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Abstract 

A frequency resolved method for determination of optical path lengths in 
scattering media has been implemented. In the method, scattering-induced phase 
shifts in amplitude modulated light are measured. The phase shifts are combined 
with a diffusion model for light transport in order to determine the optical path 
lengths. A system for gas in scattering media absorption spectroscopy has been 
realized, suitable for oxygen. 
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1. Introduction 

As soon as the lasers were introduced in the 1960's, they found their way into 
the field of spectroscopy. The development of tuneable lasers was particularly 
important. An atom or molecule of choice could be studied just by tuning 
the laser to the right wavelength. Such studies have been done for various 
applications; from pure atomic or molecular physics, to detection of atmospheric 
pollutants or diagnosis of cancer. 

Apart from being used in CD players and bar-code readers, diode lasers can 
be used to highly reduce the size and cost of spectroscopic experiments. Diode 
lasers are also beneficial with their simple operation, wavelength tuning and 
ability to be modulated up to high frequencies. 

Absorption spectroscopy is a powerful tool to monitor free gases. This has 
before been restricted to cases where the gas has been the sole component of 
the sample or when it has been inside a material almost free from scattering. 
In 2001, a technique was presented that made it possible to measure the free 
gas content embedded in scattering materials. The technique is called Gas in 
Scattering Media Absorption Spectroscopy, or GASMAS for short. The materials 
can be of either organic or synthetic nature. Measurements have been done on 
such materials as wood, apples, marble, polystyrene foam, etc. Although the total 
amount of absorption is fairly easy to measure, one has to investigate how far the 
light has travelled through the material in order to determine the concentration 
of gas inside the sample. In a non scattering medium this is easy; it is just to 
measure the thickness of the sample, but in other media the path of the light 
can get significantly longer because of the scattering. The presence of scattering, 
characterized by a scattering coefficient, p,,, complicates the measurement 
of absorption, characterized by an absorption coefficient, I-ta· However, it is 
possible to 'orthogonalize' the absorption and scattering phenomena by suitable 
experimental techniques. There are mainly three methods available; time 
resolved, spatially resolved, and frequency resolved spectroscopy. 

The primary aim of the project, accounted for in this thesis, was to implement 
a frequency resolved method. The method should, by measuring the phase shifts 
in amplitude modulated light and applying a model oflight transport in scattering 
media, determine the optical path lengths in scattering media. It should also be 
done in such a way so that it was able to be a part of a GASMAS setup. A request 
was also that a new GASMAS system for molecular oxygen measurements was 
to be set up using some newly purchased equipment. In connection to that, a 
suitable laser diode had to be found. 
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This thesis contains four theoretical and three experimental chapters. In the 
first theoretical chapter, the principles of lasers diodes are being presented. The 
second one treats signal theory and some modulation systems that can be used 
for phase measurements. The possibility to calculate path lengths from phase 
shifts is treated next. The theoretical part is concluded with a description of the 
GASMAS technique. The experimental part begins with diagnostics of a number 
of laser diodes to see whether they could be used for absorption spectroscopy 
of molecular oxygen or not. Then the setup of the new GASMAS system is 
described, as well as an attempt to measure the concentration dependence of 
GASMAS signals in wheat flour. Finally, phase measurements on polystyrene 
foam with the intent to determine the optical path length, are presented. 

The work that is presented in this master's thesis has been carried out in 
the molecular spectroscopy group at the Atomic Physics Division of the Lund 
Institute of Technology. 
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2. Diode Lasers 

The first laser that was made operable was a ruby laser. The year was 1960. Only 
two years after, the first diode lasers, or semiconductor lasers, were demonstrated. 
The first diode lasers had to be operated in cryogenic temperatures,< 100 K. Since 
the development boom in the 1980's many diode lasers can now be run at room 
temperature. It was the applications in the fields of, e.g., optical communications 
and data storage, that lead to this boom. The commercial demands are still what 
dictates the availability of what types of lasers one can get on the market. 

2.1 Diode Laser Characteristics 

Compared to other types oflasers, diode lasers have many advantages apart from 
their compact size. They have a high efficiency (about 20% or more), a long life 
time, easy operation, high reliability, and they are relatively cheap. Abilities that 
are used in spectroscopy are that they have a high spectral purity and wavelength 
stability. Diode lasers can also be easily tuned in wavelength as well as modulated 
at high frequencies, commonly up to 1 GHz [1]. 

Diode lasers can be found from about 400 nm up to 30 fLm. In the visible 
and near-infrared (NIR) range (0.4-2.0 ltm), the spectral region of intrest for this 
thesis, the diode lasers consist of semiconductor materials from group III (Al, 
Ga, In) and v (N, P, As, Sb) of the periodic table. However, the spectral regions 
cover~d, are quite incomplete. [2] 
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2.1.1 Principle of Operation 

Diode lasers are made in a variety of styles. A common type of laser is shown in 
Fig. 2.1. It is index guided with a double heterostructure. The active medium, i.e. 
where the laser light is produced, is placed between two other semiconductor 
materials with higher band gap energies. When applying a current to the 
p-n junction, electrons and holes are created in the active layer. When these 
recombine, light is produced. If the current is above a threshold value, a 
population inversion is achieved and the structure can begin to work as a laser. 
When the current is lower than the threshold, the diode will still emit light, but 
since the losses are too high to achieve a population inversion it will emit light as 
an ordinary light emitting diode. 

-300 ~m 

Metallic contact ( +) 

-125 ~m 

Metallic contact (-) 

Figure 2.1: Illustration of a typical double-heterostructure index 
guided diode laser. Typical sizes and layer materials are shown, 
as well as the divergence and asymmetry of the laser beam. (From 
information from Ref. [2].) 
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When the temperature is increased the losses will also increase and the 
threshold current will thus be higher. This can be seen in Fig. 2.2. The temperature 
is often controlled with a Peltier element. Although the diodes can be operated 
between 0 ' C and 60 ' C or above, one usually keeps the temperature between 
10 ' C and 50 ' C, to avoid water condensation, and thermal degradation [3]. The 
threshold current at a certain temperature is proportional to the exponential of 
the ratio between this temperature and a nominal temperature, which is specific 
to the laser diode being used [2] . 

Figure 2.2: Illustration of output power versus current from a diode 
laser operated at two different temperatures. The diode is starting 
to lase at the two threshold currents Ith l and I ,h2, respectively. 

In order to get the laser feedback, reflective front and back surfaces are made, 
usually by splitting the diode along its crystal planes. The surfaces reflect because 
of the different refractive indices of the air and the semiconductor material. 
Sometimes these surfaces are clad with reflective coatings to get higher output 
powers. Behind the diode, a monitoring photo diode is placed, that gives a 
monitoring current proportional to the laser output power. 

In the vertical direction the transverse modes, roughly the spatial distribution 
of the light, are restricted by a change in the refractive index due to the different 
materials. In the horizontal direction there are two ways of restricting these 
modes. In the first, gain guiding, the wave guide is determined by changes in the 
refractive index due to changes in the carrier concentration. However, a better 
technique is the index guiding, where the variations in the refractive index is 
accomplished by changes in the material structure. 
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2.1.2 Optical Properties 

When a beam of light exits a laser diode it has quite imperfect properties. It is 
divergent, asymmetric and astigmatic. The astigmatism, though, is rather small 
for modern index guided lasers in the visible or NIR region. The divergence and 
asymmetry originates from the shape of the active region; the divergence from 
the small size and the asymmetry from the rectangular shape. The divergence is 
typically 10-20" in the horizontal plane and 30-40" in the vertical plane [3] . These 
effects can be corrected with an appropriate lens system. 

The cavity length is much larger than the wavelength of the light, which 
makes it possible for many longitudinal modes to exist. It is the material gain 
profile that determines how many modes can exist at the same time. Usually 
index guided diode lasers exhibit better single mode behaviour. The wavelength 
can be altered either by varying the temperature of the semiconductor or the 
driving current. The current dependence of the wavelength is really an effect of 
the change in the junction temperature caused by the current. The temperature 
changes both the gain profile and the path length, the latter because of a change 
in the refractive index. Because of different temperature dependencies of these 
phenomena a wavelength tuning by an increased temperature will result in a 
partially continuous increase of the wavelength with sudden jumps between the 
longitudinal modes. Such a tuning can be seen in Fig. 2.3. For an AlGaAs diode 
laser, a typical change in the gain profile is about 0.25 nmr c while the optical 
length changes with about 0.06 nm/" C [3]. It is preferable to coarsely tune the 
lasers wavelength with the temperature, and to fine tune with the current. 

--------
Temperature 

Figure 2.3: Schematic illustration of the change of wavelength, for a 
laser diode, as the temperature is changed. The sudden steps in the 
wavelength are the mode jumps. 
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3. Phase Measurement Systems 

In order to retrieve phase information from a modulated source with a high 
accuracy it is necessary to use a good detection system. There are some different 
techniques available, mainly coming from communication technologies. In this 
text three basic techniques are described; homo dyne, heterodyne and single side 
band (SSB) modulation systems. To begin with, some signal theories concerning 
the different components of these systems are explained. 

3.1 Signal Theory 

If w(t) is a signal in time domain then 

W(w)=Fw(t)= j_: w(t)e-L;tdt (3.1) 

is defined as its Fourier transform. The inverse Fourier transform is defined as 

(3.2) 

To calculate the absorption and scattering coefficients we need the phase shifts 
of sinusoidal signals. Therefore it is preferable to work with signals that look like 

x( t) =A+ Bcos( w0t + ¢ ). (3.3) 

Here w0 is the angular frequency and ¢ is the phase. A and B are real constants. 
Then 

will be the representation of the signal in frequency domain. Figure 3.1 and 3.2 
show the signal, x, in the time and frequency domain, respectively. 
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-
w 

Figure 3.1: The signal x(t) in the time domain as defined 
in the text. 

Re[X(w)] 

w 

Figure 3.2: The signal X(w) in frequency domain as 
defined in the text. 

The impulse response, h(t), for a linear time invariant system S is the system 
response to a Dirac delta function, 15(t). 

_ 15 (_t )-J• ._l _s____.t---h (_t )_:= s [ 15 ( t )] (3.5) 

If a signal w(t) is sent into a system S with impulse response h(t) then the output 
signal y(t) is 

_ w (_t )-J•I '--_s___,t---Y (_t )_.:= s [ w ( t )] = h ( t ) * w ( t ) 
(3.6) 

where * is the convolution sign. From the frequency point of view it will look 
like 

W (w) ·I S 
Y (w) = S[W (w)] = H (w )W (w) 

' (3.7) 
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3.1.1 Filters 

The most basic types of filters are low-, high- and band pass filters . Described in 
terms of frequency components, a filter is a system that rejects some frequencies 
while letting others pass. 

An ideal low pass filter (LPF) passes frequencies up to some cut off frequency, 

-w, 

Figure 3.3: An ideal low pass fi lter. 

An ideal high pass filters (HPF) is the opposite. It passes frequencies above a cut 
off frequency, we. 

-w, 

Figure 3.4: An idea l high pass fil ter. 

The third type of filter, band pass fi lters (BPF), passes frequencies between two 
cut-off frequencies, wc1 and wc2· 

D 
r, 

D 
-w -w w,, Wcl ,, ,, w 

Figure 3.5: An ideal band pass fi lter. 
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In reality the transition between pass band and stop band is not that sharp. A 
better model of a filter would be one according to Fig. 3.6. 

-w~ w 

Figure 3.6: A more realistic low pass fi lter. 

3.1.2 Power Splitters 

The mean power of a signal w(t) is defined as 

P(w(t ))= lim~Jr lw(t)l 1 dt 
T-HXJ 2T - T 

(3.8) 

which for a periodic signal is equal to 

(3.9) 

where T is the period time for the signal. A lossless, equally dividing power 
splitter splits a signal into two equal signals with half of the power compared to 
the input signal. For the sinusoidal signal x(t) defined above, the power splitting 
system works according to 

I I 
y1 (t )= S: [ x(t J [ ~ ~x ( t ) 

x(t ) ~ A + B,in (w0t 1¢),. S . _ V" 

L..... -----~ Y2 ( t) = Y1 ( t ) 

(3.10) 

3.1.3 Mixers 

A mixer is a nonlinear system which creates the sum and the difference 
frequencies of the input signals. Mathematically, this system is equivalent to a 
multiplication of the signals. The following shows a mixing between two signals 
x 1(t) and x2(t) . For simplicity they are defined as purely sinusoidal without zero 
frequency components. 
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y( t) = s[ x1 ,x2] = x1 ( t h ( t) = 
x, (t )~A, co'( w,t +¢,):I 

s 1----.-· (3.11) 

x2 ( t) = A2 cos( w2 t + ¢2 ) '-· -----J = A1: 2 (cos ( ( W1 + W2 ) t + ¢1 + ¢2 ) + 

+cos( ( W1 -w2 )t +¢1 -¢2)) 

If the input signals have a zero frequency component other combinations of the 
w 1 and w2 frequencies will occur. However, there are so called balanced mixers 
that get rid of the zero frequency components and thus the unwanted output 
frequencies. 

3.2 Theory of Modulation Systems 

The setups of modulation systems discussed here are described mostly with phase 
measurements in mind rather than measurements of the signal amplitudes. This 
is because phase is a more delicate thing to measure. The phase measurements 
alone are sufficient to decide the absorption and scattering coefficients, and 
because amplitudes get disturbed by background light whereas the phases are 
not [4]. 

3.2.1 Homodyne Modulation Systems 

A homodyne modulation system detects the phase shift at the radio frequency 
(rf) with which the light source is modulated. This is the simplest type of phase 
detection system because of the few components needed. However, it is also 
the least dynamic system, since the frequency is limited by how fast the phase 
detector is. In Fig. 3.7 the schematics of a homodyne system is shown. 
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Diode Laser 
Driver 

T 

Scattering 
Medium 

Figure 3.7: A homodyne modulation system fo r light measurements 
in a scattering medium. 

The radio frequency signal is biased with the current from the diode 
laser driver using a bias tee. This output current is then modulating the laser 
diode. The amplitude modulated light emerging from the laser is then sent 
through a scattering medium, which adds a phase shift, and is detected with a 
suitable detector. The signal from the detector gets amplified before it is phase 
compared with the signal from the radio frequency generator. The mathematical 
representation of the system is shown in Fig. 3.8. 

rf Power 
splitter 

Figure 3.8: The mathematical representation of a homodyne 
system. 
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The sinusoidal signal from the frequency generator is divided into two equal 
parts. One is used as a reference signal and the other is the measurement 
signal. The latter is phase shifted with ¢,m because of the medium and both 
signals get unwanted internal phase shifts ¢;· These different ¢; come from 
most system components, e.g. cables, circuits and photo detector, and they are 
highly dependent of what radio frequency w,1 is being used. The resulting phase 
detected is thus 

(3.12) 

taking also the phase noise into account. The internal phase factors can be 
eliminated by initially running a phase measurement without the scattering 
medium and subtracting this term from the latter measured phase. 

3.2.2 Heterodyne Modulation Systems 

A heterodyne modulation system differs from a homodyne in the sense that it 
shifts down the radio frequency, with which the light is modulated, to a lower 
frequency before measuring the phase. The advantage of this is that the accuracy 
of the measurement is higher at lower frequencies. As shown later the phase 
shift due to the scattering medium is the same at the high modulation frequency 
as at the down converted frequency. Figure 3.9 illustrates the principles of a 
heterodyne modulation system. 
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Diode Laser 
Driver 

T 

Scattering 
Medium 

Figure 3.9: A heteroyne modulation system for light measurements 
on a scattering medium. 

The modulation of the light is identical to the one in the homo dyne method. 
Instead it is the reference that differs. The signal from the first radio frequency 
source is mixed with a signal from another source. This creates a signal going 
in to the middle branch containing both the sum and the difference of the radio 
frequencies. This signal is then filtered with a low pass filter, allowing only the 
difference frequency to pass and this is used as the reference. The same is done 
on the detection side. The amplified signal from the photo detector is mixed with 
the signal from the second radio frequency source, creating a frequency sum and 
difference. Again the difference frequency is chosen with a low pass filter. This 
signal and the reference are used as inputs to the phase detector to decide the 
resulting phase. The signal transformations in a heterodyne system are outlined 
in Fig. 3.10. 
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r---------1/ 1-------1/ ¢n 

'-----------------1/ ¢;2 

Figure 3.10: The mathematical representation of a heterodyne 
modulation system. 

The sinusoidal signal from the first radio frequency generator gets, as in the 
homodyne case, the phase shifts ¢sm and ¢1• Before the mixer on the detection 
side, it can be written as 

(3.13) 

and the reference signal entering the mixer from below 

(3.14) 

The DC components, if any exist, do not need to be taken into the equations 
under the assumption that the mixers are balanced. The output from the mixer 
to the right, will now be 

Xright ( t ) = X1 ( t ) · X2 ( t ) = 

=A cos( wit+ ¢sm +¢n + ¢notse )· Bcos( w2t +¢i2 +¢noise)= 

=A: (cos( (WI +w2 )t +¢sm + Ll¢i +¢noise)+ (3.15) 

+cos( ( W1 -w2 )t +¢sm + L 2¢i +¢noise)) 
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After the low pass filter has eliminated the higher frequency, the result is 

(3.16) 

Likewise, the signal coming from the left, looks like 

XLPF[right ] ( t ) =A~/ (cos( ( W1 - W2 )t +¢noise) ). (3.17) 

The phase difference between the left and right signal will then be 

(3.18) 

3.2.3 Single Side Band Modulation Systems 

When a mixer combines a radio frequency with a low or intermediate frequency, 
the sum and difference frequencies are called the upper and lower side band, 
respectively, to the radio frequency. 

t J I 

w 

,------ ---- - -----------, 
I 

w l 
I 

L ------------ - --------~ 

~ ----- - - -- - ----- --- - --~ 

I I 

I Xm,.(w} 

u.: : 
:-w,1- w;1 - wry+wif w,1- w1 wrf+wif : 

~-- --- -- ---- - - - - --- - -- ~ 

Figure 3.11: The creation of upper and lower side bands with a 
mixer. 

A single side band (SSB) modulation system chooses one of these either with 
selective filtering or preferably with some more efficient method, e.g. the Hilbert 
transform technique described below. The advantages of using a SSB system 
instead of a heterodyne system is that all of the signal power is used for detection 
of the phase, nothing is filtered away, and that a more economic frequency 
generator in the audio range can be used instead of a second high frequency 

22 



generator. 
Simplified one can say that a SSB system uses an intermediate frequency for 

detecting the phase shift springing from the shift in a much higher frequency. 

Diode Laser 
Driver 

T 

if 

Scattering 
Medium 

Detector 

rf 

Figure 3.12: A SSB modulation system used for light measurements 
on a scattering medium. 

Amp. 

The signal from the intermediate frequency source, denoted if, is in the SSB 
modulator combined with the signal from the radio frequency source. The SSB 
modulator creates a pure sinusoidal signal, if the signals from the frequency 
sources are sinusoidal, with a frequency of either the sum or the difference of the 
input frequencies . This signal gets, as before, a phase shift from the medium and 
from the system itself. Finally, the signal is down converted to the intermediate 
frequency and compared with the direct signal from the intermediate frequency 
source. 

One way of making a SSB modulator is to utilise the properties of the Hilbert 
transform. A Hilbert transformer is then a filter with the impulse response 

1 
h(t)=-

nt 
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which in the frequency domain looks like 

i, w < O 

H (w )=F[h(t )j= 0, w =O. (3.20) 

- i, w> O 

For a cosine signal the Hilbert transform is a sine. This is why it is sometimes 
called a 90° phase shifting network. The principles of the SSB modulator are 
illustrated in the following figure . 

Figure 3.13: The creation of SSB signals using a Hilber t 
transformer. 

output 
frequency 

w,l +w;f 
or 

wrf- wif 

The signals from the intermediate and radio frequency sources are the inputs 
to the SSB modulator. They are then divided. The signals going up are mixed as 
they are, and the ones going down are shifted by 90°. If pure cosine signals are 
used as inputs the down going signals will become sine. These are then mixed as 
well, and both mixed signals are combined with a power combiner, e.g. a power 
splitter used in the other direction, here marked with a I. If the lower signal first 
is negated the upper side band will be created, otherwise the lower side band is 
created. Mathematically the process is as follows. The output from the top and 
bottom mixer will be 

xupper ( t ) = ~B cos( wift +¢if )cos ( w1 t + ¢1 ) , 

x1ower ( t) =A: sin( wif t +¢if )sin( w1 t + ¢1 ) . 

24 
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With these signals added together the output from the SSB modulator will be 

xout ( t) = A2B cos( wift +¢if)· cos( wrft +<PrJ) =F 

=fA: sin( wift +¢if)· sin( wrft + ¢,!) = 

=A: cos( ( wrf ±wif )t +¢,1 ±¢if) 

(3.22) 

As can be seen all of the signal power is transferred to one of the side bands. The 
SSB demodulator is made with a similar setup of components but shifting the 
sign before the power combiner. This will result in a signal with the frequency 
wif. The phase shift ¢sm will stay the same just as in the two other modulation 
systems. 
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4. Light Propagation in Scattering Media 

The behaviour of light is much more complicated when inside a scattering 
medium than in free air. The concept of beams of light is no longer relevant 
because of the chaotic propagation of the photons. Instead one must refer to 
such approximations as the diffusion model for light transport. 

Before dealing with the more complex light propagation in a medium 
where the scattering probability is much larger than the absorption probability, 
it is necessary to understand the fundamental dynamics such as reflection, 
absorption and scattering. 

4.1 Fundamental Interactions of Light and Matter 

When inside matter, light may be subjected to mainly three phenomena that 
either alters its direction or simply eradicates it. These three are, reflection 
against a surface, scattering and absorption. Both scattering and absorption are 
highly wavelength dependent. 

4.1.1 Reflection 

Reflection is a possibility when the light hits a surface that divides materials with 
different refractive indices, n. The ratio between the incident and reflected power 
of the light is given by 

(4.1) 

where R,_ and Rn are the reflectances for light polarized perpendicularly and 
parallel to the incident plane, respectively. The refractive indices of the materials 
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are denoted n1 and n2• The angle of incidence, 81, and the angle of transmission, 
82, are given by the Snell law: 

(4.2) 

4.1.2 Absorption 

The probability of light getting absorbed by a material is given by the absorption 
coefficient, 1-la per unit length. When the absorption coefficient is dominant over 
the scattering coefficient, defined below, the absorption of light is described by 
the Beer-Lambert law 

(4.3) 

This describes the recorded intensity I at a frequency v to be decreased 
exponentially from the original intensity 10• The absorbing path length is denoted 
x. 

4.1.3 Scattering 

Photons can, when passing through a material, get disturbed by the particles 
in the material so that their direction is changed. This phenomenon is called 
scattering. In cases with small scattering particles, in relation to the wavelength 
of the light, scattering is divided into Rayleigh and Raman scattering. Rayleigh 
scattering is an elastic process, i.e. the scattered photon energy is preserved, 
while in the latter case its energy is diminished. The scattering probability is 
proportional to 1/ ,\4• 

For larger scattering objects, Mie scattering can occur. This is an elastic 
process like Rayleigh scattering, but the scattering cross section is more 
complicated and varies also with object size, refractive indices and absorption. 

The scattering coefficient, fL, per unit length, is the probability of light 
being scattered. However, scattering does not need to be an isotropic process. 
Therefore a reduced scattering coefficient is introduced, /-l,', which is 

(4.4) 

where p is the average cosine of the scattering angle or the anisotropy factor, 
sometimes called g. A p close to zero indicates a nearly isotropic scattering, 
while the scattering is mostly directed forward if p is close to one. 
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4.2 Light Transport Theory 

If light is sent into a highly scattering medium, then the light detected somewhere 
else will have travelled a significantly longer way than the distance between 
the input and output. Since the scattering coefficient is much larger than the 
absorption coefficient in these materials, the Beer-Lambert law is not directly 
applicable. For quantitative measurements, it is necessary to decide how much 
longer this path length is. Analytical expressions to calculate this path length 
have been derived by, for example, Arridge et al. [5], which are the basis for the 
calculations that follows in this chapter. 

Figure 4.2: Light paths in a scattering medium. 

Instead of building a model of how the light propagates in a scattering 
medium with the Maxwell equations, which would be a much too extensive 
task since most of the media are microscopically inhomogeneous, one has to 
make certain approximations. The transport theory, for example, treats the 
problem as a transport of energy and thus neglects phenomena like diffraction 
and interference. The light propagation can be calculated either by Monte Carlo 
simulations or by solving the transport equations. [6-8] 

4.2.1 Time and Frequency Domain Solutions 

If a very short pulse, a few picoseconds long, of light is sent into a scattering 
medium, a much smaller pulse followed by a broad distribution of light can be 
observed, if measured on the transillumination side; see Fig. 4.3. The first pulse 
consists of the few ballistic photons that have remained unscattered and the 
distribution consist of the photons that have been scattered. The curve can be 
interpreted as a distribution of arrival times or path lengths and is called the 
temporal point spread function (TPSF). The TPSF is the light impulse response 
of the medium and is written as a Green's function, g(t). The mean path length is 
equal to the speed of light times the mean time 

( t )= c(t ). (4.5) 
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Figure 4.3: Theoretical temporal point spread function for 
a transilluminated infi ni te slab with a thickness of 2.95 em, 
f.Ls = 3100 m~ 1 and f.La = 0.31 m ~ 1 

If instead sinusoidally, amplitude modulated light is sent into the medium 
the light will as before be delayed, attenuated, and broadened in time because of 
the scattering. This will result in a phase shift and a decreased modulation. Since 
the modulated light and the pulse of light are each others Fourier transform, 
the output in the modulation case will be a Green's function in the frequency 
domain, G(w). 

The intensity of the light sent into the medium is written as 

(4.6) 

where w, and wm are the angular frequencies of the light itself and of the 
modulation. A and B are constants . Since the detector is not capable of detecting 
the fa st oscillation of the light itself, the last cosine term can be disregarded. From 
the previous chapter we know that the output from a system is the convolution 
of the impulse response and the input signal. (Please note that the convolutions 
and Fourier transforms here following has a different normalization than used 
elsewhere, in order to match the formulae given by Arridge et al. [5]) 

Xout (t )= g(t )*Xin( t )= ~Joo Xin( t - t ') g(t ') dt '= 
"27f - 00 

=A ~Joo g(t ') dt '+ B ~Joe cos (wm( t - t ' ))g(t ') dt '= 
v 27f -oo v 27f -oo 

= AG( 0) +B-1-J x ~ ( eiw,(t-t' ) +e-iw,(t-t') )g( t ' )dt ' = 
.j'Fff -x 2 

= AG ( 0) + B~ ( ei"','G( Wm) + e-iw,tG( - wm) ). 
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But since g(t) is a real function the solution can be made simpler: 

g(t)EIR =* G(-wm)=G'(wm) 

0 X""' (t) = AG( 0 )+B-IG( wm )l·cos( wmt+arg( G( wm)) )· 
(4.8) 

This equation show that the signal zero frequency component is decreased 
with G(O), the modulation with the absolute value of the Fourier transformed 
Green's function at the frequency wm, and that the signal phase is retarded by the 
argument of G(wm). 

If the Green's function is known then the mean time delay can be calculated. 
This mean time, or average time of flight, is the weighted mean of the TPSF 

or in the frequency domain 

J.xo g(t )t dt 
( t) = .=....,-=~,.--

f_""g(t)dt 

a J aG(w) 
( t) = i W .u=O. 

G(w )L=o 

4.2.2 Diffusion Model for Light Transport 

(4.9) 

(4.10) 

When having the tools to decide the phase shift and the mean time from the 
Green's function, it is possible to link them together if the shape of this Green's 
function is known. The Green's function can be found by solving the diffusion 
equations for light transport in different geometries. The procedure of using the 
diffusion equations is today accepted as a reliable model for these calculations 
[9]. 

The so called time dependent P1 approximation to the transport equation 
states that 

( \7 · "('\/ -p.c- :t J<I>( r,t) = -q( r,t ). ( 4.11) 

Here <I> is the desired photon density, !-La the absorption coefficient, c the velocity 
of light, q the term from the input source and 1 is 

( 4.12) 
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In the case of an isotropic medium Eq. 4.11 can be written 

(4.13) 

If the photon density is scaled by the photon energy, the gradient of <]) 

corresponds to an intensity. The intensity xout(t) can be derived from the solution 
of <P in a volume D bounded by oD. 

r(~,t) =- "f2 .!l._ <P(r,t)l = -ln·'ii'<P(r,t)l on m 00 
(4.14) 

In this equation f(~,t) corresponds to xout· However, it is defined with a positive 
frequency complex exponential instead of a cosine function. The outward surface 
normal is denoted n and ~ is a point on the boundary. The solutions for several 
geometries given by Arridge et al. can be found in Appendix A [5]. 
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5. Gas in Scattering Media Absorption 

Spectroscopy (GAS MAS) 

Scattering media, such as porous solids or turbid liquids, are likely to contain 
different free gases. This is the case in both organic and synthetic materials, e.g. 
plants, tissue, stones, ceramics, powders, etc. To spectroscopically detect and 
characterise gases in these materials, one cannot straightforwardly apply the 
Beer-Lambert law because of the unknown path lengths, as described in the 
previous chapter. By a technique, denoted gas in scattering media absorption 
spectroscopy (GASMAS), it is possible to measure these gases. This technique 
uses the fact that the absorption features of the gases are much narrower than the 
relatively slow changes in absorption in the bulk material. 

5.1 Absorption Spectroscopy 

Absorption spectroscopy is used to determine concentration, temperature and 
pressure of gases. By using tuneable lasers, these properties can be measured to 
a very high accuracy and precision. The requirement is that a valid theoretical 
model describing the absorption lines, under the measurement conditions, is 
available. The absorption lines in the oxygen A-band can be seen in Fig. 5.1. The 
Beer-Lambert law, see Eq. 4.3, is the bedrock of all absorption measurements. 
Since the absorption coefficient is a product between the absorption cross
section and the concentration of absorbing molecules, the concentration can be 
determined if this cross-section is known. The cross-section itself is a function 
of the line shape, which depends on both the pressure and the temperature of the 
gas. With knowledge about these dependencies, the temperature and pressure 
can be calculated [10]. 

5.1.2 Wavelength Modulation 

In wavelength modulation (WM), a small sinusoidal modulation is superimposed 
on the current controlling the laser. The frequency of this modulation is quite 
low, in the order of 1-100kHz, compared to the line width of the absorption line, 
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which is in the GHz range. This frequency is also sent to a lock-in amplifier and 
is used as the reference signal. The signal from the photo detector is compared 
with the reference in the lock-in amplifier. The result from the lock-in amplifier 
will resemble the derivative of the direct signal from the photo detector. If the 
lock-in instead is operated at the second harmonic of the modulation frequency, 
i.e. double the frequency, the result will be the second derivative of the direct 
signal. This is also the most frequent way of detection. The detection limit of 
wavelength modulation spectroscopy (WMS) is usually about 10-s but lower 
limits are possible [3, 11]. 
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Figure 5.1: Absorption lines in the oxygen A-band [12]. 

5.2 The GASMAS Method 

Simplified, one can say that the GASMAS method uses a WM technique 
to measure the absorption over one or several absorption lines of a free gas 
contained in a scattering medium. The concentration of the gas can be determined 
either in relation to another gas concentration or with a theoretical model of the 
optical path length. The GASMAS method was first demonstrated in 2001 by 
qualitatively monitoring free oxygen [13]. Later, quantitative measurements [14] 
and measurements on wooden materials have been demonstrated [15]. 

5.2.1 The GASMAS Setup 

The temperature controlling the laser diode wavelength is changed, so that the 
wavelength of the light is close to an absorption line of the gas in question. By 
applying a ramp to the current controlling the diode laser, the lasers wavelength 
is swept over one or several absorption lines . The intensity of the signal detected, 
the direct signal, will have the ramp shape of the input current. The ramp will 
also exhibit a small dip, due to the increased absorption at the absorption line 
of the gas. Wavelength modulation is used to increase the visibility of this dip. 
As described above, the second harmonic of the direct signal will resemble the 
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Figure 5.2: The setup of a GASMAS system for transillumination 
measurement on a gas in a scattering medium. 
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Figure 5.3: Schematic direct signal and signal from the lock-in 
amplifier along with the definition of Sn;, and SwMs· 
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second derivative. This signal is refered to as the WMS signal. The setup can be 
seen in Fig. 5.2, and the definition of the WMS signal in Fig. 5.3. 

5.2.2 GASMAS Measurements 

As said before, when ramping the injection current, both the wavelength and 
the intensity of the laser light produced are being varied. To compensate for the 
variations in the intensity, the normalised quantity g is introduced 

s g = WMS 

- SDir ' 
(5.1) 

The quantities, S wMs and Snir' are defined as in Fig. 5.3. 
To find the gas concentration by using the Beer-Lambert law, one cannot 

simply assume the path length to be the thickness of the sample because of the 
scattering nature of the material. Instead the path length must be evaluated with 
time, frequency or spatially resolved measurements, as described in chapter four. 
The optical path length, L,m, is thus 

(5.2) 

where v is the velocity of light in the scattering medium. The average time of 
flight for the chosen geometry can be found in Appendix A. However, one can 
calculate an equivalent mean path length, L•q' which corresponds to the distance 
the light would have travelled in a certain atmosphere to get the equal signal. In 
the case of oxygen this can be done by adding small columns of air and measure 
the effect on the signal, g. The equivalent mean path length is then found by 
extrapolating the line on which the signals lie. This method is called the standard 
addition method and is illustrated in the following figure. 

GASMAS signal 
(a.u.) 

Equivalent mean 
path length 

Added air 

Figure 5.4: A schematic picture of the standard addition method 
showing how the equivalent mean path length and the slope kgL 

can be evaluated by extrapolation of line on which the GASMAS 
signals lie. 
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If the optical path length is known then the concentration of gas inside the 
scattering medium, c,m, can be determined by 

(5.3) 

The concentration catm is the concentration of the gas in the surrounding 
atmosphere and kgL is the slope of the extrapolated line in Fig. 5.4. The porosity 
of the medium, P, can be defined as 

(5.4) 

if there is gas equilibrium with the surrounding atmosphere. The index of 
refraction of the scattering medium can, by the aid of the porosity, be estimated 
to 

n,m =Pna;r +(1-P)nh, (5.5) 

where nair and nb are the indices of the air and the bulk material, respectively. The 
index of refraction of the scattering medium is required to decide the speed of 
light inside the medium [14]. 

If a material is stored in a different atmosphere, not containing the gas 
under study, the reinvasion rate of the gas can easily be evaluated with the 
GASMAS method. When the material is taken out of the different atmosphere, 
the quantity g is measured over time. The rate by which g increases is the rate 
of the gas reinvasion since g is proportional to the gas concentration (Eq. 5.3). 
GASMAS may also be a tool for determining the moisture level in a material by, 
the absence of, e.g., oxygen rather than the presence. Other applications could be 
gas tomography. This requires a development of an imaging GASMAS system. 
The advantage of using spectroscopic methods is that it is non-invasive and thus 
has a minimal effect on the materials [14]. 
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6. Diagnostics of Laser Diodes 

The most essential device in GASMAS measurements is the laser diode. It has to 
have a wavelength characteristic that covers at least one absorption line, and that 
is continuous in the vicinity of that line. The diodes that were evaluated for use 
in the new GASMAS setup were several newly purchased diodes from Roithner 
Lasertechnik and one from SHARP. All of the lasers were supposed to be able to 
reach the oxygen A-band at around 760 nm, see Fig. 5.1. 

6.1 Diagnostical Setup and Method 

The SHARP diode (SHARP LT031MDO 0-30) was the most thoroughly examined 
one. The output power was measured as a function of the operation current at 
the temperature 30 ·C. The operation current needed for a low and a high output 
power was measured as a function of temperature. Finally, the wavelength was 
tuned with the temperature to search for oxygen absorption lines and mode 
jumps. The threshold current and wavelength of the Roithner diodes were only 
briefly examined. 

6.1.1 SHARP Laser Diode LT031MDO 0-30 

The SHARP diode was placed in a THORLABS diode holder. The current 
and temperature were controlled by a Melles Griot 06DLD203A laser driver. 
According to the specifications of the diode, the peak power was 10 mW, the 
nominal wavelength 757 nm, and the threshold current 34 rnA. For power 
measurements, an optical power meter from THORLABS was used. Initially, the 
temperature was set to 30 'C. The output power was measured directly after the 
diode for operation currents between 25 and 49 rnA in steps of 1 rnA. The power 
meter was slightly tilted to avoid back reflections from its surface. The power 
after the collimating lens was occasionally measured as well. 

In order to find guidelines for the limits of the operation current at different 
temperatures, both a low and a high power value was chosen. To ensure that the 
peek power of the laser was not exceeded, the high power measured after the 
collimation lens, Phigh• was chosen to 6.1 mW. This represents a power of about 
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7.4 mW directly after the diode. The lower power value was chosen to 1.1 mW, 
P1ow· It was also measured after the collimating lens. This value is a bit above the 
threshold to ensure that the light really was of laser nature. The currents, l 10w 

and !high• resulting in the chosen power values were measured for temperatures 
between 20 and 54 ·c, with a change of2 ·c between the measurements. Higher 
temperatures were not used, in order to avoid thermal degradation of the diode 
laser. 

Finally, absorption lines were searched with a WMS setup; see Fig. 6.1. The 
light was also split with a very thin glass plate, letting a small fraction of the 
light enter a Burleigh wave meter, so that the wavelength could be determined. 
The operation current was modulated with a ramp, spanning about 500 mY, 
and a small, superimposed sinusoidal voltage with a frequency of some tens of 
kilohertz. The light was detected with a photo diode. The signal was amplified 
with a resistor and sent to an EG&G Princeton Applied Research Model 5209 
lock-in amplifier. The resulting second harmonic of the signal was shown on a 
Tektronix TDS 3034B oscilloscope. While the temperature was swept between 
20 and 50 ·c, the image on the oscilloscope was studied to see if any WMS-like 
signal emerged. If that was the case, the output from the Burleigh was analysed to 
decide whether the signal was caused by an absorption line or a mode jump. 
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TDS 303 4B 
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Figure 6.1: The WMS setup used to diagnose the SHARP laser 
diode. 

6.1.2 Roithner Lasertechnik Laser Diodes 

According the specifications that followed with the Roithner laser diodes, their 
nominal wavelengths were 760 nm and the threshold current was 13 rnA, at 
maximum 20 rnA. The diodes were, one by one, placed in the diode holder. Their 
power were measured to see when they started to lase. The light was directed into 
the Burleigh wave meter to measure their wavelengths at different temperatures. 
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6.2 Diagn?stic Results 

For the SHARP laser diode, the current limits were determined. Furthermore, 
three signals, likely to be oxygen lines, were found. On the other hand, none of 
the Roithner diodes were suitable for GASMAS measurements. 

6.2.1 SHARP Laser Diode LT031MDO 0-30 

The power measurements at 30 ' C showed a clear diode laser characteristic; see 
Fig. 6.2, indicating a threshold current just below 36 rnA. This value is sufficiently 
close to the specified threshold, 34 rnA, valid at a temperature of 25 ' C. A linear 
fit to the data after the threshold shows that the power increases with the 
operation current at a rate of 0.63 mW /rnA. The power after the collimating lens 
is about 80% of the output power. This is quite low, but it is not too low to be a 
problem in the measurements that followed. 
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Figure 6.2: The power of the light, measured directly after the diode 
laser, as a function of the operation current when the diode was 
kept at 30 ·C. 
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The measured operation currents needed to reach the powers P low and P high at 
different temperatures can be seen in Fig. 6.3. This shows that the current needed 
to reach the same power increases with 0.2 mAr C. 
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Figure 6.2: The power of the light, measured directly after the the 
diode laser, as a function of the operation current when the diode 
was kept at 30 ·C. 

With the temperature being swept from 20 to 50 OC, one could with the 
Burleigh unit see that the wavelength was well below 760 nm in the first 
temperature region. Since the oxygen A-band does not begin before 759.58 nm, 
it was not necessary to do a WMS measurement at first. Slightly below 760 nm, 
a highly irregular behaviour started where the modes died rapidly and were 
replaced by others. The temperature was now about 43 ° C. This behaviour stopped 
at 761 nm and three, well shaped WMS signals were recorded. The Burleigh wave 
meter showed no indication of multimode or mode jump behaviour around these 
signals. The wavelength was measured at the centre of these lines and was found 
to be 761.26 nm, 761.39 nm, and 761.50 nm, respectively. When compared with a 
table over the oxygen A-lines, the lines R5R5, R3Q4, and R3R3, were probable to 
be the cause of the signals recorded. These three lines are consecutive and located 
at the wavelengths, 761.255 nm, 761.416 nm, and 761.529 nm, respectively [12]. 
The wavelengths measured with the Burleigh unit can be used as a good guideline 
but should not be regarded as totally reliable. 

As a conclusion, one could say that the SHARP diode could be very well 
suited for GASMAS measurements. 
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6.2.2 Roithner Lasertechnik Laser Diodes 

All of the diodes from Roithner were found to perform far from their 
specifications. Their wavelengths were above 770 nm, i.e. outside the oxygen 
A-band, even at low temperatures. The threshold currents were measured to be 
around 90 rnA, i.e. the error in the specification was over 400 %. Many of them 
also suffered from multimode behaviour. They were thus not suited for GASMAS 
measurements at all. 
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7. Setup of a GAS MAS System 

Using some newly purchased equipment, a new GASMAS system was set up. The 
SHARP diode, examined in Chap. 6, was used as a light source. The first task was 
to couple the laser light into an optical fibre. 

7.1 Fibre Coupling 

The light from the laser diode, SHARP LT031MDO 0-30, was focused with a 
lens onto the centre of the fibre. After the fibre, the light was collimated with a 
collimator package. The power of the light was measured in between every step 
of the fibre coupling; see Fig. 7.1. The calculations in this section are based on 
equations that can be found in, e.g. Ref. [16] . 

Diode holder 

Collimator package 

Figure 7.1: Coupling of laser light into an optical fibre. The numbers 
indicate positions where the optical power was measured. 
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The lens had a focal length off= 4.5 mm and its numerical aperture was 
NA 1ens = 0.55. The lens was placed in such a position that the focal spot was 
minimised and had a smooth elliptic shape, just as the light directly after the 
diode. If the divergence angle of the laser light is assumed to be between 30' and 
45', it would represent a numerical aperture of NA 1aser = 0.5 - 0.57. This could 
mean that some light is lost already between step 1 and 2. With a 1:1 imaging, 
the distances between the laser, lens, and focal point, should according to the 
thin-lens equation be 

1 1 1 
- = - + - =? a = b = 2f 
f a b 

(7.1) 

There were two effects that could affect the size of the focus; aberration and 
diffraction. As for spherical aberration, the diameter of the focus, da, can be 
written as 

(7.2) 

where Dis the diameter of the lens and K(n) is a function of the refractive index 

1 ( n )2 

K(n) = 128 n -1 (7.3) 

The lens was assumed to be made of BKZ glass with n "' 1.52, and D "' 5 mm. The 
focal size due to spherical aberration was thus, da = 824 p,m. The diameter of the 
focal spot due to diffraction, dd, was 

(7.4) 

With a wavelength of, >.. = 761 nm, the size of the diffraction was dd = 3.3 p,m. 

The total size of the focus, d101, was approximately 

dtot :::::; 0.83 mm. (7.5) 

The fibre, designed for visible and NIR light, had a core diameter of 600 p,m. 

Since the focal spot was larger than the fibre core, it was impossible to get all of 
the light through the fibre. Apart from this loss, there will also be losses between 
step 2 and 3 due to attenuation in the fibre. The fibre numerical aperture was 
NAfibre = 0.49. 

The collimator package was a THORLABS F230SMA-B unit. It had a 
numerical aperture, NA,ollimator = 0.55 and a focal length of 4.5 mm. Since 
NAcollimator > NAfihre there should have been no significant losses between step 3 
and 4. Also, the light could be collimated. 
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When measuring in every step, the powers were found to be, P1 = 4.1 mW, 
P2 = 4.1 mW, P3 = 3.4 mW andP4 = 3.3 mW. About 80% of the light could thus be 
coupled through the fibre. 

7.2 The Setup 

When the light had been coupled into the fibre a GASMAS system could be put 
together. The setup is illustrated in Fig. 7 .2. The laser was controlled with a Melles 
Griot 06DLD103 diode laser driver. The ramp was produced by a Tektronix 
FG501A function generator, and the sinusoidal modulation by a Rhode&Schwarz 
SML 01 signal generator. The oscilloscope, a Tektronix TDS 520B, was trigged on 
a pulse signal from the function generator. The pulses had the same frequency 
as the ramps. The lock-in amplifier, Signal Recovery 7280 DSP, got the reference 
signal from the signal generator. The light was detected with a Hamamatsu 
R5070 photo multiplier tube (PMT). Stray light was blocked with a filter. The 
outgoing signal from the PMT was amplified by using a resistor of 2.2 kO. This 
direct signal was sent both to the lock-in amplifier and the oscilloscope. The 
ramping signal had a frequency of about 10Hz and the sinusoidal signal had a 
frequency of 55 kHz. 

When the temperature of the laser was 48.4 ·c and the operating current at 
the middle of the ramp, was 45.6 rnA, a GASMAS signal was obtained. The light 
was sent to the Burleigh wave meter. It showed no signs of multimode behaviour 
and had no mode jumps around the operating current. The absorption line found 
was thus the oxygen R3R3line; see Sect. 6.2.1. However, the GASMAS signal had 
an overall wavelike behaviour. This was caused by fringes, i.e. reflections of the 
light between the surfaces. By vibrating both the diode holder and the plate, on 
which the scattering medium was placed, the fringes evened out and a signal like 
the one in Fig 7.3 was obtained. 
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Figure 7.2: Illustration of the setup used fo r GASMAS 
measurements. 
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Figure 7.3: A GASMAS signal from a polystyrene foam sample, 
with a thickness of 17 mm. 

7.3 Measurements on Wheat Flour 

An experiment was meant to be done on wheat flour. The aim was to see how the 
signal changed when adding flour but keeping the sample volume constant. A 
cylinder with a plexiglas bottom was constructed for the experiment; Fig. 7.4. 

plexiglas 

wheat flour 

Figure 7.4: Illustration of the cylinder used for GASMAS 
measurem ents on wheat flour. 

Unfortunately, this method turned out not to work to a satisfactory level. The 
flour was found to highly attenuate the light even for thin layers of flour, ~ 5 mm. 
Also, difficulties arose when trying to evenly distribute the flour over the bottom 
surface. The third problem found, was the difficulty to compress the flour to the 
original level, when more was added. Improvements can probably be made by 
spreading the flour directly over a plexiglas plate, without walls. 
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8. Phase Measurements on Polystyrene Foam 

To test what was needed to determine optical path lengths, within the GASMAS 
setup, a simple homodyne modulation system was set up. Polystyrene foam 
was the scattering medium of choice, because of its high scattering and low 
absorption nature. Also, the results could be compared with results from time 
resolved measurements [14]. 

8.1 Setup of a Homodyne Measuring system 

The diode laser, SHARP LT031MDO 0-30, was fed with an operating current 
of 44 mA and its temperature was 48.5 'C. Through the internal bias tee of 
the diode holder, the diode was modulated by a signal coming from the signal 
generator. The one used for these experiments was a Rhode&Schwarz SML 01 
signal generator. It is capable of producing sine shaped signals at frequencies 
between 9 kHz and 1.1 GHz. The bias tee is, according to its specification, 
capable of frequencies well up to 1 GHz. The laser light was brought through 
an optical fibre and transilluminated the scattering medium. Before the laser 
light was detected by the Hamamatsu R5070 PMT, it was partially blocked 
using a mask with an aperture with a diameter of 5.4 mm. Background light 
was hindered by an optical high pass filter, with a cut off wavelength of 715 nm. 
The PMT itself was only sensitive up to 900 nm. Thus the light was band pass 
filtered. The signal from the detector was amplified using a Hamamatsu C6438 
wide bandwidth amplifier. The gain of the amplifier is 20 dB up to 50 MHz, where 
it begins to drop, but the amplification is reasonable even up to 100 MHz. This 
signal was then sent to an oscilloscope, Tektronix TDS 520B. The signal from the 
signal generator was also split using a Mini-Circuits ZFRSC-2050 power divider, 
and sent to the oscilloscope. Both the signal generator and the oscilloscope were 
connected via GPIB (General Purpose Interface Bus) to a computer. The setup 
can be seen in Fig. 8.1. 
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Figure 8.1: Setup of a homodyne modulation system used for phase 
measurements. 

Filter 
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When the equipment initially was tested, there were a lot of noise with 
frequencies around 110 MHz; possibly interference from FM radio broadcasts. 
At first, no amplifier was used, but then the signal drowned in noise. To reduce 
the noise, all of the detector area, including the PMT power supply and amplifier, 
were provisory screened using aluminium foil. Also cables were changed, when 
possible to shorter. All inputs and outputs were seen to have 50 r2 impedance. 
The noise got smaller, but was still too large compared to the signals coming from 
the laser light. After a lot of detective work and aluminium foil, an important 
source of noise was found. It was the cables between the laser driver and the 
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diode holder, poorly shielded as they were, that functioned as antennas. Efforts 
were made to screen these, but nothing seemed to work. Possibly, the cables 
have to be changed to better ones. Although, when the signal from the PMT was 
amplified and the cables to the diode holder were placed in a noise minimising 
position, the signal was clear enough for measurements up to about 100 MHz. 
To reduce the noise even more, a good thing would have been to separate the 
signal and detection equipment. This was not done though, because of the work 
involved with fibre coupling. 

8.2 Method of Phase Measurements 

When the setup was finished and noise was sufficiently reduced, a measurement 
procedure could be decided. 

8.2.1 Measurement Procedure 

Three types of measurements were conducted to determine the phase shifts 
originating from the scattering medium. The first was a noise measurement, 
where the detector was fully blocked from any light. The noise was therefore only 
caused by, e.g., FM radio, reflections in the cables and interference between them. 
The second measurement was to test the phase shifts caused by the system itself, 
see Eq. 3.12. Instead of transilluminating a scattering medium, an optical filter, 
reducing the light intensity, was placed above the detector. The aperture was also 
introduced. In the last measurement, the filter was replaced by the polystyrene 
foam. Since the phase was found to vary when the voltage over the PMT was 
changed, this had to be kept constant. This effect has also been described in 
Ref. [17]. All three types of signals were measured at the same frequencies. A 
Labview program, earlier developed in the group, was used to record the signals 
from the oscilloscope. The program was also modified so that it could control the 
signal generator and automatic frequency sweeps could be run. 

8.2.2 Data Evaluation 

A further Labview program was developed to fit the data from the oscilloscope 
with sine functions. From these fittings the DC, AC, and phase components 
could be retrieved. The phase of the signal was defined as the difference between 
the reference and the PMT signal phase components. The phase shift caused 
by the scattering medium could be calculated by subtracting the phase of the 
foam measurement from the phase of the filter measurement. To calculate the 
absorption and scattering coefficients of the material, the phase of the scattering 
medium as a function the frequency, was fitted to the argument of the Green's 
function in the frequency domain for a transilluminated infinite slab; Eq. A2.3. 
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The fitting was made with a version of MATLAB's NLINFIT routine, improved by 
Tomas Svensson. The NLINFIT is a nonlinear least-square data fitting, using the 
Gauss-Newton method. 

8.3 Preliminary Measurements 

The preliminary measurements were made to test the setup and the automated 
device controlling. Data were collected at 27 frequencies, from 50 MHz to 
180 MHz in steps of 5 MHz. Before the signals were sent to the computer, five 
sweeps were averaged on the oscilloscope. The voltage over the PMT was set to 
592 V. Measurements were made on a slab of polystyrene foam with a thickness 
of 29.5 mm. It was about 15 em x 15 em in the other directions. 

8.3.1 Basic Results 

The reference signals DC components were about -0.01 Vat all frequencies and 
for all types of measurements. Their AC components had a distinct frequency 
dependence; see Fig. 8.2. In all of the following figures, the red represents the 
noise measurements, the blue the measurements with the filter, and the green 
the measurements on polystyrene foam. The different behaviour of the reference 
signal, when measuring noise, is because the laser was turned off. 
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Figure 8.2: Variations in the AC components of the reference 
signals, as a function of frequency. 
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The PMT signals DC components can be seen in Fig. 8.3. The noise signal is 
constant and just below the zero level. The two other signals get irregular at 
about 100 MHz. 
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Figure 8.3: The DC components of the PMT signals, as a function 
of frequency. 

The AC component of the foam signal decreased with increasing frequency 
as expected, but also the signal from the filter measurements decreased in 
amplitude. This was mainly because of the decreasing gain from the amplifier 
but also an effect of the limitations of the oscilloscope. As can be seen above 
100 MHz, the filter and the foam signals got quite small compared to the noise. 
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Figure 8.4: The AC components of the PMT signals, as a function 
of frequency. 
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The measured phase between the PMT signal and the reference signal can be 
seen in Fig. 8.5. This shows that the phase changes more because of the system 
itself than of the scattering medium. The phase decreases about 18° - 19° per 
MHz as an effect of the components in the setup. 
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Figure 8.5: The phase shifts of the fi lter and the foam signals as a 
function of frequency. 

This results in a phase shift, due to the scattering medium, as shown in Fig. 8.6. 
It is clear that the noise has made the signals too distorted to extract reasonable 
phase information somewhere above 100 MHz. 
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Figure 8.6: The phase shifts due to the polystyrene foam as a 
function of frequency. 
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8.3.2 Evaluation 

An attempt to fit the phase shifts for all of the frequencies, as in Fig. 8.6, led to 
unrealistic results as one could imagine. This set of phases led to the result that 
J.La was -2.5 m·1 and J.Ls was 1400 m·1• When only taking the first eleven phases 
into account, a more reasonable conclusion was made. The coefficients were now 
found to be 0.05 m·1 and 2600 m·1, respectively. The fit and error can be seen 
in Fig. 8. 7. When the data were fitted, the speed of light was assumed to be the 
speed of light in vacuum. Also, only the first five terms of the Green's function 
were being used. 
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Figure 8.7: a} Measured phase shifts due to the polystyrene 
foam and a fit to the argument of the Green's function for a 
transilluminated infinite slab. b) The absolute difference between 
the phase shifts and the fit. 

8.4 Extensive Measurements 

More extensive measurements were made on the same piece of polystyrene foam, 
but on a different part of the slab. Data were now collected at 50 frequencies, 
from 10 MHz to 108 MHz in steps of 2 MHz. Five averages were made on the 
oscilloscope. The voltage over the PMT was set to 540 V. 
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8.4.1 Basic Results 

Since the frequencies were lower during the second measurement, the noise 
level was lower as well. The frequency dependence of the modulation of the 
reference signals is illustrated in Fig 8.8. This time the laser was on during the 
noise measurements, which made all measurements of the reference follow the 
same curve. 
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Figure 8.8: The modulation of the reference signals as a function 
of frequency. 

The AC components of the PMT signals were during the whole measurement 
much larger than the noise. They are presented in Fig 8.9. 
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Figure 8.9: The AC components of the PMT signals as a function 
of frequency. 
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The phase difference between the PMT signal and the reference signal was still 
about 18 ° - 19 ° per MHz for the measurement with the filter. The phase difference 
for both the filter and the foam is shown in Fig. 8.10. 
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Figure 8.10: The phase shift of the filter and the foam signals as a 
function of frequency. 

The phase shift due to the polystyrene foam showed, this time, a much more 
regular behaviour, see Fig. 8.11. 
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Figure 8.11: The sample imposed phase shift as a function of 
frequency. 
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8.4.2 Evaluation 

Again, the first five terms of the Green's function were used in the calculation 
of the absorption and scattering coefficient. The same speed of light was also 
used. When using the whole set of phases, the coefficients f..la = 0.51 m·1 and 
p,, = 3300 m·1 were acquired. However, this resulted in a large error for the 
second last point, see Fig. 8.12. 

,, :~[ : : : ~mmd .. : : : : l(fu) 
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Figure 8.12: a) The shifts in phase due to the polystyrene foam fitted 
with the argument of the Green's function for a transilluminated 
slab. b) The absolute difference between the phase shifts and the 
fit. 
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When the two last frequencies were removed, the coefficients changed to 
f-La = 0.31 m·1 and f-1, = 3100 m·1• The errors were with this fit smaller; see 
Fig. 8.13. 
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Figure 8.13: a) The first 48 phase shifts due to the polystyrene 
foam fitted with the argument of the Green's function for a 
transilluminated slab. b) The absolute difference between the phase 
shifts and the fit. 

8.5 Optical Properties of Polystyrene Foam 

When comparing the phase series from the two measurements, one sees that they 
do not fully agree with each other, see Fig. 8.14. What makes this difference is 
unclear; it could because of a dent in the piece of foam, since the two series were 
not measured on the same spot. It could also be some other variation between 
the measurements. The more extensive series was more carefully conducted, 
with some additional screening and a higher overall precision. It is thus likely 
that the second series is the more relevant. According to prior time resolved 
measurements on polystyrene foam, its absorption and scattering coefficients are 
f-La = 0.2 m·1 and f-1, = 4000 m·1 [14]. This is also quite close to the values extracted 
here, f-La = 0.31 m·1 and JL, = 3100 m·1• These values result in a mean time of 2.9 ns 
or an equivalent path length of 87 em, under the condition that the speed of light 
is the same as in vacuum. With a foam porosity of 98% [14], that is almost the 
case. With the time resolved measurement values from Ref. [14], the equivalent 
mean path length was calculated to 1.1 m. 
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Figure 8.14: The phase shifts from both series of measurements 
along with their fits. 

To see whether the size of the aperture affected the measurements, a 
calculation of the equivalent mean path length as a function of the distance was 
made. This can be seen in Fig. 8.15. The path lengths get longer with increasing 
lateral injection-detection separation. However, in this case, the change is only a 
couple of centimetres and should not affect the measurements much. 
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Figure 8.15: Theoretical equivalent mean path lengths for two 
different sets of absorption and scattering coefficients as a function 
of lateral injection detection separation. 
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If the phase shift could have been measured at higher frequencies, the 
accuracy of the calculated path length could have gotten higher. In Fig. 8.16, 
the phase shifts, for the absorption and scattering coefficient determined here 
and for the coefficients from the time resolved measurements, are shown as a 
function of frequency. One sees clearly that the two curves get more separated as 
the frequency gets higher. 
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Figure 8.16: Theoretical phase shifts fo r two different sets of 
absorption and scattering coefficients as a function of modulation 
frequency. 
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9. Summary and Conclusions 

Within this work, several laser diodes have been tested. A GASMAS setup has 
been set up and tested, as well as a homodyne phase measuring system. GASMAS 
measurements were conducted on wheat flour and the optical path length in a 
slab of polystyrene foam was determined with the phase measuring system. 

9.1 Experimental Results 

9.1.1 Laser Diodes 

One of the laser diodes, SHARP LT031MDO 0-30, was found suitable for 
GASMAS measurements on molecular oxygen. It could reach three consecutive 
lines in the oxygen A-band; RSRS, R3Q4, and R3R3. This diode was used in all of 
the experiments that followed in this work. 

9.1.2 GASMAS Setup 

A new GASMAS arrangement, for molecular oxygen measurements, was 
successfully put together and tested. Efforts were made to measure the change 
in GASMAS signal with changing wheat flour density. However, too severe 
difficulties were discovered and the experiment had to be aborted. 

9.1.3 Phase Measurements on Polystyrene Foam 

Two sets of phase measurements were done on a 29.5 mm slab of polystyrene 
foam. The second one was the most extensive and precise measurement. The 
phase shift caused by the scattering material was measured at frequencies 
between 10 MHz and 108 MHz. The polystyrene was found to have a 
scattering coefficient of 3100 m· 1 and an absorption coefficient of 0.31 m· 1. This 
corresponded to an optical path length of 87 em. This value was a bit lower than 

65 



the 1.1 m which was determined from a time resolved measurement in Ref. (14]. 
This difference may depend on the uncertainty of the measurements or some 
throughout structural error. What could improve the method is to run more tests 
of what phases are introduced by the system itself. The different results in the two 
sets of measurements may indicate that the PMT induces a constant phase error, 
since the PMT voltage was different between the two sets. The measurements 
would also be improved by using larger frequencies. However, the results are 
reasonably close for a first version of the setup. 

9.2 Future Work 

This work constitutes the start of a construction project of a GASMAS system 
where the optical path length can be measured without having to move the 
sample to another setup. Thus, the path length and the GASMAS signals can be 
measured at exactly the same position of the sample, which would increase the 
reliability of the results. However, improvements of the technique are needed. 
System-induced phase errors, such as of those due to the PMT, have to be 
investigated. If the amplifier is changed to a faster one, measurements could be 
done at higher frequencies, which would increase the reliability. With higher 
frequencies, the problem of recording the signal on the oscilloscope comes, 
though. Therefore, it would be better if the high frequency is down converted 
with heterodyning or SSB techniques. If that is done into the kHz regime, the 
phase difference between the reference and the PMT signal could automatically 
be detected with, e.g., the lock-in amplifier which possesses such features. 
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Appendix A 

Analytic expressions of the behaviour of light in 

scattering media 

This Appendix gives analytic expressions for the Green's function in the time 
and frequency domain, the phase shifts, and the mean time of flight. Expressions 
are given for the following geometries: infinite medium, semi-infinite half-space, 
and infinite slab for both transillumination and reflection measurement. For 
other geometries (2D circle, finite and infinite cylinder, and sphere) the reader is 
refered to the article by Arridge et al. [5] 

The expressions are abbreviated by the definitions 

Zo = 1/, I p,, 

p= ~e +zo2 

Z+n = ( 2n + 1 )d + Z0 

Z_n = ( 2n + 1 )d- Z0 

Z+n' =2nd+ z0 

z_n' =2nd- z0 

P-n = ~e +z_". 

o. = .J p,.c + i;...; /Y 
(J = JTi7 /r 

( 2 )X/ A= (p,.c) +w2 1 

T = arctan ( 'lp,.c) 

The ~ denotes the lateral injection-detection separation and w is the angular 
frequency of the modulation. The time is t, and the delay of the scattering is t: 
However, this delay t' = z0/c, can in most cases be said to be 0. If that is not the 
case, t' has to be added to the mean times and -:.ut' to 'lj;. For the case of the infinite 
slab it is only necessary to count the first five terms of the infinite sum, to achieve 
a high precision. 
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Al. Green's Functions in the Time Domain 

Infinite medium 

Semi-infinite half-space 

Infinite slab 0 < z < d (evaluated at z = d) 

' -exp( -(~.c( t- t') + ej4-/ ( t- t'))) 
gslab ( ~,Zo,t,t ) = 1,; ~ 

( 41rl2 ) 2 ( t - t') 2 
(Al.3) 

~[' ~" exp [ 47~(;~ ,J-' " exp [ 47~(;~ t') l 
Infinite slab (evaluated at z = 0) 

(A1.4) 
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A2. Green's Functions in the Frequency Domain 

Infinite medium 

(A2.1) 

Semi-infinite half-space 

(A2.2) 

Infinite slab 0 < z < d (evaluated at z = d) 

(A2.3) 

Infinite slab (evaluated at z = 0) 

(A2.4) 
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A3. Phase Shifts 

Infinite medium 

'l/J;nf ( d) = arctan 

Semi-infinite half-space 

Ad sin( /2) 

l+Adcos(/2) 

[ 
Apsin( /2) 

'l/Jhalf ( p ) = arctan ( ) 
l+Apcos /2 

-Ad sin( /2) (A3.1) 

-Apsin( /2) (A3.2) 

For the infinite slab there exist no analytic expressions. One must therefore 
numerically take the argument of the Green's function in the frequency domain 
to get the phase shift. 
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A4. Mean Times 

Infinite medium 

(A4.1) 

Semi-infinite half-space 

(A4.2) 

Infinite slab 0 < z < d (evaluated at z = d) 

Infinite slab (evaluated at z = 0) 
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