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Preface

As Ammasi Periasamy (Professor Center Director, W.M. Keck Center for
Cellular Imaging ) quoted in his book "Coherent Raman Scattering Mi-
croscopy",

A picture is worth a thousand words...

Imaging began in Iraq in 1021, adopting the use of the pinhole camdems
being replaced in 1550 by a biconvex lens developed in Italy. Antonirva
Leeuwenhoek (October 24, 1632-August 26, 1723), pioneereorkvin the
eld during the 1670s. A Dutch tradesman and scientist, he is refexd to
as "the Father of Microbiology", and considered to be the rst micobiolo-
gist. He is best known for his work on the improvement of the microspe
and for his contributions towards the establishment of microbiologyWith
chemical-based photography superseding mechanical imaging temlogy in
1826 in the rst successful picture was taken in sunlight then to beommer-
cialized by Carl Zeiss in 1846 in Jena, Germany. Modern digital imaging
is based on technology which counts the number of light photons faldjrdi-
rectly on a chip which then produces an image at the focal plane. It tken
possible to manipulated and modify these images in a variety of di erén
ways by using additional algorithms and available software. In the ld of
imaging, microscopes are essential tools used to observe andriescell tis-
sue, or even whole organisms, such as; protozoa, bacteria andrspatozoa.
Microscopes have enabled scientists to better study and undeast the rela-
tionship between microscopic and macroscopic behaviour by opening the
way to study the development, organization, and function of unidlelar and
higher organisms, as well as structures and mechanisms at the roggopic
level. Moreover, the imaging function maintains temporal and spatiaela-
tionships that may be lost in traditional biochemical techniques and ers
two or three-dimensional resolutions that other laboratory methds cannot
give.

Fluorescence imaging, although powerful for cell biology, usuallyo@res la-
beling the molecular species of interest in some way. This involves adding
bulky appendages to the molecule, which can interfere with normaliric-
tion, and the uorophores themselves are subject to photo-blehing, lim-
iting imaging time. Raman spectroscopy, which can be used to identify
molecules based on signature vibrational frequencies of chemicahds fol-
lowing excitation by a laser, o ers a label-free alternative. Good eraples of
widely used non-labelled imaging methods are: coherent anti-Stokeaman
scattering spectroscopy (CARS) and stimulated Raman scatteign(SRS) mi-

iv



croscopy, which can facilitate the imaging of molecular function makinuse
of the molecular vibrations (cells, tissues, and whole organisms). d$e tech-
nigues have been widely used in research for example as in stem csbaech.
Sir Chandrasekhara Venkata Raman, FRS (7 November 1888 21 Mmber
1970) an Indian physicist whose work was in uential in the growth oéci-

ence in India, was the recipient of the Nobel Prize for Physics in 1936r

the discovery, with his collaborator K.S.Krishnan, that when light traverses
a transparent material, some of the light that is de ected changes wave-

length. This phenomenon is now called Raman scattering and is the ués
of the Raman e ect. This phenomenon, bearing Ramans name, wasacac-

terized in his own words as excessive feebleness, due to the low encig of

inelastic scattering, hence necessitating intense excitation light.ue to this,

it was not until the emergence of lasers in the 1960s that Raman spr@scopy
was popularized. Raman spectroscopy has now become a valuable iaudlis-

pensable tool for chemical analyses in industrial and research |abtories.

This dissertation addresses the question of how Raman spectmmsg can be
used to obtain a point-by-point chemical map of a live cell or tissuenlsum-

mary, it can be said that thecoherentRaman e ects, which will be described
in detail in the course of this dissertation, can be understood by ¢hpolar-

ization function P® . In Figure (20) (see Appendix) the non-linear response
will be covered: for weak elds, only the harmonic part of the potdral is
relevant and the polarization depends linearly on the eld. For strog elds
the polarization depends non-linearly on the incoming eld.



1 Basics of Raman Scattering

1.1 The Spontaneous Raman E ect

I will begin to discuss the theory of spontaneous Raman e eghich | take to
be the best starting point to describe the techniques of aeimé spectroscopy
as outlined in this dissertation.

Although it is the electrons in the molecule that are set in motion by the
visible or near-IR driving elds, their oscillatory motions do contain inbr-
mation about the motions of nuclei. The reason for this is that the adbatic
electronic potential depends on the nuclear coordinates [12]:

Vad(R) = Ee(R) + Vin(R) : (1.1)

From the expression of the adiabatic potential is clear that the dyamics
of the nuclei is driven by the energyE.(R). This term represents the glue
that holds together the nuclei of atoms. Since the electrons areind to
the nuclei, nuclear motions will a ect the motions of the electrons awell.
Therefore, the electronic polarizability is perturbed by the presex of nuclear
modes. To describe the e ect of the nuclear motions, we rst comat the
dipole moment to the (tensor) polarizability (t) under the assumption that
the driving frequency is far from any electronic resonances of tlsgstent
[12]

(= OE({): (1.2)

In the hypothetical absence of nuclear modes and/or non linearite the
polarizability can be approximated as a constant o, the polarizability of the
molecular mode at equilibrium position. In the presence of nuclear mesl
we can express the electronic polarizability in terms of the nuclear@alinate
Q (for small displacements), and expand it in a Taylor series:

| |

@ 1 @ . 2 1 0p~N2
)= o+ — )+ = — )+ = o+ + = +
= o @QOQ() 2 @0 OQ() ot @ > @)
(1.3)
Every harmonic oscillator is a system that respects
d*Q dQ
—o +2 a+!§Q:o; (1.4)

INote: For the incident EM wave, the electric eld may be expressed asE =
Eocos(2 ot), where o is the frequency Hz) of the incident EM .



solving this di erential equation, it can be established that,

Q= Qgcos( t+ ) (1.5)

Therefore the physical displacemen® Qof the atoms about their equilibrium
position due to the particular vibrational mode may be expressed as

@Q= Qocos(2 ipt) ; (1.6)

where Qg is the maximum displacement about the equilibrium position.
Based on the vibrational displacement of eq(1.6), the polarizability ay be
given as
= ot QQO cos(2 ipt): (1.7)
@Q Vi
The rst-order correction to the polarizability has a magnitude of@ =@Q
can be interpreted as the coupling between the nuclear and electio coor-
dinates. The nuclear motion along Q can be that of a classical harmon
oscillator:

Q1) =2Qocost vt + )= Qofe! " +e 't I ]; (1.8)

where Qg is the amplitude of the nuclear motion, , is the nuclear resonance
frequency, is the phase of the nuclear mode vibration.
When the incoming eld is written asE(t) = Ae " ' + c:c; then the dipole

moment is found as Complex):
!

(t) = er itgt 4 A Q QO[e ity P+ e (L)t i ]+ cc : (19)
@q,

or in Real eld:
P = (Egcos(2 ot)+ %&o cos(2 ot)cos(2 ipt): (1.10)

Using a trigonometric identity?, the above relation may be recast as
!

@ QoE

P = oEqcos(2 ot)+ @QQOZ 0

cos[2( o win)tl]]+cos[2 ( o+ vib)t] :

(1.12)
The dipole moment oscillates at several frequencies. The rst teron the
right-hand of equation (1.9) describes the process of elastic Ragle scat-
tering at the incident frequency. The second term describes theelastic

2cos( )cos( ) = 3[cos( + )+ cos( )]
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Raman-shifted frequencies at!(; !,), which is called the Stokesshifted
contribution, and at (! ; + ! ), the Anti-Stokes-shifted contribution. Note :
the Raman term is directly proportional to (@ =@ which describes how
the applied eld brings about a polarizability change along the nuclear ode.
The polarizability change is strongly dependent on the symmetry ohe nu-
clear mode in the molecule, which forms for the selection rules in Raman
spectroscopy.

I will now outline the following disadvantages with spontaneous Ramaspec-
troscopy: The main disadvantage is that the Raman signals weak and in-
coherent. Fluorescence can easily overwhelm the Raman signal. Reman
scattering signal from each molecule bears an arbitrary phase teaship
with respect to phase of the incident eld, since initial phase of theibra-
tional mode  changes from molecule to molecule. In a real experimental sit-
uation, we do not probe a single molecule, instead, an assembly of roales
with their random initial phases and random orientations in space, tis the
molecules act as independent sources of radiation irrespective o degree of
correlation amongst their positions. Therefore, the Raman scatting signal
will be an incoherent radiation spread in a 4 steradian solid angle. Practi-
cally, only a small fraction of the entire signal can be detected, wiianakes
the spontaneous Raman spectroscopy unsuitable for microscopiaging at
fast acquisition rates. In Figure (1) we see the three main process[9]:

Stokes Rayleigh anti-Stokes
__________________ S
R S e i i Tl i z
g Rayleigh
w
& =l
@ T T
[0 3— 3
7:5 Stokes
S ¥ anti-Stokes
28 B (O % .
Jox Ep o)
1 T2

Frequency

Figure 1: The energy level for the three processes.

1.2 The Coherent Raman Interaction

If two coherent electromagnetic elds are present with fregncy di erence
matching the vibration frequency of a Raman mode, thH& elds can provide

3High signal levels (1§ 10’ spontaneous Raman signal).



a force driving the Raman vibration coherently10]

The term coherent Raman scattering CRS) denotes a special class of light-
matter interactions. Central to this class of interactions is the pdicular way

in which the material is responding to the incoming light elds: the respnse
contains information about material oscillations at di erence freqancies of
two incident light elds. However compared to spontaneous Ramarcat-
tering, CRS techniques can produce much stronger vibrationally sensitive
signals. The popularity of CRS techniques in optical microscopy is inti-
mately related to these much improved signal levels, which have emadh the
fast scanning capabilities oCRS microscopes. [9]

Description of Coherent Raman Scattering Coherent Raman Spec-
troscopy (CRS) techniques can be considered as two- step prssss. In the
rst step, a set of multiple laser pulses centered at di erent optichfrequen-
cies, but whose combination matches the vibrational frequency thfe target
molecules, is incident on the sample and generates a vibrational caree
state in the molecules. The above mentioned coherent collective e vi-
brations in the rst step prepare the sample for the second stegFollowing
this criterion, the divergence between spontaneous Raman and SRs that,
in spontaneous Raman, the target molecules vibrate with random pkes,
whereas, in CRS, after the rst step, target molecules vibrate terently.
Analogous with the spontaneous Raman e ect, in the second step GRS,
another laser pulse, known as probe pulse interacts with the sampmed
modulates the vibrational coherence generated in the rst stegither at the
same frequency of one of the rst-step laser pulses or at a di erefrequency.
At the output, the beat frequency is detectable between the vilational res-
onance frequency and the probe pulse frequency identifying, in GRat least
two laser photons, called pump!(p) and Stokes( s) respectively. The di er-
ence of frequency!(, !s) matches a molecular vibration, as needed in the
rst step, and a third laser photon, which either degenerates orot with re-
spect to the former pair, and needed as a probé ) in the second step. The
whole mechanism generates a fourth photort { !s+ !, !crs). This
implies that CRS processes are a type of four-wave mixing (FWM) peess,
driven by a non-linear response of the material. All optical phenoma that
arise from light-matter interaction can be described by introducin@ proper
polarization term [13]:

P(rit) = f[E(rt), E(rS)] (1.12)
meaning that the non-linear response at pointr(t) is due to the action of
the applied elds at the same point, and also of the elds at a di erentpoint
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(r®t). A typical approximation as a power series is as follows:

Pr;it)= POrt)+ POrt)+ POrt) + (1.13)
highlighting the various terms [9]:
Z
P(rt)= o @O r% t9 E(@rt9drut®
yd R
+o0 @@ %t t%r %t 99 ECESOEEOt°drUrtat®+

R Z
+9 O %t t%r %t % 00 00

R
E(r%t9E (r%t°E (r °®t°%dr Qr °Ur 8ttt % :::
(1.14)

P may be rewritten by identifying the linear and non-linear terms
P = P|_ + PNL (115)

where P, is linear contribution containing the rst term P® (r;t), linear in
electric eld, and Py is non-linear contribution containing the rest higher
order terms in electric eld. Now we derive the Fourier transformaon of
equation (1.14) so to change the components of the integral in tilew spa-
tial frequencies k and angular frequencies. In order not to get lost in
calculations we illustrate only the rst order term:
Z
POrt)= o @O %t HE@E®t)drUt® (1.16)
R

The rst transformation has the following form (we consider now tle variable

N,

P(k;t) F(k)= ’ e '*PO(r%)dr =
, " (1.17)
= Re ke O %t OEEt9drt®dr
with the following substitutions r  r%= r%®edr = dr®we have,
Z
F (k) = e k% hr® W0 tYE(r® tYdrdtr® (1.18)



so we nd the respective values @ (r®t t9 and E (k;t9. We consider now
the variable t
Z

F()= e™ Ok tYE(k;tYdt° (1.19)
R

with the following substitutions t  t°= t° we have nally:
POk 1)Y= o Ok 1EK;!): (1.20)
By ordering all orders we have:
P(rt)y= o W(ki!) E(k!)+
+ o D@kGKEK®1 810 E(K® 1 YE (KO %9+

+ o O (kKKK 1 81 00 0f
E (k%! YE (K1 OE (K°%1 0% -

(1.21)

If the i -order susceptibility ((r;t) is independent of r, its Fourier trans-
form  ((k;!) is independent of k. In this case, the response is called local.
To simplify understanding, | will substitute

0
! I

000
! g ! 4

S (1.22)

So that the the third-order component of the equation (1.21) betnes
PO(kgl)= @@l 13) E(kg! DEKe! 2)E(Ks:!3):  (1.23)

It is possible to rewrite this equation in expression in the time space als
using the Fourier transformation,

P(g) 4, t4) =
= ®) (t4 tl;t4 tz;t4 t3) E(rl;tl)E(rz;tz)E(rg;tg)drldrzdrg,dtldtzdtg .
R
(1.24)
Third-Order Susceptibility [9] All CRS processes as a rule, involve
virtual levels except real vibrational levels we want to probe. In Figre (2)
the representative energy-level diagram for the CRS processedlustrated.

The process involves four photons, one each at frequencigsand ! ; are
destroyed and one each at frequenciés and! 4 are created. Mathematical



virtual levels

P e

<l =~ === -

£

Energy

vibrational
levels

<nl
<kl D L

Figure 2: Energy level diagram for CRS. Figure adopted from ref.[9].

expression for @ ( 141 4; 1,;13)for FWM process in Figure (2) is written
[14]

N X
O ratlala)= —Pe (! . T nqi qk)
m;n;q * mk 1 mk (125)
1 1
P T+t T )k 'a 1 g

wherePe is the full permutation operator, j are transition dipole moments,
I'; are the energy di erences between associated energy levilds density of
molecules and j are the homogeneous linewidth of the associated electronic
or vibrational transition. Therefore, in equation (1.25), on right fand side in
the denominator, inside the rst and third factors, the terms ( .« ! 1)and
("gqk !4) will be identically zero due to the fact that virtual levels are
possible everywhere and they are always in resonance with all theident
frequency combination. Hence, in the denominator the rst and tind factors
will remain pure imaginary and their product gives a real term, and tows
X
O Tyl Vyly)s= ﬂPF
- min:q

(! nk ! 1t ! 2 [ nk) (1.26)

where is a real quantity proportional to spontaneous Raman di erential
cross-section. The complex ® term given by equation (1.26) is typically
written as:

. . . — 3)R - (3R 3)NR .
(3)( !41! 1 !21! 3)_ (Rg + 1 |(n2 + (Rg ) (127)

In equation (1.27), the superscriptR represents resonance therefore, mean-
ing that these parts of © are coming from incident frequency combinations
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which are in resonance with vibrational frequency of the moleculesThe
@R resonant contribution (3)R has real and imaginary components:ﬁfgR

and ffﬁR. Far from any electronic resonances, the imaginary component Im
is the resonance Raman response and it involves nuclear contributifyom
the molecules. It has a typical Lorentzian line shape of spontanep®aman
spectra (centered at resonant frequency of the molecule). Ometother hand,
the real component ¢ (! ;)Re®R involves the electronic contribution from
the investigated molecules. It has a dispersive shape.

From equation (1.23), it can be seen that total incident eld compries of
three frequency componentE(rq;ty)E(r,;t2)E(rs;ts). There are several
possible combinations of the frequency components that inducensa com-
ponent of non-linear polarization. For the representative CRS poess, fre-
quency component , = !; 1,4+ !5 to induce P® (! ,), can arise from 6
possible combinations:

E(')E (12)E(3); E(C)E(S)E (12); E (12)E(P)E(Ns)  (1.28a)
E (12E()E(1); E(L3)E (12)E(14); E(Y5)E(P1)E (12):  (1.28b)

and the corresponding non-linear susceptibilities will be

Oty Tata); @C gty 12 @ 1y 1alyly)
(1.29a)

OC 1ty 1) O 1t 1yl
(1.29b)

(3)( Pay 1ol

31 1);

This justi es the presence of permutation operatoPr (equations (1.25) and
(1.25)) where in our representative CRS proce$% = 6.

The third term @ is the rst non-linear term that is non-zero for all the
media and is responsible for th€ ARS phenomena. The third-order suscep-
tibility is a fourth-rank tensor containing 3* = 81 elements, of which only
a few are independent in a system with symmetry. For isotropic matals,
such as liquids and gases, only four susceptibility terms are indepentcom-
ponents, since the following equations take place [12]:

(131)11 = (232)22 = (333)33 (1.30)
(131)22 = (131)33 = (232)11 = (232)33 = (33:%)11 = (33:%)22 ; (1.31)
(132)12 = (13:%)13 = (231)21 = (233)23 = (33232 = (331)31 ; (1.32)
(132)21 = (13331 = (231)12 = (233)12 = (331)13 = (332)23 : (1.33)



For (CRS) processes, the convention, for generk{?j{(I ) is to assign indices

L, J, K, I'to 14;11;1,;!1 3 respectively to represent their electric elds po-
larization states. In such componentwise representation of®), the induced
polarization at frequency! 4 for the representative CRS) process is written
as:

3 X 3
P oty tosts)/ Pe ik (Lt Parla)Ej (M )E( 2)EI(N5):
ikl
(1.34)
This induced polarization is the source for the Raman response ottmedium

in a CRS process.



2 Coherent anti-Stokes Raman Scattering Mi-
croscopy (CARS)

In this chapter, an introduction to the CARS imaging technige will be
covered, describing it both from an analytical perspectivand demonstrating
its potential by making use of real CARS imaging taken from @ scienti ¢
articles. It is clearly understood from this rst techniquethat advances in op-
tical imaging techniques have completely revolutionizetidies of the micro-
scopic world. In summary, this microscopic technique is abal-free imaging
technique that has the ability in real-time, to examine in aan-perturbative
manner, living cells, based on molecular vibrational speascopy.

2.1 Principle of CARS

As mentioned above, the modern optical techniques have revolutiaed the
way to observe the microscopic world; simple techniques such as htigeld
microscopy and di erential interference contrast microscopy ttha large role
in cellular and molecular biology experiments but did not provide chemita
speci city. The imaging mode to identify speci ¢ molecules has improwkun-
derstanding of biological processes on the microscopic scales. Wahthese
techniques, however require the use of exogenous labels, whiteroperturbs
the system under test. Other imaging techniques such as uoreswe imag-
ing provides molecular speci city but the number of endogenous uophores
are limited. The vibrational microscopy technique provides intrinsicleemical
selectivity, since di erent molecules have speci c vibrational fregencies. In-
frared microscopy has been a great success, but it is limited due to@mber
of di culties, including low sensitivity due to non-background-free detection,
low spatial resolution and absorption of infrared light from the absption
of water. Raman microscopy has been extensively developed andiaction
in biomedical applications in glucose detection and tumor diagnosticONA
detection and micro-endoscopy have been found. We can say tlia¢ key to
the observation of living biological samples, which the optical imagingth-
niques impose, is divided into three main aspects:

(1) must be non-invasive,

(2) chemical selectivity,
(3) high sensitivity.

10
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Figure 3: (a) Energy-level diagram for CARS, (b) Spectral positions of thebeams. Figure
adopted from ref.[9].

Conventional Raman microscopy can satisfy only the rst two but ot the
third. In fact, Raman microscopy has limitations, such as having anxe
tremely weak signal, which causes data acquisition to be lengthy. Galent
anti-Stokes Raman Scattering (CARS) microscopy meets all of the require-
ments.

CARS is a four-wave mixing process where a pump beam, a Stokes & on
probe with a frequency! ,, ! s and! ,, respectively induce a polarizatior?®

in the sample. This oscillating-induced polarization generates an ar$itokes
radiation, with frequencies! .s = ! p + ! o !, Fig(3). Commonly, experi-
ments are performed in a frequency-degenerate manner with themp and
the probe eld being obtained from the same laser so that hdss =2!p !s.

2.2 Mathematical expression for CARS signal

In this section, the mathematical expression of the CARS s@ will be cov-
ered, by considering some formulas and re ecting on some iorpant concepts
that must be highlighted, such as the phase matching cormditi We begin with
the classical Maxwell equation to arrive at the relationghibetween the elec-
tric eld E and the electric polarization P.

The interaction of light eld with materials is described by the Maxwells
equation. Without free current, charge and no magnetization, weave [17]:

8
2r E= 1=c @=@t; r D=0

>
r H=1=c @=@t; r H=0

11



whereH, D, E, and B stand for magnetic eld, electric displacement, electric
eld, and magnetic ux density, and D = E +4 P. Through simple steps
one can obtain an equation relating the electric eldE with the electric
polarization P:

1@E(iY) _ 4 @P(r;t)
2 @ @ & @
At high eld intensities the polarization P on the right-hand side of eq.(2.1)
has the following relationship withE (see non-linear optics theory, ref[9]):

r (r E(;t)+ (2.1)

P=PO+P@4+pP@4.= O E+ @ EE+ & EEE  (2.2)

where " is the susceptibility tensor of rankn + 1. The linear susceptibility
is related to the complex dielectric constant by =1+4 @, The second
order susceptibility @ and all the other even terms are always equal to
zero in isotropic media such as gases and liquids and in centro-symritet
crystals. The third term @ is the rst non-linear term that is non-zero for
all the media and is responsible for th€ ARS phenomena. In order not to
repeat the concepts of non-linear optics covered in the previousapter, it is
necessary only to consider the equation outlined in (1.34).
Figure (4) shows the energy diagram of CARS in parallel to two noresonant
four-wave mixing processes. Figure (4.a) shows the energy diagraf the
CARS process. Besides this process, there are still two kinds ohrresonant
phenomena : non-resonant transition (Fig(4.b)) and two-photombsorption
.(4.c)), which are considered as the major drawback of CARS micomgy.
The three transitions can be expressed by the third-order non-kar suscep-
tibility:

Ar
R ('p !'s) 1w
where R is the vibrational frequency and g is the half width at half max-
imum of the Raman line. g is a constant that represents the Raman scat-
tering cross-section. Whenl , ! is equal to g, the resonant signal is
maximized. yr is a real constant representing the non-resonant background
CARS signal. The second term on the right hand side of the equation is the
vibrationally resonant contribution S) with Ag the e ective amplitude as-
sociated with the! resonance. So th€ ARS polarization can be expressed
as (including the non-resonant term):

®= O+ ; (2.3)

Pears = P EZEs ; (2.4)

where E, and Es represent the pump and Stokes light elds, andEg is the
complex conjugate ofEs. The term  © can be expressed by the resonant

12



(a) (b) (c)

Figure 4: Three types of transitions contributing to observed the CARS sigral. (a)
The resonant transition. (b) The non-resonant transition. (c) T wo-photon absorption.
Solid lines indicate real states and dashed lines indicate virtual state. Vg: Ground state,
Vr: Raman-active vibrational state, r: Raman vibrational frequency, P pump beam, S
stokes beam,Pr probe beam. Figure adopted from ref.[17].

and non-resonant part, i.e., ® =( &)+ ( &)
Before considering calculations to arrive at an expression of the 88 signal,
it is helpful to point out that in the absence of the electronic resonees for all
parallel polarization conditions, both CARS and Spontaneous Ramastat-
tering provide the same information. Spontaneous Raman is in faatlosely
related tolm[ @], which describes the CARS vibrational response, although
@) contains additional terms which do not contribute to the spontaneus
Raman emission process. The CARS spectral shape di ers from tRaman
line-shape because of the interference between the contributifsam various
vibrational modes and the non-resonant background. S) has the form of
equation (2.3) without the non-resonant term, and representssum of all the
vibrational resonance. Its real part has a dispersive line-shapedthe imagi-
nary, which mirrors the spontaneous Raman line, has a Lorentziahape, see
Figure (5.b). An important advantage of CARS microscopy over sti&ring
spontaneous Raman microscopy is the fact that the uorescentabkground
from the sample does not interfere with the CARS signal. Giveh, > ! ,
it follows that the ! 55 frequency is higher than all excitation frequencies.
This implies that all background uorescence and spontaneous Ram sig-
nals from the sample will be observed at lower frequencies compatedhat
of the excitation.

A description of CARS can be obtained by interpretation of the foucoupled
equations (A.7) noted in the Appendix. By making the following assignamt

13



[9]:

(2.5)

3 P 4 AS
Equation (A.7) become:
7@%“;) = i p DAs(ht)A (nt)Aas(rt)e ' ¥ (2.6a)
7@%20 = i s OAMDAMDAs(E 2 (2.6b)
%: i o OA(DAs(EDARs (e T < (2.6¢)
7@9‘?@(20 = i as QA(MDAg(LDA(L)E ¥ (2.6d)
where 80lo¢ p. =3in equation (A.7), and k kas + ks 2K, is

16n;
the phase-matching term.as shown in Figure (5).

As already outlined, phase-matching requires that the sum of theamenta
of the two absorbed pump photons, has to equal the sum of thedvemitted
photons, the Stokes and the anti-Stokes. However it should betad that
phase matching is not required for a CARS process to take place in em
dividual molecule, given the momentum conservation can generallyoue by
the molecule in many ways; at the same time, it is required to build a cohe
ent CARS amplitude which is proportional to N, (i.e. the density of Raran
active molecules in the volume) which is emitted in a particular direction,
e.g., along the z axis. If one looks at the intensity in the equation (2.9it
can be noted that the term phase matching occurs at maximum whehere
is the condition ofj kjL , and thus the CARS signal can be detected
only in a certain direction as seen in gure (5.a).

By placing Ap(r;t) = Ap = const and As(r;t) = As = cost, integration
of equation (2.6d) over a lengthL gives:
yA L Z L #
dAAg (r; t) = i AS (S)Ap ASApei kz dz =
0 0 z. (2.7)

= [ AS (3)APA5AP el kZdZ
0
After simple algebra and with the initial condition Aas (0; t) = 0, one obtains:

. .. kL
Ans(Lit) = i as @ApAApL[e2 sinc — (2.8)
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Figure 5: On the left Phase-matching condition of CARS. (Phase-matching condition for
forward-generated CARS). Figure adopted from ref.[21]. On the ight Real and Imaginary
contributions to the Raman line with a line width . Figure adopted from ref.[9].

which corresponds to an intensity:

las(L;t) /] Aas(L;t)j% =

. (3): : L 2.9
= 2.) @j2131sL%sinc? — (29)
where equation (2.9) highlights the main CARS properties.
Excitation Geometry Due to the coherent nature of the CARS process,

an intense signal can be obtained i constructive interference is nmained
between the beams within interaction volume. In condensed ph4s€ARS
spectroscopy dispersion leads to a large phase mismatch and, egogntly,
to low CARS signals if a collinear excitation geometry is employed. This
problem is resolved in CARS spectroscopy by choosing an appropeatngle
between the excitation laser beams. Without going into further deil, CARS
microscopy saw a renaissance when it was realized that the phasatching
conditions were ful lled in a collinear excitation geometry under tight écus-
ing condition. Focusing excitation laser with high-numerical-apertw& lenses
onto di raction-limited spot sizes reduces the interaction length toa few
microns. This and the large cone of wave vectors present in the tighfo-
cused beams lead to a ful llment of the phase-matching condition antb
consequently to a strong CARS signal. The next chapter explains ahfor
structures that are signi cantly larger than the wavelengths invéved, the
CARS signal almost exclusively propagates in the forward directiorA de-
tailed theoretical treatment of the CARS signal generation and mpagation
shows that comparatively strong CARS signals can also be obtainedtime
backward direction.

4Liquids and solids are called condensed phase.
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2.3 Forward- and Epi- CARS Generation Mechanisms

Due to the coherent nature of the technique of the CARS signal, ¢hfar-
eld radiation pattern is much more complex and complicated than thee
observed in incoherent imaging techniques, such as uorescencel &aman
microscopy, where the signal is emitted in all directions. This radiatioin
CARS is highly dependent on innumerable parameters, including the iz
and shape of the scattering objects and the non-linear suscejities of the
objects. As we can see in Figure (6) [7], each vibration oscillator car b
considered as a Hertzian dipole at anti-Stokes frequency. For exnely thin
layers of oscillators, the radiation pattern becomes more directiah and
propagates equally in forward and epi-directions. As the sample thickness,
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Figure 6: The e ect of coherent signal in the focal volume: (a) single dipole, £) eld
from a plane of dipoles, (c) A few induced dipoles together generata forward- and weak
epi-direction signal, (d) in bulk material, coherently interfere to generate only a strong
forward signal, (e) As the size of the scattering object increaseghe epi- signal generated
by mechanism (1) drops dramatically while the forward signal contines to build to an
asymptotic level de ned by the focal volume, (f) At an interface, mechanism (2) generates
an epi- signal that is constant in intensity once the object size exoeds the focal volume.
Figure adopted from ref.[7].

z, increases constructive interference occurs in the forward diten, as zis
small resulting in forward-propagating CARS (F-CARS). At the sarne time
destructive interference occurs in the backward direction asz is large, lead-
ing to no epi-CARS signal for bulk objects [7]. This suggests that theARS
signal nay be generated only in F-CARS. However, this does not g, in
fact the epi-direction has been observed in CARS microscopy arisifrgm

SFor those who do not knowepi-: a pre x occurring in loanwords from Greek, where
it meant over, before, after.
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three di erent mechanisms:

Mechanism 1) Epi-CARS signal is generated from objects whose sezemall
enough ( ,=3).

Mechanism 2) Epi-CARS signal is generated at sharp discontinuities o ©.
Edges or discontinuities (essentially in nitely small) break the symmey at
focal volume.

Mechanism 3) Epi-CARS signal is generated from a sample that coma
many local changes in the index of refraction, where can redireairivard-
propagating photons in the the epi-direction (in this case, it is not fated to
coherent signal!).

Below, a generic experimental set-up of CARS can be seen, dispthyere
with forward and backward direction signals captured immediately &r the
imaging of tissue obtained in both modes. The schematic of a laseaisoing
CARS microscope is shown in Figure (7) [2]. So, due to the condition of
phase matching the majority of CARS signals, radiated in the forwdrdirec-
tion may be detected through the PMT1 with the use of a Iter, while he
signal (epi-) is detected with use of PMT2.

Below is shown in Figure (8), ofex vivotissues (with CH, stretch contrast)
that were imaged using F-CARS and E-CARS methods. In the rst cge Fig-
ure (8.a), there is an Epi-CARS image of a white adipose tissue of a nseu
omentum majus which generates an intense CARS signal. Kidney tissue
gives an excellent contrast with CARS microscopy. In Figure ((8.c )dipose
tissue , can be seen on the surface of the kidney; also taken via BRS.
Finally in Figure (8.e) with F-CARS an image in xed bovine retina can be
seen. It can be noted that the imaging taken through the method-EARS
are very sharp and clear. This is not surprising, as we shall see in thext
paragraph. There are various techniques of suppression of NREluding
backward (Epi-) CARS detection. The E-CARS e ectively increasehe con-
trast of small objects and this can be exempli ed by taking into conderation
the condition of phase- matching kjL that need not be necessarily
the same as zero which means that the CARS radiation from small steaer
can go in any direction instead of being con ned to the forward diréion (E-
CARS may also contain the radiation from a bulky medium due to multiple
scatterings of the forward photons that are re-directed into th epi-direction).
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Figure 7: This gure shows the schematic of a typical laser-scanning CARS mimscope.
The pump and Stokes should be spatially and temporally overlapped bere entering the
laser scanning microscope. Temporal overlap is realized by using sgironized laser sources
and a delay line in either the pump or the Stokes beam; while the spatiabverlap relies
on the dichroic mirror and ne tuning of the laser paths. After entering the microscope,
the excitation beams are tightly focused onto the sample by a high nmerical aperture
microscope objective. Three-dimensional imaging is realized by twdimensional scanning
of the laser beams in the horizontal plane (lateral) using the scanrmeand one-dimensional
scan through the vertical (axial) movement of the focusing objetive. The CARS signal
at each scanning point is recorded by the two photomultiplier tubes PMTs). Due to
the phase-matching condition, most CARS signals radiate in the fonard direction and
can be detected by PMT1 through a short pass Iter set. Whereasthe backward (epi-)
propagating CARS (E-CARS) signal mainly comes from the small featires and interfaces
in the sample and can be detected by PMT2. Figure adopted from ref2].

2.4 The Non-Resonant Background in CARS

The main source of background in CARS microscopy is from theom- res-
onant signal. Therefore, the NRB is an important factor in eery CARS
application. Its in uence depends on the mode of operationf dhe experi-
ment. In this chapter the concept of NRB and its consequendasCARS wiill

be covered. Examples of suppression techniques for norerest background
are described, and among these, will discuss in detail theJARS technique.

The non resonant background is the major drawback of CARS miccopy.
This phenomenon is due to the electronic contributions of both theisround-
ing solvent and the samples, which distort the spectral line. Equatio(2.9)
shows that the total CARS signal is a coherent addition of resonam@and
non-resonant contributions. The magnitude of the resonant ctnbution is
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Figure 8: Coherent anti-Stokes Raman scattering (CARS) imaging of variougissues ex
vivo, in both F-CARS and E-CARS, measured using theCH, stretch at 2085cm ! as
contrast. Figure adopted from ref.[3].

directly related to the oscillator strength and the number density tthe vibra-
tional mode involved. As long as the spectral bandwidth of the las@ulses
matches the vibrational line width, this resonant contribution is almst in-
dependent of the laser pulse duration. On the other hand, the naesonant
contribution is independent of the sample and strongly increases Wwitde-
creasing pulse duration. As a result the ratio of the (resonant/meresonant)
contribution decreases with decreasing pulse duration of the laseow to
give an important example of CARS imaging distortion, the case of wait will
be shown. Water is of particular interest in this study, and in the imags in

SRS 3250 cm ™! == N CARS 3250 cm !

Figure 9: Imaging skin of living mice. On the left we have SRS water image (3250
cm 1), shows a homogeneous distribution of water. On the right, CARS ater image,
shows artifacts from the non-resonant background of lipids. Acgired in epi-direction.
Figure adopted from ref.[19].

g. [19] there is a comparison of SRS vs CARS in the case of a living meus
It is of interest mainly in the study of transport properties of wate-soluble
drugs and their e ect on the hydration of the skin barrier [20]. In Figire (9)
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it is noted that CARS imaging of water is distorted due to the non-remant
background which brings about an image artifact. It shows positiveontrast
for the lipid-rich areas of thestratum corneum layer, which do not contain
water. This e ect is not observed in SRS as it is free from this backgund.

As mentioned above, the in uence of NRB on image quality depends dine
mode of operation of the experiment, namely, single-frequency mltiplex
CARS microscopy. In the rst case, the non-resonant backgrod limits the
detection sensitivity, while in multiplex CARS, the non-resonant baaground
is actually bene cial and serves to amplify the resonant respons&his im-
portant property of the multiplex CARS is shown below CARS Microscopy;
Maller, Zumbusch (2009):

les /] RI2+2 \rRel @1+ Gai*: (2.10)

Without going into details, the single-frequency response mode ofABS
(which is the most widely used) will be discussed now. To suppress then-
resonant background, many techniques have been developeds thost im-
portant are: Epi -detection CARS (E-CARS), Counter- propagang CARS
(C-CARS), Time -resolved CARS (TR -CARS) and many others, butdr
the sake of space the focus is on only one of these, on Polarizatiensitive
CARS (P-CARS).

Polarization-sensitive CARS [10]

In CARS spectroscopy, the traditional method for reducindhé non-resonant
contribution to the CARS signal is based on using the di ergrpolarization
dependencies of (N3)R and (R3). [18]

Polarization-sensitive CARS (P-CARS) is based on the polarization der-

ence between the resonant and non-resonant signals, which islieeal by

using the pump and Stokes beams with dierent polarization angles. sA
shown in Figure (10), the pump beantp is linearly polarized along the X-
axis while the Stokes beanks has a polarization angle of with the X-axis.

The x and y components of the non-resonant paf®N? of the third-order

polarization can be written as:

PNR =3 MR EZEScos() (2.11)

PR =3 J,EZEgsin( ) (2.12)
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The nonresonant partPNR is linearly polarized at an angle of with respect
to the x-axis and its amplitude can be written as

PNR =3 MR EZEcos()=cos() (2.13)

where the angle isrelated with bytan( )= yrtan( ). nr = Dh= 1R,
is the depolarization ratio of the non-resonant third-order polarition, and is
equal to 1/3, following the Kleinmans symmetry assumption. Similarlythe
x and y components of the resonant parP® of the third-order polarization
can be expressed as

Pe =3 FEfEscos() (2.14)

PX =3 5,E5Egsin( ) (2.15)

As the depolarization ratio of the resonant component,g , has a di erent

Y
A

Analyzer
yk,_

Figure 10: Schematic of polarization vectors for the pump and Stokes elds ad the gen-
erated resonant and non-resonant CARS signals. The dotted bluéne shows the analyzer
orientation for detecting P-CARS. Figure adopted from ref.[9].

value from that of the non-resonant component, the resonanhird-order po-
larization is polarized in a di erent direction, and thus by placing a polaiza-
tion analyser perpendicular to the polarization direction of the nomesonant
component as shown in Fig.(10), only the resonant signal is detedtand its
intensity is as follows

P¥ =3 JuEfEg[cos()sin() wrsin( )cos()]=3 FEFES(l &= nr):

(2.16)
P-CARS has been successfully demonstrated to remove the nesenant
background in CARS spectroscopy and microscopy. Equation (2)18ug-
gests that the signal is a fraction of the total resonant signal. Hhee, the
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detected signal intensity in P-CARS is quite low as it is just a small por-
tion of the total resonant signal, as can be seen in Figure (10). Soven
that the angle between the resonant and non-resonant polarizan is gen-
erally small, i.e., reducing the non-resonant contribution, it also lead® a
resonant contribution of the attenuation of the signal. It must benoted
that di erent vibrational modes may have di erent depolarization ratio, and
therefore requires di erent settings of the polariser. This factoimplies that
there is not a unique setting for which the dispersive character ofi¢ CARS
spectrum (that results from the cross term 2(N3R Re[ (RS)]) is eliminated com-
pletely over the whole spectral range. This explains why this metholdas
found only limited use in CARS microscopy while it is frequently employed
in CARS spectroscopy.

2.5 Conclusion

In conclusion, a brief overview with strengths and drawbacks of GZS will
be considered in comparison to spontaneous Raman and other imapiach-
niques. With CARS, no uorescent probes are needed (the constaof CARS
imaging originates from intrinsic molecular vibrations), and the intengy is
several orders higher (due to the constructive interferencehdan Raman,
which makes real-time imaging possible. Also, CARS microscopy has a 3-
dimentional (3-D) optical sectioning ability and nally, the signal is eaily
detected due to its shorter wavelength than the excitations. Haver, the
non-resonant background remains the biggest problem, limiting itessitiv-
ity. A comparison could be done with the Stimulated Raman Scattering
(SRS) technique, which will be covered and analysed in detail in thelfo
lowing chapter. SRS compared to CARS, has the advantage in that i$
NRB free and the intensity is proportional to the concentratiof of Raman
scatterers, making it easier to interpret the image.

6Although @ is linearly dependent on the number of oscillators, the CARS signal
depends uponj @ j? (see equation (2.9)) and is therefore proportional to the squareof
the number of vibrational oscillators. This makes CARS di erent from Raman and SRS
which is linearly dependent on the number of vibrational oscillators.
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3 Stimulated Raman Scattering Microscopy
(SRS)

In stimulated Raman scattering a photon of frequency is annihilated and
a photon at the Stokes shifted frequen¢y = ! ! is created, leaving the
molecule (or atom) in an excited state with energy! ,. The excitation en-
ergy is referred to ad , because stimulated Raman scattering was rst studied
in molecular systems, where! , corresponds to a vibrational energyf1].

3.1 Principle of Stimulated Raman Scattering

SRS is another form of CRS process. The process is excited under $ame
conditions as resonant CARS though, in contrast to spontaneoU®aman
scattering, in which the sample is illuminated with one excitation eld, in
SRS two excitation elds at the pump frequency,! ,, and the Stokes fre-
quency, ! s, which coincide on the sample. The pump and the Stokes with
their angular frequencied , and! s, are focused on the sample and their dif-
ference frequency!(, !s) is tuned to a molecular vibrational resonance .
The presence of both pump and Stokes beams stimulates the extda and
accelerates the rate of population transfer to the excited vibratnal state as
compared to that in spontaneous Raman process as illustrated b&lo[12]

R(Stimulated Raman )

= Nstokes +1; (3.1)

R(Spontaneous Raman)

WhereR(StimuIated Raman ) and R(Spontaneous Raman ) aré the excitation rateSNstokes
is the number of photons present in the optical mode of the Stokégam!/
If the di erence frequency of the excitation beams, ! =1, g, matches
a vibrational frequency, , of the molecule, the molecular transitiom rate is
increased due to the stimulated excitation of the molecular transite The
molecular population is transferred from the ground state througa virtual
state to the vibrationally excited state of the molecule. This is di erat to
spontaneous Raman scattering, in which the transition is spontaoes, result-
ing in much weaker signal. Following the coherent excitation of a moldeu
vibration, a pump photon is absorbed by the sample and the Stoke&gon
is generated. This results in loss§RL) and gain (SRG), [, and Is, of
the intensity of both the transmitted pump and Stokes beamsl, and Is:

7Only a laser beam can provide su ciently large nsikes t0 €xcite e ciently the molec-
ular vibrational level for SRS to be signi cant over normal Raman.
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[12]
IS /' N Raman Ip IS (3-2)

Ip / N Raman I p IS ; (3-3)
whereN is the number of the molecules in the probe volume, anGaman IS
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Figure 11: (a)Energy level scheme of Stimulated Raman Scattering, (b) Demuostration
of SRG and SRL. Figure adopted from ref. [9].

the molecular Raman scattering cross-section.

In SRS either 1, (SRL) or Is (SRG) can be measured as a function of
the position in the sample, and given that | / N, the signal is proportional
to the concentration, ¢, of the target species. It is then possible to generate
a quantitative chemical map of the sample.

CARS is generated under the same conditions &8RS, though diers in
the method of detection. INSRS the gain and loss of intensity in the exci-
tation beams is detected, while iIlCARS, new radiation at the anti-Stokes
frequency,! .s = 2!, !s, is measured. CARS is generated due to the
optical parametric process known as four wave mixing, in which emgr is
exchanged between the optical elds. This is in contrant t&RS, which is
an energy tranfer process between the optical els and the satap This ex-
plains why SRS cannot occur if ! does not match a vibrational frequency
of the sample has no eigenstate to absorb the quantum of vibrat@irenergy.
In conclusion,SRS has all the advantages of coherent Raman scattering tech-
nigues when compared with spontaneous Raman scattering, buteogomes
the limitations of CARS microscopy [12].

3.2 Comparison of SRS and CARS Imaging

In this section the properties of the fundamental SRS teclguie will be shown
to con rm its potential and then compared to the CARS technige. The use
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of some imaging and spectra will be used to highlight the msportant as-
pects of these techniques and their limitations.

In Figure (12.b) the comparison of SRS and CARS excitation is shown

SRL AN (x 1077)
£
T

1 | 1 | 1
0 100 200 300 400 500
Retinol concentration [pM]

Figure 12: Characterization of SRS signal. (b) SRL spectrum (blue circles), spntaneous
Raman spectrum (black stars), and CARS spectrum (green trianges). (c) The linear
dependence of the SRS signal on the concentrations of retinol intteanol at 1.595 cm 1.
Figure adopted from ref [21].

with that of Spontaneous Raman spectra for an isolated ngerprtrpeak of
the molecule trans-reticol. What is immediately noticed is that SRS and
Spontaneous Raman spectra have the same trend due to their dedence
()= ( !'). The CARS spectrum on the other hand su ers frequency
from a non-resonant background and shows a spectral distomialue to the
interference between the resonant and non-resonant signals.Rigure (12.c)
the linear dependence of the SRS signal on the concentration oktltarget
molecules can be seen. This factor is in contrast with CARS which domst
have a linear dependence, which makes the SRS technique a bettanti@ast
for chemical microscopy. In Figure (13) [22] the comparison in ome O -
resonance vibrational SRS and CARS images stratum corneum in mouse
skin can be seen. It can be noted when! is tuned from on-resonance
(2845m 1) to o -resonance (278@m 1) with the CH,, stretching mode, the
SRS signal disappears completely, since it is background free, whils non-
resonant background of CARS causes the persistence of the imaghis false
signal complicates the interpretation of imaging and limits the sensitity.

In SRS microscopy, the spatial resolution is limited by di raction to alout
500 nm laterally and 1.5m axially, similar to two-photon uorescence mi-
croscopy [23]. Since the detected signal is at the same frequenesytlae
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Figure 13: Vibrationally on- o - resonant SRS and CARS images; an stratum comeum
of a mouse ear. Figure adopted from ref.[22].

excitation eld in SRS phase-matching is fullled. So the technique SRS
does not su er from image artifacts due to phase-matching. Thisaa be
seen in Figure (14), where size ofrh polystyrene beads with SRS and E-
CARS are displayed. What is noticed is that while in the case of the SRS,
the beads are displayed correctly, in the case of the E-CARS, theage has
an intensity dip in the center of the bead. This is due to the destructe
interference of the CARS signal due to large phase mismatch in thenter,
where the physical size of the bead is larger than the interaction Igihn (see
section 2.3).

SRS CARS

Figure 14: SRS does not suer from coherent image artifacts. Images of in size
polystyrene beads as acquired with SRS (left) and E-CARS (right). SRS shows the beads
correctly, the CARS image has an intensity dip in the center of bead ¢ue to the large
phase mismatch in the center of the bead). Figure adopted from rig[12].
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3.3 Mathematical expression for SRS signal

The scope of the following paragraph is to arrive at a mathematicakpression
for the SRS signal. For simplicity only the case of SRG will be discussed.
The starting point will be the coupled equations (see the equationg\(7)
noted in the Appendix); taking that: [9]

(3.4)

and by realizing the fact that
k ki+tks ki ky ks+kp kp ks=0; (3.5)

the phase matching is achieved (this always takes place). The coupkqua-
tions are then reduced to (N.B.there is no phase term):

% = i s OA(n)AL(DAs(T) (3.6)
%: o D Ap(rt)Ag(r;)As(r;t) (3.7)

The interest is in understanding what happens to Stokes beam whénin-
teracts with a strong pump beam when in a regime of negligible depletion
Therefore, based on the assumptioAp(r;t) = Ap = cost (hence, the con-
cern is only with equation (3.6)), the equation (3.6) can be solved f8@RG
in the case of an interaction length L:

@A(nt) _

ar i s DJALPAs(rt) (3.8)
hence integrating and solving the di erential equation,
yA L VA L
dAs(t)= i s @jApj2  As(r;t)dz
. s(rt) s ]Ap] . s(rt) (3.9)

As(Lit) = As(O;t)e ' s Pineitt

The exponential term in the above equation(3.9) can be expandedariaylor
series:

As(Lit) = As(O:t) (1 i s @jApjiL) (3.10)
From this equation, it is easy to arrive at the variation As:

As As(Lit) AsOt)= i s @jApj2As(0;t)L (3.11)
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The mathematical expression sought, is the one referred to théokes beam
intensity, therefore, making the squared modulus of the eq.(3.1Qhe follow-
ing is arrived at:

Is(Lit) = jAs(Lit)i®/ 1s@;)[1+ji s @IpLi® 2Re(i s @lpL)] (3.12)

In an SRS experiment the relative intensity variation is measured, vith
has a positive sign in the case of the Stokes beam (gain) and in the eas
of the pump beam, signs negative (loss). As outlined at the beginniraj
this chapter, only the case of SRG will be discussed. The mathemaiic
expression wanted is :

Is(L;t) _ Is(L;t) 1s(0;t)
1s(O;t) 15(0;t)

. and considering that in the equation(3.12) the ternji s ®1pLj? can be
removed, then eq.(3.13) becomes:

Is(L;t)
1s(0;t)

The two contributions of © need to be taken into consideration: the non-
resonant term which is real and the resonant term which is complexin
agreement with the equation (3.14) only the real term of th¢i s @ 1pLj?
needs to be considered. Therefore, the implication being that onliz¢ imag-
inary term of the susceptibility contributes to the SRS signal. This istie
principle characteristic which allows this technique to be free from #hnon
resonant background which a ects the CARS signal. From these tsidera-
tions, the following is arrived at:

(3.13)

SRS = 2Re(i s @lpl): (3.14)

SRS/ Im( @lpL) (3.15)

where it can be noted that the signal SRS does not depend on theoks

intensity but only on that of the pump intensity. Hence, with this teth-

nique, it is more simple to interpret the images though needs to be reat
that the SRGL signals are relatively weak, This can be overcome witma
implementation of a highly sensitive experimental setup.

SRS Setup In biomedical and biological SRS applications organic molecules
are studied in aqueous solvents at room temperature; under tigesonditions
the typical Raman line widths are extended, covering a range in fregncy
from 10 to 20cm 1.An experimental layout is shown in gure (15). In this
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Figure 15: SRS setup. Figure adopted from ref.[15].

experimental setup, there are: two (Ti) sapphire lasers which ope with a
repetition rate of 76 MHz (the wavelengths of the pump and Stokdseam are
independent and can be varied over a range between 700 and 950;water
immersion objectivé, used to collimate the beam on the sample with NA =
1.2; a second lens that focuses the beam transmitted in a forwardesttion
NA = 0.9; polarizers (P); Iters (F); acousto-optic modulator for the Stokes
beam (AOM); lenses (L); photodiode (PD); RF-LIA radio frequeng lock-in
ampli er® and a beam splitter PBS and a lamina= 4.

In contrast to the CARS signal, that is generated at the anti-Sto&s frequency,
SRG and SRL occur at the frequency of the excitation beams. Altagh the
Raman signal is greatly enhanced, SRL and SRG are relativity small roe
pared to the intensity of the excitation beams ( 1,=l, and 1s=Il5 < 10 %)
under biocompatible illumination conditions and are thus buried in the las
noise. Realizing that laser noise occurs primarily at low frequencieshih-
frequency phase-sensitive detection scheme is critical. One candwlate
the intensity of the Stokes beam* 1MHz) and detect the resulting intensity
modulation of the pump beam due to SRL at the same frequency with a
lock-in ampli er. Similarly, SRG can be measured by modulating the pump
beam and detecting the Stokes beam.

8In microscopy, a water immersion objective is a specially designed obgtive lens used
to increase the resolution of the microscope. This is achieved by immsing both the lens
and the specimen in water which has a higher refractive index than airthereby increasing
the numerical aperture of the objective lens.

A lock-in ampli er (also known as a phase-sensitive detector) is a tyg of ampli er
that can extract a signal with a known carrier wave from an extremely noisy environment.
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3.4 Conclusion

In conclusion, SRS has supersede€ ARS as a contrast mechanism for mi-
croscopy. Compared tadCARS:

(1) SRS is free from non-resonant background

(2) SRS has much improved sensitivity

(3) SRS does not su er from spectral distortions

(4) SRS signal is linear in the concentration of the target species
(5) SRS does not have imaging artifacts due to phase-imaging.
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4 Raman Induced Kerr E ect Spectroscopy

In this chapter Raman Induced Kerr E ect (Spectroscopy) RIKE(S) mi-

croscopy is introduced, which is another e ect that takes gote in materi-
als whenP ® induces a signi cant non-linear response, known as the Op#il

Kerr E ect. One of the the main types of detection will be illstrated: Crossed
Polarizers Detection.

The RIKE e ect can be considered, like many other CRS processeass a
four-wave mixing process where the signal comes from a third ordesponse
of the material due to the incident light eld. The Optical Kerr E ect (OKE)
is a fundamental part of the RIKES process. The (OKE), a third oder ef-
fect that occurs when a pump beam with a certain frequencly, interacts
with matter. This beam causes an anisotropic change in the refraa index.
When this happens, the axis, parallel to the polarization of the pumpeam
experiences a new value in the refractive index, proportional to ¢hbeam
intensity, while the orthogonal does not undergo any changes. ki, it in-
duces a birefringence. This optically induced birefringence can beoped by
interacting the material with another beam. This probe beam exp@&nces
the induced change in the refractive index and the variation in the daction
of the polarization is perceived. It is therefore possible to pick up agsal
which is proportional to @ . In essence RIKE changes the polarization of
one of the two excitation beams due to the Raman induced birefringee in
the sample. As in SRS, in RIKE, the generated emission is at the exditan
frequency, but in contrast to the SRS, the emitted radiation is polézed per-
pendicular to the excitation eld. Following on from this, RIKE is similar to
CARS where the radiation does not interact with the excitation eld,whilst
in SRS, the interference of emitted radiation generates gain or loss the
excitation eld.

To gain a better understanding of what happens to the medium whei
interacts with two strong elds, it can be hypothesized that in the ame
medium, while the pump beam induces a birefringence, another beantein
acts with matter to a frequency! s, tuned, in order to satisfy the condition
'v !s= . In summary, in the case that the pump beam has the same
polarization as the Stokes pump, the SRS e ect, seen in the prevuahapter,
is arrived at. In the case that the Stokes beam has a di erent polemation,
the anisotropy alters the polarization state of the Stokes beamHis can be
detected by a polarization analyser).
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4.1 Crossed Polarisers detection

The two main con gurations adopted in this RIKES experimentli er in the
state of polarization of the pump beam which may be linearlglarized at45
or circularly polarized, while the Stokes beam can be polaatl either vertically
or horizontally. To clarify further, the relative orientation of the two elds
are to be considered.

The crossed polarized is certainly, from an experimental point of wige the
simplest to detect the RIKE signal (see in gure (16) the framewdx of the
setup). In the illustration, it can be seen that the rst polariser is irserted

Figure 16: The setup for crossed polarized RIKE. Figure adopted from [9].

before the sample and is oriented in such a way as to pass the Stogetar-
ization horizontally. There is then another polariser after the sanip rotated
at 90 degrees so as to determine only the orthogonal signal to timeoming
one. Given this, it is possible to Iter the componentA% alone, which will
be the designated RIKE signal. Finally, in this outline, the Dieletric beam
splitter (DBS) and the Long wave pass Iter (LPF) are shown. A moe de-
tailed account of the two techniques, highlighting, the propertiesfahe RIKE
signals will be covered later in the dissertation.

Circular RIKE In Circular RIKE, the pump beam is circularly polarized
whilst the Stokes is linearly polarized. The input eld amplitudes can be
written in Cartesian coordinates:

Ap= AL+ IAY

P 4.1
As = A%+ A (1)

where the indexes x and y are related to the components of the patation.
In this analysis it is taken thatAg = 0 and jAjj = jA}j, so the equations
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Figure 17: Circular RIKE polarization. We assume the pump beam circularly polarized
and the Stokes beam has only the horizontal component. Figure azpted from ref.[9].

(4.13) become: (
Ap = A5+ iAY

(4.2)
AS = A)é

This phenomenon can be illustrated with a simple outline gure (17) [9].
When considering the circularly polarized pump beam,® can be written
as:

@)Chre = i (132)12 (132)21 (4.3)

where ,(13,3 is the susceptibility tensor, andi; j; k;| the indices of the po-

larization of the interacting components of the electrical elds. Tdurther
illustrate:

3)Ci _ (B)R;Im B)R;Im -r (B)R;Re (3)R;Req .
@)cire =1 1122 1212 1+ [ 1122 1212 1 (4.4)

where ©®Cic it js free from non-resonant contribution given the property
(B)NR;Re — (3)NR;Re_

Imposing [9]:
A Ay Az AS

4.5
A AL A, A (*:9)

and taking equation (A.5), considering only the y-component of th8tokes
equation, for which in this topic is the relevant one, one can write theorre-
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sponding the non-linear polarization term:

3o.
Put 0= S0 QAN OALZ DAL (230 DAYz DALz DAY ()

8
(4.6)
where the corresponding phase matching term vanishesk  ks+ k, Kk,
ks = 0); remembering that the two components of the pump eld are eggl,
one can rewrite equation (4.6) as:

1y 3i . .
Pz = “57( B 20A8Z DIANZ (4.7

Taking into account eq.(A.7), the equation is obtained:

@80, 1080 . (9, DoAi@OAGDE:  (48)

@z ot
Equation (4.8) can also be written as:
@A(z;t " . :
% = s( Do DAN@ DAY (4.9)
and easily solved:
VA L YA L
Az = s D DDAL@DIAZ D dz: (410
0 0

Considering the initial condition A%(0;t) = 0, one obtains:

ALz = s( D DH)ANZ DAz DL (4.11)
The intensity of the RIKES signal taken as:

13z 1] ALz = & SRz L; (4.12)
using that & = R, R . Equation (4.12) shows that the RIKES

signal is proportional to the intensity of the Stokes beam, quadtigally to
the birifringence-inducing intensity of the pump beam, and to the ablute
square of the e ective susceptibility.

Linear RIKES Linear Rikes is when the pump beam is polarized at 2%
degrees, instead of being polarized circularly, as illustrated in Figu(é8).
The input eld amplitudes are represented in Cartesian coordinatesas:

(
Ap= A%+ AY

(4.13)
AS = A)é
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In this particular case the tensor elements are:

3 @ —( O O

® eff — ( 1212 + 1221) -
_ 3)R;Re (B)R;Re
- 1212 1122

(3)NR;Re
1212

(3)NR;Re (B)R;Im

. B)R;Im
1120 1+ 191,

1122 ]

(4.14)

+ + + +

Shown above is the formulae without having to re-calculate the mairnxe

Figure 18: Polarization scheme for linear RIKE. The pump beam, instead of beingcircu-
larly polized, is polarized at 45 and, the Stokes beam has only the horizontal component.
Figure adopted from ref.[9].

pressions in the case of Linear RIKES. It is evident that the form wilbe
very similar to the previous paragraph though distinguishable givenectain
particular subtleties of the expression.
Leading to equation (4.10) as follows:

ALzt = 0 s( D+ THh)ALNZ DAz DAL (4.15)

It is to be noted that the main di erence with circular RIKES, is the absence
of the rejection of the non-resonant background, making the sigl more
complicated, and as a result, the intensity of the detected lineariRES has
the following expression:

14zt =1] ALz D)2 = F OP1Lz 012z )L (4.16)

As can be seen, the expression of the intensity is virtually identicab tthat
of Circular RIKES, except for the period of susceptibility which, as leeady
noted, in equation (4.14) makes this technique not backgroundete.
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4.2 Conclusion

In this chapter one of the main RIKES techniques has been describhehe
crossed polarizer. It is to be remembered, however, that the RES e ect
was demonstrated many decades ago, though, to date has nelieen used
extensively. As previously described, this technique should be bgckund
free, as the emission occurs with a di erent polarization from the exation
light. However, it is very hard to suppress the excitation light su ciently, and
therefore, results in low sensitivities, giving a low resolution in microspy
applications. It also needs to be noted that there are di erent typs of tech-
niques and in this chapter, only two has been described. This last legque
does have limitations e.g. it is not able to acquire signals representingps.-
rately the real part and imaginary part of the e ective susceptibiliy. However
this technique does o er the following possibility; to probe a superidion of
the real part and the imaginary part. To overcome this problem artber de-
tection technique is used, the Optical heterodyne detection (OHDwhich is
a standard technique in spectroscopy. The general idea is that mall signal
coming from the sample is ampli ed with a second signal, coherénty elec-
trical eld at the same frequency, known as the local oscillator. Téa reasons
concerning related to limitations of the current dissertation, this ¢chnique
will not be discussed in detail, but can be found in the following texts [9]
and [16]. As in all things there are pro and cons, and in the case of (OH
the e ect of this ampli cation increases the signal to noise ratio.

To conclude the chapter, | have chosen an image taken from a tigeat Milan
Politecnico [16] in which a comparison between the SRS technique witheo
of RIKES can be observed. In this particular case, a particular thaique for
the RIKES is used, that known as Balanced detection, which allows ise
suppression. The experiment was run on a glass substrate with pstiyrene
(PS) and poly(methylmethacrylate}°) (PMMA) beads. The SRS and RIKES
images are acquired at the same point in order to be enlarged to givéet-
ter comparison. In gure (19) the following images of the two techiques
and the chemical structure of polystyrene (PS), (PMMA); the CHstretching
resonances of PS and PMMA at 3060n ' and 294@m ! respectively were
used as contrast. As can be observed, the 2D SRS, image is noissengared
to that of RIKES. Also observing the images, it can be noted that tning
Stokes Wavelength to probe the (PS), the (PMMA) is almost invisibleand
vice versa. Therefore, the signal verges on zero.

10A transparent thermoplastic
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Figure 19: On the left: (d) SRS 2D image of PS beads; (e) RIKES 2D image of PS
beads; (f) RIKES 2D image of PMMA bead; (g) SRS 3D pro le of PS beals; (h) RIKES
3D pro le of PS beads; (j) RIKES 3D prole of PMMA bead. On the righ t: on top
Polystyrene; bottom Poly(Methyl Methacrylate). Figure adopte d from ref.[16].
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5 Conclusions and Future Directions

This dissertation sets out the (compilatory) basis of the theory o€RS by
a brief introduction to the classical concept of Raman, in particulathe co-
herent Raman. Starting with the basics of non-linear interaction beveen
light and matter, the expression of the basic technique CRS can bbtained.
In particular, we have presented the technique CARS and SRS, higjhting
pros and cons of both of them, so as to highlight the reasons thatdld¢o
implement a technique of a certain complexity such as the RIKES. Withut
revisiting the conclusions made in the previous chapters, it is ascairted that
CARS microscopy has been theoretically and practically demonstet to be
a powerful tool for label-free optical imaging that o ers many adantages.
However, the main source of background in CARS microscopy arisesm
the non-resonant signal. Equation (2.9) shows that the total CAR signal
is a coherent addition of a resonant and a non-resonant contriban!!. The
non-resonant background is therefore an important factor in ewy CARS ap-
plication. Its in uence depends on the mode of operation of the egpment
(single-frequency or multiplex CARS microscopy). SRS on the othé&and,
as previously shown, automatically allows one to use a contrast mecikism
which is background-free, because it probes the imaginary parttbe suscep-
tibility. Thus it does not need any particular background suppressio tech-
nique (contrary to CARS). However, for many applications in biomadine, it
is preferable to perform tissue imaging im situ'?. For this reason endoscopy
has been widely used in medicine for applications ranging from surgicai
terventions to disease diagnosis. In this eld di erent techniques dve been
already used such as optical coherence tomography (OCT) andeed har-
monic endoscopy. In any case, endoscopy, based on CRS procasso er
label-free chemically-selective imaging im situ, making it an ideal tool for
biomedical medication. A prototype of CARS endoscope has alreatigen
patented (seeToward CARS Endoscopy, Legare 200@&nd Coherent Raman
scanning ber endoscopy, X. Sunney Xie 2012

. (3 3) . . (3); 3 3 . (3) .
Mloas 1] R+ riZ=] RIP+2 GRRel @1+ GJ%
12g.g. to examine the phenomenon exactly in place where it occurs (i.e. ithout moving

it to some special medium).
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A Appendix

A.1 Optical Processes

Nonlinear Polarization [9] For stronger elds, the electron is fur-
ther displaced from its equilibrium position. For larger displacementghe
binding potential can be no longer be assumed to be harmonic as anha
monic e ects become more signi cant. When the anharmonic shapd the
potential becomes important, the dependence between the drigrelectric
eld and the induced polarization is not stricly linear, and correctiongo the
polarization will have to be made. In Figure (20) we illustrates the ndm-
earity between the driving eld and the induced polarization in the preence
of anharmonicity. If the anharmonic contributions to the harmonigpotential

Figure 20: Relation between incident electric eld and induced polarization.

are relatively small, the displacement of can be expressed as a power series
in the eld. This implies that the displacement of the electron is no longe
linearly dependent on the eld as nonlinear corrections grow in impoance.

In a similar fashion, the polarization can be written as a power series the
eld to include the nonlinear electron motions:

P(t)= o PEM)+ PE2(t)+ OE3t)+::]= PO+ PAt)+ PO+ :::
(A1)

where (M is the nth order susceptibily and,P (" is the nth order contribution

to the polarization.

The coherent Raman e ects described can be understood as fésg from

the third-order contribution to the polarization P® . The magnitude of these
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e ects is thus governed by the strength of the triple product oflie incoming
elds and the amplitude of the third-order susceptibility ©.

Nonlinear coupled equations for CRS processes [9] Let us con-
sider an electric eld at frequency! o in the presence of a nonlinear polariza-
tion term at the same frequency. Applying the hypothesis of monbmmatic
plane wave approach and§V EA®®) approximation, a single laser pulse cen-

tered at frequency!  is written, in cartesian coordinates, a$:
" #

1 .
E(r;t) = > A(r;t)etot k) 4 c.C. (A.2)

In CRS although the four interacting elds in general propagate indur dif-
ferent directions, one can de ne a reference directiah-axis to describe their

interaction and propagation. Eq (A.2) takes the form:
" #

1 .
E(r:t) = > A(r;t)elot k2 4 C.C. (A.3)

where kg is the z-component ofk and = 0 is assumed. Under the same
arguments, the corresponding induced polarization is given by:
n #

PnL (r,t) = % PnL (r,t)el(' ot kp2Z) 4 C.C. (A4)

wherepy is the envelope and, is the wave vector.

Generally kg = kp, and the quantity k = k, ko is called wave vector
mismatch for this component wave. For the CRS processes, which are of our
interest in these terms, the four elds are related to each-othdoy energy-
conservation law! , = 'y 1, + 3. The relevant nonlinear polarization
terms that drive four elds in a CRS process can be shown to be edua:

Ao(rD)AL( )AL L) | + +
P&!Ll)(r;t): Pe 3 2(r; t) 3(8 )A4( )el[(!z La+la)t (ka2 ks+ka)Z] (A.5a)
A1(n)A3(K )AL v,
P|£|'|_2)(r1t) - PF 3) l( ) 3(8 ) 4( )el[(,l+,3 1)t (kai+ks ka)z] (A5b)
| A )AL)ALGT) 0y e
PISI.La)(r;t): Pe 3 1( ) 2(8 )A4( )el[(-z Patla)t+(ke k2 ka)Z] (A.5¢)
(3)Al(r;t)Az(r;t)A3(r;t)ei[(! 1 Lottt (ki kot ks)z]
8
3Slowly Varying Envelope Approximation

Y A(r;t) is the slowly varying envelope of the pulse with respect to a fast(tenporally
and spatially) oscillating carrier g otk r+ )

PO (rt) = Pe (A.5d)
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where Pr = 6 is the number of permutations for frequencies on right hand
side of the equation pertinent to left hand side induced polarizatiomgquency

component. Each eq.(A.5) is in the form of eq.(A.4). Substituting eac

eq.(A.5) one by one into

8 = i e ! (1.6)
we get following four coupled equations:
%: i1 @A t)AL(r )AL t)e ' K (A.7a)
% = o DAL t)As(rt)A,rt)d < (A.7b)
% = 3 DAL)AL )AL t)e ' < (A.7¢)
% = 4 @A )AL(rt)As(rt)e K (A.7d)
where | PFZH‘J_’!B"C 38°n!j°° and k ks+ k, k; ksisthewave vector

mismatch
We have arrived atfour coupled equationdor the representative process gov-
erning the amplitudes of the interacting four elds.
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