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ABSTRACT

Laser-based Raman spectroscopy is a powerful technique for non-intrusive measurements of chemical
composition in gas, liquid, and solids. However, weak signals make it challenging to employ the tech-
nique for diagnostics under harsh conditions with various background interferences. To overcome such
limitations, we have devised a method, polarization lock-in filtering (PLF) based on temporal modulation
of the excitation laser polarization, to filter out polarization-independent signals from acquired data. The
PLF method applied for continuous Raman spectroscopy measurements of a biomass pyrolysis process
showed promising filtering abilities for unwanted background fluorescence signals. A broadband fluores-
cence background interference was suppressed by up to a factor of 50. Therefore, released species during
the biomass pyrolysis process were readily identified with their Raman spectrum signatures and their
amounts quantified. In addition, the PLF method provided Raman spectra of low background, from which
a gradual change in hydrocarbons released at different stages during the pyrolysis could be observed. Al-
together, the efficient background suppression method increases the general applicability of Raman spec-

troscopy under conditions where interfering signals present a challenge and a limiting factor.

© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Chemical reaction processes, e.g., combustion, include rapid for-
mation and decomposition of species together with large heat re-
lease. Such systems are very complex and sensitive, and thus ex
situ gas-sampling methods for investigating gas compositions are
challenging and associated with uncertainties related to the sam-
pling process itself. On the other hand, laser-based diagnostic tech-
niques can be utilized to investigate processes under harsh condi-
tions with strong gradients without perturbing the studied phe-
nomena. Raman spectroscopy is such a method that can detect
multiple chemical species simultaneously, and the signal is propor-
tional to the species concentration, making it quite straightforward
to conduct quantitative analysis. However, Raman scattering is a
relatively weak process compared to interactions utilized in other
laser-based techniques. Therefore, despite its strong points, Raman
spectroscopy is often opted out when there are various background
sources at the probe volume, e.g., strong elastic scattering of laser
light or fluorescence.

* Corresponding author.
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Nevertheless, Raman spectroscopy has been employed for com-
bustion diagnostics since the 1970s [1-3], and a review of its de-
velopment has been presented by Eckbreth [4]. Enhanced sen-
sitivity for Raman spectroscopy can be realized using configura-
tions with multiple passages of the excitation laser beam through
the measurement region; an early example of a multipass cell for
Raman spectroscopy of gases was presented by Hill and Hartley
[5] while a later design demonstrated for studies in flame has
been devised by Utsav et al. [6,7]. Raman measurements using
continuous-wave lasers can be feasible under conditions with a
low level of background light while diagnostics of luminous flames
require gated detection and pulsed lasers, which also is necessary
for studies under non-stationary conditions, e.g., in turbulent com-
bustion. However, for lasers with high pulse energy operating at a
low repetition rate, typically 10 Hz, the high irradiance obtained
with a focused beam can induce electric breakdown and plasma
formation. The subsequent broadband emission of the plasma then
interferes with the acquisition of the weak Raman signal. One way
to avoid this problem is to use pulse-stretcher concepts introduced
by Nguyen et al. [8] and employed by many research groups [9-
14]. The pulse is stretched temporally using multiple optical ring
cavities or delay lines, and it was, for example, reported by Kojima
and Nguyen that a pulse of duration 8.4 ns (FWHM) was expanded

0010-2180/© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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to over 150 ns while maintaining 82% of its initial energy [9]. How-
ever, the downside with this type of setup is increased complexity
in the optical arrangement. Alternatively, lasers with high repeti-
tion rates, e.g., 5 kHz, and lower pulse energies can be employed to
achieve high average power (in the range between 10 and 100 W)
and yet avoid problems with laser-induced plasma [15].

The detection sensitivity can also be improved by suppressing
the background from stray light and thus achieve a higher signal-
to-background ratio. A means to accomplish background suppres-
sion was introduced by a method called periodic shadowing (PS)
[16]. Installing a Ronchi grating at the entrance slit of the spec-
trometer and creating an imprinted pattern on the signal, com-
bined with a spatial lock-in filtering in the Fourier domain, re-
sults in an efficient suppression of background light that reached
the detector from unwanted directions. In the previous study, the
PS method was investigated with four different spectroscopic mea-
surement techniques: emission, absorption, laser-induced scatter-
ing, and Coherent anti-Stokes Raman Spectroscopy (CARS). De-
pending on the type of technique and spectral region of interest,
an improvement of the signal-to-background ratio by a factor from
20 to 300 was observed. The concept was especially helpful when
multiple scattering in the vicinity of the probe volume presented
a problem, and therefore, it was also implemented in our Raman
spectroscopy setup to improve the detection sensitivity.

Even though the PS method is efficient for reducing the prob-
lem with multiple scattering, it, however, cannot filter out inter-
fering laser-induced emission, e.g., fluorescence, originating from
the probe volume. These interfering signals follow the same path
through the detection system as the Raman signal and will thus
not be suppressed with PS. In cases when such undesired back-
ground contributions are un-polarized, they can be subtracted
from the polarized Raman signal by measurements at orthogo-
nal detection polarizations [13,17-20]. While this can be read-
ily achieved for investigations under static conditions, measure-
ments on time-varying processes are often desirable. Simultane-
ous acquisition of signals with orthogonal polarizations can then
be achieved with dual detection setups, for example, employed in
studies of turbulent combustion [13]. As an alternative for stud-
ies of moderately time-varying processes, we devised a method,
polarization lock-in filtering (PLF), based on a continuous change
in polarization of the incident laser beam resulting in Raman sig-
nals modulated in time while un-polarized signals such as fluo-
rescence remain unaffected. The acquired data modulated in time
are post-processed using lock-in filtering, similar to the PS method.
The novelty compared with the previous approach is the continu-
ous mode of operation that allows processes varying on a second-
scale to be followed in time with the retrieval of background-free
spectra using a single detection system. The method is rather sim-
ple to implement experimentally but clearly extends the applica-
bility of Raman spectroscopy for studies of time-varying processes.

This paper presents background suppression using the PS and
PLF methods to address the challenges of background interferences
in Raman spectroscopy under harsh measurement conditions. The
combined PS and PLF methods were employed to investigate gas
released from a biomass pyrolysis process, which is accompanied
by the release of hydrocarbon volatiles [21] that, upon laser ex-
citation, can result in strong fluorescence swamping Raman sig-
nals. This background prohibits analysis of gas composition both in
terms of permanent gases, e.g., CO, CO,, Hy, and CHy, but also of its
content of hydrocarbon volatiles and tars [21,22], which is an indi-
cator of gas quality. Tar composition is dependent on the residence
time of the tar-laden gas at high temperature as well as other op-
erational conditions, see, e.g., [23]. While conventional adsorption
methods for tar analysis can provide detailed information on their
composition, they are time-consuming (~hours), making correla-
tions with process changes and conditions challenging. Therefore,
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Fig. 1. Schematic of the experimental setup for Raman spectroscopy. The green line
represents the laser beam while the red line represents the signal path. A double-
pass setup was used to study a biomass pyrolysis process in the measurement vol-
ume indicated by a circle. Abbreviations: M - mirror, WP - half-wave plate, SL -
spherical lens, SM - spherical mirror, BD - beam dump, AL - achromatic lens, BM
- pair of broadband mirrors for image rotation, F - 532 nm long-pass filter, RG -
Ronchi grating, and ICCD - intensified CCD camera. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

measurement techniques that enable in situ on-line measurements
are of high value in the characterization of biomass conversion.
In such studies, the combined background filtering techniques are
very useful to retrieve Raman spectra with significantly reduced
background and allow for identification and quantitative analysis
of signals of carbon monoxide, hydrocarbons, and water.

2. Methodology
2.1. Raman spectroscopy

An Nd:YAG laser (HD40I-OE, Edgewave, 100 W) operating at a
repetition rate of 5 kHz was employed for Raman spectroscopy.
The operating power of the laser was set to 25 W to prevent dam-
aging optical components. A schematic of the experimental setup
is shown in Fig. 1.

A double-pass arrangement consisting of two spherical lenses
of f = 200 mm focal length and planar dichroic mirrors was used
for the laser beam to pass through the measurement volume twice
while being focused at the common intersection where the cross-
ing angle between the beams is 8°. A pellet bed, explained more
in the following section, was located right below the measurement
volume.

A portion of the scattering signal from the probe volume was
collected into an f = 320 mm spectrometer (IsoPlane SCT 320,
Princeton Instruments) using two achromatic lenses of focal length
f = 200 mm. Between the set of lenses and the spectrometer, a
pair of broadband aluminum mirrors was placed in an arrange-
ment that rotates the image of the probe volume by 90° to match
the orientation of the slit. The spatially resolved Raman signal for
a 6 mm distance along the laser beams was recorded on the CCD
sensor, and the spatial resolution was estimated to be 80 pm. A
long-pass filter (532 nm EdgeBasic™, Semrock, OD7) was posi-
tioned at the slit to suppress elastic scattering and straylight at
the laser wavelength, and no appreciable contributions were ob-
served in the spectral regions of the vibrational Raman peaks. The
spectrometer was equipped with three different gratings with 600,
1800, and 2400 lines/mm allowing for measurements with differ-
ent spectral resolution. Depending on the spectral region of inter-
est and purpose of the measurement, different gratings were used
to study a particular spectral range in detail or to acquire a full
spectrum. The results presented in this paper were recorded with
the 600 lines/mm grating, centered at wavelength 627 nm. The
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spectrally dispersed signal from the spectrometer was recorded on
an intensified CCD camera (PI-MAX 4, GEN III, Princeton Instru-
ments) with an intensifier gate width of 30 ns to suppress contin-
uous background. Raman signals generated by 2000 pulses were
accumulated into one image, with an acquisition time of 0.4 s, to
enhance the signal-to-noise ratio. Such accumulated images were
recorded continuously during measurements with a frame rate of
1.86 fps for 330 s.

2.2. Periodic shadowing and polarization lock-in filtering method

The periodic shadowing (PS) method was implemented by in-
stalling a Ronchi grating, denoted RG in Fig. 1, on the entrance slit
of the spectrometer. A stripe pattern of 5 lines/mm printed on the
grating alternately blocks and transmits signal entering the spec-
trometer. Only light that has propagated through the entrance slit
and followed its intended path inside the spectrometer will pre-
serve the periodic pattern and create a spatially modulated image
on the CCD chip. Thus it is possible to filter out stray light by digi-
tal lock-in amplification in the post-processing. Subsequent binning
of each image vertically results in a Raman spectrum, filtered from
interfering stray light, that can be further analyzed in the same
manner as an ordinary Raman spectrum. For a more detailed ex-
planation of the PS method, readers are referred to the work of
Kristensson et al. [16]. In this study, results were obtained for mea-
surements with combined PS and PLF methods. However, the focus
of the discussion is on the PLF method with comparisons of data
before and after applying the PLF processing.

For the PLF method, a half-wave plate, denoted WP in Fig. 1,
was manually rotated from 0 to 45° and back, which changed
the polarization of the incident beam from vertical to horizontal
and back to the vertical orientation continuously at a frequency of
0.5 Hz. Therefore, the intensity of polarization-dependent signals,
e.g., Raman scattering, varied periodically with time in the set of
data. In the two-dimensional data set with the wavelength on the
x-axis and time on the y-axis, a periodicity is imprinted along the
time direction due to the variation, and it is equivalent to the spa-
tial periodic pattern imprinted on the signal in the PS method. The
data with the periodicity was then Fourier filtered to only retain
components with the frequency of the modulation. With this fil-
tering method, continuous measurements are possible, and it is
not required to precisely synchronize the timing of the polariza-
tion shift and the recording. The temporal modulation pattern of
the signal resembled a square-wave, and the filtering process re-
sulted in a signal reduction of ~30% while the spectral shape was
preserved after processing. Thus, the processed data show a dy-
namic range equal to ~70% of the detector range.

In this study, it was assumed that Raman signals are com-
pletely polarized whereas background signals are assumed to be
polarization-independent. However, for more accurate quantifica-
tion, depolarization ratios of molecules need to be included, and
it can result in an error of 10% at a maximum when this is ne-
glected. In addition, background levels are not fully polarization-
independent due to the properties of molecules and polarization-
dependency of optical components in the measurement setup. For
example, the laser power was measured at the end of the beam
path for different polarization orientations, and the horizontal po-
larization showed 2% decrease compared with the vertical polar-
ization. This intensity drop can be compensated for in the data
processing when accurate quantification is wanted.

2.3. Biomass pellet and pellet bed
A cylindrical biomass pellet, 20 mm tall and 8.2 mm in diame-

ter, was chosen as a sample in this study. The surface of the pel-
let was slightly glossy, possibly from the pressing process, and the
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density of the pellet was 1174.0 kg/m3. An electric heating coil was
devised to heat up the biomass pellet located inside the coil, which
in turn was mounted inside a coaxial tube for purging the air out
with an argon flow. The argon flow was increased until the Raman
signal from nitrogen decreased to lower than 5% of the level for
ambient air. Under this condition, no oxygen peak was visible in
the Raman spectrum, and the pellet did not ignite during the en-
tire heating process. The temperature development at the center
of the coil was reproducible for repeated runs and was recorded
with a thermocouple prior to the run with the pellet. The values
were later used to assign temperatures to the recording times of
the data acquired during the pellet pyrolysis. The initial heating
rate was 10.7 °C/s for the first 50 s up to 555 °C, where the heat-
ing rate starts to decrease, and the temperature then gradually ap-
proached 704 °C for the next 280 s. The recording of Raman data
started when the heater was switched on.

3. Results and discussion

The PS and PLF methods were implemented with the Raman
spectroscopy setup to filter the strong fluorescence signal gener-
ated during the biomass pyrolysis. Each image acquired during the
biomass experiments first went through the PS process to sup-
press background from multiple scattered straylight. With these
measurements, the PS method was for the first time utilized for
applied spectroscopy under challenging conditions in an environ-
ment with dense smoke from condensed pyrolysis products. The
PS method improved the quality of spectra by suppressing back-
ground from multiple scattering, and about 30% of the background
level intensity has been removed across the entire wavenumber
range through the process. The processed images were then binned
into single spectrum vectors and stacked as rows to form the im-
age of Fig. 2a. Therefore, the images of Fig. 2 display wavenum-
bers and time along the horizontal and vertical axis, respectively.
As mentioned previously, temperatures measured during heating
without pellet have been assigned to the recording time, as indi-
cated on the right side of Fig. 2a and b. Strong fluorescence from
hydrocarbon volatiles covers the entire range of the spectrum dur-
ing heating at temperatures between 675 and 696 °C, as shown
by the broad bright region covering almost the entire width of
the image in Fig. 2a. As a result of the PLF procedure, a period-
icity in the overall signal intensity was encoded on Raman signals
along the y-axis of the spectral image in Fig. 23, e.g., for nitrogen at
2331 cm!, and appears as thin horizontal lines across the image.
Figure 2b shows the image after filtering using the PLF method.
Polarization-independent fluorescence signals have efficiently been
filtered out, and therefore more accurate identification of Raman
peaks was achieved.

Spectra at three different temperatures from Fig. 2b are selected
and compared in Fig. 3, at temperature 688 °C when the fluores-
cence signal was increasing (a), at 692 °C when the fluorescence
was the strongest (b), and at 697 °C when the tar release was
about to finish (c). The broad fluorescence of the tars is suppressed
by a factor of 25, 15, and 50 in the spectra of Fig. 3a, b, and c, re-
spectively. Moreover, pronounced interference rejection is achieved
for two overlapping peaks at wavenumbers 1818 and 1833 cm™!,
which for laser excitation at 532 nm are equivalent to wavelengths
589.0 and 589.5 nm, respectively. Intensities of the peaks together
with the background dropped by a factor of 40 compared to the
input data as a result of the PLF process, cf. Fig. 3a. The filtered
peaks are laser-induced atomic emission of sodium (Na) D-lines
[24] due to alkali species in the biomass pellets. The suppression
of these peaks serves as a good example of filtering polarization-
independent signals using the PLF method.

Additional peaks, located at wavenumbers labeled gray in
Fig. 3, disappeared after the filtering. Some of them, positioned
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Fig. 2. Images of continuously recorded spectra with temperature increase, (a) before and (b) after polarization lock-in filtering (PLF). The image intensity is presented on
a logarithmic scale for clarity. The bright intensity across the entire spectral range in (a) is a background due to fluorescence of hydrocarbon volatiles. This background, as
well as some polarization-independent peaks, have efficiently been removed using the PLF filtering in (b).

at wavenumbers 1911, 2006, 2288, 2457, and 2639 cm~!, match
the C, Swan bands at wavelengths 592.2, 595.6, 605.7, 612.0, and
618.9 nm, respectively [25]. This indicates some photolysis of larger
hydrocarbons by the laser. Altogether, the PLF method effectively
suppresses fluorescence and laser-induced emission peaks that po-
tentially could be interpreted as false positive Raman signals.

In the spectrum of Fig. 3b, for which the fluorescence contri-
bution was the strongest, a residual fluorescence background of
higher intensity at shorter wavenumbers remains after PLF pro-
cessing, and the spectrum is slightly tilted with a negative slope.
In addition to the broad fluorescence contribution of volatiles, the
spectrum also shows residual Na peaks at 1881 and 1833 cm~!.
Possibly, the release of gases at this stage is too rapid for the PLF
method to be able to compensate for the fluorescence background
contributions fully. A more rapid modulation might be able to han-
dle this limitation. The residual background was fitted using refer-
ence data points where no Raman signal appears, and accounted
for in the further quantitative analysis of the Raman peaks.

As a result, Raman signatures of nitrogen, water, hydrocarbons,
and carbon monoxide from the biomass pyrolysis were separated
from the fluorescence background, and each peak was integrated
and converted to an absolute amount using Raman cross-section
values obtained from the literature (N,: 0.46x1039 c¢m?2/sr, H,0:
0.9x1073% cm?/sr, Hydrocarbons: 2.6x1073% ¢cm?/sr for methane,
CO: 0.48x10730 cm?/sr) [4]. Different classes of hydrocarbons, such
as alkanes, oxygenates, and polyaromatic tar compounds, are emit-
ted during pyrolysis [21,22] and contribute to the spectral signa-
ture around 2900 cm~!. The composition also varies with time
and temperature during the process, which makes the assignment
of specific species challenging. Nevertheless, the spectral signature
gradually shows a more pronounced peak at 2919 cm~!, indicat-
ing increased emission of methane, which is in agreement with
the expected trend for the process [21]. Therefore, the cross sec-
tion of methane was used for the evaluation of the hydrocarbon
signal. Since larger hydrocarbons, e.g. higher alkanes, often have
higher Raman cross- sections in the CH region [26], the concentra-
tion values are likely overestimated. The observed transition of the
CH peak indicating a change in the composition of emitted hydro-
carbons will be discussed in the last part of this section. Molarities
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of the species are plotted with time and temperature increase in
Fig. 4. As previously mentioned, an argon flow was introduced to
prevent the access of oxygen to the pellet during the process, and
the amount of nitrogen at the measurement volume while purging
was less than 5% of the level in ambient air. The amount of nitro-
gen under this condition in the probe volume is observed at time
0 in Fig. 4.

In the early stage of heating, the temperature increased at a
rate higher than 10 °C/s, and a rapid release of nitrogen and wa-
ter is observed in Fig. 4. Up to 25 s, nitrogen shows a rapid in-
crease above the initial level at t = 0 s due to the release of
gas from pores of the pellet. Internal gas storage in the pores of
wood biomass under ambient conditions has been confirmed in
absorption measurements of oxygen to characterize the porosity
of such materials [27]. Between ~25 and 50 s, the nitrogen con-
centration shows a drop by ~30%, which corresponds to the de-
crease in molecular number density as the temperature goes up
and indicates a rather constant release of nitrogen. The concentra-
tion of water increases up to 45 s due to drying of the pellet, and
after ~50 s, both nitrogen and water follow a similar decrease up
to ~65 s, indicating the end of the first part of the decomposition.
After the first stage of the release, the water concentration in the
measurement volume gradually increases again, and it is accom-
panied by the release of hydrocarbons and carbon monoxide. The
former is also confirmed by the appearance of the strong fluores-
cence signal removed in the PLF processing (cf. Fig. 3a). The release
of gases continues for around 100 s, after which the concentrations
of water, hydrocarbons, and CO have decreased to zero level, while
the nitrogen has returned close to its initial value.

As presented in Fig. 3a, the hydrocarbon signature (around
2900 cm™!) is relatively broad, and a further investigation reveals
that it is composed of more than one peak, as discussed in the fol-
lowing. The filtered data was used to zoom in on the hydrocarbon
peak, which is presented in Fig. 5. The hydrocarbon Raman signal
started to appear at 75 s after the heating when the temperature
reached 645 °C. At this moment, the peak intensity of the rela-
tively broad spectrum was located at 2944 cm~!. As time passes,
temperature increases, and pyrolysis continues, the position of the
maximum-intensity started to move toward the shorter wavenum-



H. Kim, M. Gong, E. Kristensson et al.

Combustion and Flame 224 (2021) 219-224

25— T T - T T — — T
a) 688°C at 124 —— Before PLF
2t @ —— After PLF P HC H20
1.5
1
0.5} ] x10
0= 7 -+ i1 —\ : L L L L
1819 2288 26392857 3653 1819 2141 2782 3653
5 2331 2922 2331 2922
= 4 (b) 692°C at 152 s —— Before PLF
) r —— After PLF 7 r
< 3
2
‘® 2
% x 10
€ 1
0 n i T ve - s s s L '
2141 2457 3653 1819 2141 2782 3653
2288 2331 2922
5 51 819 2331 2639 2922
5 (c) 697°C at 177 s — Before PLF
i —— After PLF - 1
15} ] i
1+ ] L
0.5 M .
0 A /%
1911 2782 3359 1819 2141 2782 3653
2006 2857 2331 2922

Raman Shift (cm'1)

Fig. 3. Spectra of released gas from biomass pyrolysis at a temperature of (a) 688 °C, (b) 692 °C, and (c) 697 °C. The polarization lock-in filtering was utilized to increase the
Raman signal-to-background ratio by removing non-Raman signals. Raman peaks of carbon monoxide (CO), nitrogen (N, ), Hydrocarbons (HC), and water (H,0) are identified.
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Fig. 4. Absolute amounts of released nitrogen (N,), water (H,0), hydrocarbons, and
carbon monoxide (CO) during biomass pellet pyrolysis. An argon flow was intro-
duced to the measurement volume to limit the access of oxygen to the biomass
pellet. The error bar indicates the range of the largest error in evaluated concentra-
tion estimated from repeated Raman concentration measurements in a flame.

ber of 2919 cm~!. After 135 s of heating, when the temperature
reached 690 °C, intensities of the two adjacent peaks in the hydro-
carbon region were of similar strength. After that, the maximum
intensity stayed at 2919 cm~! until the process ended. The initial
Raman spectrum located around wavenumber 2944 cm~! suggests
that the initial release contains larger hydrocarbons. For example,
alkanes and oxygenates, see, e.g., [26,28], reportedly released dur-
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Fig. 5. Change of hydrocarbon Raman spectrum with heating time and tempera-
ture increase during pyrolysis. The peak of the hydrocarbon Raman signal located
at 2944 cm~! shifts to 2919 cm~! as the process continues. The spectra are plotted
with offsets for a better visualization.

ing the early stages of pyrolysis [21,22]. An additional indication
of the release of oxygenated compounds, such as aldehydes, is the
appearance of a small peak at 2780 cm™~!, suggesting the release of
formaldehyde [26], previously also identified in biomass pyrolysis
experiments, see, e.g., [29]. Biomass pyrolysis is also accompanied
by the release of tars, primarily consisting of polyaromatic hydro-
carbons for which Raman spectra often show prominent peaks in
the vicinity of 3050 cm~! [30]. However, polyaromatic tars are re-
ported to form at higher temperatures than reached in these ex-
periments [22], and, accordingly, the spectra of Fig. 5 show no ap-
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parent features around 3050 cm~!. Considering that the peak at
2919 cm~! can be assigned to methane [26], Raman spectra show
a shift of release from heavier hydrocarbons to the lightest one,
i.e.,, methane, in agreement with trends for biomass pyrolysis [21].

4. Conclusions

A polarization lock-in filtering (PLF) method was devised to
suppress background interferences on weak Raman scattering sig-
nals by temporally modulating signals via the polarization of the
excitation laser. The technique was demonstrated for in situ anal-
ysis of gas released from biomass pyrolysis, which is difficult to
achieve with conventional Raman spectroscopy due to the pres-
ence of substantial fluorescence interference from volatile larger
hydrocarbon compounds. The results are very promising, with sup-
pression of un-polarized background contributions, such as fluores-
cence and laser-induced atomic emission lines, by up to a factor of
50. The accuracy in identifying the Raman peaks has significantly
increased, and concentration evaluation of released species was
feasible. Also, the background suppression enables a detailed anal-
ysis of spectra, demonstrated by the detection of slight changes in
the spectral shape of the hydrocarbon CH-stretch signature.

In addition to the application of biomass pyrolysis presented in
this paper, the PLF method can be employed with Raman spec-
troscopy for measurements under any conditions where the back-
ground filtering would be beneficial. While the temporal resolution
for time-lapse measurements is primarily set by the laser repeti-
tion rate and detector performance, the modulation speed of the
laser polarization presently limits the method to studies of pro-
cesses varying on a time-scale on the order of a second. This can
potentially be improved with a faster polarization-switching de-
vice, but the technique cannot be employed for single-shot mea-
surements. Nevertheless, the additional complexity of the experi-
mental setup is limited to the addition of a rotating wave plate,
and the method thus clearly extends the applicability of Raman
spectroscopy setups with a single detection system. Quantitative
information is preserved after data post-processing, and including
additional factors in the evaluation, e.g., the depolarization ratio of
molecules, will increase the accuracy of the quantitative analyses.
Therefore, the development of the PLF method will be continued
to improve its applicability for optimum use in various fields of
research.
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