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Chapter 1

Introduction

In recent years, the risk of terrorist attacks based on the use of chemicals warfare
agents (CWAs) has increased, thus requiring new systems for prevention and
detection of these agents: the main necessity is to develop fast, precise and
efficient techniques. In this thesis a set up based on Raman spectroscopy is
exploited, in particular, the coherent anti-stokes Raman spectroscopy (CARS)
technique is implemented in the Fourier transform version (FT-CARS). To
implement this technique, ultra-short pulses are required, thus we first needed
to develop a pulse generation stage too.

In order to obtain ultra-short pulses a fiber-based configuration has been
chosen. We started from a low power mode-locking Ytterbium laser and the
generated pulses were injected in a Ytterbium fiber amplifier. The choice
of Ytterbium was led by the fact that light amplification in such a material
involves two energy levels manifold separated by an extremely small energy
gap resulting in extremely low quantum defects. High power efficiency is thus
achievable and detrimental effects such as thermal effects, quenching and excited
state absorption are significantly reduced [6]. In order to obtain the required
bandwidth, the pulses undergo a spectral broadening stage consisting in the
propagation through a photonic crystal fiber (PCF). Although such a short-pulse
can easily get stretched by transmitting through a medium, we carefully chose
the optical components and keep the amount of dispersion of the system as low
as possible so that we achieve the large spectral bandwidth by compensating
the dispersion with chirped mirrors and a prism pair. This simple dispersion
management drastically reduces the complexity of the system, otherwise one
has to use an additional device such as a spatial light modulator in order to
compensate higher-order dispersion.

The choice of Raman scattering spectroscopy is driven by the fact that it
provides the intrinsic molecular vibrational information about the sample in
a label-free and non-invasive manner, thus it is widely used for investigating
materials, chemicals, and biological specimens. However, since the spontaneous
Raman scattering process typically has a low scattering cross-section, measure-
ments demand long data acquisition times, thus representing a limiting factor
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for many applications. On the other hand, spectroscopy based on coherent
Raman scattering (CRS) including CARS and stimulated Raman scattering
(SRS) has significantly improved the data acquisition time by virtue of the
enhanced nonlinear signal. In particular, CRS spectroscopy has been employed
in different applications such as: cancer detection, drug delivery, endoscopy,
single molecule analysis and lipid metabolism. To improve the measurement
speed, several broadband CRS spectroscopies have been developed with a multi-
channel detector, frequency-swept lasers, dual frequency combs or a Michelson
interferometer.

FT-CARS spectroscopy is a version of time-domain coherent Raman scatter-
ing spectroscopy whose principle is analogous to impulsive stimulated Raman
scattering. In FT-CARS, a train of dual pulses with a time delay with respect to
each other is used to excite and probe the target molecular vibrations. The first
pulse excites the vibrations, whose periods are longer than the pulse width, which
are then probed by the second pulse. The time delay is scanned by every pulse
pair to pulse pair, which generates anti-Stokes or Stokes pulses alternately. When
the probe pulse probes the molecular vibration out-of-phase, it gains energy
from the molecules (anti-Stokes shift). The resulting filtered anti-Stokes signal is
encoded in the time-domain interferogram, which is detected by a photodetector.
The CARS spectrum can be obtained by taking the Fourier-transform of the
interferogram.

In this thesis, an FT-CARS technique combined with femtoseconds pulses is
presented, that enabled us to measure a large spectral bandwidth by virtue of the
excitation mechanism of impulsive stimulated Raman scattering. Thus we were
able to perform CARS measurements acquired at a range of different integration
times, which let us elucidate the shortest time to acquire a CARS spectrum with
acceptable signal-to-noise ratio for different chemical/surface combinations.
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Before getting into the heart of the thesis, Chapter 2: Theoretical Prin-
ciples provides the background theory about the most important aspects of the
project. First of all, the basic features of mode-locked oscillators are presented
in Section 2.1, then Section 2.2 focuses on fiber non-linear optics, in particular
fiber amplifiers are briefly presented and the principles of SPM broadening in
optical fibers are discussed. Finally, Section 2.3 first presents the basic principles
of spontaneous Raman scattering, then coherent Raman scattering is introduced
and the FT-CARS technique is presented.

In Chapter 3: Laser Source, the experimental set-up developed and the
properties of the obtained laser source are presented. In particular in Sections
3.2.1 and 3.3, the experimental setup is presented and discussed in its main
components. In Section 3.4 the properties of the obtained pulse are shown.

Chapter 4: FT-CARS enabled by Michelson Interferometer is di-
vided in 3 main Sections. In the first one, Section 4.1 the experimental set-up, in
its different iterations, is presented. Next, in Section 4.2, the results we achieved
in the detection of CWAs simulants are discussed. Then, Section 4.3 describes
in deeper details the sampling process implemented.
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Chapter 2

Theoretical Principles

In the following chapter the basic physical principles of the project will be
discussed. In Section 2.1, the concept of mode-locking laser will be discussed;
in Section 2.2 the principles of fiber amplifiers and spectral broadening due
to fiber non-linearities are presented; finally in Section 2.3 Raman scattering
spectroscopy is discussed in its different implementations.

2.1 Mode-Locked Oscillators

The basic principles of mode-locking will be discussed as in the literature [7].
Consider a laser oscillating on a large number of longitudinal modes. Usually, the
phases of these modes will have random values and for CW oscillation, the beam
intensity will show a random time behavior. Despite this randomness, since
these pulses arise from the sum of N frequency components evenly spaced, the
pulse waveform has the following general properties, characteristic of a Fourier
series:

1. The waveform is periodic with period τp = 1
∆ν where ∆ν is the frequency

difference between two consecutive longitudinal modes.

2. Each light pulse has a duration ∆τp roughly equal to 1
∆νL

, where ∆νL =
N∆ν is the total oscillating bandwidth.

Notice that, for lasers with large gain bandwidths, such as solid-state, dye or
semiconductor lasers, ∆νL may be comparable to this gain bandwidth, so it is
possible to obtain short noise pulses with duration of picoseconds or less.

Assume now that the oscillating modes, still having comparable amplitudes,
are somehow oscillating with some definite relation between their phases. Such
a laser is referred to as mode locked, and the process by which the modes are
made to adopt a definite phase relation is referred to as mode locking.
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Figure 2.1.1: Mode amplitudes vs frequency for a mode-locked laser.

2.1.1 Frequency Domain Description

Consider the case of 2n + 1 longitudinal modes, oscillating with the same
amplitude for simplicity. We assume the phases φk of the modes in the output
beam to be described by the so called phase-locking condition:

φk − φk−1 = φ (2.1.1)

where φ is constant.

The electric field E(t), of the e.m. wave can be written as:

E(t) =

n∑
k=−n

E0 exp{i[(ω0 + k∆ω)t+ kφ]} (2.1.2)

where ω0 is the frequency of the central mode, ∆ω is the frequency difference
between two consecutive modes and where we assumed the value of the phase of
the central mode to be zero for simplicity.

One can write Eq. 2.1.2 as:

E(t) = A(t) exp(iω0t) (2.1.3)

where:

A(t) =

n∑
k=−n

E0 exp[ik(∆ωt+ φ)] (2.1.4)

5



Figure 2.1.2: Behavior of the squared amplitude of the electric field for n = 9 modes
with locked phase and equal amplitude E0.

Eq. 2.1.3 shows how the electric field can be represented as a sinusoidal
carrier wave at ω0, with a time dependent amplitude A(t).

Changing the time reference such that ∆ωt′ = ∆ωt + φ, equation 2.1.4
becomes:

A(t) =
n∑

k=−n

E0 exp(ik∆ωt′) (2.1.5)

The sum is a geometric progression, so one can obtain:

A(t′) = E0
sin[(2n+ 1)∆ωt′/2]

sin[∆ωt′/2]
(2.1.6)

The behavior of the quantity A2(t′)/E2
0 , with A2(t′) proportional to the

intensity, versus time t′ is showed in Fig. 2.1.2.
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One can notice that, as a result of the phase-locking condition Eq. 2.1.1, the
modes interfere producing a train of evenly spaced pulses. It is easy to compute
the time separation between the light pulses:

τp = 2π/∆ω = 1/∆ν (2.1.7)

One can see that the first pulse vanishes after a time t′p; since the width ∆τp
is approximately equal to t′p, one can easily obtain:

∆τp = 2π/[(2n+ 1)∆ω] = 1/∆νL (2.1.8)

where ∆νL is the total oscillating bandwidth.

So far it has been showed how, under the mode-locking condition, the output
beam consists of a train of mode-locked pulses, with duration ∆τp, about equal
to the inverse of the total oscillating bandwidth ∆νL. Since ∆νL can be of the
order of the gain line ∆ν0, very short pulses can be obtained from mode-locking
solid state or semiconductor lasers. Note also that the peak power of the pulse
is proportional to (2n+ 1)2E2

0 , while for random phases the average power is
proportional to (2n + 1)E2

0 . We can thus see that in the mode-locked case
the peak power is larger of a (2n + 1) factor, which can be rather high. So,
mode-locking is not only useful for producing very short pulses but also for
producing high peak powers.

All these results are however obtained in the rather unrealistic case of an
equal amplitude mode-spectrum. In general the envelope has a bell-shaped form
and as an example we can consider an envelope with a Gaussian distribution. In
this case, skipping calculations, we have:

∆τp =
2 ln2

π∆νL
= 0.441/∆νL (2.1.9)

So, in general, when the mode-locking condition holds, ∆τp is related to
∆νL by the relation ∆τp = β/∆νL with β a numerical factor depending on the
shape of the spectral intensity distribution. A pulse of this sort is said to be
transformed limited.

Under different locking conditions. the output pulse may be far from being
transform limited. Consider for example the following condition:

φk = kφ1 + k2φ2 (2.1.10)

with φ1 and φ2 two constants.
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In this case, assuming again a Gaussian amplitude distribution, one can
notice the following:

1. we still have a Gaussian function with width:

∆τp = (2 ln2/α)1/2 (2.1.11)

2. the presence of a phase term k2φ2 results in E(t) having a phase term
βt2, quadratic in time. So the instantaneous carrier frequency ω(t) =
d(ω0t+ βt2)/dt = ω0 + 2βt has a frequency chirp.

3. depending of the value of φ2, the product ∆τp∆νL can be much larger
than 0.441, in fact:

∆νL =
0.441

∆τp

[
1 +

(
β∆τ2

p

2 ln2

)]1/2

(2.1.12)

The physical explanation for this result is that the spectral broadening now
arises both from the modulation of E(t) and from the frequency chirp term 2βt
of E(t).
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Figure 2.1.3: SESAM scheme in a cavity.

2.1.2 SESAM - Semiconductor Saturable Absorber Mir-
rors

The methods for obtaining mode-locking can be divided into two categories [7]:

1. Active-mode-locking, in which the mode-locking element is driven by an
external source.

2. Passive-mode-locking, in which the element inducing mode-locking is not
externally driven, but exploits some non linear optical effect.

In this thesis we will briefly consider the case of passive mode-locking, in
particular on the use of semiconductor saturable absorber mirrors (SESAM)
since it is the one used in our case.

A SESAM usually consists of a mirror structure with an incorporated sat-
urable absorber, all made in semiconductor technology, as shown in Fig. 2.1.3.
These devices allow for self-starting, stable, and reliable mode-locking of diode-
pumped ultra-fast solid-state lasers [8].
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Figure 2.1.4: Quarter-wave Bragg Mirror.

Bragg Mirrors

Tipically, the mirror structure of a SESAM is given by a Bragg mirror: it consists
of an alternating sequence of layers of two different optical materials. The most
frequently used design is that of a quarter-wave mirror, where each optical layer
thickness corresponding to one quarter of the wavelength for which the mirror
is designed [9], as shown in Fig. 2.1.4. The essential idea is that, at the Bragg
wavelength, the reflections at each index discontinuity add up in phase, leading
to a large reflectivity. Generally, more than 20 Bragg pairs are required for a
mirror [10].

The reflectivity of a Bragg mirror depends on the difference between n1

and n2 and on the number of layer pairs. When the number of layer pairs is
sufficiently high, the reflectivity is characterized by a broad spectral region of
very high reflectivity around the Bragg wavelength [10]. This region is called
stop-band and it represents the wavelength interval where the periodic photonic
structure does not allow transmission.

The width of this band is roughly given by [10]:

∆λstop ≈
2λB∆n

πng
(2.1.13)

where ∆n = |n1 − n2| and ng is the spatial average of the group index.
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Figure 2.1.5: Refractive index profile and optical intensity distribution. [1]

Saturable Absorber

A saturable absorber is an optical component with a certain optical loss, which
is reduced at high optical intensities. This can occur, for example, in a medium
with absorbing dopant ions, when a strong optical intensity leads to depletion of
the ground state of these ions [1]. Similar effects can occur in semiconductors,
where excitation of electrons from the valence band into the conduction band
reduces the absorption for photon energies just above the band gap energy.

Typically, a SESAM contains a semiconductor Bragg mirror and a single
quantum well absorber layer near the surface. The penetration of the optical
field into a SESAM can be calculated with the same matrix method applied
to other types of dielectric mirrors. Of particular importance is the optical
intensity in the region where the saturable material is placed. This influences
the modulation depth and also the saturation fluence [1]. However, the design
of the structure also influences the bandwidth and the chromatic dispersion.

The saturation energy of a laser gain medium is the pulse energy of an
incident short signal pulse which leads to a reduction in the gain to 1/e (≈ 37%)
of its initial value. Similarly, the saturation energy of a saturable absorber is
defined. The saturation fluence is the saturation energy per unit area.

Typically, an absorber layer is placed in an anti-node of the electric field as
shown in Fig. 2.1.5 [1]. That leads to maximum saturable absorption and the
smallest possible saturation fluence. If multiple absorber layers are required for
a high modulation depth, they may be placed in separate anti-nodes, or possibly
several of them near one anti-node.
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The derivation of the absorption of the saturable absorber will be presented
in the following [11].

Consider the saturable absorber as a two level system. The electrons in
the valence band of the semiconductor absorber material are in their ground
state and can be excited into the conduction band when photons with energy
E = hν are absorbed. Calling the number of states in the valence band NV and
in the conduction band NC , during the illumination of the absorber the rate of
transitions between the two states can be described as:

∂NC
∂t

= −∂NV
∂t

= B12ρ(ν)(NV −NC)− NC
τ

(2.1.14)

where B12 = B21 is the B Einstein coefficient, ρ(ν) is the density of incident
photons and τ is the relaxation time of excited electrons in the conduction band.

The excited electrons in the conduction band relax either by spontaneous
photon emission or by non-radiative energy loss with a mean relaxation time
constant τ . The sum of states in the valence and conduction band gives the
total number of electrons NT which take place on the absorption process: NT =
NC +NV . Without illumination of the absorber all electrons are in the ground
state NV = NT . In case of very high density of incident photons the maximum
value for the excited states NC = NV = NT /2 is approached and the absorber
is transparent. The absorption A of the saturable absorber is proportional to
the number of electrons NV in the ground state.

If we consider that the incident photon density is proportional to the time
dependent optical beam intensity I(t) then we can rewrite the rate equation for
the number of states into a rate equation for the absorption A(t) as:

∂A(t)

∂t
=
A0 −A(t)

τ
− A(t)I(t)

Fsat
(2.1.15)

where A0 is the non-saturated absorption, I(t) is the optical intensity and
Fsat = I(t)/B12ρ(ν) is the saturation fluence. For laser mode-locking the
relaxation time τ of the excited carriers shall be somewhat longer than the pulse
duration, thus we are in the approximation of long relaxation time τ >> tp,
where tp is the pulse duration. In this case the relaxation term in the rate
equation of the absorption can be neglected, so we are left with:

∂A(t)

∂t
= −A(t)I(t)

Fsat
with solution A(t) = A0 exp

[
−
∫ t

−∞

I(t)

Fsat
dt

]
(2.1.16)
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For a Gaussian pulse, the integration delivers:

A(t) = A0 exp

{
− S

[
1 + erf

(
t

tp

)]}
(2.1.17)

where S = F0/Fsat is called saturation parameter and F0 is the fluence of
the pulse. A representation of the time dependence of the absorption is shown
in Fig. 2.1.6.

Figure 2.1.6: Time dependent absorption for different saturation parameters.
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2.1.3 Cavity Dispersion in Femtosecond Mode-Locked Lasers

When ultra-broad-band gain media are involved, cavity dispersion plays an
important role in establishing the pulse duration achieved by ML [7].

Phase Velocity, Group Velocity and Group-Delay-Dispersion

Consider for simplicity a plane, linearly polarized, monochromatic e.m. wave at
frequency ω, which propagates along direction z of a transparent medium. The
electric field E(z, t) can be written as E = A0 exp i(ωt− βz). The propagation
constant β is a function of ω and the relation β = β(ω) is referred to as dispersion
relation of the medium. The total phase of the wave is φt = ωt − βz, so the
velocity of the phase front is obtained by imposing dφt = ωdt− βdz = 0. So the
phase velocity is given by:

vph =
dz

dt
=
ω

β
(2.1.18)

Consider now a light pulse traveling in a medium with ωL and ∆ωL, re-
spectively the central frequency and the width of the corresponding spectrum.
Assuming ∆ωL to be not very large, we can approximate the dispersion relation
linearly: β = βL + (dβ/dω)ω=ωL

(ω − ωL), where βL = β(ωL). In this case, one
can show that the electric field can be expressed as:

E(t, z) = A[t− (z/vg)] exp[i(ωLt− βLz)] (2.1.19)

where A is the amplitude of the pulse and the second term is the carrier
wave.

The quantity vg is instead given by:

vg =

(
dω

dβ

)
β=βL

(2.1.20)

One can see the pulse amplitude is a function of t− (z/vg) meaning that the
pulse propagates without changing its shape at speed vg, referred to as group
velocity. Note that, for a general dispersion relation, as shown in Fig. 2.1.7, the
phase velocity of the carrier wave is different from the group velocity.

The pulse, when traversing a length l of the medium, will accumulate a time
delay:
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Figure 2.1.7: Phase velocity and group velocity in a dispersive medium.

τg =
l

vg
= l

(
dβ

dω

)
ωL

= φ′(ωL) (2.1.21)

where we defined φ as a phase term dependent on ω:

φ(ω − ωL) = β(ω − ωL)l (2.1.22)

and φ′(ωL) = [dφ(ω − ωL)/dω]ωL
. The quantity τg is referred to as group

delay of the medium at ωL.

Consider now two pulses traveling in a medium, with central frequencies ω1

and ω2, and with bandwidths ∆ω1 and ∆ω2 respectively, where ω2 > ω1, as
shown in Fig. 2.1.8.

The slope of the dispersion relation is different at the two frequencies, so the
two pulses will travel at different group velocities vg1 and vg2. Therefore, after
traversing the length l of the medium, the two pulse will be separated in time
by:

∆τg = φ′(ω2)− φ′(ω1) ≈ φ′′(ω1) (ω2 − ω1) (2.1.23)

with φ′′(ω1) = [d2φ/dω2]ω1
.
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Figure 2.1.8: Time delay dispersion for two pulses.

Consider next the case of a light pulse with a very large bandwidth ∆ωL.
In this case, it is no longer a good approximation to describe the dispersion
linearly, in fact, different spectral regions of the pulse will travel with different
group velocities and thus the pulse will broaden as it propagates. Assuming a
dispersion relation approximated by a parabolic law in ∆ωL, the broadening of
the pulse is approximately given by the difference in group delay between the
fastest and slowest spectral components. According to Eq. 2.1.23:

∆τd ≈ |φ′′(ωL)|∆ωL (2.1.24)

The quantity φ′′(ωL) is referred to as group delay dispersion (GDD) of the
medium, at ωL, and represents the pulse broadening per unit bandwidth of the
pulse.

The quantity GVD is expressed by [7]:

GVD = (d2β/d2ω)ωL
= [d(1/vg)/dω]ωL

(2.1.25)

It is referred to as group velocity dispersion and represents the pulse broad-
ening per unit length of the medium and per unit bandwidth of the pulse.
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Limitation on Pulse Duration

When a dispersive medium is present in the cavity, an approximated value of the
steady state pulse duration is obtained form the condition that the relative time
shortening (δτp/τp)s, due to the net gain time window, must equal the pulse
broadening due to both the gain medium, (δτp/τp)g, and the dispersive medium,
(δτp/τp)d. One can derive [7]:

(
δτp
τp

)
s

= 0.14
g0

∆τ2
p∆ν2

0

+ 3.84
φ′′2

∆τ4
p

(2.1.26)

The two term are inversely proportional to ∆τ2
p and ∆τ4

p , therefore the
importance of GDD in establishing the pulse duration becomes more important
as ∆τp decreases.

In order to obtain the shortest possible pulse, second order dispersion GDD
should be compensated, together with higher order dispersion terms. The now
classical solution to providing negative and controllable second order GDD in a
laser cavity utilizes a four prisms sequence.
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2.2 Fiber Amplifiers and SPM-enabled Spectral
Broadening in Optical Fibers

2.2.1 Fiber Amplifiers

Among many ultra-fast laser systems, ultra-fast Yb-fiber lasers have attracted
intensive research efforts because of their superior power scalability, small foot-
print, excellent beam quality, and potential maintenance-free operation [2]. In
this section the basics about optical fibers, fiber amplifiers, and nonlinear fiber
optics will be presented.

Passive Fiber

Optical fibers are the fundamental components of fiber optics. They are usually
made of some kind of glass; the most commonly used glass material for fibers
is fused silica and optical fibers with a length of hundreds of kilometers can
be obtained this way. Most optical fibers used in laser technology have a core
with a refractive index higher than that of the surrounding medium, known as
cladding. For the simple case of step-index optical fibers, the refractive indexes
are constant for both the core and the cladding. Light launched into the fiber is
guided by the core: the light propagates mainly in the core region, though the
intensity distribution may extend beyond the core. Due to the guidance and the
low propagation losses, the optical power can be maintained in the fiber for long
propagation distances [2].

The design of a step-index fiber can be characterized with only three param-
eters: the core radius and the refractive indexes of the core and the cladding.
Single mode fibers (SMFs) for guiding light at about 1.030 µm (the Yb-fiber laser
wavelength) have a nominal core diameter of a few microns. The core-cladding
refractive index contrast determines the fiber’s numerical aperture(NA),which is
defined as [2]:

NA =
1

n0

√
n2
core − n2

cladding (2.2.1)

where n0 is the refractive index of the surrounding medium. The numerical
aperture NA corresponds to the maximum acceptable angle of an incident beam
with respect to the fiber axis and quantifies the strength of the fiber guidance.

Photonic crystal fiber (PCF) is a special type of optical fiber consisting of
only one material (usually fused silica), containing small air holes with diameters
well below 1 µm. PCFs are fabricated by drawing fiber preforms that are
prepared by stacking capillary tubes. By varying the arrangement of air holes,
PCFs can be fabricated with customized properties and they have found many
important applications such as fabrication of extremely nonlinear fiber devices,
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high-energy and high-power laser beam delivery, and construction of high energy
fiber amplifiers.

Active Fiber

If the core of an optical fiber is doped with rare-earth ions,such as ytter-
bium,erbium,thulium and so on, the fiber now becomes an active fiber and
can work as a gain medium to construct ultra-fast fiber lasers. Single-pass
of an Yb-doped fiber can provide small signal gain up to > 30 dB [2]. The
schematics of a single-clad co-pumped fiber amplifier [6] is shown in Fig. 2.2.1.
The pump and seed light are both confined in the single-mode core by total
internal reflection, which results in excellent overlap between pump and seed.

An important aspect related to fiber amplifiers is the pump scheme. Based
on the coupling technique, some common pump schemes are side-pumping,
end-pumping and V-groove side-pumping [6]. Based on the direction of pump
propagation with respect to seed/laser propagation, the pump schemes are
classified as counter-pumping, co-pumping and bidirectional-pumping [6]. Optical
isolators are used at the input and output ends to protect the seed and pump
sources from backreflections.

Though single-clad fiber devices can achieve a very high gain, the maximum
output power is limited due to the power available from single-mode pump
sources. High power pump sources typically have a multi-mode output and hence
cannot be used effectively to pump single-clad fibers. This is the reason why
different fiber designs and architecture were investigated [12][13], such as the
double-clad fibers [14].

In this design, the high power multi-mode pump laser is coupled into a
large inner cladding (ic) with refractive index lower than the core but higher
than the outer cladding (oc) (ncore > nic > noc), so that the pump light is
guided in the inner cladding by total internal reflection. When the pump light
overlaps with the core, it is absorbed by the active dopants in the core and

Figure 2.2.1: Single-clad, co-pumped fiber amplifier.
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Figure 2.2.2: Cladding pumped, double-clad fiber amplifier.

thus enables amplification of the seed light [6]. Thus single mode beam quality
can be maintained despite the use of high power multi-mode laser diodes as
pump sources [6]. Such fiber systems are said to be ”cladding pumped” and the
schematic of such an amplifier is shown in Fig. 2.2.2.

The main advantage of a single-clad fiber, namely the excellent overlap of
pump modes with the doped area, is lost in case of a double-clad fiber design.
The simple centered circular core geometry shown in Fig. 2.2.2 is the easiest
to fabricate and use, however, in such a structure, a large number of pump
modes in the inner cladding have poor overlap with the core area, resulting
in low efficiency of pump absorption in the core thus reducing the gain and
power efficiency of the active fiber. Different inner cladding geometries have
been proposed in order to increase the overlap of the pump modes with the core
area [15][16].

Non-Linear Fiber Optics

When ultra-fast pulses propagate in the core of an optical fiber, with a nominal
diameter of several microns, the intense peak power modifies the refractive index
of the fiber material and leads to non-linear fiber optic effects [2]. This material
response can be represented by an expansion of the material polarization [17]:

P = χ(1)E + χ(2)EE + χ(3)EEE + ... (2.2.2)

where χ(n) is the nth order susceptibility of the material. Glasses are usually
optically isotropic material and thus the second-order susceptibility vanishes.
The different kinds of non-linearities considered here can be expressed in terms of
the real and imaginary parts of the third-order nonlinear susceptibility appearing
in Eq. 2.2.2. The real part is associated with the refractive index, the imaginary
part corresponds to a time or phase delay in the material response, giving rise to
either loss or gain. For instance, the nuclear contribution to stimulated Raman
scattering or the electrostrictive stimulated Brillouin effect, both resulting in loss
or gain,can be expressed in terms of the imaginary part of χ(3), while four-wave
mixing is associated with the real part of χ(3) [18][19][20].
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Given the small non-linear index of silica (n2 = 2.6 10−26 cm2/W ), one
would expect non-linear effects to be not prominent in optical fibers. However,
two other fiber parameters, the mode field area (MFA) Aeff and the effective
length Leff , that strongly enhance the light-fiber non-linear interaction. These
two parameters are given by [21]:

Aeff =

( ∫ +∞
−∞ |A(x, y)|2dxdy

)2∫ +∞
−∞ |A(x, y)|4dxdy

(2.2.3)

Leff =
1

α
(1− e−αL) (2.2.4)

where A(x, y) is the field distribution and α is the loss coefficient. MFA of
conventional SMFs is about 80 µm. Leff is the effective propagation length
taking into account loss. It is possible to compare the non-linearities in bulk
media and silica fibers using the following ratio [21]:

IfLeff (fiber)

IbLeff (bulk)
=

λ

πr2
0α

(2.2.5)

where If and Ib are the intensity (power per unit area) in the fiber and bulk,
respectively. λ is the wavelength and r0 the mode field radius of the fiber. As
one can see from Eq. 2.2.5, a small mode field radius and low loss can greatly
enhance the ratio and thus the optical non-linearities in fibers. For example,
if we choose the wavelength to be 1 µm and a fiber with a typical loss of 0.2
dB/km, the nonlinear enhancement simply due to the small core can be of the
order of 108.

GVD is another critical parameter in non-linear fiber optics causing mainly
three effects [2]:

1. it determines the phase matching of parametric non-linear processes;

2. it causes group velocity mismatch and thus limits the effective interaction
length for ultra-short pulses;

3. it stretches the propagating pulses, reduces the pulse peak power and
therefore weakens the nonlinear interaction.

Fiber-optic non-linear effects can be a severe disadvantage for high energy
pulse amplification and delivery in fibers because high peak intensities cause
many fiber-optic non-linear effects that distort both the optical pulse and the
optical spectrum. As a result, suppressing these non-linearities is crucial in
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designing ultra-fast fiber laser systems. For example, high-energy(>1 µJ) ultra-
fast Yb-fiber amplifiers usually employ chirped-pulse amplification (CPA) to
mitigate the detrimental nonlinear effects. In a typical Yb-fiber CPA system,
weak pulses are temporally stretched before seeding into an Yb-fiber amplifier
followed by a compressor to compress the stretched, amplified pulses to the
transform-limited duration. However, fiber-optic non-linearities are extremely
useful for many applications, such as wavelength conversion, spectral broadening
and pulse compression, supercontinuum generation, etc.

2.2.2 SPM-enabled Spectral Broadening in Optical Fibers

Non-linear spectral broadening of ultra-short pulses in an optical fiber can be
precisely modeled by the generalized non-linear Schrödinger equation (GNLSE)
[22]:

∂A
∂z +

(∑
n=2 βn

in−1

n!
∂n

∂Tn

)
A = iγ

(
1 + i

ω0

∂
∂T

)(
A(z, T )

∫ +∞
−∞ R(t′)|A(z, T − t′)|2dt′

)
(2.2.6)

where A(z, t) is the envelope of the amplitude of the pulse and βn represents
the n-th order fiber dispersion. The non-linear parameter γ is defined as γ =
ω0n2/(cAeff ), where ω0 is the pulse center frequency, n2 the nonlinear-index
coefficient of fused silica (with a typical value of 2.4 10−20 m2W−1), c the
light speed in vacuum and Aeff the mode-field area. Aeff is connected to the
mode-field diameter by Aeff = π(d/2)2. R(t) describes both the instantaneous
electronic and delayed molecular responses of fused silica, and is defined as:

R(t) = (1− fR)δ(t) + fR(τ2
1 + τ2

2 )/(τ1τ
2
2 ) exp(−t/τ2) sin(t/τ1) (2.2.7)

Taking into account dispersion, self-phase modulation (SPM), self-steepening
(SS) and stimulated Raman scattering (SRS), Eq. 2.2.7 has been used to study
non-linear propagation of ultra-short optical pulses inside an optical fiber [2].
Such a non-linear propagation can significantly broaden the optical spectrum
and, under certain conditions, lead to supercontinuum generation.
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Pure SPM

Consider first SPM only, neglecting dispersion, SS and SRS [2]. Eq. 2.2.6 is thus
simplified:

∂A

∂z
= iγ|A|2A (2.2.8)

The analytical solution of Eq. 2.2.8 is:

A(z, t) = A(0, t) exp(iγ|A(0, t)|2z) (2.2.9)

We can see that the phase term is dependent on the intensity profile of the
pulse itself, thus, the electric field:

E(z, t) = A(z, t) exp[−i(ω0t− k0z)] =

= A(0, t) exp[−i(ω0t− k0z − γ|A(0, t)|2z)] =

= A(0, t) exp[−iφ(z, t)] (2.2.10)

where ω0 is the central frequency, k0 is the wave-vector at that frequency
and we defined the overall phase as φ(z, t).

Since the instantaneous frequency is the time partial derivative of the overall
phase, one has:

ωi(z, t) =
∂φ(z, t)

∂t
= ω0 − γ

∂|A(0, t)|2

∂t
z (2.2.11)

As one can see, new frequencies are generated by this process. In terms
of wavelengths, the behavior of a 200-fs hyperbolic secant-squared pulse with
central wavelength at 1.03 µm (Yb emission) and 50 nJ pulse energy, propagating
inside an optical fiber with a mode-field diameter of 6 µm, is shown in Fig. 2.2.3.
From the picture one can notice that the spectrum of generated wavelengths
dramatically increases with the fiber length z.
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Figure 2.2.3: (a) Power profile of the input pulse; (b) Generated wavelengths as a
function of time, for different propagation length z in the fiber.

It is also possible to observe this behavior in the frequency domain, as shown
in Fig. 2.2.4 [2]. Fig. 2.2.4 not only shows that the spectrum is broadened along
the fiber length, but also that the spectrum is composed of isolated spectral
lobes, whose number is linearly proportional to the fiber length: this is a unique
feature of an SPM broaden spectrum. Another peculiar feature of the spectrum
is that the leftmost and rightmost spectral lobes are the strongest, having an
energy > 40% of the overall energy.
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Figure 2.2.4: (a) Spectrum evolution versus fiber length; (b) Optical spectrum after
propagating 6 cm in the fiber. [2]

Effect of SS and SRS

Even though the results shown previously are interesting and informative, they
are unpractical since SPM only is considered. In fact, other non-linear effects
takes place: SS and SRS. In Eq. 2.2.6, self-steeping is related to the term
proportional to 1

ω0
while the stimulated Raman scattering is related with the

term R(t) [23]. It is possible to solve Eq. 2.2.6 taking into account these terms
[2] and considering a pulse as in the previous section, one obtains the behavior
shown in Fig. 2.2.5 [2].

The spectrum broadened due to SPM and SS (blue curve in Fig. 2.2.5) is
significantly blue shifted compared with the SPM-broadened spectrum (Fig.
2.2.4 (b)). When one considers also SRS, the spectrum (red curve in Fig. 2.2.5)
becomes slightly narrower due to the small red shift of those spectral lobes on
the left side; the corresponding pulse of this spectrum is shown as the inset.
Maintaining almost its initial duration of 200 fs, the pulse exhibits a steeper
trailing edge because of SS. It is the SS-induced steep trailing edge that extends
the overall spectrum more into the shorter wavelength range.
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Figure 2.2.5: Optical spectra for simulations after 6 cm propagation, including SPM
and SS (blue curve) or including SPM, SS, and SRS (red curve). Inset: optical pulse
at the fiber output when the simulation includes SPM, SS, and SRS. [2]

So, summing up, one can observe that:

1. SS extends the broadened spectrum more towards shorter wavelengths;

2. For pure SPM, the energy of the leftmost and rightmost lobes is the same,
while when SS and SRS are included, more energy is converted in the
rightmost lobe;

3. The effect of SRS is minimal when compared with the effect of SS.

Effect of Dispersion

The results shown in Fig. 2.2.5 let us understand the physical processes related
to spectral broadening. However, the fact that we are neglecting GVD makes the
simulation inaccurate: GVD plays in fact an important role in non-linear fiber
optics. Different nonlinear phenomena arise from the nonlinear pulse propagation
inside a fiber with negative GVD: due to these complicated nonlinear interactions,
the resulting broadened spectrum features fine structures with reduced phase
coherence and generation of nearly transform-limited becomes challenging and
suffers from poor efficiency [2]. In contrast, spectral broadening in a positive
GVD fiber avoids involving above mentioned nonlinear phenomena and generates
much smoother optical spectrum. Therefore the discussion will be restricted to
positive GVD only.
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Figure 2.2.6: (a) Spectrum for simulations after 6 cm propagation including SPM,
SS, SRS, and GVD (5 fs2/mm). Inset: close-up of the spectral range from 600-800 nm.
(b) Corresponding pulse. Inset: close-up of the pulse envelope in the temporal range of
250-300 fs. [2]

The terms responsible for dispersion are the βn terms in the sum of Eq. 2.2.6.
It is possible thus possible to redo the simulation reported before accounting for
dispersion too [2]. Assuming a GVD of 5 fs 2/mm and considering all the other
parameters unchanged, the behavior obtained is reported in Fig. 2.2.6 [2].

Due to the positive GVD, the initial 200-fs pulse increases its duration along
the propagation, this results in a reduced non-linearity and thus a narrower
broadened-spectrum. In fact, Fig. 2.2.6(b) shows that the pulse at 6 cm
propagation distance has a duration of ∼ 400 fs. Rapid oscillations (inset of
Fig. 2.2.6(b)) are present at the steep trailing edge of the pulse, indicating onset
of optical wave breaking, which in the spectral domain appears as a pedestal
extending to < 650 nm (inset of Fig. 2.2.6(a)). It is possible to observe that
the positive GVD tends to wash out the lobe structures in the optical spectrum,
thus the spectral valley between two adjacent peaks become shallower.
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Figure 2.2.7: Evolution of 50 nJ pulses propagating in 6 cm fiber and evolution of
150 nJ pulses propagating in 2 cm fiber. (a) spectral evolution. (b) temporal evolution.
[2]

To have better insight of the effect of GVD, another simulation with the
GVD increased to 15 fs2/mm (all other parameters unchanged) is presented in
Fig. 2.2.7 [2]. The blue curve in Fig. 2.2.7(a) shows that the resulting optical
spectrum becomes much narrower and the lobe structures tend to wash out.
Due to larger GVD, optical wave breaking occurs also at the leading edge of the
pulse and becomes stronger at the trailing edge (blue curve in Fig. 2.2.7(b)),
manifesting in the spectral domain as pedestals emerging at both the short- and
long-wavelength edges (blue curve in Fig. 2.2.7(a)).

These detrimental effects caused by GVD can be prevented by increasing the
input pulse energy and reducing the fiber length. Indeed, Eq. 2.2.6 is unchanged
if A(z, t), βn and z are replaced by

√
NA(z, t), Nβn, and z/N , where N is a

positive number. This scaling property suggests that increasing the input pulse
energy and shortening the propagation distance can cancel out the unfavorable
effects of an increased GVD. To confirm this scaling property, a 150 nJ pulse
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through 2-cm fiber with 15 fs2/mm GVD is numerically propagated and the
results are plot as the red curves in Fig. 2.2.7. As expected, the resulting
spectrum (red curve in Fig. 2.2.7(a)) and pulse (red curve in Fig. 2.2.7(b))
share exactly the same profile as their counterparts shown in Fig. 2.2.6(a) and
Fig. 2.2.6(b) that are obtained from propagating 50 nJ pulse through 6-cm
fiber with 5 fs2/mm GVD. These results suggest an energy scalable approach
in implementing wavelength tunable ultra-fast sources: increase input pulse
energy and shorten fiber length to minimize the GVD effect such that fiber
non-linearities (mainly SPM) dominate the spectral broadening process.
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2.3 Raman Scattering

In this section, first the basic concepts of Raman scattering [24] will be presented,
then coherent Raman scattering [25] [26] will be introduced and finally FT-Cars
[25] [27] will be discussed.

2.3.1 Spontaneous Raman Scattering

When a transparent medium is illuminated with a beam of monochromatic
light of wavenumber ν̃0, the majority of the incident light gets transmitted
without any change, while a smaller portion is scattered within the whole solid
angle [24]. The spectral analysis of the scattered light shows that, in addition
to scattering without change of wavenumber of the incident light (Rayleigh
scattering), there are also discrete components with a different wavenumber. In
general, there are pairs of new lines appearing in the spectrum at wavenumbers
positioned symmetrically with respect to the Rayleigh line, i.e. ν̃′ = ν̃0 ± ν̃M ,
where the wavenumbers ν̃M correspond to transitions between rotational or
vibrational energy levels of molecular systems [24]. The appearance of these
altered frequencies in scattered light is called Raman effect or Raman scattering,
after its discoverer.

Raman scattering is a very weak effect, it is in fact always accompanied with
Rayleigh scattering, having an intensity usually 3–5 orders of magnitude greater.
Note, however, that Rayleigh scattering itself is only about 10−4–10−3 of the
intensity of the incident exciting radiation. The new components appearing in
the spectrum at shifted wavenumbers are referred to as Raman lines or Raman
bands, and collectively they are called to Raman spectrum. The Raman bands
at wavenumbers less than the exciting wavenumber are referred to as Stokes
lines, whereas those appearing at higher wavenumbers as anti-Stokes lines.

Ligth-Matter Interaction: a Brief Reminder

According to classical theory, the most efficient source of e.m. radiation is an
oscillating electric dipole, with a radiation intensity several orders of magnitude
greater than that of other sources of radiation, such as oscillating magnetic
dipoles, electric quadrupoles, or higher order multipoles [24]. Thus, in order to
understand the origin of scattering of light by molecules, we should consider the
distribution of electric charges within the molecule and establish whether there
is a permanent or induced electric dipole able to oscillate when modulated by
the normal vibrations.

An electric dipole is given by a pair of point charges −q and +q separated by
a distance r and it is characterized by its dipole moment vector µµµ, defined as:

µµµ = q sss (2.3.1)
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where sss is a vector pointing from −q to +q. If the dipole oscillates at
frequency ν, corresponding to the wavenumber ν̃ = ν/c (where c is the speed of
light), then it emits e.m. radiation at the same frequency. The dipole moment
may change during normal vibrations, the nuclei are in fact displaced from their
equilibrium position [24]. The change is periodical in time, with the frequency
of the given normal vibration νM :

µµµ = µµµ0 cos 2πνM t (2.3.2)

where µµµ0 is the amplitude vector of the oscillating dipole. This oscillating
dipole of the molecule is capable of producing electromagnetic radiation at
frequency νM ; it is also capable of absorbing radiation of the same frequency,
which will excite the given molecular vibration. Scattering of light by a molecule
is associated with oscillations of an induced electric dipole. Electric dipoles can
be induced by external electric fields, either static or alternating: these external
electric fields will polarize the molecule. If this induced dipole oscillates, it can
produce electromagnetic radiation. In the case of a static external field, the
induced dipole oscillates only with the frequencies of the normal vibrations of
the molecule. Instead, in the case of an oscillating field, the induced dipole
follows the alternating electric field of the radiation and it is also modulated by
the vibrations of the nuclei [24]. As a result, it oscillates at the frequency of
the electric field as well as at combination or beat frequencies of the external
field frequency and the frequencies of normal vibrations, radiating at all these
frequencies.

Classical Treatment of Raman Scattering

The classical theory of Raman scattering is based on the concept that scattered
light is generated by oscillating electric dipoles induced by the electric field of
incident radiation [24]. The relation between the induced dipole moment vector
µµµ′ and the electric field vector EEE can be written in the form of the following
power series:

µµµ′ = αEαEαE +
1

2
βEEβEEβEE +

1

6
γEEEγEEEγEEE + ... (2.3.3)

where ααα is the polarizability, βββ the hyperpolarizability, and γγγ the second
hyperpolarizability of the molecule, all of them are tensors.

The polarizabilities can be interpreted as the measure of the flexibility of the
electron cloud: it describes how easily the electron cloud of the molecule can
be deformed or displaced to produce an electric dipole due the influence of the
external electric field [24]. The nonlinear terms in Eq. 2.3.3 are usually small
compared to the linear term, so they can be neglected in normal, linear Raman
scattering.
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If we restrict the discussion to the linear term in Eq. 2.3.3, we have:

µµµ′ = αEαEαE (2.3.4)

that can be written in matrix form as:

µ′xµ′y
µ′z

 =

αxx αxy αxz
αyx αyy αyz
αzx αzy αzz

ExEy
Ez

 (2.3.5)

The polarizability tensor can be described by a real, symmetric matrix, where
all αij = αji; thus it has at most six independent components: three diagonal
and three off diagonal.

Consider now the time dependence of the induced dipole moment defined
in Eq. 2.3.4 in a vibrating molecule, where the polarizability tensor can be
modulated by the normal vibrations [24]. The dependence of the polarizability
on the normal coordinates can be expressed in the form of the following Taylor
series:

αij = (αij)0 +
∑
k

=

(
∂αij
∂Qk

)
0

Qk +
1

2

∑
k,l

=

(
∂2αij
∂Qk∂Ql

)
0

QkQl + ... (2.3.6)

where αij is an element of the polarizability tensor and (αij)0 is its evaluation
in the equilibrium configuration; Qk is the normal coordinate associated with
the vibration of wavenumber ν̃k and one can see all the derivatives are evaluated
in the equilibrium configuration.

We proceed with the double harmonic approximation,neglecting both the
mechanical and electrical anharmonicities. On the one hand, linear dependence
of polarizability on each vibrational coordinate is assumed:

αααk = ααα0 +

(
∂ααα

∂Qk

)
0

Qk (2.3.7)
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and on the other hand, vibrations are treated as harmonic:

Qk = Qk0 cos 2πcν̃kt (2.3.8)

Consider now the time dependence of the induced electric dipole moment
µµµ′, generated under the influence of the electric field of incident radiation of
wavenumber ν̃0 in a vibrating molecule [24]. The variation of the electric field
with time is given by:

EEE = EEE0 cos 2πcν̃0t (2.3.9)

Inserting Eq. 2.3.7 and Eq. 2.3.9 into Eq. 2.3.4 and performing some
trigonometric transformations, for the kth vibration one obtain [24]:

µµµ′ = ααα0EEE0 cos 2πcν̃0t+
1

2

(
∂ααα

∂Qk

)
0

Qk0EEE0

×[cos 2πc(ν̃0 − ν̃k)t+ cos 2πc(ν̃0 + ν̃k)t] (2.3.10)

There are three cosine terms in the equation, with different arguments,
therefore the dipole is oscillating at three different frequencies simultaneously
[24]. The first term is the Rayleigh scattering, observable at ν̃0, while the second
and third terms account for Stokes Raman and anti-Stokes Raman scattering at
ν̃0 − ν̃k and ν̃0 + ν̃k. These beat frequencies are produced when the oscillating
dipole is modulated by the molecular vibration.

Classical theory is thus able to successfully describe the frequency relationship
of vibrational Raman scattering, showing that the Raman shift is independent on
the frequency of the incident radiation. Raman shifts are in fact characteristic of
the scattering molecule and this is the reason why each molecule has a distinct
Raman spectrum.

Partial Quantum Treatment of Raman Scattering

According to the principles of quantum mechanics, the energy associated with
electronic, vibrational and rotational degrees of freedom of a molecule can only
take values from a discrete set, the quantized energy levels corresponding to the
possible stationary states of the molecule. As well as their energies, these states
are also characterized by a set of quantum numbers and by a wavefunction Ψ.
In terms of quantum mechanics, radiation is absorbed or emitted by a molecular
system as the result of an upward or downward transition between two energy
levels, so the radiation absorbed or emitted is also quantized, with the energy
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Figure 2.3.1: Diagram of transitions between vibrational energy levels corresponding
to the processes of Rayleigh and Raman scattering.

enclosed in discrete photons [24]. The loss or gain of energy by the molecule is
proportional to the wavenumber of the radiation:

∆E = hν = hν̃kc (2.3.11)

where h is the Planck constant.

Both Rayleigh and Raman scattering involve two almost simultaneous transi-
tions proceeding via virtual states in which one photon of the incident radiation
is annihilated and another photon, of the same energy, in case of Rayleigh
scattering, or of lower energy or higher energy, in case of Stokes Raman and
anti-Stokes Raman scattering respectively, is created, as shown in Fig. 2.3.1.

The term ”virtual state” is used to refer to a transition state which does not
correspond to an eigenstate of the molecule; it is only an imaginary state by
which the energy exchange between the radiation field and the molecule during
the scattering process can be split up into two one-photon transitions [24].

We proceed by presenting the results of a partial quantum mechanical treat-
ment in which the molecule is treated quantum mechanically while the radiation
still classically. For the description of the light-matter interaction, e.m. radiation
is regarded as a perturbation for the molecular system. This partial quantum
mechanical treatment yields correct results for most spectroscopic processes
including Rayleigh and Raman scattering.
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Any direct transition between two energy levels is accompanied with emission
or absorption of radiation if the dipole moment of the transition, called transition
moment, is different from zero:

µfi = 〈Ψf | µ̂ |Ψi〉 (2.3.12)

where Ψi and Ψf are the wavefunctions of the initial and final states, respec-
tively, µ̂ is the dipole moment operator and the Dirac notation is used.

The quantum mechanical equivalent of the amplitude of the induced dipole
of Eq. 2.3.4 is the transition moment amplitude related to the transition from
an initial state i to a final state f , induced by radiation of wavenumber ν̃0:

〈µ0〉fi = 〈Ψf |ααα |Ψi〉EEE0 (2.3.13)

Since the frequency dependence of Raman scattering was correctly obtained
from the classical theory, it is now interesting to determine the intensity of
scattered radiation for a given vibrational transition. Thus, it is possible to avoid
the consideration of the time dependence and examine only the transition moment
amplitudes, considering Ψf and Ψi as time-independent vibrational wavefunctions
[24]. The Raman selection rules and the intensity of the scattered radiation will
be determined by the transition polarizability tensor αααif , whose components are
the matrix elements of the polarizability tensor for the i −→ f transition. Thus
it is necessary to examine the dependence of the transition polarizabilities on
the vibrational normal coordinates in a manner similar to classical mechanics
[24]. Neglecting again electrical and mechanical anharmonicities and exploiting
the properties of the harmonic oscillator wavefunctions, one obtains that only
those matrix elements, for which one vibrational quantum number changes by
a unity (vfk = vik ± 1), differ from zero; all other vibrational quantum numbers

remain unchanged (vfj = vij , for all j 6= k). Then for a matrix element of the

transition polarizability associated with Stokes Raman scattering (vfk = vik + 1)
at Raman shift ν̃k we obtain [24]:

[αxy]vfvi = (vik + 1)
1
2 bvk

(
∂αxy
∂Qk

)
0

= (vik + 1)
1
2 bvk(α′xy)k (2.3.14)

Similarly, for anti-Stokes scattering (vfk = vik − 1) [24]:

[αxy]vfvi = (vik)
1
2 bvk

(
∂αxy
∂Qk

)
0

= (vik)
1
2 bvk(α′xy)k (2.3.15)

where b2vk = h/(8π2cν̃k) is the quantum mechanical analog of the amplitude
Qk of the classical oscillator. From the last two equations, one can see that
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for such transitions to be Raman active it is also required that at least one
component of the polarizability tensor is nonzero, as in classical theory. A
significant difference between the classical and quantum mechanical treatments
is that in the latter there is a dependence on vk, leading to important consequences
concerning the intensities of the Raman scattering [24].

The most pronounced difference is found in the relative intensities of the
Stokes and anti-Stokes Raman lines [24]:

IStokes
Ianti−Stokes

=
Iν̃0−ν̃k
Iν̃0+ν̃k

=
(ν̃0 − ν̃k)4

(ν̃0 + ν̃k)4
exp

(
hcν̃k
kT

)
(2.3.16)

In addition to correctly accounting for the observed intensity relationships,
this equation allows determination of the sample temperature by contact-free
measurement.

Spontaneous Raman Spectroscopy

The simplest implementation of Raman spectroscopy is based on spontaneous
Raman emission and it has many applications in different fields of physics,
chemistry and biology. This technique presents different advantages with respect
to others: high spatial resolution, minimum sample preparation and low damage
if near-infrared radiation is used [26]. However, the technique is not free of
drawbacks. The main disadvantage, as mentioned before, is the extremely
small cross-section of Raman scattering compared with Rayleigh or fluorescence
scattering, thus requiring a relatively long acquisition time to get a result with
an acceptable signal to noise ratio. Moreover, the fluorescence signal and the
spontaneous Raman Stokes signal are spectrally overlapped, thus they cannot
be separated by mean of an optical filter. For this reason, relevant peaks can be
hidden or there can be a decreased sensitivity.
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2.3.2 Coherent Raman Scattering

The spontaneous Raman signal is an incoherent signal: the phase of the wave
emitted by a single molecule is not correlated with the others in the sample
[26]. The reason why is that the system input is only given by a single pumping
frequency ωp while a second frequency, ωs, is spontaneously emitted. Coherent
Raman scattering (CRS) instead is a parametric four-wave mixing process and
exploits a type of light-matter interaction in which two synchronized train of
pulses at ωp and ωs (ωp > ωs) are incident on the sample and the material
response depends on their difference Ω = ωp − ωs. In particular, Ω can be
tuned to the vibrational modes, ωv, of the material under study, thus achieving
stimulated excitation of vibrational transitions. In CRS the molecule bonds
oscillate in phase and the signal can be several order of magnitude higher [26].

The advantages of vibrational imaging through coherent Raman scattering
are many [26]:

1. it does not require molecule staining;

2. there is no population transfer to the electronic states so there is no sample
damage;

3. the sensitivity is higher than spontaneous Raman;

4. the signal generation mechanism intrinsically allows 3D sectioning capabil-
ity;

5. near-IR excitation avoids sample heating because of water absorption, and
allows a deep penetration depth;

6. being based on ultrashort pulses CRS allows to time resolve Raman free
induction decay which can be the base for an additional chemical contrast
mechanism.

The coherent anti-Stokes Raman scattering (CARS) and the stimulated
Raman scattering (SRS) are the most common CRS techniques, in this thesis
the focus will be on CARS.
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Figure 2.3.2: Energy diagram of two-color CARS process, all the input pulses are
narrow-band.

CARS - Coherent anti-Stokes Raman Spectroscopy

Coherent anti-Stokes Raman scattering (CARS) is a nonlinear Raman spec-
troscopy technique involving three laser pulses: the pump, the Stokes and the
probe beam, whose frequencies are referred to as ωp, ωs and ωpr respectively
[26]. Interacting with the sample, they generate a blue-shifted anti-Stokes field
at ωas = ωp − ωs + ωpr which is resonantly enhanced when the Raman shift
ωpr − ωs coincides with the frequency of a Raman active molecular vibration.
We will consider two-color CARS, in which ωp = ωpr, as shown in Fig.2.3.2.
One of the main advantages of CARS is that, being an anti-Stokes process, it
is emitted in a frequency range where no fluorescence is emitted. Thus, it is
possible to obtain fluorescent-free spectra.

CARS is a third order non-linear process, we can write the third order
polarization at the anti-Stokes frequency, in the case of two-color CARS, as:

P (3) = χ(3)E2
pE
∗
s (2.3.17)

where χ(3) is the third order non-linear susceptibility, Ep is the electric field
related to the pump and the probe and Es is related to the Stokes beam. The
symbol ∗ stands for complex conjugate.
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χ(3) can be written as [28]:

χ(3) =
AR

Ω− (ωp − ωs)− iΓR
+ χ

(3)
NR (2.3.18)

where Ω is the vibrational frequency, ΓR is the HWHM of the Raman line,

AR is the Raman scattering cross-section and χ
(3)
NR is the non-resonant third

order susceptibility. One can see that the first term of Eq.2.3.18 is a resonant
contribution, reaching its maximum for Ω = ωp − ωs [26]. The second term
represents instead the non-resonant contribution, which is due to the electronic
contribution and it is real and constant and an example is shown in Fig.2.3.3.

Figure 2.3.3: Energy diagram of non-resonant processes.

It is possible to derive the expression of the intensity of the CARS signal,
resulting in [28]:

ICARS ≈ |χ(3)|2I2
pIs

[
sin(|∆kkk| · L/2)

|∆kkk|/2

]2

(2.3.19)

where Is and Ip are the Stokes and pump intensities under non depletion
approximation, L is the length of the propagation in the sample and ∆kkk is the
wavevector mismatch, given by ∆kkk = kkkas − (2kkkp − kkks). The dependence on ∆kkk
shows that the CARS signal depends on the directions of the involved beams
[26]; it is clear that the intensity is maximized when the wavevectors satisfy the
phase matching condition:

|∆kkk|L = |kkkas − (2kkkp − kkks)|L < π (2.3.20)

The aforementioned condition is shown in Fig.2.3.4.
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Figure 2.3.4: Phase matching condition.

In order to make further considerations on the intensity , we can write the
susceptibility as:

χ(3) = χ
(3)
NR +Re{χ(3)

R }+ iIm{χ(3)
R } (2.3.21)

which is the sum of a non-resonant part (NR) and a resonant part (R),
divided in its real and imaginary parts. It is possible to derive that, for two-color
CARS, the resonant component can be written in the following simpler way [26]:

χ
(3)
R ∝

∑
r

N

∆r − iΓr
(2.3.22)

where the sum is performed over all the rth Raman active modes. N is the
density of active Raman scatterers, ∆r is the detuning ∆r = Ωr − (ωp − ωs)
and Γr is again the HWHM of the rth Raman line. We can thus see, that the
intensity of the CARS signal will be proportional to the square of the scatterers
density. In terms of real and imaginary part, considering a single Raman active
mode:

Re{χ(3)
R } ∝

N∆

∆2 + Γ2
(2.3.23)

Im{χ(3)
R } ∝

NΓ

∆2 + Γ2
(2.3.24)
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Figure 2.3.5: (a) Purely resonant contribution; (b) Purely non-resonant contribution;

(c) Dispersive mixing term 2Re{χ(3)
R }χ(3)

NR; (d) Typical line shape of the CARS intensity
for a single resonance.

Thus, the measured intensity is proportional to the modulus square of χ(3):

ICARS ∝ |χ(3)|2 = |χ(3)
R + χ

(3)
NR| = |χ

(3)
R |

2 + |χ(3)
NR|

2 + 2Re{χ(3)
R }χ

(3)
NR (2.3.25)

The behavior of the different contributions is shown in Fig.2.3.5, together
with the overall intensity behavior.

One can notice that the non-linear mixing term between resonant and non-
resonant components leads to a red-shift of the peak frequency [26]. We can

also see that the non-resonant contribution increases the real part of the of χ
(3)
R .

Since the non-resonant contribution is in general unknown, this distortion makes
the interpretation of CARS spectra difficult resulting in the major drawback of
this technique. The non-resonant background is therefore problematic since [26]:

1. It generates spectral distortion;

2. It can generate image artifacts;

3. It introduces a non-linear dependence between the signal strength and the
number of scatterers;

4. It limits the ultimate sensitivity of the technique.
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These clearly represent a disadvantage of CARS when compared to other
techniques which are insensitive to the to the non-resonant background or do
not present it.

2.3.3 FT-CARS - Fourier Transform CARS

CARS microscopes can be tuned to detect a specific molecule vibration. This
in inefficient and, besides, dynamical changes in a whole spectrum are difficult
to follow [26]. The concept of the Fourier transform CARS was proposed and
demonstrated in 1985 [29]. Two different color picosecond pulses excite molecular
vibrations and the delayed probe pulse is scattered off and generates the anti-
Stokes radiation. The vibrational modulation was observed on the intensity
of the anti-Stokes radiation and Fourier transform of the modulation reveals
the Raman vibrational spectrum [25]. The concept of Fourier transform CARS
has been extended to a single femtosecond pulse excitation combined with a
Michelson interferometer [30] [31] or a pulse-shaping method [32] instead of two
picosecond pulses excitation.

Basic Principles

We start by describing the principles of FT-CARS spectroscopy combined with
a Michelson interferometer [27]. We consider a femtosecond laser beam with a
pulse repetition rate of frep, split by a beamsplitter into two arms of a Michelson
interferometer. The end mirror in one of the arms, called reference arm, is fixed
while the end mirror in the in the other arm, called scanning arm, is scanned
in time. Assuming that the scanned pulse train’s interval between consecutive
pulses is 1/frep + ∆t, for every pair of nearby scanned and reference pulses, the
CARS process starts with the excitation of the sample by the reference pulse.

The use of the femtosecond pulse laser enables coherent excitation of every
molecular vibrational mode within the laser’s broad spectral bandwidth. The
subsequent scanned pulse either amplifies or weakens the coherent molecular
vibration depending on its arrival time [33], indicating that the molecule’s
vibratonal mode is encoded onto the time-domain waveform of the resulting
blue-shifted anti-Stokes beam as shown in Fig. 2.3.6.

Once the blue-shifted anti-Stokes signal is extracted, it is digitized and
processed by a computer to retrieve the CARS spectrum. Note that the molecular
vibration is probed with a constant temporal resolution ∆t, while each CARS
process is probed with a refreshing period of 1/frep, thus the detected waveform
is a replica of the molecular vibration whose frequency is down-converted by a
factor:

F = frep∆t (2.3.26)
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Figure 2.3.6: Generation of FT-Cars signal from one molecular vibrational mode.

This down-conversion F maps the THz frequency of the molecular vibration
to a detectable MHz frequency, enabling a fast readout with a simple photodiode.
The CARS spectrum of the sample is then retrieved by Fourier-transforming the
acquired time-domain signal, referred to as CARS interferogram, consisting of
multiple down-converted molecular vibrational frequencies. The non-resonant
background, given by instantaneous electronic transitions can be eliminated by
cutting out the zero-temporal-delay region of the interferogram [31].

The higher frequency limit of the Raman spectral region is given by the
bandwidth of the frequency components that induce the CARS process, whereas
the lower-frequency limit is given by the difference between the optical long-pass
and short-pass boundary frequencies. However, due to the Nyquist-Shannon
sampling theorem, a frequency that can be recovered from a pump-probe mea-
surement is also limited by by the pulse repetition rate, thus limiting the Raman
spectral region to:

fhigh =
frep
2F

(2.3.27)

Theoretical Description

In femtosecond Fourier transform CARS, the electric field, which induces the
non-linear polarization, consists of two pulse fields E1(t) and E2(t − τ) with
delay τ [25]:

E(τ, t) = E1(t) + E2(t− τ) (2.3.28)
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We can write the third order polarization induced by the field E(t, τ) as [25]:

PFT−CARS(τ, t) = (χ
(3)
R + χ

(3)
NR)E(τ, t)E∗(τ, t)E(τ, t)

= P
(3)
R (τ, t) + P

(3)
NR(τ, t) (2.3.29)

The total FT-CARS signal is described as a function of delay τ [25]:

SFT−CARS(τ) ∝
∫ ∞

0

dt|PFT−CARS(τ, t)|2 (2.3.30)

The polarization PFT−CARS(τ, t) consists of a number of different processes.
We are interested in the processes which depend on the delay τ and those which
interfere with them. Therefore, the processes we investigate can be described
[25]:

PFT−CARS(τ, t) ≈ P (3)
R,1,2(τ) + P

(3)
NR,1,2(τ) + P

(3)
R,2 + P

(3)
NR,2 (2.3.31)

The first term P
(3)
R,1,2(τ) represents the process where pulse 1 excites the

vibrational coherence and pulse 2 probes it. The second term P
(3)
NR,1,2(τ) rep-

resents the non-resonant processes both pulse 1 and pulse 2 contribute to, but
these processes only happen when τ ≈ 0, so to avoid them it is possible to avoid

looking at the signal for τ ≈ 0. The third and fourth terms, P
(3)
R,2 and P

(3)
NR,2

represent the processes only pulse 2 contributes to . They do not depend on τ
but they may interfere with the first term because they are all generated at the
same time [25]. We can ignore the processes governed only by pulse 1 because
such induced polarizations do not interfere with the first term.

Thus, the modulated part of the FT-CARS signal, which depends on the
delay τ is given by [25]:

SFT−CARS(τ) ≈ Re[P (3) ∗
R,1,2(τ)P

(3)
R,1,2(τ) + P

(3) ∗
R,1,2(τ)P

(3)
R,2 + P

(3) ∗
R,1,2(τ)P

(3)
NR,2]

∝ χ(3)
R I2

1I2 + χ
(3)
R I1I

2
2 + χ

(3)
R χ

(3)
NRI1I

2
2 (2.3.32)

where I1 and I2 are the intensities of pulse 1 and 2. The three processes are
detected at the same time. All of them share the feature that the pulse 1 excites
the vibrational coherence and the pulse 2 probe it. The second and third terms
are sort of heterodyne signals. The contribution of these processes depends on
the sample and the condition of the pulses.
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Chapter 3

Laser Source

The purpose of this chapter is to give an intial historical introduction on doped
fiber laser, fiber amplification and supercontinuum generation; consequently the
focus will be addressed on the experimental setup. At first, a general overview of
the working mechanism will be presented, subsequently a more detailed analysis
of the single components will be developed. In conclusion the achieved results
will be exposed.

3.1 Historical Introduction

The concept of using fiber waveguide structures as optical gain media was first
proposed by Snitzer et al. [14] as early as 1961. Potential single mode operation
was the main reason for interest in fiber based optical systems since it would
enable excellent beam quality.

Initially, Neodymium and Erbium were the dopants of highest interest in
this application: the first one due to high power and efficiency of the 1060 nm
transition, while the second one for the characteristic emission at 1.55 µm, thus
avaliable for telecomunication purpose [2].

Even though these dopants were extremely popular, they presented some
significant disadvantages, as the excited state absorption for Erbium-doped fibers
and the limited emission bandwidth in Neodymium-doped fibers.

Need for higher output powers and growth of fiber-based applications beyond
the telecommunication industry, triggered the study of other rare earth dopants
to overcome limitations related to Er and Nd: as object of our work, we will focus
on Ytterbium-doped fiber as low energy pulses amplification system, with the
purpose to generate supercontinuum radiation, enabling FT-CARS detection.

Light amplification in Ytterbium involves two energy levels manifold separated
by an extremely small energy gap resulting in extremely low quantum defects:
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high power efficiency is thus achievable and detrimental effects are significantly
reduced [6]; in particular we can observe an extremely low quantum defect,
[(hνp−hν)/hνp ' 9%] and hance a very low fractional heating with a consequent
reduction of undesirable thermal effects. Furthermore, due to the simple energy
level structure, one can use high doping levels without incurring in fluorescence
quenching phenomena [7].

Pulses obtained through amplification within Yb high-doped fiber showed
a bandwidth non sufficiently wide ato be an information gathering tool for
FT-CARS detection; the invention of nonlinear pure-silica photonic crystal fibers
(PCF) in the 1990s stimulated a dramatic development in 1999 [34], termed as the
“supercontinuum revolution”. The phenomenon of supercontinuum generation,
manifested as the extreme spectral broadening of an optical pulse due to light-
medium interaction, was first discovered in bulk materials [35]. However, the
phenomenon occurring in optical fibers allows wide and cost-effective access to
the supercontinuum, resulting in a pulsed laser-like source spanning a broad
bandwidth. Thus, many biophotonics applications were greatly enhanced by the
use of fiber supercontinuum generation in the past decade [36]: in our thesis,
broadband pulses will be exploited to stimulate anti-Stokes emission from 500
cm−1 to 2000 cm−1.
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Ytterbium- doped fiber 
2 m

Photonic Crystal Fiber
50 mm

Isolator
1040 nm
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Figure 3.2.1: Experimental Setup

3.2 Experimental Setup

The structure of the source relays on three main stages as shown in figure 3.2.1:
Pulse Generation, Pulse Amplification and Spectral Broadening.

In order to properly characterize the pulse during its propagation through
these three main stages, a commercial autocorrelator (FR-103XL, FemtoChrome)
was used.

3.2.1 Pulse Generation

The generation of light pulses is operated by an Yb-fiber femtosecond laser
(Origami, OR/SMGNAS/100/10295/200/120/FS). This laser works in mode
locking regime, generating pulses of 171 fs, average output power of 225 mW
and a repetition rate of 100 Mhz.

The train of pulses passes through a polarizer attenuating its intensity and
is thus coupled in the HI1060 Fiber, ready to be injected in Amplification stage.
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Laser Source

Polarizer

HI1060 Fiber

Figure 3.2.2: Pulse generation stage.

3.2.2 Pulse Amplification

In order to achieve the power of 0.92 W to operate the spectral broadening, a
stage of pulse amplification is required.

This is performed through the use of a high-power fiber laser diode driven by a
compact current driver (Wavelength Electronics, mod. LDTC 2/2E): the pump is
thus coupled with the pulse through the use of a Wavelength Division Multiplexer
(WDM, DPMPhotonics mod. FWDM-9806-NNN-BBB-1). The amplification
mechanism occurs within the gain fiber: this is a Yb-doped double-clad fiber
(Coractive model DCF-YB-20/128E) of lenght 2 m.

HI 1060 FiberWDM

Pump Diode Laser

Yb-doped gain Fiber

Figure 3.2.3: Pulse amplification stage.
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3.2.3 Spectral Broadening and Pulse Compression

Once the pulse have been amplified within the double clad fiber, it passes through
a grating compressor (LightSmyth Technologies, 1000 lines/mm) providing
compensation of the GVD by fine tuning of the grating distance.

The pulse continues its propagation through a Photonic Cristal Fiber (NKT
Photonics, LMA-PM-5 Large-Mode-Area Photonic Crystal Fiber, 5.0-µm core, 5
cm length) which aims to obtain a supercontinuum radiation extended from 900
nm to 1200 nm.

Photonic Crystal Fiber,
5 cm

Isolator,
1040 nm

Compressor Grating

Figure 3.2.4: Spectral broadening and pulse compression stage.

3.2.4 Autocorrelation Setup

The need to know pulse duration within each stage previously described was
satisfied through a intensity autocorrelation characterization tecnique.

FR-103XL Autocorrelator allows to characterize the incoming pulse through
the non-collinear background-free Second Harmonic Generation (SHG) method;
since the highest resolution settings (1 fs) were exploited, a Fringe Resolved
AutoCorrelation (FRAC) was obtained.

The choice of this specific autocorrelator was led by different factors: due
to the extremely low material dispersion, it allows to achieve a resolution lower
than 5 fs; moreover, the delay line based on rotating parallel mirrors results in a
reliable and error-free delay generation.

As shown in figure 3.2.6 a second order non linear crystal was expolited, in
paricular a 1 mm layer of LiIO3 providing an operation range over IR wavelenghts
[700-1800 nm].
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Figure 3.2.5: Commercial Autocorrelator, FR-103XL FemtoChrome

Delay Line

Fixed Branch

Second Harmonic
Generation Crystal

Figure 3.2.6: Internal insight of Commercial Autocorrelator, FR-103XL FemtoChrome
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3.3 Setup Components

3.3.1 Low Power Ytterbium Fiber Laser

Among the compressible fiber continuum sources, the solid-state Yb laser-pumped
fiber continuum developed recently appears to be a practical alternative to the
ultrabroadband Ti:sapphire oscillator in terms of broad bandwidth, average
power, pulse energy, and spectral power density [6].

To generate near transform-limited (TL) <20 fs fiber continuum pulses, it
has been considered beneficial to select a short incident laser pulse, ≈ 110 fs and
an average power transmitted in the fiber of 0.92 W. We note that these two
conditions are intended to improve the coherence of the continuum conventionally
generated by a PCF having a zero-dispersion-wavelength (ZDW) located inside
the spectral range of the continuum. The reason such zero-dispersion PCF is
of interest is because it can invoke soliton dynamics to generate the broadest
continuum, which in principle, could lead to the shortest pulse [37].

Figure 3.3.1: Spectral Power Density of The low power Yb laser

Low power pulses generation is realized through a commericial Ytterbium
mode locked femtosecond Laser (OR/SMGNAS/100/10295/200/120/FS): it
produces pulses of average output power 225 mW, duration 171 fs and repetition
rate 99.95 MHz.

The full characterization of the pulse outgoing from the low power laser is
required in order to evaluate our capability to generate coherent and transform
limited supercontinuum radiation.

A first analysis of the spectral power density was made; as shown in figure
3.3.1, experimental results perfectly fit the model of solitonic pulse, presenting the
shape of a sech2. Consequetly, the analysis of the second harmonic autocorrelation
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Figure 3.3.2: SH Intensity measured at the output of The low power Yb laser

was performed: in the hypotesis of emission of an ideal soliton, a FWHM of 171
fs was obtained, as we can see from figure 3.3.2.

3.3.2 High Power Pump Diode

The pump designed to amplify the pulse is supplied by a Diode Laser, injected in
the WDM through multimode fiber with core/cladding diameter of 105/125 µm.

The high power pump laser is controlled through a current driver (Wavelength
Electronics, mod. LDTC 2/2E) also equipped with temperature controller and a
heat sink with the purpose to avoid excessive thermal load on the diode.

The maximum power generated at the output of the pump diode is 35 W, even
though 10 W were never overcome for our experiment. The performance at the
output of the high-power amplifier were characterized in terms of output power
vs current, output spectrum, pulse duration, and power stability. Figure 3.3.4
shows the average power of the Yb-fiber amplifier as a function of the current
supplied to the pump diode, with heat sink temperature of 25 �. Specifically the
power has been measured after the collimator at the output of the double-clad
fiber; a long-pass filter with cut-off at 1000 nm has been used to reject the
pump light power that is not used during normal operation of the amplifier. The
typical operating current of the pump diode for the measurements collected is 2
A, corresponding to an output power of 1.1 W after the collimator, and 0.92 W
after the isolator and grating compressor.
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Figure 3.3.3: High-power pump diode at 976 nm with heat sink

3.3.3 Amplification Fibers

The beam at the output of the low-power oscillator is coupled into a HI1060 fiber
(length 0.7 m) which is spliced to another HI1060 fiber (length 0.8 m) representing
the input fiber of the hybrid WDM device. The hybrid WDM (DKPhotonics,
model PSC-21-25-105/125-6/125DC-20/125DC-T3-08) multiplexes the low-power
pulse train at 1040 nm (HI1060 fiber with core/cladding diameter of 6/125 µm)
and the pump at 976 nm (multimode fiber with core/cladding diameter of
105/125 µm) into an output double-clad fiber of length 0.8 m, core, first cladding
and second cladding diameter respectively of 20, 105 and 125 µm.

The double clad fiber propagates the signal at 1040 nm within the core and
the pump at 976 nm within the first cladding, ensuring the capability to pump
at high power without damage and avoiding excess nonlinearities degrading the
signal.

The double-clad fiber at the output of the WDM is spliced to an Yb-doped
double-clad fiber of length 2 m (Coractive model DCF-YB-20/128E) having a
core numerical aperture of 0.08; amplification take place within the last fiber:
the target output power of 0.92 W required to generate the supercontinuum
radiation trough the PCF is thus reached.

With the purpose to characterize the pulse at the end of the amplification
stage, both the spectrum and the autocorrelation were measured; results are
reported respectively in figure 3.3.6 and in figure 3.3.5
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Figure 3.3.4: Output power of the Yb-fiber amplifier as a function of the pump diode
current.

3.3.4 Photonic Crystal Fiber

The compressed pulses are coupled into a PCF by a focusing asphere lens
(Thorlabs C110TMD-B). The characteristics of the PCF (NKT Photonics, LMA-
PM-5 Large-Mode-Area Photonic Crystal Fiber, 5.0 µm core, 5 cm length) have
been tailored to the power level of around 1 W adopted for the supercontinuum
generation.

Figure 3.3.7: Photonic Crystal Fiber
structure

The adopted PCF is polarization main-
taining because this characteristic allows
to reduce the depolarization noise, typi-
cally observed in PCF, which limits the
sensitivity performance of the system by
introducing excess amplitude noise and
reducing the coherence of the supercontin-
uum generated by the PCF [38].

The PCF has been glued inside a
standard angled ceramic ferrule connector
(APC connector) for best long term me-
chanical stability. The coupling into the
PCF is obtained by using a high-precision
NanoMax translation stage (Thorlabs, MAX313D/M) ensuring long-term align-
ment. To this concern, it should be noted that the larger core diameter of the
PCF adopted here relaxes the requirements on the mechanical stability of the
translation stage used for alignment of the focusing lens.

After turning on the Yb-fiber amplifier to the nominal power of 0.92 W, the
assembly of PCF and connector requires a 30 min warm-up to reach steady state
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Figure 3.3.5: Autocorrelation trace of the pulses at the output of the Yb amplifier
as measured after the grating compressor

Figure 3.3.6: Spectrum of pulses at the output of the Yb amplifier as measured after
the grating compressor
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Figure 3.4.1: Spectrum of the supercontinuum at the output of the PCF fiber

deformations induced by the heat load; after this, the system can be operated
for hours without any power drift due to thermal effects.

The output of the PCF is collimated by an achromatic lens (Thorlabs AC050-
008-B-ML) with a focal length of 7.5 mm.

3.4 Broadband Ultrashort Pulse delivered for
FT-CARS

With the purpose to evaluate the suitability of the pulse for the FT-CARS
detection, the analysis of the spectral power distribution outgoing from the PCF
is led. From figure 3.4.1 The band spanned by the continuum extends from
900 to 1200 nm with a power content of around 300 mW, as required for the
detection of a sufficiently wide band of Coherent Anti-Stokes Raman transitions.

The propagation of the pulse through the PCF induces the broadening of its
envelope: a prism compressor based on SF10 Brewster prisms has been selected
for compensation of the positive GVD introduced. The choice of chirped mirror
for pulse compression would have been more accurate since prism compressor
are well-known for giving high insertion losses and extended footprint, however
this optical element was not avliable.

By setting the distance between the SF10 prism to 400 mm, the pulses from
the PCF fiber have been collapsed to durations in the sub-20 fs regime, according
to the autocorrelation trace reported in figure 3.4.2, having a duration of 26 fs.
The power of the pulse train at the output of the prism compressor is around
300 mW, still sufficiently high for CARS detection.
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Figure 3.4.2: Autocorrelation trace of the pulses at the output of the SF10 prism
pair
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Chapter 4

FT-CARS enabled by
Michelson Interferometer

As described in Section 2.3.2, Coherent anti-Stokes Raman Spectroscopy (CARS)
is a form of optical spectroscopy whereby a pair of pulsed laser beams is irradiated
onto a sample and the resultant spectrum of light analyzed. The technique
has many similarities to Raman spectroscopy, often employed in chemical agent
detection systems, but benefits in its ability to detect chemicals of interest in
multi-component mixtures. In our thesis work, the Fourier transform variant of
CARS was implemented, enabled by a Michelson interferometer, as showcased in
Section 2.3.3. The objective the thesis work was to test a number of solutions of
chemical agent simulants to see how sensitive the technique is and its potential as
a chemical warfare agents (CWAs) sensor. Developing systems for the detection
of CWAs with rapid response, high sensitivity and stability is infact essential for
prevention of terrorist attacks. In particular the detection of droplets of different
chemicals was tested both in transmission and back reflection (deposited upon
different surfaces: stainless steel and glass). CARS spectra were acquired at
a range of different integration times in order to find out the shortest time to
acquire a CARS spectrum with acceptable signal-to-noise ration (SNR) for each
chemical/surface combination. In Section 4.1, the different experimental setups
we tested will be presented and the electronics will be discussed too, in Section
4.2 the results of our measurements and the relative discussion are reported and
in Section 4.3.
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4.1 Experimental Setup

In this section the different experimental setups will be presented, considering fs
pulses to be obtained as described in Chapter 3.

4.1.1 Transmission Configuration

The first iteration of the experiment was performed in a transmission configura-
tion described by the setup in Fig. 4.1.1.

Figure 4.1.1: Schematic of the rapid-scan FT-CARS system.

The short pulse, centered at λ = 1030 nm, propagates through an optical
long-pass filter (LPF, cutoff around 900 nm, 11111 cm−1) and then is sent to
the input of the Michelson interferometer, together with a Nd-He continuous
wave laser beam, which will be used for sampling reasons. After entering the
interferometer, the pulse is splitted into two pulses by a 50:50 beam splitter. The
two propagates through the two arms of the interferometer: one arm is equipped
with a delay line based on a galvo-mirror (GVS001 Thorlabs), whereas the other
arm has fixed length, thus a time delay is introduced between the pair of pulses.
The two backreflected collinear pulses are then multiplexed on the beamsplitter
and propagated toward the output of the interferometer. Here, another optical
long-pass filter is placed in order to extract the CW Ne-He beam, which is
directed towards a photodiode. The output pulses are focused onto the liquid
sample within a cuvette, with a focusing lens of 8-mm focal length. The first
pulse excites molecular vibrations via impulsive stimulated Raman scattering
while the second probes them. Through the stimulation process, molecular
vibrations having oscillation periods longer than the excitation pulse duration
can be excited by this single pulse. Thus, the spectral bandwidth of the FT-
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CARS is determined by the pulse duration of the excitation pulse. Depending
on the delay, the second pulse generates either blue-shifted (anti-Stokes) or
red-shifted (Stokes) scattered light due to the refractive index modulation of the
sample induced by the first pulse [39]. By scanning the delay, the intensity of the
scattered light is modulated at frequencies which reflect those of the molecular
vibrations. The generated anti-Stokes beam and the residual comb beams are
forward-collected with another lens of 6-mm focal length. Afterwards, the beams
pass through an optical short-pass filter (SPF, cutoff around 900 nm, 11111
cm−1) for filtering out the light of the fundamental and extract only the CARS
signal, which is then directed to a 10 MHz avalanche photodiode. Then, the
signal is digitized using an 12-bit oscilloscope with a sampling rate of 125 MS/s.

A photo of the implemented set up is shown in Fig. 4.1.2 and Fig. 4.1.3.

Figure 4.1.2: Photo of the implemented Michelson interferometer.
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Figure 4.1.3: Photo of the implemented transmission stage.

By detecting the intensity modulation, we observe the molecular vibrations
in the time domain. The broadband CARS spectrum can then be retrieved from
a Fourier transform of the interferogram. A typical FT-CARS interferogram
observed with the setup described here is shown in Fig. 4.1.4. The interferogram
is windowed by a rectangular window (no apodization) with a duration of around
100 µs, so that the non-resonant impulsive background at time delay close to zero
is totally rejected, and only the part of the interferogram containing the decaying
ringing signal due to molecular vibrations is used for Fourier transformation. The
dispersion is controlled with a prism compressor based on SF10 Brewster prisms
placed before the Michelson interferometer and it is finely regulated observing
the CARS interferogram.
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Figure 4.1.4: Interferogram with detail of the time window used for Fourier transform.

Delay line

After separation with the beamsplitter, the pulses travel into a scan- and a
reference-arm. The scan-arm is given by a rapid delay scanner that consists
of a galvo-mirror, a curved mirror (f = 50 mm) and a flat mirror aligned in
a 4-f geometry as better shown in Fig. 4.1.5. The 4-f configuration allows the
returned pulse from the path length scanner to travel back along the same path
as the incident pulse except for the time delay produced by the scanner [40].
The angle variation of the resonant scanner in the scan arm is translated into the
change in optical-path-length. In this first configuration, we used a non-resonant
galvo-mirror, so we were able to pilot it with waveforms of different frequencies
and we could also set the amplitude to determine the scanning angle, however the
maximum pilot frequency is much smaller than that of a resonant galvo-mirror.
The different choices of amplitude and speed of the galvo-mirror trajectory will
be specified in Section 4.2.

Depending on the waveform that pilots the galvo-mirror, the delay scanner
increases the delay non-linearly in time; it is thus necessary to make a time-grid
correction on the CARS interferogram. For this purpose, we use interference
signals (CW interferograms) of a collinearly introduced He-Ne laser to the pulsed
laser as an external clock for digitizing the CARS interferograms. Greater details
about the sampling process will be given in Section 4.3.
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Figure 4.1.5: Scan-arm in 4-f configuration.

4.1.2 Back-reflection configuration

The configuration presented in the previous section was later modified to be used
in a back-reflection configuration: the goal was to demonstrate the capability of
the technique to detect chemicals deposited on different surfaces. The modified
configuration is shown in Fig. 4.1.6.

The setup is very similar to its transmission counterpart; the only difference
is that once the pulses are focused on the sample by the lens of 8-mm focal
length, the generated CARS signal and the fundamental get to the surface where
the sample is deposited and they are reflected back and collected by the same
lens. From here, they travel back to the LPF which then extracts the CARS
signal and directs it onto the avalanche photodiode.

Back-reflection segment

Even though the two configuration are similar, the back-reflection set up requires
some additional attentions, in particular, the distance of the sample from the
focusing ens needs to be carefully determined as shown in Fig. 4.1.7.
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Figure 4.1.6: Schematic of the rapid-scan FT-CARS system in back-reflection config-
uration.

As the laser beam is focused onto the sample, a strong forward-CARS and a
much weaker epi-CARS signal is generated. The epi-CARS signal has a power
level below the sensitivity of the avalanche photodiode used for detection, and
do not contribute to the measurement. Indeed, epi-CARS signal is expected
to have power level similar to the forward generated CARS only if the sample
under investigation is a highly scattering medium as in the case of biological
samples. However, the samples characterized within this project are highly
transparent liquid samples with negligible amount of scattering. For this reason,
detecting CARS with transparent liquid samples in back-scattering configuration
has always been considered to be very difficult (and even not feasible) by the
research community working on CARS spectroscopy. As one can notice however,
the strong forward-generated CARS beam reaches the interface between the
sample and substrate and is back-scattered or back-reflected, depending on the
substrate, with relatively high power levels, so that detection is possible by
high-sensitivity detectors such as avalanche or photomultiplier detectors; this is
why one should focus the incoming beam in the sample, as near as possible to
the surface. It should be noted that the type and settings (resolution, sensitivity,
...) of the instruments adopted in the various databases are not homogeneous,
this is why is highly recommended to measure the CARS spectra of interest by
using the system operating in transmission mode, before modifying the system
for operation in reflection mode, in order to get specific prior knowledge of
the target CARS spectra of samples. Prior measurement of the CARS spectra
in transmission mode provided a first feedback on the strength and spectral
profile of the CARS response of the chemicals of interest, and generally more
experimental confidence in view of the change to operation in reflection mode.
As a first step in fact, a silver mirror will be just placed after the quartz cuvette,
very close to the output surface of cuvette, to back-reflect the CARS signal that
is usually collected in transmission mode. This CARS beam will be used to align
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Figure 4.1.7: Back-reflection segment.

and optimize the detection unit for following detection of back-scattered CARS
radiation.

4.1.3 Transmission Configuration with a Resonant
Galvo-Mirror

The previous version of the system was mainly limited by the rotation speed of
the non-resonant galvo-mirror of the interferometer and the dead-time between
adjacent interferograms. The physical limit to the measurement is represented by
the Raman relaxation oscillations with duration of around 100 µs, corresponding
to an acquisition rate of 104 spectra/s (10 kHz). The last configuration we tested
is thus the same transmission setup as before, but with a resonant galvo-mirror
(CRS4kHz by Cambridge Technology). Since it is a resonant device, it can
be piloted only with a sine wave at the resonant frequency, in our case 4 kHz.
This modified design will avoid the dead time between adjacent interferograms,
reducing the measurement time close to the theoretical limit. Without this
re-design, the performance in terms of minimum integration time required will
be far from the ultimate performance achievable by the system.

Since in this case a sine wave is used, the delay is increased non-linearly, thus
in this configuration the time-grid correction on the CARS interferogram will be
completely necessary. So, the use of the interference signals of the He-Ne laser
are fully exploited in this case. Again, greater details about the results obtained
and about the sampling will be presented in Sections 4.2 and 4.3 respectively.
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A photo of the set up in this last implementation is shown in Fig. 4.1.8.

Figure 4.1.8: Photo of the implemented set up.
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4.1.4 Electronics

As discussed previously, in the implementation if the scanning arm of the
Michelson interferometer, two different galvo-mirrors were used: a non-resonant
one (GVS001 Thorlabs) and a resonant one (CRS4kHz by Cambridge Technology).
Pictures of the two devices are reported in Fig. 4.1.9 [3] and Fig. 4.1.10 [4].

Figure 4.1.9: Non resonant galvo-mirror [3].

Figure 4.1.10: Resonant galvo-mirror [4].

67



Non-Resonant Galvo-Mirror

In order to use this device one has to proceed with some electrical connections.
In Fig. 4.1.11 [3] an image of the the driver board is shown.

Figure 4.1.11: Driver board of GVS001 Thorlabs [3].

Connector J10 is used to power up the driver through a linear power supply
while connector J9 instead is used to connect the driver to the motor of the galvo-
mirror. Connector J7 is the command input connector and the pin identification
is shown in Fig. 4.1.12 [3].
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Figure 4.1.12: Command input connector pin identification [3].

The scanner accepts a differential analog command input between -10 V and
10 V. The selected scaling was 0.8 V per degree mechanical movement, giving
-12.5 to +12.5 degrees maximum mechanical movement. To give the command
input to the driver the wave generator Siglent SDG 5162 reported in Fig. 4.1.13
was used. The same device is used to provide the trigger signal to the oscilloscope
used to observe the interferogram.

Figure 4.1.13: Siglent SDG 5162 wave generator.
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Resonant Galvo-Mirror

The driver board for the resonant galvo mirror is shown in Fig. 4.1.14.

Figure 4.1.14: Driver board of CRS4Hz Cambridge Technology.

Connector J2 powers up the galvo-mirror itself, while connector J1 is related
both to the power supply of the driver and the command input. The identification
of the pin of connector J1 is reported in Fig. 4.1.15 [4].

Figure 4.1.15: Pin identification of connector J2 [4].

One can see that it is possible to pilot the driver with a voltage 0-5 V, with
a maximum angle of 26 degrees. The sync signal is at each change of direction
and it is given to the oscilloscope as an input.
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4.2 Results and Discussion

4.2.1 Transmission Configuration

First of all we developed the system in the configuration shown in Fig. 4.1.1, i.e
a transmission configuration using a non-resonant galvo-mirror along the delay
line. At this stage, the goal was actually to test the goodness of the experimental
setup and to gain the experimental knowledge required to later pass to the
reflection configuration. To do so, first of all we measured the spectrum of a
liquid sample of acetonitrile, which has a rather intense Raman spectrum.

As described in Chapter 3, the generated continuum has a spectral range of
900-1200 nm (11111-8333 cm−1) and thanks to compression by the prism pair,
the pulse duration at the sample is shorter than 20 fs with a power of ≈ 400
mW.

A ramp signal is used to pilot the non-resonant galvo-mirror, in particular we
set an amplitude of 4 V (8 V peak to peak), corresponding to a rotation angle
θ = 20◦. This angle corresponds to a maximum optical-path-length difference
between the arms of ≈ 0.9 mm, corresponding to the spectral resolution of ≈ 11
cm−1. The chosen frequency is 100 Hz.

In order to align the configuration and set the right amount of compression,
we first measured the anti-Stokes Raman spectrum generated by the acetonitrile
sample, using a spectrometer. The result is shown in Fig. 4.2.1.

Figure 4.2.1: CARS spectrum generated by an acetonitrile sample.
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Figure 4.2.2: Raman spectra of acetonitrile as observed by Fourier transform of one
interferogram (no averaging, black line), and 10 (red line), 100 (blue line), 1000 (pink
line) averaged interferograms.

One can see that the CARS spectrum extends from 750 nm (13333 cm−1) to
900 nm (11111 cm−1), corresponding to a Raman frequency span of 2200 cm−1.

The generated CARS signal is then detected by an avalanche photodiode
and digitized. The measured interferogram was shown in Fig. 4.1.4. Rejecting
the non-resonant impulsive background and performing the Fourier transform
of the decaying ringing signal related to molecular vibrations, we obtained the
Raman spectrum of acetonitrile, as shown in Fig. 4.2.2. As one can see, different
CARS spectra are presented: without averaging (black line), and when averaging
over 10, 100, or 1000 consecutive spectra (red, blue, and pink line, respectively).
The Raman resonance of cyanide can be clearly seen at 2250 cm−1 in all cases.
The signal to noise ratio (SNR) of the spectrum obtained with 1000 averages
is ≈ 870 (defined as the ratio of the intensity of the strongest Raman line and
the standard deviation of the noise in the Raman shift range where no lines are
present).

After this first successful test using acetonitrile, we passed to the actual
contaminants of interest, in particular , the contaminants we tested are:

� dimethyl methylphosphonate (DMMP) (CAS # 756-79-6);

� tris(2-ethylhexyl) phosphate (TEHP) (CAS # 78-42-2);

� thiodiglycol (TDG) (CAS # 111-48-8).

72



The choice of these substances is driven by the fact that they represents
simulants of dangerous CWAs. In particular, DMMP has a chemical structure
similar (but with a much lower toxicity) to nerve agent sarin (2-(fluoro-methyl-
phosphoryl)oxypropane) [41], one of the most toxic warfare agents. TEHP
instead is a simulant of the nerve agent VX [42], while TDG is a simulant of
sulfur mustard, commonly known as mustard gas [43].

Representative Raman spectra of this simulants have been found in literature
and various publicly accessible databases (NIST databases), and are reported in
Figures 4.2.3, 4.2.4 and 4.2.5 [5]; one can see the relevant Raman features are
located in the spectral range extending from 0 to 1800 cm−1.

Figure 4.2.3: Raman spectrum of dimethyl methylphosphonate (DMMP) (CAS
number 756-79-6) [5].

Figure 4.2.4: Raman spectrum of tris(2-ethylhexyl) phosphate (TEHP) (CAS number
78-42-2) [5].

The observable Raman band enabled by the system should to be tailored to
the CARS spectra of the CWAs simulants specified. In particular, the current
observable Raman band is way larger than that required by the CWAs simulants,
yielding to unefficient CARS excitation, as a considerable amount of pump
power is distributed at frequencies where the samples do not exhibit any Raman
vibration, and hence is basically lost. According to the Raman spectra reported
in Figures 4.2.3, 4.2.4 and 4.2.5, the CWAs simulants of interest are characterized
by weak Raman responses, and thus it is important to improve and optimize the
efficiency of the excitation process by reducing the band of the pump laser, i.e.
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Figure 4.2.5: Raman spectrum of Thiodiglycol (TDG) (CAS number 111-48-8) [5].

concentrating more power in the Raman band of interest. This band tuning can
be done by reducing the length of the PCF fiber adopted for spectral broadening
after amplification inside the Yb-fiber amplifier. The present PCF fiber has a
length of 50 mm, yelding a supercontinuum radiation covering the spectral range
from 900 to 1200 nm; as the spectral range required in this case is 950-1150
nm, it is expected that a fiber length of around 30 mm would probably be more
appropriate for this purpose and thus represents room for improvement of the
configuration.

We set the parameters of the system as discussed before (θ = 20◦, f = 100
Hz) and we considered DMMP first, since between the chemicals of interest, it is
the best Raman scatterer, with a cross-section for Raman excitation comparable
to that observed with acetonitrile.

Fig. 4.2.6 shows the CARS spectra of DMMP corresponding to a single
spectrum (Fourier Transform of a single interferogram) and to the average of 10,
100 and 1000 spectra. As the interferograms are acquired with a frequency of 100
Hz, the measurement times with averaging of 10, 100, 1000 spectra corresponds
to 0.1, 1, and 10 s, respectively. Table 4.1 reports the observed SNR as a function
of the number of spectral averages. All measured spectra are of very high-quality,
due to effective strength of DMMP for CARS spectroscopy.
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Figure 4.2.6: CARS spectra of DMMP as measured with a single acquisition (black
line) and by the average of 10 (red line), 100 (blue line), 1000 (green line) spectra.

Table 4.1: SNR of DMMP strongest Raman line as a function of spectral averaging.

Averaging 1 10 100 1000
SNR 172 712 2350 6250

Fig. 4.2.7 shows the CARS spectrum of DMMP as measured by averaging
over 1000 spectra (top red line) and the Spontaneous Raman spectrum of DMMP
[5] as measured using a commercial Raman spectrometer (bottom blue line).
The inset reports the Raman shifts and relative intensity of the main Raman
lines observed.
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Figure 4.2.7: CARS spectrum of DMMP as measured by the average of 1000 spectra
(red line), and spontaneous Raman spectrum (blue line) as measured with a commercial
Nicolet Raman 950 [5].

The Raman shift of the main Raman lines are precisely identified: this is a
very important aspect in view of an implementation of a software-based system
for identification of CWAs by technique such as Principal Component Analysis
and Partial Least Squares regression (PCA and PLS). It is worth noting that
the reduced amplitude of the peaks at lower Raman shifts with respect to the
reference spectrum is intrinsic to the detection technique: only a small part
of the low-frequency anti-Stokes power can pass the LPF and contribute to
the detection. The range from 1000 to 2000 cm−1 is tipically favored due to
distribution of excitation power in the incident laser light. Generally, spontaneous
Raman and coherent Raman spectra such as CARS have slightly different shapes
due to the various excitation schemes involved. Moreover, spontaneous Raman is
tipically excited by a single-frequency pump laser, whereas the CARS technique
adopted here belongs to the general class of broadband coherent Raman, where
the intensity of a certain Raman feature is due to the additive effect of all
spectral components in the pump radiation participating to excitation at the
Raman shift of interest.
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Next we considered TDG: as opposite with DMMP, TDG is well known to be
a very weak Raman scatterer, having a very low Raman cross-section. Fig. 4.2.8
shows the CARS spectra of TDG corresponding to a single spectrum (Fourier
Transform of a single interferogram) and to the average of 10, 100, and 1000
spectra. Table 4.2 reports the observed SNR as a function of the number of
spectral averages.

Figure 4.2.8: CARS spectra of TDG as measured with a single acquisition (black
line) and by the average of 10 (red line), 100 (blue line), 1000 (green line) spectra.

Table 4.2: SNR of TDG strongest Raman line as a function of spectral averaging.

Averaging 1 10 100 1000
SNR 23 90 316 540
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The fact that TDG is a weak scatterer can be easily seen by comparing the
SNRs obtained with those of DMMP. As a test of this feature, a 50:50 solution
by volume of TDG and acetonitrile has been analyzed. The resulting CARS
spectrum is shown in Fig. 4.2.9. As it can be seen, the intensity ratio of the
main peak of TDG at 1013 cm−1 and acetonitrile at 918 cm−1 is around 0.15,
meaning that the SNR observed with TDG is correspondingly reduced with
respect to acetonitrile.

Figure 4.2.9: CARS spectrum of a 50:50 solution by volume of TDG and acetonitrile.

Figure 4.2.10 shows the CARS spectrum of TDG as measured by averaging
over 1000 spectra (top red line) and the Spontaneous Raman spectrum of TDG
[5] as measured using a commercial Raman spectrometer (bottom blue line).
The inset reports the Raman shifts and relative intensity of the main Raman
lines observed.

78



Figure 4.2.10: CARS spectrum of TDG as measured by the average of 1000 spectra
(red line), and spontaneous Raman spectrum (blue line) as measured with a commercial
Nicolet Raman 950 [5].

To conclude, we considered TEHP: as common to TDG, it should be noted
that TEHP is also a weak Raman scatterer.

Fig. 4.2.11 shows the CARS spectra of TEHP corresponding to a single
spectrum (Fourier Transform of a single interferogram) and to the average of 10,
100, and 1000 spectra. Table 4.3 reports the observed SNR as a function of the
number of spectral averages.

79



Figure 4.2.11: CARS spectra of TEHP as measured with a single acquisition (black
line) and by the average of 10 (red line), 100 (blue line), 1000 (green line) spectra.

Table 4.3: SNR of TEHP strongest Raman line as a function of spectral averaging.

Averaging 1 10 100 1000
SNR 22 80 250 650

Fig. 4.2.12 shows the CARS spectrum of TEHP as measured by averaging
over 1000 spectra (top red line) and the Spontaneous Raman spectrum of TEHP
[5] as measured using a commercial Raman spectrometer (bottom blue line).
The inset reports the Raman shifts and relative intensity of the main Raman
lines observed.
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Figure 4.2.12: CARS spectrum of TEHP as measured by the average of 1000 spectra
(red line), and spontaneous Raman spectrum (blue line) as measured with a commercial
Nicolet Raman 950 [5].

By considering the results obtained, it should be expected that DMMP
will be the most favorable CWA simulant when switching to a back-scattering
detection setup. On the other hand, the observation of TDG and TEHP under
unfavorable conditions such as back-scattering CARS will be more challenging.
As DMMP shows strong CARS excitation cross-section, the back-scattering
configuration has been developed using DMMP as the target as will be discussed
in the following. Once the performance of the back-scattering detection system
have been optimized, TDG and TEHP will be used to test the performance of
the system under conditions of very low CARS level.
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4.2.2 Back-reflection Configuration

After testing the setup in transmission, we passed to the back-reflection configura-
tion described in Fig. 4.1.6. The parameters of the system remained unchanged
(θ = 20◦, f = 100 Hz), but now the generated CARS signal is collected after
back-reflection by a certain surface.

The amount of CWAs we considered are within the droplet volume range 1 –
20 µL. Droplet volume are calibrated using precision micro pipette with resolution
of 0.1 µL. The starting configuration for the evaluation of the performance of
the system was based on depositing a 1 µL droplet of substance onto a proper
surface and detecting the back-scattered CARS signal. It is important to keep in
mind that the actual amount of substance probed by the laser beam is orders of
magnitude lower than the amount of deposited substance, in particular, only the
volume over which the laser is focused is probed. This provides an additional
degree of freedom on the focused beam diameter adopted for detection, that
could be eventually tailored to the purpose of increasing the sensitivity of the
system.

The rationale of the experiment is as follows. The power of the laser beam
adopted is initially reduced to a proper level in order to avoid the ablation of the
droplet under investigation; after this, the additional degree of freedom provided
by the beam’s focus diameter is used to tune the performance of the system when
probing larger sample volume up the the minimum amount of 1 µL. The focused
beam diameter will be increased to probe a droplet of 1 µL; as a consequence
of increasing the beam diameter on the sample, a reduction of the intensity at
the focus is observed: the consequent loss of CARS signal is compensated by
increasing the power level.

At the power level, ≈ 400 mW, there is no observable damage (ablation)
induced onto the surface of the substrate by the high laser intensities at the
beam focus, however, there is evidence of point sample evaporation, that could
be reduced by attenuating the laser power to a level of around 50 mW. Sample
evaporation is not due to direct absorption by the sample, which is negligible
at the pump laser wavelength of 1030 nm, but more likely to heating of the
substrate, especially in the case of the stainless-steel sample, which in turns
causes heating of the sample and hence evaporation. Sample evaporation can
be avoided by putting a cover glass onto the liquid sample deposited on the
substrate with a 1-mm thick chamber on the inner side filled by the sample;
once placed, there is no evidence of sample evaporation, at least within the time
scale of the experiment. All the results presented in the following have been
obtained at the maximum power of 400 mW available at the sample with the
cover glass chamber placed onto it to avoid evaporation. This allows for clear
identification of the sample and estimation of the SNR under well reproducible
conditons. Reducing the power incident onto the sample to around 50 mW leads
to reduction of the SNR (CARS signal has cubic scaling law as a function of
excitation power) so that the CARS spectra of the sample could not be clearly
recognized.
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Figure 4.2.13: Stainless-steel substrate.

Figure 4.2.14: Glass substrate.

Two different substrates have been used for experiments: a stainless-steel a
microscope fused silica slide. The images of the two substrates are reported in
Fig. 4.2.13 and Fig. 4.2.14.

As discussed previously, we are considering droplet of chemicals in the range
of 1-20 µL, however, the sample volume probed is intrinsically limited by the
dimension of the laser beam focus on the sample, thus the probed volumes are
much lower than 1 µL. In particular, the laser beam is focused to a radius of
around 2.5 µm, corresponding to an effective area of 0.5× π× (2.5 µm)× 2 = 10
µm2. The Rayleigh range corresponding to this laser beam focus is zR = 20
µm. Multiplying by 2 the Rayleigh range, one obtains the measure of the
distance over which the beam can be assumed of nearly constant radius, i.e.
the depth of focus. The sample’s volume probed by the laser beam focus is
nearly equal to the effective area multiplied by the depth of focus, that is 10
µm2 × 40 µm = 4× 10−16 m3. Thus, since 1 µL of liquid substance corresponds
to a volume 10−9 m3, the volume probed by the configuration is 7 orders of
magnitude lower.

We considered first the stainless steel substrate since we expected it to be
a more favorable case with respect to glass. It is worth noting that, in this
case, the detected CARS signal is due to scattering from the gritted surface
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(no polishing) of the stainless-steel substrate which is collected by the focusing
lens. Fig. 4.2.15 shows the epi-CARS spectrum of DMMP deposited on stainless
steel substrate as measured with integration times of 0.01, 0.1, 1, and 10 s,
corresponding to 1, 10, 100 and 1000 averaged spectra respectively. Table 4.4
shows the corresponding SNRs.

Figure 4.2.15: Epi-CARS of DMMP deposited on stainless steel for 0.01 s (green
line), 0.1 s (blue line), 1 s (red line) and 10 s (black line) integration times.

Table 4.4: SNR of DMMP strongest Raman line as a function of spectral averaging,
with DMMP deposited onto a stainless steel substrate.

Averaging 1 10 100 1000
SNR 30 130 450 800

As expected, the SNRs are severely reduced with respect to the ones ob-
tained with the transmission setup, however, since DMMP is a good Raman
scatterer we still have a good quality result for acquisition time of 1 s and 10 s:
the non-resonant background is almost totally rejected, and all main spectral
features under investigation are clearly identified and resolved. This feature is
shown in Fig. 4.2.16, where the comparison between the spectrum of DMMP
obtained with an acquisition time of 10 s with epi-CARS (top red line) and the
Spontaneous Raman spectrum of DMMP [5] as measured using a commercial
Raman spectrometer (bottom black line).

It is worth noting that the spectral shape of the epi-CARS spectra and
spontaneous Raman spectra are slightly different, this is because of two main
reasons: first, the spectral profile of a CARS resonance is always altered to some
extent by the presence of non-resonant background contribution, which makes
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Figure 4.2.16: Epi-CARS spectrum of DMMP as measured with acquisition time
10 s (red line), and spontaneous Raman spectrum (black line) [5].

the profile slightly different with respect to the spontaneous Raman resonance;
second, the relative intensity of the CARS peaks depend on the power content
of the excitation source at the Raman shift of interest, which in turn depends
on the spectral profile of the pump laser.
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Consider now TDG deposited on stainless steel. Fig. 4.2.17 shows the epi-
CARS spectrum of TDG deposited on stainless steel substrate as measured with
integration times of 0.01, 0.1, 1, and 10 s; Table 4.5 shows the corresponding
SNRs.

Figure 4.2.17: Epi-CARS of TDG deposited on stainless steel for 0.01 s (green line),
0.1 s (blue line), 1 s (red line) and 10 s (black line) integration times.

Table 4.5: SNR of TDG strongest Raman line as a function of spectral averaging,
with TDG deposited onto a stainless steel substrate.

Averaging 1 10 100 1000
SNR 8 45 72 250

As expected, TDG is a much weaker Raman scatterer with repsect DMMP
as one can see coparing the SNRs. However, we still have good quality results
for acquisition times of 1 s and 10 s. Fig. 4.2.18 shows in fact how all the main
spectral features are identified.
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Figure 4.2.18: Epi-CARS spectrum of TDG as measured with acquisition time
10 s (red line), and spontaneous Raman spectrum (black line) [5].

Last, we consider TEHP deposited on stainless steel. As discussed before,
TEHP, as TDG is a weak Raman scatterer, so the detection in this configuration
was expected to be challenging. Fig. 4.2.19 shows the epi-CARS spectrum of
TEHP deposited on stainless steel substrate as measured with integration times
of 0.01, 0.1, 1, and 10 s; Table 4.6 shows the corresponding SNRs.
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Figure 4.2.19: Epi-CARS of TEHP deposited on stainless steel for 0.01 s (green line),
0.1 s (blue line), 1 s (red line) and 10 s (black line) integration times.

Table 4.6: SNR of TEHP strongest Raman line as a function of spectral averaging,
with TEHP deposited onto a stainless steel substrate.

Averaging 1 10 100 1000
SNR - 2 32 80

As one can see, TEHP resulted as the worst substance to detect in this
configuration. The spectrum is completely hidden by noise with a single acquisi-
tion and the SNRs at larger acquisition times are low even compared with the
ones obtained with TDG. Even in this case however, considering the spectrum
obtained at 10 s acquisition time, it is still possible to identify the main spectral
features of the substance, as shown in Fig 4.2.20.
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Figure 4.2.20: Epi-CARS spectrum of TEHP as measured with acquisition time
10 s (red line), and spontaneous Raman spectrum (black line) [5].

Overall, the spectral quality obtained with integration time of 1 s and 10 s
is high and all main spectral features of all three samples under investigation
are clearly identified and resolved. A machine learning algorithm for rapid
identification of the samples has been developed and preliminary tested on the
acquired spectra under various experimental conditions, and all samples have
been identified with no occurrence of errors.

It is also possible to make a comment about the limit of detection (LOD),
defined here as the minimum volume of sample that could be detected with a
SNR higher than 10, allowing for clear identification of the agent under analysis.
As discussed above, all experiments have been performed on a sample volume
probed by the laser beam that is estimated to be 0.4 fL (1 fL = 10−15 L).
Considering the SNRs we obtained, DMMP can be detected over stainless-steel
with a LOD of 0.4 fL and integration times of only 10 ms. TDG on stainless-steel
has a LOD of 0.4 fL at integration times of 100 ms. TEHP on stainless-steel has
a LOD of 0.4 fL at integration times of 1 s.
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Consider now the chemicals deposited on the glass surface. Fig. 4.2.21 shows
the epi-CARS spectrum of DMMP deposited over the surface of a fused silica
slide, as measured with integration times of 0.01, 0.1, 1, and 10 s; Table 4.7
shows the corresponding SNRs.

Figure 4.2.21: Epi-CARS of DMMP deposited on glass for 0.01 s (green line), 0.1 s
(blue line), 1 s (red line) and 10 s (black line) integration times.

Table 4.7: SNR of DMMP strongest Raman line as a function of spectral averaging,
with DMMP deposited onto a glass substrate.

Averaging 1 10 100 1000
SNR 15 90 300 650

It is worth noting that the SNR ratio observed with DMMP deposited on
glass is similar to that observed on stainless-steel. This is due to the different
reflecting and scattering properties of the surfaces: the stainless-steel surface
has a high reflectance of around 70% at 800-900 nm and it is sand-blasted, so
that the forward generated CARS beam is mainly back-scattered; on the other
hand, the glass surface has low reflectance, but it is polished to optical quality
and the CARS beam is back-reflected (no scattering), hence the higher spatial
quality (improved collimation and focusing to the avalanche detector) of the pure
back-reflected beam compensates for the lower reflectance of the glass surface,
yielding an overall SNR similar to that observed with stainless-steel. More
specifically, the detected CARS signal with glass substrate is due to pure Fresnel
reflection of the forward generated CARS primarily at the interface between
sample and glass. As the refractive index of the samples and glass are very
similar (nFS = 1.45, nTDG = 1.51, nTEHP = 1.44, nDMMP = 1.41 at 1030 nm)
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actually the amount of reflection is very low. A secondary reflection contribution
from the interface between glass and air below the substrate could also contribute
to the measured signal, however, as the glass substrate has a thickness of 1 mm,
there is low matching to the imaging condition for back-collection by the focusing
lens, due to high divergence of the focused beam.

In Fig. 4.2.22, the comparison between the spectrum of DMMP obtained
with an acquisition time of 10 s with epi-CARS (top red line) and the Sponta-
neous Raman spectrum of DMMP [5] as measured using a commercial Raman
spectrometer (bottom black line).

Figure 4.2.22: Epi-CARS spectrum of DMMP as measured with acquisition time
10 s (red line), and spontaneous Raman spectrum (black line) [5].

One can see that DMMP can be detected over glass with a LOD of 0.4 fL
and integration time of only 10 ms.

Epi-CARS detection of TDG and TEHP was not possible with the fused
silica substrate: even though the interferograms were visible in the time domain,
the corresponding spectra in frequency domain were barely recognizable due to
very low SNR. This is ascribed to the reduced strength of TDG and TEHP as
Raman scatterers with respect to DMMP. Detection of TDG and TEHP over
glass substrate would require working on the detection section to increase the
sensitivity.

As a final test, we tried to proceed with the identification of CWAs deposited
onto a packed sand substrate, obtained by pressing purified SiO2 powder to
a round shape. However, Epi-CARS detection of DMMP, TEHP and TDG
was not possible on this substrate. The interferograms could be seen in the
time domain, however the corresponding spectra in the frequency domain were
characterized by very low SNR, so that identification of the spectral fingerprint
was not possible. This was not expected, as actually the packed sand substrate
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is white colored and hence it provides high reflection in the wavelength range
where the CARS signal is detected (800-900 nm). The low SNR is ascribed to
the porousness nature of the substrate: few seconds after deposition onto the
substrate, the sample is completely absorbed by the substrate itself, so that the
medium probed by the laser beam during epi-CARS measurement is a mixture of
sand and deposited sample, where actually sand represents the main components
(estimated sand concentration >90%). As a consequence, the resulting epi-CARS
signal is reduced to a level below the sensitivity of the detector. Again, detection
of DMMP, TDG and TEHP over packed sand substrate would require working
on the detection section to increase the sensitivity.

In conclusion, the activities developed within this project have shown the
feasibility of epi-CARS detection of relevant CWA simulants deposited on different
substrates. All CWAs simulants have been detected on stainless steel at high
spectral quality with integration times of 1 s. DMMP was clearly detected also
on fused silica glass with integration time of 1 s. One main limitation of the
present experimental setup is the relatively low sensitivity, which prevented the
observation of epi-CARS spectra of TDG and TEHP on glass substrate and of
all the CWAs onto the sand substrate. The avalanche silicon photodiode used in
the present setup is actually already very sensitive, however, the detection of
back-scattered beam is extremely challenging due to the very low power levels
available at the detector. Photomultiplier tube would be the best choice for the
measurement performed within this study, with much better figures of merit in
terms of noise floor and gain.

In addition, the pulse repetition frequency of the system should be changed
to lower frequency in order to reduce the average power incident onto the sample.
This would be beneficial for reducing the risk of damage to the substrate and
for inhibiting sample evaporation.
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Transmission Configuration with a Resonant
Galvo-Mirror

The previous version of the system was designed to operate at an acquisition
rate of 100 spectra/s, mainly limited by the rotation speed of the non-resonant
galvo-mirror. This is why we tested one last configuration, this time using a
resonant galvo-mirror CRS4kHz by the company Cambridge Technology: the
scanning arm features a rapid delay scanner that consists of a resonant scanner
operating at frequency of 4 kHz. The delay scanner will allow for delay scanning
of 2.5 mm at the frequency of 4 kHz, corresponding to a resolution in the Raman
spectrum of 5 cm−1.

Apart from the new resonant galvo-mirror, the setup is in the same transmis-
sion configuration shown in Fig. 4.1.1. All the other parameters (incident power
on the sample ≈ 400 mW, ...) are left unchanged. As mentioned before, being
this galvo-mirror very fast and piloted by a sine wave, the delay is introduced in
a non-linear way, thus the resampling using the He-Ne interferograms is exploited
as will be discussed in Section 4.3.

First of all we started with acetonitrile, to align and test the new setup,
together with the new sampling method. Fig. 4.2.23 shows acetonitrile spectra
as measured with a single acquisition, 10, 100 and 1000 averages, corresponding
to 125 µs, 1.25 ms, 12.5 ms and 125 ms respectively.

Figure 4.2.23: CARS of acetonitrile for a single acquisition (green line), 10 (blue
line), 100 (red line) and 1000 (black line) averages, at 4kHz.

One can see that now, good quality spectra can be obtained much faster
than with the previous configuration.
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In order to test the potential of the setup as a CWAs fast detecting system,
we measured DMMP, given its good Raman response. Fig. 4.2.24 shows spectra
as measured with integration times 125 µs, 1.25 ms, 12.5 ms and 125 ms; Table
4.8 shows the corresponding SNRs.

Figure 4.2.24: CARS of DMMP for 125 µs (green line), 1.25 ms (blue line), 12.5 ms
(red line) and 125 ms (black line) integration times.

Table 4.8: SNR of DMMP strongest Raman line as a function of spectral averaging
at 4 kHz.

Averaging 1 10 100 1000
SNR 30 120 480 1500

We can see high quality spectra are already obtained at 12.5 ms,against the
1 s threshold of the previous configuration. However, the SNRs obtained in
this case were kind of unexpected. Being this a transmission configuration, we
expected the SNRs to be comparable with the one reported in Table 4.1. Instead,
the SNRs obtained in this case, even though very good, are significantly lower.
A possible explanation for this result is ...

In any case, we can see that the system is still able to detect all the main
spectral features of the sample under analysis as shown in Fig 4.2.25, where the
spectra of DMMP obtained with an acquisition time of 125 ms is compared with
the spontaneous Raman spectrum of DMMP [5].
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Figure 4.2.25: CARS spectrum of DMMP as measured with acquisition time
125 ms (red line), and spontaneous Raman spectrum (black line) [5].

This result prove the potential of this configuration for fast detection and
identification of CWAs. The next step would be to test again this setup in a
backreflection configuration.
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4.3 Sampling Process

As mentioned before, a beam from a helium-neon (He-Ne) laser is spatially
combined with the Yb-laser and the continuous interference signal of the He-Ne
laser is detected with a photodiode after the interferometer. This signal is used
as an external clock for data sampling, which calibrates the nonlinear optical-
path-length-difference that comes along with the rapid-scan interferometer, in
particular, samples are collected when the interferograms cross the zero value. As
discussed, in our first implementations of the system we use a non-resonant galvo-
mirror, piloted with a ramp signal at 100 Hz. Fig. 4.3.1 shows the corresponding
interferogram of the He-Ne.

Figure 4.3.1: (a) Ramp signal at 100 Hz used to pilot the galvo-mirror; (b) Interfero-
gram of the He-Ne.

This interferogram can be also used to characterize the interferometer. As
one would expects, when we get to the ramp edges and we have the inversion
of direction of the galvo-mirror, the interferogram is distorted, as better shown
in Fig. 4.3.2. This means that in these cases, the delay is introduced strongly
non-linearly. This is natural and these areas of the interferograms can be easily
avoided by placing the trigger afterwards.

96



Figure 4.3.2: Distorted interferogram at the edges of the ramp.

Even though we are using a ramp, the delay is not introduced in a completely
linear way. This is the reason why asynchronous sampling is not optimal, leading
to a distortion of the collected spectrum, with respect the result obtained with
synchronous sampling by means of the He-Ne interferograms. This claim is
confirmed by Fig. 4.3.3, where the spectrum of acetonitrile acquired with 1000
averages is shown, using asynchronous and synchronous sampling, using a ramp
signal.
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Figure 4.3.3: Comparison between acetonitrile measured with 1000 averages, using
asynchronous (red line) and synchronous (black line) sampling, using a ramp signal at
100 Hz.

As one can see, the asynchronous sampling returns a meaningful spectrum,
where the main spectral features are still identified, but with larger Raman lines.
This broadening is due to the fact that the linear sampling is not completely
suitable even in the favorable case of a ramp signal.

The same argument is better demonstrated considering a sine wave at 100
Hz as a piloting signal for the galvo-mirror, as shown in Fig. 4.3.4.
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Figure 4.3.4: (a) Sine signal at 100 Hz used to pilot the galvo-mirror; (b) Interferogram
of the He-Ne.

Again at the inversion of direction of the galvo-mirror, we have a distortion
of the interferogram as discussed before. Moreover, since we are using a sine
wave, the delay is introduced in a severe non-linear way, thus the usual sampling
process is not suitable at all to get good quality spectra.

This is better demonstrated in Fig. 4.3.5. It shows the spectrum of acetonitrile
acquired with 1000 averages, using asynchronous and synchronous sampling,
using a sine signal.
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Figure 4.3.5: Comparison between acetonitrile measured with 1000 averages, using
asynchronous (red line) and synchronous (black line) sampling, using a sine signal at
100 Hz.

With respect to the case of the ramp signal, the broadening is much more
severe and the result is a spectrum where the main spectral features are completely
lost and the result is thus meaningless.

This result shows how using a sine wave requires synchronous sampling to
get a non-meaningless spectrum. Moreover, we expect the broadening to be even
worst the higher is the speed of the galvo-mirror. This is interesting since in
our last iteration of the system, we used a resonant galvo-mirror, oscillating at
4 kHz, piloted by a sine wave. The interferogram in this case is shown in Fig.
4.3.6.

Again, we can compare the spectra of acetonitrile obtained with asynchronous
and synchronous sampling. The comparison is reported in Fig. 4.3.7.

We can see again that the spectrum is meaningless due to the distortion
given by asynchronous sampling, thus the resampling using He-Ne is required.
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Figure 4.3.6: (a) Sine signal at 4 kHz used to pilot the galvo-mirror; (b) Interferogram
of the He-Ne.

Figure 4.3.7: Comparison between acetonitrile measured with 1000 averages, using
asynchronous (red line) and synchronous (black line) sampling, using a sine signal at 4
kHz.
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Chapter 5

Conclusions

In conclusion, the activities developed within this project have shown the feasibil-
ity CARS detection of relevant CWAs simulants in a transmission configuration
and of epi-CARS detection on different substrates. The CWA simulants used
for experiments were TDG, TEHP, and DMMP, whereas the substrates were
stainless steel, fused silica glass, and packed sand. All CWAs simulants have
been detected in the transmission configuration and on stainless steel at high
spectral quality with integration times of 1 s. DMMP was clearly detected also
on fused silica glass with integration time of 1 s. Samples could not be detected
on packed sand due to low SNR. The transmission configuration was also tested
with a faster resonant galvo-mirror which let us detect high quality spectra with
integration times of few ms.

One main limitation of the present experimental setup is the relatively low
sensitivity, which prevented the observation of epi-CARS spectra of TDG and
TEHP on glass substrate, and of all samples on packed sand. The avalanche
silicon photodiode used in the present setup is actually already very sensitive,
however, the detection of back-scattered beam is extremely challenging due to
the very low power levels available at the detector. Photomultiplier tube would
be the best choice for the measurement performed within this study, with much
better figures of merit in terms of noise floor and gain.

We were able to obtain such results by successfully generating ultra-short
pulses centered at 1030 nm with our scheme based on a low power Yb oscillator
followed by an Yb fiber amplifier and achieving almost pure SPM in a subsequent
PCF. However, the system performance would benefit from the adoption of a
commercial Yb-fiber laser in substitution of the present scheme. In fact, the
footprint of the system would be greatly reduced and all optical components
would be integrated over a single platform so that the system stability (short-
and long-term) would be improved.

In addition, the pulse repetition frequency of the system should be changed
to lower frequency in order to reduce the average power incident onto the sample.
This will be beneficial for reducing the risk of damage to the substrate and for
inhibiting sample evaporation.
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