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ABSTRACT

We demonstrate that pulse shaping of a narrowband pulse can suppress the nonresonant background (NRB) contribution
and retrieve resonant Raman signals efficiently in a broadband coherent anti-Stokes Raman scattering (CARS) spectrum.
A pulse shaper prepares a probe pulse with two spectral components of differing phase. When the CARS fields
generated by these two out-of-phase components are optically mixed, the NRB signal is greatly reduced while a resonant
CARS signal survives with minimal attenuation. We discuss three model schemes for the interfering pulse components:
(1) two pulses with different bandwidths and the same center frequency (ps-fs scheme); (2) two pulses with the same
bandwidth and shifted center frequencies (ps-ps scheme); and (3) a pulse with different phases across the center
frequency (fs(+/-) scheme). In all schemes, only the resonant signal from the “3-color” CARS mechanism survives. The
resonant signal from “2-color” CARS mechanism vanishes along with the NRB. We discuss optimization conditions for
signal intensity and shape of resonant CARS peaks.
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1. INTRODUCTION

Broadband coherent anti-Stokes Raman scattering (CARS) approaches provide a broad Raman spectrum from a single
measurement by overlapping a narrowband picosecond pulse and a broadband continuum pulse [1-4]. This multiplex
measurement techniques show advantages over single-frequency approaches for quantitative and qualitative Raman
spectrum analysis of complex media including biological samples, which generally require spectral data over a wide
frequency range from a single measurement. For both single-frequency and broadband CARS approaches, the
nonresonant background (NRB) poses a significant interference to the resonant Raman signal and often overwhelms
weak resonant signals, leading to significant reduction in imaging contrast and sensitivity. The NRB in a broadband
CARS spectrum is particularly difficult to characterize because the CARS spectrum is directly affected by the continuum
pulse, whose intensity and phase is often unstable and may contain multiple temporal modes [5]. Several experimental
approaches have been established for reducing the NRB contribution, but those approaches either provide significantly
reduced signal intensity or are not applicable to the broadband CARS scheme.

Interferometric CARS offers the possibility of detecting NRB-free CARS signals with minimal attenuation of resonant
signal intensity. Conventional interferometric detection methods combine the signal of a CARS field from the sample of
interest and a well-controlled reference field. However, when a reference field is generated in a different medium, it is
generally very difficult to account for differential phase shift and differential chirp over a broad frequency range, and to
remove phase jitter. Generating signal and reference fields in the same sample obviates these problems. The general
approach is to generate interference between signal and reference CARS polarizations induced by two phase-controlled
probe pulses. Silberberg et al. [6] have demonstrated and Lim et al. [7] have improved single pulse CARS techniques
where NRB is reduced by interfering adjacent narrow spectral components of a single ultrashort laser pulse using a pulse
shaper. Cicerone et al. [8] have demonstrated a different approach to scanning interferometric broadband CARS
microscopy by mixing signal and reference fields that are generated by a spectrally narrow pulse and a broad pulse for
pump/probe light, respectively. However, the single pulse technique has limited control for optimization of the probe
pulse because a spatial light modulator controls the whole frequency range of pump, Stokes, and probe, and the scanning
interferometric approach requires long acquisition time to extract Fourier amplitudes of the signals generated.

In this paper we describe single-shot interferometric approaches to suppress NRB contribution to a broadband CARS
spectrum that do not require scanning the relative pulse phase and result in very little attenuation of resonance signal
intensity. In these approaches, two probe pulse components are separately controlled by a pulse shaper and the CARS
fields they generate are interferometrically mixed. We discuss characteristics of the interference CARS spectra
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depending on CARS mechanisms occurring in broadband CARS. We present three model schemes and discuss the
optimization conditions for high resonant signal intensity of NRB-free broadband CARS spectra.

2. THEORY

The CARS signal is induced by the third-order nonlinear polarization, P, which is expressed as
P (a,s) = Lo Lo J:w 20, 0,0,;0,)E0,)E (0)E(®,)5(0, -0y + 0, —0,)do,dogdo, (1

where % is the third-order nonlinear susceptibility, E(w) are the electric field vectors, and the subscripts p, S, pr, and aS
indicate pump, Stokes, probe, and anti-Stokes transitions, respectively. Recent studies [5,9] show that a broadband
CARS signal can be generated by two different generation mechanisms as described in Fig. 1: (i) “2-color” CARS,
where the pump and probe are provided by a narrowband pulse, and the continuum pulse constitutes the Stokes light;
and (ii) “3-color” CARS, where pump and Stokes are provided by two different frequency components in the continuum
pulse and the narrowband pulse serves as probe. Depending on the generation mechanism, the nonlinear polarization for
CARS emission is expressed as follows:

Pon(@)= [ [ 2VE,(@)E (0, +0, -0)E,(@,)do,do,

2—color

2

—color

PO (a,4) = Lo LO 2VE (@)E (0, +0, —04)E,(0,)do,do, 3
where E,(®) and E.(w) are the electric fields of the narrowband and continuum pulses. The nonlinear polarizations and
electric fields are treated as scalar values for simplicity. The third-order nonlinear susceptibility, #**, can be described as
a function of (@, - ws) and can be expressed using parameters from a spontaneous Raman spectrum [10] as follows

® _ .3 4 4)
X7 (@,,00) =y + ;
res M Z l(a),; _ws)_'QR,[J"'lFi

where »() is the nonresonant contributions, £} is the frequency of the ith Raman mode, 4; is a constant representing

the spontaneous Raman cross section, and /; is the Raman linewidth. From energy conservation considerations, (@, - @)
= (aus - @), and Eq. (4) can be expressed as a function of (a,s - @,,) as follows:

A~ b
o) _ 0 i 4)
W5, 0, )= + -
X (@5,0,,) = g Zka’aS —a)p,)—-QR,iJ"'lFi
In broadband CARS spectroscopy, the spectral bandwidth of E.(®) is generally much larger than that of E,(®). Thus, the
amplitude and the phase of Ec*(a)p +a,. - w,s) is essentially constant within the integral over da,, in Egs. (2) and (3),
when E (w) is transform-limited and its spectral shape is smooth. Under these conditions the coupled double integrals in
Egs. (2) and (3) can be reasonably approximated as products of separate integrals.

2-color CARS 3-color CARS

[} Wnarr | i
@nare (probe)l } cars
(pump)| | @cont E(anti-
(Stokes) ! Stokes)
N I A
continuum narrowband "o continuum narrowband ¢

Fig. 1. Schematic diagrams of 2- and 3-color CARS generation mechanisms in two-pulse broadband CARS spectroscopy.
@hare a0d @0 TEPresent photons from narrowband and continuum pulses respectively.
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P® (w,5) = LO E, (a)p)E: (0, +0, -05)do, J:w ;/”(a)us,a)m_)E]1 (0,)dw, ©)

2—color

PO(0,) = E(0)E(0,+0, -0)do,[” 1V (0s0,)E,(@,)do, (6)
The 3-color and 2-color CARS signals differ in several ways; one is that the former always displays amplitude that
decreases with increasing Raman shift due to the frequency-domain autocorrelation of the continuum pulse, expressed in
the first integral of Eq. (6). Another difference, crucial in the context of this paper, is that the 2-color signal is generated
with two photons from the narrowband pulse, whereas 3-color uses only one. As we will see, this difference results in
vanishing of all 2-color signal but survival of resonant 3-color signal under the condition required for NRB suppression.

Below we demonstrate three model cases in which we modify a “narrowband” pulse E,(®) into a superposition of two
pulse components whose amplitudes and phases are independently controlled. In case (1) “ps-fs”, two narrowband
Gaussian pulses have different bandwidths and are located at the same center frequency. In case (2) “ps-ps”, two
narrowband Gaussian pulses have the same bandwidths and the center frequencies are separated from each other. In case
(3) “fs(+/-)”, a narrowband Gaussian pulse has phase reversal across the center frequency. In all model cases, the
resulting CARS spectra show a strong interferometric behavior with the relative phase between the two pulse
components. Below we describe the model cases using both analytical expressions and simulations of spectra. In the
spectral simulations we use a Raman spectrum with two peaks centered at (%, = 1000 cm™ and 2, = 1200 cm™ with
amplitudes 4, = 1, and 4, = 0.5, and widths 77 = 10 em'and 3=5 cm'l, we also assume Zﬁlg = (0.2. In all simulations

the full width at half maximum (FWHM) of the continuum pulse is set to be 2500 cm™. Both the narrowband and
continuum pulses are assumed to be transform-limited Gaussian functions.

2.1 ps-fs interference scheme

In the ps-fs scheme, E,(w) consists of two Gaussian pulses E,(@) and Eg(w), where the bandwidths are significantly
different but center frequencies are the same. The electric fields of the two Gaussian pulses are expressed as

E (0)=E, exp[-2In2)x (0 - ®,)’ | Aw,] and E (@) = EY exp[-2In2)x (0 - ,)’ / Aw; ], where E and Ep are
the peak field amplitudes, @ is the center frequency, and Aw,s and Aay, are the FWHM of the intensity spectra. The
overall electric field of the narrowband pulse can be written as

E,(0) = E, (0)¢™ + Ey(w) (7

where A¢ is the phase difference between the two pulses. (Note that the f5 pulse is considered as a component of the

narrowband pulse.) We obtain expressions for 2-color or 3-color CARS emission intensity, /(e,) oc ‘ P(3)(a)as)2, by

combining Eq. (7) with Egs. (5) or (6), respectively:

2

®)

ps-fs

129 (g A o ‘ [ [En(@,)e" + Eg@)]E (@, + 0, - 0)do, [ 1 (@,.0,)[E(@,)e" + E(@,)|do,

2

IS_CO]N((()‘IS , A¢) oC ‘J:OC Ec (C()p)EC*(a)p + a)pr - waS)da)p J:OC Z(S) (was s a)pr)[Eps (wpr)eiA¢ + Ef‘s (w[n-)]da)pr (9)

ps-fs

The NRB contribution to the signal is obtained by replacing #** with 7 (a frequency-independent constant) in Eqgs. (8)

and (9). In 2-color and 3-color CARS, interference between the signals generated from E,y(®) and E(w) results in strong
dependence of NRB intensity on both Agand Ep / E;?s .

Figure 3(a) shows an example E,(w) composed of E,(®) and Ex(w) with Aw,s =5 em™, Awg, = 50 cm™ and E)/ E:js:
0.1. For any given value of £ / E;’S , the NRB contribution is minimized any time A¢= w, when the two pulses are out of

phase. It is maximally suppressed only when A¢ = wand J'_w E (w)dw= f E. (w)dew - Inspection of Eq. (8)

immediately shows that both resonant and nonresonant signals arising from the 2-color mechanism are eliminated under
the conditions of NRB suppression since the first integral term in Eq. (8) becomes zero under these conditions
independent of the value of #*(c,s, w,,). For 3-color CARS signal, described by Eq. (9), the integral involving E,(®)
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and Eg(w) can have a non-zero value under the conditions of NRB suppression due to the presence of the term )f”((uas,
Wpy).

As discussed above, the NRB contributions generated using a pulse pair such as Eg(w) and E,(w) depicted in Fig. 3(a),
will be of equal amplitude and will cancel because the two contributions are phase shifted by © with respect to each other.
In such a spectrum, the 3-color resonant Raman features generated by Ex(w) are smeared out, yielding a more-or-less
spectrally flat signal, while the resonant Raman features generated by E, (@) are sharp and dispersive, characteristic of
high-resolution CARS spectra. As with the NRB, the resonant components are  out of phase, but the resonant signal
from E¢(w) only slightly attenuates the resonant signal from E)y(@) due to the flat line shape of the Ex(w)-derived signal,
and the fact that the latter is spread out over a wider frequency range. Thus, the surviving signal is composed primarily
of contributions from the resonant CARS signal due to the ps pulse.

Intensity (a.u.)
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Fig. 3. (a) The electric fields Ey(®) and Eg(w) used in the ps-fs scheme, where Aay, = 5 em™ and Ay =50 cm ™,
respectively. . (b) The 3-color CARS spectra generated by either E, or Ef for the narrowband pulse. The dotted line
indicates the NRB only ( & = o) CARS spectrum. (c) NRB suppressed 3-color CARS spectra in the ps-fs scheme for

two Aay values of 50 cm™ (blue) and 500 cm™ (red) when Ay =5 cm’. The dotted line is the 3-color CARS
spectrum calculated only with resonant signal [ ,) = 0] generated with a single ps pulse. (d) Semi-log plot of
calculated peak intensity of the Raman mode at 1000 cm™' as a function of Aay, when Ag=r and

EQ/Ep =Aw, [Ao, -

Figure 3(b) shows 3-color CARS spectra calculated using this NRB elimination scheme, with Aw,s = 5 cm™, and with
A =50 cm™ or 500 cm™. The peak shapes are not significantly impacted by the relative widths the ps and fs probe
components, but the larger value of Aay; yields an increased recovery of resonant Raman signal. This increased recovery
with broad fs probe pulse can be seen clearly in Fig. 3(c), where the peak intensity of the Raman mode at 1000 cm™ is
plotted as a function of increasing Awg/Aw,s, Aw, being fixed at 5 cm™. The peak intensity asymptotically increases
towards 100 % recovery of the pure resonant signal, which is shown as the dotted line in Fig. 3(b). The dotted line, as a
reference, is calculated with »{) = 0 and E,(®) composed only of E(w), with E,(w) having an integrated intensity

equal to that of E((@)+Ex(w) in the corresponding solid line. Figure 3 shows that with Aay, = 50 cm and 500 cm™, the
peak intensity of the Raman mode at 1000 cm™ reach 59 % and 90 % intensities of the pure resonant CARS amplitude,
respectively. However, we note that it may not be possible to completely suppress the NRB for a large Awy (e.g., Awg =
500 cm™). In cases where there is non-negligible variation in amplitude and phase of the continuum pulse within
frequency intervals equal to the broad fs pulse bandwidth, the two integrals in Egs. (5) and (6) cannot be separated to a
good approximation, and the simplified analysis presented here does not necessarily hold. However, depending on the
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details of the shape of the continuum pulse, we may still expect a significant decrease in NRB contribution for much of
the CARS signal bandwidth by adjusting the relative intensity and phase of the two narrowband pulse components.

2.2 ps-ps interference scheme

In the ps-ps scheme, E. (@) consists of two narrowband Gaussian pulses whose bandwidths are the same but whose
center frequencies are shifted, as shown in Fig. 4(a). The electric fields of the ps pulses can be expressed as

E (@) =E) exp[-2In2)x (0 -, +Aw,/2)’ | Aw] and E ()= E,, exp[-(2In2)x (0 - o, - Aw,/2)’ | Aw,] » Where

A, is the frequency separation between the two pulses. The overall electric field of the narrowband pulse is thus written
as:

E (@)= E, (@)™ + E,, (@) (10)

We obtain expressions for the 2-color or 3-color CARS signal intensity in the ps-ps scheme when we combine Eq. (10)
with Egs. (5) or (6), respectively:
13 @00 [ [E,0(0,)6 + £, (@, 2. @, +0, - 0,)do, )

2

x J.—oo /’{(3) (a)aS > a)pr )[Epsl (a)pr )eiA¢ + Ep52 (a)pr )]dmpr

[ (0, Ag) o ‘ [ E(0)E (0, +0, -0, do,

(12)

2
X J._OO XO) (a)aS H a)pr [Epsl (a)pr )elA¢ + Eps2 (a)pr )]da)pr

When the NRB suppression condition, I " [E

psl(a)p)elA¢ +Epsz(60,,)]da)p =0, is satisfied, the entire resonant 2-color

CARS spectrum, as well as NRB contributions from both 2-color and 3-color mechanisms vanish, as with the ps-fs
scheme. In the ps-ps scheme, the NRB suppression condition is fulfilled when A¢g = n and |E,; | = |E}s| irrespective of
the value of A, provided the amplitude of the NRB does not change significantly over the interval Aw..

Ao,
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Fig. 4. (a) Electric field amplitudes E (@) and Ep,() used in the ps-ps scheme, where A@, = 5 cm’. (b) The 3-color
CARS spectra generated by one of (@) and E,,,( @) for the narrowband pulse. The dotted line indicates the NRB
only (4& =0) CARS spectrum. The Raman shift is calculated from with «. (c) As a reference (the dotted line), a 3-

color CARS spectrum is calculated for ,® — ¢ by a single ps pulse for E,,(w) when the pulse energy is assumed to be

equal to the sum of those of E;(w) and Ep( @) for the other ps-ps simulations.
Figure 4 shows 3-color CARS spectra calculated for A¢g = © and various values of Aw,.. As A, is increased, the signal
intensity increases. However, when the spacing exceeds twice the FWHM of the non-interferometric spectral feature, i.e.
Aw, >2[1* + (Aa)ps)z]” ?_there is no further increase in signal amplitude, and a peak splitting artifact emerges, as clearly

demonstrated by the Raman mode at 1200 cm™. The maximum peak intensity in the ps-ps scheme is close to 100% of
the pure resonant [ 4} = 0] CARS intensity calculated with one of two separate ps pulses. If, for consistency with the

ps-fs scheme discussion, we compare calculated signal recovery against signal calculated with a single ps pulse having
the same pulse energy as the sum of the geminate £,(w) pulses, we calculate a maximum signal recovery of 50 %. The
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signal increase and peak splitting with A, in the ps-ps 3-color CARS can be understood as a result of two out-of-phase
resonant CARS polarization spectra. When Aw, is small and the two equivalent peaks are close, the resonant-only CARS
polarizations interfere destructively and the resulting peak becomes weak. When A, is larger and the two peaks are
sufficiently separated, both peaks appear individually and the peak heights remain unaffected. For a small Aa,,
destructive interference in the overlap region of the two pulse spectra can reduce the total (time-averaged) light intensity.
However, this destructive interference leads to a signal reduction of only a factor of two between A, = 5 cm™ and 20
cm™, while the CARS peak height ratio for the peaks resulting from these conditions is 6. This additional increase is a
result of a faster-rising electric field in the time domain for Am, = 20 cm ™', and thus a more efficient sampling of the
resonant Raman response at early times, before it decays. This is shown in Fig. 6(e) below.

2.3 fs(+/-) interference scheme

The interferometric approach by the fs(+/-) scheme was first demonstrated by Silberberg et al. [11], who reversed the
phase of a Gaussian-like probe pulse by 7 across the center frequency. They found that the 3-color interferometric CARS
spectrum generated by the phase modified femtosecond probe pulse showed narrower bandwidth and stronger signal
intensity at resonance frequencies than the CARS spectrum by an equivalent transform-limited probe pulse. The similar
approach has been applied to the single pulse CARS spectroscopy to suppress the NRB contribution. However, since a
pulse shaper in the single pulse CARS controls the whole frequency range, the limited spectral resolution of the pulse
shaper limits further optimization of the probe pulse. Here we present not only NRB suppressed CARS spectra but the
effect of the probe pulse shape, in particular the bandwidth, on the CARS signal intensity and the spectral resolving
power.

The electric field of the narrowband pulse in the f$(+/-) scheme is expressed as follows:

Ey., (@)= Egexp[-(2In2) x (0 - @,)* / Ay ] x ™, for 0 > o, 13
Ey(@) - : Jao, (13)
Ey (@) = Egexp[—(2In2) x (0 - @,)" / Awg] , for o < o,
4 (b _ 1 Aoy
(a) . (b) r,=10cm — eoem’
———20cm’
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= 8
= 2
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Fig. 5. (a) Electric field amplitudes Ey(®) and Ef.)(@) used in the f5(+/-) scheme, where Ay, = 60 em’™. (b) Simulated 3-
color interferometric (A¢= 1) CARS spectra for various Aay. (c) The peak intensities at the Raman modes at 1000 cm”
"and 1200 cm™! as a function of A@y. (d) Interferometric CARS spectra (solid lines, A¢= 7) for the Raman band at
1200 cm™ are compared with the non-interferometric CARS spectra (dashed lines, Ag = 0) for resonance-only Raman
susceptibility ( 79 =0)
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As with the ps-fs and ps-ps schemes, when the NRB suppression condition (A¢ = ) is satisfied, the total 2-color CARS
signal and the nonresonant 3-color CARS signal disappear and only a resonant 3-color spectrum remains. Figure 5(b)
shows 3-color interferometric CARS spectra calculated with varying Aay, while the time averaged intensity of the probe
pulse is kept constant for all Aay,. First, it is noted that the peak intensity of the interferometric (A¢g= 1) CARS increases
with increasing Aay; but after the peak height reaches the maximum it decreases very slowly with Ay, which is shown
in Fig. 5(c). This Awg dependence of the interferometric CARS peak intensity is significantly different from that of non-
interferometric (A¢g = 0) CARS, which monotonically decrease with increasing Ay, an shown in the series of CARS
spectra (the dashed curves) in Fig. 5(d). Second, the widths of the interferometric CARS peaks are much narrower than
that of the non-interferometric CARS peak, which corresponds to [77? + (Awy)*]". Figure 5(d) shows the clearly
different Awy dependence of the peak width between the interferometric and non-interferometric CARS. Third, the
opposite Aax, dependence of the peak height between the interferometric and non-interferometric CARS spectra results
in a greater signal intensity at the peak of an interferometric CARS spectrum than that of a non-interferometric CARS
spectrum generated by a transform-limited probe pulse. This strongly suggests that the optimal bandwidth of the probe
pulse (e.g., Awy ~ 80 cm™ for /=10 cm™) in the f5(+/-) scheme should be much larger than the typical spontaneous
Raman linewidth (= 10 cm™). This optimization condition can be applied not only to broadband CARS but single pulse
CARS spectroscopy.

2.4 Time domain considerations

Figures 6(d)-6(f) show time-domain electric field amplitudes for probe pulses in the ps-fs, ps-ps, and fs(+/-) schemes
described above. Note that the probe field amplitude is zero at £ = 0 in all the schemes. With probe pulses such as these,
the single-shot interference CARS schemes for NRB suppression can be achieved when a well-compressed, broadband
continuum pulse, F[E_](f), arrives at ¢t = 0. Under these conditions neither the 2-color resonant signal nor the NRB
contributions are generated since all of these require that electric fields from all pulses (pump, Stokes, and probe) to have
significant amplitude simultaneously. Survival of resonant signal in a 3-color CARS spectrum can be understood as
being due to the presence of significant probe pulse field amplitude during the non-zero lifetime the vibrational
coherence set up in the sample by the continuum pulse. The Raman response function decays slowly, on the time scale
of the Raman dephasing time, which typically ranges several hundreds femtoseconds to several picoseconds [12]. The
temporal overlap between F[E,](?) and the instantaneous electronic response for NRB contribution becomes negligible
compared with that between F[E,](¢) and the Raman response. This makes the NRB free CARS spectrum available in the
3-color broadband CARS spectroscopy.

ps-fs scheme ps-ps scheme fs(+/-) scheme
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Fig. 6. (a)-(c), electric field amplitudes of probe pulses in the frequency domain for the ps-fs, ps-ps, and fs(+/-) schemes,
respectively. (d)-(f), electric field amplitudes for probe and broadband pulses in the time domain for the ps-fs, ps-ps,
and fs(+/-) schemes, respectively. The red dashed lines in (d)-(f) represent resonant vibrational population decay. For
the ps-fs scheme, Aw,s =5 em™ and Ay, = 50 cm™'. For the ps-ps scheme, Aw,s =5 em™ and Aw, =20 cm™. For the
fs(+/-) scheme, Aax, = 60 cm’.
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It is clear from the time-domain description of Fig. 5 that the NRB is completely suppressed only when the continuum
pulse is extremely short. A small amount of chirping is expected to increase temporal overlap between the continuum
and the pulse-shaped probe pulses, resulting in residual NRB. We note that a transform-limited continuum pulse is
desirable not only for removal of the NRB contribution, but significantly increases signal intensity and spectral coverage
of the entire 3-color CARS spectrum [5]. However, it is difficult to generate a compressible and spectrally broad (>3000
cm™) continuum pulse from a nonlinear fiber, and these continua generally contain multiple modes with higher order
dispersion [13].

3. CONCLUSION

We have introduced a new interferometric approach to suppress nonresonant background in a 3-color CARS spectrum
and have demonstrated it using broadband CARS. The approach uses an amplitude-and-phase optimized pair of probe
pulses and yields background-suppressed spectra in each shot without need for phase scanning. We have demonstrated
three model schemes; the ps-fs scheme, the ps-ps scheme, and the fs(+/-) scheme. In all schemes, the resonant CARS
signal from only the “3-color” CARS mechanism is recovered with minimal attenuation while the resonant signal from
“2-color” CARS mechanism becomes negligible when the NRB contribution is suppressed. We have discussed
optimization conditions for the signal intensity and shape of resonant peaks.
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