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Abstract

Stimulated Raman scattering (SRS) is a powerful imaging technique that has become
popular during the last decades for its ability to image specific species in a sample with
high accuracy. The purpose of this thesis is twofold. Firstly, to demonstrate 3D spatial
control of where in the sample SRS is generated. Secondly, the spatial behavior of the
SRS generation is investigated by experiments and simulations.

SRS is a nonlinear scattering phenomenon that is produced when a sample is illuminated
by two laser beams, called Stokes and pump beams, whose frequency difference corresponds
to a molecular vibration caused by inelastic scattering of an incoming photon. The Stokes
beam will stimulate the scattering of the pump beam photons, which leads to an intensity
gain in the Stokes beam and an intensity loss in the pump beam. Imaging of SRS is
usually performed by point scanning a sample in a laser scanning microscope by the two
laser beams. Thereafter, the image is constructed pixel by pixel by detecting either the
gain or the loss of intensity in the Stokes or the pump beam, respectively. Our aim is to
perform direct field of view SRS imaging.

Two experimental setups are presented in this thesis, one for the 3D spatial control of
SRS and one for the investigation of the spatial generation of SRS. The working principle
of imaging is the same in both setups. A cylindrical sample volume was illuminated
with the Stokes beam and the SRS was generated by focusing the pump beam into this
volume. The diameter of the illuminated cylinder was around 10 mm. The two beams
were combined before the sample using a dichroic mirror and after the sample the pump
beam was removed by a second dichroic mirror. The Stokes light was then imaged onto a
camera providing a field of view of around 9.4 mm by 7.94 mm. A phase spatial light
modulator (SLM) was used to control the shape and position of the pump beam in three
dimensions (3D) in the illuminated volume. The results show that the SLM allowed for
control of position and shape of the generated SRS signal.

In the second experimental setup the pump beam was focused into the sample by a
lens and the spatial generation of the SRS was investigated. A second dichroic mirror
blocking the pump beam was inserted into the sample holder filled with ethanol at different
interaction lengths to study the resulting SRS signal. Further, the pump intensity was
varied to study the effect on the physical width of the SRS signal. The experimental
results were compared to computer simulations. The simulations were based on diffraction

v



theory for the beam propagation and the interaction between the light beams and the
material was modeled with a phase modulation due to the induced Kerr effect caused by
high pump intensity. The results shows that most of the SRS generation takes place close
to the focus of the pump beam.
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Summary





Chapter 1

Introduction

Images that can provide information of where specific species are located in a sample and
how they are structured in three dimensions is of interest in industry and several different
areas of science such as biochemistry, material science, and medicine. The nonlinear
scattering phenomena stimulated Raman scattering (SRS) [1] has during the last decades
been used for imaging of, e.g. live cells [2–4], cancerous tissues [5–7] and tissue from a
brain with Alzheimer’s disease [8]. SRS has also been used to study the charge-transfer
of electron donator-acceptor molecules [9], investigating the hydrogen bounding in in
chemical systems [10] and resolve electronic dynamics in molecules [11].

Raman scattering, the inelastic scattering of light that hits a molecule, was predicted
by Adolf Smekal in 1923 [12] and experimentally discovered by Sir C.V. Raman and
K.S. Krishnan in 1928 [13]. It was also in the same year observed independently by
B. Landsberg and L. Mandelstam [14]. Photons incident on a molecule with frequency
ωP can be blue- and/or red-shifted when the molecule interacts with the light and the
magnitude of the shift depends on the molecular structure. Each atomic bond is associated
with a distinct energy and the incident light is shifted by this energy amount in the
interaction. Thus, this is a powerful method to gain knowledge about the molecular
structure of a sample. Raman scattering has been used widely to study a large variety of
things such as graphene and carbon nano tubes [15], the redox state in biofilms used in a
bio-electrochemical system [16], to analyze pharmaceutical products [17] and detecting
brain cancer in humans [18].

Stimulated Raman scattering (SRS) was first observed in 1962 [19]. In SRS a sample is
illuminated by two laser beams, a pump beam with frequency ωP , and a probe beam, also
known as the Stokes beam of frequency ωS. If the frequency difference, ωm = ωP − ωS,
corresponds to a frequency of a molecular vibration mode, a change in the laser beam
intensities can be observed. The pump beam will undergo a stimulated Raman loss (SRL)
meanwhile the Stokes beam will experience a stimulated Raman gain (SRG). Thus, by
tuning the frequency difference between the laser beams different molecular vibrations can
be targeted in measurements. During the last decades SRS has gained increased interest
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2 Chapter 1. Introduction

for imaging specific species in a sample. A common way of imaging is SRS microscopy [20].
The method uses a pump and a Stokes laser beam that are guided into a laser scanning
microscope and the imaging is created pixel by pixel by point scanning the focused light
of the coinciding beams over the sample. Variations can be made to the experimental
setup such that multiple Raman shifts can be targeted at once, this is usually called
multiplex stimulated Raman scattering (MSRS) [21].

This work is a part of a research project where a new imaging technique based on
interferometric imaging of stimulated Raman scattering (InFeRa) is developed. The
interferometric part [22] will be used to provide extract 3D information from a sample,
meanwhile SRS will allow to target specific species and molecular vibrations in the sample
at specific spatial positions in the sample [23]. This thesis is focused on the investigation
of the direct imaging of SRS and the spatial generation and control of process. This
thesis starts with a brief introduction to the theory of the Raman process and SRS, a
brief description of imaging and how spatial light modulators work before going into the
experimental details. The main results are then presented followed but a discussion and
future work.



Chapter 2

Theory

2.1 Spontaneous Raman scattering
For an intuitive understanding of the phenomenon, a classical description of the interaction
between a vibrating diatomic molecule and an optical field can be used [24].

In Figure 1a a diatomic molecule is represented by two particles with masses m1 and m2,
held together by a molecular bond that is represented as a spring with the spring constant,
K, which determines the strength of the bond. The two atoms can vibrate around the
shared bond in the x direction. When the molecule is vibrating in its equilibrium state,
the average internuclear distance between the atoms will be x0. If a time varying force
F1(t) is applied to the second atom, see Figure 1b, the change in distance will be x(t)
and the system will experience a force F2(t) directed in the opposite direction according
to Newtons third law. The equation of motion for the situation shown in Figure 1 b)
becomes

µ
∂2x(t)

∂t2
= −Kx(t), (1)

where mu = m1m2/(m1+m2) is the reduced mass of the system. Assuming x(t) = exp(rt),
where r is a constant, the solution of Eq. 1 can be written as

x(t) = x0 cos 2πνmt, (2)

where νm = 1/(2π)
√
(K/µ) is the frequency of the molecular vibration. An electromag-

netic field E can be used to apply a force to the system, but such a field would also
induce a dipole moment on the molecule. The induced dipole moment p can be expressed
as

p = αE, (3)

where α is the polarizability of the molecule, i.e how easy it is to displace the electron
cloud of the molecule. A laser can be used as a source for the electromagnetic field, that
can be written as

E(t) = E0 cos 2πν0t, (4)
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4 Chapter 2. Theory

(a) (b)

Figure 1: a) A diatomic system with the molecular bond represented with a spring. b) A
force F1 is applied to the system and in response a force F2 from the “spring” in response.

where E0 is the amplitude, ν0 is the laser beam frequency (i.e the color of the light) and t
is the time. The induced dipole moment then becomes

p = αE0 cos (2πν0t). (5)

The polarizability α can be expressed as a linear function of the nuclear displacement q
according to [25]

α = α0 +

(
∂α

∂x

)
0

x+ ..., (6)

where α0 is the polarizability at equilibrium, ∂α
∂x

is the rate of change in polarizability
with respect to the displacement evaluated from the equilibrium position. Using Eq. 2, 5,
and 6 the dipole moment becomes

p = [α0 +

(
∂α

∂x

)
0

x0 cos (2πνmt)]E0 cos (2πν0t), (7)

p = α0E0 cos (2πν0t) +

(
∂α

∂x

)
0

x0E0 cos (2πνmt) cos (2πν0t), (8)

p = α0E0 cos (2πν0t) +

(
∂α

∂x

)
0

x0E0[cos (2π(νm + ν0)t) + cos (2π(νm − ν0)t)], (9)

where trigonometry has been used in Eq. 8 to show that the induced dipole moment
oscillates at three different frequencies. The first term in Eq. 9 oscillates with the laser
frequency ν0 and is known as Rayleigh scattering, which corresponds to elastic scattering.
The second and third term oscillates with a frequency νm higher, respectively lower, than
the laser frequency. The second term is known as anti-Stokes scattering and represents a
blue shift of the laser frequency. Meanwhile the third term is called Stokes scattering and
represents a red shift of the laser frequency. In Figure 2a the different scenarios can be
seen. By collecting the scattered light and analyzing the frequency content using a Raman
spectrum, insights into the molecular structure can be gained. The Raman spectrum is
expressed in terms of Raman shift, i.e. the magnitude of the frequency shift from the
incident light instead of absolute frequencies since the frequencies of the Raman scattered
light depends on the frequency of the incident light. Note, the Raman induced light
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(a) (b)

Figure 2: The scattered frequency shifts in Raman scattering. b) A Raman spectrum of
the Stokes scattered light from ethanol. The wavenumbers represent the Raman shifts from
the incident laser frequency. The peaks at specific wavenumbers corresponds to molecular
vibrations.

shift is constant and independent of the incoming wavelength, since it depends on the
molecular structure and bond strength. In Figure 2b an example of a Raman spectrum for
ethanol can be seen. The position of the Raman peaks corresponds to a specific Raman
molecular vibration.

Now, this simplistic but intuitive model does not explain the experimentally observed
differences in intensities of the Stokes and anti-Stokes scattered light. In order to describe
Stokes and anti-Stokes scattering correctly, a quantum mechanical explanation is needed.
An extensive quantum model will not be presented here, but once again a shorter and more
conceptual explanation as given by A. Cialla-May et al. [26] will be presented here.

In quantum mechanics, Raman scattering is the inelastic scattering of photons by a
quantized molecular system via an infinite short lived virtual state. This process can be
visualized according to the energy diagram in Figure 3 , which shows that the Raman
process is a two-photon scattering process. In the case of Rayleigh scattering the molecule
interacts with the photon causing it to excite into a virtual state before returning to the
ground state again. In the case of Stokes scattering, energy is transferred from the photon
to the molecule so that the final state is a vibrational excited state. For the anti-Stokes
scattering, the molecule starts in an excited state and transfers energy from the molecule
to the photon, thus the final state becomes the ground state. Now, the difference in
Stokes and anti-Stokes intensities can be explained using the Boltzmann distribution. The
Boltzmann distribution is the probability distribution for an atom or a molecular system
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Figure 3: An energy diagram of Raman scattering. The black solid lines represent
electronic states, the black dotted lines represent vibrational states. The arrows represent
photons, upward pointing arrows indicate an incoming photon, meanwhile downward
pointing arrows represent scattered photons. The lengths corresponds to the frequencies,
longer arrows indicates higher frequencies (shorter wavelengths). a) The Rayleigh scattering
process, b) the Stokes scattering process and c) the anti-Stokes process.

to be in a certain state and is defined as [27]

f(r)dxdydz =
e

−EP (r)

kT dxdydz∫
e

−Ep(r)

kT dxdydz
, (10)

where Ep is the potential energy of the state, k is the Boltzmann constant and T is the
temperature. Excited states have higher energies compared to the ground state which
leads to lower probabilities of the molecule to occupy excited states. Thus, the probability
is higher for the molecule to be in the ground state compared to an excited state. Thus,
Rayleigh scattering is most probable since the molecule starts and ends in the ground
state. Stokes scattering is the next probable scattering since the molecule starts in the
ground state and ends in an excited state. Anti-Stokes scattering is the least probable
since the molecule starts in an excited state followed by Stokes scattering and anti-Stokes
will be the least probable. In this thesis only Stokes scattering will be considered from now
on. Another shortcoming of the simplistic model is that it does not take into consideration
that the atoms in the molecule have three degrees of freedom when they vibrate. In
Figure 4, six different vibration modes are illustrated. Each different type of vibrational
move gives rise to distinct Raman shifts. However, it is important to note that a molecule
can have several possible vibrational modes but not all of them are Raman active. The
selection rule for if a vibrational mode is Raman active is that the change in polarizability
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Figure 4: The different ways the atoms can vibrate in a molecule. The different vibrational
modes give rise to distinct Raman shift

cannot be zero, i.e.
∂α

∂x
̸= 0. (11)

The intensities for each Stokes frequency scattered from different vibrational modes
depends on the Raman cross section. The intensity of the scattered light can according
to S. Mukamel [28] be described as

IS(ωS, ωL) = I0(ωL)zρ0σSLE (12)

where IS is the intensity of the scattered light, I0 is the initial intensity of the laser source
used to induce scattering, z is the interaction path length, ρ0 is the number density of
molecules and σSLE is the differential photon scattering cross section.

2.2 Stimulated Raman scattering

The SRS process can be described in a similar way as Raman scattering for an intuitive
understanding. The model presented here has been described in detail by C. Wang [29]
and Y.R. Shen & N. Bloembergen [30] and for more details on the model the reader is
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directed to these two articles. The first step is to introduce a new dynamic variable Q for
the model which is defined as

Q =
√
n⟨q⟩, (13)

where N is the number of molecules per unit volume and ⟨q⟩ is the expectation value
of the normal coordinate q. The normal coordinate is defined as q = x ∗ 1/√µ where
x is the nuclei coordinates and µ is the reduced mass. The equation of motion for the
molecular vibration can be derived using Lagrange densities and the Lagrange equation.
The Lagrange densities of a molecular vibrational system interacting with an optical
electric field is given by

L = Lvib + LEM + Lint, (14)

where Lvib is the energy for the vibrational system, LEM is the energy of the electro-
magnetic field and Lint is the energy of the interaction between the optical field and the
vibrational system. The Lagrange densities are given by

Lvib =
1

2
Q̇2 − 1

2
ω2
mQ

2 +
1

2
γ2∇Q2, (15)

LEM =
1

2
(|E|2 + |B|2), (16)

Lint = NαEE, (17)

where ωm is the molecular vibration frequency, γ the damping coefficient due to optical
phonons, E is the electrical field, B is the magnetic field, and α is the polarizability. The
polarizability can, according to [25] be written as

α = α0 +

(
∂α

∂Q

)
0

Q+ ..., (18)

where α0 is the polarizability of the molecule at equilibrium. Note that Q̇ denotes the
first derivative with respect to time. The first term in Lvib is the kinetic energy from the
vibration, the second term is the potential energy from the molecular bound, and the
third term is the energy. The equation of motion can be derived by inserting Eq. 15-17
into Eq. 14 and then applying the Lagrange equation which yields

Q̈+ ω2
mQ+ γ2∇2Q = NαEE. (19)

A damping term 2ΓQ̇ due to dephasing is commonly added phenomenologically to Eq. 19
which then yields

Q̈+ ω2
mQ+ γ2∇2Q+ 2ΓQ̇ = NαEE. (20)

Γ is the damping of the dephasing time. The molecular vibration is driven by the
electromagnetic field which can be supplied by the use of an optical wave. The optical
field E, if the magnetic part is ignored, can be written as

∇2E − 1

c

∂2E

∂t2
=

4πωm

c
N

(
∂α

∂Q

)
0

QE, (21)
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Figure 5: Energy diagram of SRS. A pump photon (green arrow) and a Stokes photon (red
arrow) are incident on the molecule. The Stokes photon stimulates the Raman scattering,
causing the pump photon to become a Stokes photon.

where Ei = εexp(i(ksṙ − ωi)) is the electrical field and c the speed of light. Equation 20
and 21 forms a system of coupled differential equations between the molecular vibration
and the optical waves. The oscillation is driven by the optical fields which is described by
the wave equation with a source term that depends on the vibration.

SRS can be illustrated in a similar way as Raman scattering with an energy diagram, see
Figure 5. A molecule is illuminate with a pump and Stokes beam. The presence of the
Stokes beam stimulates the molecule so that the probability of the molecule to interact
with the pump photon and scatter a Stokes photon increases. If enough pump photons
are available a cascade effect where more and more pump light is converted to Stokes
light will take place which leads to a large amplification of the Stokes beam. There are
other theoretical descriptions of SRS. A simpler way of describing SRS for experimental
use is in terms of rate of change equations [31]

dIs
dz

= gRIP IS − aSIS (22)

dIP
dz

= −λP

λS

gRISIP − aP IP (23)

where gr is the Raman gain coefficient, and aS and aP is the absorption coefficients for
the Stokes and pump beam, respectively. gr controls the gain and loss of intensities in
the laser beams. If the absorption is neglected the solutions of the equation system has
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the form of

IS = IS0e
grIP z (24)

IP = IP0e
−λP

λS
grIS (25)

Another important part of SRS is the concept of a threshold level. A minimum intensity
of the pump beam must be reached in order for the SRS process to take place [30] and the
threshold is also affected by the temperature and pressure [29]. Another aspect of SRS if
that the scattering process can be in the steady-state or transient regime. SRS is usually
produced using a pulsed laser system. If the laser pulses have a length of > ns, the SRS is
in the steady state region [32] since the pulse length is longer than the relaxation time of
the molecular vibrations. If the pulse length is < ps [33] the SRS is in the transient region,
the pulse length is shorter than the relaxation time of the molecular vibration.

2.3 SRS imaging
In this section the difference between the commonly used SRS microscopy method and
the direct SRS imaging applied and developed in this thesis are explained.

2.3.1 Imaging using SRS microscopy

The main parts of the experimental setup can be seen in Figure 6a. The regular used SRS
laser system provides both the pump and Stokes beam with pulse lengths from picoseconds
to tens of femtoseconds at repetition rates over 1MHz. The two beams are overlapped and
then guided to a laser scanning microscope that sweeps the focus spot over the sample
to create an SRS image pixel by pixel. The signal can be detected in the forward or
backward direction using a photodiode, the figure illustrates the forward direction. The
SRS signal is much stronger than the spontaneous Raman signal but compared to the
laser intensity it is tiny. The laser is the largest source of noise in SRS [34] so in order to
be able to detect the signal an electro optical modulator (EOM) and look-in amplifiers are
utilized. In Figure 6b the effect of the EOM on the laser pulses can be seen. The EOM
is used to modify the intensity of one of the beams, the Stokes beam in the figure, with
a known frequency, i.e a carrier wave is added to the beam. The resulting effect on the
pulses after the interaction with the sample will be a small SRG of the Stokes intensity,
∆IS, and a small SRL of the pump beam, ∆IP . Since the frequency of the carrier wave is
known a look-in amplifier can be used to extract the SRS signal from the unmodulated
beam, i.e. the pump beam in the figure, rejecting the laser noise.

2.3.2 Direct imaging of SRS

In order to capture the SRS light on the camera the light needs to be imaged onto the
camera using a lens. Imaging of an object can be illustrated by the sketch shown in
Figure 7. An object, here depicted as a star, is positioned a distance a from a lens of
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(a) (b)

Figure 6: a) The basic experimental setup used in SRS microscopy. The pump and Stokes
beams are often produced by the same laser source and then guided through an EOM to a
laser scanning microscope. The beams are focused using high numerical apertures onto
the sample and the light is collected in the forward direction by the microscope objective.
The two beams are separated, and one beam is detected using a photo diode connected to a
lock-in amplifier. b) The principle use of the EOM. The two beams are a pulse train, the
EOM is used to modify the intensity of one of the beam at a known frequency. After the
interaction between the beams and the sample the beams have experienced an SRG, ∆IS,
and SRL, ∆IP . To detect the SRS signal a lock-in amplifier is used on the beam that is
not modified by the EOM, in this case the Stokes beam is modified, hence ∆IP is detected.

focal length f . An image of the object is formed at a distance b on the other side of the
lens. For a sharp image the lens equation must be fulfilled:

1

a
+

1

b
=

1

f
(26)

The magnification of the image is given by

M = − b

a
(27)

where M = −1 corresponds to a one to on magnification, M < −1 indicates that the
image is magnified. The minus sign indicates that a real image is created.

2.3.3 Working principles of a phase spatial light modulator

A spatial light modulator (SLM) is an optical component that allows for the manipulation
of the shape of a light beam. A phase SLM consists of an array filled with liquid crystals,
Figure 8a. A voltage can be applied individually to each cell in the array and the crystals
will rotate with different amounts depending on the magnitude of the voltage. The
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Figure 7: Imaging of an object from one spot to another spot using a lens of focal length
f . The object is position at distance a from the lens and the focused image is positioned a
distance b from the lens.

refractive index of each cell depends on the rotation of the crystals and the phase of the
light can be controlled by adjusting the refractive index in the cells to make the light
travel slower or faster in the medium. An important aspect to take into consideration
regarding a SLM is its diffraction properties. Since the SLM is an array consisting of
number of discrete cells, incident light will be diffracted from the device even if it is not
modulated. This will cause the intensity of the incident light to be divided between the
different diffraction orders. Most of the light will be in the zeroth order diffraction, less
in the first order etc. It is also worth noting that the direction of the diffraction are both
horizontal and vertical

The procedure to modulate the phase of a beam is illustrated in Figure 8b. Imagine that
the laser beam should form a text ”InFeRa”. First a gray scale image with the text is
created in a software that makes images. Then using the Gershberg Saxton method [35],
a corresponding phase map image, A in Figure 8b, is calculated. The phase map is then
sent to the SLM which then modulates the phase of the light accordingly. A lens with
focal length f is then used to focus the phase modulated beam and the desired pattern
can be seen in the focal plane, B in Figure 8b. To control the position of the pattern
different striped patterns and Fresnel lenses, see Figure 8c, are added to the phase map
depending on the wanted change of the position. The horizontal lines move the pattern in
the vertical direction, the vertical lines moves the pattern in the horizontal direction and
the Fresnel pattern changes the effective focal length of the system. For more information
on the how different patterns affects the light the reader is referred to the Fourier optics
chapter in [36].
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(a) (b) (c)

Figure 8: a) A sketch of an array with liquid crystals oriented in different directions. B)
If the beam producse the text “InFeRa” the phase pattern A is calculated and displayed on
the SLM. To produce the pattern the phase modulated light is focused using a lens, i), and
the resulting pattern B can be seen at the focal plane. ii) The position of the focal plane
can be adjusted. c) Patterns that can be added to the phase map to control the position of
the pattern: horizontal lines – vertical movement, vertical lines - horizontal movement,
diagonal lines – diagonal movement, Fresnel lens – change of focal length of the lens.





Chapter 3

Experimental setup and
simulations

3.1 Principle of the experiments
The main interest of the experimental setups has been the direct imaging of SRS without
scanning the sample. In Figure 9 the principle of the direct imaging experimental setup,
used in paper A and B, can be seen. The Stokes light, represented by the red shaded
area, is guided into the sample to illuminates a larger volume with the laser beam. Then
the pump beam, represented with the dashed green lines is focused and reflected into the
sample using a dichroic mirror. Behind the sample a second dichroic mirror is placed to
remove the pump light before the Stokes light is guided to a camera for imaging. An
SRS signal is generated where the two laser beams overlap if the intensity of the pump
beam is higher than the minimum intensity required to generated SRS. Two different
experimental setups were developed, one to achieve spatial 3D control by a SLM of where
in the sample SRS is generated and one for the investigation of where in the sample SRS
is actually generated.

For both setups the same sample and hence same the targeted Raman shift were used.
The sample was 99.7% spectroscopic ethanol (Solveco Ab, Rosersberg, Sweden) and the
targeted Raman shift was the 2934 cm−1 Raman band assigned to the CH2 asymmetric
stretching [37]. The laser was a Q-switched Continuum PL 8000 system (Continuum, Ca
USA). 1064 nm laser pulses was first frequency doubled to 32 nm and then frequency
tripled to 355 nm. The remaining 532 nm pulses after tripling process was used as the
pump beam in the experiments. The 355 nm beam was guided into a optical parametric
oscillator (Continuum Sunlite EX OPO, Continuum, Ca, USA) to produce a beam with
the wavelength 630.45 nm so that the frequency difference corresponded to the Raman
shift of interest.

15



16 Chapter 3. Experimental setup and simulations

Figure 9: The main principle of generating SRS for direct imaging. Collimated Stokes
light, red shaded area, is guided through the sample. The pump light is focused using a
lens and combined with the Stokes light using a dichroic mirror. After the sample the
pump light is removed using a second dichroic mirror. The Stokes light is guided onto a
camera to capture an image.

3.2 Spatial control in 3D
To control where in the sample SRS was generated a SLM was used. The setup can be
seen in Figure 10 and a short description follows here. Please turn to Paper A for more
details. The pump light, represented by green dashed lines, passed through a rotator and
two thin film polarizers (1) that were used for seamless control of the beam intensity. The
pump beam was then expanded to cover the active area of the phase SLM (X10468-04
LCOS-SLM, Hamamatzu,Japan) (3a). The SLM was controlled using a control unit (3b)
connected to a computer (3c). Note that for the SLM used in the experiments it was
required to use the first order diffraction order to control the phase of the light. The
modulated light was then focused into the sample (7) using a lens (4). The Stokes light,
the red solid lines, was expanded 16 times (6) before it was combined with the pump light
by a dichroic mirror (5) and directed into the sample. After the sample the pump beam
was separated (8) from the Stokes light. The Stokes light was then focused by a lens (9)
and imaged by the camera (11), passing two filters (10) to make sure that no pump light
reached the camera.

In the experiment three images where taken. In the first image the spot of the focused
pump beam was imaged onto the camera. In the second image, the SLM was used to
change the position of the focused pump light, while the old position was imaged. In the
third image, the camera position was adjusted to image the new position of the pump
beam focus.
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Figure 10: The experimental setup used for 3D spatial control of the SRS. The pump
beam is represented by the green dotted line and the Stokes beam by the red solid line.
The components used in the setup: (1) Rotator and two thin film polarizers for intensity
control, (2) 3 times telescope objective, (3a) LCOS SLM, (3b) SLM control unit, (3c)
computer, (4) focusing lens, (5) dichroic mirror for merging the two beams, (6) 16 ×
beam, (7) the sample, (8) dichroic mirror, (9) imaging lens, (10) two filters, (11) the
camera.

3.3 Investigation of spatial generation

3.3.1 Experiment

When SRS is imaged directly onto a camera it is of interest to know where the SRS signal
was generated spatially. It is important to know that the generated SRS signal comes
from the targeted region. The experimental setup seen in Figure 11 was developed to
investigate the spatial generation and to make measurements that could be compared to
computer simulations. The experimental setup and simulation process are described in
detail in Paper B.

The experimental setup is similar to the one shown in Figure 10, but the SLM was
removed and two different sample setups where used. The first sample setup, 5A) in the
figure, was used to investigate the physical width of the SRS signals using different pump
powers. The second setup, 5B), was used to investigate how SRS was generated as the
two beams propagated through the sample. To image the SRS generation at a specific
interaction length, Lint, a dichroic mirror mounted onto a rail, ii), was submerged into
the sample.
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Figure 11: The experimental setup used to investigate the spatial generation. The
components used in the setup: (1) rotator and two thin film polarizers, (2) focusing lens
mounted onto a rail, (3) 16 ×beam expander for the Stokes light, (4) dichroic mirror
to combine the two beams, (5) sample, (5A) pump beam focused into the middle of the
sample, (5B) pump beam focused towards the end of the sample and a mirror on a rail
(ii) submerged into the ethanol, (6) imaging lens, (7) two filters to remove the pump light,
(8) camera.

3.3.2 Simulations

The computer simulations were setup to replicate the physical sample setup and beam
propagation distances as close as possible. In Figure 12a the sample relative to a coordinate
system can be seen. The pump and Stokes beams, IP and IS respectively, enter the
sample from the left and travel to the right. For the simulations the sample volume was
split into N xy planes all with a distance of ∆z between them, see Figure 12b. The pump
and Stokes beam profile entering the sample was then created, see Figure 12c and the
propagation through the sample was simulated using diffraction theory [40]. The beam
was propagated from one plane to the next and in each plane the SRS interaction was
modelled as a phase contribution to the Stokes beam due to the induced Kerr effect. For
more details on the theory please see Paper B.
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(a)
(b)

(c)

Figure 12: a) A visualization of the pump and Stokes beam, IP and IS respectively,
entering the sample with a coordinate system. b) The sample was split into N xy-planes
separated with a distance ∆z for the simulations. c) The initial pump and Stokes beam
used in the simulations.





Chapter 4

Results

4.1 Spatial control
In Figure 13 the results from the spatial control setup can be seen. In Figure 13a the SRS
signal is seen as a red dot in the center of the image. The light blue disk is the unamplified
Stokes light. In Figure 13b the pump beam focus has been moved to a new position, thus
no SRS signal can be seen in the image. The red areas shown in the image are most likely
explained by disturbances in the sample. In Figure 13c the camera position has been
adjusted so that the new pump beam focus position is directed onto the camera. The red
spot in the center is the SRS signal.

(a) (b) (c)

Figure 13: a) The red dot in the center is the SRS signal. b) The SLM was used to
move the position of the pump light focus, thus the SRS signal disappears. c) The camera
position has been adjusted so that the SRS signal can be seen again.

4.2 Spatial generation
In Figure 14 and 15 the results from the experiment and simulations can be seen. Figure
14a shows the yz cross-section of the simulated Stokes intensity when there is no interaction
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between the pump beam, Stokes beam and medium. The light moves from the left to the
right and has an even Gaussian distribution. Figure 14b shows the Stokes intensity when
there is an interaction between the beams and the medium and the SRS can be seen as the
red areas near the center of the image. The Stokes light is generated in a small area and
as the light continuous to propagate the light diverges. To compare the SRS generation
for different pump energies the intensity in the propagation direction along the z axis
was plotted, see Figure 14c. The maximum in Stokes intensity is reached at a position
slightly behind the position of the pump beam focus. In Figure 14d the experimental
SRS gain can be seen together with the simulated gain. The experimental gain follows
a linear trend meanwhile the simulations follows an exponential trend. Figure 14e and
14f shows the cross-section of the autocorrelation for the simulations and experiments,
respectively. The Full Width at Half Maximum (FWHM) of the peaks did not change
significantly when the pump energy was increased.

(a) (b) (c)

(d) (e) (f)

Figure 14: a) The simulated Stokes intensity when there is no interaction between the
two beams and the sample. b) The Stokes intensity when there is an interaction between
the two beams and the sample. The bright area near the center is the SRS signal. c) The
simulated Stokes intensity along the z axis for five different pump energies. The black
line indicates the position of the pump beam focus. d) The SRS gain for different pump
energies. The simulated gain can be seen as black squares and the rest is the experimental
gain. e) The cross section of the auto correlation of the simulated data. f) The cross
section of the autocorrelation of the experimental data.

Figure 15 shows the SRS gain at different interaction lengths. The experimental results
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are placed above corresponding simulation image. A photo of the pump beam structure
can also be seen. The experimental SRS image is in the upper row and the corresponding
simulated image is shown below. It can be seen that areas of low gain are generated early
on in the sample in both the simulations and experiments. For the experiments the areas
are somewhat centered on the left side of the image, comparing this to the pump beam
structure it can be seen that these areas correspond well to the higher intensity area of
the pump beam. For the longest interaction length the simulated and experimental image
are similar to each other.
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Figure 15: The SRS gain for different interaction lengths. The experimental image is
positioned above the corresponding simulated image. A photograph of the pump beam
pattern.



Chapter 5

Conclusion and discussion

3D spatial control
This thesis has investigated 3D spatial control and generation of SRS. Using a SLM it
is possible to control the spatial position and shape of the pump beam and thus the
shape of the generated SRS signal. However, the use of a phase SLM has its limitation.
Since the first diffraction order had to be used in order to modulate the pump beam, the
amount of pump light entering the sample was reduced. To compensate for this loss higher
initial pump energies could be used but there are limitations on how high intensities the
SLM component can handle before damaging the liquid crystals. This loss of intensity
also causes limitation on how large pattern that can be created since a minimum pump
intensity needs to be reached in order generate SRS.

Spatial generation
The experimental and simulation results regarding the spatial generation indicated that
most of the SRS is generated close to the pump beam focus, and that spatial position of
where the Stokes intensity reaches its maximum lies slightly behind the position of the
pump beam focus. The width of the autocorrelations also indicates that the area of where
SRS is generated does not change a lot when the pump beam energy is increases. The
comparison of the experimental gain to the simulated gain shows that the experimental
gain follows a linear trend meanwhile the simulations follow an exponential trend. The
theory used for the simulations uses exponential expressions for the two beams and does
not take into account the saturation effect that probably is present in the experiments
due to the use of a high intensity pump beam with a quite large pulse width. Another
challenge is comparing the simulations to the experimental data since these are the large
variations in the pulse energy provided by the OPO of the laser system, which causes a
large spread in the experimental data.
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Chapter 6

Future Work

Future work consists of merging the SRS setup with a setup used for interferometric
imaging [22]. To do so knowledge on the behavior of backscattered SRS is necessary.
The first experimental investigations dealing with the properties of backscattered SRS
have been initiated. The next step is to study the SRS generated from a thin and diffuse
surface and try and image this in the backward direction. The final step is to fuse SRS
with the interferometric setup and use a new laser system to provide pulses with shorter
pulse lengths that will enable the imaging of biological samples.
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