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Supercontinuum (SC) lasers combine a broadband light spectrum with the unique
properties of single-mode lasers. In this work we present an optical system to spectrally
filter a SC laser source using liquid-crystal on silicon (LCoS) spatial light modulators
(SLM). The proposed optical system disperses the input laser and the spectrally
separated components are projected onto the LCoS-SLM, where the state of polarization
of each wavelength is separately modulated. Finally, recombining the modulated spectral
components results in an output laser source where the spectrum can be controlled
dynamically from a computer. The system incorporates two branches to independently
control the visible (VIS) and the near infrared (NIR) spectral content, thus providing a SC
laser source from 450 to 1,600 nm with programmable spectrum. This new ability for
controlling at will the wide spectra of the SC laser sources can be extremely useful for
biological imaging applications.
Keywords: supercontinuum laser, broadband light sources, spatial light modulators, biological applications,
microscopy, liquid crystal on silicon

INTRODUCTION
A wide range of applications from biological and biomedical microscopic imaging requires a use
of SC laser sources. They are characterized by an extremely broad spectral coverage from ∼400
to 2,400 nm emitted as a continuum with an integrated power of up to several watts (even tens of
watts), and at the same time a perfect Gaussian single-mode beam which can be focused down to
the diffraction limit. This gives rise to a brightness that can exceed conventional light sources by
more than six orders of magnitude, while staying within the spatial resolution regime of optical
microscopy if needed [1]. Those sources have found many applications in a variety of fields of
microscopy such as confocal microscopy [2] and STED microscopy [3].
In addition, SLMs are useful devices for advancing microscopy technology and they have been
employed to control the imaging performance of many optical microscopes [4, 5]. In fact, a SLM
can have different functions in a microscope, going from controlling the illumination by displaying
a diffractive optical element (DOE) that structures and shapes the illumination beam, or/and acting
on the imaging path of the microscope, by manipulating the Fourier components of the light
coming from the sample [4, 6].
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in this complete spectral range (Edmund Optics #89–547), with
an orientation of 45◦ with respect to the horizontal direction
in the laboratory framework. Then, it is directed onto a nonpolarizing beam splitter (BS) that splits light into two arms.
One arm is used to modulate each of the two spectral regions:
VIS and NIR ranges, respectively. Then, each arm has the
same optical scheme. First, the light beam traverses a blazed
grating that disperse the input light. The first diffraction order,
where the gratings show the highest efficiency, passes through
an achromatic converging lens that produces a collimated beam
that projects the dispersed light beam into the LCoS-SLM panel.
We use two SLMs from Hamamatsu, models X10468-01 and
X10468-08, specifically designed to be used for VIS and NIR,
respectively. Both devices are parallel-aligned LCoS devices, i.e.,
they are pixelated linear retarders whose retardance at each pixel
is controlled from a computer [13]. The applied voltage, and
hence the retardance, is controlled using grayscale images with
8-bit encoding, allowing 256 levels. The LC director is oriented
along the horizontal direction in both SLMs. Because the LC
director axis forms 45◦ with the input polarization, the state of
polarization is modulated on the reflected light as a function
of the retardance applied by the LCoS-SLM. The modulated
reflected beams follow then the reverse path, and the lens and
the grating recombine all the spectral components again on the
first diffraction order. This recombined beam propagates towards
the BS where the two VIS and NIR beams merge again in a
single output beam. A second Glan-Taylor linear polarizer is
placed at the output, also oriented at 45◦ , which transforms
the polarization modulation induced by the LCoS-SLMs onto
irradiance modulation, thus generating a desired spectral filtering
on the SC spectrum.
The spectrum of the output beam is registered with two
spectrometers, a Stellar-Net Black-Comet STN-BLK-C-SR-25
model that can measure between 200 and 1,080 nm, and
another Stellar-Net STE-RED-WAVE-NIR-512-25 model that
can measure between 900 and 2,300 nm. A mirror mounted on
an adjustable flip platform is used to direct the beam to one or the
other spectrometer. A diffuser is placed before the spectrometer
entrance, to avoid damaging the detectors.

In many optical systems, the possibility of controlling light
source spectra is an interesting subject. Some efforts have
been done in solar simulators using a supercontinuum laser to
implement tuning spectra using static opaque masks as mobile
elements for spectral shaping [7] or use a programmable liquid
crystal (LC) SLMs to rapidly generate an arbitrary spectrum [8].
However, the visible range is lost due to the poor laser emission
in this wavelength range.
Some years ago, we presented an optical system based on a
LCoS-SLM that acts as a waveplate with a programmable spectral
retardance function in the visible wavelength range which is
controlled via the voltage signal which depends on the addressed
gray level of the LCoS panel [9]. The proposed optical system
was probed experimentally through different examples, which
include broadband constant phase-shift retarders, and retardance
bands of variable bandwidth and variable central wavelength.
A great number of applications, such as hyperspectral imaging,
spectral polarimetry, ellipsometry, interferometry or colorimetry,
among others, can benefit from this control.
In this work, we extend our previous optical system shown
in Moreno et al. [9] to a programmable spectra light source
generation by extending the spectral range to include also the
near infrared (NIR) region and so being able to generate any
desired spectra. This spectral extension is accomplished taking
profit of the light beam reflected at the beam splitter in the system
to include a second arm that is modulated by a second LCoS-SLM
operational at the NIR wavelength range. In fact, the extension
to NIR light could be very important in different areas, like
optical fiber communications, with standard windows operating
at 980 nm, 1,330 m, and 1,550 nm [10], or in biomedical imaging,
where the conventional therapeutical windows are centered
at ranges of 650–950 nm (first window) or 1,100–1,350 nm
(second window) [11]. Using techniques like Optical Coherence
Tomography (OCT), the penetration in biological tissues has
been demonstrated to increase with larger wavelengths, ranging
from only hundreds of microns in the shorter wavelength region
of the visible spectrum (about 450–550 nm) to about 1–2 mm in
the mid infrared (1,300–1,500 nm) [12]. Thus, a broadband laser
source system where the spectrum can be designed and tuned in
real time can be extremely interesting also for these applications.
The paper is organized as follows: after this introduction,
Section “Experimental System” describes the VIS-NIR
programmable SC laser spectrum generator system; then Section
“Calibration Procedure” explains the explains the adjustments
required to achieve good results; Section “Experimental Results”
includes experiments that demonstrate the effective generation
of different spectral content in the laser source; finally, Section
“Conclusions” concludes the work.

CALIBRATION PROCEDURE
However, prior to be used, the system must be calibrated,
since the SLM retardance depends on the wavelength and
on the applied voltage. This means that one must carefully
adjust the LCoS array to display the desired retardance for the
wavelength illuminating each pixel. Therefore,
it is necessary to

determine the device retardance 8 λ, g both as a function of
the wavelength
(λ) and as a function of the addressed gray-level

signal g . This function follows the typical relation of a single
anisotropic LC layer, i.e., 8 λ, g = (2π/λ) 1n · d, where d is the
thickness of the LC layer and 1n(g) is its effective birefringence,
which depends on the addressed signal.
Since the input polarizer has the transmission axis oriented
at 45◦ with respect to the LC director axis, if the output
polarizer is parallel to the first one, the ideal output normalized

EXPERIMENTAL SYSTEM
The optical setup scheme is shown in Figure 1. The input light
is a supercontinuum laser beam from Fianium (model SC400).
This light source emits a broadband laser beam with continuous
broadband spectrum from 400 nm to more than 1,800 nm. The
beam is first polarized by a Glan-Taylor linear polarizer useful
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FIGURE 1 | (a) Scheme of the VIS-NIR spectrum generator; LP, linear polarizer; BS, beam-splitter; DG, blazed diffraction grating; L, converging lens. (b) Picture of the
dispersed visible SC beam projected onto the VIS-LCoS-SLM. (c) Picture of the complete system.
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the function i (λ) can be designed. For that purpose, we
generate two gray-level images, one for the VIS-SLM that
controls the spectrum between 450 and 800 nm, and another
for the NIR-SLM, that controls the spectrum between 900
and 1,400 nm. Note that we have a gap between 800 and
900 nm; these wavelengths lie outside the active area of the two
SLMs are therefore are not contributing to the final output
beam. However, we selected this configuration to be able to
extend the function i (λ) to cover most of the AM1.5 solar
spectrum [7].

irradiance transmission for parallel polarizers would be given
by i = imax cos2 (8/2) where imax indicate the maximum
transmission [14]. This relation allows calibrating the spectral
retardance 8 (λ) in the SLM by measuring transmission t (λ).
Measurements show a typical oscillating spectrum vs. λ that can
be fitted, typically with a Cauchy type relationship, to derive
the retardance function for different applied voltages, as detailed
in [9, 14]. Some other secondary rapid oscillations typically
appear in the spectrum, due to Fabry-Perot type interferences
generated at the different layers in the SLM device. Other
polarization changes can occur at the different elements in
the system. Nevertheless, all these effects can be considered to
achieve a better fit, as detailed in [15]. The procedure has been
applied successfully in many liquid-crystal devices, for precisely
calibrating its modulation properties in the VIS spectral range
[16], but also in the NIR range [17].
As a result of this calibration we obtain, for each gray level g
addressed from the computer, functions that provide the spectral
retardance 8 λ, g in the SLM, and the corresponding spectral
irradiance i λ, g at the output beam. Once this information
was processed, we obtain a table of correspondence between
retardance, wavelength and addressed gray level, which makes
possible to define a gray level function g(λ) that generates the
desired spectral retardance 8(λ) that provides a desired spectral
irradiance i(λ) at the output beam [9].
Another second important calibration requirement is an
accurate determination of the spatial location on the SLM panels
where each wavelength is impinging. As we see in Figure 1b,
when separating the wavelengths with the diffraction grating and
projecting on the SLM screen, a horizontal light beam strikes
in which the different wavelengths are separated. Note that this
is a requirement to be able to generate any arbitrary desired
spectra i (λ) since in this way we can control the retardance
applied to each wavelength individually. Therefore, another very
relevant calibration of the system consists in determining the
mapping function x = f (λ) that relates the wavelength λ
with the pixel location x where this wavelength λ impinges.
This calibration is obtained by displaying in the SLM again a
uniform gray-level image, but now with a very narrow vertical
bar with a different gray level. Such a narrow bar affects only
a narrow spectral band, which can be easily identified in the
spectrometer measurement.
Finally, as a result, if an output spectrum function defined
as i (λ) is desired at the output, a corresponding gray-level
function g(x) is calculated that must be addressed to the SLM to
generate it. Note that the images addressed to the SLM are onedimensional functions with variations only along the x direction.
We refer the reader to our previous works [9, 14–17] to obtain
more details about all these calibration procedures, and here
we rather concentrate on the obtained results with the VIS-NIR
spectral generator.

Minimum and Maximum Spectra
The first results, presented in Figure 2a, show the spectral
functions i0 (λ) and i1 (λ) that correspond to the minimum
and maximum irradiance, respectively. An image g0 (x) like
shown in Figure 2b is addressed to the VIS-SLM, where
the gray-level values at each location has been assigned to
provide at the output a polarization as close as possible to be
linear and oriented at −45◦ for all wavelengths. In this way
the light is completely absorbed by the output polarizer and
a null transmission is expected. Considering that the input
polarizer is oriented at +45◦ , this implies that the system
must operate as a half-wave retarder for all wavelengths.
Note that the pattern g0 (x) in Figure 2b is a continuous
slow varying gray function along the horizontal direction,
where the light spectrum has been dispersed (Figure 1b).
Since the retardance, for a given gray-level, depends on
the wavelength, the gray level mask g0 (x) must show this
above-mentioned variation to provide a constant half-wave
retardance for all wavelengths. A similar function is addressed
to the NIR-SLM, adapted to the modulation characteristics of
this SLM.
Similarly, another gray-level image g1 (x) is designed to
generate the maximum spectrum i1 (λ). In this case, the SLM
must retain the input polarization linear oriented at +45◦ for
all wavelengths, so it is fully transmitted by the output polarizer,
delivering the maximum irradiance in the full spectrum.
Therefore, the system must operate as a full-wave retarder for
all wavelengths.
The results in Figure 2a verifies the good extinction
expected for i0 (λ) for all wavelengths, and the generation
of a broadband spectrum i1 (λ) that represents the upper
bound of the different spectra than can be generated in the
system. The experimental i1 (λ) curve shows a value around
0.10 mW/(cm2 nm) in the complete spectrum from 450 to
1,400 nm, except for the non-accessible gap between 800 and
900 nm. A strong peak is entered at 1,064 nm, corresponding
to the pump laser originating the SC continuum emission.
Some rapid oscillations are also observed for low wavelengths,
corresponding to Fabry-Perot interference effects in the VISSLM, which are more noticeable in this short wavelength
range. These two spectra i1 (λ) and i0 (λ) are therefore the
maximum and minimum bounds where we can control the
output light. We measured an average signal-to-noise ratio
SNR = i1 /i0 > 50.

EXPERIMENTAL RESULTS
In this work we applied this full procedure for both the VIS
and the NIR SLMs, so we can extend the range in which
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FIGURE 2 | (a) Experimental measurements of the minimum i0 (λ) and maximum i1 (λ) spectra. (b) Gray level function g0 (x) generating i0 (λ). (c) Gray level function
650
g500
0 (x) generating the narrow band at 500 nm. (d) Gray level function g0 (x) generating the narrow band at 650 nm. (e) Experimental measurements for narrow bands
centered at 500, 650, 1,050, and 1,200 nm. (f) Experimental measurements for a wavelength comb spectrum.

Specific Narrowband Wavelength
Selection and Wavelength Combs

In Figure 2e we illustrate the possibilities offered by the
developed system showing the spectral measurements when
narrow spectral peaks are selected art wavelengths of 500,
650, 1,050, and 1,200 nm, respectively. The figure includes
also the i1 (λ) spectrum for comparison, that reveals that
we are not reaching the maximum possible transmission.
We attribute this effect to the fact that the laser spot on

In many situations it is very interesting to achieve a light
source where a narrow spectral band can be selected. This
is a typical case in many biological samples that can show
certain phenomenon (absorption, changes in their atomic
structures, etc.) when illuminated by specific wavelengths.
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FIGURE 3 | (a) Experimental measurements for low bandpass illumination with cutoff wavelengths at 500, 650, 1,050, and 1,200 nm. (b) Gray level function g1 (x)
650
generating i1 (λ). (c) Gray level function g500
BP (x) generating the bandpass at 500 nm. (d) Gray level function gBP (x) generating the bandpass at 650 nm. (e) Comparison
of the solar AM1.5 spectrum with its experimental reproduction on the supercontinuum laser.

The inset illustrates the two gray-level masks that are addressed
to the two SLMs, each one composed of the corresponding g0 (x)
function background with the narrow bands corresponding to
each peak in the spectrum.

the SLM is larger than the pixel size, and some wavelength
crosstalk happens. Nevertheless, the measured spectra show
a successful generation of narrow bands centered at the
expected wavelengths.
Figures 2c,d illustrate the gray-level masks g0500 (x) and g0650 (x)
that are addressed in this case to the VIS-SLM device to generate
the peaks at 500 and 650 nm, respectively. In each mask, a narrow
vertical band substitutes the original values of g0 (x) by those
of g1 (x), thus providing the high transmission in this narrow
spectral band. Laterally shifting this band in the gray-level mask
provides the wavelength shift in the spectrum. In order to clearly
show the effect, these results show narrow bands of 10 pixels
width around the central selected wavelength, which give a
spectral width on the basis between 10 and 20 nm, depending on
the central wavelength. Further reduction in the number of pixels
in the band results in narrower but weaker spectral bands.
Figure 2f shows the generation of a wavelength comb
spectrum, where one such narrow band peak is added every
50 nm, both in the VIS and in the NIR regions of the spectrum.

Frontiers in Physics | www.frontiersin.org

Spectral Passband Illumination and Solar
Spectrum
Spectral bandpass illumination is also interesting in many
applications, including fluorescence or colorimetry. Figure 3a
shows the experimental measurements obtained for different
bandpass spectra starting at 450 nm and in 900 nm, respectively,
with the cut-off wavelengths centered at 500 and 650 nm in the
VIS region, and at 1,050 nm and 1,200 nm in the NIR region.
Figures 3b–d illustrate the gray-level masks that are addressed to
the VIS-SLM. Figure 3b shows the mask g1 (x) that generates the
maximum spectrum i1 (λ). Note that it also presents a continuous
gray-level variation, but with different values compared to the
function g0 (x) in Figure 2b, since g1 (x) must provide a full wave
retardance for all wavelengths. Figures 3c,d are the gray level
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FIGURE 4 | Imaging in a conventional microscope illuminated with light output from the spectrum generator system. (a) Solar spectrum. (b) Narrowband illumination
centered at 500 nm. (c) Narrowband illumination centered at 475 nm. (d) Lowpass illumination with cut-off centered at 550 nm.

500 (x) and g 650 (x) that generate the bandpass spectra with
masks gBP
BP
cut-off at 500 and 650 nm, respectively. Now, in each mask, the
function g1 (x) is used until the spatial location corresponding to
the cut-off wavelength, where the mask is selected to the function
g0 (x) that provides the null transmission shown in Figure 2b.
The transitions between the gray level masks g1 (x) and g0 (x)
have been marked in Figures 3c,d when the cut-off wavelength
is selected at 500 and 650 nm, respectively.
As a final example, in Figure 3e we have simulated the
solar AM1.5 spectrum. Solar simulators are of great interest in
photovoltaics [7] or in precision agriculture [18] applications. We
have calculated the gray-scale image that best matches this solar
spectrum within the limits imposed by the maximum available
irradiance i1 (λ). The graphs in Figure 3e shows the AM1.5
spectrum that we try to reproduce and the effective generation
on the supercontinuum laser. Despite the oscillations observed
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in the visible region, and the bands below 450 nm and the gap
between 800 and 900 nm, which are not accessible in the system,
the rest of the spectrum shows a rather good reproduction of
the solar AM1.5 curve. The ripple in the visible spectrum might
be due to the Fabry-Perot effects that this SLM suffers, or to
other electronic based effects like the pixel crosstalk caused by
fringing in the LC layer. Nevertheless, the solar spectrum is wellreproduced in the VIS and in the NIR ranges, including the
characteristic H2 O absorption bands around 940 and 1,140 nm.
To illustrate the possible potential use of this illumination
system in microscopy. Figure 4 shows some images captured in
a conventional bright field microscope, where the illumination
system has been substituted by the light output of the spectral
generator system, which is delivered to the microscope with an
optical fiber. A 10X objective is employed and the sample is
a hair. The metallic needle that is also present in the image
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limitations can be reduced by optimizing some of the optical
elements such as diffracting grating and beam splitters.

is located in the microscope intermediate image. The images
correspond to illumination of the sample with the solar spectrum
(Figure 4a), with two narrow band illuminations centered at
500 and 475 nm (Figures 4b,c), and finally for a low band-pass
illumination with cut-off at 550 nm. In this case, we used a
regular RGB camera, so the spectral changes can be visualized
in the change of color of the background. These results show the
potentials of the system for multispectral, hyperspectral, or even
more complicated structured spectral illumination.
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In summary, an optical system for generating laser light spectra
with a programmable spectral distribution is presented. One
of our main motivation is to implement light sources at will
for microscopic and biological imaging. The programmable
part of our systems comes from the use of SLMs that can
change retardance, and so irradiance, in real time. We proposed
a complete system that covers both visible and near-infrared
wavelength regions. In fact, there is a great interest in extending
to NIR the technique because of its application in bio-samples
imaging, where it increases the penetration in biological tissue.
Note that one of the great limitations of our system is the
reduced light efficiency, due to the use of diffraction gratings,
beam splitters, polarizers, as well as the losses in the SLMs. These
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