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Abstract: It is well known that spectroscopic measurements suffer from an 
interference known as stray light, causing spectral distortion that reduces 
measurement accuracy. In severe situations, stray light may even obscure 
the existence of spectral lines. Here a novel general method is presented, 
named Periodic Shadowing, that enables effective stray light elimination in 
spectroscopy and experimental results are provided to demonstrate its 
capabilities and versatility. Besides its efficiency, implementing it in a 
spectroscopic arrangement comes at virtually no added experimental 
complexity. 
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1. Introduction 

Most fields within natural science benefit from optical spectroscopy, with wide applications 
such as detection of tumors [1], classification of stars and space exploration [2–5], species 
determination [6,7], identification of molecular and electronic structure [8,9], validation of 
physical models [10], etc. However, a common measurement obstacle in spectroscopy is the 
interference known as stray light, which, although lacking a strict definition, can be described 
as a general term comprising all spurious light reaching the detector in unintended ways, 
manifesting itself as background enhancements that vary across the wavelength range of the 
spectrum [11–21]. Optical components of the spectrograph, strong radiation and line wing 
overlap are often reported as the origins of stray light, but other effects may also factor in 
[11–15]. The implications of stray light distortion are many, including a worsened detection 
limit, analytical biases, concealment of weak spectral features, resolution losses, calibration 
errors, etc [11,12,15–17]. Despite the scientific endeavors during the last decades to 
overcome these issues, no conclusive and general solution to the problem has been found. Yet 
the ability to perform precise corrections for stray light is paramount for the prospect of new 
discoveries by means of spectroscopy. 

Stray light distortions can be mitigated through the use of double or triple 
monochromators [13–15,21–23]. However, these are based on a scanning procedure and are 
therefore not only a costly and time-consuming solution, they also leave out the possibility of 
acquiring instantaneous two-dimensional (2D) spectra (i.e. spectrally- and spatially resolved 
information recorded simultaneously). In addition, all scanning instruments share one 
common complication: the need to monitor and compensate for variations in the brightness of 
the object. High-performance holographic notch filters are often employed to inhibit the 
detection of stray light, yet such filters account only for stray light caused by a specific 
source, emitting at a specific wavelength [22]. The selectivity of both these experimental 
approaches limits their number of applications considerably. 

The most well known computer-aided approach for stray light correction is the derivative 
method, which attempts to solve the problem by extracting and analyzing derivatives of the 
spectrum [22,24]. The main benefit of this process is that broad spectral structures are 
suppressed relative sharper bands, thus permitting the identification of relatively weak 
features. However, derivatives are extremely sensitive to noise and rely heavily on 
smoothing, which is undesired since it deteriorates spectral resolution. Also, obtaining 
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optimum results for a given line-width require fine-tuning, which renders complications and 
uncertainties when the spectrum contains lines with variations in bandwidths. 

In this article, we present a general method – Periodic Shadowing (PS) – for stray light 
elimination that is suitable for all spectrographs with stigmatic imaging properties, thus 
including nearly all modern instruments optimized for use of 2D detectors (or 1D sensor 
arrays). 

2. Periodic shadowing 

Periodic Shadowing, which is mainly inspired by lock-in amplification [25] (frequency 
modulation and phase-sensitive detection in the temporal domain) and Structured Illumination 
Microscopy [26] (employed in microscopic imaging to increase depth-resolution), strongly 
reduce the stray light problem by tagging the photons incident on the spectrograph with a 
certain, predefined pattern. The configuration being presented here utilizes a Ronchi (square 
wave) grid target, mounted at the entrance slit (Fig. 1(a)), to tag the light – no other 
modification to the hardware of the spectroscopic system is required. 

 

Fig. 1. Schematic view of the experimental arrangement. (a) The inserted Ronchi pattern at the 
entrance slit is the only hardware modification to the spectrograph. (b) Unprocessed PS 
spectrum of an argon discharge lamp in which the superimposed periodic shadows can be 
observed. 

Owing to the fact that the entrance slit is imaged onto the detector at all wavelengths, the 
fine stripes of the Ronchi grid will effectively cast periodic shadows with a given spatial 
frequency and phase (along the slit direction), superimposed on all spectral lines (Fig. 1(b)). 
The stray light is, by definition, incapable of maintaining this well-defined structure during its 
passage through the spectrograph and will, in contrast to the signal photons, appear as a 
wavelength-dependent intensity offset on the detector. This distinction allows the signal 
photons to be identified and separated from the stray light, both in one and two-dimensional 
measurements, using a simple post-processing routine. We incorporate a lock-in detection 
algorithm [26] on each column of the acquired spectrum to extract only the information that 
appears with exactly the same periodicity as that of the Ronchi grid (procedure outlined in 
Appendix A). Apart from suppressing stray light, this approach also has the added benefit of 
reducing the impact of white noise. Furthermore, with the tagging process and data 
acquisition occurring simultaneously, pre-calibrations and blank- or background recordings 
are avoided. 

3. Results and discussion 

To experimentally verify the capabilities and versatility of the PS technique, four 
spectroscopic methods were studied, selected to achieve a high experimental diversity; (1) 
emission – where intense lines are known to gives rise to locally elevated levels of stray light; 
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(2) absorption – where the added intensity from stray light lead to an underestimated 
absorption; (3) laser-induced scattering – where stray light from the intense laser line 
conceals spectral features; and (4) Coherent anti-Stokes Raman Spectroscopy – to 
demonstrate that PS can be applied in spectral analysis of coherent signals. Each set of 
experiment was compared with the corresponding conventional method. 

3.1 Emission 

To study natural emission the radiation from a cadmium discharge lamp was recorded, see 
Fig. 2. The benefits of this sample are that its emission is not particularly intense and the 
visible spectrum contains well-separated lines. Stray light contamination is thus expected to 
be moderate. Despite this, a large improvement in line contrasts is observed when comparing 
the PS and conventional spectrum (Fig. 2(a)). Figure 2(b) shows how the stray light 
contribution varies significantly across the spectrum, increasing by a factor of up to 300 in 
line-rich regions. As explained by Larson et. al [11], this local increase of stray light is due to 
a superposition of wings from strong emission lines and is particularly problematic to 
compensate for as the magnitude of the effect depends on the current – often unknown – state 
of the sample. However, if left unaccounted for these enhancements directly transfer into 
analytical errors, as is exemplified by the signal-to-background values (Figs. 2(c)–2(e)). 

 

Fig. 2. Spectrum from a cadmium discharge lamp, acquired using both PS and conventional 
spectroscopy. (a) With its ability to distinguish between stray light and signal photons on a 
pixel level, PS generates a spectrum with line contrasts that greatly exceed the conventional 
ones (note the logarithmic scale). Both spectra are scaled between zero and unity. (b) Ratio 
between conventional and PS spectrum, revealing the complex structure of the stray light 
intensity, increasing nearby line-rich regions. This behavior demonstrates how the stray light 
level cannot be assessed indirectly by evaluating the baseline in vacant regions of the 
spectrum. (c)-(e) Weak spectral lines residing on the wings of strong emission lines are 
problematic to monitor accurately due to the locally elevated levels of stray light. PS 
significantly improves the signal-to-background values for such weak lines (indicated by the 
arrows). 

3.2 Absorption 

Astronomical observations rely almost entirely on passive methods, absorption and emission 
spectroscopy being among the most important ones [2] but where the former is particularly 
sensitive to stray light contamination. In a spectroscopic stellar measurement stray light 
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lowers the continuum level (broadband blackbody radiation) while filling the absorption lines, 
thus smoothening spectral features, in turn generating systematic errors in spectral- line 
widths, depths and shapes. A double or triple monochromator arrangement yields lower stray 
light levels, but these systems are generally avoided in astronomy nowadays (for the 
previously mentioned reasons) in favor of CCD-based systems. The ability to suppress stray 
light on a 2D arrangement thus makes PS promising for the prospect of increased sensitivity, 
which is key when weak spectral signatures are sought, e.g. when attempting to study the 
atmosphere of extrasolar planets [4,5]. Here a faint absorption imprint – only a fraction of the 
continuum level – is superposed on an overwhelmingly bright stellar spectrum and even 
minute spectral distortions due to stray light contamination are thus crucial to avoid. Figure 3 
shows a high-resolution absorption spectrum of the sun where the benefits of the PS 
technique for absorption applications in general are demonstrated (note that, apart from 
subtracting the average intensity on either side of the stellar exposure in the conventional 
case, no other corrections were carried out in this measurement). 

 

Fig. 3. Solar absorption spectrum, acquired using either conventional spectroscopy or PS. (a) 
Conventional spectrum of the sun. The significant amount of stray light is believed to arise 
from ruling deficiencies. (b) The corresponding PS spectrum, characterized by sharper, 
stronger absorption lines. The inset highlights the considerable difference in intensity for the 
prominent Fraunhofer lines of sodium at 5890 Å (D2) and 5896 Å (D1). 

3.3 Scattering 

One of the most frequently employed laser-induced methods within spectroscopy is Raman 
scattering – an inelastic process where the generated frequency shift permits species-specific 
measurements [8]. However, laser-induced Raman scattering measurements are often largely 
affected by stray light arising from the intense elastic scattering (Rayleigh, Mie and Tyndall 
scattering, as well as reflections) – often manifested as a broad, expanding wing. Because of 
this and the relatively low scattering Raman cross-section, stray light interference has been a 
long-standing complication for Raman spectroscopy and transitions at low wavenumbers are 
rarely included in the analysis [15,17,22,23,27]. Figure 4 illustrates how the transitions near 
the laser wavelength become readily accessible by means of PS, thus opening up for new 
measurement routines and identification procedures. Experimental and theoretical spectra 
show excellent agreement (Figs. 4(c) and 4(d)), confirming a proper operation of the PS 
method. However, since PS is primarily a post-processing tool, sharp notch filters may still be 
required in laser-based applications to diminish the strong laser radiation and to improve the 
signal-to-noise ratio (S/N). 
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Fig. 4. Comparison between PS and conventional laser-induced rotational Raman spectroscopy 
in a gaseous medium. (a) and (b) Raman spectra of pure nitrogen and oxygen, respectively. 
Since Raman scattering is considerably weaker than Rayleigh scattering, stray light 
suppression becomes a necessity for the detection of Raman transitions at low wavenumbers. 
Mie and Tyndall scattering as well as reflections are also contributing to the elastic light in 
most practical measurement situations. The PS data illustrates the prospect of increasing the 
operating range of Raman spectroscopy, to permit accurate monitoring of lines closer to the 
laser line. (c) and (d) Theoretical Raman spectra fitted against PS spectra, showing excellent 
agreement. 

3.4 Coherent signals 

Similar to Raman scattering, coherent anti-stokes Raman spectroscopy (CARS) is also a 
laser-based technique that provides species-specificity, used for both micro- and macroscopic 
applications [6,28–30]. However, the signal generated in CARS is, in contrast to Raman 
scattering, coherent and has laser-like characteristics, thus permitting additional schemes for 
stray light suppression based on polarization, long optical paths and sharp, optical filters. 
Further, in situations when the acquired data still suffer from errors induced by stray light, the 
laser configuration of CARS (wave-mixing of laser beams with different wavelengths) allows 
the background offset to be measured in a separate recording. A PS spectrum, acquired at 
such measurement conditions using a two-beam rotational CARS configuration [31], is 
displayed in Fig. 5(a) accompanied by raw data as well as background-corrected CARS data. 
The residual signal, in Fig. 5(b), shows an excellent agreement between the two differently 
processed data sets, demonstrating both that background acquisitions in CARS – when 
required – can be circumvented by means of PS (Figs. 5(a) and 5(c)) and that PS is applicable 
for the analysis of coherent signals. Apart from being more time efficient, the greatest merit 
of PS for CARS experiments is arguably the possibility of recording single laser shot spectra, 
even in harsh environments where e.g. beam-steering and changes in polarization gives rise to 
temporal fluctuations in the stray light contribution (Fig. 5(d)). 
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Fig. 5. Comparison of rotational CARS spectra acquired using either PS or conventional 
spectroscopy. (a) CARS evaluation is commonly made on a signal spectrum from which a 
background spectrum (recorded while blocking the Stokes beam) is subtracted. By 
implementing PS, the requisite for such a second measurement is circumvented. (b) Residual 
plot, showing the close agreement between background-corrected CARS and PS, 
experimentally verifying a proper operation of PS for coherent signals. (c) Example of a 
spectrum from a two-beam CARS measurement, where the polarization of the spatially 
overlapping probe beam is perturbed as it passes through an optical window, in an attempt to 
mimic undesired effects commonly encountered in e.g. high-pressure measurements, where 
optical ports are a necessity. (d) Example of an instantaneously acquired CO2 spectrum, 
recorded under similar conditions. Due to temporal fluctuations of the conditions in the 
measurement volume, accurate background readings cannot be attained without PS. 

3.5 Signal to noise 

Losing light is an inevitable side effect of all modulation schemes. In the case of PS the 
inserted Ronchi grid blocks about half of the incident light, thus potentially reducing the S/N 
by an equal amount. However, the a priori characteristics of the signal of interest – its unique 
spatial phase and frequency – can be exploited to reduce noise. Two processes are mainly 
responsible for the filtering of noise. First, the signal is shifted to a less noisy environment 
(high spatial frequency), thus reducing the influence of white noise. Second, a (spatial) band-
pass filter is applied on the signal, removing redundant spatial frequencies that otherwise add 
noise. This noise-filtering capability is illustrated in Fig. 6, showing statistical analysis on a 
CARS measurement of air. Analysis of regions free from spectral lines revealed a reduction 
of the noise by at least a factor of two when implementing PS (Fig. 6), thus fully 
compensating, in terms of S/N, for the loss of light introduced by the Ronchi grid. 
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Fig. 6. Comparison of the noise levels for rotational CARS spectra of air. (a) Unprocessed 
CARS spectrum. (b) Background-corrected CARS spectrum. (c) Corresponding PS spectrum. 
The green frame indicates the region of interest (ROI) for the analysis, chosen for being free of 
spectral lines. Each spectrum is normalized prior to the statistical analysis, having values 
between zero and unity. The S/N can therefore be estimated directly from the noise level 
(being inversely proportional to the standard deviation). (d)-(f) Histograms of the ROI after 
full vertical binning (FVB), revealing a reduction of the noise by approximately a factor of 2 
with PS. (g)-(i) Histograms of the ROI with no pixel binning, suggesting an even greater 
improvement in S/N. 

4. Conclusion 

In conclusion, a novel spectroscopic method, having the capability of suppressing stray light, 
has been described and experimentally demonstrated. The basic principle of the method 
consists of applying a pattern that blocks light with a certain periodicity against the entrance 
slit of the spectrometer. This predefined transmission characteristic is only maintained by 
photons traveling the correct optical path through the spectrometer, thus making stray light 
and signal photons distinguishable in the acquired spectrum. To extract the signal photons and 
suppress the unwanted stray light, we incorporate a spatial lock-in algorithm, which also has 
noise-filtering benefits. 

Besides its ability to suppress stray light, Periodic Shadowing is inexpensive and adds 
nearly no experimental complexity to the spectroscopic setup. 
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Appendix A: Lock-in Analysis 

 

Fig. 7. Example of the processing steps of PS. Each graph is accompanied by its corresponding 
Fourier transforms, all shown in a logarithmic scale (x-axis truncated). (a) Unprocessed 
rotational CARS spectrum. (b) Corresponding PS spectrum. (c) Intensity variations along the 
columns “A” (blue). (d) Intensity variations along the columns “B” (red). (e) References 
signals, 90 degrees shifted in phase. (f) Product of the first reference signal and both “A” and 
“B”. (g) Product of second reference signal and both “A” and “B”. (h) Result of the PS 
algorithm, which extracts the envelope (AA) of column “A”. The low-pass filter (LPF) is shown 
in a linear scale. (i) Difference in noise level (column B) between PS (black) and conventional 
spectroscopy (red), where the latter is offset-adjusted, for reasons of clarity. 

The lock-in analysis outlined in this appendix is graphically represented in Fig. 7. To be able 
to use lock-in detection algorithms in the data post-processing of PS the signal must be 
modulated with a well-defined spatial frequency. In PS, this frequency, fSig, is set by the 
magnification (or demagnification) of the Ronchi ruling, which typically has 5-20 
periods/mm. Although remaining constant, we routinely determine fSig from each data set 
through Fourier analysis, where the software simply assumes fSig to be the strongest non-zero 
component in the Fourier domain (for optimum performance it is advised to exclude low 
spatial frequencies in the analysis to avoid ambiguities caused by the 1/f noise). With fSig 
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being determined, each column, SC, of the 2D spectrum (Fig. 7(a)) is then analyzed 
separately. This signal vector can be expressed as 

 ( ) ( )sin(2 ) ( )C C Sig C CS R A R f R B Rπ ϕ= + +  (1) 

The row index, R, and column index, C, are integer numbers. In this formulation the signal is 
divided into two parts; (1) the frequency modulated part, AC(R), which basically contains the 
signal of interest (SOI), and (2) a non-modulated offset, BC(R), arising from various sources 
of noise and interference. If we assume that fSig remains constant for all columns – a 
reasonable assumption in PS – two reference signals, SX,Ref and SY,Ref (see Fig. 7(e)) can be 
formed as 

 ( ) ( ), sin 2X Ref Sig RefS R f Rπ ϕ= +  (2) 

and 

 ( ) ( ), sin 2 2Y Ref Sig RefS R f Rπ ϕ π= + +  (3) 

where the phase shift of π/2 is the only difference between the two. Multiplying the signal 
vector, SC, with the two reference signals leads the following signal vectors (see Figs. 7(f) and 
7(g)). 

 
( ) ( ) ( ) ( ) ( )[ ]

( ) ( )
, ,

1
cos cos 4

2
sin 2

X C C X Ref C C Ref Sig C Ref

C Sig Ref

S R S R S A R f R

B R f R

ϕ ϕ π ϕ ϕ

π ϕ

+= ⋅ = − − + +

+
(4) 

 
( ) ( ) ( ) ( ) ( )

( ) ( )
, ,

1
sin sin 4

2

sin 2 2

Y C C Y Ref C C Ref Sig C Ref

C Sig Ref

S R S R S A R f R

B R f R

ϕ ϕ π ϕ ϕ

π ϕ π

 = ⋅ = − − + + + 

+ +
(5) 

Applying a low-pass filter with a cut-off frequency of fC = fSig (lower right panel in Fig. 7(h)) 
on these vectors (ideally) removes the modulated components, resulting in two new vectors, 

 ( ) ( ) ( )1
cos

2C C C RefX R A R ϕ ϕ= −  (6) 

and 

 ( ) ( ) ( )1
sin

2C C C RefY R A R ϕ ϕ= −  (7) 

where the tilde assignment on AC is due to the frequency filtering. In the presented results, we 
apply a pure Gaussian to reject higher spatial frequencies. The SOI is finally determined by 
calculating 

 ( ) ( ) ( )2 2
2C C CA R X R Y R= +  (8) 

which basically extracts the envelope of SC (Fig. 7(h)). 
Analyzing the data using lock-in algorithms leads to a slight loss of spatial resolution, the 

magnitude of which is inversely proportional to the spatial frequency of the Ronchi grating. 
Selecting a Ronchi grating with high spatial frequency is therefore advised to minimize the 
loss of spatial resolution. However, 2D PS spectroscopy with no loss of spatial resolution can 
be achieved by shifting the Ronchi grating physically in space, following the methodology 
described by Neil et al. [26]. By shifting the grating and thereby the spatial phase of the 
shadow structure, the information previously hidden in the shadows becomes accessible. 
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Recording three spectra with relative spatial phases 0, 2π/3 and 4π/3 is sufficient for a full 
demodulation, according to 

 ( ) ( ) ( )2 2 2

0 2 3 0 4 3 2 3 4 3PS I I I I I Iπ π π π/ / / /= − + − + −  (9) 

where IX is a 2D spectrum and the subscript X denote the spatial phase (in radians) of the 
shadows. 
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