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For sparse samples or in the presence of ambient light, the signal-to-noise ratio (SNR) performance of single-point-
scanning coherent anti-Stokes Raman scattering (CARS) images is not optimized. As an improvement, we propose
replacing the conventional CARS focus-point illumination with a periodically structured focus line while continuing to
collect the transmitted CARS intensity on a single detector. The object information along the illuminated line is obtained
by numerically processing the CARS signal recorded for various periods of the structured focus line. We demonstrate
experimentally the feasibility of this spatial frequency modulated imaging (SPIFI) in CARS (SPIFI-CARS) and SHG
(SPIFI-SHG) and identify situations where its SNR is better than that of the single-point-scanning approach. © 2020

Optical Society of America under the terms of theOSAOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.386526

1. INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS) microscopy has
shown great utility for all kinds of biomedical [1] and material
science investigations [2,3]. Yet, the expected integration of CARS
microscopes into the standard equipment of biolabs, hospitals, or
quality control of industrial products has not been achieved. To
advance towards routine applications, the utility of a technique
has to outweigh its costs. Thus, the value of the label-free contrast
provided in CARS microscopy together with the image acquisition
rate at a given signal-to-noise ratio (SNR) level has to outweigh the
price of the equipment as well as its maintenance. Since CARS laser
systems have benefited from recent advances in high-power fiber
laser technology resulting in maintenance-free, co-propagating
two-color laser systems [4–6], the remaining task to accomplish is
the acceleration of data collection.

Since its first implementations in imaging [7,8], state-of-the-
art CARS microscopy has been performed by single-focus laser
scanning microscopy (LSM) limiting the SNR required for high
scanning speeds, as permanent damage of biological tissue is fre-
quently observed above 50 mW [with standard ps-laser systems at
80 MHz repetition rate and excitation numerical apertures (NAs)
larger than 0.5]. To increase the scanning speed and SNR, while
limiting the damage of the sample, it was proposed to exploit the
power potential of novel fiber laser sources using simultaneous illu-
mination of several points, either by multi-focus [9,10] approaches
or by wide-field implementations [11,12]. The former suffers
from either forward scattering inherent to CARS radiation [9] or a

complex experimental implementation [10]. Theoretically, wide-
field CARS outperforms all other approaches in terms of signal
acquisition speed for thin samples, possibly allowing large fields of
view [13], but its image fidelity suffers for bulk samples from linear
scattering, absorption, and phase-matching considerations.

Here, we present an alternative positioned multiplex-CARS
scheme using the interference of various focused line illumina-
tion patterns and a single element detector [photomultiplier tube
(PMT)] to obtain a 1D CARS profile. Lateral scanning of the
line focus results in 2D CARS images. We use here the concept of
spatial frequency modulated imaging (SPIFI) [14,15], which has
been recently applied to incoherent linear Raman imaging [16],
and extend it to CARS microscopy. The pump and Stokes beam
are formed separately into light-sheets and directed towards the
sample. Using a rotating amplitude mask [14], the Stokes beam
is spatially modulated in time while the generated anti-Stokes
radiation is detected by a single element detector (PMT). Fourier
transforming the time trace of the CARS signal yields the desired
sample 1D profile.

There are several advantages connected to this approach: (1)
Since the laser power is distributed along a line, the total excitation
power can be increased, yielding more CARS photons than any
point-focus approach could generate assuming the same power
density. As a result, the imaging rate can be greatly enhanced. (2)
The bucket single-element detector greatly improves the tolerance
towards scattering or aberrations by simply collecting the CARS
generated photons. (3) As an advantage over wide-field techniques,
SPIFI-CARS retains the intrinsic confocality and, therefore, the
ability for 3D sectioning. (4) The proposed implementation
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differs from a standard CARS laser scanning microscope only by
adding a rotating mask in combination with a cylindrical lens.
Thus, compared to a multi-focus approach, the required exten-
sion for SPIFI-CARS is inexpensive and simple. (5) SPIFI-CARS
requires scanning of the sample in only one direction, which avoids
difficulties found in stitching 2D-LSM images [17,18].

First, we present a simple analytical model to establish the rela-
tion between the SPIFI-CARS time trace and the sample. We find
that performing a simple Fourier transform of the CARS signal
time trace yields the spatial distribution of the CARS scatterers
similar to what has been reported for coherent SPIFI analysis [19]
and implementation [20]. Second, we present an experimental
implementation that allows imaging of 100 lines per second with
a lateral width of about 100 µm [full width at half maximum
(FWHM)]. For demonstration, we show and discuss SPIFI-CARS
images of polymer and biological samples. Finally, a fully vecto-
rial model for numerical calculations is presented and applied to
evaluate the performances of SPIFI-CARS versus LSM-CARS for
different noise models and sample structures.

2. ANALYTICAL FRAMEWORK

While the image formation of isotropically radiating emitters in
incoherent SPIFI is well understood [14,15], the modeling of
coherent SPIFI-CARS imaging is yet to be done. In this section, we
briefly describe its principle under a simplifying hypothesis, a full
modeling being provided in Section 5.

We consider an optical microscope, functioning in transmission
with the optical axis directed along the z direction. The sample is
illuminated by two x -polarized pump and Stokes beams, E p,x

and E S,x , respectively, and all the x -polarized CARS radiation
is collected at the image plane by a single-element detector. We
assume that only the χ1111 component of the nonlinear anti-

Stokes susceptibility tensor of the sample
↔

χ
(3)

aS is involved in the
generation of the CARS radiation. For simplicity, the sample is
assumed to be infinitely thin along the z and y directions, which
is, in practice, related to a spatial average of the CARS signal across
the thickness of the line focus that serves as an effective 1D spa-
tial profile. Further, the sample is placed at the object focal plane

corresponding to z= 0, so that
↔

χ
(3)

aS reads

↔

χ
(3)

aS = χ
(3)
aS (x )δ(y )δ(z), (1)

whereχ (3)aS is proportional to the vibrational scatterer density N(x )
that provides information about the concentration of the targeted
molecular groups. δ(m) denotes the 1D Dirac delta function
along the axis m. In our configuration, the pump beam propagates
along the optical axis, so that E p is constant at the object focal
plane while the Stokes beam is periodically modulated by a rotating
mask, and its expression at y = z= 0 reads

E S,x (km, x )∝
1

2
[1+ cos(km x )], (2)

where km = 2πκt is the time-dependent spatial k-vector of the
Stokes intensity modulation. κ =1kvr is the chirp parameter
relating the lateral position on the modulation mask to the modu-
lation frequency [21]. The grating parameter 1k [unit 1/m]
defines the amplitude profile in transmission of the rotating disk,
while vr is the angular velocity [unit rad/s] [16].

For illustration, Eq. (2) is modeled in the inset of Fig. 1.
Under these illumination conditions, the effective source of

anti-Stokes radiation is given by the anti-Stokes polarization:

P(3)aS (r)=
↔

χ
(3)

aS (r)E
2
p(r)E

∗

S(r),

P(3)aS (x , y , z)= χ (3)aS (x )E
2
p,x E ∗S,x (km, x )δ(y )δ(z)x̂ . (3)

In SPIFI-CARS, the radiated anti-Stokes intensity collected by
the objective of the microscope is detected on a single-element
detector. A temporal signal, IaS(km), is then obtained, recalling
that km = 2πκt is the modulation frequency of the periodic Stokes
illumination along the x axis. In this section, we consider the
anti-Stokes radiation to be collected by a perfect imaging system
detecting all the photons radiated by the sample. Further, we
neglect all phase and phase-matching terms but inherently assume
equal efficiency of signal generation for all kinds of sample struc-
tures (note that the sample’s 1D structure within this model as well
as the intrinsic confocality of the real light-sheet CARS experi-
ment greatly relax phase matching). Thus, the detected intensity is
assumed to be proportional to the integral of the source intensity:

Fig. 1. Experimental setup: (1) tunable dual-color fs laser, (2) cylindrical lens, (3) rotating disk with imprinted modulation pattern, (4) dichroic beam
combiner, (5) 4f-system 20x, (6) sample, (7) condenser lens and dielectric filter, and (8) analog PMT. Inset: the graph shows the modulation pattern printed
circularly around the rotating disk. The linear modulation chirp of the Stokes light-sheet leads to different modulation frequencies at different x -lateral sam-
ple positions with f0 < f1 < ..< fn .
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IaS(km)∝

∫
∞

−∞

|P(3)aS (r)|
2dr,

IaS(km)∝

∫
∞

−∞

|χ
(3)
aS |

2(x )[1+ cos(km x )]2dx ,

IaS(km)∝

∫
∞

−∞

|χ
(3)
aS |

2(x )
(

3

2
+ 2 cos(km x )+

1

2
cos(2km x )

)
dx ,

IaS(km)∝
3

2
〈|χ

(3)
aS |

2
〉 + Re

(
2F

[∣∣∣χ (3)aS

∣∣∣2] (km)

+
1

2
F
[∣∣∣χ (3)aS

∣∣∣2] (2km)

)
,

(4)

where F[ f ] is the Fourier transform of f defined by F[ f ](k)=∫
f (x )e ikx dx . As the result of Eq. (4), the detected photons can

be separated into three contributions: the first term is constant for
all modulation patterns and linked to the spatial average over the
line of the sample density. It does not provide any spatial informa-
tion but contributes to the shot noise. We will show and discuss
simulations in a following section to outline a situation where
such an offset is considered a drawback. The second and third
terms of Eq. (4) contain signal that varies with time, bearing spatial
information of the sample.

To distinguish the three terms of Eq. (4), the excitation beam
and sample are not placed at the center but at the radial posi-
tion a of the modulation disk (see also Fig. 2). Alternatively,
we could have defined E S,x (x )= 1+ cos(km x −ωa t)=
1+ cos[km(x − a)], where ωa = 2πκa is the carrier angular
frequency of the rotating disk. In both cases, the detected signal
reads

IaS(km)∝
3

2
〈|χ

(3)
aS |

2
〉δ(x )+ Re

(
2F

[∣∣∣χ (3)aS

∣∣∣2] (km)e ikma

+
1

2
F
[∣∣∣χ (3)aS

∣∣∣2] (2km)e 2ikma
)

. (5)

Performing an inverse Fourier transform with respect to km of the
whole temporal signal yields

F−1
[IaS](x )=

1

2π

∫
IaS(km) exp(−ikm x )dkm

∝
3

2
〈|χ

(3)
aS |

2
〉δ(x )+ |χ (3)aS |

2(x − a)

+ |χ
(3)
aS |

2(−x + a)+
1

4
|χ
(3)
aS |

2(x/2− a)

+
1

4
|χ
(3)
aS |

2(−x/2+ a). (6)

Expression (6) shows that for a big enough (bigger than the
sample or the illumination beam width), the overlap between
the different contributions can be minimized, and the square
modulus of the sample third-order susceptibility tensor can be
recovered (see Fig. 2). The same reasoning can be conducted
using a periodically structured pump and a uniform Stokes beam.
This option yields additional “echos,” such as |χ (3)aS |

2(x/3− a),
|χ
(3)
aS |

2(x/4− a) [22].

3. EXPERIMENTAL IMPLEMENTATION

The experimental setup is presented schematically in Fig. 1.
A tunable multi-color fs-laser system (Coherent, Chameleon
Discovery) provides two synchronized output beams. The Stokes
beam (1040 nm, 160 fs) is focused to a line on the modulator
disk using a 100 mm focal length cylindrical lens (Thorlabs,
LJ1567RM-B). The modulator disk features the grating constant
1k = 35 mm−1. For manufacturing reasons, the pattern used
experimentally is described by 1/2+ sgn[cos(km x +ωa t)]/2
[and not by Eq. (2)]. For conciseness, the impact of higher-order
refractions was neglected, and we recommend reference [21] for
further details. The disk is mounted onto a stepper motor (MCL-
3006, Faulhaber) and rotated at a 100 Hz velocity. The pump beam
(660–1320 nm, 100 fs) is shaped separately into a light-sheet by a
second cylindrical lens (Thorlabs, LJ1695RM-B). Both beams are
combined via a dichroic beam splitter (Semrock, Di02-R980) and
temporally superimposed using a delay stage. The joint light-sheets
are focused (Nikon, CFI PLAN APO LBDA 20X, NA: 0.75)
onto the sample using a 4f-system with 20x magnification (see
also Fig. 2). The power at the sample does not exceed 250 mW
per color in total across the line illumination’s excitation profile.
For image generation, the position of the line focus is kept static,
while the sample is moved in 2D using translational stages (PI,
M-110.12S) (see Figs. 3(a) and 3(b) for the scanning scheme).
The CARS radiation is collected in forward direction using a low-
NA objective lens (Olympus, RMS10X, NA: 0.25). Dielectric
filters (Semrock FF01-775/SP, FF01-643/20 for CARS, Semrock
FF01-525/39-25 for SHG) are used to block the excitation beams.
The transmitted CARS or SHG signal is detected with an analog
photo-electron-multiplier tube (PMT, Hamamatsu, R9110). The
voltage output of the PMT is direct-current blocked (Thorlabs,
EF500), low-pass filtered at f ≤ 100 kHz (Thorlabs, EF502), and
digitized at 0.5 MHz clock rate by a data acquisition card (DAQ,
NI USB-6361). The control of the setup as well as data processing
is performed using MATLAB (R2018b).

4. EXPERIMENTAL RESULTS

To obtain the CARS profile of a single 1D line, the structured disk
has to perform one complete rotation, while the PMT is read out
continuously. An example of such a time trace is displayed in blue
in Fig. 4 for a homogeneous sample (olive oil).

The CARS signature is found by zooming into the relevant
frequency area of the Fourier transform (see also Fig. 2). From
Fig. 4, our setup can achieve a frequency to space encoding with a
FWHM of approximately 80 µm. Restricting the following image
acquisition to pixels within the FWHM yields 40 separate pixels
and, therefore, an x resolution of 2 µm along the active line, while
the y resolution remains diffraction limited at around 500 nm.
The difference of a factor of approximately four arises as the Stokes
and the pump beam determine independently the resolution in x
and y directions. A more rigorous derivation of the non-isotropic
lateral resolution can be found in Ref. [21] Section 6. Here, the
resolution defined by the pump exceeds the one of the Stokes due
to the shorter wavelength of the pump as well as its nonlinearity in
signal generation, as evident from Eq. (3).

As outlined in Fig. 3(b), SPIFI-CARS images are obtained
by moving the sample continuously perpendicular (blue box) to
the long axis of the line focus (red line). Several scans are stitched
to obtain larger images using the Image Composite Editor (ICE
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Fig. 2. Comparison of SPIFI and laser scanning microscopy (LSM) CARS imaging on synthetic data. In SPIFI-CARS, the excitation fields are focused
along a line (x axis) due to cylindrical lens, and the Stokes beam is periodically structured by a rotating mask: step ¬. In LSM-CARS, the excitation fields
are point-focused. In both cases, the anti-Stokes radiation detected by the collection objective is sent towards a unique detector. In SPIFI-CARS, the time-
dependent signal corresponds to different periods of the structured Stokes fields, while in LSM-CARS, it corresponds to different positions of the sample,
which is translated along the x axis: step . In SPIFI CARS, the signal is Fourier transformed to recover the sample profile along x , while in LSM-CARS,
the detected intensity is related directly to the sample. We study the impact of noise on the SPIFI and LSM profiles when the signals are deteriorated with
the same additive Gaussian noise or with a Poisson noise obtained with the same excitation peak power densities. The blue lines correspond to the recovered
profiles for noiseless signals. The orange curves correspond to the recovered profiles for noisy signals. The black lines show the relative error Err on the pro-
file averaged over N = 5000 noise realizations; Err(x )= 1

N

∑N
noise=1 | ftrue(x )− fnoise(x )|/ fmax, where fnoise(x ) is the reconstructed profile for a given noise

realization.
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Fig. 3. SPIFI-CARS imaging: (a) SPIFI-CARS image of a mixture of 30 µm polystrene (PS) and 20 µm poly(methyl methacrylate) (PMMA) beads
acquired at 3050 cm−1. (b) Image scanning scheme rotated by 90◦. (c) SPIFI-CARS image of a 20 µm thick human breast tissue section. (d) SPIFI-SHG
image of the same section. (e) Composite SPIFI-CARS/SHG image. Scale bar: 200µm. Line focus scanning direction: from left to right.

2.0.3, Microsoft) [23]. For displaying purposes, the data of two full
disk rotations were averaged for the reconstruction of a line profile.

Figure 3(a) displays a SPIFI-CARS image of a mixture of 30µm
polystyrene and 20µm poly(methyl methacrylate) (PMMA) beads
imaged at a Raman shift of 3050 cm−1. As a second example, the
transition from connective to adipose tissue of a human breast
tissue section of 20 µm thickness was obtained at 2850 cm−1

(SPIFI-CARS) followed by a SPIFI-SHG image acquisition [22]

to reveal the localization of collagen fibers. We refer to Ref. [24] for
comparison to an LSM-CARS image of a human adipose tissue
section. The total image acquisition time for each image composed
of 20 vertical lines of the sample amounts to 10 min. Since at min-
imum one rotation of the spinning disk is required to retrieve a
single line profile, the current speed limitation of our setup is set
by the motor–disk combination with a maximum of 6000 rot/min
(100 Hz). Assuming 40 pixels per line results in an effective pixel
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Fig. 4. Time-trace and sample profile: the CARS signal (blue) is collected continuously for each rotation of the modulation pattern. Fourier transform-
ing this time trace after one complete turn yields the profile (orange) of the homogeneous oil sample multiplied by the illumination function.

dwell time of 250µs (500µs used for displaying). The latter may be
reduced by increasing the number of lines on the spinning disk that
are illuminated by the Stokes light sheet, utilizing faster motors or
replacing the motor–disk combination by a laser scanning mirror
in combination with a reflective modulation pattern [25] or by
acousto-optical deflectors (AODs) [26]. Thus, our SPIFI-CARS
implementation does not outperform laser scanning approaches
in terms of speed but uses power densities that are a factor of 20
lower comparing the 250 mW per color for SPIFI-CARS spread
over more than 100µm (approx. 3.6 mW/µm2) with LSM-CARS
using standard power levels of 25 mW spread over circles of 700 nm
(FWHM) diameter (approx. 65 mW/µm2).

5. NUMERICAL IMPLEMENTATION

In this section, we present simulations of SPIFI-CARS images
inspired from the model presented in Ref. [13]. The imaging con-
figuration is shown in Fig. 3. We assume that the sample is very thin
along the z direction and placed at the object plane of a collection
objective that coincides with the image plane of a 4f imaging sys-
tem with magnification M. At the object focal plane of the latter,
a rotating mask is placed modulating the Stokes beam. The Stokes
field is focused along the x axis at the mask position z= Zmask due
to a cylindrical lens with numerical aperture given by sin α (see
Fig. 2). The x -polarized Stokes field reads [27]

E S,x (x , y , Z−mask)

=

∫ α

−α

√
cos θ exp[ikS(y sin θ + Z−mask cos θ)]dθ, (7)

where kS is the Stokes angular wavenumber.
Just after the mask plane, the Stokes field is multiplied by the

time-dependent modulation pattern:

E S,x (x , y , Z+mask)=
1

2
[1+ cos(km x )] E S,x (x , y , Z−mask), (8)

where we recall that km = κt . The Stokes field propagates through
the 4f imaging system, and its expression at the sample plane is
given by Eq. (8) except that the space variables on the left-handed
term, (x , y ), are replaced by (Mx , My ) to account for the mag-
nification. The pump field is focused along the same line as that of
the Stokes beam, but it does not pass through the mask, so that its

expression at the sample plane is given by Eq. (7) with kS replaced
by k p .

Once the pump and Stokes fields are known at the sam-
ple plane, the anti-Stokes polarization is calculated using
Eq. (3), and the anti-Stokes field radiated in the far field is
obtained from the source’s 3D Fourier transform, [13,28].
More precisely, the flux of the Poynting vector per solid angle
radiated by the anti-Stokes polarization in the direction
k= kaS[sin θ cos φ x̂ + sin θ sin φ ŷ+ cos θ ẑ] reads

d8
d�

(θ, φ)=
c k4

aS

8π
| P̃

(3)
aS (k)− k̂ · P̃

(3)
aS (k)k̂|

2, (9)

where k̂= k/kaS, and P̃
(3)
aS (k)=

∫
P(3)aS (r) exp(−ik · r)dr. In

SPIFI, the anti-Stokes radiation that propagates within the solid
angle of the collection objective is sent towards a unique detector.
Introducing the collection angle2= sin−1 NAcoll of the collection
objective, the power I detected by the bucket detector is

I =
∫ 2π

0
dφ

∫ 2

0

d8
d�

(θ, 8) sin θdθ . (10)

The CARS time trace I (tn) is obtained by estimating I for
different structured Stokes illuminations with 2πkm = κtn and
tn = n1t .

The numerical calculations were performed using a thin rectan-
gular sample with L x = 200 µm, L y = 10 µm, and L z = 200 nm
(single z layer) whose third-order susceptibility tensor is dis-
cretized over a cubic mesh with steps of 200 nm. The sample
susceptibility was set constant within y and z directions, while the
sample structure in x direction was modeled by three Gaussians
with various widths, mimicking polymer rods of different sizes
(see Fig. 2). We assumed M = 1 (no magnification), α = 10◦,
λS = 1030 nm, λp = 796 nm (2850 cm−1), 2= 53◦. The cal-
culations were repeated for 2300 steps in time, corresponding
to a full turn of the disk pattern. It yielded a regular sampling of
km ∈−0.1172 mm−1

+ 0.1172 mm−1 with steps of 100 nm−1,
which ensured an accurate frequency probing of the sample. The
SPIFI time trace was deteriorated with either Gaussian additive
noise or Poisson noises. The latter were obtained by choosing exci-
tation peak power densities so that 104 photons were collected for
a homogeneous sample with χ (3)1111 = 1. The Gaussian white noise
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was set to 10 counts on average per time step. Then, a sample pro-
file was recovered by simply performing a 1D inverse fast Fourier
transform of the SPIFI-CARS time trace I (tn).

For comparison, we also simulated the signal that would be
obtained with LSM-CARS. In this case, the focal fields were com-
puted as in Ref. [29], and the sample was moved in the x direction
to obtain its 1D profile. The signal was deteriorated by the same
Gaussian additive noise per time step or Poisson noise obtained
with the same excitation peak power densities [W/m2] and signal
integration times per readout as in the SPIFI configuration.

The synthetic results are summarized in Fig. 2. The blue curves
represent the noise-free reconstructed profile, while the orange
curves outline the sample profile with additive Gaussian or Poisson
noise included in the signals. We also introduce the absolute value
of the profile mean error Err normalized to the counts of the highest
peak defined as Err(x )= 1

N

∑N
noise=1 | ftrue(x )− fnoise(x )|/ fmax,

where N is the number of noise realizations, which was set to
5000, and fnoise(x ) is the reconstructed profile for a given noise
realization.

We observe from Fig. 2 that, in the case of SPIFI-CARS, the
shape of Err(x) is similar for both the additive Gaussian and
Poisson noises. This result confirms the remark noted in Section 2.
The Poisson noise in SPIFI-CARS is governed by the number
of photons stemming from the constant term in Eq. (4), which
depends on the average sample density over the line. It remains
the same whatever the time step and eventually acts as a Gaussian
additive noise. Thus, sparsity of the sample will reduce the off-set
photon noise with an estimated break-even point of half the field of
view being empty compared to LSM-CARS. On the contrary, for
LSM-CARS, Err(x ) is constant for the additive Gaussian noise but
follows the CARS intensity for the Poisson noise, i.e., it increases
and decreases with the scatterer density. When the Gaussian addi-
tive noise is dominant, Err(x ) is about 14 times smaller in the
SPIFI-CARS configuration than in the LSM-CARS one. When
the Poisson noise is dominant, the SPIFI-CARS relative error
is similar to that of LSM-CARS at positions where the scatterer
density is high but is bigger than that of LSM-CARS at positions
where the scatterer density is low.

6. DISCUSSION

The number of photons detected in SPIFI-CARS being orders of
magnitude bigger than that of LSM-CARS, SPIFI-CARS is less
sensitive to a Gaussian additive noise (which does not depend on
the detected intensity) than LSM-CARS. In particular, we have
observed that SPIFI-CARS is weakly affected by ambient light.
The experimental results presented in Fig. 3(a) were acquired
with the lab’s ceiling light switched on. Thus, SPIFI-CARS could
be the preferred method if the ambient light sources can not be
sufficiently dimmed.

When the photon noise is prevalent, SPIFI-CARS is encum-
bered by the shot noise stemming from the background CARS
radiation of the averaged sample density over the line. We have
shown that LSM-CARS may perform better than SPIFI-CARS,
in particular when imaging low concentrations in an otherwise
dense sample. This configuration is encountered, for example,
when using standard PMTs as the detector (low dark noise), in
biomedical applications featuring a considerable nonresonant
background [3]. In this case, a spatially multiplexed detection ver-
sion of SPIFI-CARS may be an interesting option, as the splitting

of the anti-Stokes radiation on Q different PMTs would reduce the
influence of the background shot noise. Still, SPIFI-CARS is the
method of choice for sparse samples, such as isolated adipocytes
on a cover slip, due to the vastly increased illumination time and
generated signal photons.

Since we are using a femtosecond duration laser pulse, our
current implementation has a poor spectral resolution (200 cm−1).
This issue can be addressed by switching to spectral focusing
[30,31] or to high peak power ps-laser sources. As a rule of thumb,
the required power levels of suitable laser sources may be esti-
mated from PSPIFI/dline = PLSM/dfocus, where PSPIFI and PLSM are
the power levels for the SPIFI approach and conventional LSM
techniques, while dline and dfocus are the widths along x of the line
and point focus, respectively. As an example, for dline = 1 mm,
dLSM = 1µm, and PLSM = 10 mW (80 MHz rep. rate), the
required output power per color is determined as PSPIFI = 10 W.
Although, ultrafast lasers with >5 W average power are commer-
cially available, the handling of such high average power levels is
inconvenient due to increasingly demanding safety precautionary
measures. Thus, SPIFI-CARS would benefit from the employment
of lasers with lower repetition rates (≥readout rate of the detec-
tor) reducing the average power while maintaining a sufficient
peak power. The scanning process may be accelerated by using
faster rotating motors or by employing rotating disks with several
sequences of the modulation pattern per full turn or by using an
AOD for spatial frequency multiplexing, as already outlined [26].

7. CONCLUSION

SPIFI-CARS links the modulation of the CARS signal in time to
the spatial distribution of Raman scatterers. Here, we used two
light-sheets (pump and Stokes) of which the Stokes beam was mod-
ulated by a rotating amplitude pattern to generate a SPIFI-CARS
signal along a line. Using a single element detector, a 1D field of
view of 100µm (FWHM) was obtained with up to 40 distinguish-
able lateral positions (foci). We demonstrated the acquisition of
intrinsic confocal SPIFI-CARS and SPIFI-SHG images of polysty-
rene beads and human breast tissue sections. To evaluate the SNR
performance of SPIFI-CARS versus LSM-CARS, we derived a full
vectorial model for the computation of SPIFI-CARS 1D profiles.
The addition of photon-number-dependent (Poisson noise) and
-independent (additive Gaussian) noise contributions revealed the
SPIFI-CARS superior performance in the case of sparse samples
and for the presence of additive Gaussian noise. Further improve-
ment in the specificity and image acquisition speed above the
presented setup includes the implementation of alternative inten-
sity modulation schemes such as AODs, low repetition rate ps-laser
sources, as well as the application of fast multi-element detectors,
such as PMT arrays.
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