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Abstract We report on design of a multi-color laser set

up that allows for high spectral, time and spatial resolution

imaging based on second- and third-order optical nonlin-

earities in soft condensed matter. Two femtosecond optical

parametric oscillators (OPOs) are pumped simultaneously

to provide intrinsically synchronized pulses at more than a

dozen tunable colors across visible and infrared wave-

lengths. We demonstrate the use of independently tunable

OPOs in a variety of imaging modalities. In one useful

application, we explore brain tissue in a two-photon

absorption fluorescence imaging experiment with near

infrared optical pulses (k * 1,070 nm). We also demon-

strate second and sum-frequency generation microscopies

in different tissues. Results from application of time-

resolved, three-color coherent anti-stokes Raman scattering

in tissue are presented to demonstrate feasibility of quan-

titative spectroscopic imaging.

1 Introduction

Bio-photonic and biomedical applications of fundamental

nonlinear optical phenomena have become subjects of

intensive efforts since they show a great potential in rapid

and noninvasive characterization of cells and tissues on a

molecular level. Multiphoton fluorescence microscopy [1],

based on the nonlinear optical excitation of intrinsic or

extrinsic fluorophores, is the most explored and developed

technique. In many cases, the application of two-photon

absorption fluorescence (TPAF) microscopy is implemented

through molecular or, in some cases, quantum dot tagging of

structures of interest, because the investigated specimen

may lack natural fluorophores with high enough fluores-

cence yield. It is worth noting that, in the majority of

implementations, TPAF experiments utilized a mode-locked

Ti:sapphire laser source. Utilization of laser sources at

wavelengths longer than the range covered by the Ti:sap-

phire laser would be very important from the standpoint of

enhancing experimental capabilities. Second harmonic

generation (SHG) [2], third harmonic generation (THG)

[3, 4], coherent anti-stokes Raman scattering (CARS), and

closely related stimulated Raman scattering (SRS) [5, 6] are

key nonlinear optical techniques that provide label-free

imaging of biological media with multimodal approach

providing complementary information and additional bene-

fits in biological media characterization [7].

Example applications for nonlinear microscopy include

SHG microscopy experiments that showed tracking of

time-resolved fluctuations of membrane potential [8] and

imaging collagen-type-I structures [9], microtubules [10]

and myosin of skeletal muscle [11, 12]. Likewise, CARS

and THG microscopy has been successfully demonstrated

to image cellular structures within mouse tissue [13], the

collagen sheets of fascia [7], lipids [14, 15], and lipid

storage [16] in living organisms.

Key technical point in each experimental implementa-

tion of nonlinear optical microscopy study is design and

characteristics of ultrashort pulse laser source (e.g., peak

power, wavelength of operation, repetition rate). In order to

enable resonant nonlinear microscopy, such as CARS,

SRS, TPAF or resonant sum-frequency generation (SFG)
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[17], tunable laser pulses are required. From a technical

point of view, CARS or SRS are the most challenging

methods and, therefore, most of the efforts applied so far

have been focused on design and development of laser

sources for coherent Raman-based microscopy.

In the very first attempt, the CARS microscopy tech-

nique was implemented in a degenerate two-color config-

uration whereby two independently tunable, synchronously

pumped dye lasers provided intense ps duration laser pulses

in the 565–620 nm and 620–700 nm spectral ranges [18].

Images of onion-skin-cells have been obtained with 0.7 lm

spatial resolution using the CARS signal produced by the

2,450 cm-l band of deuterated water. Interest in CARS

microscopy was renewed a decade ago after Zumbush et al.

[4] had reported CARS microscopy experiments in bio-

logical cells targeting Raman active vibrations using two

independently tunable femtosecond pulses delivered by an

optical parametric amplifier system running at a repetition

rate of 1 kHz. Later, in a similar approach, to facilitate

spectral selectivity and to obtain CARS spectra with fair

resolution, Hashimoto et al. [19] employed a narrow

bandwidth picosecond laser. CARS microscopy imple-

mentation using a high-repetition rate (*100 MHz) source

was reported by Potma et al. [20]. In the cited work, two

independently tunable picosecond Ti:sapphire lasers have

been electronically synchronized to minimize jitter times to

less than 20 fs and to provide two colors at wavelengths of

850 and 750 nm, respectively. This approach improved

signal-to-noise ratio and provided images of 3T3 mouse

fibroblast cells while targeting a vibration frequency of

1,570 cm-1. Kee et al. [21] reported further progress in

developing a Ti:sapphire-based CARS microscopy system

with ultrashort pulses selected from a broadband contin-

uum. The Ti:sapphire-based master oscillator source was

used by Andresen et al. [22] and later by Ivanov et al. [23]

and Pegoraro et al. [24] to demonstrate a photonic crystal

fiber (PCF)-based light source for generating tunable

excitation pulses that are applicable to CARS microspec-

troscopy. This setup allowed for probing Raman active

lines with frequencies spanning up to 4,000 cm-1 while

spectral resolution was about 25 cm-1. Petrov et al. [25]

reported a system for CARS microspectroscopy based on a

Nd:vanadate ps laser that generates a ps pulse continuum in

nonlinear fiber providing tunable output. This design

allowed accessing Raman vibrations in the range of

700–1,700 cm-1. The main disadvantages of fiber-based

continuum sources are low peak intensities and low spec-

tral brightness. Also, significant intensity fluctuations affect

the signal-to-noise ratio. An approach that circumvents

these drawbacks is based on a dual-wavelength picosecond

optical parametric oscillator (OPO) source [26, 27]. The

signal and idler beams from picosecond, synchronously

pumped OPO provided two tunable colors necessary for

CARS microscopy. The OPO is continuously tunable with

the frequency difference between the two beams spanning

from 100 to 3,700 cm-1.

In this work, we report on design and performance

aspects of a multi-color femtosecond pulse laser set up with

a target goal of applying it to imaging and characterization

of biological media with high spectral and time resolution.

The laser set up concept is based on two low threshold

OPOs that are synchronously pumped by a single mode-

locked Ti:sapphire oscillator running at 76 MHz. The

OPOs produce intrinsically synchronized broadly tunable

femtosecond pulses in the near and mid-infrared with

hundreds of milliwatts of average power. We demonstrate

high resolution imaging of biological tissue using four

different nonlinear optical imaging modalities, including a

three-color time-resolved CARS technique. We demon-

strate imaging of cerebral cortex in mouse brain, collagen-

rich mouse tendon and mouse muscle probed by SHG,

SFG, and time-domain CARS microscopy. Multiple other

colors are also available from the OPOs at lower average

power (1–40 mW) that can be used to explore resonant

second- and third-order nonlinearities of biological

molecules.

2 Experimental design

A detailed layout of the experimental set up is shown in

Fig. 1. Output power (*3.2–3.6 W) of a mode-locked

Ti:sapphire oscillator (Coherent Mira HP) is split into three

parts. A small fraction of about 50–150 mW is outcoupled

through a side port of a Glan–Taylor prism that is preceded

by half-wave plate. The main part (*3.1–3.5 W) of the

beam is split into two equal parts. These two beams are

then used to synchronously pump two OPOs that utilize

high parametric gain periodically poled lithium tantalate

(PPSLT) crystals. Detailed OPO characteristics and per-

formance were reported in our recent publications [28, 29].

The PPSLT gain medium is a better alternative compared

to a commonly used periodically poled lithium niobate

(PPLN) due to its higher threshold for photorefractive

damage. A set of data showing key OPO output charac-

teristics is presented in Fig. 2. Typical threshold for the

OPO with a 5 % output coupler and a pair of intracavity

dispersion compensating prisms was less than 200 mW so

that the available pump power was multiple times above

the threshold. At that pump power level, the available

parametric gain is as broad as *250 nm [29] so that

variations in physical length of the cavity would result in

continuous tuning of the signal beam wavelengths within a

broad range (*200 nm) while the OPO maintains fairly

high ([100 mW) average power. Cavity length tuning

allowed covering wavelength range of 1,060–1,270 nm at

618 S. Yang et al.

123



fixed quasi-phase-matching period (K = 23 lm), pump

wavelength (kp = 810 nm) and temperature (T = 160 �C).

Indeed, in the case of broadband gain, change in resona-

tor’s length would lead to central wavelength shift within

the gain profile so that the net optical path length is

unchanged thus matching pump pulse period that in turn

results in maximum parametric gain. Pulse distortions [30,

31] have not been observed except for the edges of the

tuning range and we again attribute this to the fact that the

tuning was within the broadband range of parametric gain.

In order to attain wavelengths beyond the mentioned range

pump wavelength, QPM period and crystal temperature

needed to be changed. Representative OPO spectra are

shown in Fig. 2a. Stable transform limited pulse output

with pulse widths in 110–160 fs range can be maintained

throughout the entire tuning range provided that the intra-

cavity prism insertion (prism spacing was set to 230 mm

tip-to-tip) is adjusted to yield in net positive group dis-

persion delay (GDD). OPO operation at net zero GDD for

the signal pulse would results in irregular shaped signal

beam spectra and output with high intensity fluctuations

similar to observations reported in earlier OPO studies

[32]. However, at that GDD setting, pulses shorter than the

pump pulse (\90 fs) can be generated. Typical signal and

idler pulse autocorrelations at net positive GDD (i.e., reg-

ular shape and central wavelength stable spectra are

maintained on long time scale) are shown in Fig. 2b, c,

respectively. The idler beam wavelengths could be tuned to

as far as 4.6 lm while average power of more than 50 mW

is generated. The idler pulse spectrum at the far end of the

OPO tuning range is shown in Fig. 2d. We have also per-

formed dedicated cross-correlation measurements that

would provide us with estimates of timing jitter between

the two OPOs. By cross-correlating either signal pulses

from the two OPOs or signal and pump pulses we were

able to establish the upper level of timing jitter. The upper

level value is estimated to be less than 8 fs. Furthermore,

time-dependent four-wave mixing signal that involve the

three pulses (see a typical data on Fig. 6c) indicates that we

can measure transverse relaxation times (T2) shorter than

130 fs. The crystal efficiency and amount of pump power

permitted reaching a high pump depletion operating point

(*70 %) so that, with intracavity loss of few percent, high

average power ([400 mW) should be expected at the

output according to steady state power solution for rate

equations [33]. However, our major finding was that the

power cannot be easily scaled and therefore reaching

the above level in average power faced certain problems.

Fig. 1 Multi-color femtosecond laser platform for nonlinear optical

imaging. Synchronized femtosecond pulses at three different colors

were used to enable TPAF, SHF, SFG, and time-domain CARS

microscopy. In time-domain CARS microscopy, two independently

tunable pulses from OPOs (yellow and brown lines) served as

excitation to phase-in molecular vibrations at x1 � x2ð Þ while pulses

from a small part of Ti:sapphire laser beam (red lines) were used as

probe that tracked decay of the coherent polarization created by the

OPO pulses. ISO optical isolator, GT Glan–Taylor prism, OBJ 609,

NA = 1.35 objective lens, GR 1,200 l/mm diffraction grating, BP

bandpass filter, DCM dichroic mirror, PMT photomultiplier tube, HR

highly reflecting mirror, OC output coupler, TL telescope
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The effect had been studied in details in our recent publication

[29] and was attributed to intracavity power-dependent loss

due to other nonlinear effects (e.g. self-focusing, etc.). As a

result, power rollover occurs earlier if GDD is tuned to

produce shorter pulses (i.e. higher peak powers). Part (e) of

the figure shows a typical signal and idler beam power

rollover at high pump power levels. A number of non-

phase-matched processes in the crystals allowed generation

of sum- and difference frequencies due to the interacting

pump, signal and idler beams, thus providing from few to

tens of milliwatts of power across the visible range. The

signal beams of the two OPOs were combined and sent

through a pair of dispersive prisms spaced 170 mm apart.

The prism sequence also provided dispersion pre-com-

pensation to provide optimal pulse widths in the image

plane. Telescopes were used to achieve optimal spot size

matching between the three beams in the image plane. The

three beams were directed to a galvo scanner (Cambridge

Technology, Inc. model #6210) and imaged onto the

entrance pupil of an objective lens. We have used high

numerical aperture (NA * 0.9–1.35) and high magnifica-

tion (40–609) objective lenses. Due to various transmis-

sion losses within the optical train, about 30–35 % of the

power generated by the OPOs could be delivered to the

image plane, resulting in maximum power levels of about

60 mW for each beam. With the available full angle scan

provided by galvo drivers, an area of about 200 9 200 lm2

could be raster scanned at a maximum rate of 3 frames/

second. In the detection arm we used a high numerical

aperture (NA * 0.9) condenser followed by a diffraction

grating and a set of bandpass filters. This permitted effi-

cient detection of the signal of interest on the background

of other signals generated within focal volume. A photo-

multiplier tube (PMT) with high gain and quantum effi-

ciency (Hamamatsu model #H9305) was used to detect

signal photons at selected wavelengths. The output from

the PMT was digitized by a high-speed data acquisition

card (National Instruments, model 6201 DAQ).Scan Image

software (http://openwiki.janelia.org/wiki/display/ephus/

ScanImage) was used to form and display images in 3D

using collected data points from the PMT and the galvo

scanner controllers.

3 Imaging and microspectroscopy results

We have tested performance of the multi-color set up in a

series of imaging and time-domain microspectroscopy

experiments. Figure 3a shows a TPAF image of axons and

nerve terminals in an in vitro live mouse brain stem slice.

Precise morphology, size and position of nerve terminals

are monitored at several stages of synapse formation. To

obtain the images using two-photon excitation, projection

neurons and their axons were labeled with fluorescent

Alexa488-dextran conjugate (Molecular Probes, Inc.). The

image was obtained by tuning the Ti:sapphire oscillator

wavelength to 920 nm, which corresponds to the two-

photon peak absorption band of the fluorescent marker. In

another example of TPAF imaging (Fig. 3b), cortical brain

tissue from a 3-week-old mouse was investigated using

femtosecond OPO radiation at 1,070 nm. The brain was

perfusion-fixed and the cerebral cortex removed and held

between two glass coverslips. Here, expression of a red

fluorescent protein (tdTomato), controlled by the Six3 gene

and Cre-mediated recombination, was restricted mostly to

excitatory neurons in layer 4. The pial surface defined the

Fig. 2 OPO output pulse characteristics. Part (a) shows OPO pulse

spectra obtained throughout available tuning range for the OPO.

OPOs can be tuned within the 1,060–1,270 nm range by changing

cavity length on micrometer scale while crystal temperature was fixed

at 170 �C; the crystal poling period (K) was 23.0 lm and pump

wavelength (kp) was set to 810 nm. For the 890–1040 nm range of

tuning the above parameters were set to K = 21.0 lm, kp = 740 nm,

and T = 150 �C. For the 1,240–1,350 nm range of tuning the

parameters were set to K = 24.2 lm, kp = 840 nm, T = 160 �C.

Spectral amplitudes indicate available OPO powers with respect to a

maximum power of 320 mW achieved at 1,170 nm. Part (b, c) show

typical pulse autocorrelations for signal (ks = 1,070 nm, ts = 111 fs)

and idler (ki = 3.6 lm, ti = 153 fs) pulses (sec h2 pulse shape is

assumed). Part (d) shows idler pulse spectrum at *4.5 lm while

OPO can still deliver *50 mW of average power in idler branch. Part

(e) shows output power curves (left scale) for signal beam at short

(less than 100 fs, open circles) and longer pulse ([160 fs, filled

circles) mode operation. Triangles indicate the corresponding pump

power depletion (right scale) at different pump power levels
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plane for image collection. Fluorescent neurons in layer 4

are about 300–500 lm deep to the pial surface. This initial

experiment proves the feasibility of imaging neurons in

deep cortical layers, which has been performed in living

animals without compromising brain integrity. We have

also tested sensitivity of the set up in second harmonic and

sum-frequency generation (SHG and SFG) imaging with

near-IR OPO beams. Figure 4a shows SHG imaging of

mouse muscle tissue taken at OPO wavelength tuned to

1,065 nm. A characteristic periodic pattern along the

diagonal line of the image, which is also the muscle axis,

corresponds to detection of multiple muscle sarcomeres in

which myosin band is strongly highlighted. This is because

the molecular structure of muscle myosin lacks a center of

symmetry which gives rise to a strong SHG signal, as has

been demonstrated in Refs. [34, 35]. The high SHG signal

lines correspond to the so-called H-zones within an A-band

if one refers to sarcomere structure provided by standard,

Fig. 3 a Two-photon absorption excited fluorescence image of

mouse brainstem slice. The fluorescence was excited by femtosecond

pulses from Ti:sapphire oscillator tuned to *920 nm. Cochlear

nucleus axons were selectively labeled by localized electroporation of

fluorescent Alexa488-dextran conjugate. A high level of morphologic

detail of the dynamic pre-synaptic structures (arrowheads) can be

seen in the projection image stack. b TPAF image of cortical area of

mouse brain tissue taken with the use of OPO tuned to 1,065 nm.

Cortical brain tissue from a 3-week-old mouse, in which red

fluorescent protein (tdTomato) expression, controlled by the Six3

gene, was restricted mostly to excitatory neurons in layer 4. Imaging

of the intact cortex was done from the pial surface; fluorescent

neurons in layer 4 are about 300–500 mm deep to the surface

Fig. 4 a Second harmonic generation image (110 9 110 lm2) of

mouse skeletal muscle at fundamental wavelength of *1,076 nm

delivered by OPO. Muscle axis is along the image’s diagonal and the

periodic pattern shows several dozens of sarcomeric structures

detected within the image area with skeletal muscle myosin bands

contributing to strong SHG signal along lines perpendicular to the

muscle axis. b Sum-frequency generation microscopy image of

collagen bundle taken from mouse tail (image area-80 9 80 lm2).

Two OPO wavelengths were tuned to 965 and 1,170 nm, respectively,

to generate SFG signal at *520 nm

Multi-color ultrafast laser platform 621
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histology experiment-based description. Figure 4b shows

image collagen bundles from tail of a rat taken in a sum-

frequency generation (SFG) imaging experiment. In this

case, the two OPOs were used with k1 = 965 nm,

k2 = 1,120 nm, resulting in a SFG signal at around

520 nm. High contrast images can be obtained with only a

few milliwatts of power delivered to the sample thereby

minimizing photodamage (only after about 30 min) for

combined OPO powers estimated at 90–120 mW in

sample.

Our primary goals were to combine powers of different

imaging modalities and to perform quantitative character-

ization of key biological cell and tissue constituents using

their unique molecular signatures. To achieve these goals,

we applied significant effort to enable and optimize time-

domain three-color CARS microscopy with flexibility to

produce also high contrast TPAF, SHG/SFG, and THG

images. CARS microscopy with time resolution was tested

in a variety of bulk media. Figure 5a shows the time-

domain CARS transient in oil when wavelengths of a pair

of broadband femtosecond pulses from the two OPOs were

tuned to provide the frequency difference x1 � x2ð Þ cor-

responding to Raman active vibration at *1,300 cm-1.

The Raman shift matches vibration frequencies at around

C=C symmetric rock and in-phase methylene twist vibra-

tions. The pair of pulses phase-in individual molecular

vibrations in the probed volume creating a macroscopic

excitation that can be quantitatively described in terms of

coherent amplitude Q(t) [36]. In the case when amplitude

and phase-relaxation processes due to inter- and intra-

molecular interactions proceed on a time scale significantly

longer than the excitation and probe pulse widths, the

absolute value of Q(t) can be measured because the time-

domain anti-stokes signal Ias(td) can be expressed as

following:

Ias tdð Þ ¼ f Q tdð Þj j2Iprl
2 ð1Þ

where f is a factor that takes into account various

parameters for the laser beams involved, l is interaction

length, and Ipr is the probe pulse intensity. The physics of

phase-relaxation processes for vibration modes defines the

properties of Q(t). In the case when Q(t) is a real function,

dispersion of the resonant third-order susceptibility

vð3Þ xas; x1; �x2;xpr

� �� �
can be deduced from the

time-domain CARS signal using the following formula

[37]:

vð3Þ xas; x1; �x2;xpr

� �
¼ j

Z1

0

IasðtÞ
Iasð0Þ

� �1=2

ei x1�x2ð Þtdt

ð2Þ

where j is a factor that combines molecular density,

molecular tensor parameter and probe field coupling

parameters. Thus, by measuring the time-domain CARS

signal, both imaginary and real parts of v(3) can be obtained

in one measurement through Fourier transform of the

experimental data. This method provides a key advantage,

in comparison with Raman-based coherent and spontane-

ous spectroscopy methods, in applications that target pre-

cise spectral features in the vicinity of Raman active

resonances. Figure 5b, c represent dispersion of real and

Fig. 5 a Time-domain CARS

transient obtained from oil when

Raman active vibrations around

1,280 cm-1 were targeted.

Fourier transform of the

experimental time-domain

CARS signal [see formula (2)]

yields in dispersion of

imaginary b and real c parts of

the resonant third-order

nonlinearity. Solid line in panel

a is the best fit to CARS

transient. Solid line in panels

b and c are real and imaginary

parts of complex double-peak

Lorentzian function
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imaginary parts of vð3Þ in oil, respectively, that was

obtained using experimentally measured time-domain

CARS transient and formula (2). Two peaks can be pre-

cisely identified with each having 14.2 ± 0.2 cm-1 line-

width. With these data serving as a reference, we

performed a time-domain measurement on mouse tissue

with a specific focus on fat cells. Figure 6a shows

an SFG image of the tissue where signal from a collagen-

rich connective tissue within hypodermis layer is clearly

seen. Figure 6b shows the same part of the tissue imaged

with CARS when vibrations with Raman shift at x1-

x2 & 1,280 cm-1 were targeted. Comparison of the two

images shows that the collagen-rich region is surrounded

by fairly large fatty area that is faintly seen on the SFG

image only when using high detector gains that also collect

other background signals. Due to a relatively high molec-

ular density of fat and due to its molecular composition, the

CARS signal from that area overwhelms other resonant and

nonresonant signals. We then tried to scan a narrower

region within the fatty area while detecting the CARS

signal versus time delay of the probe pulse that was cen-

tered at 780 nm. The result of that experiment is shown in

Fig. 6c. Though a much smaller signal is detected due to

the resonant part, the experimental CARS transient cap-

tured dephasing of molecular vibrations which proceeds on

the same time scale as phase decay for C=C rocking

vibration in oil. Our conclusion is based on previous,

extensive study of fats using spontaneous Raman spec-

troscopy [38, 39]. This quite promising result shows the

feasibility of characterizing biological specimen with sub-

micron spatial resolution using quantitative spectroscopy

methods. The photodamage problem in experiments with

high peak power pulses [40] is noticeable when the probe

pulse average power is increased above 40 mW. We

observed tissue dissection and decomposition within only a

few minutes of imaging for femtosecond pulses at wave-

lengths up to 850 nm when a relatively large area

(*50 lm2) at scan rates of a few frames/s. Therefore, in

future efforts we will explore configurations for longer

wavelengths [26] to reduce the effects of photodamage.

Fig. 6 a Adult mouse tissue

imaged with SFG microscopy at

a depth of *250 lm below

epidermis layer. Collagen-rich

part of adipose connective tissue

generates a strong SFG signal in

the upper right part of the

image. b The same area imaged

by CARS shows a dense fatty

structure that is not detectable

by SHG or SFG. Size of the

images in panels a and b is

70 9 40 lm2. To produce the

CARS image OPOs were tuned

to provide a frequency

difference of *1,270 cm-1.

c Time-domain CARS replica

(open circles) obtained from

smaller area within the fatty

tissue in part b using the

indicated OPO parameters.

Solid line in panel c is the

instrument response function

corresponding to nonresonant

CARS signal from glass

substrate
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In conclusion, we have demonstrated a versatile ultrafast

laser set up that is based on high-repetition rate femto-

second optical parametric oscillators. The set up was

designed for applications that target characterization of

biological media using different nonlinear optical imaging

modalities. The greatest advantage of the proposed

approach is that using broadly tunable and well-synchro-

nized near-IR pulses all major nonlinear optical imaging

modalities are enabled across a much broader range of

optical wavelengths. Most importantly, the approach opens

another avenue in soft matter characterization. Namely, we

have demonstrated that targeted microspectroscopy of key

cell or tissue constituents can be performed within imaged

specimen via their characteristic molecular signatures in

Raman spectra.
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