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Dominykas Gudavičius,1 ,2 Lukas Kontenis,1 and Wolfgang Langbein2,a)

AFFILIATIONS
1 Light Conversion, Keramiku st. 2B, LT-10233 Vilnius, Lithuania
2School of Physics and Astronomy, Cardiff University, The Parade, Cardiff CF24 3AA, United Kingdom

a)Author to whom correspondence should be addressed: langbeinww@cardiff.ac.uk

ABSTRACT
We demonstrate coherent anti-Stokes Raman scattering (CARS) microscopy with 1089 foci, enabled by a high repetition rate amplified
oscillator and an optical parametric amplifier. We employ a camera as a multichannel detector to acquire and separate the signals from the
foci, rather than using the camera image itself. This allows us to retain the insensitivity of the imaging to scattering afforded by the non-linear
excitation point-spread function, which is the hallmark of point-scanning techniques. We show frame rates of 0.3 Hz for a megapixel CARS
image, limited by the camera used. The laser source and corresponding CARS signal allows for at least 1000 times higher speed, and using
faster cameras would allow acquiring at that speed, opening a perspective to megapixel CARS imaging with a frame rate of more than 100 Hz.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0220474

I. INTRODUCTION

Coherent Raman scattering (CRS) allows microscopy with
chemical selectivity using the vibrational response of the chemi-
cal components of the sample without adding fluorescent dyes.1–4

Driving the vibrations by an optical excitation which is inten-
sity modulated at the vibrational frequency, the vibrations are, in
turn, modulating the polarizability, creating coherent sidebands
of the optical excitation fields. These sidebands are the CRS, and
their amplitude and phase encode the vibrational spectrum of the
medium probed. Since its revival about 2 decades ago,5 enabled by
the development of suited commercial laser sources, this field has
developed a wide range of methods of excitation and detection, with
different advantages and drawbacks.1,4

The most common scheme uses two synchronized optical
pulses, the pump pulse and the longer wavelength Stokes pulse, with
a frequency difference given by the vibrational frequency of inter-
est. To achieve high intensities while keeping the average power
below sample damage, pulses of picosecond duration, comparable
to the typical vibrational coherence times in condensed matter, with
repetition rates in the 1–100 MHz range are employed, having a
duty cycle in the 10−4 to 10−6 range. Focusing these pulses to the

diffraction limit of high numerical aperture (NA) objectives of about
0.5 μm size enables achieving peak intensities of the order of
1011–1012 W/cm2 for average powers of tens of milliwatts, suitable
for efficient CRS generation just below typical saturation levels6

around 1013 W/cm2. Scanning this focus across the sample is then
used to provide an image, similar to other multiphoton techniques
recording two-photon fluorescence (TPF), second harmonic genera-
tion (SHG), or third harmonic generation (THG). The non-linearity
of the CRS signal with the excitation intensity enables optical sec-
tioning without imaging in the detection, an advantage compared
to confocal or other structured illumination microscopes, partic-
ularly for inhomogeneous samples exhibiting significant diffuse
scattering.

The high frequency sideband of the pump, called coherent anti-
Stokes Raman scattering (CARS), and the low frequency sideband
of the Stokes, call coherent Stokes Raman scattering (CSRS), can
be detected free of an excitation background, while the high fre-
quency sideband of the Stokes interferes with the pump, and creates
stimulated Raman loss (SRL), and the low frequency sideband of
the pump interferes with the Stokes, and creates stimulated Raman
gain (SRG). Notably, sidebands are also created by purely electronic
non-linearities, such as the Kerr effect, as well as by vibrational
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resonances at higher frequencies, providing a background to the res-
onant response. These non-resonant responses are in quadrature
to the pump or Stokes beams in SRL and SRG, respectively, yield-
ing in the lowest order only a change of phase without changing
the amplitude. Thus, by detecting the transmitted power, which is
insensitive to the phase, only resonant responses are measured, ren-
dering SRL and SRG spectra similar to Raman spectra. However, the
relative changes are typically very small, in the 10−4 to 10−7 range,
so that high-frequency modulation schemes and shot-noise limited
laser sources are required.

Detecting the CARS or CSRS power, free of excitation back-
ground, does not have these requirements, but the signal contains
the interference between resonant and non-resonant responses, cre-
ating asymmetric resonance line shapes, complicating the interpre-
tation of the contrast. To retrieve a signal linear in the concentration
of the chemical components, the complex susceptibility can be deter-
mined by phase retrieval using the causality of the response and the
measured dependence on the vibrational frequency.7–9

The point scanning approach has been optimized and is now
limited by the maximum signal available due to signal saturation by
the excitation of higher vibrational levels6 or heating and allows for
video rate imaging.10–12 However, small absorbing regions can lead
to sample damage at the high intensities and repetition rates used,
both by heating and avalanche breakdown. Recently, there was some
effort to use squeezed light13 to reduce the shot-noise in SRL and
SRG, with modest success (less than a factor of two in signal to noise)
limited by the un-squeezing of the detected light by losses due to
scattering in the sample and finite transmission of optical elements.
Thus, the only clear way forward to higher speed is to distribute
the excitation into many focal spots or to use a wide-field illumi-
nation. This requires suited laser sources providing the large pulse
energies creating an intensity that is sufficiently high for efficient
CRS generation over the extended excitation region. To limit the
average power on the sample, the repetition rate of the laser pulses
needs to be reduced, which also allows the laser-induced heating and
electronic excitations to dissipate between pulses, increasing damage
thresholds.

Early wide-field approaches used nanosecond pulsed lasers
with repetition rates in the 1–100 Hz range and a non-colinear
geometry for phase matching, enabling to choose between dark-field
(phase-mismatched) and bright-field (phase-matched) imaging.14

The method was applied to image 2D cell cultures,15 but the coher-
ent wide-field nature of the signal created significant interference
artefacts, particularly relevant for thicker and more scattering sam-
ples, and furthermore did not provide sectioning. This drawback was
addressed using random speckle illumination, which after speckle
averaging resembles a spatially incoherent illumination and thus
removes the interference artefacts.16 Multimode optical fibers were
used to generate the speckles, with the Stokes beam of a coherence
length much larger than the phase delay distribution across the fiber
modes retaining the spatial speckle pattern, while the pump beam of
a shorter coherence length creating a spatio-temporal speckle pat-
tern, which provides some speckle averaging already over a single
pulse.16 Furthermore, using a varying speckle pattern across many
camera frames and evaluating the fluctuations, the sectioning capa-
bility was recovered, but with a random noise in the image scaling
with the inverse root of the number of independent frames, a num-
ber limited by signal strength and camera technology. Notably, the

image formation relies exclusively on the imaging of the signal onto
the camera and is thus affected by scattering in the collection path.
The absence of a suited technical solution measuring the weak SRL
or SRG modulation with an imaging detector presently limits these
wide-field techniques to CARS and CSRS.

Recently, the wide-field speckle CARS imaging concept was
revisited,17 using an optical parametric amplifier providing a much
higher repetition rate (515 kHz). The Stokes speckle pattern was
changed only between camera frames, while the pump speckle pat-
tern was changed many times over a single camera frame to provide
averaging. A reconstruction algorithm (Wiener filtering) was used
to recover the spatial resolution of the retrieved speckle fluctuation
image in-plane. Notably, the issue of the speckle noise requiring
averaging over many frames and the reliance on imaging in the
collection path remained.

Instead of wide-field illumination, increasing the number of
foci for fast scanning is a known concept in confocal microscopy18

(Nipkow disk scanners) and also in multiphoton microscopy19,20

where camera imaging in the detection path was used to provide
the lateral resolution. Sectioning is created by apertures in the detec-
tion imaging for confocal microscopy and by the focused excitation
itself in multiphoton microscopy. The inherent trade-off between
the number of foci used and the sectioning capability has been inves-
tigated.21 The only multifocal CARS imaging reported22 up top now
employed two synchronized Ti:sapphire oscillators, delivering 5 ps
pulses at 80 MHz repetition rate. A rotating microlens array cre-
ated an average of seven focal spots moving across the sample at any
given time, and CARS was imaged onto a camera, which, during the
exposure time, averaged the signal over the microlens positions fully
covering the imaged area. Due to the low pulse energy available, the
number of foci and the speed was rather limited, and while an appli-
cation to cell imaging was shown,23 the method was not pursued
further.

In the present work, we revisit the multi-focal CARS micro-
scopy concept and demonstrate imaging with a much larger num-
ber of foci at high speed. The commercial availability of high
pulse energy and high repetition rate laser systems, such as those
employed in Ref. 17, enables the excitation of a large number of
foci without compromising on the CARS efficiency. Importantly,
we introduce the use of a camera as a multi-segment detector to
suppress the detrimental influence of scattering in the detection
imaging. Particularly, the availability of fast and low noise CMOS
cameras allows the read out of the CARS image for every position of
the foci. This enables the use of camera images to determine the sig-
nal created by each individual focus as a sum over a defined region
for each focus, emulating the non-imaging single channel detectors
employed in single point scanning techniques. The spatial resolution
of the resulting CARS image is created by the multiphoton excitation
process, as in single point scanning techniques, allowing for deeper
penetration into scattering samples.

II. METHODS
A. Samples

Sample O providing a homogeneous reference was prepared by
pipetting 10 μL of olive oil (Bio Basso by Basso Fedele & Figli srl)
onto a glass coverslip (No. 1.5, 24 × 50 mm2, Thermo Scientific) and
was spread by adding a second equal coverslip for imaging.
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Sample A providing bead arrays in water was prepared by pipet-
ting 10 μL of 1% solid suspension polystyrene (PS) beads of 2 μm
diameter (124, Phosphorex) onto a glass coverslip (No. 1.5, 24 × 50
mm2, Thermo Scientific). The mixture was left to dry under ambi-
ent conditions, and 10 μL of distilled water was pipetted onto the
coverslip and spread by adding a second equal coverslip for imaging.

Sample B providing a bead mixture in oil was prepared by
mixing 10 μL of 1% solid suspension of polymethyl methacrylate
(PMMA) beads of 20 μm diameter (MMA20K, Phosphorex) and
10 μL of 1% solid suspension PS beads of 10 μm diameter (118, Phos-
phorex) on a glass coverslip as above. The mixture was left to dry
under ambient conditions for 30 mins. Subsequently, 10 μL of olive
oil was pipetted onto the coverslip and spread across the sample by
adding a second equal coverslip for imaging.

Sample C providing small beads to measure the point spread
function (PSF) was prepared by pipetting 10 μL of 1% solid suspen-
sion PS beads of 0.5 μm diameter (108, Phosphorex) onto a coverslip
as mentioned above and drying under ambient conditions.

Human skin sarcoma samples to demonstrate the imaging per-
formance were prepared by fixing them with 10% formalin and
dehydrating it with ethanol. The embedding was performed by using
paraffin, and the sample was sectioned with a microtome. The sam-
ple was stained by using a standard eosin and hematoxylin staining
procedure.24

B. Experimental Setup
The experimental setup used is sketched in Fig. 1(a). An ampli-

fied laser system (PHAROS, Light Conversion) provides transform-
limited 290 fs pulses of 1020 nm center wavelength at 200 kHz
repetition rate and 20 W average power. 5 W of the beam are used
as Stokes beam for CARS, while the remaining power is used for
an optical parametric amplifier (OPA) (ORPHEUS-F, Light Conver-
sion), which provides 130 fs pulses tunable from 650 to 900 nm with
the average power of 1 W, used as a pump beam for CARS. The pow-
ers of pump and Stokes are controlled by attenuators consisting of
a half-wave plate (Castech) and a Glan–Taylor polarizer (GT10-B,

Thorlabs). The Stokes beam is transmitted through 60 mm of SF-66
glass blocks (II-VI incorporated) and an optical delay line (VT-80,
PI) with silver retroreflectors (Eksma optics) to control the temporal
overlap of pump and Stokes at the sample. Both beams are combined
into the same spatial mode by a dichroic mirror (high reflection from
600 to 950 nm and high transmission from 970 to 1300 nm, Eksma
Optics) and then passed through 145 mm of SF-57 glass blocks
(II-VI incorporated) for spectral focusing.25,26 The pump at 785 nm
accrues 33350 fs2 of group delay dispersion (GDD) stretching it to
723 fs, while the fixed Stokes accrues 34450 fs2 GDD stretching it
to 439 fs. The difference in GDD can be compensated using a com-
mercially available pulse compressor (Light Conversion), which can
add up to 1300 fs2 GDD to the pump beam. Both beams then pass
through a long-pass filter (FEL0700, Thorlabs) to remove compo-
nents below 700 nm wavelength, spectrally overlapping with the
CARS signal (mostly residuals of the white-light generation seed
of the OPA). A beam expander (plano-concave lens of focal length
f = −50 mm and plano-convex lens of f = 150 mm, Casix) increases
the beam size from 3 to 9 mm. The beams are then focused by a sil-
ica microlens square array (15–811, Edmund Optics) of 10 × 10 mm2

size, 300 μm pitch, and f = 8.7 mm, creating 33 × 33 focal spots. The
generated beamlets are collimated by an achromatic doublet (PO-
PK-L3, II-VI incorporated) of f = 100 mm and are merging at its
back-focal plane, which is located at the x-y galvo-mirrors (6215H,
Cambridge Technology) scanning the beam directions. The beam-
lets are then relayed with four-times magnification (closely spaced
pair of AC300-100-B and a AC508-200-B-ML, Thorlabs), expanding
the beamlets to 13.8 × 13.8 mm2 square size and imaging the galvo-
mirrors into the 15 mm diameter back focal plane of the excitation
objective (Plan Apo Lambda 20 × 0.75 NA, MRD00205, Nikon),
which focuses the beamlets into the sample.

The transmitted light is collected by a second objective (Plan
Apo VC 20 × 0.75 NA, 1501–9398, Nikon) and then passes through
a short-pass and a band-pass optical filter (FESH0750 and FB650-
40, Thorlabs) to isolate the CARS signal. A camera lens of f = 50 mm
and f/2.8 aperture (NMV-50M23, Navitar) images the sample with a

FIG. 1. (a) Multifocal CARS experimental setup. BS: beamsplitter; A: power attenuator; GB: glass blocks; DL: delay line; DM: dichroic mirror; LPF: long-pass filter; BE:
beam expander; MA: microlens array; AD: achromatic doublet; GM: galvo mirrors; 4f: 4f relay system; O: objective; F: spectral filters; TL: tube lens; C: camera. (b) Multifoci
raster-scan pattern. At each galvo-mirror position, an image of the signals from all the focal points is acquired. The pixel values within a square area (green) of Sint = 10
pixels side length centered at each focal point are summed to provide the focal point signal. gc = 20 dB, τe = 4 ms, νf = 195 Hz, and the gray scale is black to white 0 to
1382 pe. (c) Examples of reconstructed images of 2 μm PS beads (sample A) for position grids of Ng × Ng points and Ng of 10, 20, 30, and 40. The gray scale is black to
white 0 to 1383 pe.
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magnification of 5 onto a camera with 2448 × 2048 pixels of 3.45 μm
size, σr = 2.44 e read noise, 10 ke full well capacity, and USB3.1 inter-
face (BFS–U3–51S5M-C, FLIR). The 18 mm aperture of the camera
objective accommodates the 15 mm diameter of the collection objec-
tive back focal plane and allows for some off-axis beam walk-off.
We note that the 5 times magnification onto the camera is slightly
less than the 7 times required for Nyquist sampling, which reduces
the number of pixels to be read per focal spot, improving the read
noise and speed. The camera is triggered via the software driving the
galvos with a frame rate νf, and the exposure time τe is set to allow
this frame rate, which requires τe + τd < 1/νf with the delay time τd
= 75 μs. The camera is read with 8 bit pixel format for the highest
speed, via a software written in LabView, and the frames are saved
as bitmaps and processed off-line. We note that real-time processing
of the data would be feasible with more software development. We
used a camera analog gain gc of 10, 20, or 30 dB, providing 14.6,
4.61, or 1.46 e/count, respectively, and a digital offset of 5 counts to
avoid zero-clipping. The dark signal was subtracted from each frame
before further processing. Powers of excitation beams given later are
measured at the sample.

We note that the laser repetition rate used is some 100 to
500 times lower than typically used in single point scanning tech-
niques [1,2,3]. Thus, the pulse energy per focus for 1000 foci can
be kept comparable to those techniques when using 2 to 10 times
more power. Importantly, the pulse energy per focus dictates the
CARS signal generation efficiency, and using established values close
to saturation [6] for the optimal pulse durations in the 0.3–2 ps
range, dictated by the vibrational coherence times, provides highest
efficiencies. These can be reached with the present setup.

C. Image acquisition
The CARS signal generated in the sample is imaged onto the

camera, showing the 33 × 33 grid of beamlet foci, as exemplified in
Fig. 1(b) for the homogeneous sample O. The intensities of the foci
are varying across the array due to the variation of the beam intensity
across the lenslet array considering the pump and Stokes excita-
tion beams of Gaussian beam diameter (at 1/e2 intensity) of 9 mm,
resulting in a gradual reduction toward the periphery of the array.
Notably, CARS is a third-order signal proportional to I2

pIs, with the
pump intensity Ip and the Stokes intensity Is, resulting in a diameter
of the CARS intensity of about 5 mm, a factor of

√
3 smaller than the

beams. A refractive beam shaper could be used to provide a uniform
intensity.

The galvo-mirrors are used to shift the foci in a raster-scan pat-
tern with Ng steps in each direction, filling the space between foci,
as shown in Fig. 1(b). Their step response time of about 200 μs
is well below the exposure times τe. We note that this shift could
also be achieved by simply laterally moving the microlens array.
An image Pkl is acquired at each raster-scan index (k, l) in x and y
directions for k, l = 0, 1, . . . , Ng − 1. The foci are separated by 7.5 μm
on the sample, which corresponds to Sg = 10.9 pixels on the cam-
era. The focal point positions rnm of the beamlets of index (n, m)
in x and y directions, n, m = 0, 1, . . . , 32, are determined using the
signal peak positions in the image P00 from the homogeneous sam-
ple. The camera centering and rotation is aligned so that the central
row and column of foci are straight and deviating by less than half
a pixel from the horizontal and vertical directions. A second-order
polynomial x(n) = x0 + x1n + x2n2 is then fitted to the horizontal

positions of the central row of peaks (m = 16) and equivalently y(m)
= y0 + y1m + y2m2 to the vertical positions of the central column of
peaks (n = 16), and the position of any peak is then taken as r̄(n, m)
= (x(n), y(m)) for image reconstruction. The second-order terms
cater for small cushion distortions of the imaging. The nominal
focus positions in Pkl are taken as r̄(n + k/Ng, m + l/Ng) and are pro-
viding the signal for the pixel position (i, j) = (nNg + k, mNg + l) in
the excitation image, having a pixel size on the sample of 7.5 μm/Ng.

The pixel value pij of the excitation image is evaluated by sum-
ming the pixel values of Pkl over a square area with edge size Sint
centered on the nominal focus positions r̄ [see the green area in
Fig. 1(b)], noting that avoiding an overlap between foci requires
Sint < Sg. The number of pixels summed is Sint

2 , providing a read
noise of σs = Sintσr, proportional to Sint. The variation of pij with
Sint depends on the extension of the imaged signal in Pkl. In homo-
geneous samples, the extension is less than 2 pixels, as shown in
Fig. 1(b), thus choosing Sint = 3 seems appropriate to achieve the
highest signal to noise. However, the extension is affected by sample
inhomogeneities in the path from the beamlet focus to the camera, as
exemplified in the supplementary material, Fig. S3. Thus, the immu-
nity of pij against sample inhomogeneities increases with Sint and is
maximized for Sint = 10, as shown in Fig. S1. Excitation images of
2 μm PS beads (sample A) at 2950 cm−1 are shown in Fig. 1(c) using
different Ng, showing the increasing definition of the imaged beads
with Ng. Nyquist sampling is achieved for Ng ≈ 30, providing a pixel
size of 250 nm.

The use of a camera to define a multi-segment detector sep-
arating the signal of each focus in the excitation imaging can be
compared to the detection imaging employed in previous multi-
focal approaches,19,22 where the image P is given by the sum of
Pkl over all (k, l). The resulting detection imaging is shown in
Fig. 2(a) for sample A in a region with stacked patches of closely
packed 2 μm PS beads in water, imaged at different axial planes. A
significant blurring and reduced contrast in detection imaging (right
column) compared to excitation imaging (left column) is observed.
We note that the detection imaging pixel size of 0.69 μm is sufficient
to resolve the beads. Thus, while the excitation imaging results in a
PSF given by the excitation focus as in single point scanning, detec-
tion imaging results in blurring due to sample inhomogeneities, an
issue that is intrinsic to the previous multifocal approaches.

D. Image post-processing
Variations between microlenses lead to variations in the CARS

signal from different foci. Moreover, these differences are modulated
by sample inhomogeneities. Static, sample-independent variations
can be corrected using an image of a homogeneous sample and cal-
culating the ratio rnm of the average pixel value over the tile from an
individual focus Anm = ⟨p(nNg+k,mNg+l)⟩ to the average value of all the
tiles ⟨Anm⟩. To exclude tiles of low signal, exhibiting excessive noise
after correction, tiles with a ratio rnm lower than a threshold value
v are set to the average value of the other tiles Āv = ⟨Anm⟩rnm>v . The
flat-field corrected pixel values are accordingly calculated as

p̃ij =
⎧⎪⎪⎨⎪⎪⎩

pij/rnm, if rnm ≥ v,

Āv, if rnm < v.
(1)

The uncorrected pixel values for the homogeneous sample O are
shown in Fig. 2(b). A tile structure from imperfections in the
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FIG. 2. (a) Excitation imaging (left) compared to detection imaging (right) at different z planes as indicated. CARS of sample A (2 μm PS beads) at 2950 cm−1 with 20 mW
pump power and 50 mW Stokes power. Ng = 30, νf = 195 Hz, τe = 4 ms, gc = 30 dB, Sint = 8, and greyscale is 0 to 1399 pe (left) and 0 to 19 575 pe (right). (b) Correction
of beamlet-dependent signal strength. CARS imaging of the homogeneous sample O (oil) at 2850 cm−1 with 20 mW pump power and 50 mW Stokes power. Top: image
pij shows a tile structure from imperfections in the microlens array, and vignetting by the excitation beam. Ng = 25, greyscale 0 to 1856 pe. The center cross section (blue
line) is shown in the graph below. Applying the flat-field correction [Eq. (1)], the resulting image p̃i j is rather uniform (bottom, greyscale 0 to 1114 pe) as confirmed by the
cross section (red line). (c) An example of a flat-field corrected image p̃i j of sample A, greyscale 0 to 466 pe, v = 1/3, settings as in panel (a).

microlens array and vignetting by the finite excitation beam size
are visible. Applying the flat-field correction in Eq. (1), the result-
ing image p̃i j is rather uniform [see Fig. 2(b) at the bottom and red
cross section]. There is a remaining gradient of some ±5% across the
tiles, which is attributed to clipping of the excitation beams and the
CARS signal by the objectives and could be reduced by optimizing
the optical layout.

A corrected image of sample A with 2 μm PS beads is presented
in Fig. 2(c), showing the high imaging quality achieved. Notably,
even after correction, a tiling pattern is still visible. We attribute
this to a distortion of the individual foci by the sample, which can
reduce or increase the CARS signal depending on the distortions
present without the sample due to the imperfections of the microlens
array. Therefore, the relative intensity of the foci does depend on
the refractive index inhomogeneities of the sample itself and cannot
be fully compensated by a reference measurement on a homoge-
neous sample. These effects could be mitigated using a higher quality
microlens array.

As an alternative to hardware improvements, we developed an
algorithm to minimize the tile pattern a posteriori. This algorithm
determines correction factors Cnm for each beamlet to minimize the
step heights at the tile edges over all tiles. To do so, we determine the
edge ratios of a tile nm,

unm→ =
∑l p̃((n+1)Ng−1,mNg+l)

∑l p̃((n+1)Ng ,mNg+l)
(2)

for the right edge and

unm↓ =
∑k p̃(nNg+k,(m+1)Ng−1)

∑k p̃(nNg+k,(m+1)Ng)

(3)

for the bottom edge. These edge ratios are modified by applying the
tiling correction factors Cnm, and we find the factors minimizing the
deviation of the modified ratios from unity using

Cnm = arg min∑
n,m
∣log(unm→Cnm

Cn+1,m
)∣ + ∣log(unm↓Cnm

Cn,m+1
)∣. (4)

The tiling corrected data are then given by p̆i j = p̃i jCnm. An example
of the tiling correction is shown later in Fig. 5.

III. RESULTS
A. Point spread function

To measure the experimental three-dimensional PSF of the
setup, a 0.5 μm diameter PS bead on glass in air (sample C) was
imaged. Flat-field corrected images p̃i j in the x-y and y-z planes
are shown in Fig. 3. The in-plane PSF full width at half maximum
(FWHM) is 0.5 μm, while the axial PSF FWHM is 2.9 μm, com-
parable to previous single point scanning data using a 0.75 NA
objective.27
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FIG. 3. (a) CARS PSF measured on a 0.5 μm PS bead (sample C) using 30 z planes with 0.5 μm step. Pump 785 nm, 20 mW and Stokes 50 mW, 3050 cm−1. Ng = 40, Sint
= 10, gc = 30 dB, and νf = 100 Hz. τe = 8 ms. (a) xy and yz sections, with corresponding positions are indicated by the dashed lines; greyscale 0 to 583 pe; scale bar 2
μm. (b) z-dependent signal of the glass–air interface without the PS bead [pink, averaged over the pink rectangle in panel (a)], with the PS bead [blue, averaged over blue
rectangle in panel (a)], and their difference (black), showing the axial PSF. (c) Signal along the white dashed line in panel (a) showing the lateral PSF.

B. Tiling correction
To demonstrate the efficacy of the tiling correction on biomed-

ical samples of interest, a human skin sample (see Sec. II A) was
imaged at 2935 and 2970 cm−1. The resulting data pij using Sint = 10
are shown in Fig. 4(a). The vignetting due to the excitation beam
profiles is clearly visible, together with the tiling. After flat-field cor-
rection using rnm from sample O and v = 1/3 (see Fig. 2), as shown in
Fig. 4(b), the resulting p̃i j given in Fig. 4(c) shows that the vignetting
has been corrected, but the tiling, while somewhat reduced, is still
clearly visible. The change in the tile pattern indicates that the origin
of the remaining pattern is different from the tiling in a homoge-
neous medium. Applying the tiling correction, Eq. (4) yields the
factors Cnm shown in Fig. 4(d). The corrected p̆i j shown in Fig. 4(e) is
void of significant tiling, confirming that the correction is effective.
The visible structure is attributed to basal cells (circular objects) in a
collagen matrix and elastin (tubular shape).

C. Three-dimensional bead imaging
To demonstrate the z-sectioning capability on strongly scatter-

ing structures, sample B hosting a mixture of 20 μm PMMA beads

and 10 μm PS beads in oil was imaged. A z-stack over 10 positions
with 2 μm increments was measured. Using different pump–Stokes
delays, CARS stacks at 2930 cm−1 dominated by oil, at 2950 cm−1

dominated by PMMA, and at 3050 cm−1 dominated by PS were
sequentially recorded. Flat-field and tiling correction was applied,
and the resulting p̆i j is shown in Fig. 5. We can see that the method
is able to create well-resolved z-sectioning also for strongly scatter-
ing samples. Comparing this with detection imaging, as previously
used19,22 and shown in Fig. S2, the significant advantage of excitation
imaging created by the non-linear exitation PSF is evident. Never-
theless, the 10 μm PS beads with their large refractive index contrast
to olive oil (1.59 to 1.46) provide such large deviations in the detec-
tion imaging that the signals from different foci are mixed, as shown
in Fig. S3. This mixing leads to the shadowing of the lower PS beads
by the beads lying on top of them, as shown in Fig. 5(a). Consider-
ing that the shadowing shows the obstacles in detection direction,
increasing the NA of excitation and detection would spatially blur
and thus reduce the shadowing.

D. CARS and SHG imaging of human skin
To demonstrate the performance of the multifocal approach

on medically relevant scattering samples, a human skin tissue was

FIG. 4. CARS false color RGB image of a human skin sample demonstrating the flat field and tiling correction. νf = 50 Hz, τe = 15 ms, gc = 20 dB, Ng = 30, and Sint = 10.
Pump 785 nm, 18 mW; Stokes 48 mW. CARS was imaged at 2935 cm−1 (red) and then 2970 cm−1 (green) by changing the pump-Stokes delay. (a) Uncorrected pij , range
0 − 10 138 pe for 2935 cm−1 and 0 − 5530 pe for 2970 cm−1. (b) Flat-field correction factors 1/rnm, greyscale from 0 (black) to 4 (white). (c) Flat-field corrected data p̃i j ,
range 0 to 3226 pe for 2935 cm−1 and 0 to 5529 pe for 2970 cm−1. (d) Tiling correction factors Cnm with color coding as (c) on a range from 0 to 2. (e) Tiling corrected p̆i j ;
same range as in panel (c).
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FIG. 5. Three-dimensional CARS imaging of sample B at 3050 cm−1 (green) highlighting the 10 μm PS beads, at 2950 cm−1 (blue) highlighting the 20 μm PMMA beads,
and at 2930 cm−1 (red) showing the oil used as an embedding medium. νf = 100 Hz, τe = 5 ms, gc = 10 dB, Ng = 30, and Sint = 10. Pump 785 nm, 10 mW; Stokes 50 mW.
Stack of 10 z-steps of 2 μm size. (a) Images p̆i j after flat-field (v = 1/5) and tiling correction using value ranges of 0 to 14 600 pe for 2930 cm−1, 0 to 17 520 pe for 3050
cm−1, and 0 to 29 142 pe for 2950 cm−1. (a) x − y section, with a zoom of an area indicated as the red square at different z planes with 2 μm increments shown on the left
and a y − z section shown on the right. The white dashed lines indicate the x and z positions of the y − z and x − y sections. (b) 3D reconstruction of p̆i j .

FIG. 6. CARS and SHG imaging of human skin tissue. νf = 200 Hz, τe = 4 ms, gc= 20 dB, Ng = 30, and Sint = 10. Pump 785 nm, 20 mW; Stokes 50 mW. Flat-field
(v = 1/5) and tiling correction. Blue channel is CARS at 2970 cm−1, red channel
is CARS at 2935 cm−1, and green channel is SHG. Value ranges are 0 to 8294 pe
for the red, 0 to 4608 pe for the green, and 0 to 3686 pe for the blue channel. The
total acquisition time was 13.5 s.

imaged (see Sec. II A). CARS was recorded at 2935 and 2970 cm−1.
To measure SHG of the Stokes, the FB650-40 filter was replaced by
a BP520-40 (Thorlabs), and the pump was blocked. The glass blocks
were not removed for convenience, but we note that the SHG signal
would be increased about 4 times by doing so. The resulting image
encoding all three datasets as false color is presented in Fig. 6. We
attribute the structure to basal cells (blue), elastin fibers (green), and
collagen matrix (red).

IV. CONCLUSIONS
In this work, we have demonstrated multifocal CARS micro-

scopy with 1089 foci, enabled by a high repetition rate amplified
oscillator and an optical parametric amplifier. Importantly, different
from previous multifocal approaches,19,22 we introduced employing
the camera detection only to separate the signals of the different
foci, and not for imaging. This retains the insensitivity to sam-
ple scattering afforded by the non-linear excitation PSF created by
longer wavelength light, which is the hallmark of point-scanning
CRS. Notably, speckle widefield CARS16,17 instead is using detec-
tion imaging and also has intrinsic speckle noise. As with other
multifocal techniques,21 the axial resolution is the same as in single
point scanning, since the PSFs of the individual foci are the same.
There is crosstalk between foci for large defocus distances, which
depends on the density of foci, but the third-order non-linearity
in CARS reduces this effect compared to TPF or confocal fluores-
cence. The influence of scattering and absorption by the sample on
the penetration depth for each individual focus is the same as in sin-
gle point scanning, but multiple foci can result in crosstalk due to

APL Photon. 9, 086110 (2024); doi: 10.1063/5.0220474 9, 086110-7

© Author(s) 2024

 10 Septem
ber 2024 15:38:20

https://pubs.aip.org/aip/app


APL Photonics ARTICLE pubs.aip.org/aip/app

elastic scattering of the CARS signal by the sample in the detection
path.

The speed of the technique in the present setup is limited by the
camera readout. The laser source caters for up to 100 times higher
excitation powers then presently used, up to 1 W for the pump and
5 W for the Stokes. This would provide up to 106 times higher CARS
powers, which, detecting the same number of CARS photons per
pixel, would allow to decrease the exposure time accordingly, thus
providing a signal for up to 108 Hz camera frame rate. The practically
usable power will be limited by sample damage, which depends on
the samples imaged. Comparing with present single point scanning
techniques, which have shown single pixel rates of 10 MHz at laser
repetition rates around 50 MHz, we can estimate that using 1000
foci, with 100 times less repetition rate, providing the same energy
per pulse per focus, a 10 times faster imaging is possible, likely with
lower damage due to the lower repetition rate. This would enable
100 Hz rate for megapixel CARS images. Since the camera is only
used to separate the different foci rather than to image the sample
at the Nyquist limit, only a small number of pixels are required, for
example, 100 × 100 pixels would suffice for 1000 foci, which can be
read by present camera technology (for example the IX cameras i-
SPEED 5 series or the Pharsighted E9 series cameras) at up to 106

Hz frame rate, opening the perspective of megapixel CARS imag-
ing with 1000 Hz rates. To support such high rates, the focus array
shift would need to be done non-mechanically. Importantly, since
the shift only needs to cover the small range between the two foci,
resolving less than 100 points per direction, electro-optical deflec-
tors would be suited (for example, ConOptics Model 412 providing
microsecond response times).

When choosing the number of foci, the main consideration is
the available laser pulse energy, which should provide each focus
with sufficient pulse energy to efficiently generate CARS. Assum-
ing a (300 nm)2 focus area and 1 ps pulses, this energy is of the
order of 1–10 nJ in typical organic samples, as shown here, scaling
with pulse duration and focus area. For a typical 80 MHz oscilla-
tor repetition rate, this requires some 100 mW power. Thus, 1000
foci require pulse energies of 1 to 10 μJ, and lower repetition rates
are needed to limit the power; for example, at 200 KHz, the required
power is 0.2–2 W. A further consideration is the provision of diffrac-
tion limited foci over the whole array. Modern microscope objectives
can image some 106 to 108 resolved points. This number is lim-
iting the number of foci times the number of resolved points per
focus coverage area, in our case, around 1089 × 302, which is about
106 and thus not a limiting factor. In addition, the detection cam-
era needs to be able to image all foci, and since cameras with
106 to 107 resolved points are readily available, this is also not a
limiting factor.

As future improvement of the method, time-multiplexing28 is
a promising approach not only for suppression of crosstalk between
foci, as demonstrated for TPF,28 but also to address different vibra-
tional frequencies via spectral focusing, allowing for a spectrally
resolved imaging where different foci address different vibrational
resonances, doing away with the sequential spectral tuning.

SUPPLEMENTARY MATERIAL

The supplementary material contains, in Sec. S1, additional
data showing the influence of the detection region size Sint on the

excitation image and, in Sec. S2, a comparison between detection
and excitation imaging of beads.
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