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ABSTRACT 

Dispersion is a rather unavoidable phenomenon that occurs when using semiconductor, multilayer 

mirrors for experiments with mode-locked lasers. Due to unknown dispersion, the laser pulses may 

not be stable which results in unwanted laser pulse properties. This is especially the case when the 

light source is of a broadband characteristic, consisting of several wavelengths. However, if the 

dispersion of a semiconductor multilayer mirror is known, these unwanted effects can be considered, 

making the experiment efficient and the results more analysable. The goal of this Bachelor thesis has 

been to construct a setup for dispersion measurements of semiconductor multilayer mirrors, and to 

perform analysis to determine the dispersion. The setup constructed is a Michelson-interferometer 

with a white light source to analyse the mirrors in a broadband spectrum, and the analysis is done by 

using a Windowed Fourier Transform procedure. 
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1. Introduction 
 

1.1 Purpose 
 

The Laser Physics group of the Department of Applied Physics at the Royal Institute of Technology, 

KTH, practices active research in several fields, including optical materials, mode-locked lasers and 

other coherent light sources. Performing experiments with lasers certainly involves optical devices, 

such as beam splitters, filters and mirrors. One of the properties of such devices is dispersion. 

Dispersion is defined as the derivative of the refractive index with respect to the wavelength[1]. 

This means that a beam of light consisting of photons of several wavelengths might spread in time, 

since the beam components are delayed relative to each other, after passing an optical device, 

affecting the beam properties negatively. That gives the experimenter another error to consider. 

Often, the dispersion of an optical device is given. But the dispersion of semiconductor multilayer 

mirrors tend to differ from the theoretical values, hence, measurements are necessary for 

determination. We intend to do these measurements, to determine the dispersion characteristics of 

these mirrors, ensuring efficiency in laser operations. 

 

1.2 Background 
 

Using semiconductor multilayer mirrors in experiments with mode-locked lasers, the group delay, 

especially group delay dispersion is of great interest. The group delay, GD, and the group delay 

dispersion, GDD, also called the second order dispersion, are defined as the first and the second 

derivative of the optical phase angle with respect to the angular frequency of the electromagnetic 

wave, the series expansion of dispersion written as 
   

   
 
  

  
         . 

The optical phase difference, or phase difference, is a measure of the distance between waves, after 

the waves have travelled the same distance (see Fig. 1.). For example, the distance between a wave 

top on the first wave and a wave top on the second wave, on the incidence axis referred to each 

other[3] is a representation of the phase change when looking at how far the waves have travelled at 

the same time. 

 
Fig. 1 The distance between the two curves is the phase on the 

incidence axis is the phase difference, denoted as θ on the figure[6]. 



 
 
 

6  
 

Using multilayer semiconductor mirrors, the reflection is different depending on the type of light 

source. The mirror has several layers, and how far an electromagnetic wave penetrates the layers of 

the mirror depends on the frequency, since the layer may be transparent for radiation of some 

wavelength but reflective for other radiation. The different layers have various refractive indices 

depending on the wavelength of the electromagnetic radiation[2]. Different refractive indices 

depending on the wavelength imply that the different wave components travel at different speed in 

the mirror material. These properties of the mirrors makes the waves travel different distances and 

at slightly different speeds, also spreading out the wave components, so after the reflection, the 

components have a slight delay in position, i.e. time delay, in respect to the wave group movement. 

This is, in other words, a phase change of beam components after the beam is reflected. The 

phenomenon of the phase changing of light depending on the wavelength is, as mentioned earlier, 

called dispersion. The consequences of dispersion might be that the beam quality is reduced, but the 

effects can be compensated if the dispersion is known. 

Semiconductor mirrors are not delivered with given properties. That is why we want to measure the 

dispersion. We also want to create a model that simulates the dispersion of the samples, and 

compare it with one of the sample, since the structure of it is specified. The samples that are to be 

analysed are used in setups using lasers operating at wavelengths in the region of 1000-1100nm. 

Since the semiconductor multilayer mirrors reflect many wavelengths and the laser operations are of 

comparatively large bandwidth, in the order of 10 nm, the samples have to be analysed using 

broadband characterization methods. The light source shall simply cover the region of interest. 

For these purposes, white-light interferometry is a useful tool. White light is essential to use for 

broadband mirrors, since it covers a wide range of wavelengths in the visible (VIS) and near infrared 

(NIR) spectral region. Interferometry is a classical method used for determining dispersion, based on 

wave interference. Interference is the phenomenon of two waves with the same wave number being 

added generating either a strong signal of the amplitude of both the amplitudes added together 

(constructive interference) or a weaker signal where the amplitudes are subtracted (destructive 

interference). 

 
Fig 2. A spot of white light that is interfering. 
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Interference requires that coherent light sources are added so that the waves may interfere with 

each other. In our case, we use only one light source but split its emission in two parts which are 

recombined. To recombine the light properly, the waves that are to be added must travel along the 

same incidence axis. For waves to interfere, it is necessary that the phase of the waves does not 

change in relation to each other. The waves do not have to be exactly in phase, but the phase shall 

not change depending on which wave we are looking at, they shall have relative constant phase[1]. 

So a wave top shall be added to another wave top, etcetera. This constant relative phase criteria is 

called coherence. 

To make two light beams coherent, the optical path difference, OPD, that is to say, the relative travel 

distance of the beams, must be within the coherence length. The coherence length depends on the 

light source in question. Helium-Neon lasers have a coherence length of several kilometres, but the 

coherence length of a white light source is in the micrometre scale. That means that the optical path 

length must be equal to the order of       . In other words, the difference between the arm 

lengths must be microscopic, which is a challenging criterion to meet[1]. 

When one of the mirrors is a silver mirror of known (zero) dispersion, and the other mirror is the 

sample of analysis, the interfering light contains information of the dispersion characteristics of the 

sample. The signal is compared to the behaviour of using another silver mirror instead of the sample. 

 Interference signals generated in the Michelson Interferometer using the sample of interest are 

useful that can be analysed using different methods. With a spectrometer connected to a computer, 

a diagram is shown displaying a fringe pattern, since the interference, of light intensity varying as a 

function of wavelength. 

The analysis that has been performed is this experiment uses the Windowed Fourier Transform 

algorithm to analyse the spectral signals. 

The Windowed Fourier Transform method assumes the fringe pattern (the function of light intensity 

with the wavelength as the variable) of the spectral interference signals to be described as 

 ( )   ( )   ( )    [ ( )]    ( ) (1) 

where  ( ) is the phase function of an arbitrary variable x. It should be thought of that x does not 

denote a room variable, it is the wavelength. The WFT of equation (1) is expressed as 

 (   )  ∫  ( ) (   )    (    )   
  

  
 (2) 

following the inverse WFT of equation (2) 

 ( )  
 

  
∬  (   ) (   )    (   )     
  

  
 (3) 

where 

 ( )     ( 
  

   
) (4) 

is the Gaussian window, and the parameter σ controls the width of the window. Defining   

 (   )   ( )    (   ) and combining equations (2) and (3), 
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 ( )  
 

  
∫ [ ( )  (   )]   (   )  
  

  
 (5) 

is obtained. The symbol   denotes a convolution implemented with respect to x. Using numerical 

limits a and b in the integral, and removing signal smaller than a threshold value T gives us: 

 ̅( )  ∫ [ ( )  (   )]̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅   (   )  
 

 
 (6) 

The threshold adjusts the value of minimum signal strength that is required for the signal to count, 

which is set to zero if the strength is below the chosen number. 

The phase is obtained as 

 ( )       [ ̅( )] (7) 

using an unwrapping function[4]. With the phase function obtained, the group delay and the group 

delay dispersion can be derived, as defined in the beginning. Further details may be read in [4]. 

 

1.3 Method 
 

As mentioned, the dispersion measurements were performed using white-light interferometry with a 

setup called a Michelson-Interferometer and analysis with the Windowed Fourier transform method. 

The Michelson-Interferometer is a setup that splits a beam of light coming from a light source and 

recombines it using mirrors, on the arms, reflecting the light back into the beam splitter. The light 

that is recombined beams out of the interferometer. Adjusting the arms and making the light 

recombine in a way that the two beams shines through exactly the same path, interference can be 

achieved if the arm lengths difference is within the coherence length of the light source. 
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Fig 3. The image displaying a sketch of the Michelson Interferometer. 

The arms are the spacing between each mirror and the beamsplitter[5]. 

The light source used in this experiment is a halogen lamp. Since our samples are small, square 

shaped with side length of a few millimetres, the light beam is supposed to be very small in diameter. 

We also need a collimated beam, so that the intensity of light reaching the spectrometer is high 

enough. This makes a good use of a fibre that the light from the halogen lamp is sent into, using a 

lens of which focal length the halogen lamp is placed. The light is then focused into the fibre, and at 

the other end, we have a collimated beam. 

The beam is split using a regular beamsplitter, with one component directed towards a silver mirror 

(the first arm) and the other component just passing through the beamsplitter hitting the sample of 

analysis (the second arm). The silver mirror is mounted on a movable, electric translation stage with 

adjustable voltage to control the speed of the translation. A sketch of the setup is shown in Fig. 3. 

With a very low velocity, the interference pattern is recognizable with the naked eye. 

With the interference pattern acquired, the desired signal is achieved. The beam is then focused 

using a lens, into a fibre that is connected to a spectrometer. The spectrometer is connected to a 

Microsoft Windows computer using an USB-cable with the AvaSoft application suite that displays the 

intensity signals. Using the software, the signal graph may be saved as data. The data is then 

processed by a Matlab program applying the WFT. 
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The Matlab application performs the calculations reviewed in the background section, finally 

displaying graphs of the phase, cosine of the phase and a graph comparing a graph of non-interfering 

signal with an interfering signal together with the Group Delay obtained by deriving the phase 

function with respect to the angular frequency. 

Then, to get desirable results to compare with theoretical values, the threshold and width are 

adjusted. 

2. Experimental configuration 
 

The setup consists of an Osram halogen lamp, mounted with a post holder on a metal board on 

which the whole setup is mounted. A 40 mm focal length lens was used to focus the beam into the 

fibre used to get a beam with a small diameter, while the fibre was of a large diameter and of 

broadband type that is suitable for broadband light sources. The beamsplitter used was of BK-7 glass, 

the translation stage was movable in one dimension using an electric switch, and the silver mirror 

was mounted on the stage. The second mirror was either a silver mirror or the semiconductor 

samples. Both of the mirrors were mounted in mirror holders which were possible to tilt in two 

dimensions. The second fibre sent the signals into an AvaSpec 3648 High Resolution Fibre Optic 

Spectrometer, operating at a resolution bandwidth of 0.5 nm, the light was focused into it using 

another 40 mm focal length lens. The data recording and analysis was performed on a Microsoft 

Windows computer, using the bundled AvaSoft spectrometer software, to which the spectrometer 

was connected with a USB-cable. 

The analysis was performed in Matlab using prewritten code; the graphs are also plotted in the same 

Matlab program. The Matlab program files are found in the appendix. 

 
Fig. 4. The fibre with radiating  light, the silver mirror mounted on the translation stage and the semiconductor samples and a 40 mm lens. 
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3. Results and conclusions 
 

These experiments resulted in graphs displaying the functions of spectral intensity, spectral 

interference signal, cosine of the phase (the cosine function retained by using WFT to be compared 

with the spectral interference signal), the phase and the Group Delay with respect of the wavelength 

as a variable. 

The curves of the expectation values are given for the first sample, named Sample D, which are 

compared to the retained data from the simulation. Sample D fabrication structure is given in Fig 5. 

 
Fig 5. Graph displaying the fabricated structure of sample D. The black curve explains the structure while the red curve 

displays the electric field intensity depending on the depth in the sample. 

The specified GD, in figure 6, of sample D is a guideline that allows us to set the parameters in the 

WFT analysis, which can also be used in analysing sample E. 

 

Fig 6. The group delay of sample D, theoretical values. 
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Setting different parameters gives us different sensitivity and variable amounts of data that is 

processed, but also different amount of noise in the diagrams. It is wished to find a break-even point 

where both the processed data and noise levels are at acceptable levels, intending to receive as 

much information from the plots as possible, and attempt to achieve results similar to the theoretical 

predictions about the group delay shown in Fig. 6, by adjusting the threshold and window size values. 

The figure below, Fig. 7, displays two curves where one, the green, is the reference spectrum with 

the mirror positioned so that no interference occurs. The other curve, the blue, shows the 

interference spectrum and the spectral fringes shows up as an oscillating function. 

 
Fig 7. Spectral interference intensity curve compared to a curve displaying 

intensity at a non-interfering OPD. 

The following results show data for Sample D with the threshold at 0% and window width of 50 m. 

The outcome, of the parameters tested with, was rather dissatisfying. The threshold level removes 

the signal as noise, but the useful data is gone as well. Even with low threshold levels, the figures 

display very small amounts of information. Therefore, the figures presented are generated with the 

zero threshold level. The figures below (fig. 8-9) explain the different aspects that were considered 

and reasoned. 

 

Fig 8. The Group Delay at 50 per cent window width. The curve disappears in the interesting region, more for increasing window width. 
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The graph above, Fig. 8, is the obtained Group Delay with the chosen parameters. For almost the 

entire region, the curve is undefined, not displaying much of interest. 

If we look at a graph displaying the spectral interference signal, i.e. the normalized fringe pattern, 

compared to the generated cosine function from the phase, part of equation (1), it should match the 

spectral signal. Both of these graphs are shown in Fig. 9, and are plotted to obtain a measure of the 

correctness of the simulated results. Adjusting the WFT parameters either give us a square wave 

reaching lower window values or is just flattened with higher values. 

 
Fig 9. The spectral interference signal (red) with the calculated WFT cosine pattern (green) 

that should match the experimental value. There are discontinuities, and the green curve tends to 

become a square wave with decreasing window. In the 1000+ nm region, it highly oscillates. 

As we can see, 50 m window width is not satisfying since the simulated GD, as well as the phase 

displayed in Fig 10., is undefined in the 1000+ nm wavelength region, and the generated cosine 

function does not tend to match the experimental spectral interference signal almost at any region at 

all. Increasing window sizes give even worse results, with the cosine function as a constant. 

 
Fig 10. The phase, which is undefined in the 1000nm region. 
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With decreasing the window size, the GD (Fig. 11) becomes more correct, but highly oscillating. 

Although this is normal for multilayer mirrors, but the curve becomes undefined nearing wavelength 

of 1 µm region. The generated cosine function becomes a square wave, at the same time as the 

phase is a squared function, with the derivative being discontinuous, Fig 11. 

 
Fig 11. The GD for shorter window width (20 percent). 

As seen, in Fig. 11, the results are not satisfying. The GD is not well defined in several regions as well 

as the generated cosine function that should match the spectral interference does not and is not well 

defined in the infrared region. Although, the principal features of the theoretically predicted Group 

Delay in figure 5 are visible. However, they are displaced and surrounded by randomly appearing 

peaks which are assumed as noise. 

The mirror had to be positioned with a very slow velocity, since the range in which interference 

occurred was very narrow. However, there was a region in where the interference pattern existed 

but was varying, but only a measurement in the central region was measured. 

A huge source of error in this experiment might be the light source. The semiconductor samples are 

most effective in the infrared region, while the halogen lamp had almost noise-like intensity in the 

region. In the visible region, the behaviour of the samples is rather unknown. 

Another error to consider is the environmental conditions, with air and temperature fluctuations 

disturbing the measurements affecting the interfering signals due to varying refractive index of air 

depending of temperature and humidity for example. 

The beam quality was also a problem setting up the interferometer. The more components used, the 

more intensity is lost. Probably the most of the intensity is lost coupling the light into the fibres, both 

from the lamp to the fibre and from the interferometer to the fibre which leads to the spectrometer. 

4. Recommendations and future work 
 

This experiment has been a study of the dispersion of semiconductor multilayer mirrors. Using white-

light interferometry and a method of the Windowed Fourier Transform, these mirrors have been 

analysed. However, this experiment could be extended to receive further results, both deciding if the 

Wavelength m 

GD (ps) 
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method of data processing and the experimental configuration could be improved, and considering 

of using the same or a different approach for doing the measurements. 

Firstly, the light source used is a regular halogen lamp. Since the model is intended for the average 

costumer, the light emitted from the coil is the most intense in the visible region of wavelength. 

Since the interesting region of this experiment was in the infrared region, other light sources could 

have given better results. 

Also, considering the possibility of using a white laser, this experiment would become both easier 

and probably given better results in the infrared region. This since the alignment would become 

easier and more straightforward not having to use lenses and fibres, but also not losing the same 

amount of light intensity. However, such equipment is of course a lot more resource demanding than 

the halogen lamp used. 

Another thing to consider would have been to use dielectric mirrors of already known values of 

dispersion. If the experimental results would match the specified values, the experimental setup and 

methods used could be confirmed working well at the point. 

The analysis of the samples has been done briefly. The numerical processing method may be the 

faulty part in this experiment as well. 
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Appendix 
 

The used Matlab script 
 

Hlubina.m: 

 
clear all; 
close all; 
clc; 
 
[l I_M0] = readavantes('D0006.trt');% reference spectrum 
[l I_M] = readavantes('D0004.trt');% interference spectrum 
l = l.*1e-9; 
w = 2*pi*3*1e8./l 
I_M0 = I_M0./max(I_M0); 
I_M = I_M./max(I_M); 
S_M = I_M./I_M0-1; 
 
 
%% this part only for simulation 
% delta_l = 1e-9; % width of spectroemter response function 
% V = .9; 
%  
% L = .5*54.6e-6; % path lengths difference of the two arms 
% t_eff = -10e-6; % effective thickness of beam splitter 
%  
% % find refractive index 
% ll = (l.*1e6).^2; % calculate wavelength squared in units of µm 
% s = [1.03961212 0.231792344 1.01046945 6.00069867e-3 2.00179144e-2 1.03560653e2]; 
% n = sqrt( 1+ s(1)*ll./(ll-s(4)) ... 
%            + s(2)*ll./(ll-s(5)) ... 
%            + s(3)*ll./(ll-s(6)) ); % wavelength dependent refractive index of beamsplitter material 
% dndl = interp1(l(1:end-1)+diff(l), diff(n)./diff(l), l, 'spline'); 
%  
% N = n-l.*dndl; % wavelength dependent group refractive index 
% delta_m = 2*L+2*n*t_eff; % wavelength dependent optical path difference (OPD) 
% delta_gm = 2*L+2*N*t_eff; % group OPD 
%  
% c = V*exp( -.5*pi^2*(delta_gm*delta_l/l.^2).^2 ); 
% phi = 2*pi./l.*delta_m; 
 
% S_M = c.*cos(phi); % spectral interference signal 
% I_M = (S_M+1).*I_M0; 
 
%% plot spectra 
% subplot(2,2,1); 
figure; 
plot( l,I_M0,'g', l,I_M ); 
axis tight 
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%figure; 
%plot(l,I_M/I_M0,'b'); 
 
%% WFT 
 
f = S_M; 
sigma = 60; % width of filter function g 
t = 0.0; % threshold 
a = 450e-9; % lower boundary 
b = 900e-9; % upper boundary for integration 
wxi = 1/sigma; 
wxl = wxi - 4/sigma; 
wxh = wxi + 4/sigma; 
 
f = wft('wff',f,sigma,wxl,wxi,wxh,t); 
phi_f = unwrap(angle(f)); 
 
GD = interp1(w(1:end-1)+diff(w),diff(phi_f)./diff(w),w); 
 
% subplot(2,2,3); 
% plot( l,phi, l,phi_f ); 
% subplot(2,2,4); 
% plot( l,phi-phi_f ); 
% subplot(2,2,2); 
% plot( l,S_M,':', l,c.*cos(phi_f) ); 
% set(gca,'xlim',[a b]); 
 
figure; 
plot( l,S_M,'r', l,cos(phi_f),'g' ); 
axis tight 
figure; 
plot(l,phi_f) 
figure; 
plot(l,GD) 
 
% figure; 
% plot(l,phi_f) 
 
%% end 
 

Readavantes.m: 

 
function [x y] = readavantes(file) 
 
f = fopen(file); 
d = textscan(f,'%s',2,'headerlines',8); 
kk = 1; 
for kk = 1:2500 
    d1 = textscan(f,'%f,%f;%f,%f',1); 
    x(1,kk) = d1{1}+.01*d1{2}; 
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    y(1,kk) = d1{3}; 
end 
fclose(f); 
 
end 
 

Wft.m: 

 
function [ g ] = wft( type,f,sigma,wxl,wxi,wxh,thr ) 
%WFT Summary of this function goes here 
%   Detailed explanation goes here 
 
s = round(2*sigma); 
x = -s:s; 
w = exp( -.5*(x/sigma).^2 ); 
w = w/sqrt(sum(w.^2)); 
if strcmp(type,'wff') 
    g=f*0; 
    for wxt = wxl:wxi:wxh 
        wave = w.*exp( 1i*wxt*x ); 
        sf = conv(f,wave,'same'); 
        sf = sf.*(abs(sf)>=thr); 
        g = g+conv(sf,wave,'same'); 
    end 
elseif strcmp(type,'wfr') 
    g.wx = f*0; g.phase = f*0; g.r = f*0; 
    for wxt = wxl:wxi:wxh 
        wave = w.*exp( 1i*wxt*x ); 
        sf = conv(f,wave,'same'); 
        t = (abs(sf)>g.r); 
        g.r = g.r.*(1-t)+abs(sf).*t; 
        g.wx = g.wx.*(1-t)+wxt*t; 
        g.phase = g.phase.*(1-t)+angle(sf).*t; 
    end 
end 
 
end 
 


