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We present a significant sensitivity improvement of interferometric multiplex coherent anti-Stokes Raman
scattering (CARS) by optimizing the power, bandwidth and phase of the pump, Stokes, and probe pulses
independently. Fourier transform spectral interferometry (FTSI) is used to retrieve the entire complex quantity
of the CARS spectrum by utilizing the non-resonant background as a local oscillator. Background-free
spontaneous Raman-like vibrational spectra can be measured over th@4B@cnT? range with 20 cm?

spectral resolution within a tens of microseconds time scale. Chemically selective microscopy of a
multicomponent polymer film is performed to demonstrate the feasibility of its microscopy application. A
systematic analysis of the signal recovery method and several technical issues are discussed.

I. Introduction

Coherent anti-Stokes Raman scattering (CARS) is a third- 4
order nonlinear vibrational spectroscopy technique, where the
interaction of two different frequency laser pulses, and ws
(pump and Stokes pulses) creates coherent vibrations with which
a third pulsewe; (probe pulse) generates anti-Stokes signals at '
the frequencywas = wp — ws + wp, (Figure 1)12 Because of v
the coherent Vi.bration excited by the .p.ump and Stokes pulses’Figure 1. Multiplex CARS process. Note that the broadband pump
CARS can achieve much more sensitivity than the spontaneousang Stokes pulses create coherent vibrations and the probe pulse
Raman scattering spectroscopin addition, since CARS is a  generates a CARS spectrum over the 50800 cnt! range in the
third-order nonlinear process, the signal is generated mostly atcurrent experiments.
the tight focus of the overlapped incident laser beams, allowing
three-dimensional depth profiling and a better lateral spatial Not only adds up as a background but also interferes with the
resolution® It holds a great promise for label-free chemical Weak resonant CARS signal to distort the spectral line shape,
imaging, and there has been much effort to increase themaking the vibrational analysis difficud®. The problem was
sensitivity and selectivity of the techniqgée® solved when several groups applied interferometry to discrimi-
CARS experiments typically combine two narrow bandwidth nate the resonant signal against the non-resonant background
laser pulses (pulse duration of picoseconds to nanoseconds) witr$ince the two signals have different phase resporfses:t 32227
a frequency difference matching a single vibrational resonance Interferometry also increases the_ signal sensitivity srg_nrfrcantly
of the sample molecuf.The entire laser power is used to excite Via the homodyne amplification with a strong local oscilldtét.
and detect a single vibrational resonance in this single-frequencyHowever, the sensitivity of the multiplex CARS technique is
CARS method? Recently, this technique has advanced greatly still several orders'of magnitude lower rharr that of the single-
to achieve a sensitivity level of detecting:a.0° oscillators frequency CARS since the laser power is distributed over many
in the time scale of microsecond€ and a video-rate laser Vibrations. The short laser pulse also induces more sample
scanning CARS microscopy has already been demons&#ed. photodamage than the longer pulse, lowering the allloweqllaser
If a broadband laser pulse is used in the excitation laser pulsePOWer that a sample can tolerate. Nevertheless, its ability to
combination, CARS can be configured to measure a vibrational detect a vibrational spectrum draws a great interest in the
spectrurinstead of a single vibrational pe&k2! This multiplex development of the techniqgé 13222325
CARS technique has also received much attention since it can _ Fourier transform spectral interferometry CARS (FTSI-
detect a broadband vibrational spectrum in a single experimental CARS) is one of interferometric multiplex CARS methods to
measurement to provide great chemical selectivity by analyzing €xtract the vibrationally resonant CARS spectrum against the
multiple vibrational peak§:10.1213.2225 The non-resonant signal, ~non-resonant backgroud®This method uses the inherent non-
however, has been a major problem in this methdkhis resonant background generated by the same laser pulse as a
unwanted background is generated by the electronic responsdocal oscillator for a spectral interferometry and retrieves a
of the sample and the use of a broadband laser pulse (a shortePackground-free Raman-like vibrational spectrum. It requires

pulse duration in the time domain) increases it significahtty. ~ ©nly @ phase pulse shaping and vibrational spectrum over the
entire detection window can be measured in a single measure-

*To whom correspondence should be addressed. E-mail: shim@ Ment'® Here we demonstrate that the signal sensitivity of the
mail.utexas.edu. FTSI-CARS method can be improved further (2 orders of
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magnitude more than that found in ref 10) by an additional -
amplitude pulse shaping and use of a laser with a lower i Pump 1
repetition rate. Vibrational spectra from liquid and polymer |
samples under a microscope are obtained in a time scale of tens
of microseconds at a single spatial position. Chemical imaging |

of a polymer mixture sample is also performed to demonstrate /—é-m 2 Stokes
the feasibility of the current technique in chemical imaging
applications. Several technical issues such as broadband pulse
compression at the sample position, axial chromatic aberration (b) T
(ACA), the CARS spectral window, and the nonlinearity of AN Pump 1 + Stokes
sample photodamage are discussed. — Pump 2 + Stokes

This paper is organized as follows. In section Il, we first
consider the optimal power distribution, bandwidth, and phase
shape of the three CARS excitation laser pulses (pump, Stokes,
and probe pulses in Figure 1). Then in section Ill, we explain . . . . .
the FTSI-CARS method in detail to show how one can extract 0 3 W%’f/’enuﬁ?ger (13231) 1500 1800
a Raman-like CARS spectrum from the measured signal. i
Experimental results with liquid and polymer samples are Figure 2. (a) Spectra of two different pump/Stokes pulse shapes used
followed to show the current sensitivity in section V. Various in (b) the simulation of coherent vibration excitatioA$¢2). The powers

. . . of pump 1 (dotted line) and 2 (solid line) are set to be equal. The Stokes
technical issues are also discussed later. pulse is identical for both simulations.

—
[
~
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II. Optimal Amplitude and Phase Shape for Multiplex

CARS Signal Generation multiplex CARS experiments® Figure 2b shows the simulated
o ~ A(R) with the two pump/Stokes pulse configurations in Figure

We select the pump, Stokes, and probe pulses inside a single)5 anq eq 1. Stronger and broad¥g) is generated by the

broadband laser pulse by a phase and amplitude pulse shapingoadpand pump pulse (solid line in Figure 2b). This can be

technique'®**In this section, we consider the optimal amplitude \,nqerstood by the following consideration. SindéQ) is

and phase shape in the CARS excitation laser configuration. gssentially a convolution of the pump and Stokes electric fields,

Our goal is to generate strong resonant CARS S|gnals over thethe amplitude OA(Q) depends Iinearly on both the amplitude

fingerprint region of organic _mc_:lecules (GGQSOO cnTh). Since and bandwidth oEp(w), i.e.,A 0 fEx(w)dw. The pump power
the sample photodamage limits the maximum allowable laser (), however, has a different dependence on the amplitude of

power, we are seeking for the optimal laser pulse shape undefiha electric field,lp = [|Ex(w)?dw. This leads to a larger
a given total laser power. amplitude of A(Q) with a broadband pump pulse. There is,

It is easier to understand the CARS process by dividing it however, a complicating experimental factor. The sample
into the excitation and probing stef?8The pump and Stokes  photodamage is most likely nonlinear with femtosecond laser
pulses generate the coherent vibration (Raman coherence) ify|ses, and a shorter pump pulse (broader bandwidth) causes
the excitation step. Then, the probe pulse scatters off the more photodamage than a longer pulse with the same laser
coherent vibration to generate the CARS signal (Figure 1). power20:2% Accordingly, these two factors should be compro-

Let us consider the excitation step firs{(€2), the coherent  mised to generate the optimal signal. In experiments with

vibrational excitation at the frequency €f, is described 37 polymer samples, we find that the pump pulse witB00 cn?!
bandwidth generates the optimum CARS signal.
ARQ) = f g do'Ex(w")Ex(w' — Q) The next step is to scatter off the generated coherent vibration
0 by the probe pulse. Since we wish to generate a vibrational
_ Lw o' |Exe')||[EXw’ — Q)| explgp(@’) — spectrum with a high spectral resolution, the probe pulse should

have a narrow bandwid#:1323Note that we are using separate
ipg(0" — Q)) (1) pump and probe pulséd1323which is different from typical
multiplex CARS experiments where a degenerate pump and
where Ep and Es are the electric fields of pump and Stokes probe pulse is usetf?! In the current experiment, we select
laser pulses, respectivelys(w) and ¢ps(w) are the phase of  the probe pulse primarily by the phase pulse shaping since the

pump and Stokes pulses at the frequencywofrespectively. pump and probe pulses are taken in the same frequency region
As one can see in eq A(Q) is maximized wherep andEs are of the laser. Since the resonant CARS signal generated by this
transform limited (i.e.gp(w’) — ¢s(@’ — Q) = 0). There is, narrow phase-shifted probe pulse has a different phase than the
however, a choice of bandwidth f&p andEs in the multiplex non-resonant signal, we can extract the resonant signal with the

CARS experiment. In Figure 2a, we compare two different help of FTSI® The extraction method is explained in section
amplitude shapes of pump/Stokes pulse combinations with thelll. Here we consider the optimal probe phase shape to achieve
same total laser power. Since the Stokes pulse has a broad high spectral resolution with a given probe bandwidth. Let us
bandwidth, one can achieve a reasonable vibrational window consider the two different phase masks for the probe pulse
in both casesA(Q) over 0-600 cnt?! is excited by either the  (Figure 3a and b). Note that the two probe pulses have the same
two pump or two Stokes pulses. The 661800 cnt? region is bandwidth. Figure 3a shows a probe pulse with a flat spectral
from the pulse combination of the pump and Stokes pulses. Herephase (flat phase probe), and this is what the previous
we are only interested in optimizing the excitation over600 demonstration use¥. The flat phase probe, however, also
1800 cn1l, which corresponds to the vibrational fingerprint generates coherent vibrational excitation acting as a pump pulse.
region of organic molecules. Note that the pump pulse with a This is not a serious problem as long as the power of the narrow
narrow bandwidth (Pump 1 in Figure 2a) is used in typical band probe pulse is small compared to that of the broadband
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whereay, Qk, andTk are the relative intensity, frequency, and
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resonant susceptibility is usually approximated®y
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In egs 5 and 6,ar and anr represent the amplitude
coefficients of the resonant and non-resonant susceptibilities,
Re[P,] Re[P,] respectively, responsible for the wavelength-independent factors
such as concentration, electronic polarizability, and so f&rth.
Note thator/or determines the relative intensity ratio between

Figure 3. Amplitude and phase shape of the (a) flat phase and (b) the non-resonant and resonant CARS sigfials. .
phase probes. Also shown are the real and imaginary parts of the 1N€7 probe pulse compensates thephase shift of to
simulated resonant CARS signal®:] from a single vibrational maximize the CARS signal generation and also yields a narrow

resonancel( = 5 cny) by (c) the flat phase probe and (d) thehase vibrational line width®® As pointed out by Silberberg and co-

probe, respectively. Note that the bandwidths of the both probes areworkers, the probe phasg(w) = arctan({p — wp)/T') is optimal

identical (20 cm?). for the resonant CARS signal generatiiThe closest phase

pump pulse. If the probe pulse has a significant intensity, the shape '_chat_ we can produce W.ith. our pulse shaper _iS the one
) ' shown in Figure 3b due to the limited spectral resolution of the

excitation A(RQ)) begins to have a non-negligible component . . L ;
generated by the phase-shifted probe pulse, and the phasgqu'd crystal spatial light modulator. Figure 3c,d shows the real

. - . and imaginary parts of the simulated CARS signals by the flat
Zt;lffst:}l]rge;zféggg Sr?;s;n ;jsggﬁgggtggdbglssﬁg\?vnb% i\i/glljorleed phase andr phase probes, respectively. In the simulation, we
3b1239 et us consideA(Q) excited by ther phase probe as set the probe bandwidth to 20 cfand use a single vibrational

. resonance with' = 5 cnt? in eq 5. One can see that the
apump pulse. Since the Stokes puiis@y) has a much broader vibrational line width with thexr probe pulse is about twice
bandwidth than the probe pulse, eq 1 becomes

narrower than that by the flat phase probe (Figure 3€,&p
the - phase probe is a good choice in terms of the spectral

400 -50 0 50 100 -100 -50 O 50 100
wavenumber (cm') wavenumber (cm')

A(Q) = fo dw'EPr(w’)E;(w' - Q) resolution too. There is, however, a problem with the line shape
” of the CARS spectrum generated by thphase probe. In Figure
= prLA do'Ep(0")Ex(w’ — Q) + 3d, neither the real nor imaginary part of the CARS signal has

A the Raman-like line shape. This is due to thestep phase
WPy o r H H ]
Lpr dw'Ep(w")Eg(w’ — ) structure of the probe pulse involved in eq 3. We find that a
Raman-like line shape can be obtained if the entire complex
~ |Ep(wp)| (€™ + € AE wp, — Q)A 2) quantity of Pr(w) is available. The sum of the amplitude and
imaginary part ofPr(w) shows a high spectral resolution with
whereEp, is the electric field of the probe, angh, is the center a Raman-like line shape, as shown in Figure 4a. In Figure 4,
frequency of the probe pulsd is the half bandwidth of the  the CARS simulation is performed with the 1001 and 1028%m
probe (our probe pulse has an amplitude shape of a boxcar).vibrational peaks from toluend’(= 5 cm’%, and the probe

Under this condition, the integration in eq 2 cancels, i.e., bandwidth is 20 cm!). One can see that the phase probe
achieves a better spectral resolution than the flat phase probe,
AQ) ~ |Ep(wp)|(i — NEY(wp, — QIA =0 as shown in Figure 4b. Note that the simulated CARS spectra

in Figure 4b show the sum of the amplitude and the imaginary
So thex probe pulse does not excite coherent vibrations with part for the signal by the phase probe and only the imaginary
a broadband Stokes pulse. This is an important aspect sincepart for that by the flat phase probe.
one can use a high-intensity narrow band probe pulse without

generating a complicated phase structure in the resulting CARS'”' Fourier Transform Spectral Interferometric Coherent

Anti-Stokes Raman Scattering (FTSFCARS)

spectrum.
The resonant and non-resonant CARS signals are described In the previous section, we show that th@hase probe does
by?8 not excite coherent vibrations and is efficient to generate a
CARS spectrum with a narrow vibrational line shape. The
Pr(w) = j(‘)°° dQyR(Q)Ep (0 — QYAQ) ©) broadband pump pulse (pump 2 in Figure 2a), however, does

not have this discriminating property. It also generates a CARS
o signal by acting as a probe pulse to yield orders of magnitude
Pyr(@) = j; dQyNr(R)Ep(w — Q)A(RQ) 4) larger spectrally broad signals due to the short pulse duration.
In other words, the spectrally resolved resonant CARS signal

wherePr and Pyr represent the polarizations of the resonant accompanies a much larger backgrodiféf This background
and non-resonant CARS signals, respectivglyand ynr are signal has two components from different origins. One is the
the third-order nonlinear susceptibilities for the resonant and non-resonant CARS signal, and the other is broad vibrational
non-resonant CARS processes, respectively. The vibrationalresonant CARS signals probed by the pump part of the laser
susceptibilityyr has the Lorentzian spectral line shape, i.e.,  pulse?® Note that both backgrounds have very smooth spectral
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Figure 4. (a) Simulated imaginary part (Ig]), amplitude (Pg|)
and a sum of the imaginary part and amplitude @g)[+ |Pg|) of
the resonant CARS signal by thephase probe. Spectral parameters
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with the v step phase (top trace). Thestep phase of Figure
3b is applied in the narrow probe region. We also simulate the
CARS spectrum with the reference excitation laser pulse (bottom
trace in Figure 5a), which has a flat phase spectrum (i.e.,
transform limited) over the entire laser bandwidth. Figure 5b
shows the simulated CARS signa® GndSy)) from cyclohexane
(resonances at 801, 1028, 1158, 1266, and 1444 )8hby the
CARS and reference excitation laser pulses, respectively. We
adjust theanr/or to match the relative amplitude of the
interference fringe at 800 crhto the experimental result (Figure
8a). Note that the spectral shape of the reference sighpl (
has very little dependence on the vibrational response of the
sample since the non-resonant signal dominates in this signal.
One can see that the narrow spectrally resolved CARS signals
appear on top of the broad background in the top trace of Figure
5b (S,). This is in fact the cross term in the spectral interference
between the non-resonanP\g(w)) and spectrally resolved
resonant Pr(w)) signalsi®1323 Under the approximation of

from Raman spectrum of toluene is used in the simulation (resonance Pnr(@) > Pr(w), the measured signeh,(w) becomes

at 1001 and 1028 cm, I' = 5 cn1Y). Each trace is displaced vertically
for clarity. (b) Simulated toluene CARS signals: Pa] + |Pg| by the

7 phase probe (solid line) and IR{] by the flat phase probe (dotted
line). Note that the bandwidths of the two probes are identical (20)cm

(a) (b)
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Figure 5. FTSI-CARS simulations: (a) The CARS (top) and the
reference (bottom) laser pulse shapes used in the simulation. The CAR
laser pulse has the phase probe at the probe frequency region, and
the reference laser pulse is transform-limited. (b) Simulation of cyclo-
hexane CARS signals by the CARS laser pulsg §8lid line) and the
reference laser pulses| dotted line). (c) Normalized CARS signal
(S/S), which corresponds to the cross term in eq 7. (d) (top) FT of
the normalized signaB/Sy). (bottom) Zero-filled (before the time zero)
time profile to recover the entire complex quantity af ) imaginary
part (bottom), amplitude (middle), and a sum of the imaginary part
and amplitude (top) of the inverse FT of the bottom trace in (d). Traces
in panels b, d, and e are vertically displaced for clarity.

S,(w) O |Pyg(®) + Pr(@) > ~ Pyr(@)? + Pyr(@)(Pr(w) +
Pr(w)*) (7)

wherePygr(w) is the non-resonant signal by the CARS excitation
laser pulse. One can get the cross teRr(¢) + Pr(w)*) by
normalizing the CARS signaB(w)) with the reference signal
(S). The normalized signal becomes

Pur(@) 2 Pur(@)
PRr(@)]  IPRa(@)?

S{(w)ISw) ~ (Pr(@) + Pg(w)*)

(8)
where Pg(w) is the non-resonant signal by the reference
excitation laser pulse. Figure 5¢ shows the normalized CARS
signal /) from Figure 5b. Since the spectral shape of the
non-resonant signal does not depend on the sample and the
probe part of the laser pulse does not excite the non-resonant
signals, the first term in eq aR’NR(w)/PﬂR(w)F) becomes a
constant offset. The non-resonant contribution in the second term
(PNR(w)/|PﬁR(w)|2) also has a very smooth frequency depen-
dence compared to the resonant sigRal@) + Pr(w)*). As a
result, S;//S has the spectral line shape Bk(w) + Pr(w)*,
which is the real part of the resonant CARS signal (Figure 5c).
We can retrieve the complex functionB&(w) out of Pr(w) +

Pr(w)* by the following method.

So far we consider CARS signals only in the frequency
domain. In the time domain, it has an interesting symmetry
property, which we use to extract the full complex quantity of
Pr(w) out of Pr(w) + Pgr(w)*. Let us consider Fourier
transformation (FT) of Figure 5c. The upper trace in Figure 5d
shows the FT of Figure 5c (the normalized CARS signal). This
is essentially the FT of the real part of a Lorentzian function
convoluted with ther phase probe (eq 3). It is a well-known
fact that an FT of a Lorentzian function has zero amplitudes
before the time zero and has an exponential decay of the

amplitude and phase shapes due to the broad bandwidth of theamplitude after the time zef8:33 Mathematically,
pump pulse. In most condensed samples, we find that the non-

resonant component is much larger than the broad resonanfe 1

one?3 This means that the background has a smooth spectral  \(, — &) + il

shape and is almost transform-limited. Next we explain how 1 oo ot 1

we can use the background as a local oscillator to extract a ZEI,W dwe m

narrow vibrational CARS spectrum. 0 0
Figure 5a shows the two CARS excitation laser spectra used =0 fort<0

in the simulation. The top trace in Figure 5a is the CARS
excitation laser pulse with a distinct high-intensity probe pulse

= V27 exp(-T ) exp(Qqt —7i/2) fort>0 (9)
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It is also interesting to compare the FTs Bk(w) and
Pr(w)*. An FT of a complex conjugate quantity in the frequency
domain is equivalent to an inversion in the time donv&ife
This can be easily proved by

FTIPx(@)] = % [ dod“Pyw) =
\/%ﬂ [ doe " “Pyw)|* = Pe(~1)* (10)

In other words,Pr(w) and Pr(w)* are separated in the time
domain3® Note that a convolution with ther phase probe
changes the result of eq 9, bBk(w) and Pr(w)* are still

separated in the time domain. If we apply the Heaviside step

function, 6(t), to the FT of the normalized CARS signal
of eq 8 (the lower trace in Figure 5d), we can select dtt),
ie.,

O(OFT[Pr(w) + Pr(@)*] = FT[Pg(w)]

Then an inverse FT recovers the full complex quantity of
PR(a)).lO
FT [6()FT[Px(w) + Pr(@)*]] =Pgw)  (11)

Figure 5e shows the imaginary (bottom), amplitude (middle),
and the sum of imaginary and amplitude parts (top) of the
retrievedPgr(w). As we discuss in section Il, one can see that
Im[Pg] + |Pr| has the Raman-like line shape without any
background.

It is worth considering the relationship of the current FTSI-
CARS method with the KramerKronig relations. As one may
realize, what we are doing is transforming the real part of a
CARS signal to the imaginary part of it. In fact, this is one of
the Kramers-Kronig relations?

Ref(wg)]
)

Im(@)] =% fo" dop— 12)

where y(w) is a general susceptibility. Our FTSI-CARS

method can be reformulated with the convolution thegfem

(i.e., a multiplication in the time domain is equivalent to a
convolution in the frequency domain). Equation 11 can be
rewritten as

FT_l[G(t)FT[PR(w) + Pr(@)*]]
= FT [O()FT[2RePx(w)]]]

_';T FT—l[e(t)] ® FT_l[FT[ZRe[PR(w)]]]

1

Vor

where ® is a convolution operator. With FTO(t)] = 1/(i
V2rw) + Val26(t),*? eq 13 becomes

FT[6(t)] ® 2RePg(w)] (13)

FT {O(t)FT[Px(w) + Pg(w)*]]
1 1 7T
=— 20
Vo (i@m /30

Re
f%(ff] + RePg(w)]

® 2RePx(w)]

T

00

_o U@
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The real and imaginary parts of the retrieved signal become
Re[FT '[0(t)FT[Pr(w) + Pr(@)"1]] = RePx(®)]

IM[FT[0()FT[P(w) + P(@)]]
_ =1 o Re[Pg(wo)]
= e

_o 0o = Im[Pg(w)] (14)

In the imaginary part of eq 14, we have the Kramefsonig
relation (eq 12) withPr(w) instead ofy(w). This implies that
the current FTSI method is equivalent to the Krame{sonig
relation.

IV. Experimental Section

CARS signals are generated with a cavity-dumping Ti:
Sapphire oscillator (Cascade, KM Lasers). The repetition rate
of the laser is set to 2 MHz. The oscillator is optimized to have
a laser spectrum with an intense band around 770 nm and a
long tail in the longer wavelengths by carefully adjusting the
laser cavity. The laser spectrum of an arm chair shape is chosen
to increase the intensity of the narrow band probe pulse to
maximize the CARS signal (The original laser spectrum is
shown in Figure 7a). Figure 6a shows the experimental setup.
The laser pulse is controlled by an all reflectiviepdilse shaper
using a 640 pixel dual bank liquid crystal spatial light modulator
(SLM-640-D-VN, CRI). The pulse shaper is configured to
control both the phase and amplitude of the individual frequency
pixels at the Fourier plane. Our pulse shaper is designed to cover
a 250 nm bandwidth centered at 800 nm. The spectral resolution
of the pulse shaper, which is limited by the spectral bandwidth
of one SLM pixel, is 0.4 nm, corresponding to 5.3 ¢hat 800
nm. The wavelengths of the laser shorter than 750 nm are
blocked by a razor blade placed just before the SLM. The shaped
pulse is focused into the sample, and the generated signal is
collected, using two high N.A. water immersion IR objectives
(2.2 and 1.0 N.A,, respectively, Olympus). The collected signal
is filtered by a sharp edge short wave pass filter (740AESP,
Omega Optical), coupled into an imaging spectrometer (Ho-
lospecf/1.8, Kaiser Optical Systems) and measured with a frame
transfer charge-coupled device (CCD) (DV887, Andor). Note
that this CCD camera can measure the full vertical binned
spectra with an exposure time as short asu@0without a
mechanical shutter thanks to the frame transfer CCD architec-
ture.

Spectroscopy experiments are performed with a small drop
of the sample sandwiched between two microscope coverslips.
The intensity and phase spectrum of our shaped CARS excitation
laser pulse is shown in Figure 6b. First, a reference spectrum is
measured by applying a transform limited pulse without the
probe pulse in Figure 6b. The generated signal with the CARS
laser pulse is then normalized with the reference spectrum,
Fourier transformed, applied to the Heaviside step function, and
inverse Fourier transformed to generate the vibrational spectra
(egs 8 and 11). Vibrational hyperspectral imaging is performed
by moving both the laser beam in one directigrakis) and
translating the sample in the other directiarakis) by a piezo-
driven scanning mirror (SM in Figure 6a, S-334.2SL, PI) and
an XY piezo-stage (P-542.2SL, PI), respectively. The laser beam
is scanned along theaxis, which translates the collected signal
parallel to the input slit of the imaging spectrometer. The beam
scanning is synchronized with the CCD to ensure that the
scanning laser spot position is correlated with the measured CCD
spectrum. After acquiring one line of the image, the sample is
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moved in the perpendicular directior-&xis) by the sample A phase and polarization mask is applied to select two narrow
piezo-stage, and the next line of the image is measured byprobe pulses (Rrand Ps in Figure 7a) in the perpendicular
scanning the laser beam along thaxis again. In this way, polarization directiony-axis) with respect to the original pulse
our maximum scan speed is limited by the CCD data transfer polarization k-axis). Intensity, polarization, and phase spectra
rate, not by the speed of the sample translation stage since there shown in Figure 7a. The twepolarized probe pulses and
laser beam can be scanned faster than the sample stagehe broad-polarized pulse generate two type-Il phase matching
Although our CCD can measure the CARS signal with an second harmonic generation (SHG) spectra with araChick
exposure time as short as 26, the data transfer speed of the BBO crystal at the microscope sample position. These two SHG
CCD is maximum at~2 ms/spectra and limits the current spectra have identical but frequency shifted spectral phases. The
imaging acquisition speed. Wi 1 msexposure time per pixel,  detected SHG spectrum is a coherent sum of the two SHG
a 100x 100 pixel image can be taken in 43 s, which includes signals, which interfere with each other constructively and
the CCD exposure, data transfer, and FTSI numerical processesdestructively along the frequency axis to generate a spectral
The spectral phase of the laser pulse is characterized at theshear interference pattern as shown in Figure 7b. One can obtain
microscope sample position with the single beam SPIDER the spectral phase of tixepolarized broadband laser pulse from
(spectral phase interferometry for direct electric field reconstruc- the four SHG spectra of different phases at(@p = 0, /2, &
tion) technique developed recentytiere only a brief explana- ~ and —a/2, whereg, is the phase of Rrin Figure 7a) by the
tion is given, and more information can be found elsewR¢re. following analytical equations:

(@) 3
oo [ R o) =
s oB) ant So + o, ¢y = 7l2) = S + o, ¢, = —7/2)
I'f So + oy, ¢p = 0) = Yo + o, ¢, =)
- SM d(wg + Now) =
(b) n
z ~— probe d(wg) + Z‘ 0(w, + kow), wheren is positive integers
E pump Stokes =
i T T —
3" || whereSw, ¢pr) is the measured SHG spectra wigh. wy is
8 “ the frequency of Rr ¢(w) is the spectral phase of the laser
o . , . pulse at the sample positiodw is the frequency difference
e ﬁveuengﬂﬁ?mm) 0 between Prand Ps. wq is set to be 750 nm.

Figure 6. (a) Experimental setup: GR, grating; SLM, dual bank liquid _The SHG _Spectra with four d'ﬁere_%f values are shown in
crystal spatial light modulator; SM, beam scanning mirror; L1, scan Figure 7b. Figure 7c shows the retrieved spectral phase before
lens; L2, tube lens; OBJ, microscope objective; S, sample on the XY and after applying the compensating phase mask in the pulse
piezo-stage; F, short wave pass filter; SP, imaging spectrometer. (b)shaper. After applying the compensating phase mask for the
Intensity and phase of the CARS laser pulse used in FTSI-CARS measured spectral phase, we are able to compress the laser pulse
experiments. within 0.3 rad over the entire laser spectral range (from 750 to
(b) 860 nm). Note that this single beam SPIDER needs a phase
and polarization control mode of the SLM by removing the exit
= -T2 . . > .
polarizer. We measure the spectral phase with the exit polarizer
placed in front of the entrance polarizer to match the exact
: o= dispersion of the FTSI-CARS experiment. Multiple intrapulse
8 | PrflPr interference phase scan (MIIPS) is also used to verify that the
¢X_ = 2 compressed laser pulse is transform limited (data not shéwn).
4 | Note that we partially compress the laser pulse by moving the
i second grating in the pulse shaper. This generates the unusual
750 800 850 370 390 410 spectral shape as shown in Figure 7c (thin line). This is done
wavelength (nm) wavelength (nm) because we try to avoid a steeper phase mask structure, which
() — Before compression can make the transverse field effect of the SLM worse. Thus,
— After compression L1 the measured spectral shape (thin line in Figure 7c) is from the
dispersion of all the refractive optics (primarily due to the 1.2
N.A. microscope objective) and the pulse shaper. Also note that
the two measured spectral phases (before and after pulse
compression) have very different vertical scales in Figure 7c.
Liquid samples are prepared by sandwiching a small drop of
a0 &0 2 the liquid between two coverslips. The polymer samples are
wavelength (nm) prepared by melting polymer powders on top of glass coverslips.

Figure 7. Single-beam SPIDER (a) Spectrum of the original laser pulse POlystyrene (PS) and polyethylene terephthalate (PET) polymers
(top). Polarization (middle) and phase (bottom) masks used in the pulse@reé purchased from Aldrich and used as received.
characterization. (b) SHG spectra with different phases:aighr= 0,

nl2, w and —7/2). The traces are displaced vertically for clarity. (c) V. Results

The measured spectral phase at the sample position before (thin line) _. .
and after (thick line) compressing the laser pulse by applying the ~Figure 8a shows the measured raw CARS signals from

compensating phase mask. Note the differences in the vertical scalescyclohexane with the CARS excitation laser pulSg) @nd the
in panel c. reference excitation puls&f). The CCD exposure time of 1

Intensityi”/

:

~
Intensity

o

Phase (rad)
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ms is used. The pump, Stokes, and probe powers are 1.2, 0.8yibrational spectra at every spatial point. We construct the
and 0.3 mW, respectively, which are measured before theimages by integrating 970 to 1040 cifor PS and 1060 to
focusing objective. Figure 8b shows the normalized CARS 1140 cnt!for PET in the 10 000 vibrational spectra. The pixel
signal, which corresponds to the cross term in eq 8. The FT of size in these images is 300 nm. An exposure time of 1 ms per
this normalized spectrum is shown in Figure 8c (top trace). pixel and the same laser power as Figure 9b are used here. The
Applying the Heaviside step function (bottom trace of Figure total image acquisition time is 43 s, as described in the
8c) and inverse FT yields a homodyne-amplified resonant CARS Experimental Section. Note that the actual CCD exposure times
spectrum with the full complex quantity shown in Figure 8d. for 10 000 spectra is 20 s, but the data transferring and numerical
The sum of the imaginary part and amplitude of the obtained process takes an additional 23 s. One can clearly see that circular
complex CARS signal shows a Raman-like vibrational spectrum PS domains are surrounded by a PET domain in Figure 10.
(top trace in Figure 8d). The imaginary part (bottom) and

amplitude (middle) of the CARS signals are also shown in (a)

Figure 8d. Cyclohexane
Figure 9 shows the FTSI-CARS spectra obtained from

cyclohexane and toluene with the CCD exposure time of 20

us. Note that this CARS spectrum is taken with only 40 laser A Toluene

pulses since the repetition rate of our laser is 2 MHz. The signal-

to-noise ratio of the CARS spectra in Figure 9a &/E30 and

60 80 1000 1200 1400
wavenumber (cm'')

~280 for cyclohexane and toluene, respectively. The same
power level is used as the experiment of Figure 8. Note that (b)
almost all the previous multiplex CARS experiments have been

performed with a more than tens of milliseconds time sé&ié3 PS
Also note that the vibrational peaks up to 1400 ¢rare clearly
visible in Figures 8d and 9a. This extended vibrational window

is possible since we compress our pulse at the sample position PET
and there is negligible ACA in our system, which is discussed w/\/w_./\”“
later. We use a probe pulse with a bandwidth of 4 SLM pixels 600 800 1000 1200 1400

(corresponding to 21 crd), and the spectral resolution4s20 wavenumber (cm)

cm~! measured by the full width at the half-maximum of the Figure 9. (a) FTSI-CARS spectra of cyclohexane and toluene taken
1001 cnt! peak of toluene. One can see that the two neighbor- under the microscope setup Wlth_/’ZQ CCD exposure time.. (b) FTSI-
ing peaks at 1001 and 1028 cinare clearly resolved in our ~ CARS spectra of PS and PET with 108 CCD exposure time. Each
; ; . . T trace is displaced vertically for clarity.

experiment. This result matches with the simulation in Figure
4b very well. Figure 9b shows the FTSI-CARS spectra of PS
and PET film with the CCD exposure time of 108. Since
the polymers have lower photodamage thresholds, we lower the
pump power from 1.2 to 0.5 mW while keeping the same Stokes
and probe powers as used in the liquid experiment. The CARS
signals of polymers in Figure 9b are noisier than the liquid
signals in Figure 9a as a result of the lower pump power, but
all the major vibrational peaks of the polymers are clearly
visible. L 5 .

Figure 10a,b shows chemically selective microscope imagesrigyre 10. Chemical imaging of PS and PET mixture film. Images
of a PS/PET mixture film. Note that we take the entire are constructed with peaks at (a) 1000 érPS) and (b) 1100 cri
() (PET)_, respectively. T_he sc_:ale_bar itB. The images have 100

100 pixels, and the pixel size is 300 nm1 300 nm. Note that these

- images are constructed from a single experimental scan, where each
@ pixel in the image contains the complete spectrum over3@@0 cnt?.
o W

(a) 1000 cm

(b) 1100 cm"!

The total image acquisition time is 43 s.

0 ® 0 @0 W &0 &0 10 m @ VI. Discussion
wavenumber (cm™') wavenumber (cm'’) L ) . .
(© (d) To optimize multiplex CARS signal generation, one needs
. Im[P I+ [Py to consider several technical issues such as pulse compression,
3 ) ACA and optimal power distribution among the pump, and
£ 3 _MWA Stokes and probe pulses. The first requirement for the maximum

"y wM multiplex CARS signal is that the pump, Stokes, and probe

pulses should have a good temporal and spatial overlap. Since

2.0 2 4 60 8 0 0 140 ; :
time (ps) wavenumber (cm) we are using short and long wavelength parts of a single
Figure 8. FTSI-CARS experiment: (a) Measured CARS signals from broadband laser spectrum, we need to compensate the spectral
cyclohexane by the CARSS(, top) and the referenceS{ bottom) phase not only of the linear chirpf term in the spectral phase)

laser pulses. (b) Normalized CARS sign&l/&). (c) (top) FT of the but also all the high-order terms. In this experiment, we
normalized signal $/S) and (bottom) the zero-filled time profile compress the laser pulse by the single beam SPIDER as

before the time zero. (d) Imaginary part, amplitude, and a sum of the - . - -
imaginary part and amplitude for the inverse FT of the zero-filled described earliet! It obtains the spectral phase analytically

time profile (the bottom trace in panel c). The traces in panels a, ¢, Without the polynomial expansion of the spectral phase. This
and d are vertically displaced for clarity. The CCD exposure time is Method greatly improves the sensitivity of the CARS signal over
1ms. the 1106-1400 cn1?! range. Also, ACA leads the focuses of
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) pulses, however, the probe pulse has a much longer pulse
duration (-ps), and its contribution to the photodamage is
minimal compared to that of the other two short pulses (pump
and Stokes). So we use the maximum available power at the
probe pulse as shown in Figure 6b. We also find that the
photodamage is more severe with the pump laser pulse. This is
mom N W due to the short wavelength of the pump beam and has been
wavelength (nm) . . .
reported previously? Therefore, we primarily control the

50 beam splitter; L, tube lens (focal length20 cm); SLT, 2Qum slit ?handcv:\/:gg an_d an“tuge o; t!['ledpump pulose while mogltonn?h
(inside the spectrometer); SP, spectrometer; OBJ, 1.2 N.A. microscope € signals and photodamage. ©ne can reduce the
objective; M, mirror on top of a sample stage with a motorized vertical Photodamage effect more by applying controlled linear chirp
actuator. (b) Normalized laser spectra obtained with three different to both the pump and Stokes pulses. We found that our FTSI-
vertical mirror positions at = —1, 0, and lum. z= 0 is the focus of CARS method works reasonably well with applied linear chirps
the objective lens. up to 500 f3 of the pump and Stokes pulse separately (data not
shown). Note that the pump and Stokes pulses still need to have
the pump and Stokes pulses, which are displaced at differenta good time overlap.
vertical pOSitionS, Ieading toa poor Spatial OVerIap between the It is worth Comparing the non"nearity of power dependence
two excitation laser pulses. Another issue is that the ultimate for the CARS and sample photodamage. There are several
detection sensitivity is limited by the maximum laser power reports for nonlinear photodamage studied by cell differentia-
that a sample can tolerate without photodamage. Since we argjon 37 changes in C4 level, and the degranulation reacti¥n.
using a very short pulse, the main photodamage mechanism isphotodamage nonlinearity is reported from?216 1.12° which
nonlinear absorption. So a clever choice of the power distribu- js jower than 3, the nonlinearity of CARS. If the nonlinearity
tion among the three pulses (pump, Stokes, and probe) shouldof sample photodamage is lower than that of CARS, a laser
be made. _ _ ) ) with a lower repetition rate and higher peak power is preferred
One of the general problems in nonlinear microscopy with a jn the CARS experiment since it can generate more signals than
broadband laser pulse is ACA. It prevents the spatial overlap the |aser with a higher repetition rate and lower peak pdwer.
between different frequency components to reduce the signalye compare the CARS signals with two different outputs of
strength. We characterize the ACA at the focus of our our laser: the cavity-dumping output (2 MHz) and the mode-
microscope by an epidetected confocal microspectroscopy of ajocking output (90 MHz) (data not shown). This is possible since
reflected laser pulse. Figure 11a shows the experimental setupoyr laser can also be operated as a normal Ti:Sapphire oscillator
We place a mirror at the sample position and move it vertically |aser. We find that the laser pulse with a lower repetition rate
by a Computel‘-controlled motorized actuator (2606, ThorlabS). and h|gher peak power (Cavity_dumping Output) has a better
The reflected laser beam is collimated by the same objective in CARS sensitivity by comparing the CARS signals with the

the epi-direction, split by a 50:50 beam splitter and focused maximum allowable laser power determined by the photodam-
into a spectrometer with a 2fm slit (USB4000, Ocean Optics).  age of polymers.

ACA will cause different spectral shapes of the measured laser oy technique is essentially a common path spectral inter-
spectra along the vertical mirror positioz) (n this setup since  ferometry. The local oscillator (the non-resonant signal) and
the different frequency components will focus at the different e CARS signal are generated by the same laser pulse and never
vertical positions if there is aS|gn|_f|cant ACA._ Flgur_e 11b shows separated from each other. This greatly helps the stability of
the normalized spectra at three different vertical mirror positions {he experiment. It is known that typical interferometric experi-
(z=—1,0, and lum.z= 0 is the focus of the objective). One  ments are sensitive to air flows or environmental vibrations.
can see that there is no significant ACA in the current \ye find that air fluctuation inside the pulse shaper indeed affects
experimental setup. It is worth noting that we use near-infrared o,y FTSI-CARS seriously. Enclosing the pulse shaper is
optimized achromat lenses (Thorlabs) in our entire experi- necessary to eliminate the instability of the experiment. After

mental setup and an apochromatic microscope objective e pulse shaper, however, the experiment is very stable and
(UPLSAPO60XW, Olympus), which is designed to be free of iysensitive to ambient air currents or small vibrations.

ACA over the wavelength region of the laser used here.

Wi'gh a short Iasgr_pulse with a 20 fs pulse dura_tion_(the pulse v/, conclusion
duration of the original laser spectrum shown in Figure 7a),
the power density at the focus of 1.2 NA objective can reach 5  In this paper, we report a significant sensitivity improvement
x 102 W/cm? with 1 mW of laser powertea 2 MHz repetition of the multiplex CARS technique by optimizing both the
rate. This is a high enough power density to cause multiphoton amplitude and phase shape of the laser pulse. Controlling the
absorption, continuum generation, and even optical breakdown.power distribution of the pump, Stokes and probe pulses to
So the maximum sensitivity of our CARS microscopy is limited optimize the CARS signal generation enable us to measure the
by the photodamage of the sampfeRemoving the laser  vibrational spectrum of liquid and polymer samples withir-20
frequency components from 780 to 810 nm (as shown in Figure 100 us. The FTSI-CARS method extracts the full complex
6b) makes the pulse duration significantly longer while keeping quantity of the complex CARS vibrational spectrum to achieve
the same CARS sensitivity over the vibrational window from a spectral resolution of 20 crh with a spontaneous Raman-
600 to 1400 cm'. We also control the powers of each three like spectral line shape. The technique requires a slightly
pulses independently by the amplitude pulse shaping. With ainvolved data analysis process but has a simple and very stable
fixed total laser power, the optimal power distribution is such experimental setup. It should be useful for probing a local
that all three pulses have equal powkiEhis means that the  chemical identity in inhomogeneous samples.
optimal amplitude shape is close to the one shown in Figure 5a
with equal powers over the broad pump and Stokes pulses and Acknowledgment. S.H.L. thanks Oh Kyu Yoon for the
the narrow probe pulse. Among the three CARS excitation laser discussion of the relationship between the FTSI and the
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Figure 11. (a) Experimental setup for ACA characterization: BS, 50:
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