QC-DFB—Dr. Thomas L. Harman,
Professor and Chair of the Computer
Engineering Department (UHCL) devel-
ops chemical sensors designed to measure
air quality in the habitats of space. His
findings and designs also have applica-
tions in environmental science and in
medical diagnostics. New techniques and
technology provide for fast, sensitive, and
selective gas detection based on laser
spectroscopy. He and his researchers use
QC-DFB lasers to meet specifications for
more accurate gas concentration meas-
urements based on novel pulsed and cw
quantum cascade lasers.
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Abstract

There is an increasing need in many chemical sensing applica-
tions ranging from air quality in spacecraft habitats to environ-
mental science and medical diagnostics for fast, sensitive, and
selective gas detection based on laser spectroscopy. The recent
availability of novel pulsed and cw quantum cascade distributed
Jeedback (QC-DFB) lasers as mid-infrared spectroscopic sources
address this need. A number of spectroscopic techniques based on
QC-DFB lasers have been employed by ISSO investigators to
demonstrate the monitoring and quantification of trace gases and
isotopic species in ambient air at ppmv and ppbv levels by means
of direct absorption, wavelength modulation, cavity enhanced,
and cavity ring-down spectroscopy.

trace gases are required for a number of applications that

include air quality in spacecraft habitats, in environmental
monitoring, and in non-invasive 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 to 20 um) where the fundamental
absorption bands of most molecules are located. This situation is
changing with the development of quantum cascade (QC),'* espe-
cially single-frequency devices with an imbedded distributed
feedback structure (QC-DFB).

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 pulsed mode up to and
above room temperature, which is of particular interest for real-
world gas-sensing applications because it eliminates the bulkiness
and cost of an optical cryostat and cryogenic consumables (liquid
N,). The first laboratory demonstration of the sensitive absorption
spectroscopy with a pulsed QC-DFB laser was reported in
Namjou et al.* where wavelength modulation was used to improve
signal-to-noise ratio (SNR). The application of the direct absorp-
tion technique with a pulsed QC-DFB laser for trace gas detection
in ambient air was first described in Kosterev et al.* In this report,
we present details of the design and performance of a robust,
portable ammonia sensor based on a pulsed QC-DFB laser oper-
ating at ~10 pm. This sensor has been successfully applied to
dynamic ammonia concentration monitoring of bioreactor vent
gases in the NASA-Johnson Space Center (JSC), Houston, TX.

S ENSITIVE, COMPACT DEVICES FOR THE QUANTIFICATION OF
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Figure 1. Schematic of QC-DFB Laser Based Ammonia
Sensor

Technical Plan and Equipment

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

Ultrasensitive ammonia detection in this spectral region with
pulsed QC-DFB laser has been reported before in Kosterev et al.!
In this work, a multipass cell with a 209 m effective path-length
and two IR detectors were used to achieve improved sensitivity in
detection. The emphasis in the present work was to achieve mod-
erate (sub-ppm) 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 thermo-elec-
trical unit inside a vacuum-tight housing with overall dimensions
of 100x160x180 mm3 (Fig. 2) assembled from commercially
available vacuum and opto-mechanical components. To remove
the heat generated by the operation of the Peltier cooler, the bot-
tom of the thermo-electrical unit was soldered to a water-cooled
housing base. A temperature controller (Wavelength Electronics
LFI-3751 TE) was used to set and monitor the laser temperature.
With this arrangement, the operating QC-DFB laser could be
cooled to -55°C.

The laser emission was collimated using an aspheric AR coat-
ed ZnSe lens with a focal length of 3 mm and a diameter of 6 mm
mounted inside the housing. The lens position could be adjusted
externally. The collimated laser light emerged from the housing
through a 30 ft. wedged AR coated ZnSe window and was direct-
ed 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 1-1/3 in. vacuum flanges. One end of the
cell was equipped with a 30 ft. wedged AR coated ZnSe window
and the other one with a SiO protected flat Al mirror (both @225.4
mm). This resulted in a two-pass configuration with a total opti-
cal path-length of 1 m. The exiting beam was focused onto a lig-
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Figure 2. Photograph of the vacuum-tight pulsed QC-DFB
laser housing. The QC laser is mounted on a three-stage ther-
moelectric (TE) element inside housing. Windows on top and
opposite to the beam output facilitate alignment of the colli-
mating lens (f =3 mm, @6 mm). The bottom of the housing is
made of copper for better thermal conductivity. It is soldered
to the TE element and if necessary can be water-cooled.

uid 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
limitations on the sensor performance because it uses only a small
amount of liquid nitrogen and has a holding time of ~ 15 hours.
In the future, researchers 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 rel-
atively slow flow was necessary because the bioreactor vent sys-
tem permitted gas sampling only at a rate of 10 sccm or lower. A
pressure controller was used to maintain the pressure inside the
cell at 95 Torr. The laser housing, optical gas cell, gas flow meter,
pressure controller, IR detector, visible diode laser for alignment,
and optical components were mounted on a 30.5 cm X 61 cm alu-
minum breadboard.

Experimental Activity

The laser current was supplied in 5 ns long, ~4A peak current
pulses at a 20 kHz repetition rate, as described in previous publi-
cation.* A compact driver (Directed Energy PCO-7110 model 40-
4) was used for the QC-DFB laser excitation and a computer-con-
trolled sub-threshold current pedestal was added to each pulse for
setting the optical pulse frequency. By appropriate ramping of the
sub-threshold current, 512 laser pulses at a 20 kHz repetition rate
scanned the desired spectral range. The tuning voltage that
defines the sub-threshold current was applied in the shape of a lin-
ear ramp with an offset to compensate for the initial bias of the
QC laser. A DAQ-1200 data acquisition card and LabView soft-
ware (National Instruments) was used to trigger the laser pulser,
set the sub-threshold current, and acquire spectral data. The num-
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Figure 3. (a) Example of an acquired data set after automat-
ed baseline correction and fitting with the previously tabulat-
ed function (See section on “Experimental Activity’). The fit-
ting yielded a 6.7 ppm NH; concentration in the sample. The
fit residual is shown in (b).

ber of pulses in a scan was limited by the capabilities of this card.
The repetition rate was limited by the gated integrator (Stanford
Research Systems, model SR250) used as an interface between
the fast IR detector and data acquisition card. The scans followed
each other with ~50% duty cycle because of computer soft-
ware/hardware limitations. In most sensor runs, data were ana-
lyzed to determine the NH, concentration after acquiring and
averaging 400 scans. The measurement sequence was repeated
every four minutes.

The position of NH; absorption lines provided an absolute fre-
quency reference for frequency calibration. The frequency scale
was linearized by means of interference fringes from two air-sep-
arated uncoated ZnSe surfaces. The scan length was set to 0.75
cm! in order to observe simultaneously the 992.4503 and
992.6988 cm! lines. By using data acquired at relatively high
NH; concentration, researchers determined that the QC laser pos-
sessed a linewidth of ~0.02 cm! with an asymmetric shape. This
broad, asymmetric laser line shape makes traditional analysis of
spectra by fitting the lines with either Lorentz or Voigt functions
inapplicable. Instead, the following procedure was used:

1.A reference spectrum in terms of base e absorbance was
acquired using a N,:NH; mixture containing ~100 ppm of NH;.
The actual concentration of NH; in this reference sample was
determined by comparing the area of the absorption lines (adv,
where o [cm-!] is the absorption coefficient) to the area pre-

dicted by the HITRAN database for the same temperature. The

spectrum was then stored in the computer memory as a function

y; = fli), where i is a data point number (i.e., a number of the

corresponding laser pulse in the frequency scan). This function

results from the convolution of the real absorption spectrum and
the laser line-shape.

2. A spectrum of the gas sample containing an unknown concen-
tration of NH; was acquired at the same pressure and tempera-
ture.

3. Using a high concentration reference spectrum, three (almost)
absorption-free parts of the spectral scan were defined (i.e.,
between and to both sides from the two NH; absorption lines).
The baseline of the low concentration, unknown gas sample
spectrum was determined by fitting a sixth order polynomial to
the corresponding segments of its spectrum. The fractional
absorption, y;, of the unknown sample was computed extending
the baseline under the two absorption lines. 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

yi = Bfli-x) +b D
was found. The parameter x is introduced to compensate for
slow drift of the line positions on the scan because of slight vari-
ations of the laser temperature. The b parameter helps to partial-
ly correct for an error in the baseline interpolation. Usually the
fit resulted in b = 0. The parameter B yields the concentration
in the test gas sample relative to the reference gas sample.

In order to perform the fitting in step 4, we modified a LabView

procedure “Nonlinear Lev-Mar Fit.vi” so that it can use a tabulat-

ed function instead of an analytic expression. An example of the

fitted data is presented in Fig. 3. 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 = 7.14x10-4 frac-
tional absorbance (with a 10 s data acquisition time).

The 1 Mhz-equivalent sensitivity was 3.2x104 Hz-12 after
applying normalization to the repetition frequency (i.e., the
square root of the frequency ratio). The primary source of noise in
our measurements is attributed to fluctuations of the laser pulses
energy. Two-channel detection can be used if improved sensitivi-
ty is required for a specific application. In a separate experiment,
we could obtain at least one order of improved sensitivity by nor-
malization to a reference channel.

Real-time determination of the actual trace gas concentration in
a system such as the atmosphere or bioreactor, as reported in this
work, can be made more accurate by taking 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 concentration in the system. For this system,
the actual NH; concentration is not expected to exhibit stochastic
fluctuations every four minutes as measurements are performed.
Changes in the bioreactor occur on a time scale of hours.
Ammonia absorption and desorption from the walls of the tubing
connecting the sensor to the system add further inertia to the
measurements. Therefore, mathematical filtering that removes
part of the high-frequency variations from one measurement to
the next should improve the measurement accuracy.

To discern slow trends in concentration in real time, a Kalman
filtering technique’ can be applied to trace gas measurements for
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various slow-changing systems. With an appropriate choice of fil-
ter parameters, such filtering has been shown to reduce the scatter
greatly.*” An important advantage of the Kalman filter over more
common averaging techniques is that it keeps track of the whole
measurement history without retaining all the previous data in
memory and acts in real time, thereby providing a corrected con-
centration value after each measurement. It is especially useful if
the measured concentration is used to control the system via a
feedback loop.

The QC-DFB laser based NHj sensor described here was used
to continuously monitor NH; concentration levels in bioreactor
vent gases for more than 72 hours at NASA-JSC. The detected
NH, concentration never exceeded a 0.5 ppm level, which was
considered satisfactory in terms of bioreactor performance.

Conclusions

We have designed a compact portable ammonio sensor based on
a thermoelectrically cooled pulsed QC-DFB laser operating at
~10 pm. This device was applied to NH; 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
present sensitivity can be considerably improved by adding a sec-
ond infrared detector. Such a two-beam configuration will cancel
the noise caused by laser shot-to-shot energy fluctuations.
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Special Note
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continue to contribute to the advancement of technology in
Houston.
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