Transportable automated ammonia sensor based
on a pulsed thermoelectrically cooled
quantum-cascade distributed feedback laser
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A compact ammonia sensor based on a 10-pm single-frequency, thermoelectrically cooled, pulsed
quantum-cascade laser with an embedded distributed feedback structure has been developed. To mea-
sure NH; concentrations, we scanned the laser over two absorption lines of its fundamental v, band. A
sensitivity of better than 0.3 parts per million was achieved with just a 1-m optical path length. The
sensor is computer controlled and automated to monitor NH; concentrations continuously for extended
periods of time and to store data in the computer memory. © 2002 Optical Society of America
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1. Introduction

Sensitive, compact devices for the quantification of
trace gases are required for a number of applications
that include industrial process control, environmen-
tal monitoring, and noninvasive medical diagnostics.
A well-established technique for detecting molecular
species in the gas phase is high-resolution infrared
absorption spectroscopy. Until recently, real-world
applications of this method were limited because of
the absence of convenient tunable coherent light
sources in the mid-IR region (3—20 pm), where the
fundamental absorption bands of most molecules are
located. This situation has changed with the devel-
opment of quantum-cascade (QC) lasers,’2 especially
single-frequency devices with an embedded distrib-
uted feedback (DFB) structure. QC DFB lasers are
capable of delivering tens and for certain devices even
hundreds of milliwatts of narrow-linewidth mid-IR
radiation. QC lasers can be operated in a pulsed
mode up to and above room temperature, which is of
particular interest for real-world gas-sensing appli-
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cations, because it eliminates the bulkiness and cost
of an optical cryostat and cryogenic consumables (lig-
uid nitrogen). The first laboratory demonstration of
sensitive absorption spectroscopy with a pulsed QC
DFB laser was reported in Ref. 3, where wavelength
modulation was used to improve the signal-to-noise
ratio. Application of the direct absorption technique
with a pulsed QC DFB laser for trace gas detection in
ambient air was first described in Ref. 4. Here we
report details of the design and performance of a
robust, portable ammonia sensor based on a pulsed
QC DFB laser that operates at ~10 pum. This sensor
has been successfully applied to dynamic ammonia
concentration monitoring of bioreactor vent gases at
the NASA Johnson Space Center, Houston, Texas.

2. Gas Sensor Description

To detect NH, we selected the absorption lines “R,(2)
at 992.4503 cm ™ and “R(2) at 992.6988 cm ' (~10.1
pm) in the v, fundamental absorption band. These
lines are strong, well resolved at pressures below 200
Torr, and are free from interference by water and
other air components absorption. The pulsed QC
DFB laser available for this study accessed this wave-
number region when operated at a temperature of
-11.7 °C.

Ultrasensitive ammonia detection in this spectral
region with a pulsed QC DFB laser was reported
previously in Ref. 5. McManus et al.? used a multi-
pass cell with a 209-m effective path length and two
IR detectors to achieve improved detection sensitiv-
ity. Our emphasis in this study is to achieve mod-
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Fig. 1. Schematic of a QC DFB laser-based ammonia sensor; the

subthreshold current is updated at a rate of 20 kilosamples per
second (kS/s), synchronously with the laser pulses.

-

erate [sub-ppm (parts per million)] sensitivity levels
with a simple and cost-effective sensor platform (i.e.,
a single detector and no multipass gas cell).

The NH; sensor design is shown schematically in
Fig. 1. The QC DFB laser was mounted on top of a
three-stage thermoelectric unit (Melcor 3CP), inside
a vacuum-tight housing with overall dimensions of
100 mm X 160 mm X 180 mm (depicted in Fig. 2), and
assembled from commercially available vacuum and
optomechanical components. To remove the heat
generated by operation of the Peltier cooler, the bot-
tom of the thermoelectric unit was soldered to a
water-cooled housing base. A temperature control-
ler (Wavelength Electronics LFI-3751 TE) was used
to set and monitor the laser temperature. With this
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Fig. 2. Photograph of the vacuum-tight pulsed QC DFB laser
housing. The laser is mounted inside on a three-stage thermo-
electric element. Observation windows on top and opposite the
beam output facilitate alignment of the collimating lens (= 3 mm,
6 mm diameter). The bottom of the housing is made of copper for
better thermal conductivity. It is soldered to the thermoelectric
element and can be water cooled.
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arrangement, the operating QC DFB laser could be
cooled to —55 °C.

We collimated the laser emission by using an as-
pheric antireflection-coated ZnSe lens with a focal
length of 3 mm and a diameter of 6 mm mounted
inside the housing. The lens position could be ad-
justed externally. The collimated laser light
emerged from the housing through a 30-arc min
wedged antireflection-coated ZnSe window and was
directed into a 0.5-m-long optical gas cell. This cell
consisted of a glass tube fitted with Teflon valves and
stainless steel window holders based on commercial
NW16CF vacuum flanges. One end of the cell was
equipped with a 30-arc min wedged antireflection-
coated ZnSe window and the other with a SiO pro-
tected flat Al mirror (both 25.4 mm diameter). This
resulted in a two-pass configuration with a total op-
tical path length of 1 m. The exiting beam was fo-
cused onto a liquid-nitrogen-cooled HgCdTe detector
with a built-in preamplifier (Kolmar KMPV10-1-J1/
DC, 20-MHz bandwidth) by means of a 25.4-mm-
diameter off-axis parabolic mirror. The utilization
of a cryogenic detector does not imply strong limi-
tations to the sensor performance, because it uses
only a small amount of liquid nitrogen and has a
holding time of ~15 h. In the future, we envision
the use of a thermoelectrically cooled detector.
The air to be analyzed flowed continuously through
the absorption cell at a low controlled flow rate.
The relatively slow flow was necessary because the
bioreactor vent system permitted gas sampling only
at a 10 SCCM or lower rate. (SCCM denotes cubic
centimeters per minute at STP.) A pressure con-
troller was used to maintain the pressure inside the
cell at 95 Torr. The laser housing, optical gas cell,
gas flowmeter, pressure controller, IR detector, vis-
ible diode laser for alignment, and optical compo-
nents were mounted on a 30.5 cm X 61 cm
aluminum breadboard.

3. Data Acquisition and Analysis

The laser current was supplied in 5-ns-long, ~4-A
peak current pulses at a 20-kHz repetition rate as
described in Ref. 4. A compact driver (Directed
Energy PCO-7110 Model 40-4) was used for the QC
DFB laser excitation, and a computer-controlled
subthreshold current pedestal was added to each
pulse to set the optical pulse frequency. By appro-
priate ramping of the subthreshold current, 512
laser pulses at a 20-kHz repetition rate scanned the
desired spectral range. The tuning voltage that
defines the subthreshold current was applied in the
shape of a linear ramp with an offset to compensate
for the initial bias of the QC laser. A DAQ-1200
data-acquisition card and LabView software (Na-
tional Instruments) were used to trigger the laser
pulser, to set the subthreshold current, and to ac-
quire the spectral data. The number of pulses in a
scan was limited by the capabilities of this card.
The repetition rate was limited by the gated inte-
grator (Stanford Research Systems Model SR250)
used as an interface between the fast IR detector



14000 : :
12000 |
10000 |
8000 |

6000 |-

Number of pulses

4000 | x100

2000 f

0 o Bues ‘iﬂgsnaani i
0.90 1.0 1.1 1.2 1.3 1.4 1.5

Pulse energy, a.u.

Fig. 3. Energy distribution in a sample of 100,000 laser pulses
with the laser excitation current fixed.

and the data-acquisition card. The scans followed
each other with ~50% duty cycle because of com-
puter software and hardware limitations. In most
sensor runs the data were analyzed to determine
the NHj concentration after we acquired and aver-
aged 400 scans, and the measurement sequence
was repeated every 4 min.

It was found that, at a fixed amplitude of the
excitation current pulse, the output energy distri-
bution of this particular QC DFB laser exhibited an
asymmetrical shape with a long low-energy tail
(Fig. 3). This tail increased the statistical error of
the averaged signal. The distribution was nar-
rower at a higher laser current, but at the same
time the laser linewidth became broader and less
symmetric. A special software procedure was im-
plemented to suppress the influence of the low-
energy laser pulses. The intensity of each pulse
I(i,n) in the n-th scan was digitized and stored in
the computer memory; here i is the pulse number in
ascan. This was repeated until a specified number
of scans was acquired. Then for each i the maxi-
mum I, ,. () was found, and all the pulses with I(i,
n) < 0.931,,,., (1) were disregarded. At typical set-
tings of the laser current the percentage of dis-
carded pulses was ~5%. Figure 3 corresponds to a
slightly higher laser current and therefore nar-
rower distribution. Finally, the remaining pulses
were averaged for each i to obtain 1,,(i). This se-
lection procedure was found to reduce the noise in
the averaged spectra by a factor of 4, when 1000
scans were collected.

The position of NH; absorption lines provided an
absolute frequency reference for frequency calibra-
tion. The frequency scale was linearized by means
of interference fringes from two air-separated un-
coated ZnSe surfaces. The scan length was set to
0.75 cm ! to observe the 992.4503- and 992.6988-
cm ! lines simultaneously. By using data acquired
at relatively high NH4 concentration, we determined
that the QC laser possessed a linewidth of ~0.02

cm ! with an asymmetric shape. This broad, asym-
metric laser line shape makes traditional analysis of
spectra by fitting the lines with either Lorentz or
Voigt functions inapplicable. Instead, we used the
following procedure:

(1) A reference spectrum in terms of base e absor-
bance was acquired with a Ny:NH; mixture that con-
tained ~100 parts per million (ppm) of NH;. We
determined the actual concentration of NHjy in this
reference sample by comparing the area of the ab-
sorption lines [ fadv, where a (cm ') is the absorption
coefficient] to the area predicted by the HITRAN da-
tabase for the same temperature. The spectrum
was then stored in the computer memory as a func-
tiony;, = f(i), where i is a data point number (that is,
the number of the corresponding laser pulse in the
frequency scan). This function results from convo-
lution of the real absorption spectrum and the laser
line shape.

(2) We acquired spectral data I,,(i) as described
above with the gas sample containing an unknown
concentration of NH; at the same pressure and tem-
perature.

(3) Using a high concentration reference spectrum,
we defined three (almost) absorption-free parts of the
spectral scan (i.e., between and at each side of the two
NHj; absorption lines). We determined the baseline
of the spectral data of the unknown gas sample by
fitting a sixth-order polynomial to the corresponding
segments of I,,(7). Fractional absorption y; of the
unknown sample was computed through subtraction
of i(,)(i) from the baseline with subsequent normal-
ization to the baseline. Because the absorbance was
small for the unknown spectrum, conversion to base
e absorbance was not needed.

(4) The best fit of the sample fractional absorption
by the function

y{Bfi —x) + b (1)

was found. Parameter x was introduced to compen-
sate for slow drift of the line positions on the scan
because of slight variations of the laser temperature,
and the b parameter partially helps to correct for an
error in the baseline interpolation. Usually the fit
resulted in & ~ 0. Parameter B yields the concen-
tration in the test gas sample relative to the reference
gas sample.

To perform the fit in step (4) we modified a Lab-
View procedure, Nonlinear Lev-Mar Fit.vi, so that it
could use a tabulated function instead of an analytic
expression. An example of the fitted data is pre-
sented in Fig. 4. This spectrum corresponds to 6.7
ppm of NH; and was acquired with 400 frequency
scans. The standard single-point deviation of the fit
is o = 7.14 X 10~ * fractional absorbance (with a 10-s
data-acquisition time).

In Ref. 3 Namjou et al. stated that the single-
point sensitivity was 5 X 107® Hz ,,, at a 1-MHz
laser pulse repetition rate. Fluctuations of the la-
ser pulse energy are the primary sources of noise in
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Fig. 4. (a) Example of an acquired data set after automated base-
line correction and fitting with the previously tabulated function;
see Section 3. The fitting yielded a 6.7-ppm NH; concentration in
the sample. The fit residual is shown in (b).

our measurements. Thus the error decreases as a
square root of the number of averaged laser pulses,
and a proper comparison of our results with the
sensitivity reported in Ref. 3 requires a normaliza-
tion to the repetition frequency (i.e., the square root
of the frequency ratio). This results in a 1-MHz
equivalent sensitivity of ¢’ = 3.2 X 10™* Hz /.
Almost 1 order of magnitude better sensitivity as
described in Ref. 3 is due to suppression of laser
noise by use of a wavelength modulation technique
(also different specimens of QC DFB lasers exhibit
different energy fluctuations). This approach,
however, is experimentally more complex and does
not permit direct concentration measurements.
Alternatively two-channel detection can be used if
improved sensitivity is required for a specific appli-
cation. In a separate experiment we could obtain
at least one order of sensitivity gain by normaliza-
tion to a reference channel.

A value that is more important in gas detection
applications is the accuracy in the measurement of
the absorption line area, because this area is directly
related to the species concentration and does not de-
pend on the laser linewidth. This accuracy can be
readily derived with some simplifying assumptions.
Parameter x in the fitting equation (1) makes the fit
nonlinear. However, it changed slowly and was pre-
set to its quasi-constant value at the beginning of a
measurement run. To simplify the estimation of the
error in the concentration resulting from the proce-
dure described above, we assume that it is fixed and
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Fig. 5. Time dependence of the NH; concentration in a gas flow
measured simultaneously by two spectroscopic gas sensors: the
mid-IR QC DFB sensor (O) and a diode-laser overtone sensor (x).
The flow was produced in a gas-mixing system that combined pure
nitrogen with 100-ppm NHj-doped nitrogen. The mid-IR QC
DFB laser-based sensor exhibits higher inertia because of the
longer tubing that connects it to the gas source.

that b = 0. Then the fitting becomes a linear regres-

sion and Eq. (A7) in Ref. 6 applies. It yields
A 1/2
SA=o| —— | | 2)
J.gz(v)dv

where 3A is the standard error of A = [aldv, [ is the
path length; Av is the frequency scan resolution, and
g(v) is the absorption spectrum normalized by the
condition [g(v)dv = 1. The function g(v) describes
the shape of the reference spectrum f(i). For our
data, Av = 1.5 X 10 * cm ™! and a numerical integra-
tion gives [ g%(v)dv = 5.27 cm. Equation (2), yields
d3A = 1.2 X 10" * em ™!, which converts to a standard
error in concentration 3[NHg] = 70 parts per billion.

We also performed an intercomparison study of two
distinct ammonia sensors: the one we describe in
this paper and an overtone-based near-IR detector
that operates at 1.53 pm with a 36-m multipass cell
as reported in Refs. 7 and 8. We calculated NH,
concentrations from the absorption spectra using the
HITRAN spectroscopic database® for the QC-based
sensor and by using the data in Ref. 10 for the
near-IR gas sensor. The results are shown in Fig. 5.
Both sensors were connected to the same source,
which was a gas dilution system that mixes pure
nitrogen with a 100-ppm NHj;-doped nitrogen. The
flow rate for both sensors was set to ~10 SCCM to
simulate sampling from the bioreactor vent system.
The length of tubing from the gas source to the QC-
based gas sensor was ~4 m longer than that to the
near-IR sensor because of space requirements. This
added some inertia to the QC detector response as is
evident from the plot presented in Fig. 5. However,
the steady-state concentration data from both sen-



sors are almost identical. The accuracy of the
near-IR sensor is somewhat better because of its 36
times longer path length and much lower laser noise
for the cw 1.53-pm telecommunications DFB laser
diode, which was further suppressed by balanced ra-
diometric detection. The observed scatter of the
measured [NH;] was ~0.6 ppm peak to peak, which
corresponds to a 8 NH;] ~ 150 parts per billion. The
additional error, compared with the estimated one
obtained from Eq. (2) is due mainly to the uncertainty
of the baseline, which Eq. (2) does not take into ac-
count. In addition some fitting procedure parame-
ters had not been optimized at the time of this
experiment.

Real-time determination of the actual trace gas
concentration in a system such as the atmosphere or
bioreactor we report in this paper can be made more
accurate if we take into account intrinsic system
properties. In our case, the short time fluctuations
in the measured concentration reflect the sensor
properties and not the behavior of the gas concentra-
tion in the system. For this system, the actual NH,
concentration is not expected to exhibit stochastic
fluctuations every 4 min as measurements are per-
formed. Changes in the bioreactor occur on a time
scale of hours. Ammonia absorption and desorption
from the walls of the tubing that connect the sensor to
the system add further inertia to the measurements.
Therefore, mathematical filtering that removes part
of the high-frequency variations from one measure-
ment to the next should improve the measurement
accuracy. To discern slow trends in concentration in
real time, a Kalman filtering technique!! can be ap-
plied to trace gas measurements for various slow-
changing systems. With an appropriate choice of
filter parameters, such filtering has been shown to
reduce the scatter significantly.1213 An important
advantage of the Kalman filter over more common
averaging techniques is that it keeps track of the
whole measurement history without keeping all the
previous data in memory and acts in real time,
thereby providing a corrected concentration value af-
ter each measurement. It is especially useful if the
measured concentration is used to control the system
through a feedback loop.

A set of measurements that illustrate the applica-
tion of Kalman filtering by use of a QC sensor is
shown in Fig. 6. Initially ambient air was sampled,
and the measured concentration was zero because air
contains negligible amounts of ammonia. A cylinder
containing 100 ppm of NH; in N, was then connected
to the sensor for several minutes. A subsequent
cleaning of the sensor by flowing ambient air at a low
(10-SCCM) rate provided a concentration decay that
was monitored for ~15 h. From the data presented
in Fig. 6, we conclude that the detector sensitivity is
better than 0.3 ppm without Kalman filtering. The
simplest Kalman filter procedure!3 applied to these
data reduced the NH; concentration uncertainty to
+0.04 ppm.

The QC DFB laser-based NH; sensor described
here was used to monitor NH; concentration levels
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Fig. 6. Relaxation behavior of NH; concentration as measured by
the QC laser-based sensor. The sensor was briefly connected to a
cylinder that contained a 100-ppm NH;:N, mixture, which re-
sulted in a high ammonia peak. The thick curve on the expanded
part of the plot depicts the Kalman-filtered results for NH; levels
of <2 ppm.

continuously in bioreactor vent gases for more than
72 h at the NASA Johnson Space Center. The de-
tected NH; concentration never exceeded a 0.5-ppm
level, which was considered satisfactory in terms of
bioreactor performance and agreed with concentra-
tions measured by an indirect chemical method (see
details in Ref. 8 and references therein).

4. Conclusions

We designed a compact portable ammonia sensor
based on a thermoelectrically cooled pulsed QC DFB
laser that operates at ~10 um. This device was ap-
plied to real-world NHj; concentration measure-
ments. Furthermore, the configuration of this
sensor will serve as the basis for the design of future
portable QC DFB laser-based gas sensors for single or
multiple trace gas quantification. The current sen-
sitivity can be considerably improved by the addition
of a second (reference) infrared detector. Such a
two-beam configuration will cancel the noise caused
by laser shot-to-shot energy fluctuations. These
shot-to-shot fluctuations are the predominant noise
source in our measurements. Furthermore, the use
of such a reference channel would also eliminate
baseline uncertainty. A number of additional im-
provements to the sensor are being planned. These
include an increase in the pulse rate to 1 MHz, elim-
ination of the need for a liquid-nitrogen-cooled detec-
tor, replacement of the general-purpose laboratory
electronic devices with dedicated circuits, and use of
advanced analog preprocessing of signals prior to
digitization.
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