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Abstract Using recently developed GalnAsSb/
AlGalnAsSb DFB lasers, tunable diode laser spectroscopy
(TDLS) has been extended into the 3-um wavelength re-
gion for the detection of acetylene impurities in hydro-
carbon compounds encountered in ethylene manufacturing.
Measurements of acetylene in pure polymer grade ethylene
and in a gas mixture of ethylene and ethane typical of the
process stream around a hydrogenation reactor have been
performed. Using a procedure incorporating subtraction of
a hydrocarbon background spectrum a detection limit of
5 ppbm was achieved under ordinary laboratory conditions.
Under forced temperature cycling conditions, the detection
limit deteriorated to 180 ppbm, due to temperature drift
caused by optical interferences generated by reflections in
the laser TOS can.

1 Introduction

Tunable diode laser spectroscopy (TDLS) is a versatile tech-
nique for detection of molecular constituents in gas phase

P. Kluczynski - S. Lundqvist ()

Siemens AB, IIA SLA R&D, Box 14153, 400 20 Goteborg,
Sweden

e-mail: stefan.lundqvist@siemens.com

M. Jahjah - S. Belahsene - Y. Rouillard - A. Vicet
Institut d’Electronique du Sud, Université Montpellier 2, 34095
Montpellier, France

L. Nihle - M. Fischer - J. Koeth
Nanoplus GmbH, Oberer Kirschberg 4, 97218 Gerbrunn,
Germany

O. Axner - J. Westberg
Department of Physics, UmedUniversity, 907 81 Umed, Sweden

under various conditions. The short response time offered
by the technique makes it particularly suitable for online
real-time gas process control applications. In general, such
process control has the potential to improve the efficiency
of many types of industrial processes, in particular hydro-
carbon manufacturing, by improving on the quality of the
produced products and reducing the amount of product out
of specification that is sent downstream in the process. This
in turn, leads to reduced production costs, primarily due to a
lower consumption of raw material and reduced energy con-
sumption.

The standard analysis methods for process monitoring
applications in the petrochemical industry are presently
based upon gas chromatographs (GC) or extractive nondis-
persive infrared (NDIR) sensors, which both have response
times on the order of minutes. Such response times are
too long to allow efficient real-time process control; pro-
cess control requires instead response times in the second
range. The short response time offered by the TDLS tech-
nique therefore has the potential to improve the efficiency
of many hydrocarbon manufacturing processes.

Presently the majority of TDLS analyzers utilize transi-
tions in the near-infrared (NIR) range where telecom grade
DFB lasers are readily available. The present applications
for TDLS analyzers found in the hydrocarbon processing
industry, e.g., for detection of humidity in natural gas, all
use lasers with a wavelength between the near-infrared up
to the 2.8-um region [1]. However, such transitions are in
general weak over-tones, which give the technique an insuf-
ficient sensitivity for many types of applications. In order to
compensate for the low line strengths of the over-tone tran-
sitions, complex multipath cells have to be used [2, 3]. In
addition, many of the hydrocarbons present in typical pro-
cess streams lack resolved absorption lines at shorter wave-
lengths. Much would therefore be gained if hydrocarbons

@ Springer


mailto:stefan.lundqvist@siemens.com

428

P. Kluczynski et al.

instead could be addressed on their fundamental vibrational
bands. Unfortunately, there has been a lack of suitable room
temperature single-mode diode laser sources emitting in the
wavelength range of these bands, i.e., in the 3 to 3.5 um
range. This has so far been a limiting factor in the applica-
tion of TDLS instrumentation to the hydrocarbon processing
industry.

However, during the last few years, the operational
wavelength range for room temperature single-mode anti-
monide lasers has been extended beyond 3 um. Moreover,
room temperature DFB lasers based on the quinary alloy
GalnAsSb/AlGalnAsSb lasing at wavelengths up to 3.4 um
with low or moderate threshold currents (<100 mA) have
recently been developed [4, 5]. This development is very
promising since it enables the development of high sensitiv-
ity TDLS analytical instrumentation for detection of several
important hydrocarbons [6].

Light olefins, such as ethylene (C>H4, also referred to
as ethene) and propylene (C3Hg, also termed propene), are
basic building blocks used in the modern petrochemical
and chemical industries. They are produced mainly from
petroleum-based feed stocks by steam cracking. The major-
ity of the ethylene and propylene produced is used in the
production of polymers. There are many important analyzer
tasks in olefin and polyolefin production such as monitor-
ing of the purity of the feedstock materials and optimization
of the hydrogenating process [7]. Ethylene is today the or-
ganic component that is industrially produced in largest vol-
umes, and it is used in many petrochemical processes, e.g.,
for manufacturing of polyethylene. Acetylene is an impurity
in the cracking process used to manufacture ethylene. In or-
der to ensure the quality of the wide range of petrochemical
products based on ethylene, especially polyethylene plas-
tics, it is important to monitor and assess the presence of
impurities, in particular acetylene. In this context, there are
two issues that are of particular interest; viz. monitoring of
acetylene impurities in pure ethylene and in the hydrogenat-
ing process.

The monitoring of acetylene impurities in pure polymer
grade ethylene is made to verify the ethylene plant product
as a quality control during custody transfer, or to verify the
quality of the polymerization plant feed. The required mea-
surement range for CoHy in pure ethylene is in the 0-5 ppm
range.

The dominant method for removing acetylene from ethy-
lene is through selective hydrogenation. The acetylene con-
verter contains a catalyst that induces a reaction between
acetylene and hydrogen to form ethylene. The desirable re-
action is to form ethylene from the acetylene, in a process
using hydrogen, CoH; + Hy — C,H4. However, there is
an optimum condition for the reaction; if the reaction is
incomplete, one gets too much CyHj, if the reaction goes
too far, some of the ethylene is converted to ethane by the
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CoHy4 + Hy — CyHg process [8]. Hence, to optimize the
production process of polyethylene, an online monitoring of
the acetylene concentration is needed. The acetylene content
should preferably be reduced to less than 5 ppm at the outlet
of the converter. This implies that the required measurement
range of CoHj in the hydrogenating process is likewise in
the 0-5 ppm range, although in this case the gas matrix at the
outlet of the hydrogenating converter constitutes a hydrocar-
bon mixture dominated by methane, ethane, and ethylene.

2 Selection of spectral region

Figure 1 shows an FTIR spectrum of gases typically found
in the production of light olefins. It is clear that the wave-
length region below 3.5 pum has large possibilities to be
used for various types of applications involving detection of
hydrocarbons, e.g., the monitoring of acetylene impurities
in ethylene. The strong and isolated acetylene lines in the
2975-3125 nm region would enable a TDLS sensor design
with excellent performance using a relatively short absorp-
tion path. Interfering hydrocarbons such as ethylene, ethane,
propane, and propylene are clearly separated from the acety-
lene band.

Using spectra from Hitran 2008 [9] an absorption spec-
trum from 1000 ppm acetylene in a hydrocarbon background
typical of a hydrogenating reactor (65% CHy4, 33% C,Heg,
and 100 ppm CHy4) for an interaction length of 10 cm at a
temperature of 25°C was computed. As is shown in Fig. 2, it
was found that several acetylene lines around 3.06 um were
sufficiently isolated and free from interferences from other
gases to be used for the detection of acetylene in hydrocar-
bon backgrounds. The Hitran 2008 spectra suggest that there
is virtually no interference from other hydrocarbons in the
gas matrix on the 3059.56-nm acetylene line. This transition
was therefore chosen as the pilot line for this study. In order
to investigate the achievable performance of this technique
for the two types of application discussed above, TLDS was
performed on acetylene in both pure polymer grade ethy-
lene and in a hydrocarbon background mixture typical of a
hydrogenation reaction system.

3 Experimental setup

To reach the selected acetylene line, we used a GalnAsSb/
AlGalnAsSb DFB laser emitting at around 3060 nm mounted
in a TO8 can with a sapphire window and with an integrated
thermoelectric cooler. The sealed package makes it possi-
ble to obtain a wide tuning range while avoiding damage to
the laser from condensation of humidity on the laser facet.
Figure 3 shows the characteristics of this laser. At 10°C the
threshold current is 60 mA, and the output power is 2 mW at
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an operating current of 140 mA. The side mode suppression
is better than 34 dB.

Figure 4 shows the experimental setup. To reduce the
optical interferences in the system, the laser was mounted
on a fixture that enabled a linear shift of the position of

3.0595 3.06 3.0605  3.061

Wavelength [um]

3.0615 3.062 3.0625 3.063

the entire laser assembly over more than 50 um, which is
sufficient to average out any etalon that can occur in the
measurement setup. The dithering frequency was 36 Hz,
which is asynchronous with the wavelength scan. The di-
verging beam from the laser was collimated by an F/0.53
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Fig. 3 Power-vs.-injection current dependences and an emission spectrum of the GalnAsSb/AlGalnAsSb DFB laser used

Fig. 4 Experimental setup Wave meter
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off-axis parabolic mirror with a focal length of 20.3 mm.
The laser beam was passed through a 15-cm gas absorp-
tion cell with wedged CaF, windows. Using an identical
off-axis parabolic mirror, the laser radiation was focused
on an InAs/InAsSbP detector (Roithner PD36-05-TEC). The
laser injection and Peltier currents were supplied by a com-
bined laser and thermoelectrical cooler (TEC) driver (ILX
LDC-3724). A suitable center frequency of the laser was
chosen by adjusting the temperature of the TEC. The laser
emission wavelength was verified using a wave-meter that
has an absolute accuracy of 2 x 107® and a resolution
of £0.001 nm (EXFO WA-1000-IR). The wavelength tun-
ing was realized via modulation of the injection current.
To perform Wavelength Modulation Spectroscopy (WMS),
a waveform generator supplied a triangular ramp of 23 Hz
and a 6 kHz sinusoidal modulation to the laser. The cali-
brated gas mixtures were made with a HovagaGas gas mixer
(IAS GmbH).
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4 Results

The laser tuning characteristics are shown in Fig. 5. The
frequency-vs.-current dependence was determined by re-
placing the gas cell with a 2.54 ¢cm (1”) germanium etalon
with a free spectral range of 1.43 GHz. The laser current was
varied between 112 mA and 175 mA while the WMS sig-
nal from the etalon was recorded. The measured response is
shown in Fig. 5a. The corresponding tuning of the laser, ob-
tained by a fit to the etalon trace, is illustrated in Fig. 5b. It
was found that the maximum mode-hop free tuning range
of this laser was 40 GHz. As is shown in Fig. Sc, the
current tuning (FM-index) for the 23-Hz sweep rate var-
ied from 0.26 GHz/mA in the beginning of the sweep to
0.815 GHz/mA at the end of the sweep. In order to avoid
distortion of the line shape, the part of the scan that has
a rapidly varying FM-index (and thereby a rapidly vary-
ing wavelength modulation amplitude) was avoided [10].
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Fig. 5 Wavelength tuning characteristics of the 3060-nm DFB laser

The scan over the acetylene line around 3059.56 nm was
finally achieved by using a laser temperature of 10°C and
an injection current that was modulated between 143 and
156 mA (for which the FM-index varied from 0.80 to
0.826 GHz/mA, i.e., 3%).

For the assessment of signal magnitudes, the plots were
linearized by the use of the detuning-vs.-current trace in
Fig. 5b. Using a curve fit routine, the dynamic FM-index
(i.e., the wavelength modulation index) around the posi-
tion of the acetylene line for a modulation frequency 6 kHz
was determined to 0.3 GHz/mA [11]. Since the laser was
run with injection currents for which the FM-index has a
weak current-dependence, and the wavelength modulation
was optimized with respect to the acetylene line, the varia-
tion of the FM index over the line leads to a maximum al-
teration of the 2f-signal amplitude of 0.05%, which gives an
insignificant influence on the line shape.

To assess the performance of the TDLS setup for the de-
tection of acetylene impurities in pure polymer grade ethy-
lene gas, a gas mixture consisting of 20 ppm C,H; in ul-
trahigh purity CoHy at a pressure of 962 mbar, referred to
as gas mixture I, was prepared. Despite the fact that neither
the FTIR spectrum in Fig. 1 nor the Hitran 2008 absorption
spectrum displayed in Fig. 2 showed any major interfering
lines from other hydrocarbons around the acetylene line at
3059.56 nm, initial TDLS-measurements revealed such an

Current [mA]

ethylene line centered at 3060.00 nm (which thus is not in
the Hitran 2008 database [9]).

In order to achieve a sufficiently accurate assessment of
the acetylene impurity level, TDLAS was performed with
a differential mode of detection so as to remove the ethy-
lene background in each acquired spectrum. A background
ethylene spectrum (referred to as reference spectrum I) was
recorded using ultrahigh purity certified ethylene (with a
guaranteed acetylene concentration below 0.1 ppm). The
recorded reference spectrum was then fitted to gas mixture I
with the amplitude and detuning as free parameters by min-
imizing the residual only over the part of the spectra that
does not contain any acetylene lines. In our case the spec-
tral region between 25 and 35 GHz was the optimum choice
since it contains a clear spectral feature (from ethylene for
the case where acetylene was detected in pure ethylene, and
from ethane and ethylene where acetylene was detected in
the ethane/ethylene gas mixture, as described below). After
the adjustment of the amplitude and the detuning the refer-
ence spectrum was subtracted from the measured gas mix-
ture spectrum. It was found that the best sensitivity of the
instrument was obtained by optimizing the amplitude and
detuning of the reference spectrum to each gas mixture spec-
trum individually since this allows for corrections of minor
fluctuations of laser center frequency as well as the ethylene
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Fig. 6 2f-WMS signal from the 100
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Figure 6 shows the 2f-WMS signal from gas mixture I
(blue curve), the reference ethylene spectrum (green curve),
and the residual differential TDLS spectrum (the inset, red
curve). The zero in the frequency scale corresponds to the
zero in the detuning curve in Fig. 5b, which implies that it
corresponds to a laser current of ~132 mA. Since the gas
mixture I contained 20 ppm (and the measurement cell was
15 cm), the signal in the inset corresponds to 3 ppm m. We
found that the measurement is limited by the remaining op-
tical noise from the setup and not by the quality of the sub-
traction of the reference spectrum.

Next, the detection performance of acetylene in a gas
mixture typical of a hydrogenation reactor was investigated
by measuring the 2f-WMS signal from 20 ppm of acetylene
in a gas mixture of ethylene (67%) and ethane (33%), re-
ferred to as gas mixture II. The mixture was prepared using
high-purity gases and a HovaGas gas mixer. A correspond-
ing reference spectrum (II) was taken using the ethylene
(67%)/ethane (33%) gas mixture. This reference spectrum
was subsequently fitted to, and subtracted from, the mea-
sured spectra from gas mixture Il by the procedure described
above. Figure 7 shows the 2f-WMS signals from acetylene
in gas mixture II (blue curve) and the corresponding refer-
ence ethylene/ethane spectrum (green curve), together with
the residual differential TDLS spectrum (inset, red curve).
This measurement also corresponds to 3 ppm m.

Figures 6 and 7 show that the differential spectra contain
an interference fringe pattern. The peak-to-peak (p—p) value
of these fringes are on the order of 200 ppb m, which is the
same as the level of the interference pattern measured on a
zero-gas sample. Since the background signals due to the op-
tical interferences (the etalon signals) could not be removed
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by the dithering of the laser, they were attributed to reflec-
tions inside the TO8 can including the sapphire window. It
is clear that the quality of the spectral fitting and subtraction
procedure is sufficiently high, so that we are limited by op-
tical noise also in this case. This implies that a path-length
longer than that used in these measurements (15 cm) would
improve the sensitivity.

In order to determine the actual sensitivity of the sys-
tem under different conditions, two series of measurements
on a zero-gas sample, each 22-hour long, were performed.
The first series was performed at constant room tempera-
ture, whereas the other was made while cycling the temper-
ature in the 18 to 30°C interval. Figure 8 shows the Allan
variance of these measurements normalized for a 1-meter
path length, expressed in units of (ppb)2. The Allan vari-
ance, aﬁ(r), first introduced by Allan in 1966 for charac-
terization of frequency standards, and then brought into the
field of TDLAS by Werle et al. in 1993 [12], constitutes
an assessment of the time stability of a measurement or a
measurement system. Since the Allan variance depends on
the difference between consecutive readings, each averaged
over a time 7, it is a function of the averaging time. As long
as the system is affected by white noise, as often is the case
for short integration times, the Allan variance decreases lin-
early in a loglog plot of oﬁ(r) versus t. However, for longer
integration times, other types of noise (flicker noise, often
of 1/f type, and drift, of 1/f“ type where a > 1) usually
show up (appearing in various types of background signals),
making the response to level-off (for flicker noise) and even
increase (for drifts). The average time for which the Allan
variance has a minimum represents the optimum integration
time of the system. Any further integration beyond that for
the minimum would bring in more 1/f noise and drift into
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Fig. 7 2f-WMS signal from 100
acetylene in gas mixture II
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the assessment and reduce the overall performance of the
system.

In this case, the Allan variance for a system at room tem-
perature [the lower (blue) curve in Fig. 8] does not follow
white-noise behavior for too long integration times for any
of the measurement series; instead, it “lifts off” from the
white-noise curve after some tens or hundreds of seconds.
This noise, which originates from the etalon effects inside
the TOS can, constitutes a drift component that contributes
already at short integration times (in the order of tens of sec-
onds). Since this drift component is due to a varying op-
tical interference pattern inside the TOS can, the drift will
be temperature dependent. The best detection limit under
a constant room temperature conditions was found to be
5.5 ppbm for an integration time of 100 s. However, this
limit is not applicable under longer periods of time since
the drift component starts to dominate for longer integration
times. It is therefore important to determine the maximum
amplitude of this drift as it will be the practical sensitivity
limit for long-term measurements.

When the system is placed in a temperature cycled envi-
ronment, the Allan plot shows that the drift component in-
deed starts to dominate already at shorter integration times
(already at around 10 s) and that it reaches a steady level of
around 180 ppbm for times longer than 2000 s. This level
therefore determines the practical long-term detectability of
the system. It is interesting to note that this is in good agree-
ment with the measurement of the p—p value of the inter-
ference pattern measured on a zero-gas sample, which was
found to be 200 ppm m. This implies that, during the tem-
perature cycling, the interference fringe pattern under the
acetylene line drifted in frequency by at least one full fringe
period.

10 20 30 40
Frequency [GHZz]

5 Discussion

Data retrieval in this work was performed by fitting and sub-
tracting a previously recorded reference spectrum from a
measured spectrum obtained in a gas mixture. An alteration
of the modulation index over the scan (due to nonlinear pro-
cesses in the laser) can give rise to distortion of the line,
which potentially can affect the accuracy and detectability
of the technique. However, since the background subtraction
procedure incorporates two spectra, measured under similar
conditions, the background subtraction procedure will not
be particularly affected by any spectral distortion. On the
other hand, since the line strengths of the individual lines in
the various spectra have different temperature dependences,
the shape of the reference spectrum will change with tem-
perature. Reference spectra should therefore be recorded at
several temperatures in the specified temperature interval,
and the particular spectrum corresponding to the conditions
of the actual measurement should be used in the subtraction
process. Since information about the process gas tempera-
ture is generally available from external sensors (in order
for the analyzer to calculate the actual gas concentration),
this should not be any problem.

6 Summary and conclusions

Detection of acetylene impurities in different hydrocarbon
backgrounds encountered in ethylene manufacturing has
been performed using tunable diode laser spectroscopy in
the 3-um wavelength region using a recently developed
GalnAsSb/AlGalnAsSb DFB laser. Measurements of acety-
lene in pure polymer grade ethylene and in a gas mixture of
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Fig. 8 Allan variance plot of the detection limit normalized to 1-meter
path length of a zero-sample measurements under constant room tem-
perature (blue curve) and temperature cycled conditions (green curve).

ethylene and ethane typical of the process stream around a
hydrogenation reactor have been performed. The hydrocar-
bon background was removed using a subtraction procedure
in which a reference spectrum obtained from either ultrahigh
purity certified ethylene or an ethylene/ethane gas mixture
was fitted to the part of the measured spectrum in which
there is no acetylene line. It was found that the detection
limit was 5 ppb m under constant room temperature condi-
tions, whereas it was significantly higher, 180 ppb m, under
enforced temperature cycling conditions, caused by optical
interferences generated by reflections in the laser TO8 can.
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