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Supplementary Notes

I. Theoretical Description of Three-beam SRS Processes

Since a detailed theory on the three-beam double SRS was presented elsewhere by one of the
authors,>! here we shall present a brief description of three-beam parallel SRS processes in terms

of incident beam intensities in the sample.

I-A. Two-beam SRS

In conventional two-beam SRS spectroscopy or microscopy, two laser beams are used and

called Raman pump and Stokes, where the frequency of the pump, @, , is higher than that of the

Stokes beam, w, . When o, — o, =@, , where «, denotes the frequency of a Raman-active mode,

the SRS is resonantly enhanced.5*S2 In the present work, this target Raman mode is the ring

breathing mode of benzene of which frequency is 992 cm™. In the presence of two electric fields,

there is an oscillating component with frequency of w =, —@,, which essentially drives the

resonant molecular vibration. Consequently, the stimulated molecular vibrations modulate the
refractive index of the material, which scatters Stokes beam to generate a third-order stimulated
Raman scattering field at the pump field frequency, which in turn interfere with the pump itself
resulting in a pump beam attenuation, i.e., Raman loss. Each individual SRS involves not only an
annihilation of a pump photon but also simultaneous creations of both Stokes photon and
molecular oscillation.

For two-beam SRS, the effective radiation-matter interaction Hamiltonian can be written as
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Here, the first derivative of molecular polarizability, «, with respect to vibrational coordinate, g,

corresponds to the transition polarizability tensor, which will be treated as a scalar for the sake of



simplicity. In Eq.(S1), V is the interaction volume, N is the number of molecules in the interaction

volume, m is the reduced mass of the molecular vibration, and o, is frequency. ¢, and & are the

permittivities of the material at the pump and Stokes frequencies, respectively. a and a* are the

annihilation and creation operators, respectively, of the photons in the Stokes or the pump field.

The creation and annihilation operators of each molecular oscillator are denoted as b™ and b,
respectively. In addition, k in Eq.(S1) is the corresponding wave vector. In the approximate
interaction Hamiltonian given in Eq.(S1), all the highly oscillating field components that do not

participate in the vibrationally resonant Raman scattering processes are ignored. Due to the energy

and moment conservation principles, the following two equalities, o, = @, + @, and k, =k, +k,,
should be satisfied for the SRS process.
Using the interaction Hamiltonian (Eq.(S1)) and the Fermi golden rule expression for

transition rate calculation, one can obtain the net rate of change in the Stokes photon number per

unit length, which is the difference between the emission and absorption rates of the Stokes beam.

Considering the phase velocity of the Stokes beam in the material, which is v, =c/ /¢, / &, , one

can find that the rate equation for the Stokes photon number per unit length ns with respect to the

z coordinate parallel to the beam propagation direction is given by

2
(_j
I 0

where p(ho,) denotes the density of final states, which is often modelled as a Lorentzian function.
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The differential equation for the pump photon number n, that is also a function of z along the beam
propagation direction is related to that of the Stokes photon number in EQ.(S2) as

dn,(z)/dz =—dn_(z)/dz. The rate equation for ns(z) in Eq.(S2) consists of stimulated emission,

spontaneous emission, stimulated absorption, and spontaneous absorption. However, not only
because typical vibrational energy is much larger than the thermal energy, ksT, at room
temperature but also because the average photon number of the incident Stokes beam is much
larger than one, it is safe to ignore the spontaneous emission contribution to the Stokes Raman

gain signal. As a result, the rate equation in Eq.(S2) can be simplified as
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where the auxiliary constant Gs is defined as
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The constant Gs is related to the well-known gain coefficient g if the above differential equation
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(S3) is rewritten in terms of beam intensities instead of photon numbers, i.e.,
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where 4 is the refractive index of the material. Now, defining the increased amount of Stokes

photon number due to the stimulated Raman process as An (z) =n,(z)—n,(z =0) and denoting

the Stokes gain signal intensity as Al (z) = (ha,c/ 1V ) An (z) , we have
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The general solution of the above differential equation is well-known.5-S3

In the limiting case that the incident pump and Stokes beam intensities are weak or the
Raman gain coefficient is small, one can ignore the linear and quadratic (in Al (z)) terms on the

right-hand side of the differential equation (S6). Then, the increased Stokes gain signal intensity

at the rear boundary (z = L) of the sample (material) is simply given as
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Usually, the SRS spectroscopy or imaging studies are performed in this weak field limit.5*S°
However, as the beam intensities increase, the Stokes Raman gain signal increases exponentially

with respect to z and eventually reaches the saturation limit where all the high-energy pump



photons are converted into the low-energy Stokes photons with an equal number of vibrational

excitations in the material.

I-B. Three-beam double SRS

Now, let us consider the case that there is an additional Raman-active mode with frequency

of w,. in the same molecules that can be excited via another SRS process induced by the third
beam with frequency of @, satisfying o, =@, — @, . In this paper, it is the C-H stretch mode of

benzene of which frequency is 3056 cm™. Thus, we have that @, > @, > @, . In fact, this third beam
is nothing but another Stokes beam. However, as will be shown below experimentally, it can be
used to deplete the Raman pump beam to eventually suppress the SRS signal associated with the
target mode with frequency of «, . Thus, we shall call the third (Stokes 2) beam as depletion beam
and the corresponding Raman mode will be referred to as depletion Raman mode throughout this

paper.

For the three-beam geometry, there are three difference-frequency field components
oscillating at w, —w,, @, —w,, and o, — @, . Here, we deliberately choose the two Raman modes
and the frequencies of pump, Stokes, and depletion beams so that there is no Raman-active mode
of which frequency is o, — @, (Fig. 1d). Then, the p-s (pump-and-Stokes) and p-d (pump-and-
depletion) SRS processes occur and compete with each other for the same pump photons. The rate
equations for the increased photon numbers of the Stokes and depletion beams, which are denoted
as on,(z) and on,(z), respectively, can be obtained by using the interaction Hamiltonian and

Fermi gold rule expression.5! The two differential equations for the increased intensities of the

Stokes and depletion beams are given as!
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where the coefficient G, (w,,w,,®,) is related to the gain coefficient of the stimulated Raman

scattering by the vibrationally excited o,.-mode and it is similarly defined as
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The rate equation for the photon number of the pump beam in this case can be obtained from Egs.
(S8) and (S9) with the corresponding Manley-Rowe relation for the present three-beam double

SRS processes. That is to say, we have

dn, (2)/ dz =—(dn,(z)/ dz +dn, () / dz) (S11)

The two differential equations in Egs. (S8) and (S9) are coupled with each other and it is not
possible to obtain a mathematically exact solution for the increased intensities of the Stokes and
depletion beams. Nonetheless, it is straightforward to carry out numerical simulations (see Ref.[S1]
for details). Furthermore, approximate solutions for a few limiting cases were found and shown to
be of use to understand the underlying mechanism of selective suppression of one SRS process by

using competing SRS process.

The coupled rate equations in Egs. (S8) and (S9) are similar to the chemical Kkinetic
equations of a special kind of branching chemical reactions, where both reactions involve the
same reactant denoted as P. P reacts with either S or D and both reactions are second-order
bimolecular processes with rate constants proportional to Gs and Gq, respectively. Note that the
increasing rate of the depletion beam intensity is largely determined by the initial intensity of the
depletion beam. As will be shown here in this paper, we could experimentally increase the
depletion beam intensity with respect to a fixed Stokes beam intensity, which makes most of the
pump photons to be converted into the depletion beam photons with generating an equal number
of vibrational excitations on the ¢ mode (C-H stretches of benzene in the present work). Thereby,
the suppression of stimulated Raman gain at Stokes frequency is achievable by controlling the

relative ratio of the intensity of the depletion beam to that of the Stoke beam.

I-C. Weak Stokes and depletion beams
If the pump beam intensity is much stronger than both Stokes and depletion beam

intensities, the net depletion of pump beam is negligible as compared with the initial pump beam



intensity. In this limiting case, the gains of Stokes and depletion beams are simply proportional to

the interaction distance z and initial beam intensities, i.e.,

Al (2) = 2YCs 1,(0)1,(0)z (S12)
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All the previous multi-color SRS imaging or spectroscopy experiments were performed in this
weak field limit.3*5 Therefore, the Raman gain signals in the Stokes and depletion (second Stokes)

beams are independent from each other.

I-D. Strong depletion and weak Stokes beams

As demonstrated in the present experimental work, when the intensity of the depletion
beam is increased, the Stokes gain becomes coupled with or dependent on the Raman gain or the
intensity of the depletion beam in the Raman medium. Let us consider the case that the photon

numbers satisty n, (0) >n_(0) > n,(0), which can be experimentally achievable. Then, the Stokes

Raman gain signal, Al,, can be ignored in the rate equations (S8) and (S9), and then the

S

approximate rate equations become
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The rate equation (S14) shows that the Stokes gain signal is coupled to the gain signal of the
depletion beam. After obtaining the solution of Eq.(S15), inserting it into (S14), integrating the

resulting differential equation, we find the analytical solution for the Stokes gain signal to be
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The formal expression for the Stokes gain signal in Eq.(S16) is clearly a function of the pump and
depletion beam intensities. Albeit complicated, it does provide useful information on the efficiency
in suppressing the Stokes gain signal by using another competing SRS process induced by the
depletion beam. For the sake of direct comparison with experimental results, let us define the
suppression efficiency as the ratio of the difference between Stokes gain signal without and with
depletion beam to the Stokes gain signal without depletion beam, i.e.,
Al (z,1,(0)=0)-Al(z,1,(0))
Al (z,1,(0)=0)

n (S17)

In the limit of zero depletion beam intensity, the suppression efficiency is zero. On the other hand,
as the depletion beam intensity increases so that the competing SRS process dominates over the
SRS process induced by the Stokes beam, the suppression efficiency approaches unity. From the

asymptotic limit of Eq.(S16) when the depletion beam intensity approaches zero, or from Eq.(S12),

1 NG
we have Al (z,1,(0)= 0)_h—| (0)1,(0)z . Thus, we finally obtain that the suppression

efficiency is given by
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To understand the effect of the depletion beam intensity of the Stokes gain signal, Eq.(S18)

can be re-rewritten in terms of photon numbers per unit length as
n, (0
ho
. (S19)
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Introducing a dimensionless coordinate ¢ defined as & =Gyn,(0)z and denoting the ratio

n=1- (n, (O)+nd(0))z+—l

1
n,(0)z

Ny (0)/n,(0) as x, one can re-write Eq.(S19) as
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For a few & values, the numerically calculated curves of the suppression factor in Eq.(S20) are

presented in Fig. S2. As expected, as the depletion beam intensity increases or the dimensionless
coordinate increases, the suppression factor monotonically increases. From the definition of the
dimensionless coordinate, &, it is clear that as the Raman gain coefficient of the depletion mode,

the incident pump intensity (or photon number), and the interaction length increase, one can
strongly suppress the target SRS signal. We shall use this theoretical result, Eq.(S20), to
quantitatively analyze our experimental data obtained from our three-beam double SRS

measurements.

Il. Theoretical description of stimulated Raman loss of the pump

As described in Sec.l, the pump photons are annihilated by the two competing SRS
processes that are induced by the Stokes and the depletion beams. As the depletion beam intensity
increases, more pump photons are put into the SRS process associated with the depletion beam
and the depletion mode (C-H stretch), which in turn suppress the target SRS process that creat both
Stokes photons and vibrational excitations of the ring breathing mode. To further investigate the
underlying mechanism of our three-beam double SRS process, we measured the pump spectra with
increasing energy of the depletion beam (Fig. 4a). The maximum value of the pump intensity
decays exponentially (with decay constant 114.5 nJ) as the energy of depletion beam increases
(Fig. 4c, red). In fact, the theoretical expressions for the Raman gain rates of the Stokes and
depletion beams given in Eqs.(S8), (S9), and (S11) can be directly used to obtain the rate of Raman
loss of the pump beam. We found that the differential equation of the pump loss is given by>!
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We found that the solution of the differential equation (S22) is given as 5!
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In the present case that the depletion beam intensity is much stronger than the pump beam intensity,

we can assume the following inequality,

{uSGSIS(O) A Id(O)}>> 1,G1,(0) exp{_{,uSVGSIS(O) | HVG,l4(0) upvé|p(0)}]
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Thus, the net intensity change of the pump beam due to the double SRS process is simplified as
VGI (0
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For the sake of direct comparison with experimental results on the total pump beam intensity,
EQ.(S26) can be rewritten as
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This clearly shows that the total pump intensity decreases exponentially with respect to the

depletion beam intensity and the decay constant is VG, / (hw,c) . Interestingly, the pump beam

intensity decreases upon increasing any of the three beam intensities.

The Raman loss of the pump beam (Fig. 4c) decreases much faster with respect to the
depletion beam intensity than the Stokes gain signal intensity does (Fig. 3b). This experimental
observation can be understood by examining the theoretical results in Eqs.(S16) and (S27). From
Eq.(S16), in the weak Stokes beam intensity region, the Stokes gain signal approximately depends
on the depletion beam intensity linearly, i.e.,

Al (z) ~c—al,(0), (528)

where the two constants ¢ and a are found to be

10
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Now, considering the Taylor expansion of the exponential term in Eq.(S27) and taking into account

(S29)

the first-order term, one can find that the Raman pump intensity depends on the depletion beam

intensity as,
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Comparing the linear coefficients in the second terms on the right-hand sides of Egs.(S28) and
(S29), we find that the decreasing rates of the Stokes gain signal and the Raman pump intensity
loss with respect to the depletion beam intensity are clearly different and the latter (Raman pump
loss) depends on the incident depletion beam intensity (1¢(0)) much more strongly than the former
(Stokes gain). Thus, the experimental results are fully consistent with our theoretical prediction.

[ll. Numerical calculation of £value

The dimensionless coordinate & is defined as & =Gdnp(0)z . We considered N, as the pump

photon number per pulse, and z as the converted FWHM of the pulse duration in length unit. The

pump pulse intensity integrated per unit time and unit volume can be expressed as>°

8(In 2)*?
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where 7, is the pump pulse duration (FWHM), dp is the focused pump beam diameter at the

sample and Eg is the experimentally measured pulse energy. The pump photon number per unit

volume can be obtained from the calculated pump pulse intensity. The volume used in this

calculation is total interaction volume of one pulse, and calculated as cylinder whose diameter and

11



length are the focused beam diameter and the z value, respectively. We could also calculate G,

by converting the Raman gain coefficient to constant using Eqs.(S4) and (S5).

IV. Experimental Methods

For three-beam double SRS experiments, we used three colored laser beams: 1 ps Raman pump
pulse, 100 fs Stokes pulse, and 1 ps depletion pulse. In the present proof-of-principle experiment,
we considered two strong Raman-active modes that are the ring breathing mode at 992 cm™ and
the C-H stretch mode at 3062 cm™! (Fig. 1d). The frequency difference between the pump and
Stokes beams is controlled to be matched to the benzene ring breathing mode (992 cm™), and the
frequency difference between the pump and depletion beams is tuned with the C-H stretch mode
(3062 cm™), leading to two competitive SRS processes. On the other hand, the Stokes and
depletion beams do not induce any SRS process because their frequency difference is about 2064
cm™! and there is no Raman mode of benzene at this frequency (Fig. 1d). Liquid benzene was
purchased from Sigma-Aldrich and used without any further purification. The liquid sample was
placed in a 1-mm-thick glass cuvette (Starna scientific) for subsequent double SRS experiments.

Fig. 2 shows our three-beam double SRS experimental setup with the ps Raman pump (781
nm), fs Stokes (850 nm) and ps depletion (1026.5 nm) beams. Our laser source consists of a
Ytterbium-based (Yb:KGW) femtosecond regenerative amplifier (PHARQOS; Light Conversion)
and two optical parametric amplifiers (OPA) that are pumped by the PHAROS and independently
tunable. The laser repetition rate is variable from 1 to 100 kHz, and was fixed to 50 Hz for our
experiments. Portions of the fundamental output (1030 nm, ~200 fs) from the regenerative
amplifier were used to pump the two OPA’s: collinear OPA (COPA, ORPHEUS; Light
Conversion) and non-collinear OPA (NOPA, ORPHEUS-N; Light Conversion). Tunable beams
from the COPA and NOPA were used as Raman pump and Stokes beams, the center wavelengths
of which are 781 nm (bandwidth: AA~6 nm) and 850 nm (AA>50 nm), respectively. A residual of
the fundamental output (1030 nm, AA~8nm) was used as depletion beam.

To improve the frequency resolution, we used narrow bandpass filters (NBF) for the pump
and depletion beams. By combining a pair of NBF's for each beam, we could narrow the bandwidth
down to <I nm. More specifically, a pair of NBF (LL01-785; Semrock) was used to carve out the
bandwidth of 16 cm™ for the pump beam centered at 781 nm. A pair of different NBFs (LLO1-
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1030-25; Semrock) narrowed the depletion bandwidth down to 14 cm™ centered at 1026.5 nm. On
the other hand, the bandwidth of the Stokes beam was controlled to be 250 cm™ (>100 fs), which
is the observable frequency window of our experimental setup, using a broad bandpass filter
(FF01-850/10; Semrock) to avoid any undesired nonlinear effect, otherwise readily produced by
the ultrashort Stokes beam itself (~30 fs). To verify that the center wavelength of the depletion
beam is exactly tuned to the C-H stretch mode of benzene, we monitored the resonant CARS signal
around 630 nm, which is effectively produced only when the frequency difference (QQ) between
the pump (781 nm) and deletion (1026.5 nm) beams is resonant with that vibrational frequency
(v= 3063 cm™), and adjusted the depletion beam wavelength to maximize the resonant CARS
signal based on the fact that the vibrationally resonant CARS signal is in general much larger than
the non-resonant CARS that is created when Q # @,.

Before the three beams are combined for subsequent double SRS measurements, the pump
and Stokes beams were allowed to pass through a home-built spatial filter to improve the spatial
beam mode. The spatial filter for the Stokes beam consists of a pinhole (diameter: =30 pm) and
two identical lenses (focal length: £=100 mm). For the pump beam, on the other hand, a 1.5:1
telescope with a set of a pinhole (diameter: =25 pum) and two lenses (=150, 100 mm) was used
to reduce the beam size of the pump slightly larger than that of the Stokes beam for better mode-
matching with the Stokes beam at the sample. The beam diameters of both beams at the front
objective lens were then set to be approximately half of the rear aperture size (15 mm) of the
objective lens.

The three beams were combined with dichroic mirrors (DM, #86-694; Edmund, #69-872;
Edmund) and then focused at the sample by using a 10X objective lens with NA 0.30 (Plan Fluor;
Nikon). A 4X objective lens with NA 0.13 (Plan Fluor; Nikon) was used after the sample to collect
the transmitted beams. All the beams were sent to the monochromator (SpectraPro 23001
Princeton Instruments) equipped with a CCD (DU401-BV; Andor) with 26 X 26 um pixels for
spectral analyses. For the SRS measurement at the Stokes frequency, the depletion and pump
beams were blocked by a short pass filter (SPF, #64-332; Edmund) and a notch filter (NF, #86-
122; Edmund). For the depletion beam intensity-dependent measurements, the SRS spectra
generated by the pump and Stokes pulse pair were recorded by varying the energy of the depletion
beam from 0 to 250 nJ with a neutral density filter (ND), which allowed us to study the effect of
the depletion beam on the Stokes SRS signal as well as the pump beam intensity. Note that the
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pulse peak intensity, which is defined as the energy per unit time and per unit area, is proportional
to the pulse energy because the pulse width (time) and beam size (area) of the depletion beam at
the focal point are kept constant throughout the measurements. The SRS spectra and all the
experimental data presented in this paper were measured under the best beam overlap condition,
which was guaranteed by maximizing the 3-color CARS signal generated only when all the three
beams overlap in time and space.

We obtained the Stokes spectra with and without pump by taking averages over 5000
spectra for each case (Fig. S1a). The two Stokes spectra (Zpump-on( @), Ipump-ofi{ @)) With and without
the pump were taken to calculate their ratio, which yields a SRS spectrum (/uin( @), see Fig. S1b
for an example),

I pump—on (CO)

. S33
I pump-—off (a)) ( )

IGain (C!)) =

The pump beam was modulated with an optical chopper (MC2000B, MC1F10; Thorlabs) that is
synchronized with half (25Hz) of the laser repetition rate (50 Hz). The Stokes pulse spectra when
the pump pulse alternately switches on and off were then recorded with the above CCD
spectrometer, which is also externally synchronized with the laser system (50 Hz). The background
signal originating from laser fluctuation was corrected by subtracting a factor to each spectrum to

match the baselines.
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Supporting Figures
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Figure S1. Stokes and SR gain spectra without depletion beam. (a) Spectra of Stokes beam with
pump on (red) and off (black) modulation. (b) A stimulated Raman gain spectrum obtained by
dividing the Stokes spectra ( | /1
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Figure S2. Numerical calculation results for the suppression efficiency in Eq.(520).
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Pump: 5 nJ, Stokes: 0.8 nJ

(a) s 2 s 2 s 2 2 2 (b)
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Figure S3. Stimulated Raman gain with depletion light at an increased pump energy (5 nJ). (a)
SR gain spectra with 0-250nJ depletion pulse. The pump pulse energy and the Stokes pulse energy
are fixed at 5 and 0.8 nJ, respectively. (b) The peak intensities (black squares) of the SRS spectra
in (a) are plotted with respect to x (=n,(0)/n, (0)). Experimentally measured suppression
efficiencies (red triangles) are plotted with respect to x. The fit curve with Eq.(S20) is also shown
here as a red solid line, where the fit parameter & is found to be 0.031. (¢) Comparison of
suppression efficiency for two pump energy conditions. Each curve indicates the fitting data of
suppression efficiency  with 3 nJ pump energy (black) and 5 nJ pump energy (red). Energy
condition of other beams is the same except for pump energy.
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Figure S4. Stimulated Raman gain spectra obtained with an increased Stokes energy (1.0 nJ). (a)
The SR gain spectra are plotted for varying depletion pulse energy from 0 to 250 nJ, where the
pump pulse energy is 3 nJ and the Stokes pulse energy is 1.0 nJ. (b) The peak intensities (black
squares) of the SRS spectra in (a) are plotted with respect to x (=n,(0)/n,(0)). Experimentally

measured suppression efficiencies (red triangles) are plotted with respect to x. The fit curve with
Eq.(S20) is also shown here, where the fit parameter £ is found to be 0.016.
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