N

N

Double-modulation stimulated Raman scattering: how
to image up to 16-fold faster

Sandro Heuke, Xavier Audier, Hervé Rigneault

» To cite this version:

Sandro Heuke, Xavier Audier, Hervé Rigneault. Double-modulation stimulated Raman scattering:
how to image up to 16-fold faster. Optics Letters, 2023, 48 (2), pp.423. 10.1364/0L.467514 . hal-
03928736

HAL Id: hal-03928736
https://hal.science/hal-03928736v1

Submitted on 22 Jan 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03928736v1
https://hal.archives-ouvertes.fr

2

3

Letter ‘ Optics Letters 1

Double-modulation stimulated Raman scattering
(DM-SRS): how to image up to 16-fold faster
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Stimulated Raman microscope is conventionally performed by modulating either the pump or Stokes beam and
demodulating the other. Here, we propose a double modulation scheme that modulates both beams at f;, and 2f,,,.
Exploiting aliasing and reduction of the repetition rate, we show that the proposed double modulation scheme
amplifies the signal amplitude by a factor of 1.5, 2 and 4 for different modulation frequencies and experimental
realizations for the same average power at the sample. By deriving the noise power for different sources, we show
that the double modulation scheme can perform SRS imaging with an up to 16-fold speed improvement as compared
to single beam modulation. © 2024 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

Laser scanning stimulated Raman scattering (SRS) is a nonlinear microscopy technique targeting specific molecular vibrations
[1-3]. Among the numerous applications discovered, the preresonant SRS imaging of alkine [4], and C-D labeled dyes [5] as well
as stimulated Raman histopatholgy (SRH) [6, 7] hold the greatest potential to leave optical labs and enter hospitals or biolabs with
game-changing consequences, e.g. for diagnosing and staging of various diseases. Imaging of low concentrated dyes demands for
the highest sensitivity whereas SRH requires high sample throughputs at best image acquisition rates. For a given pulse width and
spectral resolution, the sensitivity and imaging speed of SRS is fundamentally limited by the damage threshold of the sample and the
noise characteristics of the laser source.

At best, the latter is shot-noise limited and possesses the smallest possible repetition rate due to its inverse quadratic relation to the
signal-to-noise (SNR) for a constant average power. Today, state-of-the-art light sources used for SRS imaging can be grouped into:
high-noise fiber laser with customized repetition rates [8-10] and shot-noise limited solid-state lasers working around 80 MHz [1, 3].
To the best of our knowledge, only one shot-noise limited fiber laser was reported in the context SRS imaging [11]. As a second
strategy to reduce the impact of excess noise, balanced detection allows to approach the shot-noise limit up to a distance of 3dB [9].
Nevertheless, auto-balanced photo-diodes [8] for the range of 800-1100 nm and high reverse voltages bias are not yet commercially
available.

As the major competitor of fiber laser, shot-noise limited solid-state laser with nearly transform limited pulses are commercially
available within a wide spectral and temporal pulse-width range. As the limiting factor, their repetition rate is frequently fixed around
80 MHz. Its rep rate reduction would require an inverse proportional extension of the laser cavity leading to, e.g. a 8 m sized ring
resonator cavity to obtain a 40 MHz oscillator, with increasing noise problems arising from mechanical instabilities and air convection
within the cavity. From a practical point of view, best sensitivities in SRS-imaging can be expected, therefore, either from a shot-noise

Standard SRS DM-SRS Pulse-Picked SRS
fn <f/2 \ =f/2 < fr/4 \ = fr/4 fm = fr/4
Mg () 14 cos(27tfimt) 14 cos(27t fint) (1 + cos(27ft)) (1 + cos(47 fiut))
My (t) 1 14 cos(47 fint) 14 cos (47 fimt)
Psrs / Prxcess / Pshot 1/1/1 | 22/22/2 | 1.5%/1.5%/1.5 | 22/22/2 42/22/2
SNR.y / SNRy,o; / SNR,; | 1/1/1 | 1/2/4 | 1/15/225 | 1/2/4 4/8/16

Table 1. Overview about the modulations schemes and theoretical power alterations of the SRS signal, noise contributions and
resulting SNR = Pgrg/ Ppyise considering a dominant noise source (laser excess, shot- or electrical noise).
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limited solid state laser at 80 MHz that will be outperformed only by perfectly auto-balanced fiber laser featuring the same pulse
characteristics and repetition rates f, < 40 MHz to compensate for the sensitivity loss of the balanced detection. If position-multiplexing,
such as dual- or multi-focus approaches [12], is already installed or not useful to be implemented only few options for a significant
SNR improvement remain. The perhaps most intriguing approach was highlighted by Ozeki et al. by exploiting an aliasing effect
while modulating the laser at exactly half the laser’s repetition rate (38 MHz) to gain a factor 2 in shot-noise limited SNR [13]. For
solid-state laser systems the detection and demodulation at half the laser’s repetition rate is electronically demanding and favors
photodiodes with unpractical small photo-active areas. Here, we present a second route to exploit an aliasing effect by modulating
both the pump and the Stokes laser at f;=f;, and f,=2f;,. By introducing a modulation of one laser at twice the lock-in frequency
(<20 MHz) we can benefit from a sub-harmonic enhancement similar to what Ozeki and coworkers reported [13]. Furthermore, if the
pump beam is modulated at both f;=f, /4 and f,=f, /2, the beam is effectively pulse-picked and an SNR improvement of a factor of up
to 16 can be expected if the average power at the sample is kept constant.

For the derivation of the aliasing effect we follow the notation introduced in a previous noise tutorial [14]. The photo-diode returns the
voltage of the SRS-signal at a strength of:

Usrs = { +z°° Xph(t— ) +e(t)} % gV/2R cos(27tfint) (1)

k=—o00

Where the term in large brackets is Isgs(t), the photocurrent output of the detector. G(t) = gv/2R cos(27t fit) represents the lock-in
amplification with load R and gain g. €(t) is the electronic noise in the detection, modeled by a random noise of zero average mean and
power spectral density S¢(f). h(t) is the response function of the detector to a single photon arrival, which can be approximated by
qé(t) for all practical purposes with g being the electric charge of a single photo-electron. Xj denotes the random variable that describes
the number of photons detected on the probe pulse arriving at f;, = k/ f;. The statistics of Xj is related to: (1) The time-average number
of photons on the pump and Stokes lasers, Ny, and Ny. They are kept constant across all measurement schemes to compare SNR
levels at a fixed average optical power. (2) The time modulation applied on the pump and Stokes lasers, M, (t) and Ms(t). (3) The
modulation transfer B due to the SRS process. (4) The excess laser noise, in the form of a random variable « of unit mean and power
spectral density Sy (f). The (ensemble) average value and variance of Xy can be described as:

(Xk) = N(tx) = NpuMpu (tg)[1 + BNst Mt (te)] @
(XkX1) = N(t)N(t) {a(tr)ee(t)) + 051N () 3)

With these definitions we can calculate the signal power Ppc, associated with the DC power of the lock-in output, and the noise
power Py, associated with the power spectral density of the lock-in output within its bandwidth where f ~ 0.

P = Sulf) = g lim 2 0r(f)

2
—+00 )

) @
Poc = Pogs = % lim_|1.(r(0))]" (5)
PCT SRS T Ry I TV

with the finite-time Fourier transform F[U]r(f) = Ur(f) = ftT:/ _ZT /2 Usrs (t)e?ftdt. Equation 1 can be injected into Eqs 4 and
5, then computed using 2 and 3. The following simplifications make the computation easier: the impact of the second laser is
neglected for the noise calculation Py. The ensemble average values of € and « are zero and one. We call § the Dirac distribution, and
My, = Zk*:’_oo 5(t — kT;) the Dirac train of period T,. We simplify and express them using the convolution operator ®. The noise
power is separated into three components :

EI,BNpuNst . 1 2
Pogs = g lim | FrlTTir, MMy Gl 0) ©)
PN = PExcess + PShot + PElec ?)
PNy, 1 2
Peacess =~ lim (| Frlllly, MpuG)(£)] ) ®
2
PNpu 1
Psior = = plim o Fr{llly, My, G2 () ©
Petec = 7 lim (| FrleG]( )}2> (10)
Elec — R Tﬁlrﬂoo T TI€ f

While those expressions are simplified they still require computation for the different modulation schemes. The only assumptions
are that the laser excess noise S, (f) decreases quickly with f and has no expected correlations between frequencies. Briefly, the
product in time domain, or equivalently the convolution in spectral domain, between the different functions will generate an aliasing
effect effectively increasing the signal and noise values. We decide to illustrate the computation in the case of shot-noise power for the
DM-SRS case, as it shows in a concise way the ideal use case for this implementation:

lim Ar(f) (11)

2
q°N,
PShot = Rpu
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DM-SRS: f, =f,/ 4; pulse picking

|
I

Fig. 1. Double modulation(DM-) SRS scheme: the left and right column show the pump and Stokes beam intensity over time and
in Fourier-space, respectively, for different modulation configurations. The pump and Stokes are marked in green and red, respec-
tively. Outlined in black, the SRS-signal is measured as Stimulated Raman Loss (SRL) with Isgg o< I Is and F[Igrs] & F[I,] ® F|Ig].
fr and fy, are the laser repetition rate and modulation frequency, respectively.

@\

with
1 R .
Ar(f) = T[.FT[HIT,]@MW@G@G] (f) (12)
2p2 .
~BE[ L Mo () + 50026
KIKT,€[0,T]
1 1
® 56(f % fn) ® 56(f £ fu) | () a3)
2 2 M m o m
_ 2¢°R Z 1{6+4€i12nk% +€i12nk%} 14)
20 T yprcor 8

We care about the noise at f ~ 0 as this will be the frequency band where our signal is detected at the output of the lock-in. The
exponential terms in bracket in Eq. 14 will average out to 0 when T — oo unless f;, = f+/2 or f./4. The first case is equivalent to
standard single modulation (SM)-SRS with half repetition rate modulation. The case f,;, = f./4 give a total sum of 1 as opposed to 3/4
for all other cases. Since the conventional SRS implementation (SM-SRS, f,; < fr/2) without modulation gives a factor of 1/2, the
increase in shot-noise power is 3/2 and 2 for f;; < f;/4 and fi, = fr/4, respectively.

The modulation of the pump and Stokes beams for the schemes discussed in this paper, as well as the computed signal and noise
powers, are summarized in Table 1. We observe that the power of the SRS signal increase by 2.25 up to 16-fold in dependence of
the type of modulation scheme. A more visual explanation for the signal improvement in DM-SRS is provided in Figure 1. In time
domain, our modulation schemes try to increase the maximum SRS signal amplitude. The maximum SRS amplitude transfer will arise
when both pump and Stokes pulses achieve their maximum peak power. Any set of pulse where the pump or Stokes beams are at an
intermediate power level do not contribute as much to the SRS signal, which is measured as the difference between the maximum on
and off state. Thus, the pulse energy of intermediate pulses is exploited better if added to those pulses in full "on" state. As a result,
one can suppress the pump beam during the time it takes for the Stokes beam to go from it’s minimum to maximum value. In the
frequency domain one can interpret the results as the aliasing of high frequencies which add to the overall signal strength - see the
right column of Fig. 1. Nevertheless, the additional modulation in DM-SRS also introduces noise in dependence of the modulation
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scheme, even if the modulation itself is perfectly clean. Since the electric noise Pgj,. does not depend on the modulation scheme, the
best improvement in SNR will appear for systems that are limited by their electronic noise. While it would always be beneficial to
reduce the electronic noise, the constraints on a SRS system can be such that the measurement is limited by its electronics, e.g. for
Epi-SRS featuring weak optical power levels at the detector.

On the contrary, for a SRS system limited by its laser excess noise, the modulation scheme applied to the pump beam will not improve
the measurement SNR [15], and a balanced detection or an additional modulation of the Stokes beam will be necessary to further
improve the system’s SNR. As a less intuitive result, DM-SRS also enhances the shot-noise though the average power and, therefore, the
overall number of photons detected is kept constant. This phenomenon can be understood from the impact of the lock-in amplification
G(t). In SM-SRS, the SRS signal is multiplied by a cosine at values between -1 and 1. The average absolute value of the modulation is,
therefore, 0.5. When laser pulses arrive at the detector in DM-SRS, however, this amplifications is always either 1 or -1 yielding a gain
of absolute value 1. Thus, DM-SRS is not only amplifying better the SRS signal but also the shot-noise on top of the laser.

As a limitation of our model, we assume that the Stokes laser (not detected) has no noise. In most case, the noise of the modulated laser
is not considered to have dominant impact, since the modulation transfer 8 is on the order of 107-107°. For high SNR measurements,
however, we can expect that this laser will introduce additional noise that can overpower the noise-level of the detected laser. Second ,
we assume that the modulation imprinted on both lasers has pure frequency components. While some devices like resonant EOMs
may not affect the noise below their resonant frequency, acousto-optic modulators (AOM) can introduces considerable amounts of
noise reducing the SNR.

In the following, DM-SRS’ predicted signal improvements are demonstrated experimentally for the cases f,; = f,/4 with and
without pulse picking (i.e. double modulation of a single beam). Figure 2 displays our experimental implementation and modulation
scheme. The basic setup was described elsewhere [16]. Briefly, an 80 MHz Yb-fiber laser (APE Emerald engine) is used to pump two
optical parametric oscillators (OPO, APE Emerald). OPO1 provides the pump beam and is modulated at f; = f, /2 = 40 MHz using a
resonant EOM (APE, EOM 900) for DM-SRS. For the pulse-picked DM-SRS, the EOM was placed closer to the microscope to allow for
modulation of both beams at 40 MHz. The Stokes beam is generated by OPO2 and modulated by an AOM (AA, MT200-B100A0,5-800)
at fo = f;/4 = 20 MHz. If the Stokes beam is modulated in addition by the EOM a pulsing-picking scenario is created cropping one
out of 4 pulses. The light is focused via a 40x objective onto the sample, collected by a condenser lens and detected by a photo-diode
(PD, APE SRS photodiode). The latter is coupled to a electrical band pass-filter (Mini-Circuits, BBP-21.4+), to remove the 40 MHz
modulation, and connected to a lock-in amplifier (Zurich Instruments, HF2LI) that demodulates the SRS signal at 20 MHz. The pump
and Stokes beam were tuned to 2930 cm~! and focused into olive oil with an average power below 20 mW for both colors combined.
Figure 2 a displays the SRS-signal over 3 s for DM- and SM-SRS for a dwell time of 40 ps. The average power entering the microscope
was kept constant for both modulation schemes and colors. Comparing DM- and SM-SRS, it is observed that the signal amplitude is
increased by a factor of 1.9 while the average SNR was increased by a factor of 3.4. The SNR improvement close to 4 indicates that the
measurement is limited by electrical noise for this particular input power. The difference to the theoretical values of 2 for the signal
and 4 for the SNR can be explained by an insufficient modulation of the EOM which may not have achieved a 100 % suppression
of every second pulse. To demonstrate the benefit of DM-SRS in application to histopathology samples, we imaged a 10 um thick
human colon section. The corresponding raw images are presented in Fig. 2 c and 2 e. In contrast to SM-SRS, the improved image
quality of DM-SRS allows to distinguish colon crypts as well as the profile of nuclei which is a fundamental requirement for stimulated
Raman histopathology applications. For the pulse-picked DM-SRS, we measured as well the signal and noise levels for an oil-sample
as highlighted in Fig. 2 b. It is found that the signal level increased by a factor of 3.8 while the SNR gained a factor of 15, which is
in reasonable agreement with the expected improvement of 4 and 16. To highlight the impact of such an enhancement of SNR, we
imaged a human breast tissue section of 20 um thickness at the Raman resonance of 2930 cm ™! as shown in Fig. 2 d and f. While
the lipid droplets are clearly visible for both the pulse-picked DM- and SM-SRS images, the structure of the surrounding connective
tissue is hardly perceptible in SM-SRS. Thus, pulse-picked DM-SRS significantly increases the image SNR and quality allowing to
extract morphological details which would be unrecognizable otherwise. Clearly, this SNR enhancement is readily translated into an
improvement of the detection limit of a certain Raman-active molecular group or empowers the user to accelerate the image acquisition.
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bined beam path to enable pulse-picked DM-SRS. a) and b) the green and the red lines represent DM-SRS (or pulse picked DM-SRS)
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