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;. Chapter I Introduction 

Abstract 

A brief overview on the singular optics which has lead to the 

observed spectral and spatial anomalies is presented. The 

motivation for the current work is briefly discussed. A brief 

introduction to spectral interferometry and some elementary 

concepts of the coherence properties of the optical jields are also 

presented. Introduction to jilamentation in optical media is given 

briefly which has lead to the formation of spatial anomalies. An 

overview of the thesis is presented at the end of the chapter. 



Chapter J Introduction 

Introduction 

1.1 Overview on singular optics 

Nowadays there has been a considerable interest in the optical field structure in 

the vicinity of the zero intensity regions. This has become a new branch of 

modem physical optics named as singular optics. This new branch deals with a 

wide class of effects associated with phase singularities where the phase of the 

wave fields is indeterminate, as well as with the topology of wave fronts . Singular 

optics has been recognized as separate important branch of modem physics about 

fifteen years ago. Actually, along this period it has been developed as coherent 

singular optics. Fundamental properties of phase singularities and the most 

important regularities governing the formation of singularities of the field (such 

as sign principles) have been established both for scalar (uniformly polarized) 

and for vector (spatially non-uniformly polarized) monochromatic optical fields . 

Development of coherent singular optics continues. The most interesting and 

promising event of the last few years, especially since 2002, consists in the 

tendency to expand the singular optical principles on the field of partially 

coherent light fields. In this context, physically new singular optical concepts are 

derived, new experimental instrumentation is developed, and new promising 

applications of the singular optical approaches are elucidated. Analysis of last 

achievements in the field of singular optics leads to the conclusion on coming 

into being of new branch of this area of investigation, which can be referred to as 

the correlation singular optics. It is remarkable that fruitfulness of this new R&D 

direction is essentially determined by the concepts and results of classical wave 

optics, which were developed irrespective of the singular optical paradigm. 

Phase of a wave gives visual perception of wave propagation and 

transformation along its path. An important relevant conception to singular optics 

is wave front, or surface of equal phase, usually associated with a crest of a wave, 

where the field strength attains its highest value. The wave fronts follow each 

other with spatial separation of one wavelength, and between two neighboring 
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wave fronts there are two surfaces where the field strength becomes zero, and one 

surface where the field reaches minimum (negative) value (trough). This perfect 

regular motion, being true for a plan wave can some times be violated for real 

waves. In brief, phase of a wave can experience a "7t-jump", corresponding to a 

step on half of a wavelength in a wave train, producing a phase defect of a wave 

front along a continuous line in space. Some physical reasons can be responsible 

for local retardation or acceleration of the phase velocity across a wave front, 

resulting wavefront bending leadings to a tear of the wavefront, and the phase 

becomes indeterminate, or singular along the tear. The necessary condition for a 

phase singularity to appear is the vanishing ofthe field amplitude. 

In this section, we briefly discuss different singular optical effects 

observed due to different fields. 

1.1.1 Coherent singular optics 

The development of singular optics has been exclusively performed under 

approximation of completely coherent optical field [1, 2]. For that, phase 

singularities have been associated with the complex amplitude of a 

monochromatic field alone. It has been clear only recently that any (arbitrary) 

complex parameter of an optical field can be singular [3, 4]. Singular optics 

operates with phase parameters of correlation functions, polarization parameters 

and spectral components of the field. Adequate description of phase singularities 

has been given already [1] where the singularities that are possible in scalar fields 

are classified into screw dislocations (vortices), edge and mixed (edge-screw) 

dislocations, as well as singularities kind of non-localized dark interference 

fringe. Wavefront dislocations are generally curvilinear singularities. The main 

(and unique) experimental technique for revealing and diagnosis of phase 

dislocations in coherent singular optics is the interferometric technique (5). In 

this technique, an off-axis interference of the vortex-supporting wave with the 

reference wave is introduced to detect the optical vortices. Typical bifurcation of 

an interference fringe (forklet) occurs in the vicinity of amplitude zero. The 

direction of forklet enables determination of twirling of a phase helicoids 
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(clockwise or counterclockwise), if one knows the direction of propagation of 

reference wave. 

1.1.2 Singular optics on polychrome-diffraction induced spectral 

shifts 

On the other hand, new direction in development of singular optics is 

considerably extending its framework in connection with the study of the induced 

spectral shifts (Wolfs spectral effect [6, 7]) in polychromatic radiation as the 

singular optic effect. These spectral shifts are produced by the correlation 

properties of the fluctuating source [6]. The spectral characteristics in the near 

zone when a certain class of partiaJIy coherent light is incident on a circular 

aperture are also studied [8]. Later, remarkable spectral changes taking place in 

the neighborhood of phase singularities near the focus of a converging spherical 

wave [9] are shown as singular optical effect. Understanding this structure may 

be relevant to fluorescence microscopy, in which exciting field can have a 

spectrum that varies strongly in the volume that is probed, leading to a high 

resolution. These spectral changes wiJI also take place in the neighborhood of 

phase singularities in other kinds of fields [10, 11). Some of these theoretical 

predictions are also verified experimentaJIy [12]. Spectral anomalies such as 

spectral shifts and spectral switches also take place in the interference field, both 

in the near field and in the far field, when the double-slit is illuminated by 

polychromatic completely coherent light or polychromatic partiaJIy coherent light 

[13, 14). Using interference measurements of a polychromatic partiaJIy coherent 

light source, the existence of a temporal correlation vortex (TCV) is verified 

experimentaJIy and it is observed that the TCV becomes unstable when the 

effective topological charge is varied across the spectrum [15). 

The spectral anomalies observed in the focal plane of apertured beams are 

of different nature compared to those inherent to ultra-broadband radiation. 

Moreover, the appearance of multiple band gaps in the diffracted field is 

responsible for the cease in the spectral switch effect with increasing bandwidth 

[16]. The temporal coherence length, spatial correlation parameter and diffraction 

5 
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angle strongly affects the spectral shifts and spectral switches of spatially and 

spectrally partial coherent pulsed beams in Young's interference experiment [17). 

The spectral anomalies such as spectral shifts and spectral switches around the 

phase singularities due to the diffraction of partially coherent polychromatic light 

(white-light) source described in the above studies have been using the spectrum 

of white-light in the frequency (or wavelength) domain. Whereas the 

visualization of such phase singularities present in the diffraction pattern due to 

white-light source are explained by Berry [18, 19]. 

All the above mentioned studies are based on diffraction-induced or 

spatial coherence induced spectral anomalies using partially coherent 

polychromatic radiation. The main analytical instrument for investigation of 

diffraction-induced spectral changes is so called 'spectral modifier' [9]. Spectral 

modifier is associated with any (integral) diffraction equation always including 

the ratio of the radius of a diffraction aperture and the wavelength of the probing 

radiation. Spectral modifier is the function of both temporal frequency and spatial 

coordinates. As the amplitude zeros are not coinciding in space for different 

spectral components of polychromatic radiation, the resulting spectrum is found 

as the product of the initial spectrum and the spectral modifier. This results in the 

observation of drastic changes of the initial spectrum at points or lines where the 

magnitude of the spectral modifier vanishes for any spectral component or in 

other words where the spectral modifier undergoes phase singularity for given 

temporal frequency. 

1.1.3 Singular optics on scattering induced spectral shifts 

When a polychromatic light impinges onto a colorless rough surface comparable 

with the wavelength of any spectral component of the probing radiation, the 

scattered radiation (zero diffraction order) occurs to be colored. These spectral 

changes in the polychromatic radiation that is caused by singularities of quite 

different nature, which can be referred as the singularities of spectral strength of 

scattering of rough surface [3]. The principles and the practical conditions for 

registration of phase singularities, such as optical vortices in the spectral 

6 
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components of white-light speckle-field, and their diagnosis are reported [20-23]. 

These phase singularities present in the complex analytical signal of a speckle 

pattern are used to measure the displacements [24, 25]. 

1.1.4 Nonlinear singular optics 

The large group of interesting effects with singular-beam self-action in nonlinear 

media is based on the refractive index dependence on the light intensity 

determined by the material third-order nonlinearity (xl3». As a result the laser 

beam can self-focus, self-defocus, self-guide and form solitary waves. 

Experimental observations [26] and theory of singular beam propagation in a 

self-focusing medium with saturated nonlinearity [27] demonstrate the break up 

of the singular beam into separate bright solitary waves after reaching the 

instability threshold. 

The natural birth of the phase singularities on a smooth wavefront of an 

ordinary coherent beam via its self-action in LiNb03: Fe crystal due to the 

anisotropy of the crystal electro-optic tensor is observed experimentally [28]. 

Optical singularities are also observed using a SBN: Cr (strontium-barium 

niobate) crystal whose refractive index increases with temperature resulting in the 

self-focusing of the input laser beam [29). The physical mechanism of the 

observed optical singularities in a laser beam passed through nonlinear media is 

explained using the self-induced refractive index variation by a thin astigmatic 

Gaussian lens or an equivalent phase transparent lens [30].The main effect is the 

loss ofthe inherent self-similarity of the Gaussian beam after this lens, due to the 

phase modulation of the wave front by the lens. Recently, it has been shown that 

same scenario of the origin and evolution of optical singularities is also valid for 

laser beam self-action inside a Kerr-like defocusing medium [31]. 

1.2 Motivation 

The spectral and spatial anomalies studied in the above subsections are all based 

on either diffraction induced effects or spatial coherence induced effects using 

monochromatic and polychromatic light radiation. The practical applications 

7 



CIuIpt,rl lntroduction 

_a the above studies are limited due to complexity involved in them to make 

the system compact. In order to make the system compact and good signal to 

noise ratio of the measurements we demonstrate the temporal coherence induced 

spectral anomalies such as spectral shifts and spectral switches using a Michelson 

interferometer illuminated by a polychromatic light operated in the spectral 

domain (spectral interference) [32]. These temporal coherence induced spectral 

anomalies are used to measure the nano-scale displacements using the spectral 

shifts around the spectral switch position [33]. The effect of input source spectral 

characteristics on these spectral shifts and spectral switches are studied 

experimentally [34]. The spatial anomalies (forklets) present in the far-field 

spatial emission pattern due to nonlinearities of the material and the spectral 

interference of the white-light continuum generated during the formation of the 

filaments in BK7 glass using a femtosecond laser pulses are also presented [35] . 

1.3 Spectra/Interferometry 

Coherence-induced spectral changes [36] predicted by Wolf increased the mterest 

in studying the phenomenon of the spectral changes and the formation of spectral 

interference fringes in the framework of optical coherence theory [37]. The 

spectrum of the interfering fields is affected by the coherence properties of the 

optical field. The spectral modulations observed in the spectrum depend on the 

spectral bandwidth of the light source and the change in the degree of spectral 

coherence between the interfering fields. The spectral changes thus observed can 

be used to study the field cross-correlation [38], path difference between the 

interfering beams [39], size of the source [40] and the intensity distributIOn across 

it [41]. The affect of degree of coherence in the space-frequency domain and its 

applications are investigated thoroughly using spectral interference [42]. 

Spectral interferometry using a broadband white-light source is a potential 

technique to overcome the most of the difficulties such as phase ambIguities 

which limit the test surface height measurement to half the wavelength of the 

monochromatic source [43]. The white-light sources are cheap, effiCIent and can 

gjve an illumination which is free of speckle noise. In optical information 

8 
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processing, white-light interferometer has potential applications due to 

achromatic interference effects [44, 45]. The main advantage of the spectral 

interferometry is that the whole spectrogram can be recorded in a single shot 

using a dispersion element like a prism or a grating and a CCD array detector. As 

most of the information is stored in the periodicity of the fringes and not in their 

contrast, small vibrations do not invalidate the information. This spectral 

interference phenomenon can be appl~ed to the synthetic aperture imaging 

technique [46], using the space-frequency equivalence theorem [47]. Spectral 

interferometry has been applied to the measurement of the spectral phase 

introduced by optical fibers [48], absolute distance [49], simultaneous 

measurement of the refractive index and thickness of the transparent materials 

[50] and high resolution profilometry [51]. 

Spectral-domain OCT [52], also known as Fourier-domain OCT, based on 

spectral interference, carried out using a broadband superJuminescent diode has 

become a promising technology due to its practical use in obtaining sample 

images with ultra-high resolution and at higher speeds than possible with 

conventional time-domain OCT [53, 54]. This spectral interferometry has also 

been extended to determination of direct electric field reconstruction of ultrashort 

pulses [55-57]. Recently, spectral interferometry has been used for the complete 

space-time characterization of few-cycle near-infrared femtosecond pulses and 

extreme ultraviolet (XUV) attosecond pulses produced via high hannonic 

generation (HHG) [58]. 

1.4. Some elementary concepts of coherence: 

(a) Analytical signal representation: 

The electromagnetic field can be represented by a complex quantity in coherence 

theory due to its mathematical simplicity [59]. The complex representation of real 

polychromatic field is a natural generalization of the complex representation of 

monochromatic fields used in the classical optics. The real part of the field 

amplitude for a typical monochromatic component ofthe field is given by 

9 
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(1 .1) 

where80 (r) is the magnitude of the field and ¢(r) is the phase. For the ease of 

manipulation, it is conventional to work with the complex field amplitude of the 

type 

8(r, v) = 80 (r) exp[i¢(r)] (1.2) 

The time dependent complex analytical signal can be obtained using Fourier 

transform ofEq. (1 .2), i.e. 

00 

8(r,t) = J8(r,v)exp(-21Zvt)dv 
o 

The real part of the analytical signal gives the actual field component. 

(b) Intensity, I(r, t): 

(1.3) 

Intensity is usually considered an observable quantity and is defined in coherence 

theory as the time averaged square magnitude of the analytical signal (Eq. (1 .3». 

1 +T 

I(r,t) = lim- f e' (r,t)e(r,t)dt 
T __ oo 2T - T 

(1.4) 

If the analytical signal is assumed to be an ergodic random process, the 

above equation can also be written in terms of ensemble averages of the form 

I(r,t) = (8'(r,t)e(r,t)) (1.5) 

This averaged field intensity at point ' r' is useful in normalizing the 

mutual coherence function which will be defined in the following subsection, 

1.2 (e). 

(c) Temporal coherence and coherence time (-rJ: 

Temporal coherence is the measure of the average correlation of the fluctuations 

of an optical field at a point in space for any pair of times. The temporal 

coherence can be explained using a Michelson interferometer. A beam of light 

from a small quasi-monochromatic source cr, divided into two beams in a 

Michelson interferometer (Fig. 1.1) and these two beams are then recombined at 

the same beam splitter after introducing a path difference b.l = C1: (c is the 

10 
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velocity of light in vacuum). For a sufficiently small path difference Ill, 

interference fringes are formed in the observation plane .5# These fringes are 

manifestation of the temporal coherence between the two interfering beams. The 

ability of the two beams to form fringes can be explained using the concept of 

correlation that exists between the fluctuations of the two beams reaching 2J as a 

function of time delay t introduced between them [60]. Interference fringes will 

be observed only if 

(1.6) 

and hence the limiting time delay given by t e '" lI~v is known as the coherence 

time of the light and the corresponding path length 

Ie = Cte= c/~v (1.7) 

is called the coherence length or more precisely termed as longitudinal coherence 

length. Here v= cI/.., where /.. is the wavelength, the coherence length may be 

written as Ie '" /..02/~/.., where /..0 is the mean wavelength and ~/.. is the full width 

at half maximum spectral bandwidth. 

M1 

M2 

Figure 1.1: Michelson interferometer. BS: cubic beam splitter, CT' source; M/&M2 mlrrors; !# 

observation plane 

(d) Spatial coherence and coherence area, LIA: 

Spatial coherence is the measure of the average correlation of the fluctuations of 

an optical field for any pair of points in space at a particular time. In order to 

explain this, consider the Young's interference experiment with a quasi-

11 
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monochromatic light from an extended source C1 (Fig. 1.2). The source is with 

square sides Sa and the pinholes PI and P2 sufficiently close to the symmetric 

axis. The resultant interference fringes are observed on the screen 9J near the 

axial point P. The appearance of these fringes is manifested due to the spatial 

coherence existing between the beams reaching the screen .9J from PI and P2 

Since the visibility of the interference fringes depends on the spatial separation of 

the pinholes and can be explained as arising from the correlation that exists 

between them. Interference fringes are generally observable only if 

(1 .8) 

where oe is the angle that the distance P I P2 between the pinholes subtends at the 

source and A.o is the mean wavelength of the light. If ' r' is the distance between 

the source plane and the plane containing the pinholes /, to observe the fringes 

near P, the pinholes must be situated within an area around their midpoint of size 

1M '" (r oe)2 '" (r ')...0/0a)2 (l.9) 

This region is called the coherence area of the light in the plane of the 

pinholes around their midpoint. The square root of the coherence area is also 

known as the transverse coherence length. The formation of the interference 

fringes at the observation plane .5Il can be explained as due to the addition of the 

intensities of the individual interference patterns produced by different mutually 

independent point sources. A deeper understanding of this phenomenon is 

possible in terms of the concept of correlation [60], which sums up to the fact that 

even statistically independent sources will give rise to correlation in the fields 

that are generated in the process of propagation and super position. 

P, 

P 

Za 

\ 

P2 

A B 

Figure 1.1: Young 's double slit experiment. u. source. PI andP]. pmholes. .,' plane of double 

slit; 9: plane of observation 

12 
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(e) Mutual coheTence function, r (Ti' T2, fj: 

The mutual coherence function is a central quantity in the elementary theory of 

optical coherence and gives cross-correlation between the light vibrations at two 

space-time points (r(,tt) and (r2,h) [61]. This mutual coherence function is 

defined by 

f(lj,r2,r) = lim-I- f c '(Ij,t)c(r2,t+T)dt 
T-+", 2T (1.1 0) 

The correlation function depends on the two time arguments only through 

their difference 't = t2-tl and c(r,t), the complex analytical time dependent signal 

at some point 'r' and time 't' defined in Eq. (1.3). For ergodic and stationary 

fields Eq. (1.10) becomes 

(1.11 ) 

The intensity of the field at point ' r' can also be written in terms of the 

mutual coherence function, i.e. 

I(r,t) = lim _1_ Tfc' (r, t)c(r,t)dt = fll (0) 
T-+", 2T 

-T 

(f) Cross-spectral density function, W (r1' T2, v): 

(1.12) 

The ensemble averaged correlation function between typical monochromatic 

components of the field disturbance at a point rl with the complex conjugate of 

the same component at some other point r2 at frequency v gives the cross spectral 

density or the cross power spectrum and is defined by 

(c' (Ij, v)c(r2, v')) = W(Ij, r2 , v)o(v - v') (1.13) 

where /) is the Dirac delta function and the ensemble average is taken over the 

different realization of the fields. The field amplitude c(r, v) is taken to be a 

random variable of arbitrary coherence. According to the generalized Wiener­

Khintchine theorem, the two correlation functions, the mutual coherence function 

and cross-spectral density function form a Fourier transform pair i.e. 

"' 
f(lj,r2.t) = fW(Ij ,r2, v) exp( -21l'ivT)dv (1.14) 

o 

13 
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... 
W(7j , r2 , v) = f r(7j , r2 , r)exp(27rivr)dr (1.15) 

The cross-spectral density function is Hermitian in the sense that 

W (rt, r2,v) = W· (rt, r2, v) and is non-negative and definite. 

(g) Spectrum, S(r, ~ and normalized spectrum, s(r, v): 

When the two points rl and r2 coincide, the cross spectral density function given 

by Eq. (1.13) reduces to a function which depends only on the location of one 

point Or' and on the frequency v. This function is known as the spectral density or 

the power spectrum of light which is the trace of the cross-spectral density 

function and is defined as 

S(r, v) = (E' (r , v)E(r, v» ) = W(r, r , v) (1.16) 

The power spectrum can be normalized according to the equation 

s(r,v) 
00 

S(r,v) 
(1.17) 

jS(r,v)dv 
o 

'" 
and the normalized spectrum has the property j s(r ,v)dv = I, which is 

o 

independent of the total intensity. However, the intensity of the spectrum is 

equivalent to the intensity of a single monochromatic component of the field 

defined by Eq. (1.5). Since different monochromatic components of the field are 

mutually incoherent and can not interfere, the intensity of the total field IS 

calculated as the sum of intensities of all the monochromatic components, i.e. 

00 

fer, v) = fS(r, v)dv (1.18) 
o 

(h) Complex degree of spectral coherence, p (r1' r2, v): 

As the cross-spectral density function contains information about both the 

spectrum and the coherence of the field, a new function that depends only on the 

14 
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coherence properties of the field is introduced known as complex degree of 

spectral coherence and is defined as [62] 

( ) W(Ij,r2'v) /l1j,r2,v = 
~W(Ij,Ij, v)W(r2 ,r2 ,v) 

(1.19) 

where S(r,v) is the spectral density or the power spectrum of the light. J..l (r\, r2,v) 

is referred to as the spectral degree of coherence at frequency, v of the light at 

two different points r\ and r2. It is also known as the complex degree of spatial (or 

spectral) coherence at frequency v [63, 64]. It should also satisfy the inequality 

(1.20) 

for all values ofthe arguments rt, r2, v. If the magnitude of the complex degree of 

spectral coherence is zero, the field amplitudes at two points are completely 

incoherent and if it is unity, the monochromatic field components of frequency v 

are perfectly coherent between the points. If magnitude of this function is less 

than unity, it indicates less than perfect coherence. As can be seen this function 

depends only on the positions of the points and the single frequency v that the 

field components at the two points share. Field components of different 

frequency are always uncorrelated, even at the same point. 

1.5. Introduction to filamentation in optical media 

When a powerful femtosecond laser pulse propagates in an optical medium, the 

primary process that occurs is self focusing. Normally, it is the most powerful 

part (slice) of the pulse that self-focuses first during its propagation. It is balanced 

by the self generated plasma in the self-focal volume which defocuses the pulse. 

This dynamic balance between self-focusing and self-defocusing leads to the 

formation of 'filament' and limitation of the peak intensity (intensity clamping) 

in the self-focal volume. The series of self-foci from different slices of the front 

part of the pulse undergoes self-phase modulation and self-steepening resulting in 

a strong spectral broadening. The final pulse is a white-light laser pulse 

(supercontinuum ). 
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Fundamentally, the physics of filamentation is based upon Kerr self­

focusing. The phenomenon of Kerr self-focusing dates back to the 60s [65, 66]; 

filamentation and spectral (red) broadening have been observed by Reintjes et al. 

[67] while the limitation of the laser intensity at the self-focus (intensity 

clamping) in glass has been proposed already [68]. So, what is really new now 

that makes it so interesting? It is the femtosecond laser pulse, being very short 

and powerful that makes a huge difference. Optical breakdown (a collision 

process) resulting in the total ionization of the interaction zone in the medium 

[69] could not be induced to its completion by such short pulses (nanosecond 

down to picoseconds) masked many interesting filamentation phenomenon which 

were not even foreseen at that time. Nowadays powerful femtosecond laser 

pulses can self-focus and propagate over a long distance in air in the form of an 

apparent long filament [70]. This phenomenon encompasses what is more 

recently known as supercontinuum generation (71]. The supercontinuum is a 

broad spectrum extending from the near UV (-350 nm) to the infrared (-4 

microns). The spectral width depends on the ionization potential (gases) or the 

band gap energy (condensed matter). The main aspects of ultrashort filamentation 

in various optical media, their properties and their applications are reviewed 

recently [72]. 

1.6 Organization of the thesis 

Chapter 2 involves the study of spectral shifts and spectral switches due to 

temporal correlation of the input beam using a white-light Michelson 

interferometer operated in the spectral domain. An unusual behavior in the 

number of spectral fringes observed within the spectral bandwidth of the source 

as a function of optical path difference within the coherence length of the source 

is presented. 

Chapter 3 shows the experimental demonstration of the measurement of nano­

scale displacements using the spectral shifts around and crossing through the 

spectral switch. We propose two methods to measure the nano displacements and 
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the results are compared to investigate the higher sensitivity of the proposed 

methods. 

Chapter 4 is dedicated to study the effect of the spectral characteristics such as 

spectral bandwidth, peak wavelength and symmetry of the input spectrum on the 

spectral switch characteristics such as spectral switch position, spectral switch 

amplitude and its symmetry. In order to see the combined effect of the spectral 

characteristics, we study the effect of fractional bandwidth on the spectral switch 

amplitude and symmetry of the spectral switch. 

Chapter 5 presents the experimental demonstration of the formation of filaments 

in BK7 glass due to femtosecond laser pulses. The spectral modulations observed 

in the output transmission spectrum are recorded as a function of the input laser 

power and studied the temporal separation of the refocused filaments formed in 

the glass sample. The spatial anomalies (forklets) in the far-field spatial emission 

pattern are observed due to the shear in one of the wavefronts of the multiple 

filaments. A simple model using geometrical calculations and interference is 

proposed to demonstrate the spatial anomalies observed. 

Chapter 6 summarizes the results obtained in this dissertation work and future 

implications and directions are discussed in brief. 
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Chapter 2 Spectral shifts and spectral switches ... 

Abstract 

This chapter explains the experimental demonstration of the 

spectral shifts and spectral switches around the intensity minima 

(phase singularities) due to temporal correlation of the input 

optical field using dispersion compensated Michelson 

interferometer illuminated by a broadband white-light source 

operated in the spectral domain. Unusual behavior in the number 

of spectral fringes. measured within the source spectral bandwidth 

is shown as a function of optical path difference between the 

interfering beams. 
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Spectral shifts and spectral switches 
using a white-light Michelson 

interferometer 

2.1 Introduction 

There has been a considerable interest in the spectral anomalies such as spectral 

shifts and switches occurring around the phase singularities in various classes of 

scalar waves [1-3]. In particular, diffracted waves near intensity zero regions 

exhibit dramatic spectral shifts resulting in a number of interesting spectral 

characteristics [1-5]. In addition, use of interferometric techniques for mixing of 

two or more spectral colors [6] and for generating electric field components with 

different spectral densities using waves with different wave vectors [7] are also 

reported in the literature. Anomalous spectral behavior in the interference field of 

Young's double slit experiments illuminated by spatially completely and partially 

coherent polychromatic light is reported [8] considering its applications in 

information encoding and information transmission in free space. 

All the above studies are based on the modulation of spatial coherence, 

bandwidth of the source spectrum [8] and diffraction angles [9]. The 

measurements mentioned in the above studies deal with on-axis and off-axis 

measurements which are manifestation of the real and imaginary parts of the 

complex degree of spectral coherence respectively [10]. In this chapter we 

experimentally demonstrate the spectral shifts and spectral switches around the 

intensity minima (Phase singularities) due to the temporal correlation of the input 

optical fields and unusual behavior in the number of spectral fringes observed 

within the spectral bandwidth of the source spectrum. In our studies, we use 

dispersion compensated Michelson interferometer (DC-MI) which is 

manifestation of the temporal coherence of the optical field due to the real part of 

the complex degree of spectral coherence. Throughout our experiment, the 

measurements are done at the center of the output beam. Characteristics of the 
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Lit 
~ 
~ spectra calculated using interference law in the spectral-domain are compared 

with the experimental measurements. 

It is important to note that understanding the spectral evolution in a DC­

MI around phase singularities will be useful in shaping the spectral density of the 

wave, in optical correlation diagnostics of rough surfaces [11] and in vortex 

lattice appearance in the interference patt~m due to three or more plane waves 

[12]. However, such a setup cannot produce a temporal correlation vortex 

(TCV), which may allow an understanding of zero coherence points of 

polychromatic partially coherent light source [13]. 

2.1.1 Advantages of optical system that produces temporal 

coherence induced spectral shifts and spectral switches 

• The techniques mentioned in the previous studies using spatial coherence 

and diffraction induced spectral shifts and switches might be difficult in 

realization due to complexity involved in them. While in our present 

measurements using DC-MI, we can produce spectral shifts and spectral 

switches just by changing the position of one of the two mirrors which is 

relatively easy and accurate. 

• In the optical systems based on the spatial coherence, compromise 

between intensity and visibility of the fringes is unavoidable and it is 

difficult to make the system compact. On the other hand temporal 

coherence based systems can be made more compact. 

• In temporal coherence based systems, the interference fringes obtained 

are sharper than the spatial coherence based systems. This leads to a good 

signal to noise ratio for the measurements based on the temporal 

correlation effects. 
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2.2 Theory of spectral interference 

The measurement of the degree of temporal coherence can be achieved using a 

dispersion compensated Michelson interferometer (DC-MI), where the degree of 

correlation is varied with the help of optical path difference (OPD) between the 

interfering beams [14]. 

Let {Cm(V)} represents the frequency dependent ensemble [15] of the field 

input into the interferometer, which satisfies all the usual conditions for a random 

fluctuating field. This beam is amplitude divided by a cubic beam splitter into 

{cl (v)}and{c2(v)}. These beams are directed into the two arms of the 

interferometer. According to the principle of conservation of energy and 

assuming that the beam splitter is non-absorbing, the Stoke's relationship 

between the reflectivity 'r' and transmissivity '1' can be written as [16] 

(2.1) 

The output beam of the interferometer monitored at a point Per) in the 

observation plane is equal to the sum of the two fields after passing through the 

two arms of the interferometer, i.e., 

(2.2) 

Where cl(v) and c2(v) are the fields emerging from the two arms of the MI and 

are related to the frequency dependent input field {cm (v)} as 

C1(V) = a(v) cm(v) and 

c2(v) = bey) Cm(V) (2.3) 
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Where a(v) and bey) are the frequency dependent coefficients, which depend on 

the properties of the beam-splitter, on the path lengths the two beams traveling in 

the two arms of the DC-MI and are given by 

a(v) = rt exp (ikLJ) and 

bey) = tr exp (ikL2) (2.4) 

Where k= 21tv/c and L, and ~ are the total path lengths the light beams traveling 

in the two arms of the DC-MI. Using the Eq. (2.1), the two frequency dependent 

coefficients given by Eq. (2.4) can be shown to satisfy the relation 

la{v) +b{v)1
2 = 1 (2.5) 

The spectrum of the output field is given by 

S(v) = (e' (v)e{v») (2.6) 

Using Eq. (2.2), (2.3) and (2.4), the spectrum of the output field given by Eq. 

(2.6) can be simplified and written as 

(2.7) 

Where the So (v) is the input spectrum given by the ensemble average of the input 

field i.e. 

(2 .8) 

And the cross-spectral density of the two interfering beams is given by 
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Assuming the beam-splitter to be r/t 50150, the reflectivity and the 

transmissivity are equal to 

Irl = It I = I l .fi. Using this value and the Eg. (2.4) and (2.5), it can be shown that 

la(v)1
2 

= Ib(v)1
2 

= Irl21tl2 = I I 4 

a' (v)b(v) = 1r12 W exp[ik(L2 - L
J
)] = (l 14)exp(ik61) (2.10) 

Where M =~ - LI is the path difference between the interfering beams. 

Substituting the Eg. (2.8), (2.9) and (2.10) into the Eg. (2.7), the spectrum of the 

output field is given by the expression 

S(v) = (l I 2) So (v){1 + Re[,uJ 2 (v)] cos(kM) } (2.11 ) 

Eg. (2.11) can be rewritten in terms of the wavelength ' "A ' as 

SeA) = (I I 2)So (A){I + Re[,uJ 2 (A)] Cos(k61)} (2.12) 

Where'Re' is the real part and ,uJ2(A) is the complex degree of spectral 

coherence between the two interfering beams in the DC-MI and can be written in 

terms of the modulus and argument as [17] 

(2.13) 

Where 1 1-1 12C"A) 1 is the modulus and Pl2C"A) the phase of the complex degree of 

spectral coherence of the white-light. For spatially coherent optical field, Re 

[l-Id"A)] = 11-I12("A)1 cos[P12C"A)]. The modulus of the degree of spectral coherence 
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11-112(1..)1 = V, the visibility of spectral interference fringes, assumed to be equal to 

one here. Then Eq. (2.12) becomes 

1 S(A) = - So (A ){l + cos[kM n 
2 

(2.14) 

Here {l+cos[k~l]} is the 'modifier function' and is a function of the 

OPD between the interfering arms. It changes the input spectrum as OPD 

changes. Adjusting the path difference between the interfering beams, M = 0 is 

critical so that the interference spectrum matches with the lamp spectrum, to 

begin with. This is achieved by moving one of the interferometer arms with 

respect to the other in air. If the OPD is increased from zero, the output spectrum 

coinciding with the source spectrum shifts towards red, splits in to two spectral 

lines of equal intensity and then is blue shifted. The output spectrum having two 

peaks of equal intensity is referred as 'spectral switch' position. At spectral 

switch position the spectral intensity at wavelength corresponding to lamp 

spectral maximum is zero and modifier function at this wavelength becomes zero 

as given below 

(2.15) 

Au 2m+1 
~l =-(2m+l)1r =--.4.0 

21r 2 
(2.16) 

Where m=O, I, 2 .. ..... . . 
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2.3 Experlmenta' details 

Schematic of the experimental setup shown in Fig. 2.1 consists of a dispersion 

compensated Michelson interferometer, illuminated by a white-light source 

(fiber-coupled, collimated 50 W quartz tungsten-halogen lamp). A fiber-coupled 

spectrometer (SD2000, Ocean Optics, USA) is kept at the output of the 

interferometer to measure the spectral modifications arising due to varying 

temporal correlation. One of the interferometer mirrors (M2) is mounted on a 

nano-positioner (NanoPZ, Newport, USA) and is capable of a minimum path 

difference between the interfering beams of 10 nm. A personal computer is used 

to control the nano-positioner movement and for acquisition of corresponding 

spectral data from the spectrometer. The spectral characteristics of the white-light 

source measured in the range from 300 - 1000 nm by closing one of the 

interferometer arms is fitted to 1= Aexp(- exp(- z) - z + I) with z = ('A.-'4J)/tl'A. 

(The above equation is adopted from one of the peak functions of the Origin 

software called, Extreme as the source spectrum does not fit to any standard 

functions). Here A is the amplitude, 'A.o is the center and tl'A. is the width of the 

spectral peak. The FWHM spectral bandwidth (.<1A) is found to be 238 nm with 

peak wavelength (Ao) at 612 nm. Using these values the coherence length (lc ­

A/lLU) of the source is calculated to be 1.57 !lm . When the characteristic of the 

interference spectrum is similar to that of the lamp spectrum the corresponding 

OPD between the interfering beams is zero. 

By increasing the path difference between the two interfering beams in 

steps of 10 nm from zero using the computer controlled nano-positioner the 

corresponding spectral modifications are recorded up to OPO (L1/) of 2 ~m, 

corresponding to .11 > Ic. From the measured modified spectra we calculate the 

intensity corresponding to the spectral maximum (l(AJ), the corresponding 

wavelength (AI), and the number of spectral fringes (m) as a function of path 

difference between the interfering beams. 
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Experimental setup 

Sp 

Figure 2.1: Schematic of the experimental setup. WIS. White bght source; BS' 50-50 Beam 

splitter; Mb M2: Mirrors, n-PZ: Nano positioner; Sp: Spectrometer, PC: Personal computer. 

2.4 Results and discussions 

As we increase the OPD between the interfering beams from ,11 = 0 11m, the 

spectral peak starts to shift towards red wavelength and splits into two 

asymmetric peaks - one red shifted and one blue shifted. Such an asymmetric 

split upon further increase in OPD leads to spectral peaks of almost equal 

intensity when Al = 0.28 11m, corresponding to a phase difference between the 

interfering beams of At/J = 7t. This position is referred to as spectral switch [1], 

due to the sudden change from red shift to blue shift of the lamp spectrum. This 

change from a gradual spectral shift to rapid spectral switch is due to the 

temporal correlation in our experiment. Further increase in At results in an 

increasing dominance of the blue shifted spectral line over the red shifted one 

until the two spectral peaks merges into one and coincides with that of the lamp 

spectrum when At = 0.62 11m. At this point the interference spectrum is almost 
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the same as the lamp spectrum and that corresponding to ,11 = 0 11m but for - 70 

nm reduction in the spectral bandwidth. The reduction in ,1"l is attributed to the 

redistribution of the optical power into the reflected spectrum of the 

interferometer. This is confirmed by recording the reflection (R) and transmission 

(T) spectra of the interferometer at the same time in the two channels of the 

spectrometer. The transmission and reflection spectrum for OPD ,11 = 0.62 11m is 

shown in Fig. 2.2. It is clearly seen from the figure that the missing spectral 

content in the transmission spectrum is restored in the reflection spectrum. Fig. 

2.3 is a grey scale plot of the spectral behavior in measured in transmission due to 

temporal correlation, discussed above. 
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Figure 2.2: Transmission and reflection spectra of the output spectrum for jjl = 0 62 J.Il1l 

Continuous line represents transmIssion spectrum and dotted Ime represents reflection spectrum 

Also shown in Fig. 2.3 are the line plots for five different path delays (indicated 

by arrows) and the corresponding spectra are calculated using the interference 

law in the spectral domain as given by Eq. (2.14). The behavior of the spectrum 

of interfering beams discussed above is somewhat similar to the behavior of 

focused waves on a circle centered at a singular point [2]. 
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Figure 2.3: 2-D plot of the spectral changes as afunction of path delay around thejirstmtenslty 

mmlmum Also shown are Ime plots of the spectra (open circles) for path delays ;1/ = 0, 0 26. 

0.2B. 030 and 0.62 pm respectIvely (as mdicated by arrows) and the correspondmg calculated 

curve (contmuous Ime) using Eq (2 14) 

The nonnalized peak spectral intensity for increasing OPD between the 

interfering beams is plotted in Fig. 2.4. It is seen from Fig. 2.4 that the minima in 

peak spectral intensity occur at OPD of .dl = 0.28, 0.9 and 1.48 ~m and the 

contrast in peak spectral intensity decreases with increasing OPD. This confinns 

the observation that the spectral intensity is almost zero at ..1.0 only when .di = 0.28 

~m and the sharp, colored interference fringes gets blurred with increasing OPD. 
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The behavior of peak spectral intensity with OPD matches well with the curve 

generated using Eq. (2.14), shown using continuous line in Fig. 2.4. We have 

plotted in Fig. 2.5 the OPD dependence of normalized spectral shift (NSS), 

calculated using 'O/"/Ao = (Ao - A.) / Ao, where Ao is the lamp spectrum maximum 

and A.'S are the wavelength at which the spectral intensity has the highest value. 

Normalize spectral shift, 'O/"/Ao = 0 corresponds to the position at which we 

observe the interference spectrum resembles the lamp spectrum with single 

maximum at Ao. Measured behavior of the NSS shows that spectral switches 

occur at OPDs corresponding to the minima in peak spectral intensity. Also 

shown in Fig. 2.5 is the curve corresponding to the behavior of NSS versus ,1/, 

calculated using Eq. (2.14). The asymmetry in the plot with respect to zero NSS 

arises from the asymmetry in the lamp spectrum with respect to ,.1.0 and the 

dependence of the asymmetry of the NSS values on the input spectrum are 

discussed in more detail in chapter 4. The small deviations in the spectral switch 

positions between the experimental and calculated curves are attributed to the 

instability of the interferometer. 
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Figure 2.4: Plot of normalized peak spectral intensity as a jimctlon of optical path difference 

(OPD) between the interfering beams. Open circle: experimental data, contmuous line data 

simulated using Eq. (2. 14). 
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Figure 2.5: Normalized spectral shift (0). 1).0) as a function of optical path difference (OPD) 

between the mterfering beams. Open circle' expenmental data. contmuous lme' data simulated 

using Eq. (2.14). 

In Fig. 2.6 we plot the number of spectral fringes measured, which 

corresponds to the number of spectral maxima in the interference spectrum within 

the wavelength range from 300 - 1000 run, as a function of optical path 

difference between the interfering arms. The number of interference fringes in 

the spectral domain (m), when calculated using m = (2D.II),),,)/A02, where D.A and 

"Ao are the spectral bandwidth (FWHM) and peak wavelength of the source and D.l 

is the optical path difference between the interfering beams [18], increases 

linearly with D.l, as shown by the dotted line in Fig. 2.6. 

For a lamp with fixed spectral characteristics, instead of a linear increase 

in m with L11 every time D.cJ> increases by 27t (shown as dotted line in Figure 2.6), 

we observe that m increases from one to two fringes around the first spectral 

switch position (D.cJ> = 7t) but becomes one fringe just beyond that. The number of 

fringes upon further increase in L11 becomes two (D.cJ> = 27t) and then to three 

fringes before coming back to two fringes again. This unusual behavior in m -
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versus - IJI follows the expected behavior of increase by one fringe every time ~$ 

increases by 27t beyond IJI - 1.5 Ilm, and was verified experimentally. In this 

context it is important to emphasize that the behavior of number of fringes with 

optical path difference within the first two spectral switch points is unusual and is 

observed here for the first time. 
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Figure 1.6: Number offringes as ajimctlOn of path delay between the mterfering beams Open 

circles. experimental data, continuous lme data calculated from sImulated spectra and dotted 

line data calculated using m=2M1lc 

2.5 Conclusions 

In this chapter we experimentally demonstrated the temporal correlation induced 

spectral shifts and spectral switches using white-light dispersion compensated 

Michelson interferometer. The normalized peak spectral shift and corresponding 

normalized peak intensity are studied as a function of optical path difference 

between the interfering arms. If the normalized spectral shift (NSS) is positive 

then the spectral peak of the interference spectrum is blue shifted, ifit is negative 

then the spectral peak is red shifted with respect to the input source spectrum. 

36 



I . 

1. 

apter2 Spectral shifts and spectral switches ... 

Zero value of the NSS corresponds to the spectral peak of the output interference 

spectrum coinciding with the input source spectral maximum. The anomalous 

behavior in the number of spectral fringes observed within the spectral bandwidth 

of the input spectrum is also presented. 
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Abstract 

This chapter explains the novel experimental method we 

developed to measure nanometer displacements using 

wavelength shifts of spectral peaks around spectral switch or 

singular phase points in the interference spectra due to 

temporal correlation in dispersion compensated Michelson 

interferometer illuminated by a broadband white-light source. 

Dramatic changes in the spectral characteristics are recorded 

as a function of optical path difference between the interfering 

beams around the spectral switch position occurring with in 

the coherence length of the source. These are then compared 

with measurements far from the coherence length in order to 

demonstrate the higher sensitivities involved in the proposed 

method. 
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Measurement of nano-scale displacement 
using spectral shifts around spectral 
switches in a white-light Michelson 

interferometer 

3.1 Introduction 

There is an ever increasing need for novel techniques for metrology applications 

including measurement of displacements in the nanometer scale, to augment the 

on-going nano-technology revolution. Several approaches have been reported in 

recent times like the use of phase singularity in the complex analytic signal of a 

speckle pattern as indicators of displacement in nanometer scales [1], an 

interferometric phase-meter based on attenuated total internal reflection as nano­

scale linear sensor [2], and spectral domain phase microscopy for detection of 

nanometer-scale motions in living cells [3], among others. Of the different tools 

available for nano-metrology, optical interferometric techniques are widely used 

for most accurate measurement of displacements as they are simple and highly 

sensitive compared to other techniques [4 - 6]. 

Among the different interferometer designs available for the measurement 

of displacement, Michelson Interferometer (MI) is an overwhelming favorite for 

many practical applications [4, 5]. Different fringe analysis procedures were 

introduced to extract more information from the recorded interferogram, leading 

to higher sensitivities and accuracies [7]. Instead of working with a single 

wavelength source, techniques were developed for accurate measurement of 

displacements through the study of spatial interference pattern using more than 

one wavelength or even a broadband white light source [5] . 

Alternately, spectral-domain white-light interferometric technique has 

also been developed for accurate measurement of displacement, where the 

minimum measurable optical path difference (OPD) is determined by the central 
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wavelength (Ao) and the spectral width (~A.) of the white light source and the 

maximum measurable OPD is determined by the central wavelength of the source 

and the spectral resolving power (01..) of the spectrometer [8 - 14]. Spectral­

domain interference method [15] is of particular interest here as it overcomes the 

limitation of path length measurement range due to coherence length of 

conventional laser-based interferometry with the advantage of longer measuring 

range and higher sensitivities for displacement measurements than those 

achievable using time-domain methods. 

In the previous chapter we have explained the anomalous spectral 

behavior due to temporal correlation in a white-light interferometer, where we 

attributed the spectral shifts, spectral switches and unusual behavior in the 

number of spectral fringes to operating the Michelson interferometer around 

phase singularities [16] . During our experiments it was noticed that around the 

spectral switch position, occurring as a result of phase singularity in the 

interference spectra, the sensitivity of the interferometer is very high and the 

observed spectral shifts can be used to accurately measure nanometer 

displacements. In this chapter, we report the experimental measurement of 

nanometer displacements using spectral shifts around spectral switch positions 

occurring within the coherence length (spectrum with two spectral peaks) and far 

away from the coherence length (spectrum with nine spectral peaks) of the source 

with given spectral bandwidth using dispersion compensated Michelson 

interferometer (DC-MI). 

Initially, the measurements were made using two fringes, with the initial 

optical path difference (OPD) of the interferometer kept such that it is on one side 

of the spectral switch position. An appropriate displacement of one of the 

interferometer mirror resulted in the spectral peak shifting from the red to the 

blue side of the lamp spectral maximum or vice-versa through the spectral switch 

position. This measurement was compared with the spectral shifts measured 

using the conventional spectral interferometric technique, where the optical path 

difference (OPD) between the interfering beams is more than the coherence 
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length of the source, resulting in nine fringes within the spectral bandwidth. 

Based on our measurements we suggest that the proposed method of using the 

spectral interferometer around the spectral switch position with two fringes 

results in high-sensitivity measurement of nanometer displacement. 

3.2 Spectral interference law 

The spectral interference law for a dispersion compensated MI is given by [15, 

16] 

(3 .1) 

where So (A.) is the lamp spectrum, K=21t/A. and M is the OPD between the two 

anns ofthe interferometer. Re [/l12 (A.)] is the real part of the complex degree of 

the spectral coherence. /In(A.) is assumed to be equal to one and its phase 

assumed to be zero. Eq. (3 .1) then becomes 

Here {I + cos[(21r / A,)LV n = {I + cos(~¢)} is the spectral modifier function, 

where !:lIP is the phase difference between the interfering beams. 

3.3 Experimental Details 

Details of the experimental setup shown in Fig. 3.1 are given in the previous 

Chapter. Briefly, it consists of a DC-MI with one of the mirrors (M2) mounted on 

a nano-positioner (NanoPZ, Newport, USA) capable of a minimum step size of 

10 nm. The white light source used is a 50 W tungsten-halogen lamp coupled to 

an optical fiber with collimating lens and the spectral modifications at the 

interferometer output are measured using a fiber-coupled spectrometer (SD2000, 

Ocean Optics, USA). A personal computer is used to control the nano-positioner 

movement and acquiring corresponding spectral data from the spectrometer. 
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The spectrum of the white light source is recorded first in the range from 

300 - 1000 run by closing either one of the interferometer anns. As the measured 

spectrum is a complex convolution of emission from the lamp, optical 

components used in the interferometer and spectral response of the CCD camera, 

it does not fit to any standard spectral profiles and so is fitted to a peak function 

of the fonn given by I = A exp( - exp( -z) - z + 1), with z = (/...-/0..0)/ /',,/.... Here A is 

the amplitude, /...0 is the center and /',,/... is . the width of the spectral peak. The 

FWHM spectral bandwidth (.1.4.) is found to be 238 run with peak wavelength 

(.4.0) at 612 run. Using these values, the coherence length (Ie) of the source is 

calculated to be 1.57 !.lm. The experiment is carried out both within the 

coherence length (/'"I < Ie) of the source and for longer distances (/',,1 > Ie) with the 

path difference between the two interfering beams changed in different step sizes 

using the computer controlled nano-positioner. 

Experimental setup 

M, 

Figure 3.1: Schematic of the experimental setup. WLS. White light source; BS. 50-50 Beam 

splitter; MI. Mz: Mirrors; n-PZ: Nano positIOner; Sp. Spectrometer; Pc. Personal computer 
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3.4 Results and discussion 

First the optical path difference between the two interfering beams (!:"l) is made 

zero so that the spectrum after interference coincides with the lamp spectrum. 

When M increases, the spectrum first shifts towards the red-side with decrease in 

the intensity of the peak and then splits into two spectral maxima of equal 

intensity, one on either side of the lamp spectrum maximum. Around this position 

a rapid transition of the spectral maximum· from red side to blue side and blue 

side to red side occurs with further increase or decrease in the OPD. The blue 

side peak increases in intensity with a corresponding change in peak wavelength 

for still longer OPDs but weB below the coherence length (Ie) of the source. 

When two peaks are observed in the spectrum, we define the spectral peak as the 

one with higher intensity. Interference spectrum with more than two spectral 

maxima appears for OPDs beyond the coherence length of the source [17, 18]. A 

change in the number of spectral maxima with increase in OPD is also reported in 

Ref 16. The above-mentioned situation corresponding to two spectral peaks 

designated as the blue and the red peaks and having equal intensity is referred to 

spectral switch position [16]. As the rapid transition of the spectral intensity 

maximum from red peak to blue peak or vice-versa around the spectral switch 

position is highly sensitive to the OPD between the two interfering arms, we 

carried out the measurements in this configuration first. 

Two distinctive methods were adopted here to measure the displacements 

around the spectral switch position, details of which are discussed in the 

foBowing sections. Briefly, in the first method, the initial position of the mirror 

starts on one side of the spectral switch position and crosses onto the other side 

depending on the mirror displacement with respect to the spectral switch position. 

This method uses the first spectral switch with just two fringes in the interference 

spectrum. In the second method, the interfering beams are delayed by more than 

the coherence length of the source. This results in nine spectral fringes and they 

are used to measure the smaB displacements by measuring the spectral peak shift. 

Results from the two methods are compared to estimate the sensitivities involved 

in the measurement of nanometer displacement. 
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3.4.1 Method-1: Nano-displacement measurement using 

the spectrum with two spectral peaks 

In this method accurate displacement measurements are done using the spectral 

shifts around the spectral switch position (occurring at 280 nm for the present 

setup) with two fringe spectrum occurring with in the coherence length of the 

source. Depending on the measurement magnitudes, the initial position of the 

spectrum is set on one side of the spectral 'switch position and the mirror M2 is 

moved into a position such that the displacement results in the spectrum crossing 

through the spectral switch position. As the minimum step size of the nano­

positioner used in our experiment is 10 nm and to measure the displacements 

around and crossing through the spectral switch, we consider the spectral shift 

from the spectrum at t:../= 260 nm (Fig. 3.2(a)) to the spectrum at t:../= 300 nm 

(Fig. 3.2(c)) resulting in the spectral peak shift from red to blue side crossing 

through the spectral switch position (Fig. 3.2(b)) at /'0,,[= 280 nm. The open circles 

in Fig. 3.2 are experimental data and the continuous lines are from numerical 

calculations, using Eq. (3 .2). 

The spectral shift normalized to the lamp spectrum is calculated using 

(">4J - A"eak) / ">4J as a function of OPD between the interfering arms around the 

spectral switch position (with two fringes) is shown in Fig. 3.3. Open circles are 

the experimental data and continuous line is the data calculated using Eq. (3.2). 

The negative and positive values of the spectral shift correspond to the red and 

blue shift of the spectrum respectively with respect to the lamp spectrum and zero 

value corresponds to the spectrum with spectral peak coinciding with the lamp 

spectrum. The rapid transition in the spectral shift values from negative (red) to 

positive (blue) in Fig. 3.3 occurs around the spectral switch position. 
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Figure 3.2: Spectral modulations around the spectral switch position with two spectral fringes 

(Method 1); (a) and (c) correspond to the spectra around the spectral switch posllwn for OPDs of 

260 and 300 nm respectively; (b) corresponds to the spectrum at the spectral switch position for 

the path difference 280 nm. Open circles are experimental data and continuous lines are the 

spectra calculated using Eq. (3.2). 
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3.4.2 Method-2: Nano-displacement measurement using 

the spectrum with nine spectral peaks 

Next, we consider the situation where the OPD between the interfering beams is 

M = 8.26 Ilm, far from coherence length (/c= I.57 !-1m) of the source resulting in 

interference spectrum with nine fringes and the displacement measurements are 

done using the spectral shifts around the spectral switch occurring between the 

two central peaks. Fig. 3.4 shows the experimental spectra with nine spectral 

interference fringes for two OPDs of ..:11 = 8.26 I!ffi and 8.28 Ilm between the 

interfering arms around the spectral switch position. The arrow in the Fig. 3.4 

shows the spectral shift from red peak (continuous line) to the blue peak (dotted 

line) for 10 nm displacement of the mirror M2 crossing through the spectral 

switch position. Fig. 3.3 shows the spectral shift normalized with lamp spectrum 

calculated using (~ - ~) / ~ as a function of normalized path difference (by 

normalization, the path difference at which the spectral switch occurs is made 

same for both the methods for comparison) between the interfering arms around 

the spectral switch position far from the coherence length. Open triangles are the 

experimental data and dashed line is the curve corresponding to numerical 

calculations using Eq. (3.2). It can be observed from Fig. 3.3 that the spectral 

shift from red to blue around the spectral switch with nine peaks is much smaller 

than that of the spectral switch with two peaks. 

3.S. Discussion 

3.5.1 Spectral switch amplitude (SSA) 

To evaluate the sensitivities involved in the measurement suitable for nanometer 

displacements, we calculate and compare the Spectral switch amplitudes (SSAs) 

for the above-mentioned methods. The SSA, a measure of the displacement 

around the spectral switch position is defined as 

SSA = {[(~ - At,\uepeak) / ~] - [(~ - Aredpeak) / ~]} 

= (Arwpeak- At,\uepeak) / ~ (3.3) 
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> where, f....edpeak is the peak wavelength of the initial spectrum, A.bluepeak is the peak 

wavelength of the spectrum after each displacement crossing through the spectral 

switch position. The SSA is also defined as the magnitude of the rapid transition 

around and crossing the spectral switch position which is different for different 

displacements of the mirror M2• Once the SSA values are calculated for different 

displacements of the mirror M2 for a given lamp spectrum, any unknown 

displacement can be inferred from the SSA values that are obtained. In addition, 

as long as the displacement of the mirror M2 causes the peak shift from red to 

blue or vice versa, the spectral shifts can be either symmetric or asymmetric 

around the spectral switch position. 
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Figure 3.4: Experimental spectra with nine spectral frmges. Contmuous line Initial position of 

the spectrum (red shifted); dotted line: blue shifted spectrum for 10 nm displacement of the mirror 

Ml crossing through the spectral switch pOSition 

3.5.2 Comparison between the two proposed methods 

In the first method, displacements were measured independent of the initial 

position of the two-fringe spectrum, provided the mirror displacement takes the 

fringes through the spectral switch position. In this case the SSAs are calculated 
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<1# 

~ to be 0.344, 0.339, 0.333, 0.306 and 0.299 respectively for d = 10 to 50 nm in 

steps of 10 nm. A plot of the variation of SSA as a function of the mirror 

displacement'd' for the above two methods are given in Fig. 3.5. In this figure, 

open circles and continuous line represent the experimental data and the 

corresponding linear fit for Method 1. The second method, corresponding to Lil > 

Ie, the shift in spectral fringes are measured for different displacements of the 

mirror M2 and the SSAs are calculated to be 0.066, 0.064, 0.060, 0.059 and 0.057 

respectively for the d = 10 to 50 nm in steps of 10 nm. Open triangles (in Fig. 

3.5) are the experimental data and dotted line is the corresponding linear fit when 

the displacements are measured from nine fringe interference spectra. The slopes 

of the linear fits corresponding to Methods 1 and 2 are -1 0.9x 10-4 ± 2. 79x 1 0.5 and 

-3.84x 1 0-4 ± 1.83x 10.5 nm·1 respectively. 

From Fig. 3.5 it is observed that the measured SSA values and the slope 

of the corresponding linear fit using the Method 1 are comparatively larger than 

those of the Method 2. Thus it can be inferred that the sensitivity of the spectral 

shifts at the spectral switch position with two spectral peaks for Lit < Ie is higher 

than that measured using normal spectral interferometric technique which is 

usually carried out at distances far from the coherence length of the source. The 

high values of SSA for small displacements using Method I imply that this 

method has higher sensitivity for the measurements of small displacements. 

Small variations in the experimental data from the calculated behavior can be 

attributed to the instability of the interferometer system, as our interferometer 

was not mounted on any vibration isolation table and other precautions such as 

temperature stability, etc were not taken. The stability can however be improved 

by performing the experiment in a more controlled environment. 
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Abstract 

In this chapter. a detailed experimental study is carried out to 

demonstrate the effect of the input lamp spectral characteristics 

such as spectral bandwidth, peak wavelength and shape of the 

spectrum on the spectral shifts and spectral switches due to 

temporal correlation in a white light Michelson interferometer 

operated in the spectral domain. The behavior of the switch 

position, spectral switch amplitude and the symmetry of the 

spectral shifts at the switch position are discussed in detail as a 

function of optical path difference between the interfering 

beams. The experimental results are compared with the 

numerical calculations carried out using inteiference law in the 

spectral domain. Based on our results we feel that our study is of 

critical importance in the selection of source spectral 

characteristics to further improve the longitudinal resolution or 

the measurement sensitivity in spectral-domain optical 

coherence tomography and microscopy. 
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Effect of input spectrum on 
spectral switch characteristics in a 

white-light Michelson interferometer 

4. 1. Introduction 

There has been a significant effort put in investigating a source with wel1 defined 

spectral characteristics as the spectral characteristics play an important role in the 

optical coherence tomography (OCT) [I] . The spectral characteristics such as 

spectral bandwidth (M), peak wavelength (1..0) and shape of the input spectrum 

characterize the power spectral density (PSD) which has critical importance in 

OCT and microscopy especial1y to estimate and improve the longitudinal 

resolution [2, 3]. The PSD of the source sets the temporal width of the 

interference signal which consequently sets an upper bound on the longitudinal 

resolution of the OCT in a low coherence interferometer [I] . Spectral-domain 

OCT[4], also known as Fourier-domain OCT, carried out using a broad band 

superluminescent diode has become a promising technology due to its practical 

use in obtaining sample images with ultra high resolution and at high speed than 

possible with conventional time-domain OCT [5,6]. 

Extensive theoretical and experimental studies have been carried out on 

spectral anomalies such as spectral shifts and spectral switches observed in 

various class of polychromatic scalar fields, owing to the spatial coherence of the 

source [7-11]. In particular, dramatic spectral changes in the vicinity of intensity 

zeros due to diffraction of spatially coherent polychromatic waves at a circular 

aperture [10] and in the focal region due to converging spherical waves [I )] are 

studied. Many theoretical studies have demonstrated that these dramatic spectral 

shifts, due to modified spatial coherence of the source can be used to generate 

new types of filters which might find applications in optical signal processing and 

cryptography [12, 13]. Interferometric techniques to mix two or more colors for 

the generation of electric field components using waves with different wave 
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vectors are also reported [14, 15]. More recently, the influence of the spatial 

coherence on the spectral anomalies in the Young's double slit experiment 

illuminated with polychromatic light for free space communication is also 

reported [16]. It has also been reported in literature that the diffraction-induced 

spectral switch effect fades away for ultra-broad band spectra unlike narrow-band 

spectra in the focal plane of apertured focused beams [17]. The dependence of the 

spectral shifts and switches on the obscuration ratio, temporal coherence length, 

spatial correlation parameter and diffraction angle in Young's double slit 

experiment are illustrated numerically taking the spatially and spectrally partial 

coherent Gaussian Schell-Model Pulsed (GSMP) beam [18]. 

We have already demonstrated the spectral shifts and switches due to 

temporal correlation properties of the source using a white light Michelson 

interferometer in spectral domain in chapter 2. In particular, we have shown that 

as the optical path difference (OPD) is increased from zero, the output 

interference spectrum coinciding with the lamp spectrum first shifts towards red 

splits into two spectral lines of equal intensity and then is blue shifted. The OPD 

at which the interference spectrum having two peaks of equal intensity is referred 

as spectral switch position. At this spectral switch position, the spectral peak shift 

from red to blue or vice versa is very sensitive to the OPD in the interferometer 

and was used for the measurement of nano-scale displacements with high 

accuracy and sensitivity [20]. 

In our earlier studies we observed asymmetry in the spectral shifts at the 

spectral switch position which changes dramatically with the OPD, possibly due 

to the PSD of the source. In this chapter we present here a systematic 

experimental study to investigate the dependence of the spectral switch 

characteristics on the source PSD characteristics such as the spectral bandwidth 

(t.A.), peak wavelength (1..0) and spectral shape due to temporal correlation of the 

interfering beams in a white-light dispersion-compensated Michelson 

interferometer (DC-MI). The behavior of the switch position, spectral switch 

amplitude and symmetry of the spectral switch are studied in detail as a function 
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of the OPD between the interfering beams. To render our study useful for 

spectral-domain OCT and singular beam microscopy [21] related research we 

also present the behavior of the spectral switch amplitude and symmetry of the 

spectral shifts at the switch position as a function of fractional bandwidth (fi,w) of 

the input spectrum, which is related to the measurement sensitivity and 

longitudinal resolution of the imaging system. The experimental results were 

found to match well with the numerical calculations carried out using the 

interference law in spectral-domain with modified source spectral characteristics. 

4. 2. Theoretical background 

The spectral interference law for DC-MI is given by 

(4.1) 

Where So (A.) is the lamp spectrum, K=21t/A. and III is the OPD between the two 

arms of the interferometer. Re [~12 (A.)] (= 1) is the real part of the complex 

degree of the spectral coherence. Eq. (4. 1) then becomes 

S(A)= ~So(A){l + cos [/Cdl]} (4.2) 
2 

Here {I + COS[(21Z/ A )d/]} = {I + COS(d¢)} is the spectral modifier function, 

where Ilt/J is the phase difference between the interfering beams. The spectral 

modulations in the output spectrum, S (A.) depends on the input spectrum, So (A.) 

and the modifier function, {I + cos(Ilt/J)} which depends on the OPD between the 

two arms of the interferometer. We use here a general form for the input spectrum 

(So (A.» given by the modified Grubner equation [22] to achieve any shape and 

spectral content. 

(4.3) 
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Where A [( A - Au )2 (A -A)] C [( A - A)4 (A _ A)2 ] g(A) : l+"6 ~ -3 ,u 0 - 24 ,u 0 -6 AA 0 +3 

Where H is the peak height, A.o is the peak wavelength of the spectrum, A'A. is the 

full width at half maximum (FWHM) spectral bandwidth, A is the asymmetry 

factor (skewness) and C is the excess. For symmetrical peak shapes like 

Gaussian, both the skewness and excess are equal to o. 
Using Eq. (4. 3), Eq. (4. 2) can be rewritten as 

S(A)= -H exp - O
2 

g(A){1 + cos [K~l]} I [(A - A )2] 
2 2(~A) 

(4.4) 

Eq. (4.4) is used here both to simulate spectra with characteristics of interest in 

this study and to fit the experimentally generated lamp spectra. As mentioned 

before, the effect of spectral characteristics on the spectral shifts and switches in 

the vicinity of the intensity minima due to temporal correlation of the optical 

fields using a white light MI are studied. 

4. 3. Experimental details 

The schematic ofthe experimental setup is shown in Fig. 4.1. It consists of a DC­

MI with one of the mirrors (M2) mounted on a nano-positioner (NanoPZ, 

Newport, USA) capable of linear movement with a minimum step size of 10 nm. 

The white light source used is a 50 W tungsten-halogen lamp coupled to an 

optical fiber with a collimating lens at the output. The spectral modifications at 

the interferometer output are measured using a fiber-coupled spectrometer 

(SD2000, Ocean Optics, USA). A personal computer is used to control the nano­

positioner movement and to acquire the corresponding spectral data from the 

spectrometer. The spectral characteristics of the white light source measured in 

the range from 300 - 1000 nm by closing one of the interferometer arms and is 

fitted using Eq. (4.3) to give a FWHM bandwidth (A'A.) of 238 nm and a peak 

wavelength ('A.o) of 612 nm. Using these values the coherence length (Ie) of the 

source is calculated to be 1.57 11m. When the characteristics of the interference 

spectrum are the same as that of the lamp spectrum the corresponding path 
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difference between the interfering beams is taken to be zero. The path difference 

between the two interfering beams is increased using the computer controlled 

nano-positioner from 0 to 4 11m in steps of 10 nm. The spectral characteristics of 

the lamp spectrum can be changed using a linear variable filter (LVF) (LVF-HL, 

Ocean Optics) which is placed in front of the MI as shown in Fig. 4.1. As the 

LVF is a combination of two coated plates, the desired spectral bandwidth can be 

obtained by sliding one plate over the other where as the central wavelength can 

be changed by adjusting the position of the entire LVF with respect to the input 

beam. 

Experimental setup 

WLS 

Sp 

Figure 4.1: SchematiC of the experimental setup. WLS While-light source; BS. 50-50 Beam 

splitter; Ml , M2: Mirrors, LVF: Lmear Variable Filler. n-PZ Nano-posltlOner, Sp ' 

Spectrometer; PC' Personal computer 
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4. 4. Results and discussion 

The simulated results obtained using Eq. (4.4) and the experimental results using 

the setup shown in Fig. 4.1 to quantify the effect of important spectral 

characteristics such as the spectral bandwidth (LU), peak wavelength (NJ) and 

shape of the input beam on the behavior of the spectral shifts as a function of 

OPD between the two interfering beams are presented here. The spectral switch 

characteristics include the spectral switch position, spectral switch amplitude 

(SSA) and the symmetry characterized by the symmetry parameter (P) at the 

switch position due to temporal correlation of the input optical fields using the 

white light DC-MI operated in spectral domain. 

4. 4. 1 Effect of Spectral bandwidth (b.A) 

In this section, the dependence of the spectral switch characteristics on the 

FWHM spectral bandwidth (LU) of the input spectrum using the white light DC­

MI is investigated. In order to show the effect of the spectral bandwidth(LU) on 

the spectral switch characteristics as a function of OPD (I'll) between the 

interfering beams, Gaussian spectra are simulated using Eq. (4.3) with fixed peak 

wavelength (NJ) at 600 nm and varied spectral bandwidth (LU) from 10 to 300 nm 

in steps of 10 nm. For each input spectrum the OPD is increased from 0 to 4 ).lm 

in steps of 10 nm and simulated its effect on the output interference spectrum 

using Eq. (4.4). Nonnalized spectral shift (NSS) is calculated from the spectral 

measurements using o')JNJ = O"'(rAt)1Ao for each OPD, where NJ is the peak 

wavelength of the input spectrum and At is the wavelength at which the spectral 

intensity has the maximum value. The simulated NSS results are shown as a 3D 

plot in Fig. 4.2 as a function of OPD for different spectral bandwidths. Negative 

and positive values ofNSS imply red and blue shift of the spectrum respectively 

with respect to NJ of the input spectrum. 

60 



Chapter 4 

0.4 

0.3 

~ 0.2 
Z 0.1 

0.0 

-0.1 

~ -0.2 
(\) 300 
~ 
~ 250 
~ 
tg; 200 

a. 150 
~. 100 
~ i 50 

o 2 
OPD(,..m) 

Effect of input spectrum on ... 

3 4 

Figure 4.2: 3D plot of the variation of NSS as a function of OPD for the dzfferent input spectra 

with AO =600 nm and tU 's variedfrom /0 to 300 nm 

The spectral switch amplitude (SSA) is defined in our earlier work as [20] 

where, Aredpeak is the peak wavelength of the spectrum on red-side, Abluepeak is the 

peak wavelength of the spectrum on blue-side with respect to Ao of the original 

spectrum at the spectral switch position. It is seen from Fig. 4.2 that within the 

OPD of 0 to 4 J.lm there are seven spectral switches appearing for all t!J... values 

and also the SSA value decreases with increase in the switch number. For the first 

spectral switch, the switch position is same for all the f).A values, SSA value 

increases and symmetry of the spectral shifts with respect to Ao of the input 

spectrum decreases with increase in the M value. 
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Figure 4.3: Spectra with dif.ferent spectral bandwidth (LlA.). Open circle and Dotted Ime; open 

triangles and dashed line are experimental and their corresponding Gaussian fits for spectral 

band widths 50 nm; 100 nm. Contmuous Ime is the computer generated Gaussian spectrum with 

spectral band width 150 nm using Eq. (4.3). 

To experimentally verify the above results simulated for the Gaussian 

spectrum of the input beam to study the effect of /'J.... on the spectral switches, the 

LVF placed at the input end of the DC-MI is adjusted to get a symmetric 

Gaussian spectrum with Ao = 600 om and different /'J.... values of 50 and 100 om as 

shown in Fig. 4.3 (open symbols). As the maximum spectral bandwidth (~A.) that 

can be achieved using the L VF is 100 om we have simulated a Gaussian 

spectrum (continuous line in Fig. 4.3) with Ao = 600 om and ~A. = 150 nm using 

Eq. (4.3). To compare the spectral switch characteristics obtained for the three /'J.... 

values, 50, 100 and 150 om, we first choose the spectrum with /'J.... = 50 om as the 

input beam and increased the OPD between the interfering beams from 0 to 4 llm 

in steps of 10 om using the nano-positioner. For each OPD NSS is calculated as 

mentioned above. A plot of the variation of NSS as a function of OPD for ~A. = 
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50 run is shown in Fig. 4.4(a). It is seen from Fig. 4.4(a) that within the OPD of 

o to 4 ~m seven spectral switches occurred as obtained in our simulations. The 

measurements are repeated for !:JJ.. = 100 nm and the results are compared with 

those of the simulated spectrum of !:JJ.. = 150 nm. The plots of the variation of 

NSS as a function ofOPD for!:JJ.. = 100 and 150 nm are shown in Fig. 4.4(b) and 

(c) respectively. A plot of the variation of switch position as a function of switch 

number is shown in Fig. 4.5. It is seen from Fig. 4.5 that for each spectral 

bandwidth the switch position varies linearly with the switch number and the 

slope of the linear fit is same for all three spectral bandwidths i.e. the spectral 

switch position for a particular switch number is the same for all the three !:JJ.. 

values. The slope of the linear fit measured for the experimental data is calculated 

to be 0.59 ± 0.003 ~ per switch. 

::L--~ -' ~ .. ~~. --~.) J 
·0.2 L ____ ...L... ____ ...l-____ ..I--___ ----l 

o 1 2 3 4 

en02~- (b) 

en 00 z 
-02L-______ ~ _____ ~ ________ L_ ______ ~ 

o 1 2 3 4 

::t~~~~ 
-0.21:. ____ ...L... ____ ...l-____ .l-___ _ 

o 2 3 4 

OPD(llm) 

Fig"" 4.4: Normalized Spectral Shift (NSS) as a function of OPD for spectral band WIdths (a) 50 

nm (b) 100 nm and (c) 150 nm. Open circles are the experimental data and contmuous Ime IS the 

calculated data using Eq. (4.4). 
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Figure 4.5: Switch position as a fUnctIOn of switch number for different spectral bandwidth (LU) 

Open circles and dotted line; open triangles and dashed line are the expenmental and calculated 

data using Eq. (4.4) for the spectral band widths 50 nm; 100 nm respecllvely Continuous line IS 

the calculated dala using Eq. (4.4) for Gaussian spectrum with spectral band width 150 nm. 

The spectral switch amplitude (SSA), magnitude of the spectral shift from 

red side to blue side at the switch position is calculated using Eq. (4.5) for all the 

three !J).. values. A plot of the variation of SSA as a function of switch number for 

the !J).. values under investigation is shown in Fig. 4.6. It is seen from Fig. 4.6 that 

for a fixed !J).. value, SSA value decreases with increase in switch number. This is 

due to decrease in the effective spectral content of the input beam responsible for 

the spectral switch with increase in OPD. Also, for a fixed switch number the 

SSA increases with!J).. due to an increase in the PSD of the input beam. 

To illustrate the dependence of the symmetry of the spectral shifts at the 

spectral switch position on the switch number we define the spectral symmetry 

parameter p as follows 

(4.6) 
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Where, /""0 is the peak wavelength of the input spectrum 1 and' th 
, '''red /\'blue are e 

peak wavelengths on red side and blue side of the spectrum at the spectral switch 

position. 

« 
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Figure 4.6: Spectral Switch Amplitude (SSA) as a fonction of switch number. Open circles and 

dotted Ime; Open triangles and dashed line are the experimental data and values calculated usmg 

Eq. (4) for LU = 50 nm; 100 nm respectively. The continuous line represents the calculated data 

for LU = 150 nm. 

When the symmetry parameter is equal to one, the spectral shift at the 

switch is symmetric, if it is greater than one, the spectral shift is more towards the 

red side and if it is less than one, the spectral shift is more towards the blue side. 

Fig. 4.7 shows the variation of the symmetry parameter (13) of the spectral switch 

as a function of switch number for different M values. From Fig. 4.7 it can be 

seen that for the first spectral switch, 13 decreases with increase in /).'A, value Le. 

the asymmetry of the first spectral switch towards blue side increases with IJ.'J... 
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Figu,e 4.7: Symmetry parameter (P) of spectral switches as a fUnctIOn of switch number for 

different 6). ·s. Open circles and dolled Ime. Open triangles and dashed Ime are the experimental 

data and calculated data uSing Eq (4) for the spectral bandwIdths 50 nm. 100 nm respectively 

The continuous line represents the calculated data uSing the Eq (4) for spectral bandwIdth J 50 

nm. 

To understand the asymmetry of the spectral shifts at the first spectral 

switch position we calculate the spectral phase as a function of wavelength using 

the error-compensating five-frame algorithm [23). Fig. 4.8(a) shows the wrapped 

spectral phase as a function of wavelength calculated using the five step phase­

shifting algorithm. The wrapped phase thus obtained is unwrapped using the 

algorithm proposed in Ref [24). The unwrapped spectral phase is plotted as a 

function of wavelength as shown in Fig. 4.8(b). From Fig. 4.8 it is observed that 

the spectral phase varies rapidly in the lower wavelength (blue) region than in the 

higher wavelength (red) region resulting in a large spectral shift and hence the 

asymmetry towards the blue region than the red region for the same OPO. 

66 



Chapter 4 

2.0 

15 

10 

~ 05 

~ J 00 

.. .os 

·10 

·15 

·2.0 
300 <00 500 600 700 800 900 1000 

Wavelength (nm) 

Effect of input spectrum on ... 

'0 (b) 

0~=-~~~~~=--7.~~~7~OO~~~~~~~~'~· 
Wavelength (nm) 

Figure 4.8: (a) Wrapped spectral phase calculated using five-frame algorithm (b) Unwrapped 

spectral phase using the algorithm proposed in Ref [24] 

From the above results it can be inferred that increasing the /1A value 

of the input beam increases the SSA and the asymmetry of the spectral switch 

which have significant importance to increasing the sensitivity of the 

measurements that rely on the spectral shifts at the switch position [20] . 

4. 4. 2 Effect of peak wavelength (Ao) 

In this section, the effect of peak wavelength (~) of the input lamp spectrum with 

fixed spectral bandwidth (/1A) on the spectral switch characteristics obtained 

using the DC-MI is studied in detail. To investigate the effect of~, as before 

Gaussian spectra are simulated with ~ varying from 400 to 700 nm for a fixed /1A 

of 50 nm. A 3D plot of the variation of NSS as a function of OPD for different ~ 

values is shown in Fig. 4.9. From Fig. 4.9 it is seen that the number of spectral 

switches when the OPD is varied from 0 to 4 ~m for a fixed /1A = 50 nm and for 

~ = 400 nm is 10 where as it is 6 for ~ = 700 nm with OPD and 6'A remaining 

the same. 
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A plot of the variation of number of switches as a function of Ao is 

shown in Fig. 4.10. It is seen from Fig. 4.10 that as Ao increases, the switch 

number decreases within the OPD of 0 to 4 /lm. From Fig. 4.9 it is also seen that 

the slope of the envelope of variation of the switch position decreases with 

increase in the switch number, implying that the OPD for which a particular 

switch number occurs increases with the Ao. The variation of switch position as a 

function of At> for different switches is sh?wn in Fig. 4.11. For each switch the 

slope of variation of the switch position with A.o is measured and plotted as a 

function of switch number for the simulated spectra as shown in Fig. 4.12. It is 

seen from Fig. 4.12 that the variation of the slope increases linearly with switch 

number for different Ao'S with a slope of9.98xl0- 4 ± 7.31xl0-7 per switch. 

Figure 4.9: 3D plot of the variation of NSS as a jUnction of OPD for different mput spectra with 

tU = 50 nm and AO 's variedfrom 400 to 700 nm. 
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Figure 4.12: Slope of the variation of switch positIOn with peak wavelength (A.a) as afonction of 
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Figure 4.13: Input spectra with different peak wavelengths. Open circles and contmuous line; 

open squares and dashed line; open triangles and dotted line are the experimental and calculated 

data using Eq. (4.3) for A.o = 550 nm; 600 nm; 650 nm respectively. 
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In order to study experimentally the above discussed effect of the 

variation of switch position, SSA and symmetry parameter with 1..0, we consider 

three spectra with peak wavelengths 1..0= 550, 600 and 650 nm with all having the 

same KA. of 50 nm as shown in Fig. 4.13. This is achieved by moving the LVF 

across the input beam for a fixed separation between them. First, the effect of 1..0 

on the spectral switch characteristics due to temporal correlation between the 

interfering beams of the DC-MI is carried out for input spectrum with 1..0= 550 

nm. By moving the mirror M2 to increase the OPD between the interfering beams 

from 0 to 4 lAm in steps of 10 nm using the nano-positioner, NSS is calculated for 

each step using the equation mentioned in the previous section. The experiment is 

then repeated for 1..0= 600 and 650 nm. A plot of the variation of NSS as a 

function of OPD between the interfering arms for different 1..0 values is shown in 

Fig. 4.14. It is seen from Fig. 4.14 that the number of spectral switches occurred 

with the observed OPD of 0 to 4 lAm is 7, 7 and 6 for 1..0= 550, 600 and 650 nm 

respectively. It is also seen from Fig. 4.14 that for a particular switch number the 

switch position increases with 1..0. 

In order to show the variation of the switch position with 1..0, we plotted 

the switch position as a function of switch number for different 1..0 values as 

shown in Fig. 4.15. From Fig. 4.15 the slopes of the linear fit of the experimental 

data are measured to be 0.55 ± 0.002, 0.59 ± 0.003 and 0.65 ± 0.002 ~m per 

switch for Ao = 550, 600 and 650 nm respectively. The variation of slope of the 

plot of switch position with switch number for 1..0= 550, 600 and 650 nm is 

plotted as shown in Fig. 4.16. It is seen from Fig. 4.16 that the slope increases 

linearly with 1..0 with a slope of 1x10·3 ± 1.2xlO-4 per nm. From these 

measurements it is observed that as 1..0 increases the separation between the 

successive spectral switches also increases. 
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Figure 4.14: NSS as afunction ofOPD for peak wavelengths (a) 550 nm (b) 600 nm and (c) 650 

nm. Open circles are the experimental data and contmuous line IS the calculated data using Eq 

(4.4). 
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Figure 4.16: Slope of th e variation of switch position as a jUnction of peak wavelength (Aai. Open 

circles are the exp erimental data and continuous line is the linear fit. 

The SSA values at the spectral switch position are calculated using Eq. 

(4.5) and plotted as a function of switch number for different 1..0 values as shown 

in Fig. 4.17. From Fig. 4.17, the SSA values for the first spectral switch are 0.14, 

0.125 and 0.115 and for the sixth spectral switch are 0.10, 0.09 and 0.09 for 1..0= 

550, 600 and 650 run respectively. From these measurements it can be observed 

that the SSA value decreases with increase in the switch number for a particular 

1..0. This behavior is attributed as due to decrease in the effective spectral content 

of the input spectrum contributing to the spectral switch. Also for a particular 

switch number, the SSA value decreases with increase in 1..0 value and can be 

attributed to the fact that as 1..0 increases, the spectral content of the input 

spectrum contributing to the spectral switch is more in the higher wavelength 

region that has slow variation of the spectral phase as mentioned before. The 

variation in the SSA values for different 1..0 values is very small with in the 

observed OPD of 0 to 4 ~m in comparison with the SSA values as measured in 

the previous section. 

73 



Chapter 4 
Effect o/input spectrum on ... 

0.15 rr--.---.--,.---,---.---,.-....., 

0.14 ~ 
"----,I,... 

0.13 

x X 
.1,.. •••••• 

« 0.12 
en 

. ~ ........... X: ... . 
~ 1. ••••• + 

~ ~ .. en 
0.11 

0.10 

0.09 

0.08 ~~-~---'-_--L __ L_ _ _L__-'-.....J 

2 3 4 5 6 7 

Switch number 

Figure 4.17: SSA as afimction of switch number for different values of}.o of the input spectrum 

Open circles and continuous line; open triangles and dashed line, open squares and dotted line 

are experimental and calculated data using Eq. (4 4) for }.O = 550 nm; 600 nm; 650 nm 

respectively. 

The symmetry parameter (J3) calculated using Eq. (4.6) is plotted as a 

function of the switch number for different Ao values as shown in Fig. 4.18. The J3 

values of the first spectral switch are calculated to be 0.79, 0.85 and 0.88 for 550, 

600 and 650 nm respectively implying that the symmetry of the first spectral 

switch increases with Ao for a fixed spectral bandwidth and all of them 

asymptotically increase to their respective maximum values with increase in 

switch number. This increase in the symmetry of the first spectral switch with Ao 

is attributed to the slow variation ofthe spectral phase for the higher Ao values. 
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Figure 4.18: Symmetry parameter (P) as a jUnction of switch number for different values of AO 

Open circles and continuous line, open triangles and dashed lme; open squares and dolled line 

are experimental and calculated data using Eq. (4 4) for AO = 550 nm; 600 nm, 650 nm 

respectively. 

4. 4. 3 Effect of spectral shape 

In this section, the effect of the input spectral shape on the spectral switch 

characteristics due to temporal correlation of the interfering beams is 

demonstrated using DC-MI. To study the effect of spectral shape on the spectral 

switch characteristics such as switch position, SSA and symmetry parameter, we 

use a Gaussian spectrum, symmetric with respect to the peak wavelength, the 

original lamp spectrum and a spectrum with a band pass filter (Kodak, Rochester, 

USA) as input spectra. 

The spectral characteristics of these spectra are shown in Fig. 4.19. 

Continuous line represents the computer generated Gaussian spectrum using Eq. 

(4.3), plus symbols represent the original lamp spectrum and Open circles 

represent the spectrum obtained with filter. The peak wavelength (Ao) and 

spectral bandwidth (M) of the spectrum with filter is calculated to be 600 om and 
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235 nm respectively. As before to compare the experimental results with the 

symmetric spectrum, we simulate a Gaussian spectrum with ~ and 6,')... the same 

that of the spectrum with the band pass filter. The characteristics of the original 

lamp spectrum are ~ = 612 nm and 6,')... =238 nm and are compared with that of 

the two other spectra. 

Because skew and excess are unfamiliar quantities to many, Eli Grushka 

et al [25] calculated those values numerically through easily visualized cases. 

They have mentioned that the Gaussian, at one end of the spectrum, has zero 

skew and excess and the bisected Gaussian, the highly asymmetrical half has a 

skew of 0.995 (Fig. 4.20(a». By comparison a right angle triangle has the value 

0.566. If the Gaussian is divided in to two equal areas by a horizontal cut (Fig. 

4.20(b», the flattened lower half is another good reference and its excess is 

1.377. It may also be compared with a square profile, which has the negative 

value of excess, -1.200. 
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Figure 4.19: Input spectra with different spectral shapes Open CIrcles are the experimental data 

using the band pass filter (Kodak. Rochester, USA) and dotted Ime IS correspondmg numerical fit 

using Eq. (4.3); '+' symbols are the original lamp spectrum and dashed Ime IS corresponding 

numerical fit using Eq. (4.3); continuous line is the computer generated GauSSIan spectrum using 

Eq. (4.3). 
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The shape of the different spectra is detennined using Eq. (4.3). In Eq. 

(4.3), for symmetrical peak shapes like Gaussian spectrum, both the skewness 

(A) and excess (C) are equal to O. In our case, both the experimentally generated 

input spectra are fitted to Eq. (4.3) to detennine their skewness and excess. For 

the original lamp spectrum they are 0.2 (A) and -0.45 (C) and for the spectrum 

with filter they are 0.7 (A) and 0.34 (C) respectively. Dashed line and dotted line 

in Fig. 4.19 are the theoretical fit for the original lamp spectrum and the filtered 

spectrum obtained using the Eq. (4.3). 

a b 

FULL GAUSSIAN: Skew -0 FULL GAUSSIAN: Excess =0 
HALF GAUSSIAN (Shaded): Skew=O.995 HAL.F GAUSSIAN: Exce. -1.317 

Figure 4.20: Skew and excess for normal GausslQn p eaks and bisected Gaussian peaks 

To compare the spectral switch characteristics due to different shapes of 

the spectrum, first we consider the simulated Gaussian spectrum and calculated 

the NSS values and plotted it as a function of OPD as shown in Fig. 4.21 (a). 

Next, the experimentally generated lamp spectrum is used as the input beam to 

the DC- MI. For each step of the nano-positioner, NSS is calculated and plotted 

as a function ofOPD as shown in Fig. 4.21(b). Fig. 4.21 (c) shows the variation of 

the NSS as a function of OPD for the spectrum with filter as the input beam. In 

Fig. 4.21, Open circles are the experimental data and dotted line corresponds to 

the calculated data using Eq. (4.4). It is seen from Fig. 4.21 that the number of 

switches within the OPD of 0 to 4 !lm is 7 for all the input spectra. A plot of the 

variation of the spectral switch position as a function of switch number is shown 
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in Fig. 4.22. From Fig. 4.22 it is seen that the switch position is found to vary 

linearly with the switch number with a slope of 0 59 ± 0001 . h . . 11m per SWItc . 

Though the 1..0 and tJ... of the original lamp spectrum is slightly different from the 

other two spectra, the spectral switch position for a particular switch is almost 

same for all the three spectra under consideration confirming our results in 

Section 4.4.1 on the effect of tJ... on the spectral switches. 
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Figure 4.21: NSS as afimction ojOPD (a) Gaussian Spectrum (b) ongmallamp spectrum and 

(c) using a band pass filter. Open circles are the expenmental data continuous line is the 

calculated data using Eq. (4.4). 

The SSA values at the spectral switch positions are calculated using Eq. 

(4.5). The variation of SSA values as a function of switch number is shown in 

Fig. 4.23 and it can be seen that the SSA value decreases monotonically as the 

switch number increases for all the spectra and the variation in the SSA values for 

the three different spectra are very small mainly due to the fact that all the three 

spectra have almost the same spectral bandwidth (~A) . The decrease in the SSA 

values for the different spectra is however different from that obtained in the 

previous sections due to the fact that the ~A is much higher in the present case 

than those in the previous sections. 
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Figure 4.22: Switch position as a jUnction of switch number. Open circles and open trIangles are 

the experimental data usmg the spectrum due to filter and the original spectrum; contmuous line 

dotted line and dashed line are the calculated data using Eq. (4) for Gaussian spectrum, ongmal 

spectrum and the spectrum due to filter respectively 
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Figure 4.23: SSA as a jUnction of switch number for different shapes of the input spectrum. Open 

circles and open triangles are the experimental data with the spectrum using filter and original 

lamp spectrum. Continuous line, dashed line and dotted line are the calculated data usmg Eq 

(4.4) for Gaussian spectrum, original lamp spectrum and the spectrum due to filter respectively. 

79 



I , . , 

Chapter 4 
Effect of input spectrum on ... 

The symmetry parameter (~) calculated using Eq. (4.6) at each spectral 

switch position for the three input spectra is plotted as a function of the switch 

number in Fig. 4.24. Open triangles and dashed line, open circles and dotted line 

are the experimental data and the calculated data using Eq. (4.4) for the original 

lamp spectrum and the spectrum with a band pass filter. The continuous line in 

Fig. 4.24 is the calculated data for the Gaussian spectrum using Eq. (4.4). It can 

be seen from Fig. 4.24 that the symmetry parameter, ~ of the first spectral switch 

is 0.45 for the Gaussian spectrum, 1.415 for the original lamp spectrum and 2.14 

for the spectrum with the band pass filter. These values imply that the first 

spectral switch is shifted towards blue side for Gaussian spectrum and it is shifted 

towards red side for the lamp spectrum and the spectrum with band pass filter. 
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Figure 4.24: Symmetry parameter (P) as a function of switch number for different shapes of the 

input spectrum. Open circles and open triangles are the experimental data with the spectrum 

using filter and original lamp spectrum. Continuous Ime. dashed line and dotted Ime are the 

calculated data using Eq. (4 4) for Gaussian spectrum, ongmallamp spectrum and the spectrum 

using filter respectively. 

For the spectrum with band pass filter the first spectral switch shifts a lot 

towards red side in comparison with that of the lamp spectrum due to higher 

spectral content in the red side of the spectrum with respect to ~. The shift of the 

spectral switch towards the red side increases with increasing asymmetry of the 
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input spectrum. As the switch number increases, 13 approaches to one in all the 

three cases, implying that the spectral switch attains symmetry for all the input 

spectra due to decrease in the effective spectral content of the spectrum causing 

the spectral switch for higher OPDs. 

From the results presented in the previous sections, it is seen that the 

spectral characteristics such as spectral bandwidth (C,A), peak wavelength (AO) 

and shape of the input spectrum have significant effect on spectral switch 

characteristics, especially on the switch position, the SSA and the symmetry 

parameter (13). In order to see the combined effect of the spectral characteristics, 

we use the fractional bandwidth defined asJi,w = c,A/Ao. It is important to note that 

this fractional bandwidth plays a critical role in choosing the appropriate spectra 

to improve the longitudinal resolution [3] of spectral-domain OCT and in singular 

beam microscopy [21]. 
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Figure 4.25: SSA as a/unction o/fractional bandwidth (/b.). Open symbols are the experimental 

data and the continuous line is an exponentialjit usmg thefonction SSA = a + b (l-exp (-fbwlc)). 

where a= -0.08, b=0.6 and c=0.22 
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A plot of the variation of SSA as a function of fractional bandwidth is 

shown in Fig. 4.25. Open circles are the experimental dat d th . a an e continuous 
line is an exponential fit obtained using a function of the form SSA = a + b (l-exp 

(-./bw Ic)), where for the best fit, a= -0.08, b=0.6 and c=0.22. From the fit, we also 

observe that the SSA value saturates at - 0.52 for larger values offi,w. 
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Figure 4.26: Symmetry parameter (fJ) variation as a/unction o/fractional bandwidth (fi,J 

Next, a plot of the variation of symmetry parameter (/3) as a function of 

fi,w is shown in Fig. 4.26; the /3 value decreases initially and then increases as a 

function offi,w with a minimum around 0.7 forfi,w= 0.25. From these analyses of 

the measurements we infer that the sensitivity of the spectral-domain 

interferometer using the SSA increases with fi,w whereas the longitudinal 

resolution of the measurements using coherence length (Ie) decreases with 

increase infi,w. 

4. 5 Conclusions 

In this chapter, we present an extensive investigation of the effect of spectral 

characteristics ofthe source spectrum on the spectral switch characteristics due to 

temporal correlation in a DC-MI in the spectral domain. Effect of spectral 
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bandwidth (t.A), peak wavelength (1.0) and shape of the source spectrum on the 

spectral switch position, spectral switch amplitude (SSA) and symmetry 

parameter (~) of the switch position are studied in detail and reported here. The 

SSA value and the asymmetry of the first spectral switch increase with tJ.A for a 

fixed Ao value. For a fixed t.A as Ao increases, though the variation in SSA is 

small, the spectral switch position for a particular switch number increases and 

the asymmetry of the first spectral switch decreases with increase in the 1.0 of the 

input spectrum. Further, the dependenc~ of the spectral shape on the spectral 

switch characteristics for a fixed Ao and t.A of the input spectrum was also studied 

and we observed that the symmetry of the spectral shifts for a particular switch 

position depends strongly on the PSD of the source spectrum. To emphasize the 

applicability of the above measurements for spectral-domain OCT and 

microscopy, we report on the important trade-off between the sensitivity and 

longitudinal resolution of the measurement as a function of fractional bandwidth 

(ji,w) of the source. 
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Abstract 

In this chapter, the generation of white-light filaments in BK7 

glass using focused femtosecond pulses is demonstrated 

experimentally as afunction of the input power. We visualize the 

creation of multiple filaments with gradual increase of laser 

power by characterizing their spatial distribution of plasma 

luminescence and corresponding far-field spatial emission 

pattern. The spectral modulations observed in the output 

transmission spectrum are used to study the temporal-separation 

of the filaments during their formation. The experimental 

observation of the appearance of forklets in the transverse rings 

present in the far-field spatial emission pattern due to collinear 

filaments is presented. A simple model using geometrical 

calculations and interference is presented to understand the 

basic principle in observing such spatial anomalies. 
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Spectral interference and spatial 
anomalies due to multiple filaments in a 

BK7 glass using femtosecond pulses 

5.1 Introduction 

Temporal, spatial and spectral propertie~ of a high peak power ultrashort laser 

pulse are strongly modified during its propagation through a transparent bulk 

media [1-3) . The primary process responsible for these modifications is self­

focusing which causes the laser beam to be compressed in space, resulting in a 

corresponding catastrophic collapse [4). This behavior is then balanced by the 

defocusing effect due to self generated plasma, leading to the fonnation of a so­

called filament [5, 6). Several scenarios have been proposed to explain the nature 

of the filamentation process, such as self-channeling model [7), moving focus 

model [8) and spatial replenishment model [9] . The filamentation process has 

also been observed in both near IR and UV wavelength regions [10-12]. This 

filamentation process has been adopted as an attractive way to develop wave 

guides [13], 3D optical storage and micro fabrication [14] in dielectric solids. 

The interaction of intense ultrashort light pulses with matter resulting in 

the generation of optical radiation over an extremely broad spectral range, which 

is tenned supercontinuum or white-light generation, has been studied extensively 

[15-16]. This phenomenon of super continuum or white-light generation has been 

observed in a great variety of transparent materials including gases, liquids and 

solids since the first discovery by Alfano in 1970 [17). Self-phase modulation 

(SPM) is considered to be the dominant and triggering mechanism that leads to 

spectral broadening though it can not explain the ~omplicated spectral 

characteristics completely. Ionization-induced SPM, four-wave mixing and self­

steepening are believed to play roles as well [2, 15, 18]. 
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The connection between white-light continuum emitted from a single 

filament and self-focusing was firstly discussed by Corkum et al. [19]. When the 

intensity of the focused laser pulses is increased, a group of various filaments are 

usually observed because of beam splitting. Recently, multiple foci processes 

have been investigated when a single femtosecond laser pulse was focused into 

different media [6, 20-24]. Although some spatial information associated with 

self-focusing can be obtained from these experiments, the complex physics of 

pulse temporal and spectral evolution during filamentation inside nonlinear 

dispersive materials are still not well understood. The dynamics of the self­

focusing process due to femtosecond laser pulses is strongly affected by the 

group-velocity dispersion (GVD) of the material [2, 22, 25, 26]. It is found that 

above a certain threshold power, the laser pulse undergoes temporal splitting 

which can arrest catastrophic self-focusing using the nonlinear Schr6dinger 

equation in the positive GVD regime. However, it is pointed out that the physical 

processes responsible for the initial splitting of the input pulse did not necessarily 

result in multiple splitting [27]. More recently, the generation dynamics of the 

white-light filaments and the spatial coherence properties of the transverse 

filaments generated in ZK7 glass using femtosecond laser pulses are studied 

experimentally [28] . 

There are several physical processes that contribute to the generation of 

white-light filaments in condensed matter. SPM enhanced by self-focusing and 

self-steepening of the pulse are the main causes of the large spectral broadening, 

but four-wave mixing and Raman scattering also affect the shape and structure of 

the white-light spectrum. The filamentation process involves a balance between 

Kerr self-focusing and plasma defocusing. Self-focusing persists until the 

threshold power for laser-induced plasma is exceeded, increasing the free 

electron density and reducing the refractive index causing the filament to diverge 

[29, 30). 
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5.2 Physics of nonlinear propagation of the ultra-short 
pulses in optical media 

When a powerful femtosecond laser pulse is allowed to propagate through an 

optical medium, very interesting pattern is observed as shown in the Fig.5.1 . 

Some of the physical processes that contribute to the formation of such pattern 

during the propagation of the laser pulses through optical media are discussed in 

this section. 

Figure 5.1: A chirped white bght laser pattern from a 5 mJ145 ft Ti-sapphire laser pulse (at 

around 800 nm) after propagating a distance of 2 5m in mr {The photograph IS taken from FIg 1 

(a), Can. J. Phy. 83, 863 (2005)) 

5.2.1 Self-focusing 

A collimated laser pulse with a transverse Gaussian distribution in intensity 

propagating in an optical medium will give rise to an additional intensity 

dependent nonlinear Kerr index of refraction &1 = nIl (where nl. is the second 

order nonlinear index coefficient and I is the intensity) due to the central part of 

the pulse having a high intensity. The dominant process responsible for the 

observed increase in the refractive index is the third order nonlinear susceptibility 

(X(3)). As this nonlinear index of refraction is positive in most non-resonant 

optical materials, the total index of refraction at the central part of the pulse is 

higher than that at the outer zone. As a result the velocity of propagation, c/n 

(where c is the velocity oflight in vacuum and n the total index of refraction: n = 

nO + &1, no being the linear index of refraction) of the central part of the beam 
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becomes slower than the outer zone. Thus, the wave front of the pulse will curve 

forward (concave) as it propagates; i.e. it is focusing more and more strongly 

during the propagation. This is called self-focusing. A non-uniform intensity 

distribution in the wave front of the pulse and high peak power of the pulse are 

responsible for self-focusing to occur. 

Self-focusing is a threshold process and the laser beam undergoes self­

focusing only if the peak power of beam is higher than a critical power Pcr. The 

critical power for Kerr self-focusing is given by [31] 

Pcr=3.77)'?/81tno n2 (5.1) 

Here A. is the wavelength of the laser, no and nl. are the linear and nonlinear 

refractive indices of the medium. It was observed both experimentally [32] and 

theoretically [33] that the self-focusing of a powerful femtosecond laser pulse is 

'slice by slice' self-focusing (moving focus model) rather than whole beam self­

focusing during its propagation in optical media. A Gaussian laser pulse having 

its peak power much higher than the critical power for self-focusing is imagined 

to be subdivided into many thin slices in time (or in space along the propagation 

axis as shown in Fig. 5.2). The most powerful slice at the center of the pulse will 

self-focus first and its intensity becomes higher. This intensity is high enough to 

partially ionize the optical media, resulting in weak plasma density formation (-
..... 16 -3 18_3 

10 to 10 em for air and 10 cm for condensed matter) which would be 

sufficient to de-focus the focusing slice back to the main body of the pulse or 

background reservoir [34]. The process responsible for the ionization of the 

medium is different in different optical media. The primary process responsible 

for ionization in gases is through tunnel ionization [8]. In condensed matter there 

are two processes, one is due to multiphoton absorption [35] and the other is due 

to cascaded or avalanche process [36]. The highest intensity that this self­

focusing slice would reach is thus limited due to the balance between self­

focusing in the neutral medium and self-defocusing in the self-generated weak 

plasma. It is called intensity clamping [37-39] . It is a constant that depends on the 
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material property i.e. it depends on how easy or difficult it is to generate free 
electrons in the self focal zone. 

4.5 4 

laser 

I I 

3.5 3 2.5 

Distance from lens (metres) 

I 
2 

Figure 5.2: Filament measured in air using an ICCD camera. The filament IS produced ajier a 

f = 5 m focusing lens. The wavelength of the Ti-sapphlre laser pulse was centered around 800 

nm; the pulse energy was 13 mJ; the transform limited pulse length was 45 ft (FWHM) The 

diameter of the filament is of the order of 100 pm. (Picture taken from Fig 2 , Can J Phy 83, 

863 (2005)). 

The front slice towards the forward direction and adjacent to the central 

slice will also undergo the same self-focusing, de-focusing and intensity 

clamping processes and will return the energy back to the main body of the whole 

pulse (background reservoir). But as its peak power is lower than that of the 

central slice, it would self focus at a later position in the propagation direction. 

This process will continue for successive front slices whose peak powers are 

higher than the critical power. Thus, the front part of the pulse would become 

thinner and thinner as the pulse propagates. The back slices symmetrical to the 

front slices would in principle also self-focus at a position slightly behind the 

self-foci of the front slices. However, this would never happen because it would 

encounter the plasma left behind by the central and successive front slices. These 

back slices would thus interact with the plasma giving rise to a complex intensity 

distribution [40]. In general, the energy in the back part of the pulse would still be 

confined inside the whole pulse. During the propagation, the repeated processes 

of Kerr self-focusing in the neutral medium and self-defocusing in the self 

generated weak plasma of the various slices in the front part of the pulse result in 

an extended series of hot spots along the propagation axis resulting in 

filamentation [32,41-43]. Since the energy loss in the ionization process is small, 
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the pulse could repeat the whole process again resulting in what we call by self 

re-focusing [44]. This succession of filaments is manifested by the successive 

sections of bright lines in Fig. 5.2. 

5.2.2 White-light generation 

In the self-focal regions, the interaction of the high intensity with the neutral 

medium and with the plasma results in ·the modulation of the phase of the pulse, 

i.e. self-phase modulation (SPM). The consequence of such modulation of the 

phase is spectral broadening of the output pulse towards both the red and the blue 

sides with respect to the input frequency. SPM in an optical medium is caused 

mainly due to the temporal variation of the refractive index. The equations are 

taken from Physics in Canada, 60, 273 (2004). 

In the plane wave approximation, the plane wave front at the self-focus is given 

by the function 

F{z,t) = exp {i[ oJof - kz]} = exp{{ov - w;n z]} (5.2) 

Where z is the propagation distance, 000 is the central angular frequency of the 

laser and n is the intensity dependent refractive index, given by [39] 

n == no + Lin{t) 

4ne2 Ne{t) 
Lin{t) = n/{t) 

(5.3) 

(5.4) 

Here, n21{t) is the Kerr nonlinear refractive index of the neutral medium, I{t) 

being the intensity. The second term is the plasma contribution where Nlt) is the 

electron density generated through tunnel ionization (in gases) or multiphoton 

ionization (condensed matter) of the medium; e and me are the charge and mass 

of an electron, respectively. Using Eq. (5.3), Eq. (5.2) becomes 

F(" I) "exp {{( ""' - ":,'" + f:' ( -",,';(1) +]} (5.5.1) 
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(5.5.2) 

Where 

t':!.OJ= arpNL =~(_ wot':!.n(t) z)=- OJo z a [t':!.n(t)] 
at at c c at (5.6) 

The modulation (variation) of the phase of the wave due to the self-generated 

tr I· h '" wot':!.n(t) . ex a non mear p ase 'l'NL=----Z IS called SPM. It is manifested by the 
c 

frequency shift t':!.0) as shown in the Eq. (5.6). Since the front part of the pulse 

always sees only the neutral medium (without the plasma contribution), from Eq. 

(5.6) and (5.4) 

t':!.OJ= 
OJoz al (front part) 

--n <0 
c 2 at (5 .7) 

The above inequality (Eq. (5.7)) shows that the front part of the pulse contributes 

to red (Stokes) shiftlbroadening due to its positive temporal slope whose value 

ranges continuously between zero and a maximum. But the trailing part of the 

pulse should also see some neutral medium since the medium is only slightly 

ionized. This would lead to a blue (anti-Stokes) shiftlbroadening but it is masked 

by the strong blue shiftlbroadening due to SPM in the plasma together with 

eventual SPM due to the very steep descent of the back part ofthe pulse (i.e. self­

steepening). 

When the plasma is generated at the self-focal zone, it interacts with the 

self-focusing slice of the pulse and with the slices coming from behind (i .e. from 

the back part of the pulse). Using Eq. (5.4) and (5.7), the frequency 

shiftlbroadening due to the plasma term is 

(5.8) 
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In order to simplify th b . . 
e a Ove expresslOn, expenmental results are used to 

e~piricallY state that the ionization of the medium is proportional to the intensity 

raIsed to the power of m, where m is the empirical slope of the experimental ion 

yield vs. intensity curve [4S] Th th I d · . us, e e ectron enslty can be expressed as [39] 

(S.9) 

Here No is the density of the neutral medium, w is the effective empirical 

(tunnel/multiphoton) ionization rate and r is the empirical power law of the 

ionization. Using Eq. (S.9), !J.()) can be written as 

/).(j) == + 2lrze
2 
No w 1m 

cm.(j)o 
(S.lO) 

This positive blue shiftlbroadening of the frequency is large because of 

the highly nonlinear dependence on the high intensity of the pulse inside the self­

focal region. 

Towards the end of the diffraction length (given by kao2, here k and ao are 

the wave number and the radius of the beam profile at l /e2 level of intensity, 

respectively) the back part of the intensity distribution of the pulse becomes very 

steep and the slope is negative. This temporal variation happens mostly in the 

neutral medium because it is at the end of filamentation where ionization is 

negligible. This would give rise to a large blue shift of the frequency which can 

be written in analogy to Eq. (S.7) as 

())OZ aI(very steep back part with negative slope) 
!J.()) = ---n2 a 

c t 

(S.1I) 

This contributes for the large broadening towards the blue side of the 

pump frequency. This is so-called self-steepening and can be qualitatively 

understood as follows. As the central part of the pulse with highest intensity 

propagates in a medium, its velocity (c/n) is slowed down because of the increase 

in the index of refraction due to the nonlinear contribution (Kerr nonlinear index) 

which is proportional to the intensity. The back part of the pulse having a lower 
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intensity sees the weak plasma whose index of refraction is less than unity. As a 

result, the back part of the pulse would propagate faster than the peak of the pulse 

and almost catch up with the peak resulting in a steep rise in intensity at the back 

part. SPM is proportional to the derivative of this part of the pulse; hence, a very 

large blue shift will Occur according to Eq. (5.11). 

It can also be observed from Eq. (5.7) and (5.10) that the propagation 

distance z also plays a role in both the red and blue broadening. The spectral 

broadening of the pulse develops progressively as the propagation distance in the 

medium increases. Both numerical and experimental observations show such 

broadening [33, 46]. A strong broadening in air towards the red up to 4 microns 

was also reported [47]. The central part of the pattern of Fig. 5.1 shows such 

frequency broadening from the pump 800 nm towards the blue side across the 

whole visible frequency range, hence, it appears white. This is called self 

transformed white light laser pulse. 

5.2.3 Conical emission 

The white-light beam generated during filamentation in optical media generally 

consists of a white central part surrounded by a rainbow-like conical emission 

(Fig. 5.1). This phenomenon is a signature of filamentation. The colorful rings 

surrounding the central white spot in Fig. 5.1 are another manifestation of self 

phase modulation in the radial direction. 

During the course of self-focusing of the laser pulse a large gradient of 

the plasma density arises not only in the longitudinal direction (temporal domain) 

as discussed in the previous section resulting the SPM in the z-direction but also 

in the in the transverse (radial) direction. This radial gradient of the plasma 

density gives rise to spatial SPM which is responsible for the axially symmetric 

spectral broadening of the angular (spatial) spectrum of the pulse resulting in 

conical emission. The radial order of the spectral components is inverse of 

diffraction with bluer frequencies appearing on the outside rings. This can be 
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understood qUalitatively using the wave vector diagram [48] as shown in the Fig. 
5.3. 

lAkT ' r , , , , .. 

~ __ k~ _______ J kl 
kzO 

Figure 5.3: Illustration of the conical enussion usmg wave vectors of the pulse. lrutial wave 

vectors before SPM are shown m red color and the change in the wave vectors after SPM are 

shown in blue color 

In Fig. 5.3, kzO and knl are the initial longitudinal and radial wave vectors 

respectively and eo is the initial small divergence angle (all are shown in red 

color) before SPM. Akz and Akr are the change in the initial wave vectors and e 
is the angular shift due to SPM. ko and k are the resultant wave vectors before 

and after SPM respectively. The relation between the above wave vectors (from 

Fig. 5. 3) related to the divergence angle of the conical emission is given by 

kz= kzO+Akz 

kr= knl+Akr 

k(,= kzO+ knl 

k=kz+ kr 

eo= krO/ kzo 

e = k,lkz = krOlkz + 6k,lkz == eo + (6k,lkz) 

(5.12) 

The increase in the width of the angular spectrum, 6kr (where kr is the radial 

wave number) due to the plasma is proportional to the absolute value ofthe radial 
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derivative of the electron density [49], i.e. Mer = l(alar)Ne(r)l. The angular 

spectral broadening comes from the same leading part of the pulse which gives 

rise to spectral blue shifting as in the case of temporal SPM. This radial part of 

the radiation experiences strong blue shift LlO) (which is proportional to the radial 

electron density in analogy to Eq. (5.7)) with simultaneous angular shift 9 = 9
0 
+ 

(Me.lkz) as defined in Eq. (5.12). Qualitatively, in the plasma, the divergence of 

the radiation is due to the negative nonlinear contribution to the refractive index, 

unlike the case of Kerr medium where the nonlinear contribution to the refractive 

index is positive. The stronger is the plasma induced nonlinear interaction; the 

larger will be the divergence and spectral blue shifting. As a result, shorter (anti­

stokes) wavelengths predominantly propagate at larger angles. The cone angle of 

each color is independent of the position along the filament and no conical 

emission is observed on stokes side input wavelength [49]. 

Though the physics of self-focusing and filamentation in condensed 

matter is same as that in air, the free electron generation process is different and 

that the filament length in all experiments reported to date is also much shorter. 

The free electron generation process in condensed matter is through the excitation 

of electrons from the valence to the conduction bands followed by inverse 

Bremsstrahlung and partial cascaded ionization [33, 35, 36]. Also, the pulse 

duration is too short to allow for a full breakdown. The electron density is 

estimated to reach 1018 cm-3 and is three orders of magnitude lower than the 

atomic density of condensed matters. Intensity clamping, self-phase modulation 

[39], conical emission and self-steepening [50] are identical in condensed matter. 

The filament length in condensed matters is shorter compared to air due to 

the fact that the electron density generated in condensed matters is more than two 

orders of magnitude higher than that in air. This higher electron density causes 

much large energy loss during propagation of the pulse. Hence the peak power of 

the pulse would quickly go below the critical power for self-focusing and limits 
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the filamentation process. Another reason is probably that the critical power for 

self-focusing is lower (- a few MW) than that in atmospheric air (-3-6 GW). 

5.3 Experimental details 

The laser system used in this work is a commercially available diode-pumped 

mode-locked Ti: Sapphire Laser purchased from Spectra Physics Inc. The laser 

system consists of (i) oscillator unit pmducing high repetition rate, nJ, fs pulses, 

Mai-Tai and (ii) regenerative amplifier producing amplified fs pulse, Spitfire 

[51]. The schematic view of the laser system is shown in the Fig. 5.4. The Mai 

Tai comprises of two lasers: a cw diode-pumped laser and a mode-locked Ti: 

Sapphire pulsed laser. It delivers a - 80 fs, 82 MHz pulse train with pulse energy 

of 1 nJ. The output spectrum from Mai Tai is shown in Fig. 5.5 (a). 

Spitfire 

Figure 5.4: SchematIC of the femtosecond laser system 

As the output energy of the oscillator is of the order of nJ, an amplifying 

unit, Spitfire, is used to amplify the energy without introducing much temporal 

broadening. Spitfire is a regenerative amplifier (RGA) system that employs the 

conventional chirped pulse amplification (CPA) technique. The RGA is 
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pumped by the powerful nanosecond pulses (-10 W) from Evolution. Spitfire 

delivers amplified pulses of 100 fs of a maximum of ImJ average energy at a 

repetition rate of I kHz. The output beam diameter from the Spitfire is 9 rom 

with a spectral bandwidth 9.4 nm and peak wavelength at 800 nm as shown in 

Fig. S.S(b). The output pulse from the spitfire is characterized by intensity 

autocorrelation experiment and found that it is Fourier transform limited 

Gaussian pulse. 
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Figure 5.5: a) Mai Taz output spectrum, (b) Spitfire output spectrum 

The general and most important characteristics of the fs laser used for the 

present studies are summarized in Table 5.1. 

Characteristics of fs Mai Tai Spitfire 
laser 

Pulse-width -82 fs - 100 fs 

Max output energy I nJ 1 mJ 

Rep. rate 80 MHz 1kHz 

Beam diameter 3mm 9mm 

Polarization Horizontal Horizontal 

Table- 5.1: Summary of laser output characteristics of fs laser system used 
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5.3.1 Experimental setup 

The experimental setup used for the observation of collinear filaments fonned in 

the bulk of BK7 glass is depicted in Fig 5.6. Femtosecond laser pulses (A. = 800 

om, repetition rate = I KHz, pulse width = 100 fs) after passing through a 

variable attenuator (V A) consisting of a half-wave plate and a polarizer are 

focused using a lens Ll (f = 10 cm) into the bulk of a polished BK7 glass block 

(dimensions: lxlxO.5 cm) fixed on a translation cum rotation stage. The beam 

diameter of the focal position is estimated to be 50 /-!m. 

Experimental setup 

ceo 

Screen 

VA L, "t" ~ 
Camera 

Figure 5.6: Schematic of the experimental setup VA Variable attenuator, LJ: focusmg lens, s· 
BK7 glass Sample, F: jilter for 800 nm, Sp · Spectrometer, ¢: angle of the incident laser with 

respect to the sample 

The spatial distribution of white-light filaments fonned inside the bulk of 

BK7 is imaged from the plasma luminescence by a CCD camera (Thorsight) 

fixed above the sample stage. The transmission spectrum of white-light filaments 

out ofthe glass sample is measured through a fiber coupled spectrometer (Ocean 

Optics, SD2000) connected to a personal computer. A high reflection dielectric 

mirror for 800 om is inserted as a spectral filter to block the transmitted 

fundamental beam. A white screen is placed around 30 cm from the sample to 

capture the far-field conical emission pattern using a digital camera. The 

filaments formed in the sample, the spatial profile of the far-field emission 
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pattern and the spectral characteristics of the supercontinuum generated are all 

measured simultaneously for both normal and tilted incidence of the input beam 

as a function of the laser peak power. 

5.4 Results and discussion 

The experiment is first performed to investigate the generation of filaments 

during the nonlinear propagation of femtosecond laser pulses through the BK7 

glass sample. In order to observe the white-light filaments, the femtosecond 

pulses should undergo self-focusing which depends on the power of the input 

laser. The threshold power for the self focusing to be started is termed as critical 

power (Per) and is defined as shown in Eq. (5.1). In our present case the critical 

power for self focusing in the BK7 glass (no = 1.5 11 and n2 = 3x 10-16 cm2JW 

[52]) is calculated to be - 2.2 MW. When the power of the input laser is set low 

enough than Per, white-light filaments can not be found inside the medium. The 

CCO images of the spatial distributions of the plasma luminescence of the 

filaments, far-field spatial emission pattern and corresponding transmission 

spectra for different input powers are shown in figures 5.7, 5.8 and 5.9 

respectively. 

When the input laser power is increased to 2.21Per, a single short filament 

is formed inside the medium as shown in the Fig. 5.7(a). The length of the 

filament is estimated to be around Imm. A typical snapshot of the far-field spatial 

emission pattern from the single short filament is shown in the picture of Fig. 

5.8(a). From Fig. 5.8(a) it can be seen that the far-field emission pattern due to 

the filament contains a circular spot. The transmission spectrum of the single 

filament at this power is shown in Fig. 5.9(a). With gradual increase of laser 

power, the single short filament brightens and its far field-emission pattern seems 

to be enhanced as well. However, the length of this single filament is observed to 

remain almost same. When the input power is increased to 3.83Pef> we observe 

that the single filament is moved towards the laser as shown in Fig. 5.7(b). The 

corresponding far-field spatial emission pattern is shown in Fig. 5.8(b). From Fig. 
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5.8(b) it can be seen that the central spot is surrounded by an annular conical ring 

of red light which can be due to the diffraction of the light by the local 

modification of the refractive index of the medium during the filamentation 

process. 

-'- Ill) (e) '. II) 
',-. ' -

Figure 5.7: CCD images of the plasma luminescence due to refocusing filaments In BK7 glass at 

different input laser power. 

Figure 5.8: Far-field spatial emission pattern due to refocusing filaments in BK7 glass at 

different input laser power. 
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Figure 5.9: Output transmission spectra at different input laser powers 

When the input laser power is increased up to 7.31 P cr, the formation of the 

second short filament is observed, which is in accord with the simple self­

focusing model [8). The length of the plasma luminescence of the two distinct 

collinear filaments (Fig. 5.7(c)) is identical and they are almost same. This 

observation suggests that the higher laser power would make the beam undergo 

refocusing events instead of a simple extending of the original filament length. 

The far-field spatial emission pattern corresponding to the two collinear filaments 

(Fig. 5.7(c)) is shown in Fig. 5.8(c) in which the central white-spot and the 

conical emission are more evident and also it is clear from Fig. 5.8(c) that the 

conical emission consists of more annular rings. The transmission spectrum 

corresponding to the two collinear filaments due to refocusing of the input laser is 

shown in Fig. 5.9(c). It can be seen from Fig. 5.9(c) that the white-light 

continuum is spectrally broadened towards the shorter wavelengths with respect 

to the wavelength of the input laser. Also periodic spectral modulations are 
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observed in the transmission spectrum, identical to the spectral modulations 

observed in the conventional spectral interference using a white-light source [53). 

From Fig. 5.9(c), though the spectrum is broadened towards the shorter 

wavelengths the spectral modulations are observed only up to 650 nm which can 

be due to the fact that the white-light continua generated by the two filaments can 

be different, i.e. the white-light continuum generated by the first filament can be 

more broader than the second filament resulting in the limited spectral 

modulations. The difference in the spectra of the two filaments can be due to the 

difference in the distribution of the power in each filament at low powers [54]. 

More detailed experiments and explanation on the spectral modulations in the 

spectrum are presented in the subsection 5.4.1. The production of multiple 

refocusing filaments can be visualized with progressively increased laser power 

as shown in the Fig. 5.7(d)-5.7(f). Corresponding far-field spatial emission 

patterns are shown in Fig. 5.8(d)-5.8(f) respectively. The annular rings in the far­

field spatial emission pattern are more visible and the thickness of the each ring 

increases with input laser power. When the input laser power is 20.33P cr, it can be 

seen that all the multiple refocusing filaments are fused together as shown in the 

Fig. 5.7(f). Corresponding far-field spatial emission pattern and corresponding 

output transmission spectrum is shown in Fig. 5.8(f) and 5.9(f) respectively. It 

can be observed from the Fig. 5.9(f) that the spectral modulations are disappeared 

and the spectrum is arbitrary. 

5.4.1 Spectral interference of the white-light continuum due to 

filaments 

In the output transmission spectra from the glass sample for slightly high powers, 

we observe spectral modulations as shown in the figures 5.9(c) and 5.9(f) 

respectively. These spectral modulations are due to the spectral interference of 

the white-light continuum generated during the formation of the collinear 

refocusing filaments. These modulations in the spectrum are identical to the 

spectral modulations obtained due to the mutual coherence of the supercontinuum 
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pulses collinearly generated in bulk media by phase-locked and time delayed 

intense laser pulses [54]. 

"" ~(I'n'I) 

Figure 5.12: Spectral modulations for the input laser power 11 36Pcr 

In Fig. 5.12(a) the spectral modulations obtained for the input power of 

11.36Pcr and the far-field spatial emission pattern (inset) are shown. Fig. 5.12(b) 

shows the change in the spectral modulations across the central spot of the far­

field spatial emission pattern. This can be done by moving the fiber tip from the 

center to the edge of the central spot. It can be seen from the Fig. 5.12(b) that the 

spectral modulations in the shorter wavelength side becomes weaker at the edge 

of the central spot in comparison with the spectral modulations at the center of 

the central spot. In Fig. 5.12(c) we have shown the spectra corresponding to the 

single and 10 averages of the output spectrum after the illumination of the laser 

on to the glass sample. The two spectra are almost identical except for the shorter 

wavelengths where the spectral modulations became weaker could be due to the 

fluctuations in the input laser power. 

In order to study these spectral modulations, we consider the output 

transmission spectra for different input laser powers 8.39Pcr, 9.04Pcr, 1O.9Pcr and 

13.45Pcr as shown in the Fig. 5.13. It can be seen from Fig. 5.13 that as the input 

power increases the spectral modulations increases towards the shorter 

wavelength side. At higher powers the spectral periodic modulations become 

progressively weaker and we get arbitrary spectra. In Fig. 5.13 the spectral 
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modulations are doubled for the 1 
power 3.45Pcr due to the interference of the 

white-light continua of the three refocused filaments. 
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Figure 5.13: The output transmissIOn spectra for different mput laser powers 

The change in the spectral modulations in the output transmission 

spectrum with the input power is due to the change in the temporal interval 

between the refocusing filaments. Since the BK7 glass in our experiment serves 

as the nonlinear dispersive medium, the characteristic spectral modulations in the 

measured spectrum can be understood as a result of the temporal splitting of the 

single pulse. Above a certain threshold power the presence of a small amount of 

positive GVD causes the splitting of the original input pulse into two temporally 

separated pulses away from the pulse center [25, 26]. The two generated continua 

sources, separated in time interfere with each other to form the spectral 

modulations and the period of these spectral modulations are inversely related to 

the temporal separation of the pulses. As these changes in the spectral 

modulations with input power are identical to the spectral modulations produced 

due to the time delayed supercontinuum pulses generated in the bulk media using 

a Michelson interferometer configuration [54] we can calculate the temporal 
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separation between the collinear refocusing filaments. In order to measure the 

temporal separation of the pulses, first we measure the fringe period (OAfp) of the 

spectral modulations in the higher wavelength region (around 750 nm) and lower 

wavelength region (around 600 nm). From these fringe periods we calculate the 

temporal separation using [54] 

(5 .13) 

Where t is the temporal separation between the filaments due to 

refocusing of the input laser power, c is the velocity of light and OAfp is the fringe 

period of the spectral modulations. Fig. 5.14 shows the variation of the fringe 

period (oArp) as a function of input power. Open circles and open squares are the 

experimental data for 600 nm and 750 nm wavelength regions respectively. From 

Fig. 5.14, it can be seen that the fringe period increases linearly with input power. 

The temporal separation of the refocusing filaments calculated using Eq. (5.13) is 

plotted as a function of input laser power as shown in the Fig. 5.15. Open circles 

and open squares are the experimental data for 600 nm and 750 nm regions 

respectively. It can be seen from Fig. 5.15 that the temporal separation decreases 

with increase in input laser power in both 600 nm and 750 nm regions and it 

becomes same for both regions at higher input laser powers. 
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Figure 5.14: Fringe period as a junction of input laser power 
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Figure 5.15: Temporal separation between the re/ocusmgfilaments as ajimction o/input laser 

power 

5.4.2 Spatial anomalies present in the far-field spatial emission 

pattern 

The power of the input laser is adjusted to l5P cr which results in the three 

filaments. The far field emission pattern (inset), corresponding transmission 

spectrum for tP - 0° is shown in Fig. 5.10(a). The CCD image of the plasma 

luminescence of the three filaments is shown in the Fig. 5.1 O(b). The line profile 

of the multiple refocusing filaments is also shown in Fig. 5.l0(b). At the same 

input power, the glass sample is rotated through an angle ¢ - 2° with respect to 

the input laser. The spatial emission pattern and corresponding CCD image of the 

multiple filaments due to refocusing ofthe laser pulse are shown in the Fig. 5.11. 

From Fig. S.l1(a), it is observed that the color of the fringes has become more 

prominent and there are some discontinuities in the annular rings of the conical 

emission and form like 'forklets' . These forklets in the annular rings of the 

conical emission are manifestation of the wave front dislocations or optical 

vortices or phase singularities in the optical field produced by the collinear 

filaments. 
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Figure 5.10: (a) Far-jield spatial emission pattern for the power around 15P" (b) CCD image of 

the refocusing filaments and correspondmg line profile for ¢ _ 00. 

These discontinuities or forklets are treated as spatial anomalies. Fig. 5.12 

shows the line profile of the regions (1) and (2) as shown in Fig. 5.11 (a). It can 

be observed from Fig. 5.12 that the fringes in the region (1) are 7t phase shifted 

with respect to the region (2) which results in spatial anomalies. As these forklets 

or spatial anomalies observed in our experiments are identical to the temporal 

correlation vortices observed in the polychromatic fields [55] and the fork like 

fringes observed due to the interference of the sheared waves [56], the formation 

of the forklets or spatial anomalies in the annular rings of the conical emission 

could be due to the shear in one of the wave fronts of the collinear filaments. It 

can also be observed from Fig. 5.11 (a) is that the discontinuities are occurring 

only on one side of the annular rings could be due to the asymmetric shear of the 

wavefront of one of the filaments. 

PIXel Number 

Figure 5.11: (a) Far-jield spatial emission pattern (inset) and corresponding output transmission 

spectrum; (b) CCD image of the refocusingfilaments and corresponding line profilefor¢ - 20. 
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Figure 5.12: Line profile of the regions (1) and (2) of Fig. 5 11 (a). Solid line IS for the regIOn (1) 

and dashed line isfor the region (2). 

A simple model using geometrical calculations and interference is proposed to 

explain the spatial anomalies observed when the glass sample is rotated through 

an angle with respect to the input beam. The schematic of the picture for the three 

filament interference when the sample is rotated through an angle is shown in the 

Fig. 5.13. 

As the distance between the three filaments is very small, it is assumed 

that the shearing of the wave fronts coming from the nearest filaments is 

coinciding exactly same and the spatial anomalies are occurred due to the 

shearing of the third wave front. The rings formed in the far-field emission are 

resulted in due to the interference of the conical emission from different 

filaments. The spatial anomalies or forklets observed in the far field emission 

pattern are due to the shearing of the wavefronts of the filaments . Due to 

shearing, the wavefront is not exactly circle but is slightly elliptical depending on 

the shearing angle. The shape of the wavefront is described as a locus of points 

on the surface of a cone making an angle with respect to the circular wave front. 

A simple geometrical calculation is used to demonstrate the spatial anomalies 

observed. Fig. 5.14 shows the pictorial demonstration of the shape of the 

wavefront tilted at an angle with respect to the base of the cone. 
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Figure 5.13: Schematic of the three filament inteiference when the sample is rotated through an 

angle - 2°. Inset also shown the original picture of the three filaments when the sample is rotated 

through an angle - 2° 

(a) 

Figure 5.14: (a) An elliptical cross section (b) its unwrapped image on a plane (FIgure is 

adoptedfrom Fig. 15 ofRef[57]) 

The polar equation of the cross section of a cone is governed by the equation [57] 

R(e) 
R(O) (5 .16) 

1 + A, sin(ke) 

Where A, = tan a tan f3 , a is the half-vortex angle and P is the tilt of the wave 

front with respect to the base of the cone, k = IIsina. Here in our case the half 

vortex angle a is found to be equal to 15° From Fig. 5.l4(a), P is a point on the 
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elliptical cross section, Rca) is the variable distance on the elliptical cross section 

from the vortex of the cone. RCO) is the distance from the vortex to the 

intersection of the circular base and the elliptical cross section, in our case it is 

the distance between the filaments, and is around 1 mm. Fig. 5.l4(b) shows the 

unwrapped image of the cone on a plane. 

We use MATLAB to simulate the interference of the wavefronts due to 

shearing. The simulations are done without considering the dispersion effects. 

Fig. 5.15 shows the computer generated picture when the tilt of the wave front is 

zero where we have not observed any spatial anomalies in the far-field emission 

pattern. In the simulations we have fixed the planes of the two wave fronts and 

rotated the third wave front. Fig. 2 shows the computer generated interference 

pattern with three waves, in which one of the waves is sheared through an angle 

2° corresponding to the change in the OPD of 5 nm. From Fig. 5.15 it can be seen 

that we observe spatial anomalies in the interference similar to those of the far­

field emission pattern shown in Fig. 5.11 

Figure S.lS: (a) Computer generated picture for the interference of three filam ents when the 

wave fronts are not tilted. (b) Experimentally observed far-field spatial emission pattern 

Though the simulated picture using computer calculations is slightly 

different from the experimental observations, the simulation shows the basic 

principle to understand the spatial anomalies present in the far field emission 
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pattern. Here in our simulations we have taken only three colors to ease our 
calculations. 

Figure 5.15: (a) Computer generated picture for the mteiference of three filaments when the 

wave fronts are rotated through an angle 2° (b) Experimentally observed far.jield spatial 

emission pattern. 

In order to investigate the effect of the tilt we simulated the picture by 

changing the value of ~ corresponding to the wave front tilt of 6° corresponds to 

the OPD of around 15 nm. We observe the complex picture with increased 

number of spatial anomalies as shown in the Fig. 5.16. 

Figure 5.16: Computer generated picture for the inteiference of three filaments when the wave 

fronts are rotated through an angle (/J 
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5.5 Conclusions 

In this chapter, experimental observation of the generation of refocusing 

filaments in BK7 glass using femtosecond laser pulses is presented. The plasma 

luminescence, far-field spatial emission pattern and corresponding output 

transmission spectra are recoded as a function of the input laser power. The 

spectral modulations observed in the output transmission spectra for different 

input laser powers are studied to estimate the temporal separation of the 

refocusing filaments based on the fringe period calculations. The experimental 

observation of the spatial anomalies observed in the transverse rings of the far­

field spatial emission pattern due to multiple filaments due to refocusing of the 

input laser pulse are presented. A simple model is proposed using geometrical 

calculations and interference to understand the observed spatial anomalies. 
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CHAPTER 6 



Conclusions & 
Future perspectives 

6.1 Conclusions 

So much literature available on the spectral anomalies such as spectral shifts and 

spectral switches around the singular phase points due to diffracted waves of 

spatially coherent polychromatic light. These spectral anomalies are due to either 

spatial coherence induced or diffraction induced effects. In the present thesis, we 

presented the temporal coherence induced spectral anomalies (spectral shifts and 

spectral switches) around the intensity minima of the output spectrum due to 

white-light illuminated Michelson interferometer operated in the spectral domain. 

When the OPD is increased from zero, where the output spectrum coincides with 

the input white-light spectrum, the spectrum shifts towards red splits into two 

spectral lines of equal intensity and then is blue shifted. The output spectrum with 

two peaks of equal intensity is referred as 'spectral switch' . At spectral switch 

position the spectral intensity at wavelength corresponding to lamp spectral 

maximum is zero. In order to measure the spectral shifts quantitatively, we define 

normalized spectral shift (NSS) as (»)"'/Ao = (Ao - A,) I Ao, where Ao is the lamp 

spectrum maximum and A,'S are the wavelength at which the spectral intensity 

has the highest value. Zero value of the NSS corresponds to the output spectrum 

resembling with the input lamp spectrum. If the NSS value is negative then the 

spectrum is red shifted and if it is positive then the spectrum is shifted to blue 

side with respect to the input peak wavelength. Also it is observed an unusual 

behavior in the number of spectral maxima with in the input lamp spectral 

bandwidth when the OPD is increased in steps of 10 nm. 

It was noticed during our experiments that the spectral shifts around the 

spectral switch position are highly sensitive to the displacement of one of the 

mirrors M2 of the Michelson interferometer. These spectral shifts around and 

crossing through the spectral switch can be used to measure the nano 

displacements. We propose two methods to measure the nano-displacements. The 
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first method deals with the spectral switch with the spectrum having two spectral 

fringes which occurs within the coherence length (Ie) of the source. The second 

method is demonstrated using the spectral switch with the spectrum having 

nine fringes which occurs far away from the coherence length of the source. To 

measure the nano displacement we define spectral switch amplitude (SSA) which 

is defined as the magnitude of the rapid transition around and crossing the 

spectral switch position which is different for different displacements of the 

mirror M2• Once the SSA values are calculated for different displacements of the 

mirror M2 for a given lamp spectrum, any unknown displacement can be inferred 

from the SSA values that are obtained. The proposed methods are compared in 

order to investigate the higher sensitivity of the methods for the measurement of 

the nano displacement. It is found that the method which deals with the spectrum 

with two spectral fringes occurring within the coherence length of the source has 

higher sensitivity than the other occurring far away from the coherence length. 

The effect of the spectral characteristics such as spectral bandwidth, peak 

wavelength and symmetry of the input source spectrum on the spectral switch 

characteristics are investigated in detail. The spectral switch characteristics 

include spectral switch position, spectral switch amplitude and symmetry of the 

spectral switch with respect to the zero normalized spectral shifts. It is found that 

the switch amplitude and symmetry of the spectral switch increases with spectral 

bandwidth where as the switch position for a particular switch remains same for 

all the spectral bandwidths for a fixed peak wavelength. The spectral switch 

position is different for different peak wavelengths for a particular spectral 

switch. Though the variation of the spectral switch amplitude is small, the switch 

symmetry varies considerably for different peak wavelengths. The symmetry of 

the input spectrum with respect to the peak wavelength of the source shifts the 

spectral switches towards negative values (red side) of the normalized spectral 

shift due to high power spectral density in the red of the spectrum. It is also found 

that the spectral switch amplitude and switch positions are unaffected by the 

symmetry of the spectrum. 
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The generation of refocused filaments due to nonlinear propagation ofthe 

femtosecond laser pulses in a BK7 glass is studied as a function of input laser 

power. For each input power, the plasma luminescence of the filaments is imaged 

through a CCD, the output transmission spectrum is recorded using a 

spectrometer and the far-field spatial emission pattern is captured using a digital 

camera. The spatial anomalies (forklets) are observed in the far-field emission 

pattern due to three collinear filaments when the sample is rotated through an 

angle with respect to the input laser. These spatial anomalies are due to shear in 

one of the wavefronts of the three filaments. When the output power is adjusted 

to get the two filaments, we observe the spectral modulations in the output 

transmission spectrum. These spectral modulations are due to spectral 

interference of the white-light generated by the refocusing filaments. These 

spectral modulations are used to study the temporal separation of the collinear 

filaments by calculating the fringe period of the spectral modulations both in the 

lower wavelength and higher wavelength regions. 

6.2 Future perspectives 

There is a tremendous scope for the present work, both in theoretical and 

experimental aspects. It is interesting to see the effect of the material dispersion 

on the spectral shifts and spectral switches proposed in the current thesis. Though 

the procedure elaborated in this thesis to measure nano-scale displacements is to 

show that the method is new in comparison to the conventional methods, in 

practice the method can be implemented much more easily. The procedure could 

be made simple by using a fiber optic MI setup to probe the surfaces with a built 

in mini spectrometer, a program for peak location and arriving at the spectral 

switch position with two maxima using computer controlled nano-positioner. 

Once a calibrated reference data is acquired, the sample displacements can be 

easily measured by comparing with the reference. Software can be developed for 

easier and quicker measurements. As the spectral shifts around the spectral 

switches are highly sensitive to the optical path difference, they can be used to 

measure the thickness of the thin films accurately. These spectral shifts and 
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spectral switches can be extended to supercontinuum source to characterize the 

supercontinuum as the power spectral density of the supercontinuum depends on 

the material. 

In the present thesis though we have discussed the experimental 

observation of the spatial anomalies present in the far-field spatial emission 

pattern due to collinear filaments and a simple model to explain them using 

computer calculations, theoretical work needs to be done on these spatial 

anomalies considering the dispersion effects. The spectral modulations observed 

in the output transmission spectrum can be used to estimate the nonlinear 

refractive index of the material. The effect of the polarization on the spectral 

modulations and spatial anomalies can be studied in detail which has not been 

discussed in the present thesis. One can also study the effect of birefringence of 

the material on the formation of the filaments and the spectral modulations in the 

output spectrum. 
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A 

Five-frame phase calculation algorithm 

Five-frame phase calculation algorithm has been suggested by Schwider et at [l].This 

phase calculation algorithm uses five intensity measurements, I), h, 13, 4 and Is 

corresponding to the additional phase steps of -2a, -a, 0, + a and +2a respectively. 

Therefore 

11= A+B+2(AB)1/2cos($-2a) 

h= A+B+2(AB)1I2cos($-a) 

h= A+B+2(AB)I I2COS($) 

4= A+B+2(AB)1/2cos($+a) 

15= A+B+2(AB)l l2cos($+2a) 

(1 ) 

Here A and B are the intensities of two interfering beams and $ is the original phase 

difference between the two beams. Using the above equations we can write 

sinasin/fr 

(l-cos2a)cos/fr 

When a = 90°, Eq. (2) reduces to 

tan/fr 
2(12- / 4) 

213 -Is -I] 

(2) 

(3) 

The phase step of the PZT can be ensured using four intensity values and can 

be calculated using [I] 

cos a (4) 

I. J. Schwider, R. Burow, K-E. Elssner, J. Grzanna, R. Spolaczyk and K. Merkel, 

Appl. Opt. 22, 3421 (1983) 
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Results 

resistant plants, 73 of 105 moderately resistant plants, 109 of 132 moderately susceptible 

plants, 85 of 110 susceptible plants and 20 out of 28 highly susceptible plants (Table 23) 

The marker was at a genetic distance of 13.6 cM away from the gene. The amph lication 

pattern of RM23489 in a set of 32 F2 plants was given in Figure 34. 

200bp 

IOObp 

Figure 34 : Segregation pattern ofRM23489 in the F z population of the cross 
TNlxAjaya 

! ! 
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• ... ........ ........ " , 
•• • " • • w t "'~ , • 
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A-Ajaya, T-TNI, M-Molecular weight marker (lOObp ladder). NWIlber on top of the gel represents the 
F2 plant number while the genotype of the plaut (as deduced from progeny testing at F1and marker 
genotype ofRG556 ) is represented at the bottom of the gel IT and RR indicate homozygous resistant 
and homozygous suscepllble F2 plants respectively, while Rr represents heterozygous susceptible 
plants. Arrows on lop of the gel indicate recombinants 
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Results 

RM23496: 

The marker displayed amplification of AJaya specific fragment in homozygous fashion 111 

100 of 104 homozygous resistant F2 plants, heterozygous amplification pattem in 192 of 

I88 heterozygous susceptible F2 plants and TNI specific fragment in homozygous 

condition in 108 of 108 homozygous susceptible F2 plants in a typical Mendelian ratio of 

I :2: I (X2 = 0.96, P = 0.6 I). Based on the amplification pattern of the marker in 

combination with RG556 it was possible to predict the trait phenotype in 22 of 25 

resistant plants, 82 of 105 moderately resistant plants, 96 of 132 moderately susceptible 

plants, 84 of 1I0 susceptible plants and 26 out of 28 highly susceptible plants (Table 

23).The marker was at genetic distance of 12.2 cM away from the gene. The 

amplification pattern of RM23496 in a set of 32 F2 plants was given in Figure 35. 

200bp 

lOObp 

Figure 35 : Segregation pattern ofRM23496 ill the F % population of the cross 
TNIx Ajaya 

! 
MAT 6 10 11 11 13 14 15 16 

... ..' - . -
rr RR. rr ( rr rr rr rr rr rr Rr Rr Rr Rr Rr Rr Rr Rr 

A T 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

rr RR. Rr Rr Rr Rr Rr Rr Rr Rr RR. RR. RR RR. RR. RR. RR RR 

A-Ajayll. T-TN1, M-Molecular weight marker (lOObp ladder). Nwnber on top of Ute gel represents Ute 
Fl plan! number while the genotype of Ute plant (as deduced from progeny testing at FJand marker 
genotype ofR0556 ) is represented at Ute bottom of Ute get rr and RR. indicate homozygous resistant 
and homozygous susceptible F2 plants respectively. while Rr represents heterozygous susceptible 
plants. Arrows on top of Ute gel indicate recombinants 
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Results 

RMAFM2: 

The marker displayed amplification of Ajaya specific fragment in homozygous fashion 111 

99 of 104 homozygous resistant F2 plants, heterozygous amplification pattern in 192 of 

188 heterozygous susceptible plants and TN I specific fragment in homozygous condition 

in 109 of 108 homozygous susceptible plants in a typical Mendelian ratio of I :2: I (X2 = 

1.14, P = 0.56). Based on the amplification pattern of the marker in combination with 

RG556 it was possible to predict the trait phenotype in 24 of 25 resistant plants, 97 of 

105 moderately resistant plants, 102 of 132 moderately susceptible plants, 104 of 110 

susceptible plants and 26 out of 28 highly susceptible plants (Table 23). The marker was 

at a genetic distance of 4.3 cM away from the gene. The amplification pattern of 

RMAFM2 in a set of32 F2 plants was given in Figure 36. 

200bp 

100bp 

Figure 36 : SegregaUoD pattern ofRMAFM2 in the F 2 populaUOD of the cross 
TNlxAjaya 

+ + MAT 4 5 7 10 11 12 13 14 15 16 
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--...- -- ~ ... .....;-..... ~. 

A-Ajaya, T-TN1, M-Molecular weight marker (lOObp ladder). Numbers on top of the gel 
represent the FJ plant while the genotype of the plant (as deduced from progeny testing at F3and 
marker genotype of ROSS6) is represented at the bottom of the gel rr and RR indicate 
homozygous resistant and homozygous susceptible F2 respectively, while Rr represents 
heta-ozygous suaceptible plants. Arrows on top of the gel indicate recombinants 
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Results 

RMAFM1: 

The marker displayed amplification of Ajaya specific fragment in homozygous fashIOn In 

105 of 104 homozygous resistant F2 plants, heterozygous amplificatIOn pattern In 184 of 

188 heterozygous susceptlble plants and TN I specific fragment in homozygous condition 

In III of 108 homozygous susceptible F2 plants In a typical Mendehan ratIO of I :2: I (X 2 

= 2.74, P = 0.25). Based on the amplification pattern of the marker in combination with 

RG556 it was possible to predict the trait phenotype in 24 of 25 resistant plants, 102 of 

105 moderately resistant plants, 127 of 132 moderately susceptible plants, 106 of 110 

susceptible plants and 28 out of 28 highly susceptible plants (Table 23). The marker was 

at a genetic distance of 1.9 cM away from the gene. The amplification pattern of 

RMAFMI in a set of32 F2 plants was given in Figure 37. 

200bp 

Figure 37 : Segregation pattern of RMAFMlln the F 2 population of the cross 
TNl x Ajaya 

+ MAT 4 6 7 9 10 11 12 13 14 15 16 

. . - - -- .......... -.... -- .-
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A T 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

- .. _ .. -..- -----

A-Ajaya.. T-lNl. M-Molecular weight marker (IOObp ladder). Numbers on top of the gel 
represent the Fl plant while the genotype of the plant (as deduced from progeny testing at 
F3and marker genotype of R(556) is represented at the bottom of the gel. rr and RR 
indicate homozygous resistanl and homozygous suscepbble Fl respectively. while Rr 
represents heterozygous suscepb'ble plants. Arrows on IDp of the gel indicate recombinants 

117 



Results 

The marker displayed amplification of Ajaya specific fragment in homozygous fashIOn In 

105 of 104 homozygous resistant F2 plants, heterozygous amplification pattel11 in 187 of 

188 heterozygous susceptible plants and TN1 specific fragment in homozygous condition 

in 108 of 108 homozygous susceptible plants in a typical Mendelian ratio of I :2: I (X2 = 

1.73, P = 0.42). Based on the amplification pattel11 of the marker In combinatIOn with 

RG556 it was possible to predict the trait phenotype in 25 of 25 resistant plants, 103 of 

105 moderately resistant plants, 131 of 132 moderately susceptible plants, 108 of 110 

susceptible plants and 26 out of 28 highly susceptible plants (Table 23). The marker was 

at a genetic distance of 0.87 cM away from the gene. The amplification pattern of RM447 

in a set of32 F2 plants was given in Figure 38. 

200bp 

100bp 

Figure 38 : Segregation pattern ofRM447 in the F z population of the «:ross 
TNlxAjaya 
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A-Ajaya, T-TN1. M-Molecular weight marker (lOObp ladder). Numbers on top of the gel 
represent the FJplant while the genotype of the plant (as deduced ftom progeny testing at 
F3and lllIrlcer genotype of RG556) is represented at the bottom of the gel. rr and RR 
indicate homozygous resistant and homozygous suscepbble F2 respectively. while Rr 
represents heterozygous susceptible plants. Arrows on top of the gel indicate recombinants 
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Results 

RMAFM4: 

The marker displayed amplification of Ajaya specific fragment in homozygous fashIOn 111 

10 I of 104 homozygous resistant F2 plants, heterozygous amplification pattern in 191 of 

188 heterozygous susceptIble plants and TNI specific fragment 111 homozygous conditIOn 

in 108 of 108 homozygous susceptible plants in a typical Mendelian ratio of 1:2:1 (X2 
= 

1.05, P = 0.59). Based on the amplificatIOn pattern of the marker in comb1l1ation WIth 

RG556 it was possible to predict the trait phenotype in 24 of 25 resistant plants, 97 of 

105 moderately resistant plants, 123 of 132 moderately susceptible plants, 106 of 110 

susceptible plants and 27 out of 28 highly susceptible plants (Table 23). The marker was 

at genetic distance of 3.1 cM away from the gene. The amplification pattern of RMAFM4 

in a set of32 F2 plants was given in Figure 39. 

300bp 

200bp 

Figure 39: Stgegution pattern ofRMAFM4 in the FzpopuIation of the cross 
TNlxAjaya 

MAT 7 10 11 12 13 14 15 16 

. , .. .. 
rr RR rr rr rr rr rr rr Rr Rr Rr Rr Rr Rr Rr 

A-Ajaya. T-1Nl, M-Molecular weight marker (lOObp ladder). Numbers on top of the gel 
represent the F1plant while the genotype of the plant (as deduced from progeny testing at 
F3and marker genotype of RG556) is represented at the bottom of the gel. rr and RR 
indicate homozygous resistant and homozygous suscepbble FJ respectively, while Rr 
represents heterozygous suscepbble plants. Arrows on top of the gel indicate recombinants 
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Results 

RMAFM5: 

The marker displayed amplification of AJaya specific fragment in homozygous fashIOn in 

101 of 104 homozygous resistant F2 plants, heterozygous amplification pattern in 184 of 

188 heterozygous susceptible F2 plants and TN I specific fragment in homozygous 

condition in 115 of 108 homozygous susceptible plants III a typical Mendelian ratio of 

1 :2: 1 (X2 = 3.54, P = 0.17). Based on the amplification pattern of the marker in 

combination with RG556 i~ was possible to predict the trait phenotype in 22 of 25 

resistant plants, 93 of 105 moderately resistant plants, 118 of 132 moderately susceptible 

plants, 99 of 110 susceptible plants and 25 out of 28 highly susceptible plants (Table 

23).The marker was at genetic distance of 6.2 cM away from the gene. The amplification 

pattern ofRMAFM5 in a set of32 F2 plants was given in Figure 40. 

200bp 

Figur~ 40: Segregation pattern ofRMAlMS in the F2Population oCthe cross 
TNt xAJaya 

* MAT 4 7 10 11 12 13 14 15 16 

- - -...... _ ....... - ..... ~ ..... ... 
If RR rr If rr rr rr If rr If Rr Rr Rr Rr Rr Rr Rr Rr 

* . :.. '.: . . .. ... ... , .... "' . ... ...-- -
A-Ajaya. T-1Nl, M-Molecular weight mlllker (lOObp ladder). Numbers on top of the gel 
represeut the FlpJant while the genotype of the plant (as deduced from progeny testing at 
F3and m8Jker genotype of RG556) is represented at the bottom of the gel. rr and RR 
indicate homozygous resistant and homozygous suscepbble F2 respectively, while Rr 
represents heterozygous susceptible plants. Arrows on top of the gel indicate recombinants 
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Results 

RMAFM6: 

The marker displayed amplification of AJaya specific fragment in homozygous fashion 111 

88 of 104 homozygous resistant F2 plants, heterozygous amplification pattern in 198 of 

188 heterozygous susceptible plants and TN I specific fragment In homozygous conditIOn 

in 96 of J08 homozygous susceptible plants in a typical Mendelian ratio of I :2: I (X2 = 

0.22, P = 0.89). Based on the amplification pattern of the marker in combination with 

RG556 it was possible to predict the trait phenotype in 21 of 25 resistant plants, 92 of 

105 moderately resistant plants, 110 of 132 moderately susceptible plants, 97 of 110 

susceptible plants and 20 out of 28 highly susceptible plants (Table 23). The marker was 

at genetic distance of 10.1 cM from the gene. The amplification pattern ofRMAFM6 in a 

set of 32 F2 plants was given in Figure 41. 

200bp 

FI~ 41: SegrepUon pattern ofRMAFM6 in the F 2 population of the cross 
TNI xAJaya 

~ ~ 
MAT 4 10 II 12 13 14 IS 16 

.. - --- ........ P. _~ •• .••• ,........ ~-:1"" 

rc RR rr 

A T 17 18 

fT. rr 

19 20 
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21 22 23 24 
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t Rr 
Rr Rr Rr Rr 

27 28 29 30 31 32 

..... . .. ~ .......... ~ .. ~ ................................ ... 

A-Ajt!Y' T-TN1. M-Molecular weight marker (lOObp ladde."). Numbers on top of the gel 
represem the F1pJant while the genotype of the plant (as deduced from progeny testing at 
F3and mark .. genotype of RG556) is represented at the bottom of the gel. rr and RR 
indicate homozygous resistant and homozygous susc;epbble Fl respectively, while Rr 
represCllts heterozygous susc;epbble plants. Arrows on top of the gel indicate recombinants 
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ReslIlts 

RMAFM6: 

The marker displayed amplification of Ajaya specific fragment in homozygous fashIOn In 

88 of 104 homozygous resistant F2 plants, heterozygous amplification pattern in 198 of 

188 heterozygous susceptible plants and TNI specific fragment in homozygous condition 

in 96 of 108 homozygous susceptible plants in a typical Mendelian ratio of 1 :2: 1 (X 2 = 

0.22, P = 0.89). Based on the amplification pattern of the marker in combination with 

RG556 it was possible to predict the trait phenotype in 21 of 25 resistant plants, 92 of 

105 moderately resistant plants, 110 of 132 moderately susceptible plants, 97 of 110 

susceptible plants and 20 out of 28 highly susceptible plants (Table 23). The marker was 

at genetic distance of 10.1 cM from the gene. The amplification pattern ofRMAFM6 in a 

set of 32 F2 plants was given in Figure 41. 

200bp 

Figure 41 : Segrepdon pattern of RMAFM:6 in the F 2 population of the cross 
TNll<AJaya 

+ + + + 
MAT 4 7 10 11 12 13 14 15 16 

.. - -_ ................. -~ 
.- .'4 •• , .... ,... ... ~l •• 

"' RR rr "' "'+ 
A T 17 18 19 20 21 22 23 24 

Rr Rr 

25 26 

t Rr Rr Rr Rr Rr 

27 28 29 30 31 32 

A-Ajayll, T-'INl. M-Molecular weight marker (lOObp ladder). Numbel'S on top oftbe gel 
represent tbe Flplant while tbe genotype of tbe plant (as deduced from progeny testing at 
F3and marker genotype of R0556) is represented at tbe bottom of tbe gel. rr and RR 
indicate homozygous resistant and homozygous susceptible Fl respectively, while Rr 
represents heterozygous susceptible plants. Arrows on top oftbe gel indicate recombinants 
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Table 23: Segregation pattern of polymorphic markers in the F 2 population 
derived from TNIIAjaya 

S. No. SSR PhYllul No. 01 planl. No. 01 planls No. of plants Segrega tion Genetic 
marker position showing showmg showing ratio dlslance 

(Mb) amplification heterozygous amplification (eM) 
01 Aja)'a aUele amplification oITN! a U.I. 
in homozygous j,e, , R2r2 in homoz, gous 
condition i.e., condition i.e I 

r2r2 R2R2 

I RM23489 2640 1 82 213 105 12 I (A=4 33, 136 
1'=0 II) 

2 RM23496 26500 100 192 108 1 2 I (A-O 96, 122 
1' - 061) 

3 RMAI'M2 26607 99 192 109 1 2 I(A- I 14, 43 
P=O 56) 

4 RMA~MI 26624 105 184 III 1 2 1(1--274, 1 9 
P=O 25) 

5 RM447 26637 105 187 108 I 2 1(1--1 73, 087 
P=O 42) 

6 RMAFM4 26643 101 191 108 I 2 1(1-- 105, 3 I 
P=O 59) 

7 RMAFMS 2682S 101 184 115 I 2 1(1-- 3 54, 62 
p=o 17) 

8 RMAFM6 26914 88 198 96 12 I(A=O 22, 10 I 
P=O 89) 

Results 

The markers RM23489, RM23496, RMAFM2 and RMAFM 1 were observed to be 

located on one side of the gene, while RM447, RMAFM4, RMAFM5 and RMAFM6 

were located on the other side. The closest flanking SSR markers RM447 and RMAFM 1 

were observed to be located at a genetic distance of 0.87 and 1.9 cM respectively from 

the gene. 

When the data obtained from the SSR markers used for fine mapping of the novel gene 

was analyzed using Mapmaker software, the markers RM23489, RM23496, RMAFM2 

and RMAFMl were observed to be located on one side of the gene at a genetic distance 

of 13.6 cM, 12.2 cM, 4.3 cM and 1.9 cM respectively, while RM447, RMAFM4, 

RMAFM5 and RMAFM6 were located on the other side of the gene at a genetic distance 

of 0.87 cM, 3.1 cM, 6.2 cM and 1O.lcM respectively (Figure 42). RM447 and RMAFMl 

were very close to the gene and flanking it. 
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The 8SR nurkers RM447 and RMAFMl were found to be close to the gene and 
Olllki .. the novel resistance gene la36t at a genetic distance of 0.87 and 1.9cM 
respectively 

123 

Results 



ReslIlts 

4.3.9 Validation of the linked SSR markers in alternate mapping population 

The xa5 linked CAPS marker RG556 and the SSR markers Identified to be closely linked 

to the resistance gene xa36t as observed in the F2 populatIOn of the cross TN IIAJaya 

were validated in a progeny-tested F2 population conslstmg of 196 plants denved from 

the cross BPT5204/Ajaya. The closest marker RM447 was monomorphic between Apya 

and BPT5204. RG556 and the other closer and fl ankmg polymorphic markers RMA FM I, 

RMAFM2, RMAFM4, and RMAFM5 were studied for their co segregation with respect 

to resistance! susceptibility in the alternate population. 

4.3.9.1 Genotyping at xa510cus with RG556: 

The marker RG556 linked to xa5 was amplified in the whole F2 population of the cross 

BPT5204/Ajaya to study the segregation pattern. This marker amplified the resistant 

parent specific allele in homozygous condition (Le. rr) in 42 F2 plants, and both resistant 

and susceptible parent specific fragments (Rr) in 106 F2 plants, and the susceptible parent 

(i.e. TN1) specific fragment in homozygous condition (i.e. RR) in 48 F2 plants in a 

typical Mendelian ratio of 1 :2: 1 with respect to rr:Rr:RR (X2 = 1.67, P=0.43). The marker 

amplified the resistant parent specific allele in homozygous condition (Le. rr) in all the 10 

resistant plants and homozygous susceptible allele in all the 16 highly susceptible plants 

indicating that xa5 conditions resistance in the alternate population derived from the cross 

BPT5204/Ajaya (Figure 43). The marker amplified the resistant parent specific allele in 

homozygous condition in 20 of 38 moderately resistant plants and 17 of 89 moderately 

susceptible plants. It showed heterozygous specific amplification in 18 of 38 moderately 

resistant plants, 51 of 89 moderately susceptible plants and 23 of 43 susceptible plants. It 
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Results 

showed homozygous susceptible specific amplification in 21 of 89 moderate ly 

susceptible plants and 20 of 43 susceptible plants. This data along with the F3 phenotypIc 

data was used to predict the cOITesponding genotype at the second resistance gene locus 

of each of the individual plants constituting the alternate population. 

400bp 

Figw:e 43 :Analysis of the CAPS marker RG556 in the Fz population of the cross BPT5204 x Ajaya 

M A B 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

- ------------------ ........ _ ............... - ....... ' .,., . ~ - . . 
- ~---------------

A-Ajaya, B·BPT5204, M·Molecular weight marker (100bp ladder). 1·10 are resistant F2plants, 
11·26 are highly susceptible F 2 plants 

4.3.9.2 Segregation of markers linked to xa36t on Chr8 

RMAFM2: 

The marker in combination with RG556 could predict the trait phenotype in eight of the 

ten resistant plants, 35 of 38 moderately resistant plants, 81 of 89 moderately susceptible 

plants, 42 of 43 susceptible plants and 14 out of 16 highly susceptible plants. The marker 

was observed to be at a genetic distance of 5.4 cM away from the gene. 

RMAFMl~ 

The marker in combination with RG556 could predict the trait phenotype in nine of the 

ten resistant plants, 36 of 38 moderately resistant plants, 86 of 89 moderately susceptible 

plants, 42 of 43 susceptible plants and 15 out of 16 highly susceptible plants. The marker 

showed a linkage distance of 2.1 cM from the gene. The amplification pattern of 

RMAFMl in a set of 32 F2 plants was given in Figure 44. 

125 



200bp 

Figure 44: Segregation patttm ofRMAFMl in the F2!IOpu]ation orthe cross 
• BPT5204 x Ajaya 

~ 
M A B 3 - 4 7 8 9 10 11 12 13 14 15 16 

........ ..., ........ --
rr RR rr IT 1 rr IT IT rr IT t Rr Rr Rr Rr RrRrRr 

A B 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

.....~ ............ _ ..... -

Results 

A-Ajaya, B-BPT5204, M-Molecular weight marker (lOObp ladder). Nwnbers on top of the 
gel represent the F2 plant while the genotype of the plant (as deduced from progeny testing 
at F3and marlcer genotype of RG556) is represented at the bottom of the gel rr and RR 
indicate homozygous resistant and homozygous susceptible F2 respectively, while Rr 
represents heterozygous susceptible plants. Arrows on top of the gel indicate recombinants 

RMAFM5: 

The marker in combination with RG556 could predict the trait phenotype in seven of the 

ten resistant plants, 34 of 38 moderately resistant plants, 81 of 89 moderately susceptible 

plants, 39 of 43 susceptible plants and 13 out of 16 highly susceptible plants. The marker 

was at genetic distance of 7.5 cM away from the gene. 
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RMAFM4: 

The marker in combination with RG556 could predIct the trait phenotype 111 eIght of the 

ten resistant plants, 34 of 38 modelately lesistant plants, 87 of 89 moderately susceptible 

plants, 40 of 43 susceptIble plants and 15 out of 16 hIghly susceptIbl e pl ants. The marker 

was at genetic distance of 4.2 cM from the gene. The amplIfication pattern of RMAFM4 

in a set of 32 F2 plants was given in Figure 45 . 

Figure 45 : Segregation patttm ofRMAFM4 in the F2 population oUlle cross 
BPT5204 x Ajaya 

~ 
M A B 7 8 9 10 11 12 13 14 15 16 

If RR rr IT IT rr If If rr IT Rr Rr Rr Rr Rr Rr Rr Rr 

~ 
A B 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

, ~ 

.' " .'" 'i/ ,. . ".,. 

A-Ajaya, B·BPT5204, M·Molecular weight marker (100bp ladder). Numbers on top of the 
gel represent the F 2 plant while the genotype of the plant (as deduced from progeny testing 
at F3and mmker genotype of RG556) is represented at the bottom of the gel. rr and RR 
indicate homozygous resistant and homozygous suscepbble Fa respectively, while Rr 
represents heterozygous susceptible plants. Arrows on top of the gel indicate recombinants 

127 



Results 

Table 24: Comparison of the recombination distances in the two populations 

Marker Recombination distance Recombination distance 
in TNIIAjaya (cM) in BPl'5204/Ajaya (cM) 

RMAFM2 4.3 5.4 

RMAFMl 1.9 2.1 

RMAFM4 3.1 4.2 

RMAFM5 6.2 7.5 

Linkage analysis of the marker segregation data in both the populations using Mapmaker 

software revealed similar marker order as well as recombination distances with the 

resistance gene (Table 24). Thus the above markers could effectively validate the gene in 

the alternate population and the gene could be precisely mapped in between the markers 

RMAFM I and RMAFM4. 

4.3.10 Analysis of amplification pattern of the novel gene linked SSR markers in a set 
of rice varieties 

To examine whether the linked markers would be of use in introgression of the novel 

gene into other BLB susceptible cultivars, DNA samples from a set of nine high priority 

bacterial leaf blight susceptible cultivars (TN1, Samba Mahsuri (BPT5204), Swarna, 

MTUl001, MTUlOI0, Tellahamsa, Krishnahamsa, IR64 and Basmati370) along with the 

Ajaya, were amplified by PCR using the closest flanking markers RM447 and RMAFMl 

and RMAFM4 (Table 25). 
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Table 25: Amplification pattern of the novel gene linked SSR markers in 
a set of parental lines 

Fragment Size (bp) 
S. No. Name of the Genotype RM447 RMAFMl RMAFM4 

I Ajaya 110 160 290 
2 TNI 130 170 270 
3 Samba Mahsuri (BPT5204) 110 170 270 
4 Swama 110 180 270 
5 MTU1001 130 180 270 
6 MTUlOI0 110 160 270 
7 Tellahamsa 110 180 270 
8 Krishnahamsa 130 180 270 
9 IR64 110 150 270 
10 Basmati370 120 180 270 

Results 

The marker RM447 amplified a fragment of size 110 bp in Ajaya while the nine 

susceptible genotypes yielded fragments (i.e. alleles) of size 110-130 bp. With respect to 

the marker RMAFMI, the susceptible cultivars amplified alleles in the size range 150-

180 bp, while in case of Ajaya, a fragment of size 160 bp was observed to be amplified 

(Figure 46). The marker RMAFM4 amplified a fragment of size 300 bp in Ajaya and 

290bp in all the nine susceptible genotypes. The flanking marker combination of RM447-

RMAFMl can be used for introgression of the gene from Ajaya in to susceptible cultivars 

TNl, MTUIOOl, Krishnahamsa and Basmati370. For introgression in to other susceptible 

cultivars Samba Mahsuri, Swama, Tellahamsa and IR64 the marker combination of 

RMAFMI-RMAFM4 can be used. Since both the markers RM447 and RMAFMI are 

monomorphic between Ajaya and MTUIOI0, the marker RMAFM4 can be used singly or 

in combination with the other relatively closer polymorphic markers for introgression of 

the gene from Ajaya. 
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Figure 46 :Analysis of nanking markers ill a set of high priority BLB slIscelltible 
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RM447 

RMAFMl 

RMAFM4 

4.3.11 Analysis of genes present in the genomic region on Chromosome 1 flanked by 

SSR markers closely linked to the novel Bacterial leaf blight resistance gene 

Based on fine structure linkage map, the SSR marker RM447 was located at a genetic 

distance of 0.87 cM on one side of the gene and RMAFMI was located on the other side 

of the gene at a genetic distance of 1.9 cM (Figure 42). The forward primer of 

RMAFMlwas observed to be physically located (start position) in the Japonica genome 

(htto:llrise.genomics.org.cn) at 26.624bp while the reverse primer of RM447 was 

physically located (end position) at 26.637 bp. The intervening genomic region consisting 

of 13 kb of sequence was downloaded from the Japonica genome sequence database 

(htto:llrise.genomics.org.cn) and analyzed for presence of putative genes using the 
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software Fgenes H (http: //www.softbeny.com). The functionalIty of the genes was 

,/ 

analyzed using the BLAST tool (Altschul et at 1990) available onlIne at 

http: //www.ncbi.nlm.gov.in. A total of three genes were observed to be present III th e 

genomic region flanked by RMAFMI and RM447. The average gene density was one 

gene for every - 4.33 kb of sequence. Of the three genes identified in the region, one is 

Nodulin gene; one was SUA 7 a yeast gene codmg for the transcription factor TFIIB and 

the other was a gene belonging to plant peroxidase super famIly. The detaIls of the list of 

the genes along with their size in base pairs, amino acids along with their putallve 

function(s) were given in Table 26. 

Table 26: List of genes present in the genomic region flanked by SSR markers 
RMAFMl and RM447 

Gene Gene start Gene end Gene No. of Putative function of protein 
No. (bp) (bp) size amino encoded by the gene and 

(bp) acids proteins showing homology 
to the gene 

1 26625582 26630530 1665 554 Nodulin ge~~ 

~ 26630866 ~6633866 1722 ~73 SUA 7, Transcnption factor 
TFIIB 

- - ---
3 26635013 ~6637736 843 ~80 Plant peroxidase super family 
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Chapter V - Discussion 

Bacterial leaf blight (BLB) of nce caused by Xanlhon1/Jnas oryzae pv. Oryzae is one 

of the most destructive diseases of rice, particularly m the kharifseason crop in IndIa 

Since chemical control IS ineffective, development and deployment of BLB resistant 

cultivars is the only practical strategy for manag111g the disease. However, large scale 

and long tenn cultivation of cultivars possessing smgle genes (Xa3 in Japonica rice 

and Xa4 in Indica rice) have resulted in the appearance of vIrulent strains which can 

overcome resistance. The breakdown of resistance to bacterial blight in the rice 

variety Asakaze in Japan is a famous example of the instability of major genes(Ezuka 

and Sakaguchi, 1978). In 1972, an isolate strain, designated "Isabel a," from the 

northern part of the Philippines was found to cause breakdown of Xa4 conferred 

resistance (IRRI, 1973) and in 1975, IRRI cultivars carrying the Xa4 gene became 

susceptible to bacterial blight not only in the Philippines (G;w et al., 1992) but also 
,.,.-

in many parts of India, Indonesia, and China (Huang et al., 1997). 

Resistance conferred by the major gene Xa21 has also been reported to be overcome 
,/' /' 

in some parts of India and Indonesia (Sirisha et al., 2004; Goel et aI., 1998). One 

strategy to delay such breakdown of resistance is to provide a broad-spectrum of 

resistance by combining multiple genes having complementary resistance spectra, in a 

single plant genotype through the strategy of gene pyramiding "(Babujee and 

Gnanamanickam, 2000). Gene pyramiding would thus result in development of 

genotypes with more durable resistance through individual gene action and 

quantitative complementation ~awa et al., 1987;'Y'oshimura et at., 1995b). The 

present study was therefore designed to identify, broad spectrum BLB resistance 
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genes from wild rice introgression lines of rice and durable BLB resistant cultivars, to 

tag and map them with tightly linked SSR markers 

A total of 72 wild rice introgresslOn hnes carrying introgresslOns from the :.vild 

species 0. nivara (8), 0 rufipogon (32),0. longistammata (7), O. glaberrima (4), 0. 

ojJicinalts (9) and o.brachyantha (12), obtained from the InternatIOnal Rice Research 

Institute, Phllhpines were screened for their resistance to BLB with seven hyper-

virulent Isolates of Xanthomonas oryzae pV. oryzae. One line carrying introgression 

from Oryza brachyantha (FF genome) i.e. IR-65483-141-2-4-4-2-5-B in the 

background of the O. sativa indica cultivar IR56 and the variety Ajaya (lET 8585) 

showed resistance reaction consistently with all the isolates tested under both the 

glasshouse and field conditions. Further IR-65483-l41-2-4-4-2-5-B was observed to 

be superior in terms of BLB resistance when compared with NILs of IR24 carrying 

the single BLB resistance genes xa5, xaJ3, Xa21 and was on par with respect to 

resistance reaction with the NILs of IR24 carrying four BLB resistance genes Xa4, 

xa5, xaJ3 and Xa21. Ajaya showed higher average lesion length when compared to 

the NILs of IR24 possessing four BLB resistance genes Xa4, xa5, xa13 and Xa21 but 

was on par with NILs of IR24 possessing the individual genes xaJ3 and Xa21 and 

was significantly superior to the NIL of IR24 possessing xa5 (Table 8). Based on 

these observations, it was hypothesized that these genotypes may possess one or more 

novel BLB resistance genes. 

The introgression line IR-65483-141-2-4-4-2-5-B was developed from the cross of 

./' 
IR56 with 101231 (an accession of O. brachyantha) by embryo rescue technique (Brar 

and Khush, 1997). Genetic analysis in the F2 population derived from the cross IR-

65483-141-2-4-4-2-5-BITNI revealed the action of a single dominant resistance gene 
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governing resistance. Out of the 296 F2 plants screened for resistance, 225 plants were 

resistant, while 71 were susceptible which fitted well in a segregation ratIo of 3R: I S 

(i = 0.16, P=O.68). Progeny testing of the 296 indiVIduals revealed that the F2 plants 

segregated In a classical Mendelian ratio of 1:2:1 (X2= 0.66, P=O.71) with ~espect to 

homozygous resistant, heterozygous resIstant and homozygous susceptible 

indivIduals. The F2 population consisting of 250 individuals of the cross IR-65483-

141-2-4-4-2-5-B IBPT5204 also showed segregatIon In 3R:IS ratIo (195 resistant and 

55 susceptible) (X2= 1.2, P=O.27). Progeny testing of the F2 lines, as observed earlier 

segregated In a ratio of 1 :2:1, (i= 2.37, P=O.30) with respect to homozygous resistant, 

heterozygous resistant and homozygous susceptible individuals. These results confirm 

the action of a single dominant gene in conferring resistance in IR-65483-141-2-4-4-

2-5-B 

In order to identify whether the dominant BLB resistance gene identified in IR-65483-

141-2-4-4-2-5-B is allelic to any of the known, dominant BLB resistance genes, 

allelism tests were carried out with NILs of IR24 carrying known single dominant 

resistance genes, viz. Xal. Xa4. Xa7. Xa21 and Xa26. Similar allelism tests were 

--- / ,..-- /' 
conducted by Ogawa et al. , 1978, Ogawa and Yamamoto, (1986), Sidhu et aI., (1978; 

f979), while studying inheritance and novelty of BLB resistance genes. The F2 plants 

derived from the crosses of IR-65483-!41-2-4-4-2-5-B with IRBB1 , IRBB4, IRBB7, 

IRBB2! and IRBB26 segregated in a phenotypic ratio of 15R:IS indicating that the 

resistant gene is non-allelic to any of the above said dominant BLB resistance genes. 

However, since DRR, Hyderabad did not possess IR24 NILs carrying other known 

dominant resistance genes, the novelty of the gene in IR-65483-141-2-4-4-2-5-B, 

could not be confinned with certainty. It was hypothesized that if the gene is novel, it 
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should be mapped to a genomic location, which is hitherto unreported for any known 

dominant BLB resistance genes. Hence, a molecular mapping analysis was earned out 

using SSR markers in order to idenhfy the chromosomal location of the putatIvely 

novel BLB resistance gene in IR-65483-141-2-4-4-2-5-B and to id~ntIfy markers 

closely linked to the gene for possible use in marker-assisted selection. 

1: -~\ 
A total ~8.:tSR markers were used for the survey of parental polymorphism in the 

preliminary coarse mapping analysis with coverage of - 23 markers per chromosome. 

Out of the 282 SSR markers analyzed, 106 displayed polymorphism between the 

resistant and susceptible parents (i.e. IR-65483-141-2-4-4-2-5-B and TNl) covering 

all the 12 chromosomes of rice, (8 .8 markers per chromosome), giving an 

approximate coverage of one marker every 4 cM. The parental polymorphic SSR 

markers were then analyzed through the strategy of bulked-segregant analysis (BSA) 

for identification of markers displaying co-segregation with trait phenotype. The 

strategy of BSA has been used earlier for tagging and mapping of many 

agronomically important genes in rice like white back plant hopper resistance genes 

/' 
"'('fan et al.. 2004), Xa30t (Cheema et al.. 2008) and QTLs associated with heat 

tolerance'(Zhang et al.. 2009). In the present study also, the strategy of BSA was 

successful in identifying the tentative localization of the new BLB resistance on Chr. 

I using the SSR marker RM595. 

While tagging and mapping the putatively novel BLB resistance gene present in, IR-

65483-141-2-4-4-2-5-B progeny testing at F3 generation under a stringent 

phenotyping procedure as described in materials and methods ensured ' correct 

identification of homo zygotes and heterozygotes in F2 with no escapes. The choice of 

a early segregating population like F2. which was used in the present study for tagging 
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and mapping BLB resistance gene(s) is considered to be useful, as it saves time and 

resources in tagging and mapping compared to development and utilization of 

advanced generation populations hke recombinant inbred lines and near isogel11c 

/' . .".-
lines, which take a lot of time for development (Michelmore et al., 1991 ; Haley et al., 

1994; Cadar et al., 2004). 

~n bulked-segregant analysis, RM595 showed association with trait phenotype. Any 

marker that assorts independently of resistance gene will display amplification of 

fragments specific for both resistant and susceptible parents in both resistant bulk 

(RB) as well as susceptible bulk (SB), whereas a co-dominant marker closely linked 

to the target gene will show only susceptible parent specific fragment in the SB, and 

only the resistant parent specific fragment in the RB. In the present study, based on 

the bulked-segregant analysis, it was hypothesized that the BLB resistance gene may 

be close to the marker RM595, since the marker showed clear bulk specific 

amplification pattern. This marker when analyzed in the entire .mapping population, 

showed a linkage distance of 10.2 cM with the gene. 

In order to identify the tentative map location of the putatively novel BLB resistance 

gene on Chr. 1, 20 SSR markers selected from the vicinity of the genomic region 

where RM595 is located were tested for parental polymorphism. Of these, seven were 

polymorphic. When these polymorphic SSRs were tested for their marker-trait 

segregation pllttern in the F2 mapping population, two markers viz., RMI0916 

(15.052Mb) and RMl1002 (17.805Mb) were observed to be the closest and flanking 

the BLB resistance gene at a genetic distance of 14cM and 15.2cM respectively. Even 

though these markers were not close enough to be used for marker-assisted selection 
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of the gene, the fact that these two markers flank the resistance gene helped to narrow 

down the gene to a physical region of 2.75Mb on Chr. I which served as a startmg 

pomt for fine-mappmg analysis. 

For carrying out fine-mappmg analysIs, a set of nine hyper-vatiable RM senes SSR 

markers (http://www.gramene.org) and eIght newly designed SSR markers (RMCG I 

to RMCG8) located m the genomic region spanned by RM10916 and RMII002 were 

used. The gene was mapped at a distance of 0.82 cM from the marker RMI0975 and 

1.8 cM away from RMCG6 with both these markers flanking the gene. The markers 

RM10920, RM10963, RMCG5, RM10974 and RM10975 were observed to be located 

on one side of the gene at a genetic distance of 9.4 cM, 7.5 cM, 6 cM 1.85 cM and 

0.82cM respectively while RMCG6, RMCG7 and RMCG8 were located on the other 
,­

side of the gene at a genetic distance of 1.8 cM, 5.6 cM, and 8.4 cM respectively .. Tan 

et aI., (2004) reported a dominant BLB resistance geneXa29t from the wild species 0. 

ojJicinalis and mapped it on Chr. I in the marker interval of two RFLP markers C904 

(13.6MB) and R596 (15.4MB). Hence the gene identified in the present study spanned 

by the flanking markers RMI0975 (16.952MB) and RMCG6 (16.968) was considered 

as novel and has been designated asXa35t. 

Even though the two closest flanking markers RMI0975 (0.82cM) and RMCG6 

(1.8cM) showed a few recombinants, they both are as such individually close enough 

for effective use in marker-assisted selection. Further, the fact that the two SSR 

markers flank the novel BLB resistance helps in accurate prediction ofthe presence of 

the gene with less than I % error. If the selection accuracy (calculated based on 

recombination frequencies observed in F2 population) while using RM10975 and 

RMCG6 individually to predict BLB is 99.2% and 98.2%, respectively, then based on 
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the product rule of probability, the combined use of the markers RMl0975 and 
,-

RMCG6 enhances the selection efficiency to 99.03%. Biradar et aI. , (2004), In their 

efforts to tag and map a major, dominant rice gall midge resistance gene, Gm I have 

highlighted the utility of flanking markers in ma~ker-assisted selectIOn (MAS) of 

Gml . 

The uhhty of the SSR markers linked to the novel BLB resistance gene was vahdated 

in an alternative F2 mapping population derived from the cross IR-65483-141-2-4-4-

2-5-B ISamba Mahsuri . It was observed that the map location and linkage distances of 

the SSR markers were identical to those observed in the F2 mapping population 

derived from the cross IR-65483-l4l-2-4-4-2-5-B ITNl , thus validating the linkage 

and utility of the flanking SSR markers. Marker validation studies help in testing the 

efficacy of flanking markers in predicting the presence of gene of interest in a 

,,-/ / 
different genetic background. Biradar et ai., (2004), 'fathour et ai., (2008) and Sheeba 

et ai., (2005) validated the presence of Gm} (a rice gall midge resistance gene), Pi-z, 

(a blast resistance gene) and Rf, (a fertility restorer gene), respectively in alternate 

populations using SSR markers. Such validations are necessary for successful 

utilization of linked markers in marker-assisted breeding programs. 

The present study relied on utilization of rice SSR markers for tagging and mapping 

of the new BLB resistance gene from the Oryza brachyantha introgression line (IR-

65483-141-2-4-4-2-5-B). SSR markers have been widely used in tagging and mapping 

of the disease resistance genes in rice. A dominant gall midge resistance gene was 
,,-

tagged and mapped on ehr. 9 by using SSR markers (Biradar et at., 2004). In addition 

to being helpful in tagging and coarse mapping, SSR markers are highly useful in fine 
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mapping also as demonstrated in the present study~air et al., (2003) used SSR 

markers for fine mapping of the bacterial blight resistance gene xa5 whIle 'Chu el al., 

(2006a) used these markers for fine mappmg xaJ 3 and recently 6eema el al , (2008) 

used these for fine mapping Xa30(t}. In rice, ' so far more than 20,000 SSR markers 

L 
have been identified and been mapped, both genetIcally and phYSically (lRGSP, 

2005), giving an average saturation of one marker per 19.2 kb or one marker per - 0.1 

cM. This coverage should be sufficient for fine mapping and map based cloning of 

agronomically important genes in nce. In fact, the genes xa5 ~ and Mc Couch., 

2004) and xa13 6u et al., 2006b) were cloned based on information derived from 

fine mapping analysis using SSR markers. 

As on date, a total of 31 BLB resistance genes have been identified and most of these 

have been mapped on the rice genome using molecular markers cLha et al., 2009). In 

the present study, the new gene identified from 0. brachyantha introgression line IR-

65483-141-2-4-4-2-5-B has been mapped on Chr. 1 in the genomic region flanked by 

the two SSR markers, RM10975 (16.952Mb) and RMCG6 (16.968Mb). 

In order to utilize the novel BLB resistance gene Xa35t effectively through marker-

assisted breeding, it is imperative to study the amplification pattern of the flanking 

markers RMI0975 and RMCG6 in a set of high priority bacterial leaf blight 

susceptible recipient lines into which the novel gene can be introgressed. With this 

objective, the amplfication pattern of the flanking markers RMI0975 and RMCG6 

was tested in a set of eight high priority, BLB susceptible rice varieties in order to 

assess the polymorphism of the two markers. Both RMI0975 and RMCG6 displayed 

unique polymorphism between resistant donors and susceptible rice varieties and 
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hence can be considered highly useful either singly or in combination for marker-

assisted introgression of Xa35t into high priority BLB susceptible rice cultivars. 

In addition to tagging and fine mapping'of Xa35t, in the present study, an attempt was 

made to analyze the genomic region flanked by the closest SSR markers RMI0975 

and RMCG6 for putatively expressed candidate genes through an in-silica approach. 

Such an in-silico approach was earlier used by~rma et al., (2005) for IdentIfication 

of the candidate gene involved in PI-k' mediated resistance to blast. The genomic 

region of Japonica rice genome flanked by the closely linked SSR markers RMI0975 

and RMCG6 (spanning 16kb region) was downloaded and analyzed for putative 

candidate genes. A total offour genes were identified in the region analyzed of which 

two genes belonged to a No apical meristem super family, one was a hypothetical 

protein and one gene PTZoo265, a multidrug resistance gene. The No apical 

meristem gene can be assumed to be most probable candidate responsible for 

resistance in IR-65483-141-2-4-4-2-5-B based on its physical position and the 

segregation pattern of the closely linked markers RM10975 and RMCG6. The No 

apical meristem gene belongs to the NAC domain super family, the members of 

which are known to code for transcription factors ~ et al., 2000; Ce et al., 1999; 

/ouval et al., 2002). NAC proteins are involved in transcriptional control of a variety 

of plant developmental processes, including formation of the shoot apical meristem, 

floral organs and lateral shoots ~uer et al., 1996;'Aida et al., 1997; Xieet at., 2000) 

as well as in plant hormonal control and in defense responses against stress and viral 

~ ~ ~ / 
infections (Xie et al., 1999; Ren et al., 2000; Collinge and Boller, 2001; Nakashima et 

al., 2007). Several NAC domains containing proteins have been reported to have plant 

resistance function in species like Chillies, Potato, Turnip and Rice ~n et at., 2000; 
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~linge and Boller, 2001; ~t al., 2005; Cn et al., 2007b). A NAC domain 

containing protein has been identified as the putative candidate for BLB resistance 

mediated by BLB resistance gene Xa7 6"en et aI., 2008) and for another gene 

, ./ 
reported to be allelic to Xa7 in a Japomca restorer line Zhenhm 084 (Zhang et al., 

2009). 

Till date five BLB resistance genes have been Identified from five wild rice species 

of rice namely Xa2 J Identified from an accession of 0. longistammata (!(hush et al., 

1990), Xa23 from o.rujipogon ~ang et al. , 1998), Xa27 from 0. minuta (~et al., 

2004), Xa29 from o.Officinalis~n et al., 2004) and recently another gene, Xa30t, 

identified from the wild rice 0. nivara (6';eema et al., 2008). Similar to these efforts, 

through the present study, a novel BLB resistance gene, Xa35t has been identtfied 

from an introgression line of 0. brachyantha (IR-65483-141-2-4-4-2-5-B), tagged and 

fine mapped on Chr. 1 using SSR markers. A set of putatively expressed genes, which 

could be candidate(s) for Xa35t and a set ofvery closely linked flanking SSR markers 

have been identified paving the way for marker-assisted introgression of the gene into 

elite rice varieties. 

Identification and mapping of novel BLB resistance gene(s) from Ajaya : 

In addition to the introgression line of O. brachyantha (lR-65483-141-2-4-4-2-5-B), 

in which a novel BLB resistance gene was identified through the present study, the 

popular BLB resistant check variety, Ajaya, which was released for cultivation by the 

Directorate of Rice Research was also observed to be resistant to most of the BLB 

isolates tested in the present study. The cultivar Ajaya is a medium duration (130-135 

days) variety released for cultivation under irrigated ecosystems. Since its release in 
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1992, by the central varietal release committee it has performed well in the 

coordinated trials conducted by AICRIP and has been used as a national and an 

international check for screening the gennplasm. Hence an effort was made to study 

the inheritance of BLB resistance 10 Ajaya and to IdentIfy, tag and map the resIstance 

gene(s) present in Ajaya. 

In order to study the inheritance of BLB resIstance 10 AJaya It was crossed wIth two 

BLB susceptible cultivars TN! and Samba Mahsuri (BPT5204). The Fls of both the 

crosses were observed to be intermediate to both the parents with respect to average 

lesion length indicating the involvement of incompletely dominant gene(s) in 

governing resistance. In the F2 generation of the cross TN I I Ajaya consisting of 400 F2 

plants screened for BLB resistance, 25 were resistant (avg. lesion length < 4 cm), 105 

were moderately resistant (avg. lesion length 4-8 cm), 132 were moderately 

susceptible (avg. lesion length 8-12 cm), 110 were susceptible (avg. lesion length 12-

16 cm) and 28 were highly susceptible (avg.lesion length >16 cm). This fitted well in 

a segregation ratio of I :4:6:4: I (i= 4.15, P=0.68) with respect to resistance , 

moderate resistance, moderate susceptibility, susceptibility and high susceptibility 

indicating the possible action of two incompletely dominant resistance genes with 

equal effects interacting additively (Figure 25). This can be considered as a case of 

quantitative inheritance of resistance governed by two loci. The classical example 

explaining such an interaction was grain color in Wheat by Nilsson-Ehle. On crossing 

two wheat genotypes possessing dark red and white grain colour, the F I showed light 

red grain colour and the F2 segregated in the ratio of Idark red:4medium red:6light 

red:4pale red :Iwhite ~lsson-Ehle 1909). Such interactions were also reported in 

case of inheritance of tolerance to high concentration of soil Boron in pea (Biiiheri et 
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/' 
ai., 1996), inheritance of palmitic acid content in soya bean (Erickson et al. , 1988) 

and inheritance of ray floret length in Senecio cambrensis (Ct'h Ingram and Noltle, 

1984). 

Two earlier studies on inheritance of BLB resistance in A] aya reported the action of 

,/ 
two independently segregating dominant genes (Sami et al., 1996) and a smgle 

recessive gene1'Kameswara Rao et al. , 2003). However m our study the additive 

interaction between two incompletely dominant resistance genes was observed to 

condition resistance in Ajaya which was also validated in an alternate population. 

Additive /dosage effects has been reported between the BLB resistance genes Xal and 

~ ---Xa3 in Java14 (Kaku, 1997) and between Xal and Xa4 in the cultivar IR20 (Kaku, 

1999). The increased level of resistance conferred by more than one gene governing 

resistance to a single pathogen race has been described as quantitative 

complementation (~ez et aI., 2000). The increased level of resistance of 

pyramided lines expressed as reduced lesion length has been reported in several gene­

pyramiding studies on BLB resistanctf"(Y oshimura et ai. , 1995b;~ang et al., 1997; 

~ /' ,.-- --
4'anchez et al., 2000; Singh et aI., 2001; Joseph et al., 2004; Sundaram et al., 2008; 

./ 
2009). This increased resistance has been hypothesized to be due to synergistic action 

and/or complementation between the resistant genes used in the pyramid lines. 

According to the pedigree of Ajaya (Figure 25), BLB resistance is thought to be 

contributed by one its parental line BJ 1, a landrace reported to possess two resistance 

genes xa5 and xa13 ro;awa and Yamamoto, 1986). Since genetic analysis in the F2 

mapping population revealed the action of two genes in conferring resistance in 
.---

Ajaya, its allelic status was tested with respect to the xa5 linked marker RG556 (Blair 
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/' C/ 
and Mc Couch, 1997) and a functional marker for xaJ3, xa13-prom, <.5:hu et al., 

2006b) along with two susceptible varieties TNI and BPT5204. PCR Analysis with 

RG556 showed resistant allele specific amplificatIOn 111 AJaya similar to IRBB5 while 

TNI and BPTS'204 amplified the susceptible allele indicating that xa5 could be one of 

the genes conferring resistance 111 AJaya. 6a"vlerwala et al., (200 I) predicted the 

possible presence of xa5 111 Ajaya and several other nce varieties based on PCR 

analysIs with RG556. Analysis with xa13-prom pnmer showed amplificalion of 

susceptibility specific allele 111 Ajaya similar to TN 1 and BPT5204 indicating that the 

second resistance gene in Ajaya is not xa13. Based on these observations, it can be 

assumed that while Ajaya may possess xa5 gene 1I1herited from B11, it certainly does 

not possess xa13, since the functional marker for the gene, xa13-prom did not reveal 

amplification of the resistance linked allele in Ajaya. 

In order to confirm the presence of xa5 in Ajaya, allelism test was carried out with 

IR24 NIL carrying recessive resistance genes xa5. The F2 population derived from the 

cross Ajaya/IRBBS was uniformly resistant and did not segregate for susceptibility 

indicating that xa5 is one of the genes conferring resistance in Ajaya. In case of the 

gene xa5. the functional polymorphism specific for resistance was due to a 2-bp pair 

substitution, i.e. TC (susceptible genotypes) to AG (resistant genotypes) in the exon-2 

of the candidate gene for xa5, Transcription factor lIAy, leading to a change in a 

single amino acid i.e. Valine (susceptible) to Glutamic acid (resistant) as reported by 

~ and Mc Couch et al., (2004). Sequence analysis of the 260 bp fragment amplified 

in this functional polymorphic region of the second exon of xa5 in Ajaya showed AG 

substitution while the susceptible genotypes TNI and BPTS204 showed TC 
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substitution. Thus from the results of the present study, it is conclusively clear that 

one ofBLB resistance genes in A]aya is xa5. 

, / 
In an earlier study Kameswara Rao et al., (2003) reported presence of a gene, whIch IS 

non-allelic to xa5 to be responsible for resistance in Ajaya and mapped It on the long 

arm of Chr. 5 between the markers RM39 (14.5cM from the gene) and RM31 

/' 
(l7.7cM from the gene), whIle xa5 was mapped on the short arm of Chr. 5 (Blair and 

McCouch, 1997). However In the present study, through all the three approaches 

followed, i.e. marker analysis with RG556, allelism tests with IRBB5 and sequence 

analysis of the functional polymorphic region of xa5 proved that xa5 is indeed one of 

the candidate genes in Ajaya. The better level of resistance shown by Ajaya 

(displaying avg.lesion length of3.87 cm) when compared to IRBB5 (a NIL harboring 

xa5, which displayed avg. lesion length of 7.08 cm) is because of the additIve effect 

of the second resistance gene as evident from the F2 genetic analysis. The recessive 

nature of resistance conferred by xa5 was reported by ~y and Khush, (1972), 

&;"ufowote et al., (1977) and 13lair et al., (2003). However in the present study, xa5 

,,-­
exhibited incomplete dominance confirming the results as obtained by Li et al., 

(2001), who also observed incomplete dominance of xa5. 

Since one of the resistance genes in Ajaya was identified to be xa5, and the interaction 

between the two resistance genes was observed to be additive, the genotype of each 

of the 400 F2 individuals with respect to the second resistance locus was predicted 

based on both the F3 segregation data and marker genotype at xa510cus as under 

• The 25 resistant plants in the F2 population of the cross TNIIAjaya were 

assumed to have the genotype rlrlr2r2 (as they were uniformly resistant and 
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showed no segregation in the F3) and were predicted to be homozygous (r2r2) 

at the second resistance locus as they showed homozygous resistant (rl rJ) 

amplification at xa5 locus 

• The 50 moderately resistant plants whose genotype was assumed to be 

rlrlR2r2/Rlrlr2r2 (as their F3 segregated in the ratIO of lR:2MR:lS) were 

supposed to be heterozygous at the second locus (R2r2), as they were 

homozygous resistant (rlr!) with respect to xa5 locus 

• The second set of 55 moderately resistant plants whose genotype was assumed 

to be Rlrlr2r2 were supposed to be homozygous resistant (r2r2) at the second 

locus as they were heterozygous with respect to xa5 (R 1 rl) 

• The 20 moderately susceptible plants whose F3 progeny lines were uniformly 

moderately susceptible with out any segregation in the F3 were assumed to be 

homozygous at both the loci and supposed to have the genotype rl rl R2R2. 

Their genotype at the second resistance locus was predicted to be homozygous 

susceptible(R2R2) as they showed homozygous resistant (rlrl)amplification 

with respect to xa5 

• The 24 moderately susceptible plants whose F3 progeny lines were uniformly 

moderately susceptible with out any segregation in the F3 were assumed to 

have the genotype RIRlr2r2 and their corresponding second resistance locus 

was predicted to be homozygous resistant (r2r2) as they were homozygous 

susceptible (R 1 R I) at xa5 locus 

• The 88 moderately susceptible plants whose F3 progeny lines segregated 

inlR:4MR:6MS:4S:1HS ratio were assumed to be heterozygous at both the 

genic loci and supposed to have the genotype RlrlR2r2. Their second 
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resistance locus was predicted to be heterozygous (R2r2) as they showed 

heterozygous susceptible amplification (Rl r1) with respect to xa5 

• The 50 Susceptible plants whose F3 progeny lines segregated in 1 HS:2S: I MS 

ratio were assumed have the genotype RlrlR2R2/RIRIR2r2 and were 

predicted to be heterozygous (R2r2) as they were homozygous susceptible 

(RI R I) at xa510cus 

• The second set of 60 susceptible plants were assumed have the genotype 

RlrlR2R2/RlRIR2r2 and were predicted to be homozygous susceptible 

(R2R2) at the second resistance locus as they were heterozygous susceptible 

(Rlr1) atxa510cus 

• All the 28 highly susceptible plants whose progeny was uniformly susceptible 

and showed no segregation in the F3 were assumed to be homozygous at both 

the resistance loci and their genotype was supposed to be R I R I R2R2. Their 

genotype with respect to the second resistance locus was predicted to be 

homozygous susceptible ·(R2R2) as they were homozygous susceptible (R I R 1) 

with respect to xa5 

The genotype of each of the individual F2 plants of the population of the cross 

TNlIAjaya with respect to the second resistance locus as predicted from the F3 

segregation and marker data at xa5 locus (RG556) was used for mapping the second 

resistance in Ajaya 

In order to study the precise location of the second resistance gene in Ajaya, a 

parental polymorphism survey was carried out with a set of 282 SSR markers 

covering the 12 chromosomes of rice. Out of 282 primers tested, only 77 were 

observed to be polymorphic. The marker RM23476 located at 26.26 Mb on ehr. 8 

showed bulk specific amplification and when checked in the whole mapping 
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population, was observed to be at a linkage distance of 15.1 cM In order to idenllfy 

the map location of the second resistance gene in Ajaya on Chr. 8, 30 SSR markers In 

the vicinity of RM23476 were tested for parental polymorphIsm, of WhICh, 10 were 

polymorphic. When these polymorphIc SSRs were then tested for theIr marker-traIt 

segre.gation pattern in the F2 mappmg population, two markers VIZ., RM23478 and 

RM23535 were observed to be the closest and flanking the novel gene at a genetic 

distance of 14.8 and \5 .1 cM respecllvely. These two markers helped to narrow down 

the gene to a physical regIOn of 800 Kb on Chr. 8, thus serving as a startmg pomt for 

fine-mapping analysis. Fine-mapping analysis was carried out ~ith a set of nine 

hyper-variable SSR markers and six newly designed SSR markers (RMAFM 1 to 

RMAFM6) located in the genomic region spanned by RM23478 and RM23535. The 

gene was mapped in the marker interval ofRM447 and RMAFMI with both of them 

flanking it. This gene, which has been mapped approximately at a distance of 100 Kb 

from another gene on Chr.8 i.e. xa13 can be considered as novel, since no other BLB 

resistance gene has been reported in this region and hence it was designated as 

xa36(t}. The markers RM23489, RM23496, RMAFM2 and RMAFMl were observed 

to be located on one side of the gene at a genetic distance of 13.6 cM, 12.2 cM, 4.3 

cM and 1.9 cM respectively, while RM447 , RMAFM4, RMAFM5 and RMAFM6 

were located on the other side of the gene at a genetic distance of 0.87 cM, 3.1 cM, 

6.2 cM and 10.lcM respectively. The closest flanking markers RM447 and RMAFMl 

span a physical distance of 13 kb which could serve as the starting point for in-silica 

identification of putative candidates for xa36t and possibly, map based cloning of the 

gene. 
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There were only four recombinants out of 400 F2 plants analyzed with respect to the 

marker RM447 while five recombinants were observed with respect to the marker 

RMAFM I. Even though the two markers showed a few recombmants, their flankll1g 

nature helps them for effective use in marker-assisted selection. The selectIOn 

efficiency of the marker RM447 was observed to be 99.2% as it is at a genetic 

distance of 0.8 cM from the gene while that for RMAFMI , It was 98.2% as It is 

1.8cM from the gene. The combined use of the flankmg markers RM447 and 

RMAFM I enhances the selectIOn efficiency to 99.03%, based on the product rule of 

,/ 
probability (Biradar et aI., 2004). In fact, in the present study, a total of 102 F2 plants 

possessed Ajaya specific allele for both RM447 and RMAFMI in homozygous 

condition and all these plants were observed to be homozygous resistant, indicatmg 

the utility of flanking markers in screening for resistance trait. Since RM447 was 

monomorphic between Ajaya and BPT5204 the other closely linked markers 

RMAFM2, RMAFM1, RMAFM4 and RMAFM5 were validated in the alternative F2 

mapping population derived from the cross Samba Mahsuri/Ajaya. It was observed 

that the map location and linkage distances of the SSR markers were identical to those 

observed in the F2 mapping population derived from the cross TNIIAjaya , thus 

validating the linkage and utility of the flanking SSR markers. 

In the present study, the new gene identified from Ajaya and fine mapped on ehr. 8 at 

a distance of -100 kb from xaJ3 has been tentatively named as xa36t. The utihty of 

the flanking markers identified, for marker assisted introgression of the xa 36t gene 

was evaluated by studying their amplification pattern in a set of high priority bacterial 

leaf blight susceptible recipient lines into which the novel gene can be introgressed. 

The flanking marker combination ofRM447-RMAFMl can be used for introgression 
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of the gene from Ajaya in to susceptible cultivars TNl, MTUIOOl, Krishnahamsa and 

Basmati370 as these markers were polymorphIc between the Ajaya and the recipIent 

parents. Smce the marker RM447 was monomorphic between Ajaya and BPT5204, 

Swarna, MTUIOlO, Tellahamsa and IR64, the flankmg marker combmatlOn of 

RMAFM I and RMAFM4 is suggested for marker-assisted introgression of thIs gene 

to the above mentioned susceptIble rice cultlvars. Since both the markers RM447 and 

RMAFMI were monomorphIc between Apya and MTUIOIO, the marker RMAFM4 

can be used singly or in combinatIOn with the other relatIvely closer polymorphIC 

markers for introgression of xa36t. 

The genomic region flanked by the closest SSR markers RM447 amd RMAFMlwas 

analysed for putative candidate genes through an in-silico approach. The genomic 

region of Japonica rice genome flanked by the the markers RM447 amd RMAFMl 

(- 13Kb) was downloaded and analyzed for putative candidate genes. A total of three 

genes were identified in the region analyzed. Gene density within this region is about 

one gene every 4.3 kb, against the published predictions of one gene every 9.9 kb 

/' 
(International Rice Genome Sequencing Project 2005). One of the genes identified in 

this genomic region belonged to Nodulin super family. The candidate gene for xa13 

has been identified to be a nodulin gene, which are usually expressed in the root 
C / 

nodules of plants belonging to leguminosae family ~hu et ai., 2006b). Nodulin related 

genes are found in several species like nematodes, insects, and animals, although the 
/ 

biochemical functions of their proteins are unknown. Yang et ai., (2006) reported 

about 17 nodulin related genes distributed all over the rice genome. It is hypothesized 

that the nodulin gene identified in the present study, which is mapped at a distance of 

about IOOkb away from xa13 could be one of the candidates for xa36t. The second 
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gene which was observed to be the most probable candidate for xa36t based on the 

segregation of the closely linked flanking markers was SUA 7, a gene from 

Sacharomyces cerevisiae (yeast), which codes for the general transcription factor 

TFIIB which is mvolved in the transcnptlon of genes in interaction with the enzyme 

RNA Polymerase II. A related factor of TFIIB called the BRF I acts as a subul1lt and 

of the yeast transcription factor TFIIIB and plays a role m RNA Polymerase III 

initiation analogous to the role played by TFIIB for RNA polymerase II in Its 

interaction with TAT A Box Bmding protein ~ert and Hahn, 1992). The other 

gene identified in the genomic region of interest was a plant peroxidase gene. 

Peroxidases are involved in lignin biosynthesis whose accumulation was observed in 

.."..-
the resistance mediated by BLB resistance genes xa5, Xa7, and XalO (Reimers and 

Leach, 1991). Although the role for peroxidases in defense responses has not been 

clearly demonstrated, increases in peroxidase activity have been correlated with 

infection in many plant species. Peroxidases are involved in production of active 

oxygen species, which may play various roles in reduction of pathogen viability and 

spread ~hdy et al., 1996; ~aken et al., 1995). In rice, induction of specific 

peroxidases has been correlated with resistance to BLB (~oor et al., 1997;lliiaire 

et at., 2001). Cloning and sequencing of the above said putative candidate genes for 

xa36t may help in precisely identifying and characterizing the candidate gene 

associated with resistance controlled by xa36t. 

In general, the 'R' proteins are predicted to act as receptors to bind specifically to a 

pathogen produced ligand, which is produced directly or indirectly by the avr gene 

present in the pathogen. This direct interaction of the 'R' protein and Avr ligand results 

in activation of the plant defense response, which ultimately results in the expression 
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of resistance. Therefore, the function of the 'R' gene depends on the presence of a 

recognizable Avr ligand in the pathogen. The Avr ligands, whIch may be interact1l1g 

with Xa35t and Xa36t, need to be identified through intenSIve host-pathogen 

interaction studies 

Out of the five dominant BLB resIstance genes IdentIfied from five wild nce specIes 

i.e. Xa21 from o.longistammata, Xa 23 from 0 nifipogon, Xa27t from 0 mmuta, Xa 

29t from o.ofJicinalis and Xa30t from o.nivara, Xa21 is the most effecttve and the 

most deployed resistance gene in rice genotypes. The gene has been introgressed into 

many elite rice varieties like PR \06 (4 et al., 2001), Pusa Basmati 1 (ks:ph et ai, 

2004), Samba Mahsuri (~aram et al., 2008), Swama and IR64 and many hybrid 

rice parental lines like Minghui 63 (&n et al., 2000), Zhenshan 97A(Zhang et al. , 

2002). Recently, Xa30t identified from an O. nivara accession ~ema et ai., 2008) 

was introgressed into the variety PRl14. The novel resistance gene, Xa35t identified 

from an introgression line of O. brachyantha in the present study could complement 

the resistance mediated by Xa21 in hybrid rice. The genes Xa35t and xa36t can be 

deployed either singly or in combination with other major BLB resistance genes xa5, 

xaJ3 and Xa21 to obtain broad spectrum resistance against BLB. The tightly linked 

flanking markers developed in the present study can be used to track the introgression 

of these genes in to elite backgrounds. The, putatively expressed genes, which could 

be candidates for Xa35t and xa36t, could help in Map based cloning and functional 

dissection of the novel genes identified. 
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VI - Summary and Conclusions 

Bactenal leaf bhght of rice caused by Xanthomonas oryzae pv oryzae is one of the most 

destructive diseases of rice in majonty of the rice growmg countnes especially m ASia. 

Smce chemical control of the disease is not economical, cultivation of rice vaneties 

possessing one or more bacterial bhght resistance genes has been recommended. So far 

31 Bacterial leaf blight resistance genes have been identified. Extensive cultivation of 

varieties containing single resistance genes has resulted in frequent breakdown of 

resistance due to emergence of virulent strains of the disease across many locations in 

India. Therefore there is a need for continuous search for the new/novel sources of 

resistance and their introgression along with major BLB resistance genes m to elite 

varieties to achieve durable resistance. The present study was thus carned out with the 

objective of identification and mapping of novel bacterial leaf blight (BLB) resistance 

gene(s) in rice. 

The results obtained from the present study are summarized as follows: 

~ 72 wild rice introgression lines carrying introgressions from the wild species 0. 

nivara, O. rujipogon, 0. iongistaminata, O. giaberrima, O. ojJicinalis and 0. 

brachyantha obtained from International Rice Research Institute and the 

international BLB resistant check variety Ajaya were screened for bacterial leaf 

blight resistance with seven hyper virulent isolates collected from different parts 

of India. One O. brachyantha introgression line namely IR-65483-141-2-4-4-2-5-

B, and the elite variety Ajaya were found to be resistant consistently with all the 
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isolates tested when compared with susceptible checks, i.e., TN I, Samba Mahsuri 

(BPT5204), Swama and MTUIOIO. 

,. Genetic analysis in the F2 population of both the crosses TN! / IR-6S483-141-2-4-

4-2-5-B and BPT/ IR-65483-141-2-4-4-2-5-B revealed the action of a single 

dominant gene In governing resistance in IR-65483-141-2-4-4-2-5-B 

,. In order to assess whether the resistance gene in IR-65483-141-2-4-4-2-5-B was 

allelIc to any of the known dominant BLB resistance genes, it was crossed with 

near isogenic lines of IR24 possessing known single dominant BLB resistance 

genes, viz .• IRBBI, IRBB4, IRBB7, IRBB21 and IRBB26. The Fls derived from 

these crosses segregated for BLB resistance in a typical ratio of 15: 1 (resistant: 

susceptible) indicating that the resistance gene in IR-65483-141-2-4-4-2-5-B was 

different fromXal. Xa4. Xa7. Xa2l andXa26 and could be novel. 

~ In order to tag and map the dominant BLB resistance gene in IR-65483-141-2-4-

4-2-5-B bulked-segregant analysis was carried out at F2 generation using 106 

parental polymorphic SSR markers spread across the 12 rice chromosomes. 

~ The SSR marker RM595 located on chromosome I, showed bulk specific 

amplification. This marker when tested with the individuals constituting the bulks 

and the remaining individuals of the F2 mapping population for cosegregation, 

showed a linkage distance of 1O.2cM from the gene. 

~ Since no other previous study has reported presence of any dominant BLB 

resistance gene on ehr. 1 and since the BLB resistance gene identified in IR-

65483-141-2-4-4-2-5-B was non-allelic to the known dominant BLB resistance 

genes. it was assumed that the gene is novel and was tentatively named as Xa35t. 
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~ Linkage analysis with, a set of 37 SSR markers in the vicinity of RM595 mapped 

Xa35t in the marker interval of RMI0975 (0.82cM) and RMCG6(1.8cM). The 

markers RMI0920, RMI0963, RMCG5 RM10974 and RMI0975 were observed 

to be located on one side of the gene at a genetic distance of 9.4 cM, 7.5 cM, 6 

cM 1.85 cM and 0.82cM respectively while RMCG6, RMCG7 and RMCG8 were 

located on the other side of the gene at a genetic distance of 1.8 cM, 5.6 cM, and 

8.4 cM respectively 

~ In order to validate the linkage distances of the identified markers, they were 

analyzed for their segregation pattern in a progeny tested alternate mapping 

population consisting of 250 F2 individuals derived from the cross BPT5204/ IR-

65483-141-2-4-4-2-5-B. The linkage distances of the closely linked markers were 

observed to be identical to those observed in the mapping population derived from 

the cross TN 11 IR-65483-141-2-4-4-2-5-B thus validating these markers. 

~ The amplification pattern of the closest markers RM10975 and RMCG6 was 

analyzed in a set of high priority BLB susceptible rice varieties along with IR-

65483-141-2-4-4-2-5-B. Both RMI0975 and RMCG6 displayed polymorphism 

between BLB resistant and susceptible genotypes indicating the possibility of 

using these markers either individually or together in marker-assisted transfer of 

Xa35t into elite rice varieties. 

~ The physical interval flanked by the closest markers RM10975and RMCG6 was 

analyzed in silico for putatively expressed candidate genes. A set of four genes 

were identified in this interval of which a gene encoding a No apical meristem 

protein appears to be the best candidate for Xa35t. 
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~ A study on the inheritance of resistance in Ajaya using the F2 populations of the 

crosses TNIIAjaya and BPT/Ajaya revealed an additive interaction between two 

incompletely dominant genes with equal effects 

~ According to the pedigree of Ajaya its resistance was conferred by 2 genes, xa5 

and xaJ3 contributed by one its parental hne B1 I. The allelic status of AJaya was 

therefore tested with respect to linked markers to xa5 (RG556) and xa 13 genes 

(xa J 3 prom). peR analysis with RG556 showed resistant specific amplificatIOn 

in Ajaya as in IRBB5 while analysis with xal3 promoter primer showed 

susceptible specific amplification as in TN I and BPT5204. This indicated that one 

of the two resistance genes in Ajaya could be allelic to xa5 and the other non 

allelic to xaJ 3. 

~ In order to further assess whether Ajaya possessed xa5, allelism test was 

conducted with a near isogenic line of IR24 possessing the BLB resistance gene 

xa5 (IRBB5). The F2 progeny of the cross Ajaya IIRBB5 was uniformly resistant 

with out any segregation indicating that one of the resistance genes in Ajaya is xa 

5. Sequence analysis of the functional polymorphic region in the second exon of 

xa5 in Ajaya further proved the presence of xa5. 

~ The 400 F2 individuals of the population of the cross TNI/Ajaya were genotyped 

with respect to RG556 and this data was used along with the F3 segregation data 

to predict the genotype at the second resistance locus. 

~ Bulked-segregant analysis carried out using 77 parental polymorphic SSR 

markers spread across the 12 rice chromosomes revealed the linkage of the second 
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resistance gene in Ajaya with an SSR marker RM23476 located on Chromosome, 

8 (26. 26Mb) which showed a genetic distance of l5 .lcM. 

}r Linkage analysis with, a set of 45 SSR markers in the vicimty of RM23476 

mapped the gene in the marker interval of RMAFMI and RM447. The markers 

RM23489, RM23496, RMAFM2 and RMAFMI were observed to be located on 

one side of the gene at a genetic distance of 13 .6 eM, 12.2 eM, 4.3 eM and 1.9 eM 

respectively, while RM447, RMAFM4, RMAFM5 and RMAFM6 were located 

on the other side of the gene at a genetic distance of 0.87 eM, 3.1 cM, 6.2 cM and 

10.1 cM respectively 

» Since RM447 was monomorphic between the parents Ajaya and BPT5204. The 

other closer and flanking markers RMAFMI, RMAFM2, RMAFM4, and 

RMAFM5 were checked for their validity in the alternate population of the cross 

BPT5204/Ajaya. These markers showed similar marker order and identical 

linkage distances with the gene as in the main population of the cross TN 1/ Ajaya 

and the gene could be precisely mapped in between the markers RMAFM 1 and 

RMAFM4. 

» The utility of the flanking markers identified, for marker assisted introgression of 

the xa 36t gene was evaluated by studying their amplification pattern in a set of 

high priority bacterial leaf blight susceptible recipient lines into which the novel 

gene can be introgressed. The flanking marker combination of RM447-RMAFM 1 

can be used for introgression of the gene from Ajaya in to susceptible cultivars 

TNl, MTUlOOl, Krishnahamsa and Basmati370 as these markers were 

polymorphic between Ajaya and the recipient parents. Since the marker RM447 
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was monomorphic between Ajaya and BPT5204, SWaITIa, MTU 1010, Tellahamsa 

and IR64, the flanking marker combination of RMAFM I and RMAFM4 is 

suggested for marker-assisted introgression of this gene to the above mentioned 

susceptible rice cultivars. Since both the markers RM447 and RMAFM I were 

monomorphic between Ajaya and MTUlOlO, the marker RMAFM4 can be used 

singly or in combination with the other relatively closer polymorphic markers for 

introgression of xa36t. 

~ The physical interval flanked by the closest markers RM447 and RMAFMl was 

analyzed in silica for putatively expressed candidate genes. A set of three genes 

were identified in this interval of which a gene from yeast, SUA 7 encoding the 

transcription factor TFIIB appears to be the best candidate for xa36t. 

To conclude, from the present study, two novel BLB resistance genes Xa35t, a dominant 

gene from an introgression line of 0. brachyantha i.e. IR-65483-141-2-4-4-2-5-B, tagged 

and fme mapped on Chr.l and xa36t, an incompletely dominant gene from Ajaya, tagged 

and fine mapped on Chr.8 using SSR markers were identified. Further, putative candidate 

genes which could be possibly associated with Xa35t and xa36t mediated resistance have 

also been identified. 
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