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Stimulated Raman scattering (SRS) microscopy has the ability of noninvasive imaging of specific
chemical bonds and been increasingly used in biomedicine in recent years. Two pulsed Gaussian
beams are used in traditional SRS microscopes, providing with high lateral and axial spatial
resolution. Because of the tight focus of the Gaussian beam, such an SRS microscopy is difficult to
be used for imaging deep targets in scattering tissues. The SRS microscopy based on Bessel beams
can solve the imaging problem to a certain extent. Here, we establish a theoretical model to
calculate the SRS signal excited by two Bessel beams by integrating the SRS signal generation
theory with the fractal propagation method. The fractal model of refractive index turbulence is
employed to generate the scattering tissues where the light transport is modeled by the beam
propagation method. We model the scattering tissues containing chemicals, calculate the SRS
signals stimulated by two Bessel beams, discuss the influence of the fractal model parameters on
signal generation, and compare them with those generated by the Gaussian beams. The results
show that, even though the modeling parameters have great influence on SRS signal generation,
the Bessel beams-based SRS can generate signals in deeper scattering tissues.
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1. Introduction

Label-free microscopy does not require special la-
beling for in wvivo imaging and longitudinal obser-
vation of biological systems. As one of them,
coherent Raman scattering (CRS) microscopy can
image chemical bonds specifically, for example the
coherent anti-Stokes Raman scattering (CARS)
microscopy and stimulated Raman scattering (SRS)
microscopy,'® and has become an indispensable
tool in biology and medicine. CRS is a third-order
nonlinear optical process. The excited resonance
signal is much stronger than that generated by
spontaneous Raman scattering, so that the imaging
speed is significantly faster.” However, when a
CARS signal is generated, it is usually accompanied
by a non-resonant signal, which can cause spectral
distortion and limit detection sensitivity.” Com-
pared to CARS, SRS has no nonresonance back-
ground and can automatically meet the phase
matching condition, making it ideal for imaging
biological systems.® Traditionally, SRS is based on
the principle that two Gaussian beams excite sam-
ples at the same time to produce SRS signals. The
tightly focused nature of the Gaussian beam enables
high axial resolution imaging. However, the focused
status of the Gaussian beam is greatly affected by
the scattering medium it passes through.” Even
after passing through a thin distance of the scat-
tering medium, the focus of the Gaussian beam
would be expanded or completely destroyed. This
will greatly affect the quality of SRS images, and
even make it impossible to image.!? Therefore, it is
difficult for SRS based on Gaussian beams to image
the chemicals in the scattering tissues.

Bessel beam, as a kind of nondiffractive beam,
has a characteristic that is significantly different
from that of ordinary beams. It can be refocused
when encountering scattering obstacles.''™'* Such
focus self-healing feature has made a breakthrough
in the applications of photonics-based biomedical
imaging. In fluorescence microscopy, with the help
of the Bessel beam, the problem of poor imaging
quality of the Gaussian beam in scattering tissues is
avoided.'*!® Here, we demonstrate theoretically the
generation of the SRS signal in scattering tissues
excited by Bessel beams. The application of Bessel
beams can increase and maintain the focal length of
SRS imaging in scattering tissues. First, the scat-
tering tissues are simulated by the fractal model of
refractive index turbulence which is close to the

scattering feature of real tissues.!® Second, the
propagation of Bessel beam is simulated with the
fractal propagation method (FPM) which is an
implementation of beam propagation method
(BPM) in fractal model.'”!® In the end, the SRS
signals of chemicals in scattering tissues stimulated
by the Bessel beams are calculated by using the
theory of SRS signal generation.” In our validation,
a series of simulations is performed to demonstrate
the concept of using the Bessel beams to achieve
SRS imaging in scattering tissues, and to investi-
gate the influence of fractal parameters on SRS
signal generation. The change of the fractal para-
meters will affect the refractive index turbu-
lence,'”?? and therefore affect the scattering
characteristics of the simulated tissues. We also
prove the superiority of Bessel beam-based SRS in
scattering tissues by comparing with the Gaussian
beam-based one. Simulation results show that the
image quality of SRS imaging worsen with the in-
crease of refractive index turbulence that will
enhance the scattering ability of tissues. However,
under the excitation of Bessel beams, the SRS sig-
nals can be generated in deeper scattering tissues.

2. Theory

The Bessel beam is a type of nondiffracting beam
whose electric field generated by a pair of axicons
combined with an objective can be expressed as®*?:

1 V4
EB(zvyvz):EO e 5} B
2
Z*Zf
1+( = )
Jo(ko \/3—102—-{§5sin(05))e““o(Z—Zf><'05(a)7 (1)

where Fy, and w, are the electric field and the waist
radius of the Gaussian beam incident on the first
axicon; z; and zp are the focal length and the
equivalent Rayleigh range of the generated Bessel
beam; 7, is the radius of the ring beam incident
on the objective; Jy(g) is the Bessel function with
zeroth order; k; is the wave vector of generated
Bessel beam; and « is the angle between the propaga-
tion direction and the radial direction of Bessel beam.

Commonly, the biological tissues can be modeled
as aggregates of discrete spheres.’® However,
this model yields a homogeneous set of optical
properties, which cannot accurately describe
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biological tissues with heterogeneous refractive
index.'® In real biological tissues, the scattering of
light can be caused by the variation of refractive
index due to the irregular structure of organelles in
biological tissues.’” The spatial fluctuations of re-
fractive index are fractal in nature, and thus the
fractal model can be adopted to characterize the
refractive index turbulence.'®'® The power spec-
trum of refractive index turbulence in the fractal
model can be described as'C:

S(kx)ky’kz)

13-Didl, (2)

5 Imax 13
- A/, [l + (k2 + k2 + k2)12)?

min

where | denotes the correlation length in tissues
with a minimum and a maximum cutoff of [;, and
lax; S4 describes the overall fluctuation magnitude
of refractive index; D; represents the fractal di-
mension of the modeled tissue, which dictates the
shape of the power spectral density; (k,,k,, k,) are
coordinates in power spectral domain. The power
spectrum of refractive index turbulence can be
converted into a synthetic refractive index distri-
bution that is randomized in spatial domain. By
multiplying Eq. (2) by random phases, the synthetic
refractive index distribution can be expressed as:

n(z,y, z) = FFT [S(k,, k,, k.)e "], (3)

where R is the random phase uniformly distributed
at (0, 2m).?

FPM that is a combination of BPM and the
fractal model, is used to simulate the propagation of
Bessel beam in the scattering tissues. The FPM can
be regarded as the BPM based on the stepped
spectral-domain. In the method, the beam propa-
gation is divided into three steps, and the refraction
and diffraction of Bessel beam during propagation
are handled separately at each step. The electric
field of the Bessel beam after propagating a step Az,
regarded as Epp(z,y,z+ Az) can be determined
by !

EBP(xay7z+ AZ)

0
Ktk A, YAz

k2+k2 k24k2
:]:_1{}—[7'—_1 {f[EB(xvyaz)]elk T 2] ikOA"AZ}e”ﬂ”ﬂ 2 },

(4)

where Ep(z,y, 2) is the initial electric field of Bessel
beam incident on the scattering tissues; (z,y)

and (k,,k,) are the coordinates in spatial domain

Simulation of Bessel beam SRS signal generation

and corresponding frequency domain, respectively;
ng is the average refractive index of the surround-
ings; An is the refractive index fluctuation
that denotes the difference between the scatters
and surroundings and can be calculated by
An = |ny —n(z,y,2)|; F and F~! represent the
operations of Fourier transform and inverse Fourier
transform, respectively.

In theory, SRS is a third-order nonlinear optical
process, which requires both a pump beam and a
Stokes beam for signal stimulation. When the pump
and Stokes beams are collinearly overlapped both in
space and in time, the SRS signal can be generated.
The generated SRS signal is proportional to the
intensity of the pump and Stokes beams, and can be
expressed as’:

Iisrs < | Eg, |*| Eps |?, (5)

where Ep, and Epg are the electric fields of the
Bessel pump and Stokes beams calculated with

Eq. (4).

3. Results and Discussion

In the experimental validation, a scattering tissue
model was first generated using Egs. (2) and (3),
with the dimension of 300 x 300 x 600 and the grid
resolution being 0.5 pym. The fractal parameters of
the refractive index were selected according to the
relevant literature,'%'® and these parameters would
have a positive impact on the refractive index of the
scattering tissue model. To maintain the variance of
the refractive index fluctuation being around
0.0004, the fractal dimension was designed to vary
between 2.50 and 4.50, and the maximum cutoff
length [,.. varies between 0.50 and 10.00. The
wavelengths of the pump and Stokes beams were set
as 800 nm and 1040 nm, which stimulated the SRS
signals at the Raman shift around 2885 cm~!. The
radius of the central lobe was designed to be
0.64 pym for the Bessel pump beam and 0.86 pm for
the Bessel Stokes beam, respectively.

We first investigated the generation of SRS sig-
nals in a medium with homogeneous refractive
index, and compared them with those generated in
a scattering tissue with heterogeneous refractive
index. Each simulation was run 100 times and the
average was taken as the final results. Figures 1(a)
and 1(b) show the longitudinal distributions and
intensity profiles of the pump, Stokes, and SRS
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Bessel beam-based SRS signal generation in the homogeneous medium and heterogeneous tissue. (a) Longitudinal

distributions and (b) intensity profiles of the pump, Stokes, and SRS signal intensity generated in the media with homogeneous.
(c) Longitudinal and (e) cross-sectional distributions of the SRS signal intensity in the homogeneous medium; (d) longitudinal and
(f) cross-sectional distributions of the SRS signal intensity in the heterogeneous tissue. The cross-sectional images were extracted at
the axial positions of z = 35, 70, 105, 140, 175, 210, 245, and 280 um. (g) Corresponding longitudinal profiles along the z direction of

the SRS signal intensity.

signal intensity generated in the media with ho-
mogeneous. The oscillations of the peak intensity of
both the light beams and SRS signals can be ob-
served in the longitudinal intensity profiles. This is
in line with the results in the existing literature®’
and may be due to the exchange of energy between
the central lobe and the side rings. Figures 1(c) and
1(d) show the longitudinal distributions of the SRS
signal intensity generated in the media with ho-
mogeneous and heterogeneous refractive index, re-
spectively. Here and after, the media with
homogeneous refractive index was recorded as the
homogeneous medium, and the media with hetero-
geneous refractive index was defined as heteroge-
neous tissue for short. We find that the SRS signal
intensity fluctuated to some extent, especially in the
deep layer, in both homogeneous media and het-
erogeneous tissue. In the heterogeneous tissues, the
deepest depth that SRS signal can produce was
slightly smaller than that in the homogenous me-
dium, but the strength of the SRS signal intensity
was much less. In order to show these results more
intuitively, we extracted the cross-sectional images

at different z positions and the longitudinal profiles
along the z direction of the SRS signal intensity.
The cross-sectional images were extracted at posi-
tions of 2z=35, 70, 105, 140, 175, 210, 245, and
280 pm in the homogenous medium [Fig. 1(e)] and
in the heterogeneous tissue [Fig. 1(f)]. The longi-
tudinal profiles were extracted along the central
lobe of the Bessel beams, as shown in Fig. 1(g).
Almost the same conclusion can be addressed from
the cross-sectional images and the longitudinal
profiles. From Fig. 1(g), we found that in homoge-
neous medium, the SRS signal intensity keeps stable
excitation in the depth of 100 ym, and then the
signal strength will fluctuate. The amplitude of the
fluctuation will gradually increase until it increases
to the maximum value and then rapidly decreases
to disappear, as plotted in black curve. On the
contrary, in the heterogeneous tissue, the SRS sig-
nal intensity cannot be kept constant. From the
generation of SRS signal, its intensity attenuates
nearly linearly in a short depth, around 175 ym in
this investigation case. This approximate linear at-
tenuation is due to the fact that the heterogeneous
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The investigation results of the influence of the fractal dimension on the SRS signal generation. (a) Longitudinal distri-

bution of the SRS signal intensity; (b) Cross-sectional distribution of the SRS signal intensity; (c) Bar charts of longitudinal
intensity along the z direction; (d) Attenuation ratio as a function of fractal dimension.

tissue is approximately linear in its attenuation of
the light beam. The heterogeneous tissue is a three-
dimensional volume describing the spatial distri-
bution of the refractive index, and at each point in
this volume the refractive index fluctuates some-
what slightly. These differences in refractive index
can affect the properties of light transmission.
However, if this three-dimensional volume is layered
in the direction of light transmission, the spatial
distribution of refractive index variations is ap-
proximately uniform at each layer, so that the at-
tenuation of light intensity and SRS signals is
approximately linear. Subsequently, the SRS signal
fluctuates similar until the signal disappears, but
the signal strength is much lower than the SRS
signal generated in the homogeneous medium. The
simulation results show that in the heterogeneous
tissue, due to the existence of scatters, the strength
of SRS signal is attenuated faster. This is consistent
with our previous results of multilayered beads-
based investigation.?”

Then, we investigated the influence of fractal
parameters on the SRS signal generation, including
the fractal dimension and the maximum cutoff

length.'® Two groups of simulations were per-
formed. First, the maximum cutoff length of [, was
fixed to be 0.9 um, and the fractal dimension of Dy
changed from 3.25 to 4.15. This leads to an increase
of the fluctuation range of refractive index from
[1.35, 1.38] to [1.34, 1.39],'® which indicates that the
fluctuation magnitude of refractive index become
larger. Second, the fractal dimension of D; kept as
3.25, and the maximum cutoff length of [, was
selected as 0.9, 2, 3, 4.5 and 6 pum. In this case, the
fluctuation of refractive index in generated tissue
was increased from [1.35, 1.38] to [1.345, 1.39]."%
In these investigations, five spheres with a radius of
4 pm were located on the central lobe of the Bessel
beams with the position of z = 50, 100, 150, 200,
and 250 pm, respectively to mimic the chemicals
that can produce SRS signals under the irradiation
of the Bessel beams. Similarly, each group of simu-
lation was run 100 times to investigate the statis-
tical results.

Figure 2 shows the investigation results of the
influence of the fractal dimension on the SRS signal
generation, presenting the average results of 100
times simulations. The representative results of
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The investigation results of the influence of the maximum cutoff length on the SRS signal generation. (a) Longitudinal

distributions of the SRS signal intensity; (b) Cross-sectional distributions of the SRS signal intensity; (c¢) Bar charts of longitudinal
intensity along the z direction; (d) Attenuation ratio as a function of the maximum cutoff length.

single simulation were showed in Supplementary
Fig. S1. We drew the longitudinal [Fig. 2(a)] and
cross-sectional [Fig. 2(b)] distributions of the SRS
signal intensity, as well as the longitudinal profiles
along the z direction [Fig. 2(c)]. The cross-sectional
images in Fig. 2(b) were selected at positions of
z =50, 100, 150, 200, and 250 um. We find that the
results of single time simulation had a great fluc-
tuation (as shown in Supplementary Fig. S1), and
the average of hundreds of simulations can elimi-
nate this kind of fluctuation. From the longitudinal
and cross-sectional distributions, we find that with
the increase of fractal dimension, the strength of
SRS signal decreased gradually. However, the de-
gree of such signal strength decrease was different at
different depths. For example, at positions of
z =100, 150, and 200 pum, the SRS signal strength
decreased much more obviously than the positions
of shallow and deeper depths, as shown in Figs. 2(a)
and 2(b). In other words, the influence of fractal
dimension on SRS signal generation was also related
to the depth of the chemicals. The longitudinal
profiles in Fig. 2(c) showed this phenomenon more
quantitatively. To quantitate this difference, we

calculated the attenuation ratios of the scattering
tissue to SRS signal, and then drew them as a
function of fractal dimension at different depths, as
plotted in Fig. 2(d). We can find that the deeper the
depth was, the larger the attenuation ratio could be.
At all depths, the attenuation ratio increased with
the increase of the fractal dimension. At deeper
depths, however, the rate of growth of this attenu-
ation ratio decreased. The fractal dimension deter-
mines the degree of fluctuation between adjacent
voxels in the generated tissue. The larger the fractal
dimension is, the greater the difference of refractive
index between adjacent voxels in tissue will be, and
the more severe the scattering will be. When the
beam passes through the tissue with large difference
in refractive index distribution, the energy attenu-
ation of the beam will be large, resulting in the
shorter propagating distance and finally a great
impact on the generation of SRS signal. Our simu-
lation results right confirmed this statement.

The investigation results of the influence of the
maximum cutoff length on the SRS signal genera-
tion is shown in Fig. 3. Similarly, the results of the
single time simulation have strong uncertainty (as
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shown in Supplementary Fig. S2). Although the
fluctuation at different depths was not fixed, it
generally showed a downward trend. We took the
average results of 100 times simulations as the
analysis object, and we find that very similar results
to the previous simulation were obtained. The
strength of the generated SRS signal, or the atten-
uation ratio of SRS signal, was related to both the
maximum cutoff length and the investigated depth.
When the maximum cutoff length was less than
3 pm, the SRS signal was linearly attenuated in the
depth range of 200 pm. On the contrary, when the
maximum cutoff length was larger than 3 ym, the
SRS signal had a relationship of approximately in-
verse square with the depth. On the other hand,
with the increase of the maximum cutoff length, the
strength of SRS signal decreased, and the

Simulation of Bessel beam SRS signal generation

attenuation ratio of such decrease was different at
different depths, as shown in Fig. 3(d). It should be
noted that compared with the previous simulation,
in all of the investigated depths, the attenuation
ratio of SRS signal generated with the increase of
maximum cutoff length was larger than that gen-
erated with the increase of fractal dimension. Tak-
ing the depth of 200 um as an example, when the
maximum cutoff length was 0.9 pm, the strength of
the SRS signal attenuated to about 70% of that in
homogeneous medium. However, when the length
increased to 3um, the SRS signal strength was only
about 20%. This indicated that the maximum cutoff
length had much significant impact on SRS signal
generation.

Finally, we investigated the superiority of the
Bessel beam-based SRS in the scattering tissues by
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Fig. 4. Comparisons of Bessel beam- and Gaussian beam-based SRS imaging of target chemicals in the scattering tissue. (a)
Longitudinal distributions of SRS signal intensity along the z direction at different y positions; (b) Cross-sectional distributions of
SRS signal intensity at different z positions; (c) Longitudinal profiles of SRS signal intensity along the z direction; (d) Cross-
sectional profiles of SRS signal intensity extracted across the center of the target chemical; (e) Cross-sectional profiles of SRS signal

intensity extracted across the points with the highest intensity.
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comparing with the Gaussian beam-based one. In
the simulation, the grid resolution was increased to
0.2pm in X and Y directions. The simulation en-
vironment was composed of the scattering tissue
and target chemicals. The fractal parameters to
generate the scattering tissue were set as:
Dy =3.25, and [, = 3 pm. The target chemicals
were designed as a sphere of 4 ym in radius and
placed at the depth of z = 50 um. It was placed on
the central lobe of Bessel and Gaussian beams to
stimulate the SRS signals. The energy on the cen-
tral lobe of Bessel beams were equal to the energy of
Gaussian beam at focus, and the same numerical
aperture was set to generated these beams. Figure 4
reports the relevant results. First, we found that,
compared with the Gaussian beam, the Bessel beam
had a longer excitation distance and maintained a
more stable excitation over the entire length of the
target chemical. Second, the intensity of SRS signal
stimulated by Bessel beams was stronger than that
generated by Gaussian beams. For example, at the
center of the target chemical, the SRS signal in-
tensity excited by Gaussian beams was only 30% of
that excited by Bessel beams [Fig. 3(d)]. Third,
there is a very interesting phenomenon that under
the excitation of Gaussian beams, the highest SRS
signal intensity was not in the center of the target
chemical, but was slightly shifted to the shallow po-
sition, as shown in Figs. 4(b), 4(c) and 4(e). The
maximum intensity of the SRS signal excited by
Gaussian beams was around 50% of that excited by
Bessel beams. Results of this simulation indicated
that the scattering tissue had more influence on the
focused Gaussian beam. In other words, Bessel beam
had stronger penetration ability in the scattering
tissue. Collectively, the Bessel beam-based SRS has
better application potential for imaging target che-
micals in the scattering tissue.

4. Conclusion

In conclusion, we theoretically and numerically
proved the potential of the SRS microscopy based
on Bessel beams in imaging of deep chemicals in the
scattering tissues. The self-healing properties of
Bessel beam enable the beam to travel longer dis-
tances in the scattering media compared to the
Gaussian beam, while allowing the beam focus to be
maintained well enough to stimulated the SRS sig-
nal in deep tissues. We first generate the scattering
tissue using the refractive index turbulence model,

and then establish a theoretical model to calculate
the generation of SRS signals in it. By changing the
fractal parameters of the modeled tissues, which
could affect the refractive index turbulence of the
scattering tissues, we find that the generation of
SRS signal based on Bessel beams are greatly
influenced. The larger the refractive index turbu-
lence is, the more serious of the SRS signal attenu-
ation will be. Even though the modeling parameters
have great influence on SRS signal generation, the
Bessel beams-based SRS can work in depth of the
scattering tissues, and provide better signal perfor-
mance than the Gaussian beam-based one. Future
work will concentrate on systematic experiments to
demonstrate these simulation results.
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