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Abstract: Stray light is a known strong interference in spectroscopic measurements. Photons
from high-intensity signals that are scattered inside the spectrometer, or photons that enter the
detector through unintended ways, will be added to the spectrum as an interference signal. A
general experimental solution to this problem is presented here by introducing a customized fiber
for signal collection. The fiber-mount to the spectrometer consists of a periodically arranged fiber
array that, combined with lock-in analysis of the data, is capable of suppressing stray light for
improved spectroscopy. The method, which is referred to as fiber-based periodic shadowing, was
applied to Raman spectroscopy in combustion. The fiber-based stray-light suppression method is
implemented in an experimental setup with a high-power high-repetition-rate laser system used
for Raman measurements in different room-temperature gas mixtures and a premixed flame. It
is shown that the stray-light level is reduced by up to a factor of 80. Weak spectral lines can
be distinguished, and therefore better molecular species identification, as well as concentration
and temperature evaluation, were performed. The results show that the method is feasible and
efficient in practical use and that it can be employed as a general tool for improving spectroscopic
accuracy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser-based spectroscopic methods have a wide range of applications in a number of research
fields, including fundamental physics, astronomy [1, 2], biomedicine [3–5], materials science [5],
combustion science [6], plasma research [7], etc. Among modern optical instruments, fibers have
been employed in a variety of spectroscopic applications with several advantages [8]. Fiber-based
sampling systems allow the sample to be analyzed remotely from the optical instrumentation,
which is especially useful in investigating hostile environments. The chemically reactive flows
in combustion with high temperatures and intense heat transfer, for example, result in harsh
experimental conditions. Laser-based spectroscopic methods are beneficial tools to investigate
such phenomena in-situ and non-intrusively with high accuracy [9].

Stray light in a spectrometer system can be described as light that deviates from the intended
path and distorts the spectral characteristics of the detected light [10–12]. Stray light originates
from various sources, for example, surface imperfections of the optical components and particles
or droplets in the optical path [13]. Stray light can be a severe problem in spectral analysis
of signals, especially when the spectral shift from the laser wavelength is small and the signal
of interest is weak. Moreover, stray light presents a general experimental challenge for in-situ
diagnostics of processes, e.g., for measurements in reactors and/or in the vicinity of surfaces.

#410517 https://doi.org/10.1364/OE.410517
Journal © 2021 Received 18 Sep 2020; revised 17 Dec 2020; accepted 21 Dec 2020; published 23 Feb 2021

https://orcid.org/0000-0002-4265-0963
https://orcid.org/0000-0003-3533-3588
https://orcid.org/0000-0002-4816-9134
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.410517&amp;domain=pdf&amp;date_stamp=2021-02-23


Research Article Vol. 29, No. 5 / 1 March 2021 / Optics Express 7233

Therefore, it is often necessary to eliminate or correct the signal for stray light in the
spectroscopic measurements, especially when quantitative analysis is desired. Optical filters
provide the traditional solution to suppress background light in a certain wavelength range, such
as the spectral width of a laser line, that enters the spectrometer, see for example [14]. In addition
to filters based on conventional optical materials, vapor of strongly absorbing atomic species,
such as K, Hg, I, Rb, or Na, have been employed as efficient and spectrally narrow filters [15–21].
Another optical solution is provided by double or triple monochromators for stray light reduction
[10, 22–24]. Yet, such a method results in the loss of collected light, detrimental for the detection
of low signals, and also prevents multiplex spectroscopic measurements as the monochromator
requires scanning for registration of a spectrum. In some cases, computer-assisted stray-light
correction approaches are feasible, and a method based on analysis of spectrum derivatives is
mostly used [25, 26]. However, the ability to remove stray light using the derivative approach is
dependent on that the gradients of the stray-light signal and the signal of interest are different,
which generally cannot be assumed.

A general experimental solution to the stray-light problem in spectroscopy, referred to as
Periodic Shadowing (PS), was presented by Kristensson et al. [27]. The PS concept is the
combination of the analog implementation of a periodic pattern onto the signal before reaching the
detector, inspired by Structured Illumination Microscopy [28], and the following data processing
based on lock-in analysis [29]. The concept was successfully demonstrated for stray-light
suppression in a wide range of spectroscopic techniques based on emission, absorption, scattering,
and nonlinear coherent optical processes. The experiments were done with optics arranged for
open-space collection of light and a transmission grating mounted on the spectrometer entrance
slit. The latter is a fundamental part of the PS concept in order to imprint a periodic pattern on
the collected signal, which is necessary for further processing. Since the PS concept in this first
version proved to be a highly versatile and powerful method for stray-light suppression, a natural
next step is to increase its feasibility, strength, and robustness in spectroscopic applications. In
this paper, we, therefore, present a novel fiber-based stray-light suppression method based on the
PS concept. The fiber-based PS method is implemented with a custom-made array of optical
fibers, which enables flexible signal collection combined with stray-light suppression by means
of the PS method. The experimental arrangement employs the PS-fiber to deliver the signal
light and create the periodic pattern, which is needed for further data processing. A schematic
description of the major issues and their corresponding solutions that are addressed in this work
is shown in Fig. 1.

The new method is demonstrated with Raman spectroscopy, based on inelastic scattering of
laser photons, which is a commonly employed technique for the detection of chemical species
in analyses of solid, liquid, and gaseous samples [30]. However, the inherent weakness of the
signals from the inelastic scattering makes Raman spectroscopy in the gas phase challenging.
Raman spectroscopy is a linear process where more incident photons enhance the signal, and
thus a laser of high average power can be used to compensate for weak signals, but then also
increases potential interference from stray light. Raman spectroscopy in studies of combustion
processes necessitates the detection of species in a gas-phase environment with high background
luminosity. While pulsed lasers and gated detection allow for the rejection of continuous
background signals, combustion diagnostics nevertheless represents an experimental challenge
for Raman spectroscopy. Great care must be taken to distinguish Raman signals from stray light
of the laser source and strong Rayleigh and Mie scattering signals, as well as other types of
interfering signal contributions [31,32]. The fiber-based PS method has thus been investigated
under such conditions by measurements in gases at ambient conditions and in premixed flames.
The method has been characterized for suppression of different stray-light levels, and evaluated
O2 mole fractions and temperatures have been assessed to ensure that accurate quantitative
information is retrieved from spectra after processing.
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Fig. 1. Schematic diagram illustrating the main challenges and the solutions used in this
paper. The experimental arrangement contains the PS-fiber employed to deliver signal light.
The spectrum is a typical vibrational Raman spectrum of nitrogen, where the yellow area
is the total spectrum, and the blue area is the Raman signal components after rejecting
interfering stray light using periodic shadowing.

2. Method

2.1. Fiber based periodic shadowing

The predefined pattern was in the previous study created by a transmissive Ronchi grating placed
at the entrance slit of the spectrometer [27], which blocks 50% of the incoming light. Here, as
shown in Fig. 2(a), a specialized fiber-optic bundle is used instead. The transmitted light through
the Ronchi grating has the modulation of a square wave which is very close to what is achieved
with the fiber, as is shown in Fig. 2(b).

ImaxImin

a) b)

Fig. 2. a) Schematic view of the experimental arrangement. The PS-fiber bundle collects
signal light and modulates it into the predefined pattern. b) Unprocessed PS spectrum
of vibrational Raman signal of nitrogen at 2331 cm−1 in which the predefined pattern of
periodic feature can be observed.

The customized silicon fiber manufactured for the PS method is shown in Fig. 3.
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a) c)

b )

Fig. 3. Illustration and photographs of the custom-made PS fiber. a) and c) show the input
end and the output end of the PS fiber with sectional views, respectively. b) shows the
extension of the fiber bundle.

Each PS fiber bundle contains 19 individual and identical multimode fibers, which are arranged
into a circular arrangement at the input end and a linear array at the output end. For this purpose,
the coatings of the fibers have been stripped on both sides, but the light-guiding in each of the
F300 pure silica cores is still provided by the thin fluorine-doped cladding with a numerical
aperture of 0.22 (see Table 1 for additional fiber details). The fiber itself has been manufactured
at the Leibniz IPHT with the exception of the fluorine-doped cladding (deposited at the Heraeus
Comvance company). The round fiber bundle has been inserted into an F300 silica capillary, and
the arrangement has been fused together using a Vytran GPX 3200 glass processing machine by
applying a vacuum and only gave minor changes in the fiber dimensions. The bundle was finally
cleaved to obtain the input facet.

On the output side, the fibers have been arranged in a linear periodic fashion: each active fiber
(guidance fiber) is separated by a short piece of identical ‘dead’ fiber (distance fiber) in which
no light is transmitted so that a unique pattern with a fixed spatial frequency is created when
light is inserted into the input end. The results of such an arrangement, as the fiber is mounted
onto the slit, is a periodic pattern that is close to a square wave modulation. Care has been taken
to place the central input fiber in the middle of the linear output side. Towards each end of the
linear arrangement follow three of the six fibers from the inner input ring and finally the fibers of
the outer ring. The individual fibers are bonded using epoxy between two BK7 glass blocks with
130 µm separation. The output facet was obtained by polishing.

The PS fiber transmits the light and forms a predefined spatial modulation pattern at the same
time. The introduction of the fiber, in principle, improves the transmission efficiency as it avoids
the 50% blockage of light at the slit encountered when using Ronchi gratings. Fiber optics
also simplifies the alignment and allows more flexibility in the optical system [8]. In many
experiments where optical access is exceedingly limited (e.g., in combustion engines), fiber
optics serve as a probe to such environments. The parameters in Table 1 show the dimensions of
the optical fibers, which should be related to the spectrometer. The round fiber configuration at
the input end assures that the fiber bundle maintains the same numerical aperture (NA) as the
individual fibers. In addition, the coupling of the light into the multimode fiber has a considerable
effect on its performance. In order to fully utilize the collected signal, the NA of the input light
cone has to be less than that of the fiber, i.e., underfilling the fiber.

When the camera registers the light after dispersion, a 2D spectral image is captured that can
be further processed in the stray-light removal lock-in algorithm, shown in Fig. 4. Modulated raw
input data and the post-processed output data are shown in Fig. 4(i) and 4ii, respectively. The
three necessary processing steps, along with a graphical description of the filter function that
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Table 1. Important parameters of the PS fiber.

Approximate dimensions Photograph

Each individual fiber Fiber core diameter: 114 µm
Cladding diameter: 126 µm
Coating diameter: 230 µm

The input end of the
PS fiber bundle

Outer diameter: ∼ 1610 µm
Inner diameter: ∼ 1294 µm

The output end of
the PS fiber bundle

LWH of the glass holder:
2.0× 1.0× 0.5 cm

Numerical Aperture
(NA)

0.22± 0.02

is used in the process, is displayed in Fig. 4(a)-(d). The processing of the modulated image is
described in detail by Kristensson et al. [27]. In summary, the signal-processing algorithm is
carried out by first using fast Fourier transform (FFT) on the modulated spectral image (Fig. 3(i))
column by column, providing a stack of 1D Fourier transforms (Fig. 3(a)). Each column is then
multiplied with two reference signals with a 90° relative phase shift, transforming the periodic
component into a DC component. This operation will cause the stray light, which originally is a
DC component, to shift into higher frequencies, which is shown in the close-up inset in Fig. 3(b).
After applying the band-pass filter, shown in Fig. 3(c), the non-modulated stray-light component
can be removed, as shown in Fig. 3(d). The final spectrum, with minimal stray light interference,
displayed in Fig. 3(ii), is finally obtained by an inverse Fourier transform.

The input data in the periodic shadowing algorithm has to have a periodic modulation, ideally
sinusoidal, in order for this demodulation scheme to work. A modulation that deviates from a
sinusoidal modulation will have overtone components in its Fourier transform. Such overtones
will simply be disregarded in the periodic shadowing processing and will thus not cause any
implication for the method except that the signal contribution in these overtones will be lost.
These overtones are really small with this fiber arrangement, which is seen in Fig. 4(a) where
they are barely visible.

2.2. Raman spectroscopy

An Nd:YAG laser (HD40I-OE, Edgewave, 100 W), operating at 5 kHz with pulses of ∼12 ns
duration, was used to perform Raman spectroscopy in this investigation. The laser delivered
an average power of 25 W, which is 25% of the maximum power, at a wavelength of 532 nm.
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Fig. 4. Data processing of the Periodic shadowing method. i) and ii) illustrate the spectra
before and after the PS process, respectively. a)-d). a) Fourier transform of the spectrum; b)
multiplication with reference signals to place the fundamental peak at the origin and the
DC component to ±υ in the spatial frequency domain; c) application of a band-pass filter to
extract the information of the modulation while filtering out components with high spatial
frequencies; d) Fourier transformed spectrum after filtering.

A schematic experimental setup is shown in Fig. 5. A multi-pass arrangement, displayed in
Ref. [33], was used to increase the laser irradiance in the measurement volume and enhance the
Raman signal. The multi-pass optics included a lens (L1) with focal length f=300 mm and a
cavity with a pair of dichroic multi-pass mirrors (MP) with focal length f=100 mm and radius
r= 50mm. The laser beam was guided into the cavity through a hole on the edge of the first
multi-pass mirror and focused at the center of the cavity by the lens. The laser beam was then
reflected back and forth between the multi-pass mirrors 32 times, with focal points located at the
center of the cavity. This resulted in a probe volume with dimensions of approximately 5×2×1
mm3.

The Raman scattering signal was collected by a set of two achromatic lenses (L2 and L3) with
a focal length of 200 mm each. In addition, a concave aluminum mirror (M4) with a focal length
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Fig. 5. Schematic of the experimental setup with a 532 nm laser beam employed to measure
Raman scattering signals in a porous-plug burner. The burner can be adjusted in the vertical
direction for measurements at different heights in the flame. The dashed red box marks out
the insertion of the PS fiber in the setup.

of 150 mm was placed on the other side of the spectrometer to reflect signal scattered in this
direction back towards the spectrometer, which theoretically increases the signal by a factor of 2.
The collected Raman signal was focused onto the input end of the PS fiber, transmitted through
the fiber bundle, and formed the PS modulation at the output end, placed at the entrance slit of the
spectrometer. The transmitted signal was guided into the spectrometer (Princeton Instruments
IsoPlane SCT 320) after a long-pass filter (F1, Semrock EdgeBasic BLP01-532R-25), which
reduces light at the laser wavelength. The f-number of the collecting lenses, f/4, is selected
to approximately match that of the spectrometer, f/4.6. However, this slight mismatch will
cause a signal loss in the spectrometer since it is slightly overfilled. This corresponds to an
NA value of 0.125, i.e., smaller than that of the PS-fiber, which is then underfilled by the light
cone. Nevertheless, it was also noted that some imperfection in the manufacture of the PS-fiber
prototype leads to some signal loss. For example, slight unevenness on the sizes and spacing of
the individual fibers may lead to inaccurate numerical aperture.

The spectrometer was equipped with a grating of groove density 2400 lines/mm for measure-
ments at high spectral resolution. An intensified CCD camera (Princeton Instruments PI-MAX4)
was mounted at the output of the spectrometer. The on-CCD accumulation and intensifier gain
parameters were set for optimal use of the dynamic range. The number of accumulations varied
from 10000 to 300000 in order to achieve adequate photon counts for different measurement
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conditions. All the spectra were corrected for a background measured with the laser beam
blocked using equal detection settings.

A porous-plug flat-flame McKenna burner was placed at the probe volume in the multi-pass
cell with the probe volume located above the burner surface. The burner was placed on a
vertical translation stage in order to adjust the height of the probe volume above the burner. The
burner was used both for generating room-temperature gas flows of air, nitrogen, and oxygen
and for stabilizing a flame. Flame measurements were conducted in a stoichiometric premixed
methane/air flame of equivalence ratio of 1.0 at heights above burner (HAB) of 3, 7, and 12
mm. The flame was lifted from the burner surface (cf. Figure 5) by adding an excessive nitrogen
flow to the air, and the reaction zone was located approximately 7 mm above the burner surface.
Measurements at the flame front are challenging using a multi-pass arrangement due to strong
temperature gradients that cause beam steering. These measurements were acquired at stable
flame conditions that, with the current measurement setup, minimized the problem of beam
steering to slight adjustments of one of the multipass cavity mirrors. A metal plate for stabilizing
the flame was placed 19 mm above the burner. The total gas flow rate was set to 22.32 NLPM,
and the nitrogen/oxygen ratio was 6.69.

In order to quantitatively analyze the spectra, the software PGOPHER [34] was employed
for modeling the theoretical spectra of nitrogen, oxygen, and carbon dioxide, using molecular
constants from the literature [9, 35]. Temperature and oxygen mole fraction were evaluated by
fitting theoretical spectra to the experimental spectra. The theoretical spectra were calculated
for different compositions of N2/O2/CO2 and temperature. The evaluated temperature and
oxygen mole fraction were retrieved from the theoretical spectrum that gave the best fit of the
experimental one.

3. Results and discussion

Raman spectra were recorded in wavenumber ranges 0-500 cm−1 and 2000-2500 cm−1 to study
the effect of the fiber-based PS method. The low-wavenumber region (0-500 cm−1) is where
the pure rotational Raman S-branch lines are located, and this spectral range is significantly
affected by the laser-induced stray light. Therefore, it is suitable to study the performance of
the stray-light suppression process in this region. The region of 2000-2500 cm−1 is where the
nitrogen ro-vibrational O-, Q-, and S-branches are located and is less affected by stray light.

3.1. Spectral analysis from room-temperature gas mixtures

Raman spectra in the wavenumber range 0-300 cm−1 and 2000-2500 cm−1 from room-temperature
air, oxygen, and nitrogen were investigated. Data are compared before and after they have been
processed with the lock-in-based periodic shadowing analysis. The intensity of each spectrum was
normalized to the maximum of the after-PS spectrum for better visibility. As shown in Fig. 6, the
fiber-based PS method is efficient for stray-light suppression, especially in the low-wavenumber
region (a-b) where the pure rotational Raman peaks are located close to the laser line and
therefore strongly affected by stray light. The increased level of stray light in this spectral region
arises from multiple scattering and reflections of the incident laser light, which are significantly
stronger than the Raman signal. The ratio between the signal intensity before and after the PS
process is displayed under each spectrum, showing a large improvement in peak contrast where
the stray-light interference level is reduced by a factor of up to 80 in the region 0-50 cm−1. The
PS process also reveals the concealed temperature-dependent intensity distribution of the pure
rotational S-branch lines, which indicates the possibility for quantitative temperature evaluation
(which will be discussed in section 4.2). An increase of the stray light in the region 2000-2500
cm−1 is also caused by the superposition of wings from strong lines nearby [24], in this case, the
nitrogen Q-branch at 2331 cm−1 (cf. Figure 6(c)). The smaller ro-vibrational S-branch peaks
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adjacent to the strong Q-branch peak are revealed with a more accurate intensity distribution
after PS processing.

Room-temperature N2

0

2

4

6

8

2100 2200 2300 2400 2500
0

20

Before/ After PS

x10-2

Wavenumber [cm-1] Wavenumber [cm-1] Wavenumber [cm-1]

Room-temperature N2

0

0.5

1

1.5

2

50 100 150 200 250 300
0

50
Before/ After PS

2300 2350

Room-temperature O2

0

0.5

1

1.5

2
Before PS
After PS

50 100 150 200 250 300
0

50

Before/ After PS

a) b) c)

In
te

ns
ity

 [a
rb

. u
ni

ts
]

In
te

ns
ity

 [a
rb

. u
ni

ts
]

In
te

ns
ity

 [a
rb

. u
ni

ts
]

R
at

io

R
at

io

R
at

io

Fig. 6. Raman spectra from room-temperature oxygen and nitrogen at two spectral regions,
before (yellow) and after (blue) the PS process. The ratio between the intensity before and
after the PS process is plotted below each spectrum. a)-b) pure rotational S-branch spectra
of oxygen and nitrogen. c) Q-branch ro-vibrational spectrum of nitrogen.

Figure 7 shows the pure rotational Raman S-branch spectrum of air at room temperature.
Similar to the results of Fig. 6, stray light at lower wavenumber values is effectively removed
in the PS processing. The spectrum retrieved after PS processing can be well fitted to a
theoretical spectrum of temperature 300 K and an O2 mole fraction of 21%, in agreement with
the experimental conditions. This confirms the reliability of the fiber-PS method, as the fit reveals
excellent agreement with a correlation value R2 of 0.99.
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Fig. 7. Pure rotational Raman spectrum from room-temperature air. The theoretical
spectrum of temperature 300 K (red) shows excellent agreement with the PS processed
spectrum (blue), and the evaluated composition of air agrees well with the actual value (79%
nitrogen and 21% oxygen).
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3.2. Suppression of different stray-light levels

Different stray-light levels were achieved by placing a scattering object near the probe volume
when rotational Raman spectra were acquired. Four sets of 100 spectral images consisting of
2500 on-chip accumulations each, corresponding to an acquisition time of 0.5 s, were recorded
for each stray-light level. Averaged data with background levels subtracted are displayed in Fig. 8
for all four cases with different amounts of stray light (Level 1-4). The levels of stray light has a
significant impact on the spectra up to about 50 cm−1, where it drops to more moderate levels.
Nevertheless, the spectrum that has been processed by periodic shadowing indicates that all levels
of stray-light make a significant contribution to the spectrum up to at least 150 cm−1 compared
to the Raman signal. Data were acquired in these sets in order to investigate the impact of the
fiber-PS process on the accuracy and precision of temperature and O2 mole fractions retrieved
from the spectra. Due to severe stray-light interference levels, it was not possible to fit the spectra
before the PS process at wavenumber values lower than 50 cm−1. On the other hand, the spectra
after PS process could be fitted from 20 cm−1. Thus, the lower limits for fitting were set to
50 cm−1 and 20 cm−1 for the before- and after- fiber-PS process, respectively.
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Fig. 8. Pure rotational S-branch Raman spectra measured with different amounts of stray
light (Level 1-4). The green curve displays data (the Level 1 case) that has been processed
using periodic shadowing where much of the stray light has been suppressed.

The evaluated average oxygen mole fractions and temperatures of each case together with
corresponding standard deviations in parenthesis are listed in Table 2. The spectra contain a
constant residual baseline that can be accounted for in the fit to evaluate temperature and mole
fraction. For the lowest stray-light level, the unprocessed and PS-processed spectra give the same
oxygen mole fraction, 20.7%, and the evaluated results then increase with stray-light level. For
fiber-PS data, the increase is marginal, and all results are close to the expected value for air, 21%.
For the unprocessed data, the increasing trend is stronger, and the values gradually deviate more
from the correct value. The spectra were measured at ∼295 K, and the evaluated temperatures of
the PS-processed data are 3-14 K lower. The deviation from the expected temperature shows a
slight increase with the stray-light level. However, the unprocessed data result in much lower
temperatures that are not realistic for measurements at ambient conditions. This is most likely
due to stray-light contribution at the lower wavenumber values of the spectrum, which biases the
evaluation towards lower temperature.



Research Article Vol. 29, No. 5 / 1 March 2021 / Optics Express 7242

Table 2. Evaluated oxygen mole fractions and temperatures with corresponding standard
deviations. Expectation values for oxygen mole fraction and temperature is 21% and 295 K,

respectively.

Evaluated oxygen mole fraction (%) Evaluated temperature (K)

Before fiber-PS After fiber-PS Before fiber-PS After fiber-PS

level1 20.7 20.7 (1.4) 269 292 (11)

level2 21.4 20.8 (1.4) 227 287 (11)

level3 22.0 20.9 (1.4) 211 286 (8)

level4 23.7 21.1 (1.2) - 281 (9)

The evaluated temperatures for raw data without periodic shadowing filtering show smaller
standard deviations with increased stray-light background levels. This is due to the fact that the
raw data is dominated by a rather stable stray-light contribution that does not vary considerably
compared with the Raman peaks. Hence, standard deviations for raw data are not presented
here to avoid confusion. The standard deviation in O2 mole fraction and temperatures, evaluated
from after fiber-PS data, display small variation for the four different stray-light levels. Thus, the
fiber-PS process has a low impact on the accuracy as well as precision of data evaluated from the
spectra.

3.3. Temperature measurements in premixed methane-air flame

Temperature evaluation was made for spectra measured at three different heights in a premixed
stoichiometric methane/air flame, as shown in Fig. 9. The selected heights above burner
(h1= 3 mm, h2= 7 mm, h3= 12 mm) represent the reactant zone (low temperature), the preheat
zone (medium temperature), and the post-flame zone (high temperature), respectively. The
low-temperature (h1) case displays pure rotational lines of oxygen and nitrogen from the air.
Further, the spectrum at medium temperature (h2) shows rotational lines from nitrogen, remaining
oxygen, and carbon dioxide formed as a result of the combustion. As for the high-temperature
(h3) case, where the oxygen is mostly consumed and carbon dioxide is fully formed, the spectrum
mainly consists of nitrogen lines superimposed with carbon dioxide lines.
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Fig. 9. After PS Raman spectra of a stoichiometric methane/air premixed flame at different
heights (h1, h2, h3). a) pure rotational S-branch spectra; b) ro-vibrational Q-branch N2

spectra. The intensity of each spectrum is normalized by unit acquisition time to illustrate
the relative intensity.
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The evaluation was performed by fitting experimental spectra with simulated spectra of multi-
species (nitrogen, oxygen, and carbon dioxide) pure rotational lines and ro-vibrational nitrogen
lines, respectively. For simulations of rotational spectra, the mole fraction of each species at the
different heights was estimated in our earlier work [37] by inspection of spectra and calculation
of product gas composition. The deduced vibrational temperature is typically higher than the
rotational temperature, especially in the high-temperature region. This is caused by the difference
in temperature sensitivity of the spectral features used for temperature evaluation in the two cases,
the envelope of the pure nitrogen rotational S-branch lines and the Q-branch vibrational hot band.
The envelope of the rotational lines becomes less sensitive at higher temperatures, which results
in decreased sensitivity, bringing inaccuracy when comparing to the other approach using the
vibrational hot band. The evaluated temperatures from the two wavenumber regions are listed
in Table 3, where a good agreement between the two approaches is shown at the intermediate
temperature where both types of spectra are sensitive, with deviations of the tabulated values
around 5%. Temperature measurements can be made with high accuracy for methods based
on Raman spectrum analysis, as demonstrated for Coherent Anti-Stokes Raman Spectroscopy
(CARS), a well-characterized benchmark method for gas-phase thermometry in combustion
diagnostics [6,9]. The CARS method has been employed for studies in flames of the same
type as presented here, and temperature uncertainties on the order of a few percent have been
reported [36, 38]. Thus, a similar temperature accuracy should be feasible for measurements with
Raman spectroscopy as presented here, but calibration is required for the determination of the
temperature uncertainty. The product zone temperature, 1519 K, obtained for the stoichiometric
flame is rather low. However, the high nitrogen-to-oxygen ratio of the reactants used to obtain a
flame lifted from the burner surface resulted in a diluted flame for which rather low temperatures
can be expected.

Table 3. Evaluated temperatures at the different heights in the flame.

Evaluated temperatures (K)
From the rotational Raman spectrum of

air/nitrogen
From the vibrational Raman spectrum of

nitrogen

h1 292 329

h2 985 1027

h3 1294 1519

The fitted temperatures from the evaluation of the nitrogen vibrational spectra were used as
input for the simulations of pure rotational spectra to check the consistency between rotational
and vibrational Raman measurements. The calculated rotational spectra show an excellent match
with the experimental data, as shown in Fig. 10. Note that the intensity of the simulation in each
case is normalized by the maximum of the measured spectrum after PS in order to compare.
The excellent agreement between the experimental and theoretical spectra further confirms the
feasibility and reliability of the fiber-based PS method. In addition, it needs to be noted that
background varies in every measurement due to the uniqueness of each measuring condition. As
a result of the spectral resolution of the system, individual carbon dioxide rotational lines cannot
be resolved but are observed as a combined broad spectral feature at wavenumber value shifts up
to ∼150 cm−1. Nevertheless, the envelope of the pure rotational CO2 S-branch lines is exposed
after the stray light is removed using the fiber PS method. This envelope is, however, completely
concealed by the stray light before the PS process is applied.

3.4. Noise reduction

Frequencies that are not associated with the signal modulation are removed when the band-pass
filter is applied. Thus, a ‘cleaner’ spectrum is expected after the PS process with higher
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Fig. 10. Comparison between the pure rotational S-branch Raman spectra from three
different positions in the methane flame before PS (yellow), after PS (blue), and the
corresponding simulation (red). For clarity, the intensity of the simulations is plotted in the
reverse direction.

signal-to-noise ratios. This was also confirmed in the previous study by Kristensson et al. [27],
where the PS concept was implemented using a Ronchi grating. Figure 11 shows a statistical
analysis of a rotational Raman spectral image measured in room-temperature air. The histograms
show the intensity distributions of the image background areas indicated by the red rectangles in
Fig. 11(a) and (b). A comparison shows that the standard deviation σ, representing the noise
level, is reduced by a factor of 4, and the signal-to-noise ratio is then estimated to improve by
at least a factor of 2. These results indicate that the implementation of periodic shadowing is
beneficial in fiber-based spectroscopy since the technique itself increases the signal-to-noise ratio
by the mode-locking-based signal processing. In addition, more light can be collected by the fiber
bundle, which also is beneficial from a signal-to-noise point of view. Using a fiber bundle instead
of a single fiber does, however, cause a loss in spatial resolution, but the current fiber-bundle input
configuration, shown in Table 1 and Fig. 4, displays effective use of the fiber-input area. The
presented technique would not give much benefit in measurement situations with strong signals,
well-separated spectral features, effective optical filters, and limited stay light interferences, but
otherwise, the combination of effective light-collection abilities and suppression of scattered
light makes it ideal for Raman spectroscopy.
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Fig. 11. Improvement of noise level after PS process of a fiber-PS rotational Raman
spectrum in room-temperature air. The histograms show the pixel intensity distribution for
the image region indicated by the red rectangle and a reduction of the noise level by a factor
of 4.

4. Conclusion

In summary, a fiber-based stray-light suppression method for spectroscopic measurements has
been presented and demonstrated in Raman spectroscopy of gases. The principle of the method is
the implementation of a specialized fiber to perform the Periodic Shadowing method, where the
signal light is guided and modulated into a predefined pattern before entering the spectrometer.
With further processing algorithms based on spatial lock-in amplification, the stray light can be
correctly and efficiently suppressed, in this study by up to a factor of 80. Analysis of Raman
spectra showed that correct quantitative information on species mole fractions and temperature
could be retrieved from processed data. In addition to the stray-light suppression ability, the
fiber-based PS method brings improved flexibility to the detection system. These features together
make the concept highly valuable for accurate spectroscopic measurements in experiments with
limited optical access.
Funding. Stiftelsen för Strategisk Forskning (ITM17-0313); Energimyndigheten (22538-4); Knut och Alice Wallen-
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