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ABSTRACT The residence-time of the flue gas in a furnace is an
important parameter for a complete and clean combustion. A new
method to determine the residence-time has been developed and
is presented for the first time. It is based on the injection of al-
kali compounds as a tracer. Alkali atoms that are produced by
thermal decomposition of the tracer are detected in the hot flue
gas after passage of the combustion facility. This is done without
any gas sampling using direct tunable diode laser based absorp-
tion spectroscopy. Different diode laser (DL) types (Fabry–Pérot
DLs, external-cavity DLs, and vertical-cavity surface-emitting
lasers) were analyzed and used to develop several spectrom-
eters for the in situ detection of lithium (671 nm), potassium
(770 nm), and rubidium (780 nm). Various spectrometers were
built for single- or multi-species detection using a single laser,
for time-multiplexed multi-species detection using two lasers,
and for multi-path detection at two different locations along the
flue-gas duct. To evaluate the system performance the potas-
sium atom background caused by the fuel was continuously
monitored in the post-combustion chamber (PCC) for several
weeks. A typical concentration range of 1 ng to 1 µg at STP
(800 ppq to 800 ppt; ppq= 10−15) was observed. By averaging
100 individual absorption scans the response time was 2.7 s. The
minimum detectable absorption was about 10−4 optical dens-
ity, corresponding to a detection limit of 4×1011 K atoms/m3

at 1200 K instead of ‘◦K’. (K(D2) absorption line; 1.9-m absorp-
tion path). This is equivalent to a detection limit of 0.1 ng/m3 at
STP or 80 ppq. The fastest response time (0.16 s) was achieved
by evaluating single absorption scans. Two combustion facili-
ties at the Forschungszentrum Karlsruhe (a batch combustor and
a 3-MW special waste incinerator with a rotary kiln followed by
a PCC) were investigated. Alkali chlorides were added to the
combustion chamber in different forms, of which short spray
pulses of an aqueous salt solution was the method of choice
for the residence-time measurement. Flow-time distributions
were measured and the mean residence-time was calculated for
various operation conditions. A simultaneous flow-time meas-
urement at two different locations (8.4 m/17.0 m from the tracer
discharge location) was realized with a binary K/Rb tracer and
a multi-species spectrometer. Mean residence-times of (15±
1) s and (26±1) s were observed and met the expected values.
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1 Introduction

One of the most important parameters for the de-
sign of continuously working reactors is the residence-time.
Combinedwith thereactionvelocity, itdetermines the turnover
rate or, respectively – at a given turnover rate – it determines
the size of the facility. In Germany several parameters have to
be monitored and kept above the limits according to the 17th
BImSchV for waste-incineration plants (1990). These are: the
temperature (850 ◦C, for halogenated materials 1200 ◦C), the
residual oxygen content (6 vol. %), and the residence-time of
the flue gas (2 s in the post-combustion chamber – PCC). Simi-
lar requirementsexist in theUSandCanada(USRule1989/91,
CCME Guidelines1992) [1]. Therefore, r esidence-time meas-
urements in combustion plants are of great relevance.

We propose to measure alkali atom concentrations, gener-
ated by thermal dissociation of tracers like alkali salts (espe-
cially the chlorides of lithium, rubidium, and potassium), in
order to determine the residence-time distribution of flue gas
in the high-temperature zone of combustion plants or other
high-temperature processes. Because K is usually present in
fossil fuels, we expect a permanent offset in the atom signal
above a certain minimum temperature. Li and Rb are usually
not present in fuels and can be used to avoid this offset.

An extractive measurement technique cannot be used to
monitor the alkali atoms due to the extreme reactivity of the
atoms, but optical detection is possible using direct tunable
diode laser based absorption spectroscopy (TDLAS). This
technique has been proven to be a versatile and robust method
for the in situ detection of gaseous species in technical envi-
ronments [2–5].

Due to the high oscillator strengths ( f = 0.25 to 0.73) of
the electronic transitions of the alkali atoms from the ground
state ( 2S1/2) to the first excited state (doublet: 2P1/2, 2P3/2),
TDLAS allows a highly sensitive detection (in the order of
106 atoms per cm3) of alkali metals. Other important facts
are the possibility of a direct determination of absolute ab-
sorber number densities without the need for calibration and
the compact, inexpensive, and robust instrument design pos-
sible with near-infrared diode lasers (NIRDLs). Diode lasers
with emission wavelengths suitable for all but one (Na) alkali
metals are available: Li (670.8 nm), K (769.9 nm, 766.5 nm),
Rb (794.8 nm, 780.0 nm), and Cs (894.5 nm, 852.1 nm).
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We employed and compared several diode laser types to
measure Li, K, and Rb: Fabry–Pérot diode lasers (FPDLs),
external-cavity diode lasers (ECDLs) and vertical-cavity
surface-emitting lasers (VCSELs). All lasers are wavelength-
tuned for acquiring continuous absorption profiles of the
atoms. Several laser absorption spectrometers have been con-
structed based on these laser types and were used for the
time-resolved in situ detection of Li, K, and Rb. Various meas-
urement scenarios were realized: (A) single-species measure-
ment in a single path, (B) multiple-species measurements in
a single path, and (C) simultaneous multi-species measure-
ments at different measurement locations. The multi-species
detection was realized as a dual-species measurement with
a single laser and by time-multiplexing multiple lasers in
a composite multi-color beam. Finally – to assess the capabili-
ties of these spectrometers – we conducted tracer experiments
at two combustion facilities of the Forschungszentrum Karl-
sruhe (FZK), Germany.

2 Method

Direct TDLAS is based upon a detection of the
spectrally resolved losses of wavelength-modulated near-
monochromatic diode laser light of initial intensity I0(λ)

propagating through the measurement volume containing
a number density, N, of absorbers. An extended Beer’s law
can be used to describe in situ absorption measurements:

I(λ, T, t)= I0(λ)e−S(T)g(λ−λ0)Nz Tr(t)+ E(t), (1)

where I(λ, T, t) – with λ=wavelength, T = temperature, and
t = time – is the resulting intensity after passage through
a probe volume of thickness z. The absorption line is char-
acterized by the temperature-dependent, spectrally integrated
line strength S(T) and by the line-shape function g(λ–λ0) cen-
tered at the wavelength λ0.

Two major problems have to be taken care of to perform in
situ measurements: the first is the time-dependent background
transmission Tr(t) of the measurement path. These losses
in laser light are caused by broadband absorption/scattering
by soot or particles, or refractive-index gradients. The high-
speed wavelength-tuning capabilities of diode lasers allow the
laser to be tuned much faster than typical fluctuations in Tr(t),
so that Tr(t) can be assumed to be constant within a single
wavelength scan and corrected by a simple division through
the baseline of the absorption signal. Another disturbance
common for in situ measurements is background (Planck) ra-
diation, which gives rise to an offset E(t) that can be largely
minimized by narrow-band optical filters. Furthermore, it is
compensated for by mathematical calculations using the am-
plitude modulation of the laser [3].

3 Diode laser characterization

Three diode laser types were used for these studies:
FPDLs at 670 nm, 770 nm, and 780 nm, ECDLs at 670 nm and
780 nm, and VCSELs at 767 nm and 770 nm.

For a precise determination of the absolute absorber dens-
ity and to achieve high stability, several laser parameters had
to be determined which were not supplied by the manufac-
turer: static wavelength tuning properties – with regard to

laser current, temperature, or piezo voltage. These were meas-
ured using a wavemeter (Burleigh WA-1000). By modify-
ing this wavemeter to allow an evaluation of the interference
pattern of the Michelson interferometer inside with a self-
made electronic circuit based on a Fourier transformation
and a mathematical compensation of the non-linear mirror
movement, we could simultaneously measure the emission
spectrum and hence the side-mode suppression. 1-cm and
10-cm air-spaced etalons served to determine the dynamic
wavelength tuning properties and their deviation from linear-
ity, which are needed to determine absolute number densities
from the detected absorption profiles. For the line-fitting pro-
cess the deviation from linear tuning needs to be small or it
has to be compensated for by calibrating the ‘local’ tuning
rate within the scan. To extract this parameter the number and
temporal positions of the maxima on the etalon transmission
signal are determined (see Figs. 1 and 3). This is done with
a LABVIEW program, which counts the maxima by detecting
the zero crossings with a negative slope of the first deriva-
tive of the etalon trace. The dynamic tuning curve of the laser
can be depicted by plotting the time at each zero crossing ver-

FIGURE 1 Dynamic tuning behavior of the 780-nm Littman ECDL dur-
ing an up-scan across the Rb(D2) line measured with a 10-cm air-spaced
etalon with 0.05-cm−1 FSR. The wavelength of the laser was modulated via
the piezo element with a 120-Hz triangular signal. A tuning coefficient of
(0.213±0.007) cm−1/ms = 0.043 cm−1/V was found. Mode hops marked
with ‘#’ occur near the end of the wavelength swing and limit the tuning
range to 0.65 cm−1

FIGURE 2 Side-mode suppression of our Littman ECDL at 670 nm meas-
ured with an optical spectrum analyzer
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FIGURE 3 Fringe pattern created by sending the radiation of a injection
current modulated VCSEL (for K(D2), 767 nm) through an air-spaced 1-cm
etalon with a free spectral range of 0.5 cm−1. The separation of the fringes is
used to determine the dynamic tuning coefficient of the laser, which is neces-
sary for a calibration free measurement of absolute absorber densities. The
fringe pattern also serves to determine the non-linear tuning behavior and to
calibrate the wavelength scale on the raw data. For a modulation frequency of
1.3 kHz we determine an average tuning coefficient of (41.9±1.2) cm−1/ms
or (5.51±0.15) cm−1/mA

sus the fringe index number multiplied by the free spectral
range of the etalon (0.05 cm−1 or 0.5 cm−1). Finally, a first-
and a second-order polynomial were fitted to the tuning curve.

3.1 FPDLs

FP-type AlGaAs lasers are conventional edge-
emitting diode lasers. The FPDL used by us (Mitsubishi-
ML4405 for K, ML4402 for Rb) showed a significant scatter
in the wavelength emitted by the individual laser and a dis-
continuous, staircase-like wavelength tuning (’mode hops’).
Therefore, all lasers had to be tediously selected with regard to
high spectral quality, i.e. single-mode-emission behavior, and
coverage of the desired absorption line. This selection became
even more complicated since some lasers showed only erratic
mode hopping (1 in 100 to 1 in 1000 scans), which would
falsify the signal if the scans were averaged. 100 s of single-
wavelength scans had to be analyzed to identify lasers which
show this behavior and to correct for occasional mode hops.
So, despite being relatively inexpensive, the cost of ownership
is largely increased for FPDLs by the need to select a suit-
able laser. For example, out of 60 ML4405 pre-selected by the
manufacturer for the 760- to 770-nm interval, 28 lasers emit-
ted between 764 and 770 nm at room temperature and only 12
lasers near 769.9 nm and 15 near 766.5 nm by choosing dif-
ferent operating temperatures and currents. Just three (5%)
of them had a suitable mode map that allowed a mode-hop-
free, single-mode scan of the K absorption line (1 for the D1
and 2 for the D2 line of K) [6]. For comparison, the selection
yield to find a ML4405 for a randomly chosen O2 line within
the A-band was about 30% [7]. Experiments to alter the mode
map of a FPDL (Hitachi HL6712, 670 nm) by temperature
stressing the laser were time consuming and not rewarding.

The wavelength of the selected ML4405 could be tempera-
ture-tuned by 108 cm−1. But more than 75% of this spectral
interval is not accessible because of mode hops. The typical
static continuous tuning range in between mode hops was only

∼ 1.9 cm−1. This range was further reduced under dynamic
current-tuning conditions to be 1 cm−1 at 1-kHz modulation
frequency.

3.2 ECDLs

To avoid the selection process mentioned above,
an external resonator can be used to force FPDLs to emit at
the target wavelength. To suppress the longitudinal modes of
the laser diode chip, which are caused by the high reflectivity
(30% to 40%) of the cleaved facets of the laser chip, the front
facet has to be antireflection-coated. Otherwise the single-
mode behavior is disturbed by the presence of three compet-
ing cavities [8]. Several dielectric layers coated on the facets
will result in a residual reflectivity of typically R < 0.02%.
Two different ECDL types are common.
1. In the Littrow configuration [9–11] the collimated laser

light is directed onto a holographic grating and the first-
order beam is reflected back directly into the laser diode,
while the light diffracted in the zeroth order is coupled out.
Wavelength tuning is achieved by tilting the grating. The
disadvantage is that this also results (A) in a tilt of the out-
put laser beam or (B) in a parallel shift when implementing
a beam-correction mirror.

2. The second external cavity concept is the Littman configu-
ration [12]. Here the first diffraction order from the grating
is not directly reflected into the laser but onto a planar
tuning mirror or a 90◦ prism, which closes the external res-
onator. The tilting angle of this mirror selects which light
is reflected back into the laser via the grating. Again the ze-
roth diffraction order is coupled out. Since the grating is
fixed and the mirror is used for tuning, the beam orienta-
tion remains unchanged. Furthermore, Littman lasers can
be tuned further without mode hops because higher-order
changes in the cavity round-trip length can be corrected
via the position of the turning point of the mirror.
ECDLs provide a very low line width in the order of sev-

eral hundred kHz (compared to 1 to 100 Mhz for monolithic
lasers) and a side-mode suppression of 30 to 40 dB as de-
picted in Fig. 2 for the ECDL Littman laser at 670 nm. Wave-
length tuning of ECDLs is – in contrast to monolithic laser
diodes like FPs, DFBs (Distributed feedback), or VCSELs –
accomplished by mechanical variation of the spectrally se-
lective feedback. While monolithic lasers can be tuned by
injection current and temperature changes only over relatively
narrow spectral ranges [13], it may be as much as 240 nm for
ECDLs [14]. Compared to monolithic DLs, the tuning speed
is limited (below 1 kHz) because of the necessary mechanical
movement of the tuning element. Linear periodic (triangular)
modulation may cause excitation of higher-order mechani-
cal vibrations that reduce the emission quality. A sinusoidal
mechanical movement is smoother for fast (1 kHz) modula-
tion but requires the linearization of the frequency axis of the
absorption profile. Despite the Littrow ECDL being easy to
align, cost effective, and having a larger output power than the
Littman ECDL, it is not suitable for our setup because of the
reduced beam-pointing stability.

Two ECDLs (Sacher Lasertechnik, TEC 500-675-5, TEC
500-780-20) in Littman configuration [15] were used for Li
and Rb(D2). No temperature or current tuning is needed be-
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cause of the external cavity. Thus the emitted laser power is al-
most constant under small wavelength excursions. Wide tun-
ing however reveals periodically structured amplitude modu-
lation (AM) due to the residual reflectivity of the AR-coated
facet. Rapid wavelength tuning over roughly 1 nm is achieved
via a piezo-electrical element. Figure 1 shows the dynamic
tuning behavior of the 780-nm Littman ECDL during an up-
scan across the Rb(D2) line measured with a 10-cm air-spaced
etalon with 0.05-cm−1 FSR. A 120-Hz triangular function
was used to drive the piezo element. A dynamic tuning co-
efficient of (0.213± 0.007) cm−1/ms = 0.043 cm−1/V was
found. The deviation from linearity is very low (1%). How-
ever, mode hops marked with “#” occur near the end of the
wavelength swing and limit the tuning range to 0.65 cm−1.

3.3 VCSELs

VCSELs are, in contrast to edge-emitting lasers,
pumped along the resonator axis by an annular contact. The
ring contact, with an inner diameter between 2 µm and 20 µm,
forms the emitting aperture. This leads to a circular, relatively
weakly diverging (∼ 12◦) beam that is free of astigmatism.
Due to their very thin gain region and short resonator length
they are longitudinally single-mode. However, they can emit
higher transverse modes if pumped too hard or if their emit-
ting aperture is too large. They have very low threshold cur-
rents (1–6 mA), which is good for battery-powered systems.
But they provide only rather low output power (100 µW to
1 mW), which is one limitation for using VCSELs for in situ
measurements in strongly scattering or absorbing environ-
ments with substantial light losses (I/I0 < 10−3).

They offer two major spectroscopic advantages: (1) their
small AM to wavelength tuning ratio (= dP/dλ), also termed
specific amplitude modulation (sAM), which determines the
power variation during a wavelength scan and thus the dy-
namic range needed to recover a small absorption signal [7]
and (2) an extremely wide, continuous, single-mode tuning
range of 20–30 cm−1 accessible by rapid current modulation.
They are therefore ideal for fast wavelength sweeps across
several or very broad absorption lines, e.g. in industrial high-
pressure environments [6] and under laboratory conditions for
the detection of oxygen [7, 16, 17].

FPDL K(D2) FPDL Rb(D2) ECDL Rb (D2) VCSEL K(D2) VCSEL K(D1)

Wavelength (nm) 766.49 780.03 780.03 766.49 769.90
Emission power (mW) 3 3 25 0.6 1.0

Continuous tuning (cm−1) 1–2 0.7–3.3 10 20
I (threshold) (mA) 44 36 32 5.6 1.7
Amplitude modulation 0.26±0.01 0.302±0.001 n.a. 0.20±0.01 0.24±0.01
coefficient (mW/mA)
Static current-tuning −0.24±0.01 −0.246±0.001 n.a. 6.2±0.3 6.2±0.3
coefficients (cm−1/mA)
Static temperature-tuning −1.01±0.01 (−3.37±0.05, −0.944±0.002 n.a. 0.96±0.05
coefficient (cm−1/K) incl. mode hops)
Dynamic current-tuning 0.157 0.043 cm−1/Vpiezo 5.4–5.7 5.0–6.8
coefficient (cm−1/mA) at 120 Hz
Beam profile Elliptic Elliptic Elliptic 1 : 3 Circular Circular

TABLE 1 Properties of the diode laser types used

VCSELs are commonly available as multi-mode lasers
for telecommunication purposes (850 nm) or as single-mode
lasers (for Cs, Rb, K/O2, and Li) for spectroscopic purposes.
We used two different VCSELs (CSEM) for the detection
of K(D1) at 769.9 nm and K(D2) and O2 at 767.5 nm. Their
emission line width is in the order of several 10 MHz so
that they can be used for high-resolution spectroscopy [18].
The fringe pattern used to determine the dynamic tuning co-
efficient of the 767-nm VCSEL using an air-spaced 1-cm
etalon and the associated tuning plot is shown in Fig. 3. For
a modulation frequency of 1.3 kHz we determine an aver-
age tuning coefficient of (41.9± 1.2) cm−1/ms or (5.51±
0.15) cm−1/mA. The errors given for these two numbers are
mainly governed by the deviation from linearity. The accu-
racy of this method using the 1-cm etalon is 0.01 cm−1/mA,
and respectively 10 times better with the 10-cm etalon (FSR
0.05 cm−1). The lower graph in Fig. 3 indicates the small
deviation from linearity of only 0.6% of the tuning range
(12.5 cm−1).

Selected laser properties that we determined for the lasers
used in our experiments are listed for comparison in Table 1.

4 Atomic absorption profiles

The detailed line shapes of the alkali atoms are
governed by the fine structure and hyperfine splitting of the
transitions. The fine-structure splitting of Li is small (∆λ=
0.015 nm= 10 GHz), so that the doublet is not resolved for
atmospheric combustion conditions. The D1 and D2 lines
are clearly separated however in K (∆λ= 3.4 nm) and Rb
(∆λ= 14.7 nm). Furthermore, the hyperfine splitting broad-
ens the Doppler absorption profile of K slightly (HWHM is
0.45 GHz instead of 0.39 GHz at 298 K), while it is in Rb
large enough to even distort the pressure-broadened absorp-
tion lines at 1 bar (Figs. 4 and 5).

Usually, no other lines are found near the absorption lines
of most alkali metals. But parts of the P-branch of the A-band
of oxygen, which belongs to vibrational subtransitions of the
b 1Σ+g← X 3Σ−g magnetic dipole transition [19, 20], are
found in the vicinity of the K(D1) and (D2) lines. The O2-lines
in this spectral range occur in pairs (∆ν = 1.7 cm−1), which
are separated by 9.7 cm−1. The width (HWHM) of each line is
0.03 to 0.05 cm−1 (300 K, 1 atm). The maximum line strength
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FIGURE 4 Absorption lines of Rb(D2) (780 nm) simultaneously measured
in situ in the batch reactor KLEAA (at 1 bar and 1273 K) (single broad
feature, gray) and in a low-pressure (< 1 mbar), room-temperature Rb cell
(narrow, multi-line feature, because of hyperfine splitting). Both features
were measured simultaneously with a FPDL. The difference between the fit
of four lines (relative position locked, but shifted by −0.047 cm−1) and the
measured absorption line is shown in the lower trace

FIGURE 5 Same line as in Fig. 4, but measured with the Littman ECDL.
Four Lorentzian lines were used for the fit. The absorption line scan recorded
using the ECDL is – compared to the FPDL – more disturbed by the slower
sweep rate and variations of the laser power because of the wide tuning

at 300 K is about 2×10−4 cm−1 atm−1. As a result of this co-
incidence it is advantageous at low K concentrations to use the
K(D1) line for diagnostics even though the K(D2) absorption
line (Fig. 6) is twice as strong. Using the K(D2) line, which
coincides with the P21P21 O2 absorption line, we could re-
alize at moderate K absorptions a simultaneous detection of
both species (K and O2) by using the P21Q20 O2 absorption
line that was close to the K line but isolated.

A Voigt profile is most suitable as a line-shape function.
Nevertheless, we used a Lorentzian line shape as an approxi-
mation, because it allowed a faster linear fitting scheme. The
error caused by this simplification was rather small, justify-
ing our choice. At our measurement conditions, e.g. atmo-
spheric pressure and temperatures of about 1200 ◦C leading
to line-broadening contributions of γL =∼ 2.6 GHz and γD =
0.8 GHz, we overestimated the total line area by∼ 1.5%. For
the Doppler-broadened absorption lines of the low-pressure
reference cells we used Gaussian line profiles.

Due to the extremely high line strength of the electric
dipole transitions of the alkali atoms it is known that absorp-

FIGURE 6 Simultaneous in situ detection of potassium and oxygen with
a single VCSEL in the PCC of a rotary kiln waste incinerator THERESA
(at p = 1 bar and T = 1400 K). The absorption scan, which was selected
for a rather low K signal, shows two O2 lines (P21Q20, P21P21, separated
by 1.82 cm−1) and the K(D2) line at 767 nm, coinciding with the weaker
P21Q20 O2 line. The residual is shown between a fit of three independent
Lorentzians and the measured profile, indicating a fringe-associated noise
of less than 10−3 and an electronic noise level of below 10−4 fractional
absorption

tion measurements of alkali atoms may be severely influenced
by power broadening. The effect of this saturation depends on
the line-broadening mechanism: for homogeneous broaden-
ing (e.g. by collisions), which dominates in our application,
the line shape will remain the same – and can therefore not
be detected in the residual of the fit – but the total area will
be reduced and the line width will be larger, whereas for in-
homogeneous broadening line shape, area, and width will be
affected. In both cases the total area will be reduced, so that
a quantitative measurement would have large systematic er-
rors depending on laser power. However, for our measurement
conditions power broadening need not be included due to our
high total pressure and low beam power density (relatively
large beam diameter and low laser power). The high pressure
effectively quenches the upper transition state and repopulates
the initial state. A rough estimate indicates that we are about
a factor of 20 000 below the saturation intensity.

By comparison of the absorption signals in the flue gas
and in the low-pressure reference cells, we could also de-
termine the pressure-induced line shift of the atomic lines.
Furthermore, it was also possible to determine the collisional
widths of the lines and derive the broadening coefficient for
a typical combustion flue gas. To minimize the effects of
Doppler broadening we performed these measurements at
a high-pressure combustion facility with up to 13 bar. Here we
found the pressure-induced broadening coefficient for the flue
gas from coal combustion to be (0.09±0.01) cm−1/atm (half-
width) while the line shift was (−0.060±0.003) cm−1/atm
(measured at 1540 K and 11.2 bar, statistical error given as
1σ). These measurements are described in more detail in [6].

Using the standard deviation (1σ) of the residual noise
and the etalon structures in the absorption profile, which can
be separated from the measured scan via the fitting routine,
it is possible to determine a minimum detectable absorption
(MDA) of the in situ spectrometer. The MDA is 3.3×10−4 for
the K(D2) absorption line using a VCSEL (Fig. 6, z = 1.9 m,
100 averages). For Rb(D2) we found an identical value of
9.6×10−4 for a FPDL (Fig. 4, z = 0.22 m, single scan), and
a ECDL (Fig. 5, z = 0.22 m, 10 averages).
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Depending on the laser type used for the measurements,
various effects limit the sensitivity: FPDLs suffer from
a mode-hop-limited tuning range, while erratic mode hops
can generate the necessity to record single scans. The use of
ECDLs is limited by the slow tuning speed, so that fast in
situ disturbances might not be corrected completely. In add-
ition, their periodic AM at wide wavelength scans cannot be
isolated by simple polynomials, but requires separate meas-
urements for scan correction. The VCSELs on the other hand
have only one drawback: their low emission power. However
wider spectral scans possible with a VCSEL and their low
sAM compensate to a certain extent for that disadvantage by
enhancing the reliability of the background determination and
the precision of the measurement.

5 In situ measurements of alkali atoms

5.1 Test facilities (combustors)

We reported already on measurements of potas-
sium in the flue gas of two pulverized-coal-fired plants
(1 bar/250 kW and 10–16 bar/1 MW) [6, 21, 22]. The experi-
ments for determination of residence-times by measurement
of the flow times of alkali tracers, which are presented here,
were conducted at two facilities at the FZK:

(1) KLEAA (Fig. 7) is a laboratory scale test combustor
for batch incineration [23]. The experiments were performed
without the use of a fuel, but by electrical heating only and by
pumping air/N2 mixtures through the oven.

(2) THERESA (Fig. 8) is a semi-technical, experimental
plant built to investigate the combustion of special types of in-
dustrial waste. It is a test facility on the pilot scale, equipped
with a 1.5-MW rotary kiln and a post-combustion chamber
(0.5 to 1.5 MW) [24]. Oil and natural gas were used as fuel,

FIGURE 7 Simplified scheme of KLEAA. The locations of the tracer injec-
tion and the laser detection are indicated

FIGURE 8 Simplified cross-section scheme of THERESA, a rotary kiln
waste incinerator with a PCC (post-combustion chamber) showing the loca-
tion of the tracer injection, the first measurement path after the rotary kiln,
and the second path in the upper PCC

co-fired with mixtures of wood chips, glass, PVC, or waste
during our experiments.

Atomic alkali metals (Li, K, Rb) were measured in situ at
different locations in these high-temperature combustion fa-
cilities.

The optical access to the flue-gas channels was possible
via pressurized, air-purged windows. For the simultaneous
measurement of O2 the access tubes with a length of 64 cm
were purged by nitrogen. Laser, optics, and detector were at-
tached to small steel platforms that were rigidly connected to
the walls on both sides of the flue-gas channel.

5.2 Setup

5.2.1 Single-species measurements. The following optical
setup was chosen during the tests at KLEAA for single-
species measurements. The laser was collimated and coupled
into the combustion zone via a plane mirror and a tilted win-
dow. Behind the exit window a focusing mirror ( f ∼ 20 cm)
directed the collected light through a narrow-band interfer-
ence filter onto a silicon photodiode. Exploiting the 4% reflec-
tion from the tilted entrance window, we generated a reference
beam. This secondary beam was directed through a low-
pressure reference cell (filled with metallic K or Rb) that was
used for line identification, line-locking, and spectral laser
characterization purposes only. A calibration of the direct TD-
LAS signal was not necessary since all required parameters
(absorption strength, the path length, and the dynamic tuning
coefficient) were known. For Li a small burner and traces of Li
salt were used as reference ‘gas’.

The electronic setup consisted of a combined laser/peltier-
element driver (Profile, LDC 1000), which provided a low-
noise (< 0.4 µA rms, 10 Hz – 6 MHz) current source for
the laser, and a temperature-control loop (∆T = 10 mK) for
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the peltier elements. Laser current (respectively laser wave-
length) was modulated via a function generator (SRS DS345)
using a symmetric triangular signal with a repetition rate of
1.3 kHz.

The photocurrents were preamplified (Femto DLPCA
100) and digitized at 1.25 Msamples/s by an eight-channel,
simultaneously sampling 12-bit A/D converter on a PCI plug-
in board (T112-8, Imtec). Typically 100 consecutive scans
with a length of 1024 samples each were averaged for fur-
ther noise reduction and stored on a hard disk within 2.7 s
(= 0.37 Hz) for offline evaluation. For flow-time measure-
ments we collected usually 10-fold averages or even single
scans, leading to response times of 0.4 s (2.5 Hz) or 0.16 s
(6.1 Hz).

The scans were corrected for variations in transmission
and background emission [3, 6]. A second-order background
polynomial and a Lorentzian line-shape function were fit-
ted to the scans, using a linear regression algorithm. For
very strong absorption lines a non-linear curve fit using the
Levenberg–Marquard algorithm was used. The line position
could be extracted from the fit to the in situ signal or from
the reference cell absorptions in the case of weak in situ sig-
nals. Finally the absorption line area determined by the fit was
converted into absolute number densities using the tabulated
absorption cross sections [20, 25, 26], the dynamic tuning co-
efficient of the laser, the absorption path length, the pressure,
and the gas temperatures (assuming an ideal gas).

5.2.2 Simultaneous multi-species measurements: multiplex-
ing setup. The simultaneous measurement of spectrally well-
isolated species has been demonstrated recently under labora-
tory [27–29] and industrial conditions [2–4]. Here the laser
beams are combined to form a composite beam, which is split
into its initial components after the passage through the ab-
sorber by a grating [28] or a combination of dichroic beam
splitters and interference filters [2–4]. This spectral multi-
plexing becomes more and more impossible the smaller the
spectral distance between the species is, e.g. O2, K(D1) and
(D2), or Rb(D2). Dichroic filters do not have a steep enough
filter function, whereas a grating separation would need too
much space to spatially separate the beams. Here frequency
modulation [29] or time-multiplexing [27] techniques can be
employed to the best advantage, but have not been used in
industrial combustion processes. Time-multiplexing takes ad-
vantage of the rapid amplitude and wavelength tuning proper-
ties of diode lasers by combining multiple laser beams and dir-
ecting them onto a single detector, but turning them on and off
one after the other to realize a consecutive quasi-simultaneous
measurement of the species. The individual lasers are distin-
guished by their temporal [27] or modulation frequency [29]
properties.

We modified our single-species in situ setup for time mul-
tiplexing and tested it at THERESA to perform a two/three
species measurement of Rb, K, and O2. Using a single wide-
scanning VCSEL we could simultaneously measure K and O2

(Fig. 6). But to determine both K D-lines or K and Rb we
had to combine two individual laser beams (Rb: FPDL/K:
VCSEL) by reflecting them via small mirrors onto a larger
one to couple them into the flue-gas channel (Fig. 9). After the
flue-gas passage both beams are collected by the same focus-

FIGURE 9 Simplified optical setup for multiplexing

ing mirror and directed onto a common photodiode without
using an interference filter. A reference beam was again ac-
complished using the reflection from the entrance window but
placing two reference cells into the reference-beam path.

For phase-locked modulation of the lasers, two arbitrary
function generators (SRS DS345) were programmed with
the identical but phase-shifted saw-tooth-shaped modulation
function: the first laser was linearly tuned across the absorp-
tion line within 383 µs and then its injection current was kept
at a constant level just below the threshold while the sequence
was repeated for the other laser and vice versa. Turning the
laser off it was possible to determine the offset, E(t), neces-
sary to perform an emission correction. An external pulse
generator triggered the function generators. The modulation
signals were phase-shifted in such a way that a complete saw-
tooth signal is observed at the detector. The repetition fre-
quency of a complete scan with both lasers was 1.3 kHz. Typi-
cal in situ signals (at 1 bar, 1200 ◦C) and reference cell signals
(< 1 mbar, ambient temperature) of K and Rb are shown in
Fig. 10. The more powerful FPDL laser had an intentionally

FIGURE 10 Directly measured absorption profiles (upper trace) during
quasi-simultaneous, time-multiplexed detection of Rb (with a FPDL at
780 nm) and K and O2 (with a VCSEL at 766 nm). The raw data of the in
situ absorption profiles (in the PCC of THERESA, at 1 bar, 1200 ◦C) show
two strong absorption lines of Rb (left) and K (right) and four weaker O2
lines (indicated by black arrows). The raw data from the two reference cells
(lower trace) show Rb with hyperfine splitting and K (at less than 1 mbar and
ambient temperature)
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slightly diverging beam to match the power reaching the de-
tector by the VCSEL. The same setup but with two VCSELs
was used for a simultaneous detection of the K doublet. By
monitoring the same species with two lasers we could sepa-
rate the fast concentration fluctuations from noise and errors
generated by the in situ spectrometers.

5.3 Multi-location setup: residence-time measurements

For a simultaneous detection of the flow times at
different locations, we monitored at THERESA two indepen-
dent measurement paths separated by 8.6 m. One measure-
ment path (2.60-m absorption length within the flue gas) was
located at the end of the rotary kiln (800 to 1200 ◦C), the
other one (1.90-m absorption length) was in the PCC (900 to
1300 ◦C) above the two PCC burners. By time-multiplexing
two lasers, multiple species were monitored simultaneously at
each absorption path.

For a flow-time measurement we added alkali-metal salts
to the combustion chamber at a well-defined injection time t0.
For our very first experiments we inserted the tracer in the pro-
cess stream by dropping polyethylene bottles filled with the
salt into the combustion chamber using the solid-fuel dosage
of the plant. The salts were pure, mixed, dissolved in water or
impregnated on wood.

Later we developed a technique with much more precise
timing properties by generating short concentration spikes
with well-known temporal structure by injection of an aque-
ous (or partially alcoholic) salt solution into the combustion
chamber from a spray nozzle using a water-cooled lance. The
solution was delivered from a reservoir using a pump unit,
which kept the fluid at a constant pressure by pumping the so-
lution continuously though a circular bypass. The pneumatic
valves could be electronically activated by applying a constant
voltage for the desired duration of the pulse. The control unit
closed the valve for the bypass and opened the valve for the
lance. A DA plug-in board (NI AT-MIO) generated the trigger
signal. An AD plug-in board inside the same PC was used for
data acquisition. In this way the injection time and duration
could be remotely computer-controlled from the same loca-
tion as the data acquisition. The amount of solution delivered
was determined by weighing the solution reservoir. Usually
a pulse duration between 300 ms and 2 s was chosen. By com-
paring 35 pulses we found that, for example, (835±11) ms
corresponded to (2.3±0.5) g solution.

To demonstrate the effect of different injection locations,
two injection ports were realized: one at the head of the ro-
tary kiln next to the main burner and the other one at the exit
of the rotary kiln adjacent to the PCC. During the injection in
the upstream port we could realize a simultaneous detection of
atomic species at the rotary kiln exit and in the PCC. To deter-
mine the flow times inside the PCC only, the two signals are
compared, or we injected in the port at the exit of the rotary
kiln and measured at the end of the PCC.

The solution is discharged into the furnace as a fine spray
and rapidly vaporized. Alkali atoms are released by ther-
mal dissociation of the salts. The temporal progression of the
tracer concentration is detected by means of TDLAS of the
free alkali atoms. The time and duration of the injection as
well as the absorption scans are stored on a PC for offline eval-

uation. After correction of the raw scans and converting the
line area to concentration units, the time scale is referenced
to the injection time, and a Gaussian fit modified with an ex-
ponential decay (2) can be fitted to the detected concentration
trace:

f(t)= y0+ A
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ω
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Three of the resulting parameters are times that charac-
terize the concentration profile: tc, the center of the Gaussian
distribution, represents the progression of the initial injection;
ω the broadened width of the injection pulse; and τ0, the decay
time. For species like K that have a natural background, an off-
set (y0) has to be allowed. The integrated concentration equals
the peak area (A).

The mean residence-time (t̄ ) is calculated using (3), where
t is the time in seconds after the injection time, c the tracer
concentration, n the number of concentration measurements
used for evaluation, and i the index number of the discrete
measurements:

t̄ =

n∑
i=1

ti · ci

n∑
i=1

ci

. (3)

5.4 Potassium-atom background

We measured at THERESA continuously for sev-
eral weeks (18 days) under various operation conditions the
potassium-atom background concentration, originating from
the combustion of fossil fuels, wood, and added glass to eval-
uate the performance of the in situ spectrometer.

The K density in the flue gas varied greatly with tem-
perature (Fig. 11), the O2 concentration (anticorrelated), and
the K-salt concentration. Correcting for the temperature-
dependent density changes, assuming an ideal gas, we calcu-
late a normalized potassium density whose remaining tem-
perature dependence is a result of the thermal dissociation,
which is determined by the free enthalpy (∆Gdiss). These de-
pendences indicate that flow-time measurements have to be
corrected for the process parameters or have to be performed
under constant process conditions. Since a typical flow-time
experiment at THERESA lasts only 30 s to 120 s the last con-
dition can easily be met.

Usually we measured a K background absorption at the D2
line between 2% and 10% (extreme values 0% to 80%). Con-
verted into typical K concentrations and densities at STP in
the flue gas this corresponds to 1 ng/m3 (0.8 ppt) to 1 µg/m3

(0.8 ppb) (lower limit ∼ 3.5× 1012 potassium atoms/m3 at
1200 K) depending on the type of fuel, the temperature in-
side the PCC, and the oxygen content of the flue gas. Using
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FIGURE 11 The background potassium concentration (bottom trace, at
273 K, 1.023 bar) in the flue gas of the PCC of THERESA changes sen-
sitively with the flue-gas temperature (top trace, digitization steps visible)
because of thermal dissociation and release. The oxygen concentration was
constant at 9.5 vol. %. The in situ potassium density equals (1.3–3.4)×1013

atoms/m3. Measured in situ with a VCSEL to access the K(D2) line at
766 nm

an absorption path of 1.9 m within the flue gas and acquir-
ing/averaging 100 scans for each line fit, we achieved a time
resolution of 2.7 s and a detection limit of 0.1 ng/nm3 at STP
(0.08 ppt = 80 ppq). Under these conditions the detectivity
corresponded to a minimum detectable absorption in the order
of 10−4.

O2 could also be detected and led to a total absorption
of about 1.2% (P21P21); half of which was caused by the
ambient O2 outside the flue-gas channel (path length outside
1.2 m). The residual O2 absorption is assigned to the O2 in-
side the flue gas (1.90 m). The influence of the access pipes
(1.34 m) to the flue gas was minimized by purging with ni-
trogen. Assuming a MDA of only 10−3 OD, we estimate at
1200 K flue-gas temperature the minimum detectable O2 con-
centration to be ∼ 1.5 vol. %, mainly limited by the distur-
bance from ambient O2 and by the low-gain amplifier settings
needed for the detection of alkali atoms.

5.5 Addition of alkali salts to the combustion chamber

The concentration of the alkali atoms detected in
the flue gas can be varied by adding alkali salts to the process
stream. Numerous experiments with different injection sce-
narios and injection parameters have been performed, but only
a few typical experiments are shown here: (1) adding solid
(a), dissolved KCl (b), or KCl impregnated on wood (c) via
the solid-fuel dosage port and (2) spray injection of KCl and
binary KCl/RbCl solutions via the water-cooled lance.

(1a) The upper graph in Fig. 12 shows the response of the
potassium density measured in the PCC at 12.6-m
height. 35 g of crystalline KCl were added to the rotary
kiln of THERESA using the solid-fuel dosage. The fuel
composition at that time was chipped wood, glass, and
polyvinyl chloride pellets, co-fired with natural gas or
light oil. The flue gas traveled a total distance of 17 m
from the location of the dosage. The K concentration
is scaled logarithmically, so the exponential decay of
the average signal is linearized. A 1/e decay time of
125 s was determined. In addition to the decay, periodic

FIGURE 12 Upper graph: in situ measurements of the temporal evolu-
tion of the potassium density in the PCC of THERESA after adding
35 g of solid KCl. The two lines show the slope of the background
and of the decay. The peak heights of the maxima show a decay
time of 125 s. Lower graph: K-atom density after adding 69 g of
KCl dissolved in 300-ml water. Slow eminently periodic variations
(∆t = 5 min, 8 s) are visible. The decay time of the peak maxima is
37 min

variations in the K density are observed (1/ω= 31.3±
0.2 s), which show the same periodicity as the batch-
type addition of the solid fuels. A possible cause for
these periodic changes might therefore be the variation
in the combustion temperature and/or the oxygen con-
centration initiated by the addition of solid fuels.

(1b) In another experiment shown in the lower graph of
Fig. 12, 69 g of KCl solved in 300-ml water were added
in a PE container again via the solid-fuel dosage port.
During the combustion of the PE bottle the water seems
to evaporate more rapidly and allows the KCl to be more
finely distributed, generating a much stronger initial rise
in the K concentration. On the other hand the decay
thereafter is slower. This might be an indication that the
salt became part of the rotating slag film on the inside of
the kiln. The decay was mono-exponential for more than
3.5 h and the decay time was measured to be 37 min.
Again we found the same fast periodic variations, but
we also found much wider spaced, very periodic low-
frequency fluctuations at 1/ω= 5 min 8.5 s±0.3 s. One
prominent periodic event in the rotary kiln is the rotation
of the rotary kiln itself, which had a rotation frequency
of 0.29 turns per minute, 1/ω= 3 min 27 s. However the
periodicity of the signal could not be linked directly to
the rotation speed (two peaks per three turns). If the de-
layed rotation is a consequence of the liquid slag film on
the inside of the rotary kiln being unable to follow the
rotation of the rotary kiln and therefore lagging behind,
this has to be investigated further. Either way, the de-
cay is caused by evaporation and dissociation of the KCl.
Additionally, the slow movement of the slag on the in-
side of the rotary kiln and chemical absorption/diffusion
into the slag may contribute to the decay.

(1c) In a third experiment 70 g of wood chips impregnated
with 20 wt. % KCl caused one large peak only with a fol-
lowing exponential decay. No obvious periodicity was
observed afterwards. This behavior might indicate that
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the salt has disappeared completely during combustion
of the wood chips, before becoming part of the slag.

While these experiments show very rich structures in the
time-dependent release of the injected potassium salts, the
mechanisms behind the delayed release and the cause for the
extremely periodic variations of the signal are still under in-
vestigation.

5.6 Residence-time measurements

As the previous experiments show, a direct injec-
tion of the tracer into the gas phase has to be accomplished
to avoid contact and adsorption effects within the slag. It is
also necessary to know the exact time of the release. This
can be ensured by spraying diluted alkali-salt solutions into
the furnace in the vicinity of the main burner with a remote-
controlled injection lance. Various solution concentrations
(0.02%, 1%, 5%) were used for such experiments (2) men-
tioned above.

Figure 13 shows the effect of a 836-ms injection of
2.3 g of a 5% aqueous KCl solution with a small amount
(∼ 0.02%) of RbCl. Rb atoms of the tracer pass the rotary
kiln and are detected at the end of the kiln, 8.5-m down-
stream of the injection site. 8.6-m further downstream in the
PCC (Fig. 8), K atoms are detected. The result of the line
fit using (2) for Rb at the kiln exit and K in the PCC is
y0= (Rb= 0/K= 4.0±0.1)×1013atoms/m3s; A= (2970±
80/444±11)×1013atoms/m3 s; tc = (5.0±0.1/8.6±0.1) s;
ω = (1.79± 0.2/2.59± 0.1) s; and τ0 = (11.4± 0.5/19.6±
0.6) s. It is expected that the Rb-atom concentration is higher
at the exit of the kiln because of the lower O2 concentration
(3 vol. %). The broadening and shift of the time parameters
is in agreement with the gas flow and flue-gas volume. The
mean residence-time of the tracers is 15 s for the rotary kiln
(Rb) and 26 s for the PCC and the rotary kiln combined (K).
The residence-time distributions calculated from the meas-
ured data lie, as expected, in between the two idealized reactor
models of a plug-flow and a perfectly stirred vessel.

FIGURE 13 Simultaneous flow-time measurements at THERESA using
a binary tracer made from a mixture of K and Rb salts: the tracer mixture was
injected at t = 0 over a period of 836 ms at the head of the rotary kiln (see
Fig. 2). The two species were measured at two locations within the plant: Rb
atoms at the end of the rotary kiln – 8.5 m from the injection site (left peak
at t = 9 s); K atoms (peak to the right at t = 15 s) in the PCC – 8.6 m down-
stream of the first measurement location. Since K is part of the fuel of the kiln
the signal has – in contrast to Rb – an offset even without a tracer injection.
Concentration distribution functions are fitted to the two traces

6 Conclusions

We propose a new method to determine the residence-
time in combustion plants and high-temperature processes:
using sensitive in situ detection of free alkali atoms (Li, K,
Rb) based on direct TDLAS at their strong D lines at 670,
767, 770, and 780 nm it is possible to detect the flow of an
alkali-salt tracer.

Three different diode laser types were used for in situ
measurements and compared with regard to their spectro-
scopic capabilities: FPDLs were successfully used to detect
K and Rb; however their use is hampered by the necessity
to select and characterize suitable individual lasers. The effi-
ciency of the selection was found to be only in the order of
5% for lasers suitable for the detection of the K D1 or D2 line.
ECDLs, which could avoid this selection process, were also
successfully used for in situ detection of Li and Rb. However,
they proved to be less suitable for environments with large and
rapid transmission changes because of the relatively slow me-
chanical wavelength tuning (100 Hz). Finally, VCSEL-based
spectrometers for the in situ detection of K and O2 were suc-
cessfully realized by taking advantage of the extremely wide
current-tuning range of 20 cm−1. Their only drawback was
a low output power, which restricts their use to applications
with good to moderate transmission conditions and low back-
ground radiation.

We conducted tracer experiments at two different test fa-
cilities at the Forschungszentrum Karlsruhe, a small batch re-
actor and a 3-MW special waste incinerator with a rotary kiln.
Various spectrometers were realized and tested: (1) a single-
laser setup for the detection of one species, which could be
extended to a simultaneous detection of K and O2, and (2)
a time-multiplexed setup involving two spectrally adjacent
lasers, for the quasi-simultaneous detection of multiple spec-
tral features like the D1 and D2 lines of K or of K and Rb.
And, finally, (3) a multi-path setup, using two of the previous
setups simultaneously at two different sites along the flue-gas
channel.

The fastest response time achieved was 0.16 s using sin-
gle scans. By averaging 100 scans a response time of 2.7 s
was possible. The minimum detectable absorption by averag-
ing 100 scans corresponded to an optical density in the order
of 10−4. The best results were achieved using a VCSEL to de-
tect K in the PCC, with a detection limit of 4×1011 atoms/m3

at 1200 K using the D2 absorption line and a 1.9-m absorp-
tion path. This is equivalent to 0.1 ng/m3 at STP or a mixing
ratio of 80 ppq (ppq = 10−15). The background K concen-
tration was measured to be between 1 ng/m3 (800 ppq) and
1 µg/m3 (800 ppt). No background was observed for Rb or Li.
We verified that the concentration of the alkali atoms in the
flue gas depend significantly on the temperature, the oxygen
concentration, and the amount of the tracer, indicating that the
conditions during one residence-time measurement (typical
duration 120 s) should be kept constant.

The placement of tracers in the gas stream was accom-
plished in different ways: addition of solid alkali salts or
aqueous solutions thereof in polyethylene bottles to the solid
fuel leads to complicated adsorption effects and long decay
times. Using a water-cooled lance to inject small amounts of
tracer solutions into the process stream ensured a much better
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control of the injection timing and completely avoided the ad-
sorption effects of the solid-fuel dosage port. As an example,
we presented the simultaneous measurement of Rb at the exit
of the kiln and K in the PCC, from which mean residence-
times could be extracted.
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