Appl. Phys. B 72, 947-952 (2001) / Digital Object Identifier (DOI) 10.1007/s003400100549

Applied Physics B
Lasers
and Optics

Ambient formaldehyde detection with a laser spectrometer based on
difference-frequency generation in PPLN

D. Rehle!-*, D. Leleux', M. Erdelyi!, F. Tittel'-**, M. Fraser2-***, S. Friedfeld?****

IRice University, Department of Electrical and Computer Engineering, MS 366, 6100 Main Street, Houston, TX 77251-1892, USA
2Rice University, Department of Environmental Science and Engineering, MS 317, 6100 Main Street, Houston, TX 77005, USA

Received: 8 November 2000/Revised version: 30 January 2001/Published online: 21 March 2001 — © Springer-Verlag 2001

Abstract. A laser spectrometer based on difference-frequency
generation in periodically poled LiNbO; (PPLN) has been
used to quantify atmospheric formaldehyde with a detec-
tion limit of 0.32 parts per billion in a given volume (ppbV)
using specifically developed data-processing techniques.
With state-of-the-art fiber-coupled diode-laser pump sources
at 1083 nm and 1561 nm, difference-frequency radiation has
been generated in the 3.53-um (2832-cm™!) spectral region.
Formaldehyde in ambient air in the 1- to 10-ppb V range has
been detected continuously for nine and five days at two sep-
arate field sites in the Greater Houston area operated by the
Texas Natural Resource Conservation Commission (TNRCC)
and the Houston Regional Monitoring Corporation (HRM).
The acquired spectroscopic data are compared with results
obtained by a well-established wet-chemical 0-(2,3,4,5,6-
pentafluorobenzyl) hydroxylamine (PFBHA) technique.

PACS: 42.68.A;42.62.F

High concentrations of ground-level ozone are commonly
measured in many urban centers. Summertime peak concen-
trations in excess of National Ambient Air Quality Stan-
dards impact both human health and ecosystem welfare. New
air-quality measurements that incorporate precise measure-
ments of individual trace organic compounds involved in
ozone chemistry need to be developed and used to advance
the understanding of ozone formation. One of the more im-
portant species in the study of ozone atmospheric chemistry
is formaldehyde (HCHO), a precursor to atmospheric ozone
production, present at concentrations of 2—20 parts per bil-
lion in a given volume (ppb V) [1]. HCHO is also used as
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an industrial chemical, is directly emitted from motor ve-
hicles as a result of incomplete fuel combustion [2], and
is produced by the photochemical oxidation of volatile or-
ganic compounds (VOCs). In urban environments that com-
monly exceed ozone standards, including Los Angeles, At-
lanta, and Houston, monitoring of HCHO distribution and its
daily concentration cycle is an important validation of air-
quality models that simulate the complex chemistry of ozone
formation.

To achieve a better understanding of the origin of formal-
dehyde-formation processes and degradation, methods used
to quantify ambient concentrations of formaldehyde must
be improved. Techniques commonly used for formaldehyde
quantification rely on chemical sorption of HCHO in large
air volumes with 2,4-dinitrophenylhydrazine (DNPH) and
require sampling times of several hours [3,4]. Recent ad-
vances include a measurement technique employing a Nafion
membrane scrubber and fluorometric quantification which
provides accurate data within a few minutes [5]. Real-
time, accurate concentration measurements of formaldehyde
have been made using tunable diode-laser absorption spec-
troscopy (TDLAS) on the fundamental ro-vibrational lines
with cryogenically cooled lead-salt diode lasers operating
near 2831 cm~!(3.5 um) [6-9], Fourier-transform infrared
spectroscopy (FTIR), and differential optical absorption spec-
troscopy (DOAS) [10, 11]. However, the complexity of these
instruments and their need for cryogenic cooling have limited
real-time measurements of atmospheric formaldehyde [12]
with these techniques to a few expert groups worldwide.

In this work, a portable, cw, high-power gas sensor using
diode-laser-pumped difference-frequency generation (DFG)
is reported. This device is based on our previous efforts to de-
velop such a mid-infrared spectroscopic source [13—16] and
allows for accurate, instantaneous measurements of atmo-
spheric formaldehyde [17]. Although DFG-based gas sensors
have advantages such as noncryogenic operation, intrinsic
wavelength stability, and good beam quality, which are essen-
tial characteristics for their use as portable, compact devices,
their low cw power (< 5 uW) has limited their minimum
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detection sensitivity to date [18]. To increase the available
power of tunable infrared radiation produced in such a sen-
sor, a DFG architecture was developed that is based on two
frequency-stable diode lasers at 1083 and 1561 nm which are
amplified by high power Yb and Er/Yb fiber amplifiers [19],
respectively. Tunable, narrow-line-width (< 60 MHz) mid-
infrared radiation can be routinely generated at power levels
of up to 580 uW [20,21]. This significantly higher power
capability allows the use of an optical-noise-reducing dual-
beam absorption configuration that employs two DC-coupled
Peltier-cooled HgCdTe (MCT) detectors and a 100-m ab-
sorption path length in a low-volume (3.3 £) astigmatically
compensated Herriott gas cell. Seiter and Sigrist [22] reported
an on-line analysis of CHCO traces near 3.53 um with a de-
tection limit of ~ 8 ppb using a 36-m multi-pass cell and
a pulsed DFG-based spectroscopic source.

1 Experimental setup

The DFG gas-sensor configuration used in this work is de-
picted in Fig. 1. The two primary mixing single-frequency
diode lasers are a fiber-pigtailed 2-mW 1561-nm distributed
feedback (DFB) telecommunications diode laser and a fiber-
coupled 50-mW 1083-nm distributed Bragg reflector (DBR)
diode laser, respectively. An Er’*-doped fiber pre-amplifier
increases the 1561-nm seed power to 30 mW to saturate the
gain in a 0.65-W Er/YDb fiber amplifier. The 1083-nm diode
seeds a 50-mW Yb preamplifier, the output of which in turn
saturates the gain of a 1.6-W Yb amplifier. The two pump
channels are then combined into a single optical fiber using
a 2-port beam combiner or wavelength-division multiplexer
(WDM). The difference-frequency mixing occurs on a sepa-
rate optical parametric frequency-conversion stage for prac-
tical considerations. The fiber-delivered beam is imaged by
a 1-cm focal-length achromatic lens (L) into the 19-mm-long
anti-reflection-coated LiNbO3; (PPLN) crystal. A 5-cm focal
length CaF, lens collimates the difference-frequency radia-
tion exiting the PPLN crystal. The collimated beam obtained
from the lens is divided into two beams by a ZnSe wedge.
The primary beam is directed to a MCT detector located after
the multi-pass cell, and the reference beam is incident onto
the second MCT. This dual-beam technique allows the op-
tical fringes that arise from etalons in the imaging lens and
PPLN crystal to be minimized by ratioing the signals of both
detection channels. Spectral lines are acquired by DC modu-
lation of the 1560-nm diode laser (triangular waveform at 0.1
to 1 kHz). The pre-amplified signal from the two channels is
acquired simultaneously by the use of two analog-to-digital

converter (ADC) data-acquisition cards and then recorded by
a notebook PC.

2 Experimental results

The DFG source delivered an optical output of up to 640 uW
narrow-bandwidth radiation after the PPLN crystal. Due to
reflection losses by the collimating CaF, lens and Ge filter
the spectrometer can operate with a maximum DFG power
of 580 W as measured after the Ge filter. In Fig. 2 the DFG
power is plotted as a function of the pump power product as
measured in front of the crystal. A slope efficiency of (0.8 &
0.04) mW/W? can be deduced from the graph, which corres-
ponds to a DFG conversion efficiency of 0.42 mW/(W? cm)
for a 19-mm-long crystal. The measured slope efficiency is
comparable with a value of 0.76 mW/ (W2cm) [23] expected
from theory. From previous spectroscopic measurements the
line width of the system is estimated to be < 60MHz on
a time-scale of 2 min [24]. The long-term line stability over
a 24-h period was measured to be 1.5 x 1072 cm~!. The op-
tical output power available for the field experiment was
300 wW with a stability of 20%. This is due to the fact that the
fiber amplifiers provide less output power at the elevated and
daily varying temperatures to which they are exposed in the
field. Long-term power variations in the data channel could
reach up to 50% due to misalignment caused by thermal ef-
fects in the optical multi-pass cell.

The formaldehyde-concentration measurements reported
in this work were obtained over a period of 9 and 5 days,
respectively, at two environmental monitoring sites located
at Deer Park 2 C35/139 [25] operated by the Texas Natu-
ral Resource Conservation Commission (TNRCC) and Chan-
nelview HRM-3 Haden Road C603/114 [26] operated by the
Houston Regional Monitoring Corporation (HRM). Ambient
air is sampled 4 m above the ground via a 5-m-long 1/2”
PFA tube and pumped into the 100-m effective path length
multi-pass gas cell. The pressure in the multi-pass detection
cell was controlled at (4040.5) Torr. The airflow provided
a complete gas exchange in the 3.3-¢ gas cell every 10s.
The DFG-based spectrometer was maintained at 25-28 °C
in an air-conditioned trailer, while the outside temperature
typically varied between 24 and 32 °C. The sensor was con-
figured to automatically acquire a HCHO-concentration value
every 100s as an average of 2000 measured spectra. Dur-
ing the 9-day operation of the sensor at the Deer Park site
there were several outages due to unscheduled work in the
trailer by TNRCC personnel. At the Channelview site, 5
days of uninterrupted measurements were performed. The
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Fig. 2. DFG slope efficiency of the two-stage-amplifier-powered PPLN sys-
tem. The efficiency, at 0.8 mW/W?, is derived from the pump power
product plotted as a function of DFG power

data were written to a file and saved on a notebook com-
puter. A modem connection provided convenient remote ac-
cess to control the sensor operation and to read the data
online.

3 Data processing

To detect, quantify, and measure HCHO gas concentration
levels, the Lambert-Beer relation I, = I, o exp[S(T )g(v —
vo) NL] was utilized, where I, is the mid-infrared DFG in-
tensity at frequency v, measured after propagating a path
length L through a medium with an absorbing species of
number density N. The strength of the absorption is deter-
mined by the temperature-dependent line strength S(7") and
the line-shape function g(v—vp). The line-shape function
describes the temperature- and pressure-dependent broad-
ening mechanism of the fundamental line strength. The
temperature dependence of the line strength arises from
the Boltzmann population statistics governing the inter-
nal energy-level population distribution of the absorbing
species.

A given absorption line is characterized by its integrated
line strength S in terms of the absorption cross-section, o(v):

S= /ooa(v)dv, (D
0

which is independent of pressure (but not of temperature).
The line shape depends on sample pressure and temperature.
At high pressure and low temperature, collision broadening
dominates, resulting in a Lorentzian line shape:

O a—

oo(vy) = —————,
7 [(v=v0)* +1{]

where y1 is the half-width at half-maximum (HWHM) of the

line shape and vy is the line-center frequency. The line width

y1, varies with pressure p and temperature 7 approximately
according to:

(@3]

Yb =10 (p/P0) (To/T)? , 3)
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where yp,is the value of y at a standard pressure of Py =
1013 hPa and temperature of 7Ty = 296 K. As the sample pres-
sure is reduced the pressure-broadened line width decreases
until, at pressures below a few torr, Doppler broadening dom-
inates and the line shape becomes Gaussian:

S v—19)*1n2

op(v) = — [(In2) /7]* exp [—%} : 4)
YD YD

The Doppler width yp is given by:

yb = [2kT(n2)/M]? wo/c (HWHM), 5)

where M is the molecular mass and c is the velocity of light.

In this work, the optimum sampling pressure for HCHO is
a compromise between sensitivity (optimum at high pressure)
and selectivity (optimum at low pressure). As the sampling
pressure is reduced, the sensitivity does not decrease signifi-
cantly below the value at atmospheric pressure until a point
at which Lorentzian and Doppler line widths are equal (typ-
ically between 10 and 50 Torr). This is the pressure at which
this HCHO sensor was normally operated (i.e. 40 Torr). In
this pressure range the line shape can be described as a con-
volution of Lorentzian and Doppler line shapes known as
a Voigt profile. This can be expressed in terms of a complex
error function, but since this is difficult to evaluate, it is often
convenient to use an approximation first reported by Whit-
ing [27] and further developed by Brassington [28]:

ov(v) =0y (v9) {(1 —x) exp (—0.693y%)
+x/ (1+y))+ () }. (6)

where

(*) =0.016(1 _X)X[exp (—0.0841y2'25)
—1/(1+40.0210y*%) |

with x =y /yv and y =| v—vg | /yv. The line width yy of
the Voigt profile is given approximately by:

1
w = 0.5346y1 + (0.2166)2 +15)>  (HWHM) (7)

and ov (1), the cross-section at the line center, is given by:
ov(vo) = S/ [2yv (1.065+0.447x+0.058x%)] . ()

The Voigt profile tends to a Lorentzian profile at high pres-
sure (x = 1) and to a Doppler profile at low pressure (x = 0)
and is thus the general form of the line shape. This ap-
proximation accurately describes the full Voigt convolution
to within 1%-3% depending on the location in the profile.
For this experiment, the Voigt-profile approximation given by
(6)—(8) was used employing the Levenberg—Marquardt non-
linear least-squares fitting algorithm. The fitting routine was
written in Labview®code. The fitting algorithm first calcu-
lates the natural logarithm of the ratio of the detected in-
tensity in the data channel versus intensity in the reference
channel 1,/1,. This ratio gives the logarithm of the trans-
mittance of the signal. Due to power changes in both data
and reference channels within each scan, even after nor-
malization of the data the baseline is not flat and must be
modeled.
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Fig.3. Normalized HCHO absorption spectrum (single data points) ob-
tained in the field and a 2-line Voigt fit with the Doppler width fixed at
1.436 x 1072 cm™! (FWHM) as given by HITRAN [29]

Therefore, the algorithm then simultaneously performs
a Levenberg—Marquardt nonlinear least-squares fit to a cubic
baseline and two adjacent formaldehyde ro-vibrational tran-
sitions. A typical normalized spectrum acquired in the field
with fitted baseline (dots) and a modeled 2-line Voigt profile
(solid line) are shown in Fig. 3. The modeled Voigt profile
has a x2 error of 3.4272 x 10~'* indicating a concentration
and uncertainty of (8.49+0.57) ppb V. The measured uncer-
tainty (o) of 0.57 ppb V is larger than the detection limit of
0.32 ppb V and is due to the noise induced by field conditions.
The molecular HCHO transitions used in this work occur
at 2831.6417cm~" and 2831.6987 cm™!, respectively. These
lines were selected because they are free from interference of
other molecular transitions, in particular H,O and CO, [21].
The bigger peak enables low-concentration measurements of
formaldehyde, whereas the smaller peak provides additional
information that can be used to improve the precision and ac-
curacy of the HCHO-concentration measurements. Since the
a priori distance between the peaks as well as their locations
are given by the HITRAN [29] spectroscopic database, this
allows the calculation of the frequency tuning per point in
the algorithm. The line intensities S of both peaks as well as
their ratio, and the Voigt line width 2y of 1.436 x 102¢m™!
(full-width at half-maximum (FWHM)) are also known from
HITRAN. To determine the concentration of the HCHO sam-
ple gas, Lambert—Beer’s law must be solved for N, where

N =1n(L,o/1,) S(T )g (v—wo) L. €))

In this experiment, the effective optical path length L is
100 m. To obtain the concentration ¢ in ppb V, N is used in
the following equation:

clppb V1 = 10°NT[K]/ (N p[hPa]) , (10)

where the Loschmidt number N = 9.68 x 10'8 relates N
(total number of molecules) to volume at the specified tem-
perature and pressure.

4 Performance

To determine the best time resolution of the DFG spectrom-
eter, an Allan variance measurement shown in Fig. 4 was
performed in the laboratory [21,30]. This measurement was
performed using the Herriott multi-pass cell open to ambient
laboratory air containing a calculated HCHO concentration of
5 ppb V. Absorption spectra were collected in packets of 100
averages, which represents a data-integration time 7 of 1 s and
then are subsequently summed into bigger packages in order
to simulate an increasing integration time. Figure 4 shows
the variance of the acquired spectra compared to a modeled
Voigt profile depending on the integration time of the meas-
urement. Figure 4 indicates that the optimum integration time
Topt 18 20's, which gives an optimum standard deviation of
oopt = 0.32 ppb V (as marked with an arrow). This integration
time represents an optimum number of 2000 averages. This
was the number that was used to acquire the formaldehyde-
concentration values in the field experiments. At shorter time
periods the Allan variance increases inversely proportionally
to T due to the dominant influence of white noise (marked
with a dashed line).

The relation between DFG power, noise, and precision of
the HCHO-concentration values was investigated. Figure 5
shows the signal-to-noise ratio (SNR) of the spectra as a func-
tion of DFG power, from which it is evident that there is
a linear relation between power and signal-to-noise ratio up to
18- W power. At higher power levels the SNR is independent
of the DFG power incident on the detector. A maximum SNR
of 37 is achievable with this sensor, which results in a detec-
tion limit of 0.32 ppb V at a concentration level of 7.0 ppb V.

5 Discussion
The described sensor was used for automated monitoring of

formaldehyde in ambient air at two field sites, Deer Park
and Channelview, in the Greater Houston area as shown
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Fig.4. Allan variance calculated from a measurement of HCHO with
a concentration of 5 ppbV. The variance at different integration times was
obtained in 100 sample bins and a subsequent fitting of the spectra to
a modeled Voigt profile. The dashed and solid lines indicate an optimum
integration time of 7o = 20's, which yields a detection limit expressed in
terms of the standard deviation oop = 0.32 ppbV



in Fig. 6. The HCHO-concentration data in ambient air ob-
tained in the 9-day campaign at the Deer Park 2 C35/139
site are depicted in Fig. 7a. A 15-min rolling average (solid
line), together with the measured concentration values (dots),
is plotted. For comparison, results of simultaneously per-
formed 24-h averaging measurements with the established
wet-chemical 0-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine
(PFBHA) technique are shown as horizontal bars. The gen-
eral agreement between the two trace-gas detection methods
is apparent. Concentrations measured by the DFG system
vary between 0 and 20 ppb V, although most values range
from 2 to 8 ppb V. On a short time-scale (1 h) there is a varia-
tion in the HCHO concentration of about 2—4 ppb V, and only
1-2 ppb V when considering the rolling average. Hence it is
evident that there is no apparent formaldehyde-concentration
change occurring on a time-scale of one (or more) hours, even
up to a 24-h period, especially considering the fit precision
of 0.57 ppb V calculated from Fig. 3. Thus, the DFG meas-
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Fig. 5. Relationship between DFG power and the SNR of HCHO spec-
tra. A linear relationship between power and SNR exists up to 18 uW. At
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Fig.6. Map of the Greater Houston area indicating locations of the two

monitoring sites, Deer Park and Channelview. These sites are located near
the Houston Ship Channel, a major industrial center
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urements, on the order of minutes, add considerably to the
understanding of HCHO atmospheric chemistry. The fluctu-
ations that occur on such a small time-scale are seen only
by the DFG technique, and are hidden by day-long wet-
chemistry sampling methods. Figure 7b shows the ambient
ozone concentrations measured by the TNRCC instrumen-
tation in the same time period. The correlation in the data
shown in Fig. 7a and b confirms the intertwined sources and
atmospheric chemistry of ozone and formaldehyde. The sharp
increase of both formaldehyde and ozone on 18 June 2000
was detected immediately after a heavy thunderstorm. These
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Fig.7. a Time-resolved HCHO-concentration measurements taken over
a nine-day period [6—20 June 2000] at the Deer Park monitoring sta-
tion. The HCHO measurements are indicated as follows: DFG laser spec-
troscopy, dots; a 15-point rolling average, solid line; and wet-chemical
analysis, bars. b Related ozone concentrations, also taken at Deer Park, as
measured by the TNRCC during the same time period
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figures seem to suggest the importance of real-time measure-
ments of HCHO, since the correlation between HCHO and
simultaneously measured ozone can be studied.

The data from the Deer Park site are from an urban area
with environmentally determined HCHO-concentration lev-
els. In comparison, the measurements carried out at Chan-
nelview HMR-3 show an HCHO history at an emission site in
a predominantly industrial area. As depicted in Fig. 8, HCHO
concentrations reach up to 45 ppb 'V in the early afternoon,
which indicates that there might be a local formaldehyde
source, while the background concentration is ~ 5 ppb V.

6 Conclusions

Formaldehyde-concentration measurements using direct ab-
sorption laser spectroscopy have proved to be a sensitive and
effective method for online trace-gas monitoring. While the
accuracy of the determined concentrations is comparable with
results from conventional wet-chemical techniques, the de-
scribed DFG sensor offers excellent time resolution on the
order of seconds and permits unattended continuous opera-
tion for long periods of time. The inherent maintenance-free
design of a tunable infrared DFG-based diode-laser spectrom-
eter and the capability of remotely controllable computerized
operation make such instrumentation a convenient, robust
tool for mobile trace-gas detection.
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