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A broadband light interference pattern provides phase information corresponding to a range of wavelengths simultaneously.
In the recent times a variety of applications such as 3D surface profiling, film thickness measurement, dispersion
measurement, optical coherence tomography, long length metrology have been developed by extracting the phase
information from the interferogram. Some of these procedures have been reviewed here. © Anita Publications. All
rights reserved.
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1 Introduction

A broadband light produces a spectacular coloured interference pattern. Interference in the films
produced by the sunlight has always been fascinating. The credit for an early application of white light
fringes goes to A Michelson. In the recent times several applications of broadband light interference have
been investigated [1-23]. One may look at the interferogram due to a broadband source as an incoherent
superposition of large number of monochromatic interferograms. This superposition results in a unique
intensity distribution in the interferogram with a maximum at zero path difference such that the identification
of equality of path difference in the two arms of an interferometer becomes a simple matter. This equality of
path difference is extensively used for profiling applications by locating this maximum. In fact Michelson
used this principle in 1881 in one of the pioneering experiment using interference of light for the calibration
of a standard meter. In yet another approach to get useful information from a white light interferogram is
to decompose in its individual constituents, which may be accessed at the output of a spectrograph, if the
interferogram is imaged at the entrance slit of the spectrograph [14-24]. The broadband source interference
signal may also be Fourier transformed to get the individual monochromatic components [11]. An important
advantage of a broadband light source is that it can overcome the ambiguity problem associated with
monochromatic interferometry. In a broadband light source such, as a filament lamp (white light) or Super
Luminescent Diode (SLD), a range of wavelengths are simultaneously present. Alternatively, the broad band
effect can also be achieved by the use of lasers at multiple wavelengths, tunable diode laser (swept source),
or color CCD camera or a 3 chip color CCD camera used with white light.

Extraction of useful information from an interferogram requires careful fringe analysis, techniques
that are fast and can be automated. This is important from the point of view of eliminating errors. The
development of fringe analysis techniques has played an important role in improving the resolution and
accuracy. Procedures such, as temporal and spatial phase shifting technique, heterodyne interferometry,
Fourier and Hilbert transform techniques have been employed. Phase shifting has been the most used
approach. Temporal phase shifting most frequently makes use of a PZT to introduce phase shift. Polarization
phase shifting is another useful method of producing phase shift between the interferograms. This allows
acquisition of multiple phase shifted frame in single shot and hence allows measurements even in dynamic
environments. Polarization phase shifting technique has recently been found very useful in this respect [ 13].
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The other possibility is the use of color CCD with its three channels. In the following sections, we review
various interference measurement techniques using broadband light.

2 Interference with broadband light

A broadband light source has a small coherence length, the actual value depending on the bandwidth.
For white light source such as a tungsten halogen lamp, it is in the range of a few micrometers. The fringes
localize in the vicinity of the test object when the paths between the test and measurement arms of an
interferometer match closely. The contrast of the fringes is a maximum here. In other words, the fringe
contrast function (coherence envelope) peaks at zero path difference.

2.1 Interference Equation
For a broadband light source the intensity distribution in the interference pattern is given by the
equation [4]

I=1,+1,+ 21, v} (1) (1

where 7, and /, are respectively the intensities of the reference and test beams of the interferometer. y',;(t) is
the real part of y,;(1), the complex degree of coherence of the light source, and 7 is the time delay between
the two optical paths. A broadband light source may be assumed to have a Gaussian power spectral density
function. The value of y;;(7) is given by

(%) = exp[~(ntAv)*Jexp(-i2ny 1) 2
where v is the central frequency and Av is the spectral width. Equation (1) can be rewritten as
=1+ 1+ 2(1, 1) g(z)cos(9(2) + ¢o) A3)

where g(z) = exp[—(ntAv)?] is the coherence envelope or the fringe contrast function and ¢(z) = 2x
v T, and ¢ is the phase shift which accounts for phase changes such as phase shift on reflection. In Eq (3),
2z is the round trip path difference suffered by the interfering beam in a double pass interferometer such as
Michelson, Linnik or Mirau in which the actual difference of the arm lengths from the beam splitters is z. z is
related to T as T = 2 z/c; hence

00 = T 2) )
Equation (3) can be rewritten as
I'=1y(1+ G(z)cos ¢(2)) )

where G(z) = Vg(z), [y=1,+1, and V = 2N(L 1)/ I,V is the visibility or contrast. The simulated intensity
variation
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Fig 1. Simulated intensity variation in fringe systems, (a) Monochromatic light, (b) White light



Interferometry with broadband light: Applications in Metrology 1341

with z calculated using Eq (3) is shown in Fig 1(b) for ¢o= 0. Figure 1(a) on the other hand shows simulated
fringe pattern for monochromatic light for which Av =0 and G(z) = 1. The envelope in Fig 1(b) is the fringe
contrast or the visibility curve and has peak atz= 0. The fringe contrast decreases rapidly as the path difference
is increased from zero. The peak of the fringe contrast function (the correlation peak) represents zero path
difference condition between the object and reference beams. This capability of a white light interferometer
to show the zero path condition without any phase ambiguity, as against a monochromatic interferogram,
where same value of maximum and minimum repeats itself, is of great value in optical metrology with
broadband light. For non-zero value of ¢, the, the maximum of the fringe pattern within the envelop is not at
z=0. Figure 2 shows actual interferograms with white light and laser light recorded over a surface with step.
Figure 2(c) is a white light interferogram taken by a black and white camera. Figure 3 shows typical intensity
scans of actual laser and white light interferograms.

(a)

(b) m m (C)

Fig 2. Interferograms of step objects: (a) white light interferogram; (b) laser light interferogram;
(c) white light interferogram taken with black and white camera.
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Fig 3. Intensity Scans of (a) monochromatic light interferogram, (b) white light interferogram.

2.2 Monochromatic fringe analysis using phase shifting interferometry (PSI)

In the process of analyzing broadband interference, we need to analyze monochromatic fringe
patterns as well in some procedures. Here we discuss how monochromatic interferograms are evaluated
using phase shifting methods. For monochromatic light the Eq (5) can be written as

1(x,y) = Lo(x.y) {1+ V(x.p) cos[o(x,y)+ al} (6)

where G(z) =V as g(z) = 1 for monochromatic illumination and ¢, is assumed zero. In PSI the phase of
one of the arms of the interferometer is shifted in steps o and the new intensity at various points (x,y) in the
interferogram is recorded at each step.
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There are several algorithms available to determine ¢(x,y) and V(x,y) from Eq (6) [24,25]. Since
there are three unknowns in Eq (6), a minimum of three interferograms is required to solve for the wavefront
phase and contrast. With steps being —a, 0 and a, Eq (6) can be solved for the unknown wavefront phase as

_ —1|1—cosa 11_13 7
(x.y) = tan { sina (212—1]—13]} @

There are however several errors compensating algorithms that are less sensitive to reference phase
shift calibration and other errors [8,25,26]. A five step algorithm with phase shift values as —2a, —a, 0, o, 2a
with o,usually being close to 11/2, gives

O (x,y) = tan “{Zsinoc (2112_;[4_1} (8)
s 2 _ 4(12 _14)2 _([1 _15)2
sin’o = 2,1, )

The visibility (contrast function) is given as

_ 4, - L +Q2L- 1 - 1)1
Vo) = I+ 20 + s (19)

3 Scanning white light interferometry (WLI)

Figure 4 shows a microscope-based version of a broadband light interferometer. It is configured
as a spectral interferometer discussed later. For scanning WLI the CCD will be placed at the ES plane (the
entrance slit of the spectrometer). The scanning white light interferometer for surface metrology commonly
makes use of a Mirau interference objective to scan the object [8]. Broadband light from a halogen lamp is
directed to the objective. The objective is mounted on a piezoelectric translator (PZT) to translate the objective
along the optical axis. The interferogram is imaged on to a CCD camera. Each frame is transferred to the
host computer, which performs the acquisition and analysis functions and controls the PZT scan rate.

WHITE LIGHT
SOURCE

CCD CAaMERA

OBJECTIVE

} INTERFERCMETRIC

TEST OBJECT

Fig 4. Scanning white light interferometer.
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The Mirau objective has the disadvantage that it requires long working distance microscope
objectives to accommodate the two plates, which consists of the reference surface and the beam splitter
plate. A Linnik interference microscope can be used to avoid this difficulty [8]. If the PZT is moved in
a continuous manner the output at any pixel will go through the sequence as shown in the Fig 1. Signal
processing can be carried out to determine the peak position as a function of the scan position z. This is
usually possible when measurement along z-axis alone is required as done in optical coherence tomography
(OCT) as discussed later. To get a 3D picture z(x,)) as in surface metrology, the scanning along the z axis is
done in steps. In practice the PZT is moved in steps (usually A /8 where X is the mean wavelength) starting
from some reference position and data is available at discrete frame positions.

3.1 Computation of coherence envelope by phase shifting technique

It has been shown in Sec 2.2 that PSI can be used to determine both the phase and the fringe contrast
(visibility). The fringe contrast is practically constant in monochromatic interferometry and its calculation
is not of much interest. The white light interference pattern is expressed by Eq (3) in which g(z) is the
fringe contrast function which is not constant but varies with z, the scan position. The application of phase
shifting technique to determine the fringe contrast function of a white light interferogram poses problems
if the commonly used phase shifting method of translating the reference mirror with PZT is used. Firstly,
the phase shift is not same for all the wavelengths. Secondly g(z), the quantity to be determined is not same
for all the steps. This will lead to error in the measurement. Nevertheless the phase shifting technique has
been applied to white light interferometry using PZT phase shifter, as well as, the phase shifters based on
polarization components, which can be made achromatic [13].

A successful error compensating 5-step algorithm is by Larkin [10] .Using this algorithm, the fringe
contrast function G(z) is given by

2G(2) sin*a = [(l— 1)* = (I, = ;) (15— 15)] /1 (12)
For a close to 11/2 for the central wavelength, sin’a/2~1 and G(z) can be evaluated by

G(z) = [(12—14)2 — (U —13)([3—[5)]1/2/2[0 (13)

In this equation, /5 represents the intensity of the central frame (a = 0). This algorithm by far gives
the best agreement with the ideal coherence envelope.
4 Frequency Domain WLI

We may think of the scan history of the intensity modulation for an individual pixel in a white light
interferogram as a sum of single wavelength (monochromatic) fringe patterns superposed incoherently one
upon other [5]. The output intensity for a monochromatic constituent of wavelength A can be expressed as

(Eq (3) with g(z) = 1)

Iz, \) =1+ I, + 2( 1, 1)""* cos[d(X) + o] (14)
where
o) = T2 (15)
A

and ¢, may be any additional phase shift for a given z. We may write, ¢ = 1/A then ¢(c) = 4n6z. The variation
in ¢(o) with o is linear and z may be obtained by a slope calculation if ¢(c) can be determined for a series of
o values, 1.e.

_Ad(o)
2= Ao (16)

Each fringe pattern constituting the broadband light interferogram has a unique magnitude, phase and spatial
frequency or wave number k defined here as the rate of change of phase with scan position. Peak fringe
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contrast occurs at a scan position for which the phases of these constituent patterns all agree. Knowledge of
the relative phases of the patterns at any given position in the scan tells as where we are with respect to the
zero position. The information about the magnitude and phase ¢ of each constituent pattern can be extracted
mathematically by means of a Fourier transform of scan history of the white light interference pattern [11].

The normalized Fourier transform of the intensity /(z) is given by
o0
P(k) = [ I(z) exp(—ikz)dz (17)
—0

In practice at any pixel intensity values /; taken at equally spaced OPD positions z; during scanning.
The Fourier transform of the scanned intensity may be represented as

P; =[P, exp (-id;) (18)
The transformed interferogram now represents for each pixel, relative strength [P;| and interferometric
phase ¢; corresponding to the constituent wave of white light having the wave number k;. The phase is given

by
¢ = tan™! {Im(P;)/Re(P))} (19)

As seen earlier the slope of the (¢ — k) line gives the local height z. The modulus of P; represents
the coherence envelope of the white light interferogram. The region where [Py is large has the most useful
information. This region in the FT data can be identified and a series of pairs (¢;,k;) from this region used for
obtaining (¢;—k;) least square linear fit whose slope gives z. For the least square fit the phase data is weighted
by |Pj|2. The modulo 251 ambiguities in the phase data are removed by an unwrapping procedure.

5 Spectral Interferometry

The white light interferogram can be spectrally decomposed (Spectrally Resolved White Light
Interferometry, SRWLI) by a spectrometer, which will produce a series of N monochromatic intensities
modulated by a cosine function as described by Eq (18). The number N is determined by the number of
pixels in the detection unit such as a CCD array. Each pixel along the chromaticity axis (the direction of
dispersion) corresponds to a different 6. The aim is to determine ¢(c) at each pixel and use Eq (20) to
determine z. These values can be extracted at each pixel (¢ value) by Fourier transform technique [17] or by
phase shifting technique [12,17]. In phase shifting technique one may use spatial phase shifting or temporal
phase shifting.

5.1 Temporal phase shifting with PZT phase shifter

For a white light source a phase shift of n/2 with a PZT can be exact at only one wavelength
such as the mean wavelength of the source. In SRWLI, in which interferogram are obtained over a range
of wavelength, the phase shift will vary with the wavelength. Nevertheless a PZT phase shifter performs
remarkably well in SRWLI in spite of its poor achromaticity. It has been seen that the errors introduced in
the calculation of phases as a function of wavelength is oscillatory in nature and get averaged out when ¢vs.
o line is obtained from a least square fit [18]. Further, the magnitudes of the error is quite small with error
compensating algorithms such as Eq (&) and practically zero with Eq (21).

5.2 Experimental Setup

The experimental setup to carry out surface profiling and film thickness measurement is shown in Fig
5. The test surface is observed through a Mirau-type interferometric microscope objective. The light source is
a halogen lamp, which presents a broad continuous spectrum. At the exit plane of the microscope, the white-
light interferogram of the surface is passed through the entrance slit (ES) of a direct-vision spectroscope.
The ES selects a line of the test surface for profiling. The output of the spectroscope is received on a CCD
camera. The camera is aligned such that the ES is parallel to the columns of pixels, so that the rows represent
the chromaticity axis because the dispersion is perpendicular to the slit. To implement the phase shifting
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technique the objective mount is fitted with a PZT. The camera (Pulnix 1010) gives a 10-bit digital output.
The interferograms are transferred to the PC through an image acquisition board (NI PCI 1422). The control
voltage to shift the PZT for phase shifting is produced by a digital to analog card (NI DAQ). For calibration
of the CCD camera we used the cadmium (Cd) spectral lamp [19] .

Oi White Light Source

L~ B8 CCD Camera
A A
Yol To IMAQ
Card
L
— Computer

Interferometric
Objective (20X)

To DAC
Card

V\/

PZT Controller

| Test Cbject

Fig 5. Schematic of a spectral interferometer

5.2.1 Experimental Results
5.2.1.1 Surface profiling
For this application the phase ¢(c) varies linearly with wave number ¢ as
¢(0) =4noz (20)

where 2z is the round trip optical path difference and is related to the surface height. The surface height z can
be obtained from Eq(16).

For the calculation of phase ¢(c) we used the temporal phase shifting interferometry. In order to
avoid phase calculation error due to the phase shift error at wavelength other than the mean wavelength, we
have used the error compensating eight-step algorithm given by [24]

I, — 5L, +111; +151, —1515— 11Us + 51, + Ig @)
I = 5L 115 +151, — 111 — 5, + Ig

where [}, [, ...... g are the phase shifted spectral interferogram. Figure 4 shows the spectral interferogram of
a plane surface, which is observed through the experimental setup shown in Fig 3. In the fringe pattern any
cyclic variation of intensity along the chromaticity (horizontal) axis is due to phase difference as a result of
wavelength change only. Similarly any variation in intensity along the vertical axis is due to change in optical
path (due to air wedge, for example) as the wavelength is constant along any column of pixels. In any other
arbitrary direction, there is contribution due to both. Eight such phase-shifted interferograms are needed to
calculate the phase ¢(o).

tan ¢ =

The height value z determined from Eq (16) is less precise. This value of z is used as a
first approximation to the true value and can be improved with the help of the available more precise
monochromatic phase value using the equation given by [12,15,19,20],

1L, . [0 — 4oz
4nc ¢’ - 2m 1nt( 2n )

z'=

(22)

where int (x) rounds offs to the nearest integer to x and z'is the improved value. The nearest integer determines
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the fringe order. Figure 4 shows the line profile of a 1.76 um standard step obtained using Eq (22). The step
height was found to be (1761 + 2) nm
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Fig 4. (a) A typical spectral interferogram, and (b) line profile of a 1.76 pm Standard step.

5.2.1.2 Film Thickness Profiling

When a transparent film is deposited on a substrate as shown in Fig 5, the reflection coefficient of
the system is given by [21,22]
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Fig 5. Cross section of a patterned surface and the substrate. Fig 6. Line profiles of the top surface of the film.
_ roi T rip exp(=i2f)
R= 1+ n (23)
roir12 exp(=i2f)

where ry; and r, represent the Fresnel reflection coefficients of the top and bottom surfaces of the film
respectively, and £ is given by the relation S =2ncdn,, where d and n, are the thickness and refractive index
of the transparent film, respectively. The reflection coefficient R is complex. The reflected beam due to the
presence of the film, therefore, has a phase y.

The phase ¢(o) in this application can be written as [21,22]
¢(0) = 4noz + y(o, d, ny) (24)

Since (o, d, n,) is a function of thickness d, ¢(o) is also a function of d. The first term (4n6z) on the RHS
of Eq (24) is due to the air gap between the reference plane and the top of the transparent film. For the
determination of surface height z and film thickness d we used the measured value of ¢,,casured() to minimize
the error function

T](st) = Z[d)niodel(UsZ’d) - ¢measured (G)]2 (25)
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for a particular value of z and d, where 6, and Ac are the central wave number and the bandwidth of the white
light source.

Experiment was carried out by recording fringes on a patterned silicon wafer on which a SiO,
film has been deposited. The phase at a series of points along the wave number axis was determined and
used to determine the surface height and the thickness of the layer at each point, as given by Eq (24), were
then modeled so as to minimize the error function n given by Eq (25). Initially we used a linear fit to the
experimental data, the slope of this phase ¢(c) vs. wave number line gives us an approximate value of (z +
n,d) since (z + n,d) = slope / (4m). We then used the Levenberg—Marquardt nonlinear least squares fitting
algorithm (Matlab) for thickness modeling. This algorithm requires an initial guess for d and z, which we can
get from the above calculation. With these values of d, z and the refractive index as inputs, we obtain, as the
output, independently adjusted values of d and z, which yield the best fit to the experimental values of the
phase. Figure 6 shows film and substrate profiles obtained for the top surface of the film and the substrate for
the sample used.

5.2.1.3 GVD measurement

In the presence of a dispersive sample in one arm of the interferometer such as a Michelson
interferometer shown in Fig 7, the phase vs. wave number curve shows a stationary point as shown in Fig 9.
At the stationary point the phase ¢(o) is quadratic with o and is given by [23,26-28]

d(c) = 4n’Lk"c? (6 — 65)*> =Ac* + Bo + C (26)

where L is the thickness of the sample, c is the velocity of the light and k” is the group velocity dispersion
(GVD) of the sample at 6 = 6, which can be written as
23 dn
"= — 2

k 2mc? 2 @7)
where 7 is the refractive index of the sample. From Eqs (26) and (27), we have 6, = —B/2A and d’n/d\?
= —B3/16LA>. It can be clearly seen from Eqs (26) and (27) that, knowing the sample thickness L and the
quadratic fit coefficients A, B, and C from the ¢(c) vs. o plots, we can calculate the GVD (ccd’n/d)A?) of the
sample at any wavelength within the lamp spectrum.

M,

BS M,

=\ Uait

Fig 7. Schematic of the experimental setup for GVD measurement of a plate sample (SS).

To demonstrate the effectiveness of this technique for fast and accurate measurement of GVD we
inserted a 1.60 mm thick silica glass slide in the sample arm of the interferometer shown in Fig 7. Figure 8
shows one of the spectral interferogram with the sample. Using Eq (21) we calculate the spectral phase. A
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line scan of the phase ¢(c) versus ¢ around the stationary phase point 6, is shown in Fig 9 (trace b). We can
displace the stationary point along the ¢ axis by appropriately delaying the interferometer arm and obtain a
new phase ¢(c) versus o for around a different 6, along the chromaticity axis. Figure 9 shows the line scans
of the phase plots around different stationary points. Applying a quadratic fit to each curve and using Eqs
(26) and (27), we calculated d’n/d,” for the corresponding A = A,. Figure 10 shows the values of d*n/d\,’ as
a function of wavelength of the silica sample. The curve in the figure is a theoretical curve calculated using
the Sellmeier dispersion equation with experimental points shown on it by circles. The arrangement like Fig
7 can as well be used for refractometry of liquid samples, measurement of dispersion curves, or effective
thickness of samples with known dispersion [26-28].
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6 Multiple wavelength interferometry

The half a wavelength unambiguous measurement range of monochromatic interferometry is
overcome by use of broadband light and spectral interferometry. It is therefore possible to carry out a similar
procedure with limited number of wavelengths. Two wavelengths, resulting in larger equivalent wavelength
have been used to increase the unambiguous range [29]. Likewise use of three wavelengths has been studied
[30-32]. Since the phase vs. wave number relationship is linear, the measurement process involves adding/
subtracting multiples of 27 to the wrapped phase data at the three wavelengths such that the phase vs. wave
number graph is linear (Eq (20)). The slope of this line gives a less precise value of the height, which can
be refined by the use of Eq (22) as explained earlier. Figure 11 shows a typical result. The profile (a) is by
equivalent wavelength method with high noise. The profile (b) is by three wavelengths using fringe order
method.
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Fig 11. Step profile obtained by multiple wavelengths: (a) three wavelength, (b) two wavelengths. z=1.125um.

6.1 White light interferometry with colour CCD camera

The two or three wavelengths used above are usually provided by lasers. An alternate approach
would be to record a white light interferogram on three-chip color CCD or a simple color CCD camera. In a
three-chip color CCD, signals corresponding to the three wavelengths are provided by the three chips [30].
In a color CCD the signals are obtained from the three color channels of the camera [30,32-34]. Figure 12
shows schematic of white light interferometer with color CCD. The white light fringe pattern and its analysis
is represented in Fig 13. This arrangement provides all the color frames in one go. Single shot fringe analysis
procedure such as Hilbert transform method can be applied [34,35]. Figure 14 shows 3D profile of a step
obtained with color CCD.

Colour
CCD camera

Fig 12. White light interferometer with color CCD
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white light
interferogram

k1=620 nm 17\2 =532 nm —460 nm

Interferograms
Wrapped
phase maps

Fig 13. Analyzing a white light interferogram in three-color channels.

() (b)

Fig 14. Large step-height analysis using the fringe order method: (a) white light interferogram, (b) interferogram
at Ay, and (c) wrapped phase at A; calculated using Hilbert transformation, and (d) total 3-D surface profile, of an
etched silicon sample showing a step of height ~770 nm.

(d)

7 Optical coherence tomography

The vertical scanning interferometry with low coherence light makes use of discrete steps to scan
the reference or object beam to produce 3D imaging. The property of interferometric localization can be
used to carry out 3D imaging by combination of scanning in lateral and axial directions [36]. The scanning
in the axial direction is continuous. The technique is known as Optical Coherence Tomography (OCT) and
is suitable for imaging /profiling multi-layered structures by measuring the interference signal and depth of
each layer boundary. In fact this procedure is called Time Domain OCT. The image is constructed point by
point. Figure 15 shows schematic of a fibre optic based OCT arrangement [37]. The detector will produce a
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signal that will appear as in Fig 1. Different layers of the medium produce such peaks as the axial scanning
is done. The axial distance between the peaks gives the depth information. The axial resolution is determined
by the coherence length in the medium and is given by 0.44(A> /nAL), where A is the wavelength of light,
Al the bandwidth and n the refractive index of the medium. Super luminescent light emitting diodes (SLD)
commonly used in OCT have AL ~ 100nm and at A~ 800nm. With n = 1.3, the resolution is 2pum. This is
superior to ultrasonic imaging in which the resolution is of tens of micrometers.

7.1 Spectral domain OCT

If instead of scanning the path difference (z), we vary the frequency () of the light source such as
a tunable laser (swept frequency source), the phase will continuously vary (Eq (20)) resulting in a sinusoidal
interference signal. The frequency of such a signal is a function of depth (z) [38]. Hence two layers at two
different depths will produce different frequencies, which are determined by Fourier transformation.

An alternative to recording the interferogram with swept source, we can use a broadband light
source and separate frequency components by a dispersive device at the output as in SRWLI (Fig 3). Now the
frequency of the signal along the chromaticity axis is a measure of z.

7.2 Applications of OCT

OCT is a powerful no contact, noninvasive low power optical imaging technique in clinical medicine,
particularly ophthalmology. It has also found use in nondestructive testing (NDT) [36].
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Fig 15. Schematic of a OCT arrangement [Sourced from ref 37] .

8 Femto second laser: A broadband light source for long distance metrology

A femto second (fs) laser is a rich source of optical frequencies that are stable, equally spaced with
convenient frequency difference in GHz range. Figure 16 shows a femto second laser pulse and its frequency
spectrum. The frequency spread covers the entire visible spectrum as seen from the colors of vertical bars
in the frequency domain, a frequency comb, representing different frequencies. Effectively it is a broadband
light source with short coherence length and has been used for absolute measurement of long length with
high precision. Such measurements are of interest in modern experiments such as LIGO and combine spectral
interferometry with time of flight method and synthetic wavelength interferometry [39].
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Time domain - Femtosecond pulses

2x phase
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Figl6. A train of femto second pulses and their frequency spectrum [sourced from NIS website]

9 Conclusions

This paper reviews recent applications of broadband light sources. A broadband light source can be a
conventional white light such as incandescent lamp or modern light sources such as LED, super luminescent
LED, a femto second laser or a superposition of several laser wavelengths resulting in generation of large
synthetic wavelength. Absolute measurement is an important characteristics of broadband light as against
half a wavelength ambiguity of monochromatic light measurement. Measurements with broadband light are
likely to play important role in variety of measurement and testing applications.
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