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Abstract

We report a technologically novel microscopy system for bioimaging based on a 100 fs titanium:sapphire (Ti:Sa) laser 
pumped coherent continuum from a tailored, 9-cm long, all normal dispersion (ANDi) fiber, enabling concurrent image 
contrast with (a) spectral focusing coherent anti-Stokes Raman scattering (SF-CARS) (spanning 900–3200 cm−1) and (b) 
sum frequency generation (SFG). Both modalities were efficiently excited with power levels at the microscope focus compat-
ible with biological samples. Moreover, using the continuum, images were recorded in the back-scattering (epi-detection) 
geometry, without the necessity for an expensive, computer-controlled, spatial light modulator (SLM), clearly demonstrat-
ing the strong signal levels achieved. Image contrast from the multiple modalities provided greater chemical and structural 
insights than imaging with any single technique in isolation. Numerical simulations supported these developments in regard 
to both the optimum fiber length for SC generation and the achievement of high spectral resolution in SF-CARS via careful 
group delay dispersion matching across the pump and Stokes pulses using just an inexpensive sequence of short glass blocks 
inserted into the Stokes beam. We show bio-images of mouse tissue recorded concurrently via label/stain-free contrast from 
multiple modalities: CARS, two-photon auto-fluorescence (TPaF) and second harmonic/sum frequency generation (SHG/
SFG). Overall, our approach delivers optimum performance in back-scattered (epi-) detection configuration, suited for thick 
samples, at reduced complexity and cost. The addition of this simple fiber add-on to lasers already widely used for TPF 
microscopy can thus extend the capabilities of a significant number of existing microscopy laboratories.

1 Introduction

Coherent anti-Stokes Raman scattering (CARS) is an opti-
cal technique in which vibrational coherences are excited 
and probed to provide molecule selective detection. Spec-
troscopy and microscopy with CARS was shown as early 
as 1965 [1] and 1982 [2], respectively. Due largely to the 

progress in laser technology over the last 2 decades, CARS 
is emerging as a valuable imaging tool in biomedical 
research [3], as it provides label-free, non-destructive, non-
invasive contrast, is relatively easy to implement and enables 
3D imaging due to its inherent z-sectioning capability [4, 
5]. CARS has provided important insights into neurology 
[6], cancer and tumor metastasis [7], embryonic and skel-
etal stem cells [8, 9], as well as in a range of in vivo studies 
[10–12].

Briefly, CARS uses a shorter wavelength pump pulse, a 
longer wavelength Stokes pulse and, in 3-color CARS [12, 
13], a further short wavelength pulse for the probe, together 
exciting anti-Stokes emission. Although technically a pump 
and Stokes are needed to excite the resonance from which 
a third ‘probe’ pulse creates the output, the pump beam is 
typically also used as a probe to avoid unnecessary compli-
cation. Tissue components that appear similar with white 
light microscopy can have very different Raman resonances 
thus enabling clear segregation of sub-structures. CARS 
entails the use of multiple excitation frequencies, which are 
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currently generated either using a tunable optical paramet-
ric oscillator-based system (OPO), or using a broadband 
Stokes component generated by a supercontinuum (SC) 
fiber [14, 15]. However, the slow tuning speed of most cur-
rent OPO systems, not to mention capital and maintenance 
costs, or the low spectral power density in SC-based broad-
band CARS, means that with these sources the acquisition 
of hyperspectral images can take hours [16]. Furthermore, 
despite the acknowledged benefits of CARS, the cost and 
size of the laser sources still limit its wider adoption. By 
matching the few ps duration (~ 10 cm−1 bandwidth) of the 
molecular resonances observed in biological samples, the 
use of 2–10 ps pulses provide the optimum characteristics 
considering spectral resolution and maximal peak powers 
[17], which is why the most common implementation of 
CARS uses ps source lasers.

The majority of nonlinear laser biomicroscopy is based 
on two-photon fluorescence (TPF) [18] and second har-
monic generation (SHG) [19] techniques to provide image 
contrast (signal). TPF is often carried out with natural (e.g. 
green fluorescent protein—GFP) fluorophores in genetically 
modified cells or transgenic organisms or with exogenous 
artificial stains applied to the samples. Biological cells and 
tissues also have natural fluorophores, often with absorp-
tion in the UV-blue spectral region, so two-photon excited 
auto-fluorescence is feasible with NIR lasers. SHG, a special 
case of sum frequency generation (SFG), allows imaging of 
non-centrosymmetric structures such as collagen in tissues 
in a label-free manner along with TPF. The prevalent use of 
TPF and SHG is partly historical but mainly due to the sim-
pler single color, 100 fs, Ti:sapphire (Ti:Sa) lasers available 
(femtosecond (fs) sources have higher peak powers, which 
more efficiently excite these modalities). The result is a large 
installed base of fs Ti:Sa lasers and the ability to retrofit a 
CARS capability to such lasers could offer significant ben-
efits by providing research teams working in the bio-imaging 
community with a label-free modality where the use of GFP 
or stains is not appropriate, and ultimately for diagnostics. 
Finally, we note that with CARS, epi-detection provides 
almost an order of magnitude weaker signals than forward 
detection, but is more versatile as it does not require sub-
100-micron-thick samples to be prepared [20–23], which is 
an important factor facilitating clinical impact.

A partly explored route towards meeting this challenge 
is continuum generation in microstructured optical fiber 
(MOF), the output of which when chirped and cut into long- 
and short-wavelength pulses provides the pump and Stokes 
in so-called ‘spectral-focusing CARS’ (SF-CARS) [22]. 
Stretching the pulses linearly means that a resolution similar 
to that for transform-limited ps pulses can be achieved [22, 
24, 25]. In typical SF-CARS implementations, fs pulses have 
been stretched using dispersive glass elements [24, 26] and 
the group delay dispersion (GDD) equalized for the pump 

and the Stokes by placing extra glass in the Stokes arm. The 
resolution of the system is dependent on the equalization of 
GDD which has been investigated analytically [25, 27]. The 
power requirements with SF-CARS are similar to single-
frequency CARS, e.g. ~ 30 mW at the microscope focus is 
typically used with a high (> 1) numerical aperture lens for 
bio-imaging due to phototoxicity limitations.

Langbein et al. used the extreme bandwidth from a < 10 fs 
Ti:Sa oscillator in a multimodal microscopy system target-
ing both the fingerprint region (1200–1800 cm−1) and the 
high-wavenumber CH stretch region (2800–3200 cm−1) [28] 
and later variations have used, for example an offset probe to 
improve the signal-to-background ratio [29].

To avoid the need for a 10 fs oscillator for SF-CARS, 
methods using Stokes and pump carved from SC pulses gen-
erated in so-called microstructured fibers (MOFs) have been 
developed at significantly lower cost and are now widely 
used for SC pumped bioimaging [27, 30–32]. The SC in fib-
ers such as the femtoWHITE 800 fiber from NKT is ordinar-
ily generated in the anomalous dispersion regime, where the 
soliton fission threshold, above which the SC pulse breaks 
into multiple pulses, limits the coherence and reduces the 
effectiveness for exciting CARS signals [33]. To address 
this, the NL-1.4.775-945 NKT fiber was introduced com-
mercially as an NKT femtoWHITE CARS module [34]. It 
has two closely spaced zero dispersion wavelengths (ZDW) 
to avoid extended propagation in the anomalous dispersion 
regime thereby increasing the coherence. Such modules have 
been used for tissue imaging, spectroscopy [27] and CARS 
for resonances both in the fingerprint region and the CH 
stretch region [31]. However, the excessive broadening due 
to the dispersive and nonlinear properties of the fiber limits 
the useful power available for CARS signal generation, so 
it has been applied only for CARS detected in the forward 
(transmission) direction, rather than in the weaker epi-direc-
tion (with one notable exception [35]), as would be needed 
for thick and hence easily prepared clinical samples [21–23].

Users of femtoWHITE CARS modules have, to date, 
used a pick-off from the fs seed laser as the pump and com-
bined that with just the long wavelength part of the SC as 
the Stokes, thus losing the energy in the short-wavelength 
part of the SC and reducing signal power [27, 36, 37]. We 
wanted to prevent the waste of that short-wavelength power 
so, motivated partly by the recently reported technique using 
intra-pulse frequency combinations for broadband spectrum-
based ‘hyperspectral’ 3-color CARS [13], we have used the 
full spectrum from an all normal dispersion (ANDi) fiber, 
NL-1050-NEG-1 from NKT Photonics, to produce a coher-
ent continuum [38] and demonstrated its use for SF-CARS 
and SHG/SFG imaging. We have avoided what some people 
see as a drawback of 3-color CARS, which is that it requires 
a synchronous narrowband (few ps equivalent bandwidth) 
probe, which generally necessitates a complex laser system. 
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A secondary point is that 3-color CARS is sensitive to issues 
related both to the poor polarization extinction ratio and to 
the fiber length-dependent decoherence of the continuum 
[39], but those could probably be addressed in the future. We 
build on the understanding of the length-dependent proper-
ties of the continuum from [40]. (also partially discussed in 
[41]) and transferred the capability, used in [35], that incor-
porated an expensive pulse shaper to perform multimodal 
epi-imaging, but we use only glass blocks for matching the 
chirp of the pump and Stokes pulse, as in [28]. Hence, we 
have reduced cost and complexity while still enabling high 
Raman resolution to be achieved throughout the CARS spec-
tral ranges targeted. Critical to our work was the use of a 
MOF with precisely tailored length, chosen by a combina-
tion of experimental work and detailed numerical simula-
tions instead of the approximate analytical approaches used 
in earlier work [24, 25]. We tailored the emission at the fiber 
output both in regard to the bandwidth and the linearity of 
the chirp when seeded by our standard 100 fs Ti:Sa laser. 
We experimentally demonstrated the GDD equalization over 
the vibrational frequency range of 1000–3050 cm−1 with our 
opto-mechanical, modular, variable GDD equalizing module 
(VGEM), which enabled the amount of glass in the path 
of the Stokes beam to be changed in a quasi-continuous, 
modular way. We image mouse adipose tissue, in a dual-
channel setup, where the signal is separated into SHG/SFG 
and CARS/TPF detectors, enabling concurrent multimodal 
imaging. Note that SFG did not require pulse compression, 
so no post-processing of the SFG and CARS images was 
needed with respect to image registration. This is a clear 
advantage compared to systems that record the images from 

various modalities only after a delay while changing the 
pulse parameters of the laser and which thus require algo-
rithms to post-process the data.

In summary, our work presents a step forward in terms of 
providing higher power spectral density without compromis-
ing on the spectral resolution and wavenumber range which 
is a technological roadblock for previously used fibers such 
as femtoWHITE [31]. Moreover, the work presents spectral 
focusing imaging results without the use of a pulse shaper, 
yet achieves comparable results where such a device was 
used [42], thus making the setup simpler and inexpensive. 
Moreover, our work presents more efficient utilization of 
power output of the fiber unlike [43] wherein symmetric 
Stokes broadening is used and therefore inevitably leads to 
only partial utilization of the output. Overall, our approach 
provides several benefits in terms of performance at reduced 
complexity while at the same time it enables imaging of 
clinically relevant thick samples.

2  Materials and methods

2.1  The requirement for GDD equalization 
in SF-CARS

In SF-CARS, the hyperspectral capability is achieved 
by changing the temporal overlap (practically achieved 
by changing the delay between the pump and the Stokes 
pulses). This is illustrated schematically in Fig. 1. However, 
unwanted but physically unavoidable, higher-order disper-
sion influences the spectral resolution at different target 

Fig. 1  Spectrograms of the 
broadband optical pulses (top 
row) and resulting Raman band 
excitation frequencies (bottom 
row) showing the principle of 
SF-CARS. Top row, broadband 
stretched pulses separated into 
pump and Stokes segments 
with a dichroic filter and shown 
with various relative delays 
applied. Bottom row: frequency 
difference between the pump 
and Stokes shown vs. arrival 
time. a-i vs. a-ii Broad range 
of excited frequencies, i.e. poor 
CARS resolution, shown for 
unequally chirped pump vs. 
Stokes when using the part of 
the spectrum that lies farthest 
from the cutoff frequency of the 
dichroic beamsplitter. b Narrow 
excitation band using same 
spectral regions as (a–i) but 
after GDD equalization
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instantaneous frequency differences (IFDs) (shown for IFDs: 
Ω

1
 , Ω

2
and Ω

3
 in Fig. 1a, b). This means that the GDD needs 

to be equalized for each target resonance in turn for each 
image. The simulation data from our modeling shows that 
we have created a relatively narrow-band pump 

(

�
P

)

 and a 
broadband Stokes ( �

S
 ). The instantaneous frequency dif-

ferences (Ω) are narrow or broad depending on the GDD 
equalization. For different target vibrational frequencies, 
different amounts of GDD compensation are required for 
optimal spectral resolution across all parts of the Stokes 
spectrum. The spectral width of the excitation is shown 
in the lower row. As illustrated in (a-i), with insufficient 
GDD equalization Raman peaks across the entire frequency 
range between Ω2 and Ω3 are being targeted, whereas in 
(a-ii) where GDD is more equal, a single resonance, Ω1 is 
targeted. Similarly, in (b) if additional GDD equalization is 
applied to the low-frequency part of the Stokes beam, then 
it is possible to achieve similar, good resolution for a vibra-
tional frequency of Ω2.

2.2  Simulations: theory and method

In SF-CARS, hyperspectral capabilities are dependent on the 
spectral width of the laser source. In the case of a non-linear 
fiber-based source the spectral width is dependent on a set 
of parameters, which need to be explored for optimization. 
Fiber length optimization was done initially using numeri-
cal simulations and with the desired target pulse character-
istics considering purely the CARS modality. Simulations 
based on the generalized non-linear Schrödinger equation 
(GNLSE) shown in Eq. (1) [33, 44] are solved using the 
code reported by our group previously in Ref. [44]. Here, 
the fiber loss is α, the second-order dispersion is �

2
 and � is 

the nonlinearity parameter. The displacement of the pulse 
along the fiber length is z. The Raman and Brillouin effects 
have not been considered because of their negligible influ-
ence in a short piece of fiber. We used the experimental laser 
parameters, i.e. central wavelength of 800 nm, pulse duration 
of 130 fs, and the conversion to peak power was based on 
an 80 MHz repetition rate with a maximum average power 
of 280 mW.

2.3  Imaging setup, GDD equalization and image 
acquisition

A schematic of the spectral focusing CARS setup is pre-
sented in Fig. 2. The spectrum is divided into the pump and 
Stokes beams, as shown via our experimentally measured 
spectra (Fig. 2 inset). A MaiTai (Spectra Physics) laser was 
used as the source and was coupled into an ANDi fiber for 
the generation of a tailored broadband pulse for SF-CARS. 
The microstructured ANDi fiber was cut to the desired 
length using a fiber cleaver and each of the ends was sealed 
with a glass end cap to inhibit degradation of the fiber. The 
laser light was coupled into the ANDi fiber with 50% effi-
ciency, resulting in an output of 280 mW. We employed a 
metal pressure plate to compress the fiber in one direction 
to improve the polarization stability as suggested in [45]. 
This reduced the depolarization to less than 30% for 280 
mW average power and thus enabled SF-CARS imaging 
of biological samples in the epi-direction with a high sig-
nal-to-noise ratio. An alternative would be to procure the 

(1)i
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�z
+

i�

2
A −

�
2

2
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�T2
+ �|A|2A = 0

Fig. 2  Schematic of the spectral focusing CARS setup. The ANDi-
microstructured fiber (ANDi MF) is used for the generation of a 
broadband spectrum. A dichroic mirror, DM1, carves out the pump 
and Stokes beams (spectra shown inset). The delay line ensures tem-
poral overlap at the sample. The modular variable GDD equalizing 

module (VGEM) balances the GDD of the Stokes relative to the 
pump. Then, the collinear beams are coupled into the microscope for 
imaging and the back-scattered signal is collected, split for the differ-
ent modalities and focused onto PMTs for non-descanned detection
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polarization maintaining version of this fiber, but that was 
not available to us here.

The output beam was collimated using an achromatic lens 
(Thorlabs AC064-013-B-ML f = 13 mm) and then divided 
into pump and Stokes components (inset Fig. 2) using a 
dichroic filter with a cutoff at 775 nm (Semrock FF775-
DI01-25X36). The pump pulse was directed into a delay 
line (STANDA 8MT175-200), which provides displacement 
with a resolution of up to 310 nm which corresponds to a 
temporal displacement of 2 fs in the retro-reflection setup 
used here. The stage is equipped with an encoder provid-
ing feedback on its position and ensuring reproducibility 
of the temporal offset. The VGEM device was constructed 
simply by assembling anti-reflection coated polished glass 
blocks in a line. Up to 5 × 12 mm thick glass blocks (Thor-
labs WG12012-B) blocks and 1 block of 5 mm thick glass 
(Thorlabs WG11050) were used in either a single- or double-
pass arrangement to provide a total insertion length of up to 
130 mm. Flip mounts ensured that the path length through 
the VGEM was easy to adjust. The pump and Stokes beams 
were recombined using an identical Semrock FF775-DI01-
25X36 dichroic and were aligned collinearly and coupled 
into an upright microscope (Leica DM305) through a pair 
of scanning galvanometric mirrors (Cambridge Technology 
6220H). All optical components had an appropriate AR 
coating to reduce losses for the near infrared beams.

A 63 × water immersion objective with NA = 1.2 from 
Leica was used for the imaging and spectroscopy experi-
ments. The objective lens is corrected for aberration in the 
visible and NIR (up to 1100 nm) which is important for 
multimodal imaging with different excitation wavelengths. 
The average power at the focal point was measured to be 16 
mW for the pump (spectral width 70 nm) and 23 mW for the 
Stokes (spectral width 130 nm), which in total corresponds 
to an average PSD of > 180 µW/nm. Images were acquired 
in the back-scattered geometry using non-descanned detec-
tion, since for multiphoton techniques there is no require-
ment to use a confocal pinhole to reduce out-of-focus sig-
nal. Hamamatsu PMT detectors (H10722-01, H10722-20) 
were used for the simultaneous detection of CARS/TPF and 
SHG/SFG signals, respectively. The signals were separated 
from the SC using a 694 nm short-pass dichroic (Semrock 
FF02-694/SP-25) and further a 550 nm long-pass filter 
(Thorlabs 550LP) and 400 nm bandpass filter (FB400-40) 
for the CARS and SHG/SFG imaging channels, respec-
tively. ScanImage software (Vidrio Technologies) was used 
to acquire the images pixel by pixel [46]. All bio-images 
were acquired in a 1024 pixel × 1024 pixel format, with a 
dwell time of 32 µs per pixel. The images shown in Fig. 8 
were acquired without any averaging and hence are single-
frame acquisitions, whereas the images presented in Fig. 9 
are averages over six frames. All images were taken with 
16 mW for the pump (spectral width 70 nm) and 23 mW 

for the Stokes (spectral width 130 nm) as stated above. The 
purely fluorescent background has been subtracted from the 
images acquired with the CARS modality.

2.4  Sample preparation

For preliminary spectroscopy, solid dry samples of thymine 
(T0376, Sigma), deuterated palmitic acid (366897, Sigma) 
and 40 µm polystyrene (PS) beads (Fisher) were used for 
calibration. Each of these samples were prepared separately 
by placing a tiny amount (~ 0.1 mg) of each on a standard 
glass microscope slide under a coverslip (#1.5; 0.17 mm 
thick), the edges of which were sealed with a nitrocellu-
lose-based varnish to allow imaging with a water immersion 
objective, as otherwise the water would leak inside and wash 
away the sample. Additionally, a sample containing a mix-
ture of 40 µm polystyrene (PS) and polymethylmethacrylate 
(PMMA) beads was prepared in the same manner as above 
for the three individual component test samples.

Biological samples were prepared by excising tissues 
from culled mice. All procedures were carried out in accord-
ance with the Animals (Scientific Procedures) Act 1986 set 
out by the UK Home Office. Female C57BL/6 mice aged 
between 4–6 months were culled via  CO2 and cervical dislo-
cation. The adipose tissue was removed using scissors and a 
pair of forceps. The sample was finally washed in phosphate-
buffered saline (PBS) immediately before being mounted 
on a microscope slide and sealed under a coverslip (#1.5; 
0.17 mm thick) before imaging. All subsequent imaging 
was done without the addition of any stains/dyes and can be 
therefore qualified as label-free.

2.5  Acquisition of spontaneous Raman reference 
and SF-CARS test spectra

The spontaneous Raman spectra for thymine and deuter-
ated palmitic acid, necessary for creating a calibrated refer-
ence to be subsequently compared with the CARS spectra, 
were acquired using a 633 nm laser, a 20× (0.8 NA) objec-
tive using a Renishaw 2000 micro-spectroscopy system set 
for 20 s acquisition times and averaged over three spectra. 
The spectrum for polystyrene was taken with a home-built 
Raman micro-spectrometer system utilizing a Shamrock303 
spectrograph with an Andor iDus420 camera as the detec-
tor and equipped with a 785 nm laser. The spectrum was 
acquired with a single 20 s exposure with 0.6 mW laser 
power using a 40x (0.9 NA) objective.

For these non-biological samples, SF-CARS spectra 
(e.g. in Sects. “Temporal characteristics of the continuum 
and GDD equalization”–“Tuning speed for hyperspectral 
imaging with ANDi-fiber based SF-CARS”, below) were 
recorded by acquiring images of the sample slides of each 
material separately using different relative delays between 
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the pump and the Stokes beams and then plotting the image 
intensity for the specific region of interest with respect to the 
delay. These spectra were used only for calibration. Next, we 
used the sample which had the admixture of the different 
polymer beads to demonstrate chemically selective contrast 
via hyper-spectral SF-CARS. Images (in Sects. “Tuning 
speed for hyperspectral imaging with ANDi-fiber based SF-
CARS” and “Multimodal bio-imaging imaging with ANDi-
fiber source” below) were acquired with 128 pixel × 128 
pixel resolution with 60 µs pixel dwell time following aver-
aging over 3 recorded frames.

3  SF-CARS characterization: results 
and discussion

While a key achievement is the demonstration of multi-
modal (CARS, SHG/SFG and TPF) imaging using a single 
seed laser, here we mainly consider and discuss our results 
in relation to the complex yet powerful method of SF-CARS. 
For all the data shown we have used the epi-detection geom-
etry most suited to bio-imaging of thick samples.

3.1  Numerical simulations of SC generation, GDD 
equalization and SF-CARS generation e�ciency

Simulation results for the ANDi fiber output spectra with 
an average power of 280 mW are presented in Fig. 3a. The 
spectral broadening is seen to be larger for longer lengths of 
the fiber. Furthermore, for longer fiber lengths, the central 
region of the spectrum becomes steadily broader and the 
wings of the pulse spectrum contain higher fractions of the 
total energy. However, further broadening beyond a length 
of approximately 9 cm of fiber was relatively minor.

To estimate our SF-CARS excitation efficiency, the power 
spectral density directly from the fiber output (P(λ)) was 
filtered spectrally in a numerical way to account for the 
transmittance (TD) and the reflectance  (RD) of the dichroic 
beam splitters used in the delay line in our setup so as to 
estimate the expected experimental pump and Stokes spectra 
at the microscope focus. The anti-Stokes signal obtained 

upon targeting each instantaneous frequency difference was 
then integrated across the whole duration of pump–Stokes 
overlap (see Fig. 1). This last step required consideration of 
the temporal overlap of the pulses, so we used the output 
of the simulation (as described in Sect. “The requirement 
for GDD equalization in SF-CARS”) and calculated the 
predicted GDD added by the glass blocks and other optical 
elements in the beam. We used Eqs. (2–4) below, in which 
λ1 and λ2 are the wavelengths of the pump and Stokes beams 
needed for targeting a Raman resonance at frequency offset 
of Ω1,  BA is the beam area of the focused laser at the sample, 
Ip and Is are the intensities of the pump and Stokes beams, 
respectively. The CARS signal is calculated for each of the 
components of the overlapped parts according to (4) taking 
into account the intensities only and assuming a proportion-
ality constant R = 1.

The anti-Stokes output power was then filtered to account 
for the effects of the dichroic beam splitters separating the 
signals to provide the estimated detected response for each 
Raman resonance targeted. The results vs fiber length are 
shown in Fig. 3b. The power targeting high wavenumbers 
is lower for a 4 cm compared to a 9 cm length of fiber. 
However, increasing to 12 cm causes only minor additional 
power, so a length of 9 cm was selected for further study. We 
next considered the linearity of the slope of the frequency 
vs. time mapping at the fiber output as any distortion makes 
it more difficult to match pump and Stokes beams. The 
key factor is the so-called ‘wave-breaking length’, which 
determines the end of the first (and most rapid) stage of 
the spectral broadening, beyond which dispersion becomes 
dominant, leading to a subsequent predominance of temporal 

(2)Ip(�) =
P
(

�1

)

T
2
D

BA

(3)Ip(�) =
P
(

�2

)

R
2
D

BA

(4)I
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(

Ω
1

)

∼ RI2

p

(

�
1

)

I
S

(

�
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Fig. 3  Simulation results: a 
spectrum from the ANDi fiber 
vs. length; b CARS excitation 
power at the microscope focus 
for various fiber lengths. All 
data are for 280 mW of power 
at the fiber output. (Total pulse 
energy 3.5 nJ)
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broadening [47]. Linearly chirped pulses are produced with 
1 × to 2 × the wave-breaking length and as at the 280 mW 
power level, the wave-breaking length was ~ 5 cm, the 9 cm 
length is appropriate. (From a purely technical perspective, 
we found this length was convenient with standard fiber 
holders, e.g. HFV002 from Thorlabs).

We next plotted the predicted power dependence of both 
the numerical spectra and experimental spectra (Fig. 4). The 
spectra steadily broaden with power and there is good agree-
ment between the simulations and measurements. The slight 
differences we observe may be attributed to the use of a 
scalar GNLSE rather than a vector-coupled model.

3.2  Temporal characteristics of the continuum 
and GDD equalization

Calculations indicated that the durations of the chirped pump 
and Stokes before GDD equalization should be ~ 600  fs 
and 1.7 ps, respectively. (Direct temporal measurement of 
such broadband pulses would require a modified FROG, as 
reported in [48, 49], so it was beyond the capabilities avail-
able to us.) The GDD in both the pump and Stokes beam 
path needs to be equalized after transmission through all 
of the microscope optics [24]. We first used simulations to 
estimate the GDD equalization required between the pump 
and Stokes for each targeted Raman resonance and then 
refined these estimates experimentally using our VGEM. 
For the simulations, we estimated the total thickness of the 
lenses and transmission filters after the fiber to be equivalent 
to 14 cm of BK7. For glasses most often used in micros-
copy optics, the GDD decreases at longer wavelengths (e.g. 
the dispersion zero for fused silica is close to ~ 1300 nm). 
Therefore, the additional glass blocks were placed in the 
longer wavelength Stokes beam. GDD equalization for each 
Raman resonance, that is the target instantaneous frequency 
difference (IFD), was calculated based on dispersion, as per 
data for N-BK7 glass [50]. Thus for targeting an IFD of 
2800–3050 cm−1 the amount of additional GDD equaliza-
tion was 72–125 mm, reducing to 60 mm for 2100 cm−1 IFD 
and 36 mm for 1678 cm−1 IFD. The six blocks of glass in 

the VGEM were used in single or double pass to give the 
required GDD equalization.

The dependence of the achievable spectral resolution on 
the VGEM glass path is plotted in Fig. 5a, b by integrat-
ing over the entire temporal overlap between pump and 
Stokes. Figure 5a shows that with a fixed length of BK7 
in the Stokes path, the highest Raman resolutions are only 
achievable for a limited range of targeted IFDs. It is noted 
though that even when optimized, the spectral resolution is 
not uniform across the whole spectral range, predominantly 
due to residual higher-order dispersion but also to a lesser 
extent due to the discrete increments in glass path (VGEM, 
in our case). Figures 5b(i–iii) show the profiles for the three 
cases: the fingerprint (900–1800 cm−1), the so-called ‘silent’ 
(1800–2800 cm−1) and the CH stretching (2800–3200 cm−1) 
regions confirming that the GDD compensation also maxi-
mizes the anti-Stokes signal.

To check the predictions, three chemicals with prominent 
Raman peaks in each of the above spectral regions were 
used, namely, thymine, deuterated palmitic acid and poly-
styrene, respectively. Results for palmitic acid are shown 
in Fig. 5c. The measured peaks become higher and nar-
rower with the addition of the appropriate amount of glass, 
whereas both under- and over-compensation result in lower 
resolution, confirming the trends in the simulations.

The SF-CARS spectra for thymine and polystyrene using 
the optimum VGEM glass thicknesses as well as measured 
spontaneous Raman spectra are shown in Fig. 6. The SF-
CARS resolution was well matched to the widths of the 
peaks in the spontaneous data and we achieved 30 cm−1 
(full-width half maximum) and 37 cm−1 for the 1372 cm−1 
and 1678  cm−1 thymine peaks and 40  cm−1 for the 
3054 cm−1 polystyrene peak. The resolutions achieved here 
agree well with the 36 cm−1 resolution predicted using the 
approximate analytic equation (Eq. (5)) from Ref [25], cal-
culated from the width of our measured pump/Stokes spectra 
and our calculated pulse durations. Hence, the VGEM was 
operated successfully across the entire Raman frequency 
range needed for bio-imaging. However, we note that the 
width of 1374 cm−1 peak is narrower than the 1678 cm−1 
peak. We attribute the apparent improvement in resolution 
at lower wavenumbers to be due to filtering out of a part of 

Fig. 4  Output spectra from 9 cm 
ANDi fiber vs. output power. 
a Simulation results; and b 
experimental data. The dashed 
line in b indicates the separation 
between the pump and Stokes 
for SF-CARS
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the emitted anti-Stokes wavelengths by our detection setup. 
We further note that the CH stretching bands for polysty-
rene at 2850 and 2930 cm−1 and the PMMA at 2957 cm−1 
are inherently broad. Therefore, the peak widths observed 
in SF-CARS spectra were primarily due to the dispersive 
nature of peaks.

Given that SF-CARS allows access to both the  fin-
gerprint and the high-frequency CH stretching region, a 
30 cm−1 spectral resolution is acceptable where imaging of 
the main biomolecule classes such as lipids, proteins and 
DNA is required. However, for differentiating sub-classes 
of biomolecules such as saturated and unsaturated lipids or 
secondary structure of proteins, a resolution of better than 
10 cm−1 is desirable. Clearly, there is a trade-off between 
resolution and signal strength. The complexity of the setup 
and the application are obvious considerations as well. For 
example, to achieve a resolution of 10 cm−1 in our setup 
would have required further stretching of pulses by three 
times. This would entail having an additional 28 cm of glass 
in the system (common beam path; in pump and Stokes) 
with a further 24 cm in the Stokes beam to image the range 
(1000–3200 cm−1) of IFDs targeted above. This would 

further require a longer delay line to be able to target the 
full range of IFDs (fingerprint through to the CH stretch 
region). More notably, this would decrease the peak power 
that would decrease CARS (and SHG/TPF) signal strength 
and hence limit the type of sample that can be imaged by 
SF-CARS.

3.3  SF-CARS temporal delay vs. Raman 
wavenumber calibration

We also calibrated the temporal delay (IFD) vs. Raman 
frequency shift to allow spectroscopic characterization of 
samples. The position of the delay stage (from its encoder) 
at which the hyper-spectral SF-CARS peaks aligned with 
the independently measured spontaneous Raman peaks was 
recorded. Spontaneous Raman spectra and the registered 
(i.e. calibrated) SF-CARS spectra for thymine and poly-
styrene are shown above in Figs. 6a, b. Small differences 
in actual CARS peak positions are to be expected due to 
the dispersive line shapes and mixing with the non-reso-
nant background in CARS. While further data processing, 

Fig. 5  SF-CARS resolution vs. the length of BK7 glass added 
into the Stokes path. a Calculated SF-CARS resolution (FWHM) 
as a function of Raman frequency and on BK7 added (from 0 to 
120  mm). Dashed lines: i  36  mm, ii 60  mm and iii 100  mm corre-
spond to the BK7 insertion lengths used for the simulations shown 
in b i–iii. b Simulated anti-Stokes signal power vs. wavenumber for 
fixed amounts of BK7 in the VGEM. The BK7 lengths used were 
optimized for targeting the principal regions of interest: i fingerprint 

region, ii silent (also the  deuterated) region and iii CH region. c 
Experimentally measured SF-CARS spectrum of deuterated palmitic 
acid with partial, full and excess GDD compensation. (Delay between 
pump and Stokes shown with respect to the position of the 2100 cm−1 
peak. Better resolution and signal intensity are achieved with 60 mm 
of BK7 GDD compensation than with either 24  mm (under-), or 
84  mm (over-compensation). The inset shows the anti-Stokes spec-
trum measured across a broader range of relative pump/Stokes delays
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e.g. using a Kramers–Kronig transform [51] could separate 
those effects, here we use the approximate fit to the two 
main spontaneous Raman peak positions from the raw data 
to demonstrate hyperspectral SF-CARS.

3.4  Tuning speed for hyperspectral imaging 
with ANDi �ber-based SF-CARS

Tuning to different vibrational peaks is performed by con-
trolling the temporal delay between pump and Stokes with 
the motorized linear stage (delay line). We demonstrate the 
changes in resulting image contrast optimization and chemi-
cally specific imaging that this enabled via a sample contain-
ing an admixture of visually identical beads made of differ-
ent chemicals with closely spaced resonances (both in the 
 CH2 stretching region), namely polystyrene (PS) and poly-
methyl methacrylate (PMMA). These are indistinguishable 
using white-light imaging but are clearly segregated with 
SF-CARS as seen from the recorded SF-CARS signal vs. 
wavenumber in Fig. 7a and the false color image in Fig. 7b. 
(This demonstration is similar to the broadband CARS 
data in [52]). The maximum tuning speed with our delay 
stage was 32  cm−1  ms−1, which enables switching between 
the extremes of the 900–3200  cm−1 range within 72 ms. 
Depending on pixel count, this is likely to be much faster 
than the image acquisition time at any single frequency 
(up to 20 s), so it is not normally a limitation. Even higher 
speeds are possible, e.g. more complex, tailored, SF-CARS 
systems have achieved microsecond scanning, so the scan 
speed can be made comparable with the single-pixel dwell 
time [53].

Fig. 6  Experimental data showing the achievable resolution and the 
calibration of the relative pump vs. Stokes temporal delay (in fs) vs 
Raman resonance offset (in  cm−1). Spontaneous Raman spectra (red) 
and SF-CARS spectra with optimized GDD equalization (blue). a 
Thymine (fingerprint region: VGEM path length 36 mm); and b poly-
styrene (CH stretch region: VGEM path length 125 mm). The tempo-
ral delays are relative to the position targeting the a 1672 cm−1 thy-
mine peak and the b 3050  cm−1 polystyrene peak in the respective 
graphs

Fig. 7  Hyperspectral imaging with our ANDi fiber-based SF-CARS 
setup. A sample containing a mixture of PS and PMMA beads was 
analyzed. a SF-CARS spectra after background subtraction cor-
responding to two different beads from the same sample are shown. 
The dashed lines correspond to the peak positions of i 2957  cm−1 
and ii 3054 cm−1 associated with the two materials. The spectra were 
obtained by plotting the integrated intensity of the region of interest 
corresponding to two representative beads of each type. The inten-

sities are normalized for each spectrum. b shows the corresponding 
image with SF-CARS intensities at IFDs of 2957  cm−1 (red) and 
3054 cm−1 (green), respectively, which allows differentiation between 
the two types of beads. The brightness is indicative of the intensity 
of the signal at the respective IFDs. The image was acquired at an 
arbitrary depth and the beads are not monodispersed. Color intensity 
linearly relates to the counts on the detector, normalized to the maxi-
mum to obtain the highest contrast for each type of bead



 K. P. Herdzik et al.

1 3

84 Page 10 of 13

4  Multimodal bio-imaging with ANDi �ber 
source

We next demonstrate bio-imaging by showing CARS 
along with SHG/SFG and two-photon autofluorescence 
(TPaF) imaging in an epi-detection configuration. Image 
acquisition was carried out such that CARS and SHG/
SFG images were simultaneously acquired first and then, 
after changing the filters, TPF simultaneously with SHG/
SFG, on our two-channel detection setup. The SHG/SFG 
images, since they were common to the two successive 
acquisitions, allowed co-registration of the images from all 
three modalities. The pixel dwell times were the same for 
each of the modalities indicating similarity in signal lev-
els. Each modality provides a different chemical or struc-
tural readout. We show representative images for adipose 
tissue from mice in Fig. 8. The parameters used during 
acquisition have been described in Sect. “Imaging setup, 
GDD equalization and image acquisition”. A schematic 
of the expected arrangement of different components in 
adipose tissue is shown in Fig. 8-i. It can be seen that the 
signal from the  CH2 stretching peak at 2845 cm−1 (Fig. 8-
ii) is diffuse and not structurally dependent, as it is from 
uniform lipid distribution within the adipocyte (fat cell). 
Figure 8-iii shows the corresponding SHG/SFG image. 
SHG is a special case of SFG and both interrogate the 
χ(2)-related part of the hyperpolarizability of materials. 
SFG is due to the mixing of two different wavelength pho-
tons, while SHG is due to mixing of two photons of the 
same wavelength. Therefore, due to the broadband nature 
of our pump and Stokes beams, we can get both SHG 
generated either by pump or Stokes (with signal quadrati-
cally proportional to the power of each) as well as SFG 
(caused because of the interaction of photons from pump 
and Stokes and hence proportional linearly to the power 
of each and also to their product). We verified through 
spectral measurements that indeed we observed both SHG 
and SFG at the same time. Since SHG and SFG both inter-
act via the χ(2)-related part of the hyperpolarizability and 
so are generated only in non-centrosymmetric molecules 
or structures with order so that the boundaries lead to 
symmetry breaking. Here, SHG/SFG have been used to 
selectively image collagen fibers, which are a dominant 
component of adipose tissue scaffolding [54], highlighting 
the fibrillary nature and periodicity of collagen fibers in 
the sample. On the other hand, we used TPF to image auto-
fluorophores in the tissue that had an emission in the range 
of 520 ± 20 nm which has been attributed mainly to flavin 
adenine dinucleotide (FAD) and flavin mononucleotide 
(FMN) [55]. These molecules indicate metabolic activity 
in cells. Thus, the two-photon autofluorescence (TPaF) 
images  in Fig.  8-iv show  adipose tissue macrophages 

(ATMs) that are metabolically active and localize in 
between adipocyte cells in such tissue. We verified that 
the TPaF signal was not delay dependent and as such is 
not a four-wave mixing signal. Shape and distribution of 

Fig. 8  Multimodal SF-CARS/SFG (SHG)/TPaF bioimaging with 
ANDi fiber source. Images are of mouse adipose tissue acquired at 
the surface of the sample. i Schematic showing the main compo-
nents of adipose tissue; ii CARS image mapping the intensity of the 
2845 cm−1 lipid band across the tissue; iii collagen fibers imaged with 
SHG/SFG; iv TPaF images FAD in macrophage cells; v brightfield 
transmission image of the tissue, which  by its nature is integrated 
over all the illuminated volume; vi composite image with CARS, 
SHG and TPF overlaid. Color intensity linearly relates to the counts 
on the detector, normalized to the maximum to obtain the highest 
contrast for each of the channels independently. The images shown 
are single frame SF-CARS acquisitions with pixel dwell time of 32 
µs, 16 mW pump and 23 mW of Stokes; vii) A representative  SF-
CARS spectrum corresponding to the lipid area in adipose tissue
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the macrophages are similar to that observed by others 
[55] and our detection window covers the expected emis-
sion spectral range [56]. Figure 8-v, vi show an optical 
(brightfield) image and the composite multimodal image 
of the same area of the tissue. While the brightfield image 
(acquired in transmission) gives only bulk morphologi-
cal features, the multimodal image gives the underlying 
chemical and structural distribution and the local adipose 
tissue architecture [55] through combined CARS, SHG 
and TPF modalities. An SF-CARS spectrum is shown in 
Fig. 8-vii corresponding to the lipid area shown in Fig. 8-
ii which shows the characteristic  CH2 peak at 2845 cm−1. 
While this confirms the selectivity of the CARS signals 
(in Fig. 8-ii), the ability to acquire spectroscopic informa-
tion confers a unique advantage to SF-CARS for imaging 
samples of unknown compositions.

Currently tissue diagnostics makes use of colored stains 
on thin tissue slices (typically 5–7 µm in thickness) imaged 
in a transmission configuration, and hence samples require 
careful preparation and sectioning. Hence, for such diag-
nostic applications using label-free imaging on clinically 
relevant thick tissue samples (for example, fresh from sur-
gery) in the epi-detection would be preferable and present 
a significant advantage. Here we show in Fig. 9 that with 
our fiber-enabled multimodal CARS imaging setup we can 
image at different depths in a thick (> 25 µm) tissue sample. 
The ability to image in 3D is preferable since tissue is intrin-
sically three-dimensional and sectioning can miss crucial 
information. However, as expected, the signals are weaker 
at depth compared to that on the surface. Here we were con-
strained by the maximum power output from the fiber (and 
hence at the sample). The axial depth of focus is expected to 
be different for CARS (three-photon process) and SHG/TPF 
(two-photon processes); however, with the 1 µm z-resolution 
of our microscope stage we did not observe any significant 
effect. Overall, the simultaneous acquisition of the signals 
with the ANDi fiber-based SF-CARS setup shows CARS 
as well as multimodal imaging capability on thick tissue 
samples. The epi-detection capability with a fiber-based 
setup demonstrates the relevance to biological and clinical 
samples without the need for extensive sample preparation.

5  Summary and conclusions

In summary, we show for the first time that a length-opti-
mized ANDi microstructured fiber can be used (retrofit-
ted) with the typical workhorse, 100 fs Ti:Sa seed laser 
from multiphoton fluorescence imaging setups, to realize 
a simple yet powerful source for spectral-focusing CARS 
and concurrent SHG/SFG and two-photon fluorescence 
microscopy in an epi-detection geometry. Rapid and accu-
rate tuning between resonances was achieved by chang-
ing the relative delay of pump and Stokes pulses via a 
motorized high-precision linear stage. Minor challenges 
remain such as polarization noise documented in Ref.
[57], but a polarization-maintaining version of the fiber 
could be used in the future, subject to availability from 
the manufacturer. Numerical simulations of the interaction 
between pump and Stokes showed clearly the influence of 
the dispersion from the optics on the nonlinear chirp of 
the pump and Stokes hence providing crucial guidance on 
the length of glass to be used for GDD equalization in the 
Stokes beam. The resulting spectral resolution achieved 
was ~ 30–40 cm−1, which is close to the maximum achieva-
ble considering the spectrum used and stretching of pulses. 
The continuum was generated from a 9 cm length of fiber 
and imaging was achieved at Raman frequencies between 
900 and 3200 cm−1, i.e. spanning the fingerprint region 
and the CH stretching region, both of which are critical 
for bio-samples.

In conclusion, by combining elements of multiphoton 
techniques in a novel configuration, our work paves the way 
for the simple implementation of SF-CARS and concurrent 
SHG/SFG/TPF imaging. In other words, this work applied 
different technical solutions from the field of CARS and 
SF-CARS and achieve maximal necessary spectral range 
and spectral resolution and dwell times comparable with 
previous papers, while utilizing a much simpler setup. This 
stepping stone points to a lower cost future route to transla-
tion of nonlinear laser microscopy imaging via label-free 
CARS imaging for use on clinical samples in both medical 
diagnostics and bio-imaging research laboratories.

Fig. 9  Multimodal imaging at 
different depths. Composite 
images with the combined 
modalities of CARS (red), 
SHG/SFG (green) and TPaF 
(blue) corresponding to the 
image shown in Fig. 8-vi are 
shown at different depths a 
0 μm, b 10 μm and c 18 μm. 
The depths refer to the distance 
into the tissue from the sample 
surface
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