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Abstract 
In this thesis a novel spectroscopic method consisting of a combination of frequency 

domain photon migration (FPDM) and gas in scattering media absorption spectroscopy 

(GASMAS) is developed, for assessment of the mean optical path length and gas absorption 

in porous media. The system stability is experimentally investigated and measurements are 

performed on balsa and pine wood to evaluate the relative optical porosity (ROP). ROP is 

defined as the ratio between the absorption path lengh and the mean optical path length 

(MOPL). The ROP for balsa is 70% and pine 30%.  
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Populärvetenskaplig sammanfattning 
Spektroskopi handlar om teoretiska modeller och experiment där man observerar ljus som 

har växelverkat med materia. Spektroskopiska metoder används inom många olika 

ämnesområden som exempelvis kemi, fysik och biologi. Ett jordnära exempel på tillämpad 

spektroskopi är människans öga. Reflekterat ljus från olika föremål samlas in av linsen i 

ögat, avbildas på näthinnan och genom elektriska signaler i synapserna överförs 

informationen till hjärnan. De synliga våglängderna som männinskan kan uppfatta utgör 

bara en liten del av hela det elektromagnetiska spektrumet, som stäcker sig från 

gammastrålning till radiovågor.  

Materia absorberar elektromagnetisk strålning genom att atomer i olika atomstrukturer 

ändrar sitt energitillstånd genom att absorbera ett ljuskvanta, även kallat en foton. De 

energitillstånd som en elektron kan befinna sig i är kvantiserade och varje sorts atom och 

molekyl uppvisar ett unikt spektrum eller fingeravtryck som svarar mot energitillstånd dess 

elektroner kan befinna sig i.  

I detta projekt har absorptionspektroskopi medelst diodlasrar använts för att undersöka 

molekylärt syre som är imbäddat i porösa material. Genom att undersöka hur mycket av det 

smalbandiga ljus som matchar gasens absorption som passerar det porösa provet, så kan 

man få en ide om hur mycket molekylärt syre som är inbäddat i porerna vilket indirekt är 

ett mått på materialets porositet. Denna metod används här i ett integrerat system 

tillsammans med en annan teknik där man istället tittar på den fasförskjutning som uppstår 

på grund av ljusets spridning när det fortplantar sig genom det porösa materialet. Detta 

görs genom att låta diod laserns ljus variera i intensitet likt en våg,. Om man jämför ljuset 

som går igenom provet med en referens-våg så kan man fastställa en fasföskjutning, vilken 

innehåller information om den extra optiska väglängd som ljuset har tagit på grund av 

spridning i materialet, vilket har gjort att ljuset inte kunnat ta den snabbaste vägen igenom.  

Genom dessa två mätmetoder kan optiska egenskaper av materialet utvärderas. I dessa 

experiment används en parameter som kallas för den relativa optiska porositeten och är 

definerad som kvoten mellan den väglängd ljuset behöver färdas i luft för att uppmäta 

samma gasabsorption som den har i det porösa materialet och den optiska väglängden 

genom provet. 

För att verifiera tekniken har mätningar gjorts på tall och balsaträd. Experimenten visar att 

denna mätmetod ger relativt jämna resultat. Med tall har en relativ optisk porösitet på 70% 

uppmätts, medan för balsaträd är den 30%. Dessa data är användbara för att karakterisera 

materialet – som t.ex. för att ta reda på nedbrytningsgraden i arkeologiska träföremål. 
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1. Introduction 
This thesis is a summary of my diploma work for a Bachelor degree in Physics and the 

project is equivalent to 15 ECTS credits. The work has been performed during the Spring 

and Summer of 2012 in the Division of Atomic Physics at Lund University.  

Optical spectroscopy is used today in a great number of fields such as medical diagnostics, 

environmental monitoring, diagnosis of combustion processes, chemical analysis and it 

finds applications in both science and industry. In this work a spectroscopic method is 

developed to assess the optical properties of turbid media by integrating two systems. First 

one is a technique referred to as gas in scattering media absorption spectroscopy (GASMAS) 

which is tunable diode laser absorption spectroscopy applied to gas content in porous 

media and the second one is frequency domain photon migration (FPDM) with heterodyne 

detection, which is a phase shift method. The FDPM is a commonly used method in 

biomedical applications [1, 2]  

With the GASMAS system the oxygen absorption path length may be evaluated and the path 

length through media (called mean optical path length, MOPL) with the FPDM. For a non-

scattering medium the optical path length is the length of the gas cell, but for porous and 

highly scattering medium the optical path length is unknown and dependent on the optical 

properties of the medium. If the refractive index of the bulk material is known in addition to 

the MOPL and absorption path length, the optical porosity can be extracted. The 

relationship between the optical and physical porosity is suggested to be of a constant ratio 

for the same type of sample [3]. 

To be able to monitoring optical and physical properties for material is important in a lot of 

different industries. For a material as commonly used in the world as wood it is of 

importance to be able to know its optical and physical properties, for example its porosity. 

Porosity of wood is studied, for example, in connection with wood-drying processes, water 

infiltration in wood [4] and absorption of allelopathics [5].  

Evaluation of the path length through porous media can be achieved with other techniques 

as well and be combined with GASMAS. This has been done with time-of-flight spectroscopy 

(TOFS) [3], in which the time it takes for the photons to travel from source to detector is 

measured. The disadvantage of combining TOFS and GASMAS is that the TOFS 

measurements use a pulsed laser, while GASMAS utilizes a continuous laser. This makes it 

difficult to integrating the two systems and additionally the TOFS system is expensive 

compared to the GASMAS setup. Therefore it is desirable to find a way to build a single, 

compact setup.  

Recent works involving combining GASMAS with an additional technique to retrieve the 

optical path length involve using a frequency modulated continuous-wave (FMCW) 

technique [6] and a predecessor to this project is by using FDPM with a homodyne detection 

scheme [7]. 
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2. Theoretical background 

2.1 Absorption and scattering 

Turbid media are, due to their structure, random in nature. Therefore it is very difficult to 

describe the properties of this medium using microscopic parameters. Instead, the average 

behavior of turbid media is used to characterize it. The absorption and scattering 

coefficients are the parameters often employed when describing optical properties of turbid 

media.  

First, for light propagating through a turbid medium there is a chance that the photon, if it 

propagates with a wavelength that corresponds to a transition between energy levels in 

atoms or molecules in the media, will be absorbed. How strong the absorption is in a 

medium can be described by the absorption coefficient and has the unit of m-1. 

The Beer-Lambert law states that there is a relationship between how much light that is 

transmitted and the optical properties of a gasous medium. If light is propagating through a 

gas cell of length L with an initial intensity    a detector on the other side of the cell will 

detect a transmitted intensity according to the relation  

     
   , 

where   is the absorption coefficient. For gases the absorption coefficient is identified as 

    , where   is the absorption cross section and   is the concentration of absorbers.  

 

Figure 1: Schematic of the light attuenuation through a gas cell of length L with incident ligth intensity I0 
and emerging ligth intensity I and how the intensity will drop exponentially as a function of the length of 

the gas cell. 

Light travelling through a turbid medium will experience change of refractive index due to 

the non-uniformity of the material. This will cause scattering events, and the averaged 

effects of which are described by the scattering coefficient. The scattering coefficient is 

analogous to the absorption coefficient and tells how big fraction of the light that is 

scattered in the medium per unit distance; the unit for the scattering coefficient is also m-1.  
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2.2 Tunable diode laser absorption spectroscopy  

Analysis of gas can, for example be performed by using absorption spectroscopy with a 

tunable diode laser. This combination is a commonly used laser absorption method to do 

chemical analysis of gases and is called tunable diode laser absorption spectroscopy 

(TDLAS). 

The procedure is that the diode laser is frequency tuned over a wavelength region that 

corresponds to an absorption line of a gas under study. The laser light is transmitted 

through the gas and the light intensity is then recorded by a detector. When the light 

intensity is monitored as a function of time the recorded profile will show a reduction in 

intensity when the frequency of the laser coincides with the absorption peak profile of the 

gas. The intensity profile that is acquired is governed by the Beer-Lamberts law and from 

this the concentration can be extracted, but only if the absorption cross-section and path 

length are known. By looking at the line broadening and Doppler shift information about 

temperature, pressure and velocity of the gas can also be extracted.  

Advantages of using this method for monitoring of gas content include that TDLAS can be 

used despite other gases are present. This is because the system is only sensitive for non-

lapping absorption lines, which are unique for every species. Additionally, the measurement 

can be done continuously. Disadvantages of TDLAS are the limited tuning range of the diode 

laser, which often only allows the coverage of one absorption line (This is not a fundamental 

problem, since a single absorption line is often enough to extract the needed information 

about the gas). The small change in the signal on top of a large background is a disadvantage 

that is general for all absorption spectroscopy measurements. To combat this one can use 

modulation techniques, which utilizes that noise decreases with increasing frequencies, 

which leads to increased signal to noise ratio. Another possibility is to enhance the 

absorption by increasing the interaction length, as it is done in cavity enhanced absorption 

spectroscopy, where the gas under study is placed in a cavity in which the light can be 

multiply reflected between highly reflecting mirrors, thereby resulting in up to kilometer-

long interaction path lengths.  

2.3 Wavelength modulation spectroscopy 

Modulation techniques can be employed in absorption spectroscopy to detect and enhance 

small absorption signals. A modulation technique used in this work is wavelength 

modulation spectroscopy (WMS), also called derivative spectroscopy. A sinusoidal 

frequency modulation that is much smaller than the absorption linewidth is applied to a 

laser when scanning across an absorption peak. The absorption peak will act as a 

transformer and when scanned the signal will be amplitude modulated, which is illustrated 

in figure 1.  
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This amplitude modulation can then be demodulated at frequencies that are harmonics of 

the modulation frequency. If it is demodulated at a frequency equal to the modulation 

frequency it is called 1f detection and if it corresponds to twice the modulation frequency it 

is called 2f detection. The 2f signal is more convenient to use since it has no offset, which is 

the drawback of the 1f signal. The use of WMS for the detection of sharp absorption peaks is 

a powerful technique because in the case of no absorption the WMS signal gives zero 

background, and because of the high frequency modulation the signal is moved were the 1/f 

noise is minimized. The WMS signal can be acquired either by a lock-in amplifier or through 

software processing, which then is called digital WMS.  

2.4 Gas in scattering media absorption spectroscopy 

Gas in scattering media absorption spectroscopy (GASMAS) is a technique developed to be 

able to perform absorption spectroscopy in turbid media by utilizing the sharp absorption 

profile of the gas embedded inside. However, when using TDLAS on turbid media it is not 

possible to use Beer-Lambert law to extract the concentration, due to the scattering effects. 

The determination of the optical path length is not trivial (being different from the 

thickness of the cell or sample), instead the path the photons travel in the turbid media has 

to be analyzed. 

Because of the unknown path length a parameter is introduced that is called equivalent 

mean path length [9]. This parameter is a measure on how long a distance the light has to 

travel in a reference gas to experience the same absorption as in the measured sample. If it 

is the same conditions in both the reference gas and in the sample the equivalent mean path 

length is the true path length the photons have travelled through the sample.  Even if the 

conditions are not the same the equivalent mean path length can still be used, for example 

for relative concentration measurements or for relative changes. 

The equivalent mean path length can be extracted in different ways; one is to do standard 

addition – here exemplified by the absorption of oxygen in air. Initially the light source and 

detector are directly in contact with the sample and there is no free air between the source 

Figure 2 [9]:  Figure showing the principles of WMS.  
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and detector. Then a certain distance in the air is added and the measured absorption signal 

will increase due to the extra path length. By doing additional measurements with different 

paths of free air it is possible to extrapolate backwards to find the equivalent mean path 

length in the scattering medium. A different method to extract the equivalent mean path 

length is to fit the measured absorption signal to a reference absorption signal with a 

known path length. 

Interesting studies have been done by using GASMAS. Examples of different application are 

wood samples [10], wood drying processes [11], human sinus cavities [12], and food 

packages [13]. 

2.5 Radiative transport equation 

A model for describing photon transport through turbid media is the radiative transport 

equation (RTE). It is an equation based on energy balance and is derived from the 

conservastion of energy [14]. Below are some theoretical quantities that are used to 

describe the light propagation through turbid media; 

Photon distribution function          [m-3sr-1] is the number of photons per unit volume 

with the direction s at the time t.  

Radiance                       [W/m2sr] is the quantity to describe propagation power 

and is defined as the power per steradian per unit area. 

Scattering phase function         is the probability function for a scattering from 

direction s to s’. 

Fluence rate        ∫           
  

 is the integral of the radiance over all directions and 

is defined as the radiant power incident on a small sphere, divided by the cross sectional 

area. 

By looking at the photon distribution in a small volume dV, the change in the photon 

distribution is the difference between the inward and outward travelling photons as well as 

the photons within the volume that can be gained and lost through specific interations. In 

the derivation of the radiative transport equation it is assumed that the energy due to non-

absorbed photons is kept the same despite all interactions. The radiative transport equation 

is expressed as; 

∫
    ̅     

  
     ∫                ∫                   ∫       ∫  (    ) (      )   

      

   ∫           

 

 

The net change of photon distribution is equal to the difference between the gain, which is 

due to sources inside the volume and scattering from direction s’ to s, and the losses which 

are due to photons crossing the boundary, scattering and absorption. The radiative 

transport equation is usually expressed with the radiance and with dropped integrals; 
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             ∫        

  

             

The solution of the radiative transfer equation for an arbitrary object is the radiance for 

every position r and direction s within the volume, due to this and limited computational 

power there needs to be simplification to solve the light propagation in practical cases [1]. 

2.6 Diffusion equation 

A simpler way of modeling the propagation of light is to use an approximation of the 

radiative transfer equation, which is the diffuse approximation. The main ideas behind the 

diffusion approximation is that to expand the photon distribution function into spherical 

harmonics, use the lowest order and then integrate over all directions. The derivation 

omitted here, but can be found in reference [15]. The final result which is the diffusion 

equation will be as follows; 

 

 

       

  
      (   )        (   )   (   ) 

Here D is the diffusion coefficient                and  (   ) is the source term. The 

diffusion equation is only valid for propagating light that is diffuse, which means that the 

reduced scattering coefficient must be much larger than the absorption coefficient and that 

the source and the detector need to be separated in both time and space.  

To get a solution to the diffusion equation for anything else than an infinite homogenous 

medium, boundary conditions need to be fulfilled. The boundary conditions depend on the 

geometry of the medium and reflect that the photons leaving this diffuse medium will never 

return. The analytical solution of the diffusion equation for a slab geometry using 

extrapolated boundary conditions is omitted but can be found in reference [16,7]; 

2.7 Frequency-domain photon migration 

In frequency domain, photon migration light from a continuous-wave light source is 

intensity modulated with a sinusoidal modulation. If the light propagates through a 

medium, the light wave will travel a longer distance compared to the light moving through 

vacuum. The longer path length will result in a relative phase shift and by measuring the 

phase shift information this path length can be assessed. In diffuse media the light will 

travel in many different paths due to the scattering events and absorption in the medium, 

which will make the modulation depth of the traveling wave to decrease, and produce a 

phase shift corresponding to the scattering and absorption of the turbid media. 

2.8 Heterodyning 

Heterodyning is a commonly used technique in radio communication and is a technique, 

where new frequencies are created by combining two different frequencies. The creation of 

the new frequencies can be illustrated by the multiplication of trigonometric functions; 
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   (          )  

 

 
   (          ) 

By multiplying two frequencies    and    according to the equation above the new 

frequencies will be the difference frequency between the old         and the sum of 

frequency        . The electrical device that generates this multiplication in practice is 

called a frequency mixer and it makes use of nonlinear electrical components. In the ideal 

case the outcome should correspond to the trigonometric multiplication presented above. 

However, nonlinear components come with a disadvantage, they also create harmonics of 

the original frequencies (   ,    ,    …). Thus, the harmonics need to be filtered out to 

obtain the heterodyne frequencies. 

2.9 IQ demodulation  

To get the relative phase shift one can use an in-phase quadrant demodulation technique 

[17], which is a series of mathematical operations that can be done both mechanically and 

digitally.  

The mathematics behind the demodulator works due to two signals                  

and            that it receives, the first signal with a relative phase respective to the 

latter signal. Both of the signals are then divided and the reference signal yields one part 

that is phase shifted 90degrees. Then multiplication between     and    is carried out and 

we obtain two waves; 

                                                

                                                 

Here it is possible to identify          and          as dc signals and the second 

components as rf signals. By blocking the rf signal the phase shift may be obtained as 

       (
         

         
) 

2.10 Semiconductor diode laser 

Semiconductor or diode lasers are one of most commonly used lasers today and benefit 

from being of small size, available in a wide range of wavelengths and possible to 

wavelength tune. The wavelength is tuned by changing the current or temperature of the 

diode laser. Coarsely tuning is done by changing the temperature, which changes the 

bandgap and refractive index [18]. Small and fast adjustments are done by changing the 

current. 

Semiconductor lasers have a semiconductor material as its gain medium, the emitted 

wavelength depends upon the bandgap of the materials used. Common semiconductor 

material used for lasing is InGaN, AlGaInP and GaSbAs. 
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2.11 Photomultiplier tube 

A photomultiplier tube (PMT) is used to measure light intensity and is often characterized 

by having an ultrahigh sensibility, fast response and a low level of dark noise. The PMT is 

composed of a vacuum tube and a photocathode layer on its detection window. When an 

incoming photon hits the photocathode, it will release an electron due to the photoelectric 

effect. The electron will then be focused by an electrode to a series of dynodes, each having 

a higher positive voltage than the previous one. When the electron hits the first dynode 

lower energy electrons are emitted and they will then be accelerated to the next dynode. 

For every dynode more electrons are emitted in a process that can be thought of as a 

cascade. After the last dynode the electrons reach the anode where the charge is measured 

and a signal is detected. Because the photomultiplier tube can even achieve single photon 

counting, it is considered very sensitive and an excessive exposure to ambient light can 

damage it  

3. Methods and materials 

3.1 Experimental setup 

The experimental setup includes both a FDPM and a GASMAS system, and the two systems 

can be switched automatically through a computer control.  The whole setup is illustrated in 

figure 3.  

 

 

3.1.1 GASMAS 

For GASMAS the diode laser (Toptica #LD-0760-0040-DFB-1) is frequency modulated by 

two function generators, one is delivering a saw tooth function at 5 Hz and the second 

yielding a 9,025 kHz sinusoidal signal. The two modulation signals are produced by a data 

acquisition (DAQ) card (NI 6120). The transmitted laser light is collimated before it hits the 

sample and is then picked up with a photomultiplier tube (Hamamatsu H10721). The signal 

Figure 3: Scheme of the electronic setup used in the experiment. 
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from the photomultiplier tube is then amplified and converted from voltage to current 

through a preamplifier (DHCPA-100, Femto). Finally the signal is sampled with a DAQ card.  

3.1.2 Frequency domain photon migration (FDPM) 

For FDPM, the diode laser is intensity modulated with high frequencies, ranging from 10 

MHz to 100 MHz, by a radio frequency source. The detected signal from the PMT is sent 

through an amplifier and converted to a lower frequency by combining the signal with a 

radio frequency signal in a frequency mixer. The radio frequency signal is produced from a 

second radio frequency source and is always modulated with a frequency that is 20 kHz 

higher than the signal that is modulating the laser diode. The output signal from the 

frequency mixer is processed with a low pass filter so the frequencies above 20 kHz are 

supressed. The signal is then sampled with a DAQ card together with the reference signal. 

The reference signal is given by using power splitters to divide the signals from the two 

radio frequency sources and using an additional frequency mixer and low pass filter to get a 

heterodyne signal at 20 kHz.  

3.1.3 Design 

To make the system compact and robust all the small electrical components are put into two 

boxes. This makes the setup more portable and it also saves space. The boxes also work as 

protection form the RF coupling for the electrical components.  

3.1.4 LabView 

The system is controlled and supervised through a LabView program [7]. The program 

controls the modulation of the laser diode and from the interface the user can switch 

between the two sub-systems that is GASMAS and FDPM.  The modulation frequencies can 

also be set via the interface.   

3.2 Wavelength calibration of the laser 

Before employing the laser diode for the experiment, it needs to be calibrated so that the 

emitted wavelength corresponds to a desired absorption peak of the gas. In this work the 

gas of interest is molecular oxygen. It is a gas available in the atmosphere (21%), which has 

an absorption band in the near infrared wavelength region. A wavelength meter (ws-6ir) is 

used to be able to determine the emission wavelength of the laser. By adjusting the 

temperature on the laser driver, the wavelength is tuned as well as possible to one of the 

absorption peaks of molecular oxygen. The chosen peak was around 761.25 nm and 

although it is not the strongest peak in the absorption band (A-band), it is a peak that does 

not require too much cooling of the laser, which would lead to complications. The 

appropriate wavelength was found on the wavelength meter, the laser was scanned with a 

frequency of 80Hz and the laser light was propagating through air and detected by a 

photodiode connected to an oscilloscope.  
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3.3 Low pass filter 

An electrical signal can consist of superimposed frequencies and it is sometimes necessary 

to block out some frequencies. This can be done by letting the signal pass through a band 

filter. Band filter blocks out frequencies in a region. In this experiment it is desired to have 

the high frequencies that are created from the frequency mixer supressed. The low pass 

filter is created from electrical components including resistors, capacitors and OP amplifiers 

(L324AN). 

 

 

 

 

 

3.4 Measurement procedure 

The measured phase shift in the experiment is not only due to the longer path length 

through the sample, it also contains an extra phase shift due to the distance in free air the 

light has travelled, additionally to the phase shift induced by the instrumentation. The 

absorption signal in the GASMAS measurement will contain an added absorption that is due 

to the oxygen in free air that the laser light travels through. Therefore to assess the phase 

Figure 4:  Transmission spectra of molecular oxygen. Data points are 
retrieved from spectracalc.com 

Figure 5: Electrical scheme of the low pass filter used in the experiment. 
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shift and absorption signal induced by the sample, measurements procedure are done in 

four steps: 

1. Measurement of the absorption signal from the sample and from the free air within 

the GASMAS setup. 

2. The setup is switched through the computer to the FDPM and the phase shift is 

measured at ten different laser modulation frequencies ranging from 10 MHz to 100 

MHz, in steps of 10 MHz. 

3. The sample is replaced with a neutral density filter, which is adjusted so that the 

transmitted intensity on to the PMT is roughly the same as in the measurement with 

the sample. The FDPM signal is measured and the assessed phase shift is due to the 

phase shift induced by the instrumentation and the air. 

4. The FDPM setup is switched back to the GASMAS setup and the absorption signal is 

measured through the air.  

Keeping the incident light intensity on the PMT approximately the same in both the sample 

and no sample measurements is to make sure that the amplifiers are not saturated. The 

incident intensity can be adjusted by choosing an appropriate neutral density filter and fine 

adjustments are done by changing the angle of the filter relative to the direction of the laser 

light. It is of high importance to keep the gain of the PMT constant when making the 

calibration measurement of the FDPM since the PMT will induce a phase shift that needs to 

be constant between the measurements. The PMT and the laser should be fixed during the 

measurements. 

Measured data is saved as text document files (.txt) via the LabView control program. The 

data consist of raw data of the voltage sampled with the DAQ-card and the parameters used 

as the PMT voltage, modulation frequency, etc. Through the program it is possible to decide 

if the signal should be averaged or not and how many times averaging should be performed.   

3.5 Data analysis 

The data is imported to and processed by a MATLAB program. To get the mean optical path 

length (MOPL), the program fits the raw measured signal to the solution of the diffusion 

equation [7]. For comparison the MOPL is also calculated using IQ demodulation on the 

measured signal and then a linear approximation is used to retrieve the MOPL: 

      
   

    
 

where   the speed of is light,   the modulation frequency and   is the phase shift. This 

linear approximation will start to deviate and will be less valid for increasing frequencies. 

The absorption path length is extracted by doing WMS on the GASMAS signal and fit it to a 

reference absorption signal through air.  
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3.5.1 Relative optical porosity 

To retrieve information about the optical porosity of the sample a property called relative 

optical porosity (ROP) is used. It is defined as the ratio between the absorption path length 

and the MOPL; 

    
    

     
 

This expression is used when the refractive index of the bulk material is not known, for the 

other case the optical porosity can be retrieved. 
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4. Results 
In the GASMAS system the PMT detects a signal that is modulated with slow (5 Hz) and 

swift (9,025 kHz) frequency. The absorption signal which has been amplified and sampled 

with the DAQ–card is shown in figure 6 together with its WMS signal. The absorption is due 

to the oxygen in the air and a 10mm balsa sample. Then by switching to the FDPM system 

the DAQ–card will sample the heterodyne signal from the PMT and the reference signal 

from the two radio frequency generators. In figure 7 the two heterodyne signals are shown, 

which illustrates that there is a phase difference and an amplitude reduction in the 

detection signal. The amplitude reduction is due to the attenuation of the light through the 

sample. 

 

 

 

 

 

 

 

 

 

Figure 6: (Left) Graph showing the raw absorption signal for a recording of a balsa sample with 10 mm thickness. 
The dip in the middle of the ramp is the absorption due to the molecular oxygen. (Right) The WMS signal 

corresponding to the absorption signal to the left.  

Figure 7: The detected signal using the FDPM setup. The  blue line 
corresponds to the detector and the green line is from the reference. 



17 
 

Measurements on balsa wood were done for two different thicknesses, three different 

positions on and using three measurements for each sample. The thicknesses of the balsa 

samples are 10mm and 15mm. In Figure 8 the phase shift for the two balsa samples is given 

as a function of the modulation frequency. The figure shows that the phase shift increases 

for increasing frequencies and a thicker sample induces a greater phase shift. The 

experimental results for the mean optical path length (MOPL), the gas absorption path 

length and the relative optical porosity (ROP) is given in Table 1.  

 

 

Measurements were also done on three different pine samples with a thickness of 9mm, 

14mm and 19,4mm. The measurements were repeated three times for every sample and the 

results with standard deviations are given in table 1 together with the balsa results. 

 

Sample name MOPL (mm) Absorption path length (mm) ROP (%) 
Balsa 10mm 211±4 139±12 65,9±5,8 
Balsa 15mm 315±2 240±18 76,4±6,3 

Pine 9mm 340±4 102±13 29,9±3,6 

Pine 14mm 511±6 145±6 28,3±1,2 

Pine 19,4mm 878±21 236±11 26,7±0,9 

Table 1: Experimental results for different wood samples with three times repeated measurements. 

 

Four pine samples (8,3mm, 11,2mm, 14,3mm and 18,5mm) were cut out of the same piece 

of wood and with the same ring geometry to test the stability of the system. This was done 

by letting the laser light hit the same spot on every sample to keep the geometry constant, 

but letting the thickness increase. The average relative optical porosity of the four pine 
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Figure 8: Measured phase shift for different modulation frequencies. The 
dashed line is the simulated phase shift from the measured raw signal. 
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sample is 30% and the measurement error seems to get smaller for thicker samples. 

Experimental results of the mean optical path length, absorption path length and relative 

optical porosity are given in figure 9.  

 

 

 

 

 

 

 

 

The phase sensitivity of the system when doing frequency domain measurements is 

investigated by measuring the phase shift obtained at different PMT voltages and light 

intensities. Adjusting the incident intensity was done by using neutral density filters with 

different optical densities and for every filter the phase shift was measured at different PMT 

voltage. The filters are placed in the beam path of the laser and the incident angle is 

approximately 90 degrees and is kept constant between different filters. In Figure 9 and 

Figure 10 the phase shift at a modulation of 10MHz is given as a function of PMT voltage 

8 10 12 14 16 18 20
300

400

500

600

700

800

900

thickness /mm

m
e
a
n
 o

p
ti
c
a
l 
p
a
th

 l
e
n
g
th

 /
m

m

8 10 12 14 16 18 20
80

100

120

140

160

180

200

220

240

260

280

thickness /mm

a
b
s
o
rp

ti
o
n
 p

a
th

 l
e
n
g
th

 /
m

m

8 10 12 14 16 18 20
0.25

0.26

0.27

0.28

0.29

0.3

0.31

0.32

0.33

0.34

thickness /mm

re
la

ti
v
e
 o

p
ti
c
a
l 
p
o
ro

s
it
y
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and optical density. The difference in phase shift ranges from 0,5 to 1degree depending on 

the PMT voltage and the range of the optical density. This change in phase shift corresponds 

to a path length of 6,6 to 13,3 mm at a modulation frequency of 10MHz. In figure 9 the phase 

shift decreases linearly for increasing PMT voltage, but the phase shift is also decreasing for 

larger attenuation during constant PMT voltage. In figure 11 the phase shift is instead given 

as a function of optical density. For lower PMT voltage and low optical density the phase 

shift does not change that much compared to higher optical densities. 

Figure 10: Phase shift as a function of PMT voltage, for different neutral optical density filters. 
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Figure 11: Phase shift as a function of optical density for different PMT voltage. These data poins are the 
same as in Figure 9. 

5. Conclusion 
The experimental investigation shows that the setup is very convenient to use and can 

produce consistent results, however further work could improve its performance. The 

measurement time could be further reduced by replacing the neutral density filters (that 

need to be manually aligned) with a tunable density filter, which would allow the optical 

attenuation to be adjusted by a voltage from the computer. To make the system more 

compact and viable fiber optics can be introduced to transport the light, which would also 

increase the laser safety.  

Measurements on different kinds of natural density filters shows that it is necessary in the 

measurement procedure to keep the PMT voltage constant for the sample and reference 

measurement. If it is needed to also keep the attenuation constant depends on the accuracy 

required, but as long as the attenuation in the reference measurement roughly agrees with 

the sample measurement the induced phase shift error is relative small. This could be used 

to further reduce the measurement time if the time sampling is a higher priority than the 

accuracy, by using pre-measured reference signals.  

Further evaluation of the system stability of the system should be done, for example by 

looking at the drift in phase shift and absorption signal which is an effect of the 

instrumentation.  
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For the measurements on the wood samples, the mean optical path length evaluated from 

the fitting is not used. This is because for the thinner samples (8-10 mm) the fitted mean 

optical path length fails and therefore the mean optical path length evaluated at 10 MHz 

with the linear approximation is used instead, but for thicker samples the fitting procedure 

yields better results. Present limitations in the choice of sample are thickness and light 

penetration. For pine samples the signal-to-noise ratio becomes too small for samples 

thicker than 20 mm this could potentially be improved by reducing the background light. In 

an extended study, oak samples were also investigated, both fresh oak and dry from the 

capsized ship of war “Riksäpplet”. However since oak is a very dark and non-translucent 

material, very little can be transmitted, which leads to serious measurement difficulties.  
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Abstract: A method to assess the relative optical porosity in wood by a combination of gas in 

scattering media absorption spectroscopy (GASMAS) and frequency domain photon migration 

(FDPM) is presented. Samples of balsa and pine wood are studied. 
OCIS codes: (000.2170) Equipment and techniques; (300.6260) Spectroscopy, diode lasers  

 

1. Introduction 

Wood has till today been one of the most widely used materials in people’s daily lives. Understanding its chemical 

and physical properties is therefore significant both for basic research and industrial applications. Physical properties 

such as density/porosity [1], moisture [2,3] and grain direction [4] have been widely studied using near infrared 

spectroscopy (NIRS). A review article about the assessment of wood properties by this optical technique can be 

found in [5]. Recently, the microstructure and drying properties of wood were also studied utilizing its scattering 

properties and via gas diffusion phenomena [6-8]. 

In this paper, we present a new optical method to diagnose the so-called relative optical porosity (ROP) for wood 

materials, defined as the ratio between the light path length transmitted through the pores and the mean optical path 

length (MOPL) through the whole scattering media. In order to evaluate the optical path length through the pores, 

gas in scattering media absorption spectroscopy (GASMAS) [9] is employed. According to the Beer-Lambert law, 

the gas absorption signal is linearly proportional to the product of the gas concentration and path length through the 

gas when absorption is very weak – which is a quite common situation in most practical applications. Thus, when 

the gas concentration is known – e.g., for wood material with open pores exposed to atmospheric oxygen – the path 

length through the gas-filled pores can be determined. The optical path length through the whole medium is assessed 

by using the so-called frequency domain photon migration (FDPM) method [10], which utilizes a radio frequency 

(RF) intensity-modulated continuous-wave light source to illuminate the sample and then detect the transmitted or 

reflected radiation. Due to heavy scattering in the medium, a phase shift and a modulation depth difference are 

introduced, from which the optical properties of the medium and the MOPL through the medium can be retrieved. 

These two different techniques are combined in a single diode-laser-based oxygen absorption spectroscopy setup. 

The first attempt of applying this method towards the study of polystyrene foams and wood materials was reported 

in [11]. As indicated in this work, although ROP does not directly correspond to the physical density of the porous 

material, it still quantifies the density information by using optical aspects. In this work, a heterodyne detection 

scheme of the FDPM method was utilized and much thicker and denser wood samples were examined. 

2.  Methods and Materials 

2.1 Experiments 

The experimental setup is illustrated in Fig. 1. The measurements are here performed in transmission mode, and the 

distance between the laser diode and the detector is 108 cm. The system includes two subsystems – one for 

GASMAS measurements and one for FDPM measurements, which can be electronically switched. For the 

GASMAS measurement, the diode laser (Toptica #LD-0760-0040-DFB-1) running at 760 nm wavelength is 

modulated by a 5-Hz triangle signal together with a 9.025-kHz sine signal, and the RF sources are turned off. Both 

modulation signals are produced by a DAQ card (NI 6120). The transmitted radiation is first detected by a photo 

multiplier tube (PMT, Hamamatsu H10721) followed by a signal preamplifier (DHPCA-100, Femto) and finally by 

a DAQ card for sampling and analysis. The 2f absorption signal is picked up by a digital lock-in amplifier based on 

wavelength-modulation spectroscopy (WMS) and Fourier transform. 

For the FDPM measurements, the diode laser is intensity-modulated by a radio frequency (RF) signal split from 

RF source 1. The frequency of the RF signal varies from 10 MHz up to 100 MHz by 10-MHz steps. The frequency 



of the RF source 2 is always 20 kHz higher than the frequency of the RF source 1. Thus, heterodyne detection of the 

phase difference between the reference (Ref.) signal and the detected light signal can be performed, as demonstrated 

in Fig. 1. Since the instrument itself and the off-set in the air also induce a phase shift, the results must be calibrated 

in order to obtain the absolute phase shift merely due to the sample. In general, the experimental procedures and 

post-measurement analysis are similar with the ones described in [11]. Since the amplitude-phase crosstalk is very 

small and the present PMT has a uniform photocathode, the detected light intensity does not need to be kept at the 

exactly same value during the sample and calibration measurements. However, the PMT voltage should still have 

the same value during the phase shifts measurements, and a neutral density (ND) filter is used to avoid saturation of 

the PMT during the calibration procedure.  

 

Fig. 1. Experimental scheme for the combined GASMAS and FDPM subsystems, which are manually switched. The FDPM measurement is 

performed based on a heterodyne scheme, LPF refers to low-pass filters. 

2.2 Wood samples 

Four pine wood slabs of 8.3-mm, 11.2-mm, 14.3-mm and 18.5-mm thickness, respectively, cut from the same piece 

of wood material, were used as experimental samples. For statistical reasons, each sample was measured 3 times at 

the same positions. Two balsa wood slabs with 10.3-mm and 15.0-mm thickness were also examined, each sample 

was measured at three different positions with 3 times repeated measurements to study the homogeneity of the 

sample. 

3.  Results and Discussions 

The phase shifts for the three pine wood samples of different thickness are given in Fig. 2. The dashed line 

corresponds to the nonlinear fitting according to the diffusion theory. As demonstrated in [11], the phase shift is 

linearly proportional for low modulation frequencies. Thus, the MOPL can also be derived using one single 

modulation frequency, e.g., 10 MHz, which was used in the present measurements. The gas path, MOPL and ROP 

are also given in Fig. 2. The maximum standard deviations of the gas path and MOPL for the four samples are 16 

mm and 23 mm, respectively. It is clear that the ROP for the four samples are quite close to each other, the average 

ROP for the four samples is found to be 31±1%.   

For the balsa wood measurements, each sample was measured at three different positions. The average gas path, 

MOPL and ROP were then obtained from 3-times repeated measurements. The experimental results are given in 

Fig. 3, where the error bars shows the standard deviation of the gas path, MOPL and ROP at different positions. As 

for the experimental results of pine wood samples, the thinner sample yields larger deviation. We note here that the 

ROP values of the 10.3-mm and 15.0-mm balsa wood samples have no overlap, which is mainly because the 

different provenance of these two balsa wood samples. The average ROP for the two balsa wood samples is 78%, 

which is much larger than the ROP of pine wood. 
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Fig. 2 Left: Phase shifts of the pine wood samples, the dashed lines are simulated fittings; Right: gas path, MOPL and ROP for the pine wood 

samples, the deviations are calculated from 3-times repeated measurements. 
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Fig. 3 Gas path, MOPL and ROP for the balsa wood samples, each sample was measured at three different positions with 3-times repeated 

measurements. The deviations show the inhomogeneity of the measured samples. 

This preliminary investigation shows that the proposed method can provide quantitative information related to 

the physical porosity of wood materials. In order to better understand the ROP properties of wood materials, more 

detailed and exhaustive studies must be done in the future, e.g., statistic studies of wood materials with different 

characteristics, such as degree of drying, place of origin, growth conditions, etc. Additionally, by analyzing the 

water vapor absorption lines, the humidity of the wood material could also be correspondingly evaluated. 
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