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A photoacoustic spectroscopic (PAS) and a direct optical absorption
spectroscopic (OAS) gas sensor, both using continuous-wave room-
temperature diode lasers operating at 1531.8 nm, were compared
on the basis of ammonia detection. Excellent linear correlation be-
tween the detector signals of the two systems was found. Although
the physical properties and the mode of operation of both sensors
were significantly different, their performances were found to be
remarkably similar, with a sub-ppm level minimum detectable con-
centration of ammonia and a fast response time in the range of a
few minutes.

Index Heading: Photoacoustic spectroscopy; Laser absorption spec-
troscopy; Gas detection; Diode lasers.

INTRODUCTION

The motivation for ammonia concentration measure-
ments at ppm or sub-ppm levels includes applications
such as the monitoring of thermal deNO, processes,! pro-
cess control in semiconductor manufacturing,? environ-
mental monitoring,> and medical diagnostics.* Recent
availability of near infrared (1.3 to 2 wm) distributed
feedback (DFB) diode lasers with relatively large contin-
uous-wave (cw) powers and narrow spectral line widths
has led to the interest in gas sensors based on overtone
and combination band absorption spectroscopy.’ The ap-
plication of these lasers is limited by their narrow tuning
range. Analysis of multicomponent mixtures requires the
use of tunable laser sources such as external cavity diode
lasers.® From the spectroscopic point of view, the sensi-
tivity of diode laser based ammonia detection systems is
due to the relatively strong overtone absorption band of
the ammonia molecule in the near infrared, accessible
with AlGaAs based room-temperature telecommunication
type diode lasers.>”” The highly asymmetric N-H bond of
the ammonia molecule results in a high-energy, funda-
mental transition together with a high transition proba-
bility for overtones. Hence, ammonia absorption lines
with line strength of ~10-2! cm/molecule are accessible
in the 1.53-wm wavelength range.® Due to similar spec-
troscopic properties, other molecules with an X-H bond,
such as water vapor and methane, can also be detected
with sub-ppm level sensitivity in the near-infrared wave-
length range.*'?

The merits of both optical absorption spectroscopic
(OAS) and photoacoustic spectroscopic (PAS) detection
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for various gas concentration measurement applications
have been described in Ref. 11. Both techniques were
already applied successfully for ammonia detection.!2.13

A direct comparison of OAS and PAS detection meth-
ods applied to methane concentration measurements was
reported by Schifer et al.'* They found that the OAS
detection outperformed the PAS detection with demon-
strated sensitivities of 1.15 ppm and 120 ppm, respec-
tively. However, recently a significantly improved sensi-
tivity of 3 ppm was reported for PAS detection of meth-
ane.” These previous studies provided valuable inputs to
the comparison study of PAS and OAS sensors reported
in this work. First, the configurations of both sensors are
described and their respective technical characteristics
(with special emphasis on the two gas cells employed)
are compared. This is followed by a discussion of the
background signals, their sources, and the extent to which
they limit the analyzer performance. Finally, the modes
of operation and performance characteristics of the two
diode laser based spectroscopic systems are compared.
Table I provides a convenient summary of the reported
work.

EXPERIMENTAL COMPARISON OF THE TWO
GAS SENSOR SYSTEMS

The experimental setup shown in Fig. 1 depicts the
OAS and PAS sensors and a gas calibration unit. The gas
calibration module is used for generating gas mixtures
with ammonia concentrations between 0 and 100 ppm by
mixing gas streams from two cylinders, one containing
pure N, and the other containing 100 ppm of NH, buff-
ered in N, (with a supplier-guaranteed precision of +2%).
Both cylinders had a stated purity of 99.995%. Computer
controlled flow controllers regulated the flow rates in
each gas stream. The same PC was also used for con-
trolling both sensors and for data acquisition and signal
processing. The gas stream was divided into two parts
and directed to the optical absorption (OA) and photo-
acoustic (PA) cell, respectively.

Optical Absorption Spectroscopic Sensor. The OAS
sensor was described in detail in Ref. 15. Here we sum-
marize those physical properties that are important with
respect to its comparison with a PAS sensor. The main
components of the OAS sensor are a fiber-coupled, 1.53-
pm DFB diode laser (NLK1554STB from NEL), with a
cw output power of 15 mW, the OA cell, and a dual
beam, auto-balanced InGaAs photoreceiver (Nirvana
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TABLE I. Comparison of the OAS and the PAS sensors.

Background (BG)
Origin

Time dependence
Experimental treatment

Mathematical treatment

Etalon effects
Varies in time
Balanced detection

Polynomial fit

Absorption by cell
windows and walls
Stable in time

Optimization of
modulation of depth
Subtraction from signal

OAS system PAS system Comments
Physical Properties
Cell
Volume 270 cm? 50 cm? OAS: limited by optical effects
PAS: limited by acoustic effects
Optical pathlength 36 m 9 cm OAS: signal is proportional to absorbance
PAS: signal is proportional to optical absorption coefficient
Material Glass Stainless steel The material and the temperature of the cell affect
Temperature stabilization Heated to 40°C None adsorption-desorption process
Laser power 15 mW 5 mW Signal is linearly proportional to laser power for both
systems
Flow rate 2.5 L/min. 0.5 L/min. OAS: can be increased up to 10 L/min'8
PAS: limited by flow generated noise
Operational pressure 100 torr Atmospheric pressure OAS: optimized for line-profile fitting
PAS: not optimized

OAS:
PAS:
OAS:
PAS:
OAS:
PAS:
OAS:

wavelength dependent

independent of wavelength

measured simultaneously

measured only during calibration

limited by etalon effects within the cell

operated at maximum signal-to-BG ratio

using the off-absorption part of the recorded spectra

Mode of operation
Noise reduction methods Averaging of wavelength

scans (500 scans)

Determination of Via fitted parameters

concentration
Performances
Minimum detectable 0.7 ppm 0.6 ppm
concentration (MDC)
Response time 1 minute 3 minutes

Wavelength modulation
Lock-in detection
(integration time: 10 s)

Calibrated to OAS

PAS: with correct phase

OAS: absorption line-width determines the wavelength
scanning range

PAS: modulation amplitude is optimized for maximum
signal-to-background ratio

OAS: absolute

PAS: linear calibration curve was found

OAS and PAS are limited by etalon effects and by acoustic
and electric noise, respectively

~ 10 times the purging time (volume divided by flow rate)
for OAS and PAS

2017 from New Focus Inc.). The OA cell is a compact,
multi-pass, astigmatically compensated Herriott cell with
a total volume of 0.27 liters and an effective optical path-
length of 36 m, heated to a temperature of 40 °C. Gas
was pumped through it at a pressure of 100 torr using a
two-stage diaphragm pump with a flow rate of 2.5 L/min.
The diode laser current was scanned at a rate of 20 Hz
with a saw-tooth ramp function over a wavenumber range
of 0.3 cm~!, which allowed scanning of the selected am-
monia absorption line at 6528.89 cm ! (1531.65 nm) with
a full width at half-maximum (FWHM) of 0.03 cm~! and
line strength of 1.24 X 102! cm/molecule.® The fiber-
coupled laser light was directed to a 70/30 (%) fiber beam
coupler. The larger portion of laser power was transmitted
into the OA cell, while the beam in the other fiber arm
was used as the reference beam for the auto-balancing
photoreceiver. The data acquisition and processing soft-
ware was LabVIEW 5.0, run on a 500 MHz laptop PC.
For every single concentration measurement, five hun-
dred wavelength scans were averaged. The averaged sig-
nal was processed by fitting a Voigt profile to the ab-
sorption line and a fifth order polynomial to the back-
ground. The time needed for determining each single am-
monia concentration, including data collection,
averaging, and signal processing, was ~30 s.
Photoacoustic Spectroscopic Gas Sensor. In the PAS
sensor, a temperature-stabilized 5 mW fiber pigtailed
DFB diode laser with the same wavelength as for the
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OAS sensor was used. The laser light output from the
fiber was collimated and sent to the PA cell. The cell is
acoustically optimized, operating with an available con-
tinuous gas flow rate of 0.5 L/min at atmospheric pres-
sure. The PA cell (with a volume of ~50 c¢cm?) was made
of stainless steel. It has a central resonator (of 40-mm
length and a 4-mm diameter), where the actual photo-
acoustic signal generation occurs, and buffer chambers,
which are designed for acoustic noise reduction. This PA
cell was described in detail in Ref. 16. The diode laser
wavelength was modulated by combining a constant
drive current with a sinusoidally modulated current from
a function generator. The modulation frequency was set
to coincide with the acoustic resonance of the cell at ~4
kHz. At the maximum resonance frequency, the PA cell
has its highest efficiency to convert absorbed laser radi-
ation into acoustic energy. This efficiency can be char-
acterized by a cell constant, C, which is the amplitude of
the acoustic standing wave generated by unit laser power
impinging on a gas sample having unit optical absorption
coefficient.!” For an acoustically optimized longitudinal
PA cell, as used in these experiments, the cell constant
is given by a value of ~2000 (Pa/cm~'W).!%!7 The gen-
erated acoustic pressure fluctuation is converted into elec-
trical signal by an electret microphone. This signal is am-
plified by a microphone preamplifier and processed with
a lock-in amplifier (SR830, Stanford Research). The
lock-in amplifier time constant was set to 10 s. Due to
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Fic. 1. Experimental set-up.

the vector nature of the PA signal, both of its real and
the imaginary parts were measured simultaneously. From
the output of the lock-in amplifier, voltages proportional
to these signals were fed into the analog-to-digital (AD)
input of the PC data acquisition card. The diode laser
wavelength was not scanned, as in the case of OAS de-
tection, but after being optimized, kept constant (see the
Comparison of the Operating Modes section).

Comparison of the Physical Properties of the PAS
and the OAS Sensors. The relevant physical properties
of the two gas sensors are compared in the first part of
Table I. It can be seen that almost all parameters differ
significantly.

The volume of the OA cell was three times larger than
the volume of the PA cell. The PA cell volume comes
from buffer chambers (49.5 c¢cm?) and the central reso-
nator (0.5 cm?). Minimizing the volume of a cell for gas
detection purposes has several potential advantages, such
as reduction of the size of the entire system, reduction of
sample gas consumption, and also faster system response
to sudden concentration variations (at least at a fixed gas
flow rate). However, the possibility of size reduction is
limited. For the OA cell, the main limitation originates
from the fact that the light paths in a multi-pass cell can-
not overlap due to optical interference effects.'®* A PA
cell volume reduction is limited by acoustic effects.!”

The other significant difference between the two cells
is the optical pathlength. In the OAS sensor, the measured
quantity is the absorbance that is linearly proportional to
the pathlength. The longer the pathlength, the more in-
tense the OA signal. On the other hand, the PAS sensor
directly measures the optical absorption coefficient (see
the definition of the cell constant above), i.e., the PA
signal is independent of the pathlength (unless a multi-
path configuration is used!?). One consequence is the low
tolerance of the OA cell to laser beam alignment. For the
present OA cell, 182 reflections of the laser beam within
the cell are needed to achieve the long optical pathlength,
and thus the alignment of the IR input beam to the cell
is critical. The PA signal has a much higher tolerance to
optical alignment. The material and the operational tem-
perature of the cells are also different. These properties
influence the measurements via adsorption-desorption ef-
fects.

Both systems were operated at the same NH, absorp-
tion line (i.e., 1531.65 nm); however, the available single
frequency DFB diode laser powers were different. The
laser power used in the OAS sensor was three times high-
er than the diode laser power applied to the PAS sensor.
Since the signal generated by the laser absorption is lin-
early proportional to the incoming laser power for both
systems, this must be taken into account when comparing
the sensor performances.

The gas flow rate inside the PA cell has a maximum
limiting value of ~1 L/min. Between 0 and 1 L/min, the
noise of the PAS system is independent of the flow rate,
but at this limit an increase in the noise is observed due
to the fact that the flow becomes turbulent. For OAS
detection there is no such limit, and hence, the flow rate
can be increased by means of a pump capable of a larger
flow rate.!®

The operational pressures of the systems were different
as well. The OAS sensor operated at relatively low pres-
sure (100 torr), which had the advantage of minimizing
interference effects from other gas components as well
as the possibility of wavelength tuning the diode laser
over an absorption line at constant laser temperature by
changing the laser current. The PAS sensor operated at
atmospheric pressure. Pressure dependence was studied
in a recent publication for a diode laser based water vapor
PAS sensor.?! In the work presented here the pressure was
not optimized for the PAS system.

Comparison of the Systems from the Aspect of
Background. The backgrounds—defined as the signal
measured when the cells are filled with a nonabsorbing
(e.g., N,) gas—were found to have significantly different
characteristics for the two sensors. In the second part of
Table I, the most important characteristics of the back-
grounds are summarized. In the OAS system, background
was mainly introduced by etalon effects. These effects
are wavelength dependent and vary with time. The auto-
balanced photoreceiver can suppress those etalon effects,
which originate from the diode laser and the fiber. How-
ever, it cannot compensate etalon effects, generated with-
in the multi-pass cell, and the effect caused by the dif-
ferent spectral response of the two detectors built into the
auto-balanced photoreceiver. Therefore, a special soft-
ware treatment, described in Ref. 15 and based on a 5th
order polynomial fitting, was used to reduce these effects.
For PAS detection, the background signal originates from
light absorption at the cell windows and walls. Minimi-
zation of the background signal requires a straightforward
alignment of the PA cell, which makes the background
signal stable in time and independent of wavelength. On
the other hand, the background level depends on the
modulation method, especially on the amplitude of the
modulation. Therefore, the modulation dependence of the
background signal as well as the optimum modulation
amplitude was determined as follows.

First, the PA cell was filled with 100 ppm NH, buff-
ered in N,. Various combinations of a steady and a mod-
ulated part of the diode laser current were selected to
maintain a constant maximum current (40 mA). For each
current combination, the diode laser temperature was op-
timized to obtain a maximum PA signal. The same com-
bination of diode laser currents and temperature was also
used for measuring the photoacoustic background signal
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by filling the PA cell with pure nitrogen. The results of
these measurements are depicted in Fig. 2, which also
shows the ratio of the signal to the background as a func-
tion of the modulation current amplitude. There were two
criteria for selecting the optimum current modulation
depth, a high photoacoustic signal and a stable back-
ground. Measurements of the background were carried
out for several days first at maximum signal (right hand
side of Fig. 2) and then at maximum signal-to-back-
ground ratio in order to make such a modulation selec-
tion. In the former case, the background signal showed
long-term drifts, which exceeded fluctuations caused by
acoustic and electric noises. No such drift was observed
when the system was operated at the maximum signal-
to-background configuration. Therefore, for the remain-
der of the measurements, the current setting (34 mA dc
and 6 mA modulated) that yielded the maximum signal-
to-background ratio was selected.

It is worth noting that for low power (few mWs) diode
laser based PAS sensors, the background signals exhibit
low levels (after alignment). Its fluctuations are primarily
due to acoustic and electric noises, which are independent
of the background signal level.!® On the other hand, for
high power (several hundred mW) diode laser based PAS
sensors, background signal fluctuations (attributed, e.g.,
to laser power fluctuations or beam pointing instability)
were found to limit the performance of the sensor.?? In
this case the level of background fluctuations depends on
the level of the background signal. Although in the pre-
sent case the laser power is relatively low, the back-
ground drift was shown to influence the concentration
measurements, at least at high modulation amplitude.

Since the background signal was stable in time, it was
necessary to measure it only once and subtract it from
the actual PA signal. However, as the origin of the back-
ground signal is different from the useful signal, this sub-
traction has to be performed in a phase-correct way, i.e.,
taking into account the vector nature of both signals.

Comparison of the Operating Modes of the PAS
and OAS Sensors. The modes of operations of the two
sensors are summarized in the third part of Table I. In
the case of the OAS sensor, noise suppression was per-
formed by averaging 500 wavelength scans. The number
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of scans was optimized to sensor performance, such as
the minimum detectable concentration (MDC) and re-
sponse time and was limited by long term sensor insta-
bilities mainly due to temperature fluctuations. The
FWHM of the pressure-narrowed NH, line was 10 times
smaller than the total wavelength scanning window, and
therefore, the measured spectrum was ideal for line pro-
file fitting. The fitted Voigt profile provided an absolute
method for determination of the concentration based on
the knowledge of laser power, optical pathlength, optical
absorption coefficient of the laser line, and the sensitivity
of the detector.!

For the PAS sensor, wavelength modulation was used
with an optimized diode laser current and temperature
configuration (see the previous subsection and Fig. 2).
The PA signal was detected with a lock-in amplifier with
the averaging time set to 10 s. Unlike the OAS system,
the PAS system has to be calibrated. In the present case,
the OAS sensor was used as a reference.

CONCLUSION

The performances of the systems could be compared
from several aspects (such as size, reliability, ease of op-
eration and maintenance, MDC, response time, and cost).
In this work the MDC and the response time (listed in
the last part of Table I) were compared. These perfor-
mance characteristics are determined by the physical
properties, background effects, and modes of operation.

The calibration of the PAS sensor was performed by
using predetermined NH, concentrations in a randomly
selected sequence. After setting a gas mixing ratio, the
sensors were purged with this mixture for ~ one hour
before a measurement, in order to ensure that both sen-
sors reached steady state response values. The PA signal
as a function of the ammonia concentration measured by
the OAS sensor is shown in Fig. 3. The value of the PA
signal is plotted prior to amplification (i.e., the lock-in
amplifier signal divided by the amplification of the mi-
crophone preamplifier). The ammonia concentration is
calculated from the OA signal directly.’> The measure-
ment points in Fig. 3 could be fitted with a calibration
line using a correlation coefficient (R) of R? = 0.9999,
indicating excellent agreement between OA and PA sig-
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Fic. 4. Randomly varying NH; concentration set by flow controllers
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OAS sensor (closed circles).

nals. This agreement is remarkable if one considers the
difference in the sensor systems. Neither adsorption-de-
sorption processes, nor the difference in the way the ab-
sorbed laser power is measured by the two sensors, per-
turb the signals. Actually, this calibration was found to
be more reliable than calibrating the PAS sensor to the
concentration calculated from flow rates set by the flow
controllers.

The MDCs for both systems were calculated in terms
of three times the standard deviation of the measured
background signals (IUPAC regulations). In this way, an
MDC value of 0.6 ppm for the PAS system and 0.7 ppm
for the OAS system were derived, which are lower than
the 1 ppm value reported in Ref. 16.

The PA cell constant can be calculated from the cali-
bration curve in Fig. 3, which has a slope of 0.28 pnV/
ppm. The microphone sensitivity as specified by its sup-
plier is 50 mV/Pa. The optical absorption coefficient for
the absorption line is equal to 5.8 X 1077 cm~!/ppm.}
From these data (and the laser power of 5 mW) a cell
constant of 1930 Pa/cm~!/W can be calculated, which is
in good agreement with the previously published value.!¢

The systems were also tested in measurements, which
simulated real-world measurements of dynamically vary-
ing ammonia concentrations. Random ammonia concen-
trations were generated as follows. The flow rate of the
nitrogen was kept constant, while the flow of the 100
ppm ammonia + nitrogen mixture was changed every 30
min by supplying randomly generated voltages to its flow
controller. A segment of the measurements is shown in
Fig. 4. From these measurements the time constant was
found to be ~1 min and ~3 min for the OAS and PAS
sensors, respectively. This time constant is approximately
10 times longer in both cases than the time needed to
purge the cells with a new concentration, which can be
defined as the cell volume divided by the flow rate. This
relatively slow response can be attributed to the adsorp-

tion-desorption effects of the ammonia molecules on the
walls of the OA and PA cells. Despite the differences
between the cells, the response times are in the same
range. These measurements demonstrate the applicability
of the systems to concentration measurements in real-
world applications.

In summary, cross-calibration of a photoacoustic and
an optical absorption spectroscopic system, both based
on fiber-coupled telecommunication DFB diode lasers,
proved that both sensors can operate with sub-ppm level
sensitivity. Both analyzer systems are capable of auto-
matic, unattended operation. However, the PAS system is
less sensitive to optical alignment and in some applica-
tions offers the advantage of small size, ease of operation,
and minimum maintenance.
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