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Midinfrare dd transpor t of ligh t 
inn Ge powder s clos e to the 
localizatio nn transitio n 

Midinfraredd measurements in slabs of Ge powders, using a free electron laser, are pre-
sentedd in this chapter. To fully characterize the samples, several complementary tech-
niquess have been employed: coherent transmission (section 4.3.1), total transmission and 
reflectionn (section 4.3.2), and time-resolved speckle interferometry (section 4.4). In this 
wayy we obtained the scattering 4 and transport £ mean free paths, the absorption coeffi-
cientt a, the diffusion constant D, and the energy velocity ve. The Ge samples are close to 
thee localization transition (kis ~ 3). As discussed in section 4.3.3, our measurements of 
44 and I suggest that I is renormalized due to interference at the proximity of the localiza-
tionn transition [92]. The diffusion constant is significantly reduced in samples thinner than 
~~ 11 [93]. This results are discussed in section 4.4. We have also performed photoacoustic 
spectroscopyy in the Ge powders (section 4.5), a technique that allows to study the optical 
absorption. . 

4.11 Introductio n 

Onee of the greatest difficulties in the study of Anderson localization of light is 
too distinguish between optical absorption and strong localization. In many of the 
experimentss the results in both cases look similar (see chapter 2). 

Inn the preceding chapter we have seen that the near-infrared total transmission 
TT through Ge powders decays exponentially with the sample thickness L. This 
decayy at wavelengths larger than the band gap of Ge (A âp = 1.85 jum) can be due to 
strongg localization or to optical absorption. Reducing the refractive index contrast, 
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byy fillin g the air voids of the Ge-powder samples with CCI4, allowed to conclude 
thatt there is optical absorption in the unfilled samples. 

Ann additional way to check if a total transmission that decays exponentially 
iss due to strong localization in the absence of absorption consists in measuring 
thee transmission at larger wavelengths. As explained in section 1.6, Anderson 
localizationn of light is only possible in a window where the scattering strength is 
maximall  (see Fig. 1.5 on page 22). Suppose that we have a system in which light of 
wavelengthh k is localized. Since the scattering strength depends on the wavelength, 
thee transition is crossed at a critical wavelength. The total transmission close to the 
localizationn transition should vary with L~2 (Eq. (2.61)). If the scattering strength 
iss further reduced by varying the wavelength, the diffusive dependence of the total 
transmissionn should be recovered (Eq. (2.34)). 

Duee to the magnitude of the band gap of Ge, the measurements need to be 
carriedd out in the infrared. For the experiments presented in this chapter, a mid-
infraredd free electron laser (FEL)1 was used as tunable source of intense infrared 
radiation.. The full capabilities of this FEL are described in Ref. [138]. The FEL is 
continuouslyy tunable over the wavelength range 4.5 — 200 ̂ m, and generates an in-
tensee train of picosecond pulses (micropulses). Each of the pulses has an energy of 
~~ 1/J, and a fractional spectral bandwidth of about 1%. Each train of micropulses 
(calledd macropulse) contains about 100 micropulses, with an interpulse spacing 
off  40 ns. In the experiments showed below the signal from 25 macropulses was 
averagedd for each measurement. The wavelength Xo range of the experiments was 
4.55 - 8 ̂ m. 

Thee measurements of the total transmission and reflection are also useful to 
determinee if absorption is significant. As it has been explained in section 2.2.4, 
energyy conservation requires that the total transmission plus the total reflection 
pluss the absorption adds up to one. In the absence of absorption the total trans-
missionn plus the reflection are one. In the samples of Ge powder absorption is 
significantt (section 4.3.2). This absorption is presumably introduced during the 
preparationn of the samples. 

Evenn in the presence of absorption it is interesting to search for localization 
effects.. The measurement of the transmission of the coherent beam allows the 
determinationn of the scattering mean free path £s (section 4.3.1). From the total-
transmissionn and reflection measurements the transport mean free path £ is ob-
tainedd (section 4.3.2). Our measurements suggest that £ < £s, which evidences the 
renormalizationn of £ at the proximity of the localization transition. However, the 
largee error in the determination of £ makes impossible to unambiguously prove 
localizationn effects in the Ge samples (section 4.3.3). 

11 FELIX, free electron laser for infrared experiments, Rijnhuizen, The Netherlands. 



4.2.. SAMPLE PREPARATION 63 3 

Lastt but not least, dynamic measurements are important. In the localized 
regimee and in the absence of absorption, it is expected to find a long-time tail in a 
transmittedd pulse (see section 2.4). Dynamic measurements were done by means 
off  time-resolved speckle interferometry (section 4.4). The long-time behaviour of 
thee transmitted pulse through the Ge samples is limited by optical absorption. As 
expected,, the diffusion constant is lower at wavelengths at which the scattering is 
stronger.. The energy velocity is strongly renormalized by resonant scattering. 

4.22 Sample preparatio n 

Thee Ge samples discussed in the preceding chapter were mounted on microscope 
glasss substrates. This glass absorbs midinfrared radiation, hindering the possibility 
off  performing transmission measurements- New samples were made on infrared-
transparentt CaF2 disk-shaped substrates with a diameter of 12.7 mm and a thick-
nesss of 1 mm. The samples were prepared following the same procedure as the 
GaAss samples of Ref. [76]: the starting material was high-purity (99.9999%) Ge.2 

Twoo grams of Ge were ground with a mortar until all pieces were smaller than 1 
mm.. To further reduce the size of the particles and their polydispersity they were 
milledd and sedimented as described in section 3.2. 

Electron-microscopee (SEM) images of the samples were taken to measure the 
sizee of the Ge particles and to check if the samples were homogeneous. Figure 4.1 
(a)) shows a side view of a Ge sample, along one of the scratches made to measure 
thee sample thickness. The thickness was measured as explained in section 3.2. In 
Fig.. 4.2 a schematic representation of a sample is presented. The dashed arrow in 
thiss figure shows the direction of observation in Fig. 4.1 (a). The sample is formed 
byy a top layer of small particles and a bulk of much bigger Ge particles. For 
comparison,, in Figs. 4.1 (b) and (c) photographs of the upper and lower surfaces 
off  a sample are presented. 

Energy-dispersionn X-ray spectroscopy (EDX) measurements3 on the top layer 
showedd mat it is mainly formed by Ge together with a small amount of impurities 
introducedd during the milling. From SEM photographs of several samples, the 
thicknesss of the top layer, which we shall refer to as 5, was estimated to be 5  1 ^m 
andd constant for all the samples. Also from these photographs, it was checked that 
thee size of the Ge particles in the bulk of the sample is the same at different depths, 
andd that the size of the particles is the same in all the samples. 

22 Aldrich 26323-0. 
3Thee EDX measurements were performed by R.L.W. Popma at the University of Groningen, The 

Netherlands. . 
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Figuree 4.1: 
SEMM photographs of a sample 
off  Ge powder. Photograph (a) 
showss a side view of the sam-
ple.. The direction of observa-
tionn is marked in Fig. 4.2 with 
aa dashed arrow. Photograph (b) 
iss the upper surface of the sam-
ple,, while (c) shows the lower 
surface.. Note that the magni-
ficationn in photographs (b) and 
(c)) is the same. 

1.255 um 

1.255 um 

Definingg the particle radius as half the Feret's diameter (see section 3.2), his-
togramss of the particle radius in the top layer and in the sample bulk were obtained. 
Byy fitting these histograms to log-normal distribution functions, the average par-
ticlee radius in the top layer is found to be 0.19 3 pm and in the sample bulk 
0.988  0.68 pm. 

Accordingg to Mie-scattering calculations, in the wavelength range of the ex-
perimentss (4.5 — 8 pm) the scattering cross section cs of a Ge sphere of radius 
0.199 pm in air is at least two orders of magnitude smaller than os of a Ge sphere 
off  radius 0.98 pm. Therefore, due to the small size of the particles of the top layer 
andd to its thickness, the scattering in this layer is negligible. The samples may 
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Figuree 4.2: 
Schematicc representation of a 
samplee of Ge powder. The thin 
topp layer is formed by small 
Gee particles and impurities in-
troducedd during the preparation 
off  the sample. The bulk of 
thee sample is formed by big-
gerr Ge particles. The dashed 
arroww shows the direction of 
observationn in 4.1 (a). Also 
thee scratches made on the sam-
plee to measure its thickness are 
represented. . 

bee described as consisting of a homogeneous top layer of thickness 8 = 5 pm in 
whichh only absorption takes place and a bulk of Ge particles, with a thickness 
LL — 8, where scattering and absorption occur. The absorption in the top layer is 
characterizedd by the absorption coefficient OCTL- Due to the irregular shape of the 
Gee particles and their random orientation, the scattering in the bulk of the sam-
plee will be assumed (nearly) isotropic. The absorption coefficient in the bulk is 
givenn by a. This two-layers model is needed to explain the total-transmission and 
reflectionn measurements that are presented in the next section. 

4.33 Stati c measurement s 

Staticc measurements, i.e., coherent transmission and total transmission and reflec-
tion,, are described in this section. The scattering and transport mean free paths 
andd the absorption coefficients of the top layer and the sample bulk are obtained 
fromm these measurements (see chapter 2 for explanation). 

4.3.11 Coheren t beam transmissio n 

Too measure the coherent transmission the output of the FEL was sent through a 
beamsplitterr and the reflected beam was directed to a broadband pyroelectric de-
tector.. The signal from this detector was used as power reference. An iris with a 
diameterr of 0.1 cm was in front of the sample to insure that the FEL beam illu-
minatedd only its most homogeneous portion. Another iris with a diameter of 0.7 
cmm was placed at a distance of 120 cm from the sample and in the direction of the 
incomingg beam. After this iris a BaF2 lens focused the transmitted FEL beam onto 
aa mercury-cadmium-telluride (MCT) detector. Due to the long distance between 

55 mm 

88 « 5 urn:: 

L-8 L-8 

11 mm 

Samplee bulk 
I,I, La 
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CaF22 substrate 

12.77 mm 



666 CHAPTER 4: MIDINFRARE D TRANSPORT OF LIGHT.. . 

Figuree 4.3: 
Scatteringg mean free path in 
Gee powder as a function of the 
wavelength.. Inset: measure-
mentss of the transmission of the 
coherentt beam (XQ = 8 /an) as 
functionn of the sample thick-
ness,, L. The line is an expo-
nentiall  fit  to the measurements 
fromm which 4 is obtained. At 
thiss particular X0, 4 = 3.8
0.22 pm. 

thee sample and the detector, the detected diffuse light was negligible. The trans-
missionn of the coherent beam was measured at four wavelengths, X0 = 5, 6.5, 6.9 
andd 8 pm. 

Thee transmission measurements of the coherent beam at X0 — 8 pm are plotted 
inn the inset of Fig. 4.3 as a function of the sample thickness. Clearly, the trans-
missionn decreases exponentially with the sample thickness. As we have seen in 
sectionn 2.1, if the absorption is weak, i.e., 4 <C £a, the characteristic length of the 
exponentiall  decay is £s. In the next section is shown that the Ge samples are in the 
weak-absorptionn limit. 

Figuree 4.3 displays 4 as a function of X0. The nearly constant value of 4 at 5, 
6.55 and 6.9 pm may be understood in terms of the high polydispersity in the size of 
thee Ge particles. The effect of the polydispersity on the scattering properties of the 
mediumm has been discussed in section 3.4. Only at X0 = 8 pm, 4 is significantly 
larger.. It is expected that, as the wavelength becomes substantially larger than the 
scattererr radius, £s increases due to the reduction of the scattering cross section 
(seee section 1.1 on page 9). 

Thee localization parameter k£s is plotted as a function of XQ in Fig. 4.4. The 
wavee vector k is given by ¥-nc, where ne is the effective refractive index of the 
samplee bulk. Although it is possible to obtain ne from the angular-resolved trans-
missionn (section 2.2.3), these measurements were not performed due to the limita-
tionn in the allotted beam time. As was done in the preceding chapter, we take for 
«ee the value given by the Maxwell-Garnet approximation [116]. With a Ge volume 
fractionn of 40% [76,90], it is found ne ~ 1.6 in the measured X0 range. 

Ass can be concluded from Fig. 4.4, the Ge powder samples are very close 

^ ^ 

77 8 
Wavelength,, X (//m) 
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3È È 

Figuree 4.4: 
Localizationn parameter, k£s, in 
Gee powder as a function of the 
wavelength. . 

55 6 7 8 
Wavelength,, Xo (jim) 

too the localization transition (kts close to 1) where localization effects, like the 
renormalizationn of the transport mean free path, are expected to occur. 

4.3.22 Total transmissio n and reflectio n 

Too obtain the transport mean free path (,, total-transmission and total-reflection 
measurementss were performed. The total transmission was measured as follows: 
thee output of the FEL was brought to a weak focus of about 0.1 cm at the sample 
byy using two BaF2 lenses. The sample was mounted at the input of a infragold-
coatedd integrating sphere (IS).4 At the output of the IS was a MCT detector. A 
powerr reference was simultaneously measured in the same way as described for 
thee coherent-beam experiments. The measurements were normalized by the trans-
missionn spectrum of a clean CaF2 substrate. 

Forr the measurement of the total reflection the FEL beam was sent into the IS 
throughh a small input port with a diameter of 0.3 cm. The sample was at the oppo-
sitee side of the IS. Therefore, only the light reflected by the sample was collected 
byy the IS. The reference for the reflection measurements was a thick infragold 
samplee with a diffuse reflection ~ 96% in the XQ range 2 — 20 pin. 

Too measure the total transmission and reflection wavelength scans were made 
inn the range 4 . 5 -8 /an with steps of 0.1 /aa. The lower limit is set by the tuning 
rangee of the FEL [138], while the higher is due to CaF2 absorption [139]. 

Figuress 4.5 (a) and (b) display the spectra of the normalized total transmission 
andd reflection of a Ge sample with a thickness L = 73.2 pm. The spectra show 

lLabspheree IS040IG. 
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twoo narrow absorption bands at 6.0 and 6.9 /im, which are, most likely, due to 
vibrationall  modes of hydrocarbon impurities introduced during the preparation of 
thee sample. In section 4.5 is explained how photoacoustic spectroscopy can be 
usedd to investigate the optical absorption of the samples. 

Inn the following it is shown how to deduce £ from the total-transmission and 
reflectionn measurements. In Fig. 4.6 typical measurements of the total transmis-
sionn (a) and total reflection (b) are plotted as a function of the sample thickness. 
Thesee measurements correspond to X̂  = 8 //m. To obtain the transport mean free 
path,, we first need to know the extrapolation factors xe, = ZeJ£ and xe2 = Ze2/£-
Givenn the effective refractive index of the Ge powder (ne ~ 1.6), and the refractive 
indexx of CaF2, xe2 can be calculated. Considering the multiple reflections at the 
interfacee CaF2-air [135] Te2 c- 2.7. To obtain xe,, the total-transmission measure-
mentss of the thickest samples are fitted to 

TTdd = A(Tei)e-an-*e-(L-W+ (4.1) ) 

Thiss equation is equivalent to Eq. (2.36) with the source attenuated by the factor 
£~0TL8.. This attenuation is due to absorption in the top layer of the sample. For 
isotropicc scatterers and in the absence of interference, i.e., £ = £s, one finds, using 

0.006 6 
a a 

SS 0.004-

55 0.002-
B B o o H H 

0.000 0 

o o 

8 8 

o o 
H H 

Figuree 4.5: 
Normalizedd spectra of the total 
transmissionn (a) and reflection 
(b)) of a Ge powder sample of 
thicknesss 73.2 jum. 

Wavelength,, X (//m) 
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Figuree 4.6: 
Total-transmissionn (a) and re-
flectionflection (b) measurements in 
sampless of Ge powder at A<> = 
88 ton as a function of the sam-
pless thickness. The solid line in 
(a)) is a fit using classical dif-
fusionn theory. The dotted line 
(hiddenn by the solid line ex-
ceptt at small L) is an exponen-
tiall  fit to the total transmission 
off  the thickest samples. In (b) 
thee solid line represents a fit 
off  the total-reflection measure-
mentss using diffusion theory. 

00 20 40 60 80 
Samplee thickness, L (//m) 

Eqs.. (2.36), (2.37) and (4.1) 

^^ -2La4 + A'La(La + Te24)g(XTL5 

Te'' 7LJU ~ A'4(La+xe24)e«^5 (4.2) ) 

wheree A is given by Eq. (4.1) at L = 8. Note that to obtain Eq. (4.2), the location of 
thee source of diffuse radiation zp is assumed to be at a distance £s from the sample 
interface.. The dotted line in Fig. 4.6 (a) represents a fit  of Eq. (4.1) to the Xo = 8 /an 
measurements.. From the fit A' = 0.35  0.05 and La = 15.5  0.5 /mi. To obtain 
xe,, from Eq. (4.2) we need to know OTL. The total-reflection measurements are 
moree sensitive too the absorption in the top layer because the reflected light crosses 
thiss layer twice. Therefore, the low reflection exhibited by the samples (only 20% 
att Xo = 8 /mi) is mainly due to strong absorption in the top layer. To estimate the 
absorptionn OTL, the total reflection measurements are fitted with 

RR = e~aTL*R< 
Jo Jo 

(4.3) ) 

wheree pt = cos8e and 6e is the angle with respect to the normal of the sample sur-
facee at which the diffuse reflected light exits the sample bulk. The diffuse reflected 
lightt is angularly distributed according to P(fe) «f*e ( \ + TST ) [120], where it is 
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Figuree 4.7: 
Circles:: absorption coefficient 
inn the top layer of the samples 
off  Ge powder as a function of 
thee wavelength. Squares: ab-
sorptionn coefficient in the bulk 
off  the samples. 

assumedd that the bulk of the sample and the top layer have the same index of re-
fraction.. This assumption is plausible since we know from the EDX measurements 
thatt the top layer is mainly formed by Ge and from the SEM photographs that the 
packingg of the particles is similar in both regions. The factor e~ajL5 in Eq. (4.3) 
representss the attenuation of the coherent beam due to absorption in the top layer, 
RdRd is the diffuse total reflection of the sample bulk and the integral represents the 
attenuationn of the diffuse reflected light due to absorption in the top layer. 

Inn Eq. (4.3) the scattering is considered isotropic, and reflections at the inter-
facee top layer-air are neglected. By neglecting these reflections a higher value of 
GCTLL  is obtained from the fit than the real one. The overestimation of OCTL is ^ 15%. 
Thiss overestimation is irrelevant for the value of the transport mean free path that 
wil ll  be obtained from the fit to the total transmission. The fit of Eq. (4.3) to the 
reflectionn measurements at XQ = 8 j/m is shown as a solid line in Fig. 4.6 (b). From 
thiss fit an, = 0.091 8 jum"1. 

Thee scattering mean free path was directly measured at XQ = 5, 6.5, 6.9 and 
88 jum. To obtain OLTL at intermediate wavelengths, the values of 4 were linearly 
interpolated.. The circles in Fig. 4.7 represent CCTL as a function of A*,. Figure 4.8 
displayss the wavelength dependence of xe,, as obtained from Eq. (4.2). The lower 
valuee of Te, at the absorption bands (6.0 and 6.9 j/m) should not be attributed to a 
decreasee of the boundary reflectivity but to an increase of the absorption at the top 
layer.. This dependence of xei with OLTL is discussed in appendix B. 

Withh the values of xe,, xe2, OLJL and La we can obtain the transport mean free 
pathh from the total-transmission measurements using the following equation 

TT = e~a^(Td + e-(L-We>) (4.4) ) 
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Figuree 4.8: 
Extrapolationn factor te, of the 
Gee powder samples as a func-
tionn of the wavelength. The 
solidd line is a guide to the eye. 
Thee characteristic error is indi-
catedd only at Xo = 4.5 /an. 

Thee solid line in Fig. 4.6 (a) is a fit of the total-transmission measurements to 
Eq.. (4.4). The first term inside the bracket of Eq. (4.4) is the diffuse total trans-
missionn (Eq. 2.40 on page 35), while the second term is the transmission of the 
coherentt beam. The factor e~ajL& represents the attenuation of the incoming beam 
duee to absorption in the top layer. The transmission of the coherent beam rapidly 
decreasesdecreases with L, and is negligible for thick samples. At Ao = 8 /an, with 8 = 5 /an, 
xe,, = 1.6, x^ = 2.7, OIL = 0.091  0.008 /a i r' and La = 15.5  1 /an, we find 
fromm the fit £ = 3.5  0.5 /an. At this Xo the incident beam is attenuated by more 
thann 30% due to absorption in the top layer. The scattering properties of the Ge 
sampless at XQ — 8 /an are listed in Table 4.1 on page 77. 

Figuree 4.9: 
Transportt mean free path I in 
thee bulk of the Ge samples as 
aa function of the wavelength. ^ ^ 

55 6 7 
Wavelength,, Xo (//m) 
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Thee wavelength dependence of £ is plotted in Fig. 4.9. Consistently with the 
measurementss of £s, the transport mean free path increases at higher XQ due to the 
reductionn of as. 

Thee squares in Fig. 4.7 are the absorption coefficient, a = £/(3Z^), in the bulk 
off  the sample. Although the sample bulk is in the weakly-absorbing limit, i.e., 
a~a~ll = £A > £, absorption has been presumably introduced during preparation of 
thee samples. Most likely surface defects in the Ge particles have been created 
duringg the milling and impurities have been introduced. The absorption is stronger 
inn the top layer where the size of the particles is smaller. In this layer we have also 
detectedd impurities with EDX measurements. 

4.3.33 Discussio n 

Thee ratio of the transport and scattering mean free paths is displayed in Fig. 4.10 
(circles).. The values of £/£s are smaller than 1, which can be only understood by 
consideringg the renormalization of I due to the proximity of the localization transi-
tion.. For comparison, we also plot in Fig. 4.10 (squares) the expected renormaliza-
tionn of £ according to the scaling theory (Eq. (2.60)), assuming that the transition 
takess place at the critical scattering mean free path £c = Xo/27c/ie and ne = 1.6; and 
consideringg only the absorption as cut-off of the coherent length £. The large error 
inn the determination of £t related to the complicated structure of the samples and 
too the estimation of the extrapolation factor xe,, makes it impossible to unambigu-
ouslyy prove localization effects. Besides, in the analysis to find xe], £ is fixed to 
44 in Eqs. (4.2) and (4.3), obviating any localization effect and assuming isotropic 
scattering.. Nonetheless, it is demonstrated that both mean free paths can be ex-
perimentallyy obtained in strongly-scattering samples, and that the comparison of 
44 and £ represents a very useful tool to study the localization transition. 

Inn the preceding chapter, the energy density coherent potential approximation 
wass used to calculate the scattering properties of a system of polydisperse sili-
conn spheres. The scattering mean free path is in general larger in a polydisperse 
mediumm than in a monodisperse. Therefore, a way to further approach the local-
izationn transition in Ge samples is to reduce its polydispersity. 

Ann improvement in the reduction of the absorption could be achieved by an-
nealingg the Ge particles after the milling. To eliminate the hydrocarbon absorption 
bandss at 6 and 6.9 /*m methanol could be replaced during the sample preparation 
byy a liquid that does not exhibit absorption in the wavelength range under study. 
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Figuree 4.10: 
Circles:: transport mean free 
pathh in the Ge powder samples 
dividedd by the scattering mean 
freefree path, as a function of the 
wavelength.. Squares: expected 
renormalizationn of £ due to in-
terferencee assuming that the lo-
calizationn transition is at £c = 
Xo/2nnXo/2nnee and ne = 1 -6. 

"'~ 44 6 8 
Wavelength,, Xo (//m) 

4.44 Time-resolve d speckl e interferometr y 

Time-resolvedd speckle interferometry was employed to study the dynamical prop-
ertiess of the transport of light in the Ge samples. This technique takes advantage 
off  the picosecond pulse structure of the FEL, to map out the envelope of the trans-
mittedd pulse. As explained in section 2.2.5, multiple scattering gives rise to the 
broadeningg of a pulse transmitted through a random sample. 

AA schematic of the set-up used to perform this experiment is shown in Fig. 4.11. 
Thee sample was mounted in one of the arms of a Mach-Zehnder interferometer. 
Thee majority of the infrared power was focused weakly to a 1 mm spot at the 
sample.. A small cone of the diffuse transmission far in angle (~ 20°) from the 
coherently-transmittedd beam propagated about 1 m, and was collected by a lens 
withh a focal length of 10 mm onto a MCT detector. A variable iris was placed 
beforee this lens such that the detector collected light from a single speckle spot. 
AA 10% reflecting beamsplitter, located before the sample, created the copy of the 
inputt pulse that was sent along the other arm of the interferometer. This refer-
encee pulse was directed down a variable optical delay line before it was combined 
co-linearly,, on a second beamsplitter just before the iris, with the diffusively trans-
mittedd pulse. As the optical delay was scanned, the detector recorded the inter-
ferogramm between the scattered pulse and the reference pulse. As in the other 
measurements,, a reference detector was used to correct for fluctuations in the in-
tensityy of the FEL. Time-resolved measurements were made at two wavelengths, 
4.55 and 8 /mi. 

Thee inset of Fig. 4.12, displays a small portion of a typical interferogram, 
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Delayy line 

Computer r 

Detector r 

Figuree 4.11: Schematic representation of the set-up used for the time-resolved measure-
ments.. The FEL light was sent into a Mach-Zender interferometer with the sample in one 
off  its arms. The undistorted or reference pulse traveled along the other arm in which a 
delayy line allowed the change of the optical path length. Both pulses were recombined 
att the exit of the interferometer. To avoid detecting the coherently-transmitted beam, the 
detectorr was placed at an angle of 20° with respect to the direction of the incident beam. 
BS:: beam splitter, L: lens, I: iris. 

takenn at X0 = 4.5 /̂m on a sample with a thickness of 17 ^m. The oscillations 
att the optical frequency are clearly visible. In the analysis of these data we take 
advantagee of the fact that oscillations in the interferogram have a well-defined 
carrierr frequency. The data are analyzed further by taking the power spectrum of 
aa narrow (200 fs) time slice of the interferogram, and integrating this spectrum in 
aa narrow (5%) window in the vicinity of the carrier frequency. 

Duee to the coherent nature of the incoming light, the resulting interferogram 
off  a given speckle has large amplitude and phase fluctuations as a function of 
opticall  delay. It is therefore necessary to average over several speckles for each 
samplee thickness and at each wavelength. This process smoothes out the phase 
andd amplitude fluctuations and leaves only the overall intensity envelope of the 
transmittedd beam. The result of this averaging process is shown by the solid line 
inn Fig. 4.12. As expected, the data exhibit a smooth rise time governed primarily 
byy the incident pulse length, and a slower decay time due to multiple scattering. 
Thee dashed-dotted line in Fig. 4.12 is the shape of the incoming pulse, which was 
measuredd using the same set-up except with the sample replaced by a thin piece 
off  weakly scattering paper. Note that this pulse is substantially shorter in duration 
(aboutt 33%) than the transmitted pulse, with a sharper decay time. 
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Figuree 4.12: Transmitted intensity through a sample of Ge powder of thickness L = 17 ̂ m 
att Xg = 4.5 jum (solid line) as a function of the time delay introduced by the delay line of 
thee Mach-Zender interferometer. The dashed line is a fit  using classical diffusion theory 
convolutedd with a Gaussian function, which takes into account the instrument response. 
Thee dashed-dotted line is the incident pulse. The maxima of both pulses have been nor-
malizedd to the same time delay. The inset is a portion of the interferogram from which the 
transmittedd intensity is reconstructed. 

Thee maxima of the transmitted pulses in Fig. 4.12 have been normalized to the 
samee time delay. Small set-up realignments between different samples, necessary 
too increase the signal-to-noise ratio of the interferogram, made it impossible to 
extractt useful information from the delay time of the pulse. However, the diffusion 
constantt can be obtained from the pulse broadening. 

Ass we have seen in section 2.2.5, The long-time behaviour of a transmitted 
pulsee through a multiple-scattering medium decays exponentially. Therefore, the 
time-resolvedd data are fitted with an exponential decay convoluted with a Gaus-
siann function which takes into account the instrument response (dashed line in 
Fig.. 4.12). The Gaussian width depends on the duration of the incoming pulse. 
Thee characteristic time constant of the decay is given by 

11 n( - -
r -- ^ ( L _ 0 + Z e | + Z e 2) 2+

L 2 
(4.5) ) 

Thiss expression may be used to obtain the diffusion constant D, with the values 
off  La and ze, obtained from the static measurements (see section 4.3.2). The ex-
trapolationn length Ze2 iss equal to 1.11, corresponding to the interface sample-CaF2 
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Figuree 4.13: 
(a)) Diffusion constant of light 
att X0 = 4.5 jum (triangles) and 
ôo = 8 jum (circles) in samples 

off  Ge powder as a function 
off  the optical thickness of the 
sample,, (b) Energy velocity 
inn the same samples and at the 
samee wavelengths. The dashed 
linee is the phase velocity in an 
homogeneouss medium with a 
refractivee index equal to the ef-
fectivee refractive index of the 
Gee samples. The solid lines are 
guidess to the eye. 

00 5 10 15 20 25 
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substrate.. For the time-resolved measurements the reflected light at the CaF2-air 
interfacee does not need to be considered, since this reflected light is detected at 
laterr times. Due to the narrow spectral width of the pulse, dispersion in the sample 
topp layer can be neglected. In Fig. 4.13 (a) the diffusion constant D is plotted 
ass a function of the sample optical thickness (L — S)/£ at X0 = 4.5 pm (triangles) 
andd 8 /urn (circles). As expected, the diffusion constant is smaller at the shorter X©, 
where,, as we have seen in section 4.3, the scattering is stronger. 

Ass can be appreciated in Fig. 4.13 (a), D is significantly reduced in samples 
thinnerr than ~ 11. Similar optical experiments carried out in TiC>2 powder [88] 
showedd the same thickness dependence of D. Acoustic-frequency-correlation mea-
surementss in samples of glass beads immersed in water [89] are also consistent 
withh a reduced D in thin samples. It is important to note that the values of D given 
inn Fig. 4.13 (a) are obtained from the long-time behaviour of the transmitted pulse, 
thuss when the diffusion approximation is expected to hold even for thin samples. 

AA possible explanation for the non-constant value of D is given in Ref. [89]. 
Thee transmitted intensity at long time in the thin samples is due to light that has 
mainlyy traveled along the x-y plane. The reduced dimensionality likely makes 
interferencee important, which is not taken into account by the diffusion equation. 
Therefore,, the diffusion approach may underestimate D in thin samples. 
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Tablee 4.1: Scattering properties of Ge powder at XQ = 8 //m. Localization parameter 
k£k£ss,, transport mean free path I, absorption coefficient in the sample bulk a, absorption 
coefficientt in top layer of the samples CCTL» diffusion constant D, and energy velocity ve. 

Usingg the expression D = ve€/3 and the values of £ obtained from the analysis 
off  the total transmission and reflection, the energy velocity ve is acquired. It is 
welll  known that the energy velocity may be significantly lower than the phase and 
groupp velocities due to scattering resonances [24,25]. The values of the energy 
velocityy in the samples of Ge powder are displayed in Fig. 4.13 (b) versus the 
opticall  thickness. The phase velocity in a medium with ne = 1.6 is plotted in the 
samee figure with a dashed line. The large difference between the energy and phase 
velocitiess is clear: more than a factor 2 at Xo = 8 and 3 at 4.5 pm for samples 
thickerr than 1£. 

Thee scattering properties of the Ge samples at XQ = 8 //m, obtained from the 
staticc and dynamic measurements, are summarized in Table 4.1. 

4.55 Photoacousti c spectroscop y 

Thee photoacoustic effect was discovered more than 120 years ago [140]. Only 
inn the last quarter of the 20th century, the use of photoacoustic spectroscopy was 
extendedd to study the optical absorption of solids [141]. 

Usually,, in a photoacoustic experiment intensity-modulated light impinges on 
aa sample contained in a cell. Light is absorbed by the sample and generates a pho-
toacousticc signal (PA signal) that is detected with a transducer. From the analysis 
off  the PA signal information about the absorption in the sample is obtained. 

Thee PA signal is formed by two contributions: the thermal term and the pres-
suree term [142]. The thermal term arises from the heat transferred from the sample 
too the buffer gas contained in the cell within a length given by the thermal diffusion 
length.. This gas expands and contracts responding to the periodic heating of the 
sample,, acting as piston on the rest of the gas in the cell. The pressure term is due 
too the expansion and contraction of the sample generated by the periodic heating. 

Inn heterogeneous media, like powders and porous materials, the PA signal 
iss stronger than in homogeneous media. This enhanced PA signal is due to the 
thermall  expansion of the interstitial gas [143]. For highly-porous materials the 
pressuree term can dominate the PA signal. 
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Figuree 4.14: 
Schematicc representation of the 
set-upp used to measure the pho-
toacousticc signal in samples of 
Gee powder. See text for expla-
nation. . 

Inn our experiments, we used the FEL macropulse to generate high-frequency 
PAA signals. The photoacoustic set-up was not the standard one described above. 
AA variation of the so-called solid-transducer technique [144] was used. The set-up 
usedd for these measurements is depicted in Fig. 4.14. The CaF2 substrate on which 
thee Ge powder lies, was overhanging the edge of a gold mirror, and it was hold with 
grease.. The grease also insured a good acoustic coupling between the CaF2 sub-
stratee and the mirror. At the opposite side of the mirror a piezoelectric transducer 
withh bandwidth of 4 MHz was glued with silicone. The FEL beam was incident on 
thee unsupported portion of the sample. In this way, the PA signal generated by the 
transmittedd light through the sample on the mirror was minimized. Only in thick 
sampless this non-desired contribution to the PA signal was negligible. The energy 
off  the FEL macropulse absorbed by the Ge powder generated a waveform that was 
detectedd by the transducer, amplified and collected by a computer. 

AA typical photoacoustic waveform is shown in Fig. 4.15. Because of the ge-
ometryy of the set-up, the waveform is very complicated. The PA signal is defined 
byy calculating the square root of the power spectrum of the waveform and inte-
gratingg the result between 0.7 and 1 MHz. This is the frequency range in which 
thee vast majority of the acoustic energy lies. The wavelength dependence of the 
integratedd PA signal is plotted in Fig. 4.16 with open circles. The line is a guide to 
thee eye. 

Inn the thermoacoustic regime, in which the laser pulse does not damage the 
sample,, the amplitude of the PA signal should depend linearly on the absorbed en-
ergyy [145]. This dependence was checked by measuring the PA signal at different 
FELL intensities. 

Thee fraction of absorbed energy by the sample or the total absorption is plotted 
inn Fig. 4.16 with solid squares. This absorption is obtained from the measurements 
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Figuree 4.15: 
Photoacousticc waveform gener-
atedd at Xo = 7 ^m by a sample 
off  Ge powder with a thickness 
off  73.2 fan. 

off  the total transmission and reflection (see section 4.3.2), and considering the 
energyy conservation (Eq.( 2.39)). 

Ass can be appreciated in Fig. 4.16, the photoacoustic spectrum is similar to 
thee total absorption of the sample. In both spectra the two absorption bands at 
66 and 6.9 //m are clear. At the time the measurements were done, we did not 
havee a good reference, i.e., 100 % absorption, for the photoacoustic measurements. 
Therefore,, we could not obtain the absolute or total absorption of the Ge samples. 
Nonetheless,, we have demonstrated that a simple photoacoustic set-up, as that 
off  Fig. 4.14, can be used to study the optical absorption in strongly-scattering 
samples. . 

Figuree 4.16: 
Photoacousticc spectrum of Ge 
powderr (open circles). The 
squaress are the total absorption 
off  the same sample obtained 
fromm the measurements of the 
totall  transmission and reflec-
tion.. The lines are guides to the 
eye. . 
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