of this system can readily be enhanced
by use of a 1-W fiber amplifier and a multipass
system to achieve sub-ppb detection limits, and this
research is already in progress. For comparison,
Schmohl et al.28 used diode-laser-based photoacous-
tic spectroscopy to measure the same ammonia
transition and achieved a minimum detectable ab-
sorption of 3.4 � 10�8 cm�1. As delineated in Ta-
ble 3, our minimum detection limit is at least 15
times better than the results obtained with other
diode laser techniques to interrogate the same tran-
sitions at 1531 nm.

Table 2. Results for This Sensor Compared with Recent Publications on Ammonia Detection That Used the Same Transitions near 1531 nm
as Were Used for This Study

Technique Minimum Detectivity �ppb� Year Reference

Photoacoustic and WMS 6 2002 This study
Photoacoustic 200 2002 28
Cavity-enhanced absorption spectroscopy 100 2000 29
Direct absorption with multipass cell 280 2001 30
Direct absorption with multipass cell 700 2001 31

Table 3. Detection Limits for This Sensor When Applied to Detecting Other Species, the Detection Wavelength, and the Transition Line Strength

Species Inferred Detection Limit � �nm� Line Strength �cm�2 atm�1�

NH3 6 ppb 1531.68 �Ref. 24� 0.0624 �Ref. 24�
C2H2 2.6 ppb 1531.588 �Ref. 32� 0.143 �Ref. 32�
HCN 3.4 ppb 1539.698 �Ref. 33� 0.112 �Ref. 33�
CO2 51 ppm 1598.806 �Ref. 25� 7.29e-6 �Ref. 25�
CO 650 ppb 1568.036 �Ref. 25� 5.72e-4 �Ref. 25�

Fig. 9. Measured 2f spectra of 110 ppb flowing NH3 in N2, at optimum conditions, with SNR � 19.
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Although the design techniques described above
were demonstrated with ammonia detection, in prin-
ciple they are applicable to any species whose spectra
overlap with the wavelengths of fiber amplifiers.
Other species are listed in Table 2, along with the line
strength, wavelength, and inferred detection limit
when measured with this sensor. For some species,
such as acetylene and hydrogen cyanide, the maxi-
mum line strengths within the range of the fiber
amplifiers are approximately 40 and 80 times
weaker, respectively, than those at the fundamental
near 3.0 �m. But since the output powers available
with EDFAs are hundreds of times higher than what
is currently available with mid-infrared sources, it
can be advantageous to perform photoacoustic mea-
surements in the near infrared despite the weaker
transitions. For example, using 500 mW at 1540 nm
to measure HCN would yield sensitivity more than 6
times better than using 1 mW at 3 �m.

6. Conclusions

A gas sensor was developed by use of diode lasers,
fiber amplifiers, wavelength modulation, and reso-
nant photoacoustic spectroscopy to yield a detection
limit for ammonia of less than 6 ppb. This technique
represents what we believe to be the first use of fiber
amplifiers to enhance photoacoustic detection in the
near infrared, and yielded detection limits for ammo-
nia that are more than 15 times better than in other
prior published studies using near-infrared diode la-
sers. Although this system was demonstrated for
ammonia, it is applicable to any other species with
spectra within the range of the fiber amplifiers.
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