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1. Introduction

Spontaneous Raman microscopy is a technique
capable of retrieving both morphological details
and chemical information about the specimen
based on exciting the vibrational levels of the
sample. It is a label-free technique with high
sensitivity. The Raman signal power is ex-
pressed as Praman = ORamanlp, where I, is
the pump intensity and oprgmaen is the sponta-
neous Raman cross-section [em?]. o Rraman T€D-
resents the material response strength, but due
to the incoherent nature of the signal, the nu-
merical values are low. This leads to address
Raman process as weak, and to long time for
imaging acquisition. Stimulated Raman scat-
tering (SRS), a type of coherent Raman scatter-
ing(CRS), solves this problem enhancing Raman
signals by sending onto the sample two synchro-
nized (pump and Stokes) laser pulses. In partic-
ular it is required that the photons energy dif-
ference between pump and Stokes (hw, — hws)
matches the vibrational energy level (h2). The
SRS signal consists in a decrease in the pump
intensity (stimulated Raman loss SRL) and an
equivalent increase in the Stokes intensity (Stim-
ulated Raman gain SRG). This variation is of-
ten expressed as a proportionality AT oc IpIg[1]
leading to present the SRS signal as a dimen-

sionless relative intensity variation % or ex-

press it in arbitrary units. The problem is that
there is not a simple expression of a param-
eter that can represent the SRS material re-
sponse strength, and also includes all the physi-
cal dimensions and material properties. While
ORaman 1S not an accurate solution, recently
[2, 4] a new parameter has been introduced to
resolve this problem. This parameter is inspired
by another non-linear effect where two input
fields are the involved: the two-photon absorp-
tion (TPA)[3]. TPA is governed by the equation
raterpa = orpa®?, where raterpy is the rate
of photons [1/s| emitted via TPA, & is the im-
pinging photons flux [1/em? - s| and orp4 is the
TPA cross-section. The unit of measure of orpgy
is the Goppert-Mayer (GM), named after her
first prediction of the phenomenon. The GM
is equal to 10~°%¢m?*s. The authors proposed a
similar rate equation for the SRS:

rategrs = nO‘SRS(Dp(I)S = [C]VNGO'SRSQ)p(I)S

(1)
where n,[c],V, N,, osrs are respectively the
number of oscillators within the excitation vol-
ume, the concentration [mol/L|, the excitation
volume [L], the Avogadro number and the new
SRS cross-section expressed in GM. They also
retrieved an equation to directly measure the



osrs value. Since the intensities are propor-
tional to the photons fluxes, the relative inten-
sity difference is equal the relative rate of pho-
tons generated via SRS

(AI) _ ratesps  [c]VNaosps®,®;
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(2)
where A denotes the effective incident area of the
laser beam, and we used, without loss of gener-
ality, the SRG process. In this equation the ®,
can be canceled leading to a cgrs dependent on
just the pump flux, and so on the pump power.

2. Calibrated SRS cross-section

The aim of this work is to implement in the for-
mula (2) the spatial, temporal, and spectral dis-
tribution of the pulses, and then use it to mea-
sure ogrs. We started by imposing the (%)SRG
equal to the relative number of photons per
pulse generated via SRG. The number of pho-
tons generated via SRG in a pulse can be ex-
pressed as
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where [ ()dt is the temporal integration and
B(x,y,z,t) is the pointwise value of the pho-
tons flux in both space and time. Considering
the pointwise function allows us to perform a
spatial integral instead of the simple multipli-
cation for the volume. The number of photons
per pulse arriving to the sample can be written
as [, [ fy Bs(x,y, z,t)dxdydt. The value of this
expression, thanks to the non-depletion approx-
imation, is constant along z. Therefore, we can
write the equivalence
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The main novelty stands here. In this expression
the Stokes fluxes can not be canceled. Also there

is no longer a dependence on the pump flux, but
there is instead a weighted average of the pump
flux where the weight for each x,y,z,t point is the
local Stokes flux in that point. Averaging in x,y
plane and time, allows us to take into account
the shape and overlap between the two beams in
both domains. To simplify the expression we can
separate the spatial and temporal components
in (4). Assuming a gaussian temporal profile we
achieve f(z,y, 2,t) = ®(x,vy, 2) - exp(—(1%/272))
where ®(x,y, z) contains all the spatial contri-
bution and 7 is the pulse temporal width. It is
convenient to introduce a first corrective factor
K7 to enclose the temporal aspect

_ Jyeap(—(2/252))eap(—(t2 /2r2))dt
K, = (5)
Joeap(=(t2/273))dt

In real scenarios, the spectral distributions of
the pump and Stokes beams are Gaussian rather
than ideal delta functions, which means frequen-
cies beyond the target ) = w, — w; are excited.
For this reason what we measure is not precisely
osrs(€2) but the integral of the true Raman
spectrum multiplied by the correlation between
the spectra of the two beams. To take into ac-
count this we multiplied the right hand side of
equation (4) for another corrective factor

Ky = /6 S(0)C(0)do (6)

where S(f) is the intrinsic spontaneous SRS
spectrum of the molecule (i.e. ideally measured
with an infinite spectral resolution), normalized
to unit intensity, and C'(6)is the correlation func-
tion with area normalized to 1. Regardless all
those consideration, the standard AI/I is still
required. We will now introduce a corrective fac-
tor necessary for quantitative measurements.

3. Filling Factor

Typical values of AI/I are in the order of
10~* — 1075, therefore lock-in amplifier mea-
surements are necessary. In SRG experiment
the pump is modulated at a certain frequency
w while the Stokes is then demodulated at the
same frequency. This is done because the Stokes
signal after the interaction, is formed by a train
of pulses with constant amplitude (pedestal),
and on top of that there is another train of
pulses where their amplitude follows the modu-
lation frequency. The latter is exactly the SRG,



and its peak-to-peak modulated amplitude is
the Al we want to retrieve. Since the photodi-
ode bandwidth (BW) is always not sufficient to
achieve a temporal resolution of picoseconds, the
photodiode will see the Stokes signal as a train
of deltas and its output will therefore be a train
of its impulse response h(t). To introduce the
problem we consider a case where photodiode
bandwidth is much lower then the laser repeti-
tion rate (RR) (but still higher than w) and a
case where is higher. In the first case the pulsed
nature is lost leading to have just the modula-
tion sinusoid raised up by the pedestal, in this
case the lock-in will be able to retrieve the am-
plitude information. In the second case, where
the pulsed nature is instead kept, the lock-in
return a smaller value. The reduction occurs
because in the first scenario with a full sinu-
soid, the modulation and demodulation signal
align to give a maximal response. Instead in the
second case, the lock-in multiplies a modulated
pulse train by the reference sinusoid. Since the
pulse train amplitude is often less than that of
the modulation sinusoid (and can even be zero
for extended periods, depending on the shape of
h(t)), the outcome of this integral will inevitably
be smaller than in the filled signal case. We
introduced a new corrective term: the filling
factor(FF), named for its function of retriev-
ing the amplitude of the full signal. The filling
factor is nothing more than the ratio between
the peak-to-peak amplitude modulation, and the
lock-in outcome. The most important property
of the FF is the independence on the particu-
lar pedestal and modulated amplitude, but it
depends just on w and h(t). This means that
the FF can be measured before the real SRG
experiment in a case where the modulated am-
plitude is big and it can be easily retrieved by
other methods, and then use it to calibrate the
ATl when the lock-in is necessary. In this sec-
tion we will consider the two cases (high and
low BW) presented before and an intermediate
case, showing how to calculate the FF, how to
use it and why it should be used. We prepared
an experimental set-up made ad hoc to prepare
"dummy signal" where we can separately con-
trol the pedestal and modulated amplitudes. In
this way we were able to evaluate the FF use for
different modulated amplitudes over total ampli-
tudes ratio. In the experimental set-up thanks

to a beam splitter (BS) the beam was separated
creating a branch for the pedestal control and
another for the modulated part. The photodiode
employed has a variable BW allowing to explore
the three cases: BW=100MHz (Table 1), 14MHz
(Table 2), 1.8MHz (Table 3). The signal is than
sent to the lock-in and to a fast oscilloscope,
where thanks to a Matlab data analysis the true
peak-to-peak amplitude was retrieved. The RR
was 40MHz and the modulation was performed
by an acusto-optic modulator at 400KHz.

The operative approach was to consider the case
with high ratio to measure the FF, as the frac-
tion between the oscilloscope measure and the
lock-in measure. Then, lowering the ratio, the
lock-in measure was multiplied by the FF to
achieve a calibrated value. This value was then
compared with the oscilloscope measure.

The first thing we can observe from the data, is
that the calculated values closely align with the
oscilloscope measurements as expected. Even
though ideally the two values should remain the
same, a slight error becomes more pronounced
as the ratio decreases due to the fact that for
smaller ratio the oscilloscope is no longer suit-
able for this measure. The limit is the real SRG
case where it can not be used at all. The sec-
ond thing we can notice is the fact that for the
small BW case the filling factor value is almost
just the constant term 2+/2. This value comes
always out from the lock-in measurement since
it returns the modulation amplitude (not the
peak-to-peak, so divided by 2) as RMS value
(divided by v/2). Note that the FF is not pre-
cisely 2v/2. This is not a measurement error,
but it comes out from the fact that the modu-
lator does not return an ideal sinusoid and also
from the fact that even if the BW is small, it is
impossible to completely cancel the pulsed na-
ture. In conclusion the FF is always necessary
to calibrate the AI/I. We can also say that the
first case, where the importance of FF is higher,
is the most common case in SRS. This because
to achieve the best signal-to-noise ratio it is re-
quired w = RR/2, and so it can not be used a
low BW in order to not cut away the modula-
tion.

4. SRS cross-section measure

In Fig. 2 it is shown the standard SRG set-
up used. The laser (Picus Duo from Refined)



Ratio | Lock-in measure | Oscilloscope measure FF
96% 20.9 mV 359.3 mV 17.19
Ratio | Lock-in measure Calculated value Oscilloscope measure
46% 7.14 mV 122.7 mV 115.2 mV
1.25 % 686.4 u V 11.8 mV 9.4 mV
Table 1: Data for the 100 MHz photodiode bandwidth
Ratio | Lock-in measure | Oscilloscope measure FF
95% 40.4 mV 154 mV 3.81
Ratio | Lock-in measure Calculated value Oscilloscope measure
32% 57 mV 217.2 mV 216.3 mV
1.23% 2.54 mV 9.68 mV 8.9 mV
Table 2: Data for the 14 MHz photodiode bandwidth
Ratio | Lock-in measure | Oscilloscope measure FF
97% 60.31 mV 166.2 mV 2.75
Ratio | Lock-in measure Calculated value Oscilloscope measure
22% 59.07 mV 162.8 mV 163.8 mV
0.53% 2.26 mV 6.22 mV 5.3 mV

Table 3: Data for the 1.8 MHz photodiode bandwidth

is a commercial laser created for CRS. It emits
both the pump and the Stokes beam with RR
of 40.5M hz, selecting from a wide range (700 —
3100cm™1) of wavenumbers. It modulates the
pump and owns an internal delay to achieve
temporal overlap between the pump and Stokes
pulses. We decided to measure the ogrg of the
C-O methanol bond (Q = 1033cm™1), since it
is the one used as reference also in the cited
papers|2, 4]. The methanol was placed inside
a cuvette with optical path of 1mm. We started
by measuring AI/I = AI' - FF/I = 2.05uV -
4.62/83.5mV = 1.13 - 10~%, Where AI' is the
non calibrated value directly from the lock-in.
Then we considered the three aspect named be-
fore: spatial, temporal and spectral distribution.

1)Spatial distribution

To acquire the spatial profile ®(x, y, z) we used a
beam profiler, basically a camera that returns a
2D map of the beam profile (Fig. 3). The value
in each pixel represents the relative weight of
the beam power in the space. We mounted the
beam profiler on manual translator and scanned
all the Imm (by a steps of Az = 30um) where
the sample was placed during the SRG exper-

iment. Calling the map S(z,v, 2), ®(x,y, 2) is
retrieved by

S(‘T;: Y, Z) : hVAPpizel
>y S(@,y,2)

Where Az is the pixel area of 6.7 x 6.7 wm?.

O(z,y,2) = (7)

2)Temporal distribution

For the temporal distribution we used the gaus-
sian temporal width data directly provided by
the laser producer. They are 7, = 9.81ps and
Ts = 2.41ps. Inserting them into equation (5)
we achieved a value of K7 = 0.97.

3)Spectral distribution

In figure Fig. 4 we can clearly see how the cor-
relation of the two pulse spectra does not excite
just the peak at Q = 1033cm~! but almost all
the vibrational peak. The integral of the prod-
uct between the spontaneous Raman spectrum
and the correlation returns a value of Ko = 0.548

Final results

We start from equation (4) and we substitute
in a natural manner the integrals with discrete
summation, using equation (7) to consider the
profiler maps. We substitute the temporal part
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Figure 1: Set-up implied for the SRS measurements. A/2 = half wave plate, PBS = Polarized Beam Splitter,
FELH-1000 = High performance long-pass filter from 1000 nm, L. = lens.

with K7 and we insert also Ky. All the con- and methanol T5 = 0.996. The complete and
stants relative to the Stokes power can still be final equation can therefore be written as
canceled from numerator and denominator. As

in the previous formulation the Stokes power is AT

not influent, but what is relevant is spatial dis- <> = <
tribution. Regarding the pump power we have I' /) sra

to do some consideration. First of all what one

typically measure, for example with a powerme- S,(z

’ ) y? Z) S (SU’ y7 Z)

ter, is the average power P,,.. Instead we should - E g £ g : > g Apizert Az
. P . . Zzy p(x7 y? Z) Zmy S(x’y’ Z)

consider the real power value arriving within the z zy

pulse, the peak power Peq,. The two are linked
by Ppeak = Pave/TRR, where TRR can be seen
as a duty cycle. We also used the equation
v = ¢/NmaA. Finally we should also consider
the transmittance bewteen air and cuvette glass (8)
(T1 = 0.96 and the transmittance between glass
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Figure 2: 2D map acquired of both the beams with the beam profiler
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Figure 3: The methanol spontaneous Raman spectrum (blue) and the correlation between pump and Stokes

spectra (dashed orange)

Where [c] is 24.71mol /L, npq: = 1.32 and A\, =
949.3nm. We decided to not cancel out Ap;ze
to explicitly show the correct unit of measure to
use. At the numerator Ap;.¢; is expressed in dm?
to achieve a volume in L, while at denominator
they are expressed in cm?.
The measured value for ogrg was 0.367 GM
while the measured value in the papers|2, 4]
was 0.04 GM. This difference should not really
surprise us since the implicit assumption per-
formed by not considering the three distribution
are those:

e In the spatial domain the pulses are uniform

squares: canceling of ®,
e In the temporal domain the pulses are uni-
form squares: K1 =1

e Beam spectra are perfect deltas: Ko =1
Naturally if we put those assumption into equa-
tion (8) we would retrieve equation (2). In fact,
we calculated also a value of 0 ¢ using the sim-
ple formula from (2), achieving a value of 0.055
GM. In this case the slight variation is probably
due to our use of a simple cylindrical volume in
the calculation.

4.1. Conclusions

The aim of this work was to perform a further
step towards quantitative SRS measurement. In
particular we focused on a developing a process
that can be followed in order to calibrate the
most precisely possible the ogrg. In particular
the significance of this work lies in the measure

of a universal parameter capable of describing
the material SRS response, considering all the
perturbations introduced by the measurement
process itself. Regarding the first part of the
work, we can say that is fundamental to consider
the FF when dealing with quantitative SRS ex-
periment. It is important to observe that FF
should also be used in all the cases where the
lock-in and pulsed laser are employed,for exam-
ple during the calibration of the relative inten-
sity noise (RIN). Regarding the second part in-
stead we are satisfied from the fact that when we
used the same formula we retrieved almost the
same value, instead with our new proposed pro-
cedure we obtained an higher value as expected.
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