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Chapterr 1 

Introduction n 

1.11 B ackgr ound 

Inn nature, there are many circumstances in which a fluid is confined to a narrow 

region.. Examples are blood running through a narrow vessel, molecules entering 

aa cell through the cell membrane, the glue between two surfaces or a lubricant in 

betweenn two sliding objects. The confinement may change the viscous and elastic 

propertiess of the fluid, which can have a huge impact on its environment. 

Take,, for example, a lubricant in between two surfaces (fig. 1.1). Its function 

iss to prevent that the sliding surfaces come into direct contact, which would result 

inn large friction and wear. This is highly unwanted in machines or in bikes and 

cars,, where things have to keep moving at littl e effort and have a long lifespan. 

However,, if the gap between two sliding surfaces becomes so small that only a few 

moleculess fit  in between, the fluid starts to show 'abnormal' behavior, it becomes 

solid-likee and friction and wear may increase by orders of magnitude. The eco-

nomicall  relevance of confined lubricating fluids is indicated by the estimate that 

inn a modern economy the annual losses due to friction and wear amount to ca 5% 

off  the gross national product (GNP) [2]. It is predicted that a reduction of these 

lossess by an amount of 1.3 to 1.6% of the GNP1 is possible, which would result 

inn a huge economical (and ecological) profit. However, our motivation for doing 

thiss research originates predominantly from a curiosity to know how a fluid in a 

narroww gap behaves. The long-term aim is to gain a fundamental understanding 

off  lubrication and friction phenomena at the nanometer scale. This connects to 

thee upcoming area of 'nanofluidics', i.e., the study of the rheological properties of 

complexx fluids in extremely narrow channels. 

AA first indication of what takes place in ultra-thin confined fluids was given 

4nn 2000. the GNP was ca 400 billion (= 109) Euro in The Netherlands and ca 8500 billion 
Euroo in the European Union. 

9 9 
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Figuree 1.1: Transport of an Egyptian colossus. Note the worker near the foot of the 
colossuscolossus pouring a lubricant at the front of the sledge on which the colossus is transported. 
PaintingPainting from the tomb of Tehuti-Hetep, El-Bershed (c. 1880 B.C.). Taken from Ref. 

byy a famous experiment by J. Israelachvili et al. using a 'surface force apparatus' 

[4.. 5. 6. 7, 8. 9. 10]. They measured the normal force between two lubricated 

surfacess as they were pressed together. It was found that at a separation below 

caa 6 molecular diameters the normal force oscillates as a function of the surface 

separation,, with a period equal to the molecular diameter (see Fig. 1.2). This 

suggestss that the liquid orders in layers parallel to the walls and that these layers 

aree squeezed out one by one. 

Inn similar experiments [5. 8. 11, 12], it was found that the sliding friction force 

off  such layered fluids shows stick-slip behavior (see Fig. 1.3): stress is built up 

iff  the surfaces are sheared until a threshold is reached and the surfaces slip (the 

fluidfluid  melts). After the stress has been released by the slip, the fluid reorders 

andd the stress builds up again, after which the process starts all over. These 

experimentss form convincing evidence that a fluid shows ordering (freezing) under 

strongg confinement. 

However,, one could argue that the evidence is indirect and these experiments 

doo not yield any information on the type or degree of ordering. The confined 

fluidfluid  may or may not be in a crystalline phase and no statements can be made 

aboutt the in-plane ordering. Furthermore, the oscillating force curve in Fig. 1.2b 

onlyy reflects the structural properties of the confined fluid. It does not inform us 

aboutt possible changes in the fluid dynamics, which might occur already at much 

largerr separations. The dynamic behavior is important because it determines the 

lubricatingg properties of a fluid. To address these issues, we need to examine the 

confinedd fluid more closelv. 
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(b) ) 

Figuree 1.2: (a) A fluid confined between two solid surfaces. The surface separation 
decreasesdecreases going from ~ 4 molecular layers in g to zero layers in a. (b) The normal force 
asas a function of the surface separation, as measured in a surface force experiment. At 
distancesdistances corresponding to an integer number of molecular diameters the normal force 
increasesincreases until, after reaching a threshold value, the fluid becomes unstable and one layer 
isis squeezed out. Taken from Tntermolecular and Surface Forces' by J.N. Israelachvili 
[3]. [3]. 

1.22 Method 

Inn order to determine the structure or the dynamical properties of a confined fluid, 

wee have to gain access to the fluid buried in between the solid walls. Techniques 

usingg visible light, such as (confocal) microscopy and light scattering, suffer from 

twoo important limitations. First of all, the spatial resolution Ax attainable with 

visiblee light is limited by the wavelength. For an imaging system2, for example, 

AxAx is given by [13] 

AA . _ A 
0.61 1 

NA NA 
0.61--

nn sin a 
(1.1) ) 

2Wee consider here a spherical lens, where the pre-factor equals 0.61. For a cylindrical lens, 
thee pre-factor equals 0.5. 
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(a)) (b) 

Figuree 1.3: (a) A fluid in between two surfaces with a shear stress, indicated by the 
arrow.arrow. The fluid is frozen and withstands the shear stress: sticking results, (b) The fluid 
melts,melts, which results in a slip of the upper sheared surface. 

wheree A is the wavelength. NA = nam a the numerical aperture of the collecting 

lens,, a half the opening angle of the lens and n the refractive index of the medium 

inn between the object and the lens. For visible light, the numerical aperture is 

typicallyy 1.4. which for A = 500 nm results in a spatial resolution of Ax ~ 350 

nm.. Hence, visible light is not a suitable probe for the investigation of molecular 

fluidss or other fluids that consist of nanometer particles. 

AA second important limitation of the use of visible wavelengths is the occurrence 

off  multiple scattering, which results from large refractive-index contrasts (An may 

bee of the order of An ~ 0.1). Multiple scattering is the origin of the opaque 

appearancee of, e.g., milk, white paint and clouds. Another example, relevant for 

thiss thesis, is a suspension of silica colloidal particles with a radius of ~ 100 nm 

dissolvedd in water. Absorption is relatively small for both silica and water at visible 

wavelengths,, but multiple scattering prevents us from looking inside this system. 

Byy dissolving the particles in an index-matching solvent, multiple scattering may 

bee avoided. However, because the properties of the suspension depend on the 

solvent,, this seriously limit s the freedom to vary physical properties. 

Forr hard x rays with a wavelength of A ~ 0.1 nm, the above limitations are 

absent.. The wavelength is small enough to yield in a diffraction experiment a 

spatiall  resolution on the length scale of molecules. Furthermore, as a result of the 

smalll  refractive-index contrasts (An ~ 10~6), multiple scattering may be safely 

neglected.. Therefore, if the sample consists of small particles (<C 500 nm) or if 

itt causes multiple scattering of visible light, hard x rays are a suitable tool of 

research. . 

However,, if we would perform an x-ray diffraction measurement in reflectivity 

geometry,, as depicted in Fig. 1.4a, inhomogeneities in the confining walls would 

resultt in much background scattering. Since the scattering volume of the thin fluid 
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Figuree 1.4: Possible geometries for an x-ray diffraction experiment on a confined fluid, 
(a)(a) The geometry of a standard reflectivity measurement. In this geometry the mo-
mentummentum transfer q (dashed arrows) is along the surface normal, (b) A transmission 
experimentexperiment with the incident beam along the surface normal. Here, the scattering vector 
isis nearly parallel to the surfaces, (c) The planar waveguide geometry. The waves are 
internallyinternally reflected from the liquid-solid interface and propagate only within the fluid, 
contrarycontrary to the cases (a) and (b), where the x rays pass through the confining walls. 

fil mm is much smaller than that of the walls, this reduces the signal-to-noise ratio 

byy a substantial amount. The same holds for a transmission geometry at normal 

incidence,, as shown in Fig. 1.4b. 

Thee signal-to-noise ratio is enhanced when the confining geometry is used as 

aa planar x-ray waveguide [14]. In this geometry, the x-rays propagate only within 

thee fluid layer (Fig. 1.4c), in the same way as e.m. waves propagate within the 

coree of optical fibers used in data communication. The fluid layer then serves as 

thee guiding layer for the x rays and almost all intensity is confined within the 

fluidd layer. Therefore, scattering due to inhomogeneities in the boundary walls is 

negligible,, which greatly enhances the signal-to-noise ratio. It is fair to mention 

thatt in the waveguide geometry the resolution is not equal to the x-ray wavelength 

iff  only guided modes are considered. This wil l be discussed more extensively in 

chapterr 2. At this point, we just mention that the resolution in the waveguide 
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geometryy is equal to the minimum thickness of the waveguide guiding layer VVmin 

thatt still supports one waveguide mode. \Vmin is of the order of 20 nm in our 

presentt setup, yielding a spatial resolution Ax ~ 20 nm. which is still an order of 

magnitudee better than for visible wavelengths. 

1.33 Colloidal suspensions 

Thee minimum waveguide gap width \Vmm ~ 20 nm corresponds to many molecular 

diameters.. However, for the observation of confinement-induced effects, a gap of 

noo more than a few nm is needed. Therefore, an examination of confined molec-

ularr liquids is at present not yet possible with use of the planar x-ray waveguide 

technique.. As a first step, we investigate a suspension of colloidal particles dis-

solvedd in a molecular liquid. A colloid is a macromolecular particle, much larger 

thann the solvent's molecules, but small enough so that its random Brownian mo-

tion,, caused by the bombardment by the molecules, prevents sedimentation due 

too gravity. Typically, the size of a colloidal particle is between 1 and 1000 nm. 

Colloidall  particles are much larger than molecules and hence scatter more 

stronglyy in the forward direction (see Ref. [15]). This enhances the scattered 

intensitiess at small angles significantly, facilitating a small-angle scattering ex-

periment.. Furthermore, an important property of colloidal particles is that the 

particle-particlee and the particle-wall interactions can be altered by changing their 

surfacee chemistry, which makes them tunable test particles. 

1.3.11 Confined colloid dynamics 

AA single sphere within a narrow gap cannot show ordering phenomena, but its 

dynamicss may be seriously affected through hydrodynamic interactions with the 

nearbyy walls, see Fig 1.5. The motion of the colloidal particle induces a dipolar 

floww field within the solvent. This flow field is affected by the presence of the walls, 

whichh may result in an enhanced hydrodynamic friction. 

Byy applying the technique of dynamic x-ray scattering (DXS) in the x-ray wave-

guidee geometry, we can investigate the dynamic behavior of colloidal spheres con-

finedfined within a narrow slit over a large time window ranging from sub-milliseconds 

too seconds. The x-ray waveguide forms an extremely well-defined model geometry 

whichh makes it suitable for comparison with theoretical models of the diffusive 

behavior. . 

Thoughh the geometry of a narrow parallel slit is fairly simple, accurate the-

oreticall  predictions of the diffusive behavior of a single colloidal sphere confined 

withinn a slit are still lacking. The equations of motion cannot be solved analyti-
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Figuree 1.5: A colloidal sphere dissolved in a liquid, confined between two flat surfaces. 
TheThe movement of the sphere induces a dipolar flow field within the surrounding liquid 
withwith a higher pressure (H) in front of the sphere and a lower pressure (L) at the back. 
TheThe presence of the walls greatly affects the flow field within the solvent and therefore 
hydrodynamichydrodynamic interactions with the wall will  influence the motion of the sphere. 

callyy and recourse is taken to numerical methods, e.g., molecular dynamics (MD) 

orr lattice-Boltzmann simulations [16]. However, to date, these calculations are so 

time-consumingg that they cannot provide access to the long-time dynamics. Long 

timess are defined here as times later than the moment at which the diffusion of 

thee colloidal particles starts to slow down3. 

1.44 This thesis 

Inn chapter 2, we introduce the concept of x-ray waveguiding, the technique used 

heree to investigate confined fluids. The scattering of waveguide modes from con-

finedd colloidal particles wil l be treated within the single-scattering approximation. 

Inn the waveguide setup the surface separation and parallelism are determined 

byy an optical interferometric technique. Previously, this technique limited the 

minimumm possible waveguide gap Wmin to ~ 250 nm, half a visible wavelength. 

Becausee we intend to study much thinner films (ultimately of molecular thickness), 

wee developed a method that allows a controlled positioning of the waveguide gap 

farr below optical wavelengths. This resulted in the multistep-index waveguide, 

whichh is described in chapter 3. A full explanation of the observed diffraction 

3Occasionally,, long times are defined in other ways. 
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patternss is given for an experiment in which the guiding layer is empty. 

Thee scattering volume of confined fluids is small, which results in small scat-

teredd intensities. This may seriously frustrate experiments on low-contrast sam-

pless or extremely thin fluids. In chapter 4. we demonstrate how we obtain a flux 

enhancementt within the waveguide by almost two orders of magnitude. This is 

achievedd by pre-focusing the incident x-ray beam. The effects of pre-focusing on 

thee propagation of the waveguide modes and on the coherent properties of the 

x-rayy beam are discussed. 

Inn order to understand the dynamics of confined colloidal suspensions, we 

firstt examine the dynamics of bulk colloidal fluids consisting of charge-stabilized 

spheres.. This is the subject of chapter 5. where the focus wil l be on the inter-

mediatee and long-time dynamics. This investigation wil l form a reference for the 

experimentss on the dynamics of confined colloidal suspensions. However, dense 

suspensionss of highly charged colloids form an intriguing object of study by them-

selves.. They exhibit phenomena such as glass and gel formation and thixotropy 

(shearr thinning). 

chapterr 6 is concerned with the dynamics of a dilute suspension of lightly 

chargedd colloidal spheres confined within the x-ray waveguide. The theory of 

dynamicc x-ray scattering (DXS) in the waveguide geometry, which differs from that 

forr bulk DXS, is worked out in the single-scattering approximation. Experiments 

aree presented that indicate a confinement-induced slowing down of the long-time 

dynamics. . 



Chapterr 2 

Thee x-ray waveguide 

2.11 Introduction 

AA fluid confined between two flat parallel surfaces that are positioned at close dis-

tancee from each other forms a simple symmetric structure with different refractive 

indicess for the confining walls and the confined fluid. If the fluid contains ran-

domlyy positioned inhomogeneities (particles), the fluid's refractive index can, to a 

zeroth-orderr approximation, be taken constant, e.g., equal to that of the solvent. 

Thiss is shown schematically in Fig. 2.1, where the walls have a refractive index 

nn22 and the fluid a uniform refractive index n\. Later, we take the refractive-index 

variationss due to the presence of particles into account. 

Forr x-ray wavelengths the refractive index for a given material is given by 

n=l-6n=l-6 + i/3. (2.1) 

Thee real part of the refractive index, 1 — S, affects the (phase) velocity of light c 

inn the material and is therefore responsible for phase shifts and refraction effects. 

Forr wavelengths far from any absorption edge of the material under consideration 

wee have 

wheree A is the wavelength, re the classical electron radius and ne the electron 

densityy of the material. The imaginary part of the refractive index, 0, reduces the 

amplitudee of the waves and is given by the absorption coefficient fi via (3 — Xfi/4n. 

Forr a wavelength A = 0.1 nm the values of <5 and 13 are very small and of the order 

off  10- 6 and 10~9, respectively. Since /3 <§C 6, absorption plays a secondary role 

heree and it is the phase contrast between the walls and the fluid and the phase 

contrastt caused by inhomogeneities within the fluid that are of prime importance. 

17 7 
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n(x) ) 
Figuree 2.1: A fluid confined between two flat walls forms an x-ray waveguide. The 
centralcentral layer has a refractive index n\, which is higher than the refractive index of the 
confiningconfining walls U2- At small propagation angles, an 'x-ray'inside the fluid layer (depicted 
byby the arrow) will  be internally reflected and is therefore confined to the fluid guiding 
layer. layer. 

Notee that the real part of the refractive index is smaller than unity in the x-ray 

regime,, contrary to the case of visible wavelengths, for which n > 1. Since fluids 

have,, in general, a lower electron density than solids, the refractive index of fluids 

iss higher than that of the solid walls in most cases. This makes a fluid confined 

betweenn two surfaces automatically an x-ray waveguide. Suppose a wave is trav-

ellingg inside the central region at an angle 6 below the critical angle 9C for total 

reflectionn for the fluid-solid interface. The wave wil l then be internally reflected 

att the boundaries and is thus confined to the guiding layer (see Fig. 2.1). This is 

highlyy advantageous when studying confined fluids. If the quality of the substrates 

iss good (that is, smooth and flat), scattering of the x rays is only caused by the 

fluid,fluid, which drastically reduces background scattering. The enhanced signal-to-

noisee ratio, compared to that in a standard reflectivity or transmission experiment 

(Fig.. 1.4), greatly increases the sensitivity to inhomogeneities in the fluid. 

Previously,, M.J. Zwanenburg et al. have constructed a tunable planar x-ray 

waveguidee [14] and demonstrated its waveguiding properties for both the case that 

i tt is empty [17] and the case that it is filled with a colloidal fluid [18]. It was shown 

thatt the empty waveguide guides the waveguide modes unperturbed and that the 

confinementt of colloidal particles within the guiding layer results in an ordering 

off  the colloidal particles in layers parallel to the walls, which induces a selective 

couplingg between waveguide modes. 

Thiss chapter briefly introduces the principles of waveguiding. Well-known ex-
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ampless of waveguides working at visible and infrared wavelengths are the optical 

fibersfibers used in data communication. Because of their technical relevance, there are 

manyy textbooks on the theory of propagation of e.m. waves inside waveguides, 

seee Refs. [19, 20, 21]. These books were written for optical wavelengths, but the 

equationss are equally valid for x rays. Some simplifications can be made compared 

too visible wavelengths, because of the small refractive-index contrasts between 

differentt media for x rays. 

Wee present the wave equations for a planar waveguide along with their so-

lutionss in an introductory theoretical section. Then we discuss the influence of 

inhomogeneouss guiding layers on the wave propagation, resulting in x-ray diffrac-

tionn and refraction effects inside the waveguide and we make a short note about 

thee resolving power in the x-ray waveguide geometry. In chapter 6, the theory wil l 

bee extended to the case of moving particles inside a planar waveguide. We end 

thiss chapter with a description of the waveguide setup and of the source of the x 

rayss in our experiments: a synchrotron radiation facility. 

2.22 The wave equat ion 

Thee Maxwell equations (in SI units) in a linear, dielectric, non-magnetic and 

sourcelesss medium are [22] 

VV x E = - / i o^ r r- V  e0n
2E = 0. 

ötöt (2.3) 
<9E E 

V x HH = 60n
2 — . V - / J O H = 0. 
at at 

wheree E is the electric field, H the magnetic field, n the refractive index, e0 the 

vacuumm permittivity. /J.0 the magnetic permeability and t the time variable. If we 

assumee a monochromatic beam1, the time dependence of the e.m. field can be 

describedd by E(r, t) — E(r)e~t w t , where JJ = kQc is the radial frequency, A:o = 2TT/X 

thee free-space wavenumber. A the wavelength, and c = l/^/ëöflö the speed of light 

inn vacuum. We may then separate the space and time coordinates, which leads 

too the Helmholtz equations, from which the time dependence of the oscillating 

electricc field has been removed: 

£E£E + k%n2E = - V ( V ( l n n 2 ) - E ) , 

(2.4) ) 

A HH + k*n2H = - V ( l n n2) x V x H, 

l r rhiss is allowed in our case, since we use x rays that are selected by a Bragg reflection off a 

inonochromatorr crystal. Typically, the band width AA/A is of the order of 10- 4. 
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Figuree 2.2: The waveguide geometry used in our experiments (not to scale). The waves 
enterenter the waveguide from the side in the x — z plane. The waves are confined in the x-
directiondirection and can propagate freely in the y- and z-direction. The propagation angles with 
respectrespect to the coordinate axes are drawn on the right. 

wheree A = V 2 = d2/dx2 + d2 j'dy2 + d2/dz2 is the Laplace operator. The coor-

dinatess in the waveguide are defined in Fig. 2.2. The waves are confined in the 

x-directionn and propagate along the y- and ^-directions. The angles between the 

propagationn direction and the 2-axis are indicated by 9 and \ (s ee Fig- 2.2). 

Inn the Helmholtz equations 2.4. the e.m. fields in the x. y and z directions are 

alll  coupled via the right-hand terms. Because the refractive-index modulations 

aree small for x rays, the gradient of ln(n ) is small and these coupling terms 

mayy be neglected. We then obtain a set of scalar Helmholtz equations for every 

coordinate.. Furthermore, in our x-ray experiments we only have linearly polarized 

light22 with the only non-zero component being Ey. We are therefore left only with 

thee following scalar wave equations: 

V 2£„„  + k2n2Ev = 

HHzz = 

Thee e.m. waves are completely described by Eq. 2.5. Hx and Hz follow from the 

derivativess of Ey. Because Ey is the only non-zero component of the e.m. field, 

2Thiss is a property of the synchrotron radiation used in our experiments. The radiation is 
generatedd by an undulator insertion device in the electron storage ring, see section 2.6. The 
electronss oscillate in the horizontal y-z plane, resulting in linearly polarized light. Other polar-
izationss (e.g. circular) are possible but then a special type of insertion device is needed, see e.g. 
Reff  [23]. 

0. . 

ii  dEy 

HQU)HQU) dz 

ii  dEy 

UQLUUQLU dx 

(2.5) ) 

(2.6) ) 

(2.7) ) 
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wee wil l omit the subscript y in Ey in the remainder of the text. In waveguide 

theory,, linearly polarized waves that have the electric-field vector parallel to the 

surfacee are called transverse-electric (TE) waves, waves with the magnetic-field 

vectorr along the surface are called transverse-magnetic (TM) waves. Since the 

formerr is the case here, the solutions to Eq. 2.5 are transverse-electric waveguide 

modes. . 

Wee now assume that the refractive index is constant along the y and z- coor-

dinate.. This allows us to make the following Ansatz for the solution of the wave 

equation: : 

EEyy(x,(x, y, z) = <j>(x)  exp{+i/3yy) exp(+i3zz). (2.8) 

Here.. [3y and Qz are the projections of the propagation constant 3 onto the y- and 

2-axis,, respectively. They are given by 

A,, = 8smX, (2.9) 
33ZZ = /?CQSX, 

wheree \ is defined as in Fig. 2.2. Substitution of Eq. 2.8 into Eq. 2.5 results in 

thee differential equation 

^  ̂ + (k2
0n

2(x)-.i32)4> = 0. (2.10) 

Thee solutions to this equation are the mode profiles (p{x). In the remainder of the 

textt we wil l implicitl y assume that these modes are normalized as follows: 

/

+0O O 

<f><f> ii(x)-<j>*(x)dx(x)-<j>*(x)dx  = 6iJ, (2.11) 

wheree 6,-j is the Kronecker delta and 4>*  is the complex conjugate of è. 

2.2.11 A simple example 

Considerr a piecewise-constant refractive-index profile n(x) across a waveguide of 

thicknesss W as shown in Fig. 2.1. For simplicity we assume that the gap is filled 

onlyy with air such that n\ — nair ~ 1. The penetration depth n of a wave that is 

internallyy reflected at the air-wall interface is given by [24] 

K{0)K{0) =  X (2.12) 

wheree 9C — y/2(5wa\\ — óair) ~ >/2^waii is the critical angle for total reflection from 

thee air-wall interface and 9 is the angle at which the wave is reflected (0 < 9C). 
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TEn n TE, , TE, , TE, , 

Figuree 2.3: Amplitudes of the lowest-order modes TEQ, TE\, TE2 and TE3, belonging 
toto a waveguide with a piece-wise constant refractive-index profile. In the calculations, 
thethe refractive index of the guiding layer was n\ = 1 and of the walls n  ̂ = 1 — 10~6. The 
waveguidewaveguide width W was 500 nm, the wavelength A = 0.1 nm. 

Forr a large refractive-index contrast n\ — n2 ĉ  <5wan between the confining walls 

andd air, the penetration depth n of the reflected wave into the walls can be taken 

zero,, provided 6 ^C öc. The normalized mode profiles 4>m{x) then reduce to [25] 

<Pm(x) <Pm(x) 
wwsm sm n(mn(m + 1) 

W W 

0. . 

00 < x < W, 

xx < 0 and x > W. 

(2.13) ) 

wheree W is the thickness of the guiding layer and m an integer number. The 

correspondingg propagation constants 8m are given by 

A, , 

andd the propagation angle 

== ktfni cos 0m ~ fco cos 9„ 

off  mode T Em equals 

__ A ( m + 1) 

2W2W ' 

(2.14) ) 

(2.15) ) 

Forr more realistic refractive-index profiles with a lower contrast between the 

guidingg layer and the walls, for 6 < 6C and for modulated refractive-index profiles 
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Figuree 2.4: (a) A plane wave incident under a glancing angle Qi < 9C is reflected from 
aa substrate. A sinusoidal standing-wave pattern results due to interference of the direct 
andand reflected beams, (b) The upper surface of the waveguide is positioned such that it 
coincidescoincides with a node of the standing-wave pattern, making the wave resemble one of the 
waveguidewaveguide modes. This mode will  be guided through the waveguide and emerges at the 
exitexit at an angle Öe = 6i. 

n(x)n(x) of the guiding layer, the mode profiles (pm(x) cannot be found analytically in 

mostt cases. Therefore, we use a finite difference method to solve the differential 

equationn 2.10 numerically for all realistic refractive-index profiles [25]. 

Fig.. 2.3 shows the first four mode profiles, numerically calculated for a typical 

waveguidee with a piece-wise-constant refractive-index profile and a contrast n\ — 

nn22 = 10~6. The wavelength A = 0.1 nm and the waveguide gap W = 500 nm. 

Thee bounding surfaces are indicated by the grey areas. Note that the modes 

havee an evanescent character within the confining walls, with a mode-dependent 

penetrationn depth K given by Eqs. 2.12 and 2.15. 

2.2.22 Excitation and propagation of the waveguide modes 

Ourr waveguide consists of a larger lower disk and a smaller upper disk, which are 

positionedd opposite to each other at a small distance. The waveguide modes are 

excitedd from the side as follows. A plane wave, incident under a glancing angle, 

iss reflected by the larger lower surface of the waveguide. The direct beam and 

thee reflected beam interfere, resulting in a sinusoidal standing-wave pattern at the 

entrancee of the waveguide (see Fig. 2.4). If the upper surface is positioned exactly 

att a node of the standing-wave pattern, the e.m. field profile at the waveguide 

entrancee resembles a waveguide mode and only a single mode wil l be excited. If 

thee incident e.m. field profile does not match a waveguide mode, more than one 

modee wil l be excited. 

Thee amplitude cm of each mode T Em at the entrance of the waveguide is 

calculatedd via the overlap integral of the mode profile d>m (x) with the incident 
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e.m.. field Ein(x) at the entrance of the waveguide: 

EEinin{x)o{x)omm (x)dx. (2.16) 

Inn a waveguide with a refractive-index profile that is independent of the prop-

agationn direction, the modes travel undisturbed and the e.m. field inside the 

waveguidee is given by 

m,|]ax x 

E(x.E(x. z ) = J 2 r"< "  °™ {x)  el3" lZ- (2-1 7) 
m m 

wheree we have chosen the c-axis to be parallel to the propagation direction (\ — 0) 

andd the summation is only over the guided modes. Radiation modes are excluded 

fromm the summation since they travel above the critical angle for the waveguide 

boundary.. They are not confined to the guiding layer and are absorbed in the 

confiningg walls. 

Too illustrate how the waveguide modes interfere within the waveguide we show 

inn Fig. 2.5 the energy density of the e.m. field as it propagates through a 5 mm long 

waveguide.. For clarity, the radiation propagating through the confining walls is 

removedd from the calculation by assuming an unrealistic-ally large absorption term 

ftft = 10~6. The waveguide is excited by a plane wave, incident onto the waveguide 

att an angle 9Z = (#i +02) / 2. exactly in between the mode angles for TEi and TE2. 

Sincee the e.m. field at the entrance of the waveguide is not matched to any of 

thee waveguide modes, multiple modes are excited at the entrance. These modes 

interferee as they propagate through the waveguide. At the exit of the waveguide 

(right-handd side of Fig. 2.5) a post-reflection takes place from the larger lower 

surfacee and the waves leave the waveguide at an average exit angle 6e ~ 6j. 

Wee detect the radiation emerging from the waveguide with a detector posi-

tionedd in the far field at a distance R behind the waveguide. To calculate the 

far-fieldd diffraction patterns from Eq. 2.17. we have to take into account the post-

reflectionn from the lower surface. The x-ray beam at the exit of the waveguide is 

muchh wider horizontally than vertically, which allows a description of the propaga-

tionn of the outgoing e.m. waves in terms of cylindrical waves. If r is the reflection 

coefficientt from the air-wall interface, and t the transmission coefficient for the 

wrall-airr interface, the far-field e.m. field A(9e) is given by 

// i \ 1 /2 T f° 
/ l ( ( 9 e ) = f — jj  e+lkoR ƒ dxE{x.L)te~lk  ̂ (2.18) 

/•oc c 

++ / dxE{x, L)  (e-
lko^x + reik°e-x) 

Jo Jo 
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Figuree 2.5: The numerically calculated energy density \E(x,z)\2 of an e.m. wave as it 
propagatespropagates through an empty waveguide from left to right. A plane wave is incident at an 
angleangle (9, = (&i  + 02)/2 onto the waveguide from the left and forms a standing wave pattern 
atat the entrance. The upper surface now coincides with an anti-node of the standing-wave 
field.field. In the calculations, the wavelength was A = 0.1 nm, the waveguide width W = 500 
nm,nm, its length L = 5 mm. The refractive index of the walls was Ti2 = 1 — 10- 6 — i lO - 6. 

wheree the first integral corresponds to the evanescent wave within the lower sub-

strate,, the second integral to the field above the lower substrate and E(x, L) is the 

e.m.. field at the exit of the waveguide z = L. If we neglect the evanescent wave in 

thee walls and put the reflection coefficient r ~ —1, the expression for the far-field 

e.m.. field simplifies significantly. The far-field diffraction pattern I(0e) = \A(9e)\
2 

iss then given by 

1%)1%) = RX RX 
dxE(x,dxE(x, L) sm(ko9ex] (2.19) ) 

Inn the remaining chapters of the thesis we often write I(9i, 6e), since the detected 

far-fieldd diffraction pattern I(6e) depends on the incident angle Ö, of the plane 

wavee that excites the waveguide modes, see Fig. 2.4. 

2.33 Refractive-index modulations in the fluid 

Iff  a fluid is confined within the waveguide, the refractive-index profile within the 

gapp wil l in general not be constant. Colloidal particles within the gap may cause 

differentt types of modulations in the refractive-index profile, see Fig. 2.6. There 
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(a)) (b) (c) 

Figuree 2.6: Three different distributions of confined colloidal particles, with to their 
rightright the corresponding average refractive-index profiles n(x) within the guiding layer. 
AA dark shade indicates a low refractive index, (a) The colloidal particles are ordered 
inin layers, resulting in a sinusoidal average profile n(x) . (b) The degree of ordering 
decreasesdecreases with the distance to the walls, resulting in a damped sinusoidal shape of the 
averageaverage profile n(x). (c) A low-density random distribution, resulting in a constant value 
forfor the average profile ofn(x). 

aree two approaches to describe the wave propagation for inhomogeneous guiding 

layers. . 

Thee first approach assumes a modulated in-plane-averaged refractive-index 

profilee n(x) (see Figs. 2.6a and 2.6b). The mode profiles <p'm{x) belonging to 

thee modulated profile n(x) are calculated by solving Eq. 2.10 numerically. The 

modess 4>'m(x) are not coupled to each other, they are excited at the entrance and 

merelyy interfere as described by Eq. 2.17. Using this approach, we can retrieve 

thee refractive-index profile n(x) from the measured far-field diffraction patterns 

I(6i,0I(6i,0ee).). The refractive-index profile n(x) is then adjusted in a model-dependent 

fittin gg procedure until the calculation is in agreement with the experimental data. 

Exampless of successful retrieval of the refractive-index profile from the far-field 

diffractionn patterns can be found in Refs. [18, 25]. 

Thee method we apply here, however, follows a perturbation approach [21] in 

whichh the colloidal particles are a disturbance of the refractive-index profile within 

thee guiding layer. A piece-wise-constant refractive index UQ{X), which depends only 

onn x, describes the solvent of the colloidal suspension and the confining walls. We 

describee the propagation of the e.m. waves in terms of the modes d>m(x) of this 

piece-wise-constantt refractive index n0(x). An example of such a basis set <j> m(x) 
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iss given by Eq. 2.13. To n0(x) we add a perturbation An(x. y. z) that depends on 

alll  coordinates, describing the shape and positions of the colloidal particles (Fig. 

2.6c).. We have 
nn22{x.{x. y. z) = n2

0(x) + An2(x. y, z). (2.20) 

Thee refractive indices are squared here for convenience, because they appear 

squaredd in the wave equation 2.5. Refraction and diffraction effects due to the 

inhomogeneitiess An(x,y,z) are described as scattering between the modes <pm(x) 

belongingg to the piece-wise-constant refractive-index profile nG(x). Because the 

modess are now coupled, the mode amplitudes cm change on propagation and they 

becomee x~ a nd 2_ dependent3. Our Ansatz for the total e.m. field within the 

waveguidee is a summation over all possible modes and directions within the y-z 

plane: : 

//

+occ rnmc,x 

dxdx E c™^ ^ ) < M z ) ^s i n xe ^c o s\ (2.21) 
wheree we have extended the integration to infinity , in the knowledge that cm(x, z) 

iss only non-zero for small \-values (strongly forward scattering). We insert this 

intoo the wave equation 2.5 and use the fact that the mode profiles <pm(x) satisfy 

Eq.. 2.10 for the piece-wise-constant refractive-index profile nQ(x). We obtain 

r r 
JJ — c 

irnax irnax 

—-—- + 2 ï öm c o s x ^-
azazll oz Cm(Z,X) Cm(Z,X) 

33 m=0 

== -*o2 £ c™(- x)*n2(x, V, z) m̂(x)el3m(ysinx+zmsx\ (2-22) 

wheree we used the fact that cm does not depend on the y-coordinate and we 

havee {d/dy)cm = (d2jdy2)cm = 0. We multiply Eq. 2.22 on both sides by 

<Pl{x)exp(-i(3kys'mx'):<Pl{x)exp(-i(3kys'mx'): integrate over the coordinates x and y and use the or-

thonormalityy of the mode profiles (Eq. 2.11). Furthermore, we assume x *C 1, so 

thatt s inx — X a nd cosx — 1- We obtain the following set of coupled equations: 

&& + **•* m=0 m=0 

1.21.2 a f+oc " ^ 

2TTT J_X ^ 

cckk((XX.z).z) f dyet(l3"> x-3kX')y f dx<f>l(x)An2(x,y.z)d>m(x)- (2.23) 
JJ oa J-co 

wheree we used the Dirac delta function defined as f_™ dye2mxy = 6(x) and 5 (ax) = 

6(x)/a.6(x)/a. The refractive index is a slowly varying function in the y- and z-coordinate 

3Thee mode amplitude is also y-dependent. but this is neglected here because the x rays scatter 
onlyy weakly and the beam profile hardly changes along the y-direction inside the waveguide. 
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Figuree 2.7: The TE-2 mode is propagating within a waveguide filled with a dilute sus-
pensionpension of colloids. The colloidal particles are scattering centers and slightly disturb the 
wavefront.wavefront. At the right-hand side, the perturbed wavefront is depicted by the black solid 
curve.curve. The incident wavefront, drawn for comparison, is depicted by the dashed gray 
curve. curve. 

whenn compared to A. Hence, \d2ck/dz2\ <C \2i0kdck/dz\ and we can neglect the 

formerr term. Also, we apply the Born-approximation [13], in that we take for the 

modee amplitudes cm(x, z) in the right-hand side of Eq. 2.23 the amplitudes at the 

entrancee of the waveguide cm(x = Xo, z = 0). This is allowed in the low-contrast 

single-scatteringg limit , e.g., for a dilute suspension of colloidal particles, see Fig. 

2.7. . 

Att the entrance, the wave propagation direction is chosen to be along the z-

axis:: \o = 0, and cm(x, z) = 8(x)cm(z = 0) at the right-hand side of Eq. 2.23. We 

obtain n 

dcdckk(x',(x', z) 
dz dz 

ik, ik, 

\-\-TT  ' 

m=0 0 
+oo o 

dye dye ,-Vkx'y ,-Vkx'y 

0k)z 0k)z 

dx(pl(x)Andx(pl(x)An22{x,{x, y, z)<j)m(x] ,(2.24) ) 

whichh can be integrated over z to yield ck(x'-.z). In Eq. 2.24, the integral over 

xx describes the coupling from mode profile ém to (pk. while the integral over y 

describess the in-plane diffraction over a momentum transfer qyk = f3kx' — kox'-

Equationn 2.24 wil l be used in chapter 6 to describe the scattering by moving 

colloidall  particles within the waveguide. 
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2.44 Spatial resolution of the x-ray waveguide 

Inn the waveguide geometry, the maximum scattering angle amax in the x-z plane 

equalss twice the critical angle 9C. The critical angle is given by 6C = V2A6 = 

\y/r\y/reeAnAnee/ir,/ir,  where we used Eq. 2.2 and AS and Ane are the refractive-index 

contrastt and the electron density difference between the fluid and the walls, re-

spectively.. For Ö c C l , this corresponds to a spatial resolution Ax in the waveguide 

geometry,, given by 

Ax wavegu idee = A/am ax = A/(20c) = 2. /———. (2.25) 

Wee see that the resolution depends solely on the electron density difference Ane 

betweenn the fluid and the walls and does not depend on the wavelength. For the 

air-silicaa interface this results in Axwaveguitie — 22 nm. This is much larger than 

thee wavelength A of hard x rays, but still an order of magnitude smaller than 

thee resolution that can be obtained using visible light microscopy. The minimum 

gapp that supports only one waveguide mode (TE0) is estimated from Eq. 2.15: 

WWminmin = A/(20o), with 0O = 0C. Hence, we have Axwaveguide — Wmin. 

Notee that the resolution Axwaveguide only applies to the confining x-direction. 

Forr scattering in the plane of the waveguide (the y-z plane) this limitation is absent 

andd the resolution is determined by either geometrical constraints or by the count 

ratess at large scattering angles. 

2.55 X-ray waveguide setup 

Thee waveguide setup is shown in Fig. 2.8. It consists of two flat super-polished 

silicaa disks [26] that are positioned opposite to each other at close separation. The 

lowerr surface is 25.4 mm in diameter, the upper surface diameter is adjustable 

betweenn ca 2 and 5.5 mm. The length-to-width ratio of the waveguide equals 104 

forr a waveguide with a length of 5 mm and a waveguide gap W = 500 nm. The 

root-mean-squaree surface roughness of the top layer of the substrates is below 1 

nm,, as was determined by atomic force microscopy (not shown here). 

Thee surfaces are positioned by three independent piezo-driven inchworm mo-

torss [27]. They are both coated (on the side of the guiding layer) by a mirroring 

aluminumm layer with a transmission coefficient of almost. 2 percent for visible wave-

lengthss and a reflection coefficient of ~ 90 percent. The remainder of the light 

iss lost by absorption in the aluminum. The aluminum mirrors form an optical 

interferometerr to be used for the technique of fringes of equal chromatic order 

(FECO)) [28]. by which we monitor the surface separation and parallelism. White 
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(a)) side view 

xx rays 

too spectrometer 

detector r 

(b)) top view 

xx rays 

Figuree 2.8: Schematic of the x-ray waveguide setup (not to scale), (a) Side view. Two 
fusedfused silica substrates are positioned opposite to each other by three piezo-driven motors, 
twotwo of which are indicated here by the double-headed arrows above the upper surface. The 
surfacessurfaces are both coated by semi-transparent mirrors (the dark thin regions), which to-
gethergether form an optical interferometer. On top of the mirrors, we deposited a silica spacer 
layer,layer, which enables us to position the surfaces in a controlled manner to a separation of 
lessless than a visible wavelength (see chapter 3). The x rays, indicated by dashed arrows, 
areare incident from the left-hand side and propagate through the central layer between the 
surfaces.surfaces. The colloidal particles are indicated by the solid circles in the central layer. 
TheThe detector is positioned in the far field behind the waveguide exit and measures the 
FraunhoferFraunhofer far-field diffraction pattern as a function of the exit angle, (b) Top view of 
thethe two waveguide surfaces. 
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lightt is incident onto the surfaces along the surface normal and the transmitted 

intensityy spectrum is analyzed with an optical spectrometer [29]. The transmitted 

spectrumm shows peaks for specific wavelengths, from which the surface separation 

andd parallelism are determined [28]. In all experiments described in this thesis a 

silicaa spacer layer was deposited onto the aluminum mirror to enable the controlled 

positioningg of waveguide gaps widths W below visible wavelengths (see chapter 3). 

AA more extensive description of the x-ray waveguide setup can be found in Refs. 

[25,, 14]. 

2.66 Synchrotron radiation 

Forr the x-ray waveguiding experiments we need both transverse coherence of the 

x-rayy beam and high flux. Coherence is necessary because we are concerned with 

interferencee effects between the different waveguide modes, the high flux because 

bothh the sample area and refractive-index contrasts are small. Therefore, we rely 

onn the high brilliance4 of a third-generation synchrotron radiation source. Our 

experimentss have been performed at the European Synchrotron Radiation Facility 

(ESRF)) in Grenoble, France. 

AA schematic of a synchrotron facility is shown in Fig. 2.9. Its heart is the 

electronn storage ring in which electrons are running at a velocity close to the speed 

off  light (at ESRF. the energy of the electrons is 6.03 GeV and the circumference 

off  the storage ring is 850 m). A high-brilliance x-ray beam is produced by the 

undulatorss placed in the straight sections of the ring. An undulator is an array of 

magnets,, which produces a magnetic field that alternatingly points up and down. 

Thiss field forces the electrons in an undulating motion in the plane of the storage 

ring.. The resulting narrow beam of x-ray radiation is used in our experiments. 

Forr a more extensive description of synchrotron radiation sources, see Ref. [23] 

andd references therein. 

Thee characteristics of the undulator stations ID 10A and ID22 of the ESRF, 

wheree we performed our experiments, are shown in Table 2.1. In all waveguide 

experimentss we rely on the vertical transverse coherence length £„  of the x-ray 

beam,, which has to be much larger than W for the waveguide mode propagation 

too be coherent. The horizontal coherence £h is of importance in the dynamic x-ray 

scatteringg experiments discussed in chapters 5 and 6, which need a transversely 

coherentt beam in both directions. The transverse coherence length £ is defined as 

4Thee brilliance of a beam is defined as the number of photons per six-dimensional phase space 
volume:: number of photons/s/mm2/mrad2/0.1% bandwidth AA/A 
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Figuree 2.9: Schematic of a synchrotron facility, taken from Ref. [23]. Electrons travel 
withinwithin the storage ring at a speed close to the velocity of light and their trajectories are 
bentbent at bending magnets positioned around the ring. In the straight sections in between 
thethe bending magnets undulators produce a high-brilliance x-ray beam. The beam is treated 
byby optical components, such as a monochromator and a focusing device, before it reaches 
thethe sample. The indicated distances are typical values. 

[13] ] 
XL XL 

(2.26) ) 

wheree A is the wavelength, L the distance to the source and s the FWHM source 

size.. The anisotropy of s results in a much smaller transverse coherence lengths in 

thee horizontal than in the vertical direction. 

Ann additional requirement for the waves to interfere coherently within the 

waveguidee is that the longitudinal coherence length Q = A2/AA be larger than the 

maximumm path length difference between the different modes within the waveguide. 

Here,, AA/A ~ 10- 4 and for A = 0.1 nm we have £j ~ 1000 nm. The maximum 

pathh length difference is given by PLDmax ~ L62
c/2 [14], where 6C is the critical 

anglee and L the length of the waveguide. For L = 5 mm and 6C = 0.125° we find 

PLDPLDmllxmllx ~ 12 nm ^C £;. Hence, the modes interfere coherently. 
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beamm line 

IDIOA A 

ID22 2 

ssx x 

233 /urn 

300 /im 

Sy Sy 

9288 fim 

7000 ^m 

divergencee (x x y) 

177 x 28 ^rad2 

55 x 28 ^rad2 

&&  x & 

1744 x 4.3 Aim2 

1333 x 5.7 /urn2 

Tablee 2.1: Source size (FWHM) and divergence (FWHM) of the undulator stations 
IDIOAIDIOA and ID22 of the ESRF in the vertical x- and the horizontal y-direction (Refs. 
[30,[30, 31]). The coherence lengths £v and ^ are determined via Eq. 2.26, with A = 0.1 
nmnm and L — 40 m. The values in later chapters may vary slightly from the ones stated 
here,here, due to a different wavelength, source-to-sample distance or effective source size. 
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Chapterr 3 

Propagationn of coherent x rays in 
aa multistep-index x-ray waveguide 

ThisThis chapter is based on the article entitled 'Propagation of coherent x rays in a 

multistep-indexmultistep-index x-ray waveguide', which appeared in the Journal of Applied Physics 

[32]. [32]. 

3.11 Introduction 

Inn this chapter we present an x-ray waveguide geometry in which the mirrors of 

thee optical interferometer, used to determine the separation and parallelism of 

thee two surfaces of the waveguide, are spatially separated from the boundaries of 

thee x-ray waveguide. The optical w7hite-light interferometric technique is based 

onn fringes of equal chromatic order (FECO) and is described more elaborately 

elsewheree [14, 28]. The mirrors of the interferometer are formed by two metallic 

layerss that are deposited on the surfaces and previously these mirrors also formed 

thee guiding layer of thee waveguide (see Fig. 3. la). The smallest separation between 

thee mirrors that can be measured with the optical interferometer is half the optical 

wavelengthh (~ 250 nm), while the smallest gap in which a planar waveguide mode 

cann propagate is typically 20 nm, see section 2.4. Thus, in the geometry of Fig. 

3.1aa there is a limitation in the available waveguide gap widths. The limitation 

iss imposed not by the x-ray waveguide itself, but by the optical interferometric 

techniquee that is used to determine the gap width. 

Thee mirrors of the optical interferometer are separated from the x-ray wave-

guidee surfaces by depositing an optically transparent spacer layer onto the metallic 

mirrors.. The result is a symmetric waveguide with multiple steps in the refractive-

indexx profile n(x). called here a multistep-index x-ray waveguide. Its geometry 

iss schematically drawn in Fig. 3.1b. The metallic mirrors form the cavity of the 

35 5 
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(a)) ' (b) ' 

Figuree 3.1: Schematic of the waveguide geometry. The thin shaded areas represent the 
metallicmetallic mirrors of the optical white-light interferometer, (a) Single-step-index wave-
guide,guide, (b) midtistep-mdex waveguide with spacer layers. The drawings are not to scale, 
thethe waveguide length is 2.5 mm, its width is typically below 1 fim. 

opticall  interferometer, while the gap between the surfaces of the spacer layers 

guidess the x rays. This new geometry allows a controlled positioning of the sur-

facess at separations far below optical wavelengths and therefore x-ray diffraction 

experimentss at gaps much smaller than are possible without the spacer layer. The 

multistep-indexx geometry affects both the FECO technique and the waveguiding 

properties.. It is on the latter properties that we concentrate. 

3.22 Experimental 

Thee lower surfaces of the waveguides discussed in this chapter have a diameter 

off  25.40 mm. The upper surface has a diameter of 2.50 mm in the first experi-

mentt that wil l be discussed and a diameter of 4.93 mm in the second experiment. 

Al ll  surfaces consist of optically flat fused-silica substrates (< A/20) [26]. The 

substratess are coated by thermal evaporation with a 30 nm thick homogeneous 

aluminumm layer. The latter forms the optical mirror with a transmission coeffi-

cientt of ~ 2%, resulting in sharp peaks in the transmitted intensity spectrum of 

thee FECO technique. 

Onn top of the aluminum layers of both substrates we deposited a spacer layer 

thatt separates the mirrors of the optical interferometer from the x-ray waveguide 

surfaces.. The layer should be optically transparent and of the order of one optical 

wavelengthh thick, so as to allow optical distance measurements at zero separation 

betweenn the surfaces. Making the layer much thicker would reduce the accuracy 

off  the measurement of the surface separation with the FECO technique and would 

Whitee light 
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Figuree 3.2: Schematic of the refractive-index profiles for different waveguide geometries. 
ForFor clarity, the profiles are shown with horizontal offsets and are not to scale. Profile 
(a)(a) corresponds to a single-step-index waveguide, (b) to the profile of the multistep-index 
waveguidewaveguide used in our experiments, and (c) to a double-step-index waveguide. W is the 
waveguidewaveguide width, d is the thickness of the spacer layer. 

alsoo result in an increased surface roughness. Here, we deposited by thermal 

evaporationn a 650 nm thick stoichiometric Si02 spacer layer with a rms surface 

roughnesss < 1 nm, determined with atomic force microscopy. 

Thee x-ray waveguiding experiments were performed at the ID10A undulator 

beamlinee of the European Synchrotron Radiation Facility (ESRF) in Grenoble, 

France.. The energy of the x rays was set at 13.3 keV (A = 0.0931 nm), selected with 

aa S i ( l l l ) monochromator crystal (AA/A = 1.4  10~4). The transverse coherence 

lengthh at the position of the setup was 177 /urn vertically (confining direction) and 

4.55 /im horizontally. The x-ray beam width in the y-direction was 20 /xm. Because 

thee vertical coherence length is much larger than a typical gap width (< 1 /xm), 

thee beam is fully coherent in the confining direction. The longitudinal coherence 

length,, given by A2/AA , was 0.6 fim, much larger than the maximum path length 

differencee between the waveguide modes, which is on the order of 10 nm [14]. Thus 

thee TE modes propagate coherently. 

AA fluorescent screen at 2300 mm distance from the exit of the waveguide con-

vertedd the x-ray photons to a visible light image, which is recorded by a 12-bit 

cooledd CCD camera (PCO Sensicam, 1024x1280 pixels). The spatial resolution of 

thiss x-ray camera is ~ 10 fim, corresponding to an angular resolution of 0.25 mil-

lidegrees.. Each CCD image records for one incidence angle 0i the intensity I(6i, 9e) 

diffractedd from the waveguide exit as a function of the vertical exit angle 9e. The 

CCDD image is integrated in the ^-direction, parallel to the surfaces, in order to 
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reducee statistical noise resulting from low count rates. By varying 9, in steps of 

0.001°.. the diffracted intensity distribution I{9l.9e) is obtained as a function of 

bothh incidence and exit angle. 

3.33 Results 

Wee have performed diffraction experiments on an empty, symmetric, multistep-

indexx waveguide as shown in Fig. 3.1b. having Si02 spacer layers of 650 nm 

thicknesss and a waveguide length L = 2.50 mm. The corresponding refractive-

indexx profile is shown in Fig. 3.2b. We set the central gap width at ~ 650 run 

andd measured the far-field diffraction pattern as a function of incidence and exit 

anglee as described in the previous section. The intensity I{9i.9e) is plotted in Fig. 

3.3a.. In the dark triangular areas no data points were taken. At first sight this 

plott is similar to the one expected for a single-cladding empty waveguide as shown 

inn Fig. 3.2a {see Ref. [17] or Fig. 4.7a). In both cases, there are pronounced 

modess on the diagonal, and the off-diagonal modes have a relatively low intensity. 

Thee off-diagonal intensity maxima in Fig. 3.3a are Fraunhofer diffraction maxima 

belongingg to the specular modes on the diagonal and not the zeroth-order maxima 

off  off-diagonal modes. The thin unstructured line along the diagonal corresponds 

too waves entering the upper substrate from the side above the aluminum layer, 

fromm which they are specularly reflected. These waves do not propagate within 

thee waveguide. 

Theree is. however, a significant difference between the experimental data shown 

heree and the data for a single-cladding waveguide, namely the two curved lines 

abovee the critical angle for total reflection from the air-silica interface at 6^'°2 ~ 

0.125°.. These 'wings' are waveguide modes that are not confined by the central 

layer,, but by the aluminum mirrors. Aluminum has a lower refractive index (nAi = 

11 — 3.0  10- 6) than silica, and can therefore confine waves up to higher angles 

{Q^{Q^]]  — 0.14° for a air-aluminum interface at A = 0.0931 nm). The modes confined 

betweenn the aluminum mirrors are cladding modes, known in optical waveguide 

technologyy [33]. but here observed for the first time for x rays. 

Too explain how the cladding modes are excited, we consider first the ray ap-

proach.. Only the upper wing is discussed below. From symmetry (time reversal) 

arguments,, the other w*ing is then explained as well. In Fig. 3.4 twro parallel 'rays" 

aree incident on the waveguide at a small angle 6i < 9^°2. Ray 1 (dashed line) 

enterss the central region, is reflected at the inner boundaries and leaves the wave-

guidee at 9\ = 9j. without being affected by the aluminum layer. Ray 2 (solid line), 

however,, enters the upper cladding from the side. Refraction can be neglected at 

thiss interface, because the angle with the surface is close to 90° (Fig. 3.4 is not 
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Figuree 3.3: Logarithmic contour plot of the measured (a) and numerically calculated (b) 
intensityintensity distribution I(6i,9e) in arbitrary units, as a function of incidence angle 0i and 
exitexit angle 8e for a 2.50 mm long waveguide having an entrance and exit gap width of 
W\W\ = 658 nm and W  ̂ = 687 nm, respectively. In the calculations the refractive index 
ofof the aluminum and spacer layer were nx\ = 1 — 3.0  10~6 and nsio2 = 1 — 2.38  10~6, 
respectively. respectively. 

too scale), which is far from the critical angle. At the upper air-silica interface, 

however,, ray 2 is refracted. After twice a refraction at the lower air-silica interface 

andd a reflection from the aluminum layer, ray 2 leaves the waveguide at an angle 

$22 equal to the propagation angle inside the central layer. More rays can be drawn 

showingg different paths but they wil l all leave the waveguide at angles 9\ or 02. 

Fromm Snell's law of refraction we find in the small-angle approximation 

022 ~ ^(0 c
S i O 2 ) 2 + ^2 (3.1) 

wheree of ' °2 = y ^ s i oï a n c' ^Si02 I
s the deviation from 1 of the refractive index nsio2 

off  the silica spacer layer. Eq. 3.1 explains the origin of the wings above the critical 

anglee and also its curved shape. One would expect a sudden drop in intensity of 

thee wings at the critical angle for the air-aluminum interface (ö^1 = 0.14°), because 

thenn the reflection coefficient of the aluminum layer decreases and the waves are no 

longerr confined within the aluminum layers. This is, however, not clearly visible 

inn the experimental data. The decrease in reflectivity is counterbalanced by the 
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Figuree 3.4: Two possible rays within the waveguide, with ray (1) corresponding to a 
modemode guided through the central layer and ray (2) to a cladding mode. The cladding 
modesmodes give rise to the wings in Figs. 3.3a and 3.3b. 

increasee in flux through the upper surface when the angle of incidence is increased, 

becausee the footprint of the incoming beam is much larger than the upper surface. 

Thee origin of the wings can also be understood within a wave optics approach. 

Too this end, the mode profiles have been calculated numerically using the finite-

differencee technique, mentioned earlier in chapter 2. For convenience, the structure 

wass simplified to a double-step-index waveguide as shown in Fig. 3.2c. This 

doess not affect the TE modes significantly, since the penetration depth of the 

evanescentt waves inside the aluminum layers is much smaller than the aluminum 

layerr thickness. In the calculations, the SiC>2 spacer-layer thickness was taken 650 

nmm and the central empty layer thickness 658 nm. In Fig. 3.5, the calculated TE 

modess with mode numbers m = 0,1,30 and 31 are shown. At the left side, an 

incidentt standing wave profile (labelled 'S.W.') is drawn, matching the TE0 mode 

off  this particular waveguide. The modes TE0 to TE30 are completely confined 

withinn the central layer. Mode TE3i is the first cladding mode, confined between 

thee aluminum layers. 

Thee amplitude of each mode in the waveguide can be calculated using Eq. 

2.16.. For the case shown in Fig. 3.5, there is an overlap between the incident 

standingg wave, labelled 'S.W.', and TE0. but also with TE3i , so both these modes 

wil ll  be excited. Mode TE3i has a standing wave pattern inside the central gap, 

correspondingg to an angle given by Eq. 3.1, and this angle wil l also emerge from 

thee waveguide. This description is equivalent to the ray approach discussed above. 

Inn our case, the spacer-layer thickness and the gap width W are of almost equal 

value,, so the first central mode (TE0) and the first 'cladding mode' (TE3i ) are 

excitedd simultaneously. If, however, the gap width W is smaller (larger) than the 

claddingg thickness, the first cladding mode wil l be excited at a smaller (larger) 
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Figuree 3.5: The modes TEQ, TE\, TE30 and TE31 for a gap of 658 nm and f or silica 
spacerspacer layers of 650 nm thickness, numerically calculated using a finite difference tech-
nique.nique. The wavelength X = 0.0931 nm, the refractive indices np  ̂= 1 — 3.0  10- 6 for the 
aluminumaluminum layer, and ng;o2 = 1 — 2.38  10- 6 for the silica spacer layer. The shaded areas 
depictdepict the refractive indices of the waveguide structure, where the dark-grey area is the 
aluminum,aluminum, the light-grey area is the silica spacer layer and the white area is air. The 
air-silicaair-silica interfaces are at x = 9 nm, the silica-aluminum interfaces are at x = 9 
nm.nm. To the left (labelled S. W.) the standing wave pattern is shown, which is incident on 
thethe waveguide and which matches to modes TEQ and TE-j,\. TE30 is the highest central 
mode,mode, TE31 is the first cladding mode. 

anglee than the first central mode. 

Thee asymmetric intensity distribution with respect to the diagonal in Fig. 3.3a 

iss caused by a small non-parallelism of the waveguide surfaces. The non-parallelism 

producess different angular mode spacings in the incidence and exit angle in Fig. 

3.3a.. The width of the entrance gap W\ determines at which angles of incidence Oi 

aa single mode is excited and hence the angular mode spacing AÖ, = \/{2W\). From 

thee mode spacing along the horizontal axis in Fig. 3.3a, we deduce a gap width 

W\W\ at the entrance of 658 nm. For a tilted waveguide, the modes are 'expanded' 

orr 'compressed' along the waveguide [34] and the angular mode spacing inside the 

waveguidee is changed accordingly. Similarly, from the mode spacing along the 

verticall  axis (exit angle) of Fig. 3.3a we deduce a gap width W2 at the exit of 

6877 nm, larger than W\ by 29 nm. Hence, the mode profiles are slightly expanded 

alongg the length of the waveguide by a factor W2/W1. 

Thee til t also changes the apparent critical angle, corresponding to the air-silica 

interface.. The critical angle 9C is visible in Fig. 3.3a as a significant decrease in 
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intensityy for incidence angles above 9fi02 ~ 0.125°. For a waveguide with increasing 

gap.. this angle #^'°2 corresponds to a maximum outgoing angle of #f'°2  H^ / I i ^ ~ 

0.120°.. in agreement with the measured cut-off angle along the 9e axis of Fig. 3.3a. 

Fromm 9f°2 = 0.125° and the relation 9f°'2 = y/26Si°i. we find a refractive index 

off  the Si02 spacer layer of n = 1 - 2.38  10~6. corresponding to a mass density of 

2.044 g/cm3. 

Wee performed a numerical calculation of the propagation of the e.m. field 

insidee such a multistep-index x-ray waveguide. We used a finite-difference beam-

propagationn method (BPM) as described in Ref. [35]. The resulting field at the 

exitt of the waveguide is Fourier transformed to obtain the far-field diffraction 

pattern.. In the calculation the gap widths \\\ and H'2 and the refractive indices 

weree equal to the values obtained from the experimental data above. The length of 

thee waveguide was 2.50 mm. the spacer layer thickness 650 nm and the aluminum 

layerr 30 nm. The wavelength was 0.0931 nm. 

Thee result of the calculation is the far-field intensity distribution I{9i.9e) as a 

functionn of angle of incidence and exit angle and is shown in the contour plot in 

Fig.. 3.3b with the intensity on a logarithmic scale. There is a large resemblance 

withh the experimental plot in Fig. 3.3a. Clearly visible are the wings above the 

criticall  angles. The critical angles are at the same positions, and the dashed-dotted 

periodd on the diagonal, which is caused by multi-mode interference [36]. is similar 

too the period in the experimental data. 

Theree is, however, not an exact match between the measured and calculated 

structuree of the wings. This is caused by the fact that the exact structure of 

thee cladding modes is extremely sensitive to small changes in both the central 

gapp width and the cladding thickness. Another reason might be scattering of 

thee modes inside the cladding material, which consists of stoichiometric Si02. The 

spacerr layer is optically homogeneous, but this is not necessarily the case for x rays. 

Anotherr difference between the experimental data in Fig. 3.3a and the calculation 

shownn in Fig. 3.3b are the double lines along the diagonal in the experimental 

dataa which are not present in the calculation. This is caused by saturation of the 

CCD-cameraa on the position of the high-intensity specular modes. This results in 

ann apparent higher intensity of the off-diagonal modes. 

Wee now demonstrate the possibility of waveguiding at much smaller gap widths. 

Ass before, we measured the far-field intensity distribution I(9i.9e) as a function 

off  incidence and exit angle. The result is shown as a contour plot in Fig. 3.6a. 

Thee upper surface had a diameter of 4.93 mm in this experiment. The length is 

greaterr than in the first experiment, resulting in higher absorption of intensity in 

thee spacer layer. This explains why the cladding-mode wings are not visible here. 

Fromm the incidence and exit angular mode spacings we find for the entrance and 
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Figuree 3.6: Logarithmic contour plot of the measured (a) and numerically calculated (b) 
intensityintensity distribution I(0i,8e) in arbitrary units, as a function of incidence angle 8i and 
exitexit angle 9e for a 4.93 mm long waveguide with an entrance gap W[ = 114 nm and exit 
gapgap W'2 = 59 nm. 

exitt gap widths W\ = 128 nm and W2 = 73 nm. Because these gap widths are now 

muchh smaller, we have to take into account the penetration depth K (Eq. 2.12) 

off  the evanescent wave inside the spacer layer. The evanescent wave effectively 

increasess the waveguide width, and hence the angular mode spacing. For angles 

farr below the critical angle (8 <C 9C), the penetration depth is constant and is in 

ourr  experiment given by 6.8 nm. Subtracting this penetration depth twice from 

thee effective mode spacings W\ and W2, we find for the real gap widths W[ — 114 

nmm and W'2 ~ 59 nm. Note that the average aspect ratio of the waveguide (L/W) 

iss larger than 50, 000. These numbers were inserted in a numerical calculation 

usingg the BPM method in order to simulate the experiment. The result is shown 

inn Fig. 3.6b. The positions of the measured and calculated modes are the same, 

whichh confirms the gap settings. 

3.44 Conclusion and outlook 

AA new multistep-index waveguide for x rays has been demonstrated. The geometry 

spatiallyy separates the optical mirrors, which are needed for measuring the surface 
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separationn and parallelism, from the waveguide surfaces. This allows waveguide 

experimentss at gap widths far below 25Ü nm. which was the limi t set by the 

opticall  interferometer. This is a crucial step in x-ray diffraction studies of ultrathin 

confinedd fluids. We have been able to set a waveguide of 4.85 mm length at a gap of 

599 inn. For substrates with an increased flatness, smaller separations are feasible. 

Wee have observed modes that propagate inside the cladding material. The 

claddingg modes may be used for applying a well-defined electric-field profile to 

aa thin fluid film, whenever the central gap is too small to support even a single 

guidedd mode. Cladding modes, however, are subject to absorption and scattering 

fromm the cladding material. 

Whenn the gap width \Y is decreased, the propagation angle 6*0 of mode TE0 

inn the central layer approaches the critical angle 6C for reflection at the interface 

betweenn the central layer and the confining material. The penetration depth K of 

thee waves into the confining material increases and the effective waveguide width 

becomess significantly larger than the real surface separation W. Relatively more 

intensityy wil l be present in the confining material and less in the central guiding 

layer.. This wdll increase scattering from the confining material. Therefore, in order 

too take advantage of the high signal-to-background ratio in x-ray waveguiding 

experimentss on confined fluids, the gap width should not become too small. We 

sett here a lower limi t for the gap width in x-ray diffraction experiments within a 

planarr waveguide, which is the gap at which the TE0 mode has 50% of its intensity 

inn the guiding layer. From numerical calculations of the waveguide mode TE0 at 

varyingg gap settings, we find that, for our surfaces, the lower limi t Wmin ~ 9 nm. 

Thiss value is a factor of 2 smaller that the estimate made before (VV'min = 20 nm). 

whichh is caused by the neglect of the evanescent waves within the confining walls 

inn the earlier estimate. The value of Wmm can be further reduced by selecting a 

claddingg material with a higher electron density. 

AA wraveguide with a gap Wm\n supports only the TE0 mode and is a single-mode 

wave-guide.. Mode-coupling analysis on guided modes is then impossible, simply 

becausee no other modes are guided. Waves that are scattered by a structure 

thatt is present in the waveguide, will be coupled to radiation modes, which travel 

abovee the critical angle. The TE0 mode is still confined within the central gap, 

whilee the scattered radiation is not. The diffraction experiment then becomes a 

standardd kinetic diffraction experiment with two incident plane waves travelling 

att a relative angle which is given by twice the mode angle 90 belonging to mode 

TE0.. The x-ray w-aveguiding geometry at small gaps close to H7
min retains the 

advantagee of reduced background scattering, because at least 50% of intensity of 

thee applied wave-front scatters from the fluid. The price to be paid is in the 

refractionn of the radiation modes from the confining boundaries. However, if the 
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surfacess have a well-controlled shape, the refraction effects can be deconvoluted 

fromm the diffraction pattern. 
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Chapterr 4 

Propagationn of a partially 
coherentt focused x-ray beam 
withinn a planar x-ray waveguide 

ThisThis chapter is based on the article entitled 'Propagation of a partially coherent 

focusedfocused x-ray beam within a planar x-ray waveguide \ which appeared in the Journal 

ofof Synchrotron Radiation [37]. 

4.11 Introduction 

Thee sample size of an ultrathin fluid confined within the planar x-ray waveguide 

iss very small and so are its refractive-index contrasts. Therefore, an x-ray beam 

off  high flux density is necessary in order to be sensitive to the refractive-index 

contrastss of the fluid in a scattering experiment. Even at a third-generation syn-

chrotronn facility, like the ESRF, the scattered intensity can be too low. Since 

thee vertical width of an unfocused x-ray beam at a synchrotron facility is much 

largerr (~ 0.5 mm in our case) than the waveguide width W (typically W < 1 

/mi),, most of the available flux is wasted if the waveguide modes are excited from 

thee side, as described in section 2.2.2. If the unexploited flux were to be made 

availablee to the waveguide, a wider range of diffraction studies on samples with a 

loww refractive-index contrast would be possible. Furthermore, the transverse co-

herencee length along the vertical direction, £t, ~ 100 /mi. is much larger than the 

wraveguidee gap width W. By matching £t. to IV, a large flux enhancement can be 

achievedd without significantly affecting the degree of coherence of the e.m. waves 

insidee the waveguide. 

Here,, we attain the flux enhancement by pre-focusing the incident beam onto 

47 7 
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Figuree 4.1: Schematic of the waveguide setup with the pre-focusing lens (not to scale). 
TheThe guiding layer of the waveguide is the gap in between the two closely spaced surfaces 
onon the right. The dark layers in the substrates are the aluminum layers that form the 
opticaloptical interferometer for the FECO technique (see text). The incident beam is focused 
onon the entrance of the waveguide by a transmission Fresnel zone plate lens, which can be 
removed.removed. By rotating the lens around the axis indicated by the dashed line the effective 
pathpath length through the Fresnel zones can be adjusted to achieve optimal efficiency. 
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thee entrance of thee waveguide with a one-dimensional diffractive lens (see Fig. 4.1). 

Thiss creates a narrow line focus at the entrance of the waveguide. This approach is 

differentt from that in earlier experiments, where a resonant beam coupler (RBC) 

wass employed to excite the waveguide modes [38, 39. 40]. In the RBC scheme the 

fluxx enhancement is achieved by exciting the waveguide modes via an evanescent 

wavee through a thin upper boundary layer. In this way a larger part of the incident 

beamm is used. In our setup, however, the waveguide boundaries are thick slabs of 

silica,, which wil l scatter and absorb the incident beam, rendering the RBC-scheme 

ineffective.. Furthermore, a disadvantage of the RBC is the fact that the modes 

thatt have been excited in the waveguide are constantly leaking out through the 

thinn upper boundary layer. 

Inn this chapter we present experiments in which a significant flux enhancement 

inn the waveguide is achieved by pre-focusing of the x-ray beam. We examine 

thee effects of the beam compression on the propagation of the waveguide modes 

throughh the waveguide. In section 4.2 the lens is discussed. The propagation of a 

partiallyy coherent beam through the waveguide is described in section 4.3 by way 

off  the mutual intensity function, section 4.4 discusses the experimental procedures 

andd the results are shown in section 4.5. A conclusion and brief outlook are given 

inn section 4.6. 

4.22 Fresnel zone plate lens 

Thee incident beam is focused onto the entrance of the waveguide by a one-

dimensionall  transmission Fresnel zone plate (FZP) with its zones parallel to the 

waveguidee plane. An example of such a FZP lens is shown in the scanning electron 

micrographh of Fig. 4.2. It consists of a rectangular pattern of trenches and ridges 

withh a 50% duty cycle (trench-to-ridge ratio of 1 : 1) on a 5 ftm thick silicon mem-

brane.. The membrane was home-made by reactive ion etching [41]. The width 

off  the Fresnel zones (71 zone pairs in total) decreases away from the center and 

thee outermost zone width d is 350 nm. The height h of the ridges is 5.5 fim. The 

lenss aperture perpendicular to the ridges, D, equals 200 (im and along the ridges 

2.55 mm. The structure was patterned by use of electron-beam lithography and 

subsequentlyy wet chemical etching. Details of the manufacture process are given 

inn Ref. [41]. 

Thee focusing efficiency of the FZP lens depends on the shape and height of 

thee zone plate structures. For a structure with a rectangular profile and a 50% 

dutyy cycle, the first-order diffraction peak has a maximum theoretical collecting 
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Figuree 4.2: Scanning electron micrograph of the central part of a transmission Fresnel 
zonezone plate lens. The height of the structures forming the Fresnel zones is 5.5 fim for the 
lenslens used in this chapter. 

efficiencyy r]l ens given by [42] 

7 LL = ^ (1 + e~2mS ~ 2e-*m cos(0)) , (4.1) 

wheree S and t'i represent the real and imaginary part of the refractive index n = 

11 — 5 + 1(3, respectively, and <j>  = 2irho/\ is the relative phase shift between the x 

rayss travelling through the ridges and those travelling through the trenches. The 

efficiencyy is at a maximum for 0 ~ w. In our case, the wavelength A equals 0.0939 

nmm and the lens material is silicon, yielding <5Si = 2.79  10~6 and BSi = 2.44  10~8. 

Thiss gives an optimum zone height, h. of 16.8 /mi. which is significantly larger 

thann the fabricated structure height of 5.5 fim. However, by rotating the lens by 

ann angle of 70.9° with respect to the x-ray beam (see Fig. 4.1) we increase the 

effectivee path length h through the ridges to 16.8 fim. In this way, the lens can 

bee used at energies typically between 8 and 15 keV, each energy having its own 

optimall  efficiency angle [43]. The efficiency of the + l s ' order diffraction maximum 

off  a perfect zone-plate lens is in our case 39.5%. The absorption length in silicon 

att A = 0.0939 nm is 303 /an and when taking into account the absorption in 
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thee effectively 15.2 //m thick silicon membrane, the maximum efficiency attainable 

withh our type of lens is 37.6%. 

Thee focal length ƒ of the lens is given by ƒ = Dd/X. where in our experiment 

ƒƒ = 746 mm. We define the diffraction-limited resolution df of the FZP lens as 

givenn by the Rayleigh criterion, which states that two points can be resolved if 

thee maximum of one of the images coincides with the first minimum of the other. 

Forr a one-dimensional zone-plate lens this leads to a diffraction-limited resolution 

djdj = d, where d = 350 nm is the width of the outermost zone. 

4.33 Coherent properties of the beam 

Wee now describe the coherent properties of the beam as it propagates via the lens 

andd the waveguide to the detector. For this purpose we introduce the mutual 

intensityy function J (x, x') [13], which contains both the intensity distribution of 

thee electric field, via ƒ (x) = J (x, x), and the complex degree of coherence between 

thee electric fields at two different points x and x' in a plane S, perpendicular to 

thee propagation direction. The complex degree of coherence ^/(x, x') is defined as 

^-Twrn-^-Twrn- (4-2) 
Iff  the mutual intensity function J ^ x ^ x 'J at one plane Si is known, its propagation 

too a next plane S3 is calculated via 

Jjixjix'j)Jjixjix'j)  = / / d x i d x ^ X i , x J J A ' ü t e , x ^ A '*  (x^x^), (4.3) 

wheree A^J(XJ,XJ) is the transmission function describing the electric field at x7 in 

thee plane Sj as a function of the field at x*  in the plane Si. and K*j  is the complex 

conjugatee of Kiy We propagate the mutual intensity function (MIF) from the 

sourcee to the FZP lens, then to the waveguide and finally to the detector plane 

(seee Fig. 4.3). In this way we obtain the intensity distribution at the detector for a 

partiallyy coherent focused beam. A step-by-step description of the propagation of 

thee MI F from the source to the detector can be found in Appendix A. a summary 

off  which is given below. 

Wee assume a completely incoherent source with a Gaussian intensity profile 

IISS(XQ)(XQ) in the vertical x-direction, given by 

II aa(x(x00)) = Ai)eXp(-^-). (4.4) 

Inn the horizontal direction, the source is much larger than in the vertical direction 

andd is considered to be infinite in the calculations. This allows a two-dimensional 
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Figuree 4.3: Schematic of the setup with the x-ray source, lens, waveguide and detector. 
TheThe lens aperture can be set by an adjustable horizontal slit in front of the lens. Five 
planesplanes 5, are defined, as well as the distances Rij between the source, lens, waveguide 
andand detector. The distance between a point Xi in plane Si and Xj in plane Sj is depicted 
byby Sij. The subscripts i in the coordinates Xi in the text refer to the subscripts of the 
correspondingcorresponding planes Si. Angles and distances are not to scale. 

propagationn of the e.m. field in cylindrical waves and the vector x< is replaced by 

thee scalar xt. After propagation through empty space, the absolute value of the 

degreee of coherence \fJ-i(xt, x'A | at a distance Rot away from the source is then given 

by y 
- 2 ^ 7 0

2 > * - * 9 2 \ \ 
l / ^Z i . zJII  = exp 

A 2 ^ ^ 

Thee vertical coherence length £,,„  at a distance Roi is given by 

XRoi XRoi 
L L ss0.v 0.v 

(4.6) ) 

wheree SQ,V = 2-^/2 ln(2)<x0,u is the full-width-at-half-maximum (FWHM) of the 

intensityy profile of the source. The transverse coherence lengths in the planes 

SiSi are denoted in the remainder of the text by £,,„  and  ̂ for the vertical and 

horizontall  direction, respectively. 

Byy treating the FZP lens as an ideal phase-shifting lens, we greatly simplify our 

calculations.. The coherence length in the image plane 53 can be found by solving 

thee integral given for the mutual intensity function J3(9i,x3,x
/
3) at the waveguide 

entrance,, where 0, is again the incidence angle. We do not show the result here, 

sincee it is rather elaborate. Instead, we estimate the coherence length as follows. 

Thee source may be divided in N parts that all illuminate the lens coherently (Fig. 

4.4).. The size SQ°£ of such a part is given by the equation D = £ljtJ, which gives 
sso°vo°v = ^Roi/D. Every such part of the source is effectively a point source for 

thiss imaging system and sets the resolution of the imaging system in the object 
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Figuree 4.4: The source can be divided into small parts of size SQJ such, that every 
sub-sourcesub-source illuminates the lens coherently. A source of this size can be considered to be 
aa point source and will  have a fully coherent image. The size of this image is determined 
byby the resolution of the lens df. 

planee S0. This point source results in a coherent image of size df, being the 

resolutionn of the lens in the image plane S3. Therefore, the coherence length in 

thee image plane £3i„  ~ df in the presence of the lens, which is much smaller than the 

coherencee length at the waveguide in the absence of the lens. Without showing the 

detailss here, we mention that the argument above is in agreement with numerical 

evaluationss of the MI F at the image plane Js(0i,x3,x'3) (see Appendix B). These 

showedd that the coherence length in the image is, within a factor of two, equal to 

thee resolution of the imaging system df, namely ^ p ~ l.8df. 

Afterr propagating the mutual intensity function from the source to successively 

thee lens, the waveguide and the detector plane S5, we find that J5(#z, x5, x'5) is given 

byy (Appendix A) 

JJ55(6i,x(6i,x55,x',x'55)) = A5 / / dx2dx'2exp 
JJ J lens 

-2ir-2ir 22alalvv{x{x2 2 

A'ift t 

m m 
X2_ X2_ 

R2? R2? 
,,XsXs)ET(Ö)ET(Öii + ^- (4.7) ) 

wheree the integration boundaries are given by the lens aperture, the pre-factor 

AA55 = A04.\/2TT<J0.V/(\ROIR23), and Rm and R23 are the distances between the 

sourcee and the lens and between the lens and the waveguide, respectively. The 

e.m.. field £f (0, + x2/R2z, x5) is the field in the detector at the point x5 due to a 

planee wave of unit amplitude, incident onto the waveguide at an angle 9i + x2/R23. 

Therefore,, the propagation of the partially coherent focused beam through the 
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waveguidee can be described by a combination of incident plane waves. Once the 

e.m.. field £f(0 j ,x5) is numerically evaluated in the relevant range of incidence 

andd exit angles (the exit angle 6e ~ x5/Ri5). the mutual intensity function can 

bee calculated for various source sizes a0,v. Since the numerical evaluations of the 

propagationn of the e.m. field through the waveguide are very time consuming, 

thiss speeds up the analysis significantly. Lens defects are described statistically by 

multiplyingg the propagator E?(0i + x2/R2:h x5) by a focusing-efficiencv function 

F(xF(x22). ). 

Wee now discuss briefly the two extreme cases of complete incoherent and com-

pletee coherent illumination of the lens. In the limi t of an infinitely large source, 

thee lens is illuminated by fully incoherent radiation. The Gaussian function in Eq. 

4.7,, which is identical to the absolute value of the degree of coherence at the lens 

exitt \ 2̂{x2,x'2)\,
 c an t h e n b e replaced by \R0l/(y/2Tr<rQA,) times the Dirac delta 

functionn ö(x2 - x'2). This gives us the intensity distribution P5
ncoh(6l, x5) in the 

detectorr plane for incoherent illumination of the lens: 

KK2323 ./lens Ü22, Ü22, 
(4.8) ) 

Inn the case of coherent illumination of the lens, the source size a0tV can be set to 

zeroo and the intensity distribution / |o h( ^ . x5') is given by 

IT(eIT(euuxx55)) = Ab / / dx2dx',El(Q% + - i - , a ;5 ) £ f (^ + - ^ , x 5 ) . (4.9) 
JJlensJJlens ^ 23 ^ 23 

Forr coherent illumination of the lens, the interference effects between the different 

modess wil l be largest and this wil l result in large intensity modulations in the 

diffractionn patterns in the detector. In the case of incoherent illumination, the 

intensityy modulations wil l be small. 

4.44 Experimental 

Thee waveguide studied in this chapter consists of a lower silica disk with a diameter 

off  25.4 mm and an upper silica disk with a diameter of 5.5 mm. The surfaces of 

thee disks are coated with a 30 nm thick aluminum layer and a 650 nm thick silica 

spacerr layer on top. The r.m.s. roughness of the top silica surface is below 1 nm. 

Thee air gap between the opposing silica surfaces forms the x-ray guiding layer (see 

chapterr 3). 

Thee experiment was performed at the ID22 undulator beam line of the Euro-

peann Synchrotron Radiation Facility (ESRF) in Grenoble. The lens, the waveguide 

setupp and the detectors were all positioned on a single granite optical table. This 
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providedd the necessary stability of the relative positions of the components. The 

distancess between the lens and the source and the lens and the waveguide were 

RR00\\ — 40 m and R2z — 760 mm, respectively. At these positions, the lens images 

thee source height exactly onto the waveguide entrance with a magnification factor 

MM — R23/R01 ~ 1/52.6. An adjustable horizontal slit was positioned just in front 

off  the lens in order to be able to change the lens aperture (see Fig. 4.3). 

Thee energy of the x rays was 13.2 keV (A = 0.0939 nm), selected with a S i ( l l l ) 

double-crystall  monochromator (AA/A = 1.4 x 10~4). The effective vertical source 

sizee ao.v of the undulator was experimentally determined from the visibilit y of the 

interferencee fringes resulting from diffraction off a thin boron fiber [44]. We found 

Go,,,, = 1 fxm, which corresponds to a FWHM source size SQ<V = 2 /xm. The 

horizontall  source size equals sQM « 700 /im (FWHM). The beam size at the lens 

wass 0.5 mm along the vertical direction and 0.1 mm along the horizontal direction, 

definedd by entrance slits. The vertical and horizontal transverse coherence lengths 

att the lens position equal £iiV « 99 ^m and ^ « 5.4 /mi, respectively. If the lens 

iss absent, the vertical and horizontal coherence lengths at the waveguide entrance 

aree £3:„  s» 101 ^m and £3̂  ss 5.5 //m, respectively. 

Forr measurement of the total transmitted intensity through the waveguide as 

aa function of the vertical lens position, a PIN diode was used. The PIN diode 

wass positioned behind the waveguide and had an area large enough to capture 

alll  outgoing intensity. More detailed information is obtained from measurements 

off  the diffracted far-field intensity distributions I5(9l,9e) as a function of both 

incidencee angle 9i and exit angle 9e ~ X5/R45. For these measurements, we used the 

samee CCD-camera setup as described in chapter 3, now at a distance of 1180 mm 

fromm the exit of the waveguide, resulting in a angular resolution of 0.5 millidegrees. 

Again,, by tiltin g the waveguide, we varied 9{ in steps of 0.001° and we obtained 

thee diffracted intensity distribution I5(8i,9e) as a function of both incidence and 

exitt angle. 

4.55 Results 

Lenss propert ies 

Wee first discuss two specific lens properties: the focusing efficiency and the size of 

thee source image created by the lens. To measure the focusing efficiency ?7/ens of 

thee + l s ' order diffraction maximum of the zone plate lens, we set the waveguide 

att a gap width of W ~ 6 /mi, much larger than the expected image width of 

ss3v3v = -s0,t,M ~ 0-72 /mi. This is to ensure that the complete image is captured 

byy the waveguide entrance. The waveguide was positioned in the center of the 
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Figuree 4.5: The measured total transmitted intensity through a waveguide with a gap 
widthwidth W ~ 6 [im as a function of the vertical lens position. The inset shows a finer scan 
ofof the central peak. From the integrated intensity of the peak, we derive a lens collecting 
efficiencyefficiency of 32.6% (see text). 

beamm and the total transmitted intensity I(x) was measured as a function of the 

verticall  lens position x. Thus, the focus of the first-order diffraction maximum 

wass scanned over the entrance of the waveguide, which was tilted with respect to 

thee beam at an angle 9t = 0.02°, i.e., well below the critical angle 9C = 0.125° for 

thee air-silica interface. The result is shown in Fig. 4.5. 

Thee lens height is visible in Fig. 4.5 as the 200 /j,m wide low-intensity area with 

inn its center a peak containing the flux of the +l st order diffraction maximum. The 

backgroundd in the low-intensity area consists of other diffraction orders of the FZP 

lens.. The width of the peak equals twice the waveguide width of 6 fim, because 

off  the pre-reflection in front of the waveguide. The lens efficiency r]\  is given by 

[45] ] 
1 1 

'/lenss = 777" / I(x)dx, 
u l cc J peak 

(4.10) ) 

wheree D is the lens height, I(x) is the total intensity transmitted through the 

waveguidee as a function of the lens position and Ic is the total transmitted intensity 

wit hh the lens taken out of the beam. From the data in Fig. 4.5 and the measured 
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Figuree 4.6: TTie measured total transmitted intensity (diamonds connected by lines) 
throughthrough the waveguide as a function of the vertical lens position for a waveguide gap 
widthwidth W = 244 nm. The FWHM of the peak, depicted by the arrow, is 1.03 (ira and 
thethe peak intensity is a factor of 54 higher than that with the lens completely removed. 
TheThe dash-dotted line is a Gaussian curve of 0.84 nm FWHM, indicating the width of the 
optimaloptimal theoretical curve. 

valuee for Ic we find an efficiency r]l eus of 32.6%. This is somewhat lower than 

thee maximum theoretical focusing efficiency of 37.6%. given in section 4.2 for our 

one-dimensionall  zone plate lens. 

Next,, we closed the gap t o ! V ~ 244 nm, smaller than the expected image size 

ss3v3v = 0.72 /um, and we again scanned the vertical lens position. In this way, the 

waveguidee is used as a narrow slit to determine the image profile. The measured 

transmittedd intensity I(x) is shown in Fig. 4.6. The FWHM of the measured 

peakk equals 1.03 (im, which is larger than the expected image size s3:V » 0.72 

/im/im because of the limited resolution of the lens and the integration over the gap 

widthh W. This is taken into account by first convoluting the 0.72 /zm wide Gaussian 

imagee profile with a (sin(ax)/ax)2 function with the first zero at x = dj = 0.35 

fim,fim, which represents the shape of the image of a point source. This results in 

ann image FWHM of 0.78 /xm. Subsequently we convolute the obtained image 

profilee with a square transmission function of width 0.488 /um, which is twice the 

waveguidee gap. The doubled width of the transmission function is a consequence 

off  the pre-reflection in front of the waveguide. We find an expected experimental 
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imagee width of 0.84 /mi (dash-dotted line in Fig. 4.6). still somewhat smaller than 

thee measured 1.03 /mi. 

Thee maximum intensity in Fig. 4.6 is a gain factor G = 54 larger than the 

transmittedd intensity with the lens taken out of the beam. This flux enhancement 

inn the waveguide by almost two orders of magnitude wil l allow for new types of 

experimentss on confined geometries such as photon correlation spectroscopy. 

Thee fact that the measured efficiency is somewhat lower than the theoretical 

valuee and that the image profile is broader than theoretically expected, suggests 

thatt there are imperfections in the lens structure. Most likely, the imperfections 

aree in the delicate outer zones, which determine the resolving power of the lens. 

Also,, a small misalignment in the vertical til t angle of the lens would result in a 

lowerr performance of the lens. Such a til t changes the position-dependent phase 

shiftt è{x) and thereby reduces the lens efficiency. Another explanation might be 

thatt the focal spot is at a slightly different z-position for different parts of the 

lens,, owing to its til t angle. The z-position changes by 0.3 mm at the til t angle 

usedd here. However, this change is much smaller than the focal depth, given by 

2d2d22/X/X ~ 2.6 mm. The latter was confirmed by a measurement of the focal width at 

varyingg ^-positions around the focal spot. From this we conclude that the observed 

broadeningg is not explained by de-focusing, due to the til t angle of the lens, but 

mostlyy by small lens imperfections and a small misalignment of the lens. 

Furtherr improvements in the lens quality and alignment would enhance the 

gain.. In the optimal case, the flux incident on the lens multiplied by the maximum 

efficiencyy of the lens r)lens would be completely focused into a Gaussian-shaped 

imagee with a FWHM of s3^, = 0.78 /mi (standard deviation <T3IV = 0.33 /mi). This 

yieldss a maximum theoretical gain G = Dr]l enJ(\Z2TTo3<v) = 80 if the gap width 

WW is much smaller than the image size s3%t, = 0.78 /im. 

Propagat ionn of a part ial l y coherent beam through the waveguide 

Focusingg of the beam results in a larger angular distribution of the beam and 

alsoo affects the spatial coherence of the beam at the position of the waveguide, as 

mentionedd in section 4.3. Furthermore, defects in the lens may have undesirable 

effectss on the beam profile and the coherence. These effects are observable in the 

far-fieldd diffraction patterns h{9i,0e). 

Wee first set the waveguide at a relatively large gap width of W ~ 1 /mi. The 

modee spacing A6 = \/{2W) equals 2.7 millidegrees for this gap, which is a factor 

5.55 smaller than the convergence angle of the focused beam AQ = D/R23 = 15 

millidegrees.. This should result in the simultaneous excitation of 5 to 6 modes in 

thee presence of the lens. Also, the coherence angle of the incident converging beam, 

givenn by £ijV/R23 ~ 7.5 millidegrees, is of the order of a few mode spacings. By 

file:///Z2tt
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Figuree 4.7: Contour plots of the far-field intensity distributions Izifii, 9e), as a function 
ofof the incidence and exit angles 6i and 9e. The gap width is given by W = 1090 nm and 
thethe waveguide length by R34 = 5.5 mm. (a) Experimental data, without lens, (b) numer-
icalical calculation, without lens, (c) experimental data, with lens, (d) numerical calculation 
withwith lens. 
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studyingg the interference of the modes we obtain information about the coherent 

propertiess of the focused beam. 

Fig.. 4.7a shows a contour plot of the intensity distribution I?,(9l.9f). measured 

inn the absence of the lens. At angles of incidence at which the intensity has a 

maximumm along the diagonal, the standing-wave pattern at the entrance is matched 

too one of the waveguide modes and only a single mode is excited. The dash-striped 

patternn along the diagonal is a result of multi-mode interference of neighboring 

modess that are excited simultaneously at angles in between mode angles [17]. 

Thee modes interfere either constructively or destructively for 9t = 9-,. depending 

onn both the waveguide length and the mode angles 9m. From the angular mode 

spacingss in Fig. 4.7a. the gap width U* was accurately determined at \V = 1090 

nm. . 

Wee numerically simulated the measurements of the far-field diffraction patterns 

Io(9Io(9tt.. 6e) using the beam propagation method [35] and thus obtained the e.m. held 

patternn Ef)(9l.9e) in the detector for incident plane waves (i.e.. no lens inserted). 

Thee beam propagation calculations were performed on a unix-based platform by 

aa program written in the c+ + language and is based on the light numerical recipes 

(seee Ref. [46]). Fig. 4.76 shows the numerically calculated intensity distribution 

Io(9i,Io(9i, 6e) without lens for a waveguide gap W — 1090 nm and a waveguide length 

i?344 — 5.5 mm. The agreement between the calculated and measured diffraction 

patternss . 9e) (Figs. 4.7a and 4.7b) is excellent, which demonstrates the plane-

wavee character and the coherence of the incident unfocused beam. The differences 

betweenn Figs. 4.7a and b at angles close to zero are caused by the finite size of 

thee lower surface both in front and at the exit of the waveguide in the experiment. 

Thee lower surface is too small to result, at small angles, in a standing-wave pattern 

coveringg the entire waveguide gap. 

Fig.. 4.8 shows the measured and calculated far-field diffraction patterns for 

onee angle of incidence 9( = 0.039°. Again, the agreement between calculation and 

experimentt is good, but the minima in between the maxima are slightly deeper 

inn the calculation than in the experiment. This is caused by small imperfections 

off  the waveguide surfaces, which result in a filling  of the minima. The surface 

imperfectionn can be either roughness, slope error or a combination of both. 

Next,, we inserted the lens in the beam and repeated the measurement of 

Is(6i.9Is(6i.9ee).). The result is shown in Fig. 4.7c. The diagonal is now much broader 

thann in Fig. 4.7a. which reflects the angular range of the converging cylindrical 

wavee in the focused beam. We find an angular width of Af ] ~ 0.015°, identical to 

thee expected angular range. 

WTee now apply Eq. 4.7 to calculate ƒ5 (<?,:, 9e) for the case that the lens is inserted, 

usingg the numerically calculated e.m. field E?(9,,9e) for incident plane waves. 
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Figuree 4.8: Far-field diffraction pattern Iz(0i, 0e) in the absence of the lens for incidence 
angleangle 6i = 0.039°. The diamonds are the experimental data, the solid line represents the 
numericalnumerical calculation for an incident plane wave. The waveguide gap is 1090 nm, its 
lengthlength 5.5 mm. 

AA lower focusing efficiency of the outer Fresnel zones is taken into account by 

multiplyingg the e.m. field £5(0*  + x2/R23,0e) for incident plane waves by a 200 

/im-widee (FWHM) square transmission profile F{x2), the rounded edges of which 

graduallyy decrease from 1 to zero within 20 fim. 

Wee also take into account the fact that a FZP lens with a rectangular profile 

hass many diffraction orders, of which the I s' is just the dominant one. Moreover, 

forr every positive focusing order, there is a negative defocusing order. For all 

diffractionn orders other than the + l s ( order the waveguide is out of focus and 

thee beam has expanded at the waveguide position to a size much larger than the 

waveguidee gap W. Therefore, only a small part enters the waveguide. This is 

shownn in Fig. 4.9 for the positive and negative l st-order diffraction maxima. Most 

off  the + l s ( diffraction order wil l enter the 1 /^m-wide waveguide, while of the 

negativee order only a small fraction is captured by the waveguide. The angular 

distributionn of these captured waves is much smaller than the mode spacing and 

theyy can be treated as single plane waves. Since this holds for all other diffraction 
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Figuree 4.9: The + l sl order diffraction maximum of the FZP lens creates a small focus 
atat the focal point. The —Is' order diffraction maximum results in a broad intensity dis-
tributiontribution of size 2D at the focal spot. The waveguide of width W only captures a fraction 
W/DW/D of this flux (doubled because of the pre-refiection) and the angular distribution of 
thesethese waves has a width ofW/f. 

orderss as well, they are indistinguishable from each other in the diffraction patterns 

andd we wil l treat the contributions of all other orders collectively as a plane-wave 

background. . 

Thee plane-wave background is inserted in the calculations by adding to the 

propagatorr E?(6t + X2/-R23, s-'s). used in Eq. 4.7, a plane-wave contribution only 

forr the case x2 = 0. We then have a new propagator E'T(9i + x2/'#23- x'0). given by 

E'i\ E'i\ -£-,x-£-,x55)) = Ep
5(9i + ^-,x5) + BS(xa)EI(ei + ^-,x5), (4.11) 

*1233 rt23 -«23 

wheree 6(x) is the Dirac delta function and B6(x2) is the amplitude of the plane 

wavee background. Fig. 4.10 shows the measured and calculated diffraction pat-

ternss for one incidence angle 6>, = 0.039°. The relative intensity of the plane-wave 

background,, given by B2/D2, was 0.1% in the calculation. The effect of the plane-

wavee background on the diffraction pattern is larger than this relative intensity 

owingg to the interference term in EfE'^*. The best agreement between experiment 

andd calculation is obtained if an effective source size s0.v = 76 jam is assumed, twice 

thee value given earlier in section 4.4. Since the FZP lens and the waveguide are 

thee only added components compared to the experiment with the boron fiber from 

whichh the source size was determined earlier, they must be the origin of the en-

hancedd effective source size. In the case without lens (Fig. 4.8), we observed small 
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Figuree 4.10: Outgoing intensity distribution l^{0i,0e), in the presence of the lens, for 
oneone angle of incidence 9i = 0.039°. The measured data are represented by diamonds 
andand the calculated intensity profile taking into account a plane-wave background by the 
solidsolid line and the dashed line is the curve calculated without plane-wave background. The 
waveguidewaveguide gap is 1090 ran, its length 5.5 mm. 

deviationss from the calculations, caused by imperfect surfaces of the waveguide. 

Inn the experiment with the lens inserted, multiple modes are excited simultane-

ouslyy and the observed intensity modulations are more sensitive to the roughness 

orr slope error of the surfaces, resulting in an enhanced effective source size. The 

lenss also has an effect on the effective source size but its enhancement cannot be 

explainedd by lens effects alone. If the enhanced source size was caused by the lens 

alone,, a larger image size s3 l, = 76 fim x M = 1.46 fim would have been observed 

inn Fig. 4.6. 

Fig.. 4.7d shows a contour plot of the calculated diffraction patterns h{9i,9e) 

inn the presence of the lens. There is a large similarity with the experimental data 

inn Fig. 4.7c, both in the amplitude of the intensity oscillations on the diagonal, 

andd in the narrow band of higher intensity on the diagonal. The good agreement 

provess that the approximation of the FZP lens by an ideal phase-shifting lens and 

aa plane-wave background is justified. 
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Figuree 4.11: The outgoing intensity distribution for an incidence angle 9, = 0.039°, 
atat different lens apertures. The upper curve corresponds to an aperture of 200 /im (full 
illuminationillumination of the lens), the middle curve to an aperture of 100 /tm, and the lower curve 
toto an aperture of 25 fim. 

Ass discussed in section 4.3, the beam becomes partially incoherent on the length 

scalee of the waveguide gap of 1 /mi when the lens is inserted. For some experiments, 

however,, a fully coherent beam is required. The coherence of the beam can be 

restoredd in two ways. Either the coherence length at the sample is enhanced or 

thee sample size is reduced. The former is achieved by reducing the vertical lens 

aperturee using an adjustable horizontal slit in front of the lens (see Fig. 4.3). In 

thee extreme case of closing down the lens aperture to an aperture significantly 

smallerr than the vertical coherence length £iit, « 99 /mi, the lens is illuminated by 

aa coherent beam, which results in a coherent image at the waveguide, irrespective 

off  its gap width W. Fig. 4.11 shows the far-field diffraction patterns after the 

waveguidee for three different lens apertures (Ö, = 0.039° and W = 1090 nm). The 

upperr curve corresponds to full illumination of the lens with an aperture of 200 

/im./im. The other curves correspond to a lens aperture of 100 /im (middle) and 25 /xm 

(bottom).. As the aperture is decreased, fewer modes are excited and the intensity 

modulationss become larger. These larger modulations are a result of the enhanced 
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Figuree 4.12: The intensity distribution Ia(0i,de) with lens inserted and a waveguide gap 
ofof width W\ = 237.7 nm at the entrance and of width W2 = 190.8 nm at the exit. 

degreee of coherence of the beam. At an aperture of 25 fim. the diffraction pattern 

iss identical in shape to the curve for an incident plane wave, corresponding to 

fullyy coherent illumination of the waveguide. The differences between the lowest 

curvee in Fig. 4.11 and Fig. 4.8 are caused by a small misalignment of the optical 

axiss of the lens, which caused a deviation in the incidence angle #;. Fig. 4.11 

demonstratess that the coherence is maintained at a reduced lens aperture and a 

largee gap width W = 1090 nm, while the intensity is a factor of two higher than 

thee intensity for the unfocused beam. The lower gain factor here, compared to 

thee value of 54 given earlier, is not surprising and is caused by the convolution 

off  the image of the source with a larger square transmission profile of width 2.18 

/im,, the smaller lens aperture and the fact that the FZP-lens efficiency is lower 

att an aperture of 25 /xm because of the lower number of exposed Fresnel zones. 

Att smaller gaps these effects are more favorable and the gain factor for coherent 

excitationn of the waveguide modes is higher. 

Thee second way to enhance the coherence of the beam on the sample is by 

decreasingg the sample size to a value equal to or below the vertical coherence 

lengthh in the focus, which is given by the outermost zone width d (see Fig. 4.4). 
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Now.. the number of photons on the sample decreases with the sample size, but 

thee flux gain caused by the introduction of the lens remains unchanged. In Fig. 

4.122 the measured intensity distribution L}{6i-@e) is shown for a waveguide with 

aa small gap and with a pre-focused beam. The upper surface was slightly tilted, 

suchh that the entrance gap U'j = 238 nm and the exit gap \V2 = 191 nm. The 

waveguidee at the entrance is now of the order of the local coherence length £3-l.. 

Exceptt for the flux enhancement, the plot is similar to the plot without lens (not 

shownn here), with only excited modes on the diagonal 6e = #,. The condition for 

excitationn of single modes. AQ < A(9. can be rewritten using Af ] = D/f. which 

givess \Y < d/2. half the coherence length of the focused beam at the waveguide 

entrance.. Therefore, the observation that single modes are excited in the presence 

off  the lens is a good indication that the beam is coherent. Note though, that this 

argumentationn is not valid when inverted. Excitation of multiple modes does not 

necessarilyy mean that the beam is incoherent. 

4.66 Conclusions 

Wee have demonstrated the use of a one-dimensional Fresnel-zone-plate lens for 

focusingg a hard-x-ray beam onto the entrance of a planar x-ray waveguide. The 

achievedd flux enhancement by a factor of 54 makes it possible to perform for 

examplee x-ray photon correlation spectroscopy studies of the dynamical properties 

off  confined fluids. The propagation of a partially coherent focused beam through 

aa waveguide can be described adequately by classical wave optics, as described in 

sectionn 4.3 and appendix A. The approximation of the FZP lens by an ideal lens 

withh a low-intensity plane-wave background proves to be sufficient to explain the 

observedd diffraction patterns. 

Iff  a spatially coherent beam is required, one has to ascertain that the coherence 

iss not destroyed by the lens on the length scales of the sample. A trade-off has 

too be made between flux enhancement and preservation of coherence. As demon-

stratedd above, the coherence length can be tuned in two ways. We can adjust the 

aperturee of the lens such that the coherence length at the sample is larger than 

thee sample itself. However, by reducing the lens aperture, the flux gain is reduced. 

Thee focusing properties of the lens are more fully employed, with conservation of 

coherence,, if the sample is made smaller than the coherence length in the focus. 

Thiss is, however, not always possible and depends on the specific experimental 

conditions. . 

Inn the case that coherence is not required and just flux enhancement is desired, 

thee lens diameter can be enlarged so that more flux is captured in the lens aper-

ture.. To keep the same demagnification factor, however, one then needs a smaller 
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outermostt zone width, which may be beyond the limi t of what is technically pos-

sible. . 

Thee observed effective source size with the lens and the waveguide inserted is 

twicee the size observed without these two optical components. Seemingly, the co-

herencee of the beam is affected by defects and roughness of these two components. 

Wee have demonstrated, however, that coherent propagation of waveguide modes 

inn the waveguide is possible with a pre-focused beam. 

Soo far, we have paid no attention to the fact that the lens affects the angular 

resolutionn of diffraction experiments in which the scattering vector is along the 

verticall  focusing direction. If the convergence angle AS7 of the incident beam is 

largerr than the angular mode spacing A9 and the modes are excited incoherently, 

thee angular resolution is given by the angle AQ, and thus the angular resolution is 

reduced.. For coherent excitation of the modes, it should, in principle, be possible 

too deconvolve the convergence angle from the diffraction data, but this signifi-

cantlyy complicates the analysis. If one investigates the in-plane (the non-focusing 

direction)) structure or dynamics, this disadvantage is of course absent. 
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Colloidd dynamics 

TheThe dynamic properties of charge-stabilized spherical colloidal particles are investi-

gatedgated by use of cross-correlated dynamic light scattering and dynamic x-ray scatter-

ing.ing. The observed fluid dynamics show a complicated time and momentum-transfer 

dependencedependence that has not been reported before. The most remarkable observation is 

thethe existence of a supercooled colloidal fluid, which was stable over a period far 

beyondbeyond the time scale of observation. 

5.11 Introduction 

Colloidall  suspensions are intensively studied by physicists for several reasons. 

Firstly,, colloidal suspensions may serve as a model for studying the behavior of 

molecularr systems, with the advantage that the characteristic lengths and times are 

scaledd to much larger values. Therefore, these systems are more easily investigated 

byy standard experimental techniques, such as microscopy and light scattering. Fur-

thermore,, the particle size, the particle shape and the inter-particle interactions, 

whichh together determine the macroscopic properties, can be changed at will . 

Thiss explains why many consider colloidal suspensions to be an ideal toy-model 

forr molecular systems. 

AA colloidal suspension is also a model two-phase system, one phase being the 

molecularr solvent, the other consisting of the dissolved macromolecular particles. 

Inn two-phase systems, gel formation and non-Newtonian transport behavior can 

bee observed and these phenomena do not have their counterparts in molecular 

liquids.. In this respect, colloidal suspensions are interesting objects of study by 

themselves.. Exemplary is the thixotropic character of e.g. laponite suspensions, 

whichh become temporarily fluid when shaken, but return slowly to the solid gel 

statee after some time when left untouched [47]. This indicates that these systems 

aree more than just the sum of the two separate phases. An important coupling 
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betweenn the two phases is caused by the hydrodynamic interaction between dis-

solvedd colloidal particles, which is mediated by the solvent. The hydrodynamic 

interactionss determine to a large extent the occasionally peculiar behavior of col-

loidall  suspensions. Aggregation of particles, sedimentation, crystal growth and 

thee formation of gels and glasses are all affected by hydrodynamic interactions. 

Al ll  this stimulated a lot of fundamental research. From a practical viewpoint, 

two-phasee systems are important, .since they appear in mam- everyday materials. 

Toothpaste,, paint, mayonnaise and hair gel are typical examples of such products. 

AA much debated phenomenon in materials science is the glass transition. From 

manyy molecular liquids, glasses can be formed if they are cooled rapidly. In hard-

spheree colloidal suspensions, the role of temperature is replaced by the particle 

densityy If the density of a colloidal fluid is increased gently, e.g. by sedimentation 

underr normal gravity, the colloidal configuration can adjust to its most favorable 

one.. which results in a colloidal crystal. However, when a suspension is centrifuged. 

thee particle density in the bottom of a sample cell increases so fast that the sample 

getss stuck in the nearest local free energy minimum and the random configuration 

off  the fluid is frozen-in. The glass thus formed is a solid, while its structural order 

iss similar to that of a liquid, i.e.. there is no long-range ordering of thee molecules. It 

iss difficul t to define the location of the phase transition within the phase diagram, 

thee more so because it depends on the quenching rate. For a colloidal (molecular) 

system,, one can place the transition at the volume fraction (temperature), at which 

thee viscosity suddenly increases several orders of magnitude at a slight increase 

(decrease)) of the volume fraction (temperature). 

Thee dynamics of dense fluids and glasses can be described by the intuitively 

attractivee concept of the cage effect. In a dense fluid or in a glass, each particle 

iss surrounded by neighbors, which form a cage for the particle (see Fig. 5.1a). At 

shortt times, the particle diffuses within its cage, but at longer times the cage forms 

aa physical boundary Escape is only possible if the cage opens up, which asks for a 

complicatedd collective process, since the neighboring particles are trapped in their 

ownn cages. The probability of escape decreases as the density is increased and it 

suddenlyy goes to nearly zero when the liquid-glass transition is reached. In the 

glasss phase only aging is left: the effect of slow configurational rearrangements in 

thee structure. Fig. 5.1b shows for a caged particle the typical time dependence of 

thee mean square displacement (MSD). At short times the MSD increases linearly 

wit hh time and is therefore diffusive (I), at intermediate times it reaches a plateau 

owingg to the cage effect (II) . If the cage breaks up at even longer times, diffusive 

behaviorr is again possible at a much reduced rate (III) . Otherwise, the particles 

stayy trapped. Following this line of thought, we may formulate another definition 

off  the colloidal glass transition: the glass-forming density in colloidal systems is 
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Figuree 5.1: (a) A colloidal sphere trapped in the cage formed by its surrounding particles. 
TheThe dark circles are the colloidal spheres, the lighter circles indicate their effective radii, 
owingowing to a repulsive interaction potential. The dashed circle indicates roughly the size of 
thethe cage, (b) The typical shape of the MSD(t) plotted against time in a log-log plot. The 
dasheddashed black line shows diffusive behavior over the whole time range, the dark-gray solid 
lineline shows the caging effect. At short times (I) the particles diffuse in their cages. At 
intermediateintermediate times (II) the particles reach their cage boundaries. At still longer times 
(III)(III)  the particles escape and again show diffusive behavior. The light-gray dotted line 
refersrefers to particles that do not escape from their cages within the plotted time range. 

thee density above which the plateau in the MSD suddenly becomes much longer in 

time.. In practice, this means that the escape from the cage is not observed within 

thee experimentally available time window. 

Similarr to the glass phase is the gel phase. The difference is that a glass is 

aa high-density rigid solid, while a gel consists of a delicate low-density network 

thatt is easily destroyed under shear. An example of a well-defined gel is a laponite 

(disk-likee particles that are charged when dissolved) suspension in water, which 

formss a solid at a mass fraction of only a few percent of laponite particles. Special 

aboutt this system is that it forms a solid with increasing time. Depending on the 

densityy this may take hours, days or weeks. Therefore, the gel-forming process can 

bee followed closely while the phase transition is approached from the liquid side. 

Thiss is not possible in hard-sphere systems. The gel-forming process of laponite 

suspensionss is reversible. By shaking the gelated sample, it can be brought back 

inn the liquid phase and when left alone the system forms a gel again (for details, 

seee the thesis of M. Kroon [47]). The question arises as to what determines the 
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differencee between a gel and a glass, besides the large difference in macromoleeular 

volumee fraction. Is it the orientational degree of freedom of the particles due to 

theirr anisotropy. is it the long-ranged screened Coulomb interaction between the 

particles,, or a combination of both? The answers to these questions may be given 

byy experiments on isotropic charge-stabilized colloidal particles. 

Inn this chapter, we investigate mono-disperse spherical particles by dynamic 

lightt scattering. We varied the interaction length of the screened Coulomb po-

tentiall  as well as the particle density. We only report on colloidal systems that 

aree still in the liquid phase, although some of the samples are very close to the 

liquid-solidd phase transition. This enables us to observe how colloidal suspensions 

off  charged spherical particles approach the liquid-solid phase transition. In a sus-

pensionn of highly charged colloidal particles, the particles wil l feel their neighbors 

alreadyy at relatively low particle density, in contrast to hard-sphere systems. Does 

thiss result in gelation, like in the case of the laponite system, or does a system 

off  charged spherical particles behave rather as hard spheres? We wil l focus on 

thee intermediate- and long-time dynamics of these systems by determining their 

diffusivee behavior, since there the escape of the particles from their cages becomes 

apparent.. This collective escape-process determines the macroscopic visco-elastic 

propertiess of the suspension in the low-frequency limit . 

Thee observations reported here are made possible by the recent development 

off  two new experimental techniques: cross-correlated dynamic light scattering 

(CCDLS)) and dynamic x-ray scattering (DXS). These techniques enable mea-

surementss of the dynamic structure factor S(q, t) as a function of the scattering 

vectorr q for systems that strongly scatter visible light. This enlarges the range 

off  colloidal samples that can be investigated in this way substantially, since the 

opticall  refractive indices of the solvent and the particles are not matched in most 

suspensions. . 

Thee outline of this chapter is as follows: in section 5.2. we wil l describe the 

experimentall  techniques CCDLS and DXS, in section 5.3 we give the basic theoret-

icall  background on colloidal dynamics and in section 5.4 the samples are described. 

Sectionss 5.5 and 5.6 discuss the structure factor and the dynamic: properties of the 

samples,, respectively. We end this chapter with a conclusion and outlook. 

5.22 Dynamic light/x-ray scattering 

Wee now describe the basics of the dynamic light scattering (DLS) and dynamic 

x-rayy scattering (DXS) techniques. They provide access to both moderately short 

andd long times and offer the possibility to perform q-dependent measurements. For 

aa more extensive description of the techniques, we refer to Refs. [48, 49, 50, 51] 
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pinholee sample 

detector r 
Figuree 5.2: Schematic of a dynamic light/x-ray scattering setup. A beam of coherent 
radiationradiation is incident onto the sample with wave vector kj . For DXS a coherent part of 
thethe x-ray beam is selected by a pre-sample pinhole, while for DLS the laser is focused 
ontoonto the sample. The position of the detector at a scattering angle 8 defines the detected 
scatteredscattered wave kj and thus the scattering wave vector q. A pinhole or a slit assembly 
definesdefines the detector area. 

andd references therein. 

Iff  transversely coherent e.m. radiation is incident onto an object with a spa-

tiallyy inhomogeneous refractive index, it wil l be scattered by the inhomogeneities. 

Forr a colloidal suspension with randomly positioned particles, the scattering re-

sultss in a speckled diffraction pattern in the far field. Since the configuration of 

thee colloidal particles changes with time, the speckle pattern changes accordingly. 

Thee rate at which the speckle pattern changes is a measure for the rate at which 

thee particles move within the fluid. 

Inn a standard DLS experiment the intensity autocorrelation function is mea-

suredd with the detector capturing only part of a single speckle in the far field. 

Fig.. 5.2 shows a schematic of the DLS setup. A transversely coherent e.m. wave 

iss directed onto the sample. The detector captures the intensity scattered at an 

anglee 9, which corresponds to a momentum transfer q of 

g = ^ s i n ( 0 / 2 ), , (5.1) ) 

wheree n is the average refractive index of the fluid and the momentum transfer 
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qq = |q| is the length of the scattering vector q. We are considering isotropic fluids 

here,, which allows us to use the momentum transfer q instead of the scattering 

vectorr q in the remainder of the text. For single scattering by N identical colloidal 

particles,, the e.m. field in the far field is [48] 

.v v 

E{q,t)=A-F{q)^erE{q,t)=A-F{q)^erii** Ti{tTi{t \\ (5.2) 
i i 

wheree A is a pre-factor depending on the wavelength and the refractive-index 

contrastt between the colloidal particles and the solvent and F(q) is the form factor 

off  the colloidal particles, being the Fourier transform of the shape function of the 

particles. . 

Thee dynamic structure factor S{q. t) is defined as 

11 "V 

S(g .00 = ^ y > - i q ' ( r ; ( ' > - r ' ( 0 , ) } . (5.3) 

l.j l.j 

wheree ( ) denotes the ensemble average. We assume that the system is ergodic and 

hencee the ensemble average is equal to the time average. For r = 0. the dynamic 

structuree factor reduces to the static structure factor S(q). The normalized self-

intermediatee scattering function f(q. t) is defined as 

Thee function f(q.t) starts at 1 for t = 0 and for fluids decays to zero as time 

proceeds.. The time-averaged intensity distribution (I(q. t)) can now be wrritten as 

follows: : 

(I(q))(I(q)) = lim i / dtl(q.t) = A*\F{q)\2NS(q). (5.5) 
T ^^ 1 Jo 

Inn the experiment, the normalized intensity autocorrelation function g(q,t) is 

determined,, which is 
[Hq.t)I(q.Q)) [Hq.t)I(q.Q)) 

{I(q)Y' {I(q)Y' 

Iff  the temporal fluctuations of the far-field electric field E(q, t) are described by 

aa Gaussian distribution, the normalized intensity correlation function g(q. t) is 

relatedd to the normalized intermediate scattering function f(q,t) via the Siegert 

relationn [48]: 

(E*((E*( qq.t)E(q^)y .t)E(q^)y 
9&t)9&t)  = i+* wv*;;r r  = *+*I/M)I 2. w 
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Byy measuring g(q.t). we obtain the normalized intermediate scattering function 

f(q,t).f(q,t). In Eq. 5.7, ^ is called the coherence factor, which depends on the degree 

off  coherence of the light, the number of speckles captured by the detector, and on 

thee presence of incoherent background scattering by optical components present 

inn the beam. For a fully coherent beam, a small part of a single speckle captured 

inn the detector and no background scattering, we have \& = 1. In practice, ^ has 

aa value smaller than 1. 

Iff  the suspension of colloidal particles is very dilute, the particles do not in-

teractt and the static structure factor S(q) ~ 1. The colloidal particles undergo 

aa random Brownian motion and the intermediate scattering function ƒ (q, t) is an 

exponentiallyy decaying function [48]: 

f(q,t)f(q,t)dilutedilute = exp(-D0q
2t), (5.8) 

wheree D0 is the self-diffusion coefficient of the colloidal particle. For a single 

sphericall  particle of radius r0, dissolved in a liquid, the self-diffusion coefficient is 

givenn by the Stokes-Einstein relation [48]: 

kkBBTT kBT 
DD""  = — = 6 ^ ' ( 5 ' 9 ) 

wheree C, — Sirnro is the friction constant of a spherical particle in the Stokes 

approximationn and n is the solvent's viscosity. The particle diffuses through the 

liquidd and the mean square displacement MSD(t) is given by 

MSD(t)) = <(r(t) - r(0))2) = 2dD0t, (5.10) 

wheree d is the spatial dimension of the system, i.e., d = 3 for a 3D system, d — 2 

forr a 2D system. A suspension showing the cage effect has a plateau in MSD(t), 

ass was discussed in the introduction of this chapter. If we insert DQt — MSD(t)/6 

intoo Eq. 5.8. it follows that a plateau in MSD(q, t) also yields a plateau in f(q, t). 

Mult ip l ee scatter ing 

Onee problem encountered in DLS experiments is that, in general, colloidal parti-

cless scatter light of visible wavelengths very effectively, unless the refractive indices 

off  the particles and the solvent are very closely matched. A suspension contain-

ingg only a few volume percent of particles may already look turbid as a result 

off  multiple scattering of the light within the sample. This complicates the inter-

pretationn substantially, since we cannot use Eq. 5.2. which is only valid in the 

single-scatteringg limit . Multipl e scattering therefore limit s the range of samples to 

bee investigated by ordinary DLS. 
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Figuree 5.3: Two detectors, indicated here by the arrows 1 and 2. are positioned in 
thethe far field behind the sample at an angular separation A9, which is larger than the 
specklespeckle size of doubly or multiply scattered waves (grey 'speckle'). but smaller than that 
ofof singly scattered waves (black 'speckle'). By cross-correlating the two detectors, the 
singlysingly scattered waves can be selected out of the total scattered intensity. 

Theree are a few ways to circumvent the problem of multiple scattering. If the 

scatteringg is very strong, the light will 'diffuse' through the sample. This property 

iss exploited by the technique diffusing-wave spectroscopy (DWS) [52, 53]. However, 

alll  (/-dependent information is lost in DWS, because all scattering vectors present in 

thee multiple-scattering light path contribute to the correlation function. Another 

technique,, which does allow g-dependent measurements on turbid samples, is two-

colorr dynamic light scattering [54, 55, 56], but this technique is considered to be 

ratherr cumbersome. 

Inn this chapter, we use two other, complementary, techniques: cross-correlated 

dynamicc light scattering (CCDLS) and dynamic x-ray scattering (DXS). The latter 

differss only from DLS in the applied wavelength and the necessary equipment, the 

principless are identical. The advantage of DXS is that multiple scattering may be 

safelyy neglected because the refractive-index contrasts for hard x rays are small 

(n(n ~ 1 — 10~6 for A = 0.1 nm). However, low contrast also means low count rates. 

Wee therefore need a very intense x-ray beam that is also transversely coherent. 

Wee find such a beam at a third-generation synchrotron facility. 

CCDLSS uses the fact that a fraction of the scattered radiation is the result of 

singlee scattering, provided the scattering is not too strong. For these waves Eq. 

5.22 is valid. The selection of the singly scattered waves is possible because the 

specklee size decreases as the number of scattering events in the optical path is 

increased.. We put two detectors, labelled 1 and 2, in the far-field of the sample at 

slightlyy different scattering angles with an angular separation A9 (see Fig. 5.3). 



5.2.5.2. Dynamic light/x-ray scattering 77 7 

Iff  the difference is smaller than the angular speckle size of singly scattered waves, 

butt larger than the speckle size of multiply scattered waves, only the signal that 

resultss from single scattering wil l remain upon cross-correlation of the detector 

signalss [57]. The normalized cross-correlation function g'(t) is given by 

,,(](]  _ <A(9,0/2(9,0)) 
g { t ) -- < / i ( « ) > < / , ( « )> ' ' ' 

wheree we have labelled the intensities with the corresponding detector numbers. 

Inn the remainder of the text, we wil l not write explicitly g'(t) if CCDLS is used, 

butt we wil l write g(t) (and correspondingly ƒ(£)) instead. A theoretical description 

off  how single and double scattering contribute in such a cross-correlation function 

cann be found in Ref. [58]. In Refs. [50, 51, 57] D. Riese et al. and W.V. Meyer 

demonstratedd that DXS and CCDLS can indeed be used to determine the normal-

izedd intermediate scattering function f(q,t) of colloidal suspensions that scatter 

stronglyy in the visible. 

Thee advantage of using both CCDLS and DXS is that they have different, but 

overlapping,, attainable g-ranges. The (/-range in CCDLS measurements is limited 

too smaller values compared to DXS due to the maximum experimental scattering 

anglee 9 ~ 120° in CCDLS. By using both techniques we can probe a large range 

off  g-values including the momentum transfer qm at which the structure factor has 

itss first peak. 

5.2.11 Experimental setup 

Thee DLS and DXS setups are drawn schematically in Fig. 5.2. For a more detailed 

descriptionn we refer to Refs. [50] and [51]. 

Thee DXS experiments were performed at the ID10A undulator beamline at the 

Europeann Synchrotron Radiation Facility (ESRF) in Grenoble, France. The beam 

hadd a photon energy of 8.2 keV, selected by a S i ( l l l ) single-crystal monochromator 

(bandwidthh AA/A = 10~4). This energy corresponds to a wavelength of A = 0.151 

nm.. The transverse coherence length was set by slits positioned between the source 

andd the monochromator crystal, resulting in £v = 144 fim for the vertical and 

£hh = 14 /im for the horizontal direction at a distance L — 44 m from the source. A 

pinholee (0 — 20 /mi) was inserted right in front of the sample to select a (partially) 

coherentt part of the beam. The pinhole results in a Fraunhofer diffraction pattern 

thatt may pollute the detected scattered signal. Therefore, we inserted a polished 

tungstenn knife edge just in front of the sample to remove this unwanted radiation 

onn the side towards which the detector is positioned. The scattered photons are 

detectedd by a scintillation counter and fed to the digital correlator computer card 

(ALV5000/E). . 
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Inn the DLS setup, the laser beam (Coherent DPSS 532. A = 532 ntn) is focused 

ontoo the sample to a beam waist of ~ 100 /jm. The scattered photons are captured 

byy two closely spaced multi-mode optical fibers (ALV . core diameter 300 fim). po-

sitionedd in the far field of the sample. The cross sections of the detectors determine 

thee accepted scattering angles1. Two detectors (ALV single photon detectors) at 

thee exit of the fibers detect the photons and the signals are cross-correlated with 

thee digital ALV correlator. 

5.33 Theory of colloidal dynamics 

Wee now discuss the dynamics of the system for times large compared to the typical 

relaxationn time of the momentum of the colloidal particles rB ss 10~8 s. We then 

havee the generalized Smoluchowski equation [59]: 

^^ = ̂ .(^,,,^,«-0^ 

Thee first term is governed by the short-time diffusion coefficient D${q). the second 

termm depends on the history of the system via the memory function M(q. t). 

Forr short times, but still much larger than rB. we are only concerned with the 

instantaneouss forces and the memory function can be neglected. We then have a 

singlee exponential decay of the correlation function, as follows from Eq. 5.12: 

S(q.t)S(q.t) = S(q)exp(-q2Ds(q)t). (5.13) 

Thee short-time diffusion coefficient Ds(q) depends on the structure factor of the 

systemm S(q) and on the hydrodynamic function H(q) via [49. 50. 59] 

Ds[q)=D^\.Ds[q)=D^\. (5.14) 

Thee function H(q). describing the hydrodynamic interactions, can be obtained 

experimentallyy via Eq. 5.14, since both the short-time diffusion coefficients and 

thee structure factor can be measured (see Ref. [50]). It should be noted that H{q) 

iss an effective hydrodynamic function and it may contain non-hydrodynamic terms 

thatt do not affect the structure factor S{q), but do affect the short-time diffusion 

coefficientt Ds(q). 

Thee memory function Af(q.t) is a complex function that depends on the posi-

tionss and velocities of all N particles in the fluid. This many-body problem can 

HVee consider here the scattering angle 6. not the acceptance angle of the optical fiber. The 
fiberss are positioned in the far field and the large acceptance angle of the fibers facilitates align-
ment. . 
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onlyy be solved if a closure relation is assumed. There are two ways to do this [60]. 

Thee first treats the problem as a diffusion problem: any currents in the fluid must 

resultt from gradients in the particle density, the proportionality constant being the 

diffusionn coefficient. We then have, after performing a Fourier-Laplace transform 

(seee Ref. [60]), the following relation between the dynamical structure factor and 

thee diffusion coefficient: 

S(q,z)S(q,z) = f dtexp{-zt)S(q,t) (5.15) 
Jo Jo 

S(q) S(q) 

zz + D{q,z)q2 
(5.16) ) 

wheree z = iu) is the Laplace frequency and the tilde symbol ( ~ ) indicates the 

Laplacee transform, defined in Eq. 5.15. 

Thee second closure relation employs the fluctuation-dissipation theorem. The 

dynamicss originates from local force fluctuations acting on the particles. These 

forcee fluctuations result in velocity gradients, the proportionality constant being 

thee viscosity tensor (,{q,t). This leads to the following relation between the vis-

cosityy tensor and the dynamic structure factor: 

5 (9 ,, z) = -^—-  (5.17) 
zz + qicT(q)y(z + aq,z)/m) 

wheree m is the effective mass of the colloidal particle and Cr is the isothermal 

velocityy of sound, given by 

«HSF-«HSF- <518) 

Iff  we assume that both closures are valid, Eqs. 5.16 and 5.17 may be combined 

andd we obtain the generalized Stokes-Einstein (GSE) relation: 

~~ kBT/S{q) , 
D{q,D{q, z) = j - -. (5.19) 

mzmz + Q\{q.z) 

Inn the limi t of u) —> 0 and S(q) — 1 (dilute limit ) this reduces again to the Einstein 

equationn 5.9. Using the GSE relation we can obtain the macroscopic viscous 

andd elastic properties of the fluids via the intermediate scattering function f(q, t). 

determinedd by dynamic light scattering. An example wil l be given later in section 

5.6.3. . 



80 0 CHAPTERCHAPTER 5 

5.44 The colloidal suspensions 

Thee colloidal suspensions consist of mono-disperse silica spheres, synthesized with 

thee micro emulsion technique [61] and dissolved in a molecular liquid. The sus-

pensionss are stabilized by Coulomb repulsion owing to the surface charges on the 

silicaa spheres. The particle radius is r0 = 54.9 1 nm. as was determined by 

small-anglee x-ray scattering (SAXS) on a dilute sample (<p < 0.005) [50]. The form 

factorr F(q) for spheres is given by [49] 

3 3 
FF(<l)(<l)  = -——^[sin(f/r0) - qr0 cos(qr0)]. (5.20) 

andd is normalized such that F(0) - 1. Polydispersity of the spheres is taken into 

accountt by convoluting the form factor with a Schulz size distribution [59]. 

Thee charges on the colloidal particles are mainly a result of surface ions being 

dissolvedd in the liquid. These counter-ions, together with the excess salt present in 

thee solvent, form an electrostatic double layer around the particles, thus screening 

thee surface charges. The typical range of the screened Coulomb interaction is 

calledd the Debye screening length. By changing the excess salt concentration, the 

screeningg efficiency of the double layer and thereby the Debye screening length can 

bee modified. 

Wee prepared sets of samples with various solvents, resulting in different Debye 

screeningg lengths. In the first set of samples (set A) a mixture of ethanol/benzyl-

alcoholl  was the solvent. The mixture was chosen such that the refractive index of 

thee solvent was matched to that of the colloidal particles at n = . This 

suppressess multiple scattering as well as Van der Waals interactions between the 

colloidall  particles. The ionic strength of the suspensions discussed in this chapter 

iss highest for this set of samples, resulting in effective screening of the surface 

chargess by the electrostatic double layer. Therefore, of the samples discussed 

here,, the colloids of set A behave closest to hard spheres. At volume fractions 

abovee ~ 35% the samples are solid (the freezing transition for hard spheres is at 

00 ~ 49.4% [62]), as was observed from static speckle and non-decaying correlation 

functionss for higher volume fractions. 

Twoo other sets of samples, B and C, were made with a 50/50wt% mixture of 

de-ionizedd and filtered water and glycerol. This solvent is not index-matched with 

thee colloidal particles and therefore the suspensions look turbid, due to multiple 

scattering.. The viscosity of this mixture is 6  10~3 Pa s. We prepared samples 

withh different volume fractions and for each volume fraction made two identical 

samples.. One of these we left unchanged, forming sample set B. We changed the 

ionicc strength of the remaining samples by adding ion-exchange resin (Bio Rad 

AGG 501-X8). This removes a substantial part of the remaining excess ions and 
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Sample e 
Al l 
A2 2 
A3 3 
A4 4 

Bl l 
B2 2 

CI I 
C2 2 

Solvent t 
EtOH/BeOH H 
EtOH/BeOH H 
EtOH/BeOH H 
EtOH/BeOH H 

H20/Glyc. . 
H20/Glyc. . 

H20/Glyc. . 
H20/Glyc. . 

0 0 

0.15 5 
0.20 0 
0.25 5 
0.30 0 

0.05 5 
0.149 9 

0.05 5 
0.149 9 

D-I I 
No o 
No o 
No o 
No o 

No o 
No o 

Yes s 
Yes s 

qqmm (nm_1) 
0.0471 1 
0.049 9 
0.0515 5 
0.0554 4 

0.0374 4 
0.0459 9 

0.0299 9 
0.0414 4 

Tablee 5.1: The bulk samples investigated in this chapter, consisting of three sets 
(A,(A, B and C) that differ by their interaction potential. EtOH/BeOH stands for an 
ethanol/benzylethanol/benzyl alcohol mixture with a refractive index matched to that of the colloidal 
particles,particles, H20/Glyc. stands for a 50/50wt% water/'glycerol mixture, (j) is the volume 
fractionfraction of colloidal particles dissolved in the fluids, the label D-I stands for de-ionized 
andand qm is the position of the first peak in the structure factor S(q). 

resultss in a larger Debye screening length. These de-ionized samples constitute 

samplee set C. The two sets B and C thus obtained differ only in the strength of 

thee repulsive interaction. Al l samples used in this chapter are listed in Table 5.1. 

5.55 The static structure factor 

Beforee treating the dynamics of the colloidal suspensions, we first discuss the 

staticc structure factor S(q) containing the time-averaged spatial configuration of 

thee colloidal particles. Via Eq. 5.14, S(q) also affects the short-time dynamics of 

thee colloidal particles. We determine the static structure factor S(q) by measuring 

withh SAXS the time-averaged static scattered intensity distribution (I(q)) and 

dividingg it by the square of the form factor |F(g)|2 (see Eq. 5.5 and Eq. 5.20), 

convolutedd by a Schulz distribution with a width of 0.2 nm. The form factor 

|F(g)|22 is scaled to the intensity distributions I(q) to fit at large q-values, where 

wee assume that S(q) — 1. This is allowed for fluids. 

Figg 5.4 shows the structure factors S(q) for the samples of set A. At increasing 

volumee fraction, the first peak in the structure factor at q — qm becomes higher 

andd shifts to larger (/-values. This signifies a higher degree of order and a closer 

averagee inter-particle spacing, given by /avg — 2ir/qm. The height of the peak in 

S(q)S(q) is below 1.75 for all samples. This is substantially below the well-established 

freezingg criterion of Hansen and Verlet, which states that, at the liquid-solid phase 
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0.000 0.02 0.04 0.06 

qq (nm'1) 

Figuree 5.4: The structure factor S(q) for the samples Al, A2, A3 and A4, dissolved 
inin ethanol/benzyl alcohol. The volume fractions are <p = 0.15. 0.20, 0.25 and 0.30, 
respectivelyrespectively (see Table 5.1). At increasing volume fraction, the first peak in the structure 
factorfactor increases in height and shifts to larger q-values. 

transition,, the first peak in the structure factor has a height of S{qm) = 2.85 

[63].. We do not observe strong higher-order peaks in S(q), as would be expected 

for,, e.g.. a poly-crystalline sample. Furthermore, the correlation functions f(q, t) 

measuredd on these samples, as wil l be shown later, all decay to zero, which means 

thatt all correlations in the particle positions vanish at long times. Therefore, we 

concludee that all samples in set A are in the liquid phase. 

Fig.. 5.5 shows the structure factors for the samples of sets B and C. which are 

thee non-deionized and the deionized sets, respectively, and which are dissolved in 

thee water/glycerol mixture. Samples Bl and CI have the lowest volume fraction 

OO = 0.05. Sample Bl has a broad peak in S(q) and a relatively large value for 

S(0)S(0) = 0.34  0.01. The removal of part of the excess ions (sample CI) results in 

aa big increase of the first peak in the structure factor and a shift of qm to smaller 

(/-values.. A similar shift and enhancement of the first peak in the structure factor 

iss observed if the samples B2 and C2 are compared, which have a volume fraction 

<p<p = 0.149. One striking feature, however, is that the height of the peak in the 

structuree factor of the deionized sample C2 equals 3.27. This is significantly above 
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Figuree 5.5: The structure factor S(q) for the non-deionized samples Bl and B2, and 
thethe deionized samples CI and C2. See table 5.1 for the samples' characteristics. 

thee freezing criterion of Hansen and Verlet: S(qm) = 2.85. However, f(q, t) decays 

too zero for sample C2, suggesting that the sample is still in the liquid phase. If 

thee sample is tumbled slowly it flows, which indicates that for low frequencies it is 

aa fluid. Therefore, we conclude that sample C2 is a supercooled fluid. The sample 

wass stable over a long period of time and did not show freezing or aging in the 

coursee of the experiments. 

5.66 Dynamics 

Thee short-, intermediate- and long-time dynamical properties of the charged col-

loidall  spheres are all embodied in the intermediate scattering function f(q,t). Fig. 

5.66 shows f(q,t) for sample set A and Fig. 5.7 for sample sets B and C, all 

measuredd by CCDLS as a function of the momentum transfer q. Al l g-values are 

smallerr than the peak position qm in the corresponding structure factor S(q) (see 

Tablee 5.1). At these values, collective diffusion is probed, as opposed to the case 

qq > Qm, where self-diffusion is probed [60]. The correlation functions are shown 

upp to the times at which the f(q,t) signal starts to become noisy. The plots of 

sett A are given in scaled time units, t' = tq2, in order to remove the intrinsic 
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Figuree 5.6: The intermediate scattering function f(q,t) measured by CCDLS as a func-
tiontion of momentum transfer q for the samples Al, A2, A3 and A4- The q-values of f(q, t) 
are,are, in decreasing order, given by q = 0.0300, 0.0283, 0.0265, 0.0245, 0.0222, 0.0198, 
0.0173,, 0.0146, 0.0118, 0.00896, 0.00601, all in nm~l. The arrow in A3 crosses f(q,t) 
subsequentlysubsequently for decreasing momentum transfer q. On the horizontal axis, the reduced 
timetime tq2 is plotted which removes the intrinsic q-dependence of f{q,t). The horizontal 
dotteddotted line indicates the value f(q,t) = 1. The dashed line in all graphs is a single expo-
nentialnential decay fitted to the short-time decay of the correlation functions with the largest 
q-value. q-value. 
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0.0011 0.010 0.100 1.000 10.000 100.000 0.01 0.10 1.00 10.00 100.00 1000.00 

timee t (ms) time t (ms) 

Figuree 5.7: The intermediate scattering function f(q,t), as measured by CCDLS, for 
thethe samples Bl, B2, CI and C2. The q-values of f(q,t) are, in decreasing order, given 
byby q = 0.0285, 0.0269, 0.0252, 0.0233, 0.0211, 0.0189, 0.0164, 0.0139, 0.0112, 0.0085, 
0.0057,, all in nm~l. The arrows in B2 and C2 cross f(q, t) subsequently for decreasing 
momentummomentum transfer q. For sample CI, the curves cross each other, but at long times the 
arrowarrow crosses the curves subsequently at decreasing q. The graphs on the left-hand side 
correspondcorrespond to the non-deionized samples, the ones on the right to the deionized samples. 
TheThe horizontal axis is now simply time. The dotted horizontal line indicates f(q,t) = 1. 
TheThe solid black line in CI corresponds to q = 0.0285 ~ qm. 
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^-dependencee of f(q.t). This was not done for sets B and C. because the f(q.t) 

curvess of sets B and C would then cross each other, making the plots unclear. 

5.6.11 Short-t ime dynamics 

Wee first discuss briefly the short-time dynamics. At short times, the normalized 

intermediatee scattering function f(q,t) can be described by a cumulant expansion: 

f{q.t)f{q.t) ~ e xp I -ni(q)t — * — ^ - . . . 1 , (5.21) 

wheree the first cumulant Hi is determined by the short-time diffusion coefficient 

Ds{q)Ds{q) (see Eq. 5.13). We have 

Aü(g)) = - l i m ^ l n [ / ( < M ) ] = Ds(q)q2. (5.22) 

Thee short-time dynamics is affected by the structure factor S(q) and the hy-

drodynamicc function H(q). This has been investigated extensively by D. Riese et 

al.. [50, 64] for the same charge-stabilized colloidal suspensions that are described 

inn this chapter. We repeat here the results for the supercooled sample C2, taken 

fromm Ref. [50]. Fig. 5.8a shows the measured structure factor S(q), together with 

thee measured short-time diffusion coefficient plotted as D0/Ds{q), where D0 was 

determinedd from a diluted sample with the same solvent. S(q) and D0/Ds{q) have 

aa similar shape with an identical peak position. The hydrodynamic function H(q) 

iss found by dividing S(q) by D0/'Ds(q) and is plotted in Fig. 5.8b. Al l values 

off  H{q) are below one, indicating that the hydrodynamic interaction slows down 

thee diffusion process. H(q) can be calculated theoretically using the fluctuation 

expansionn of Beenakker and Mazur [50. 65. 66] with the structure factor S(q) as 

inputt parameter. The calculated hydrodynamic function H(q) is plotted in Fig. 

5.8bb (dotted line). The peak value of the calculated H(q) is much higher than 

thee measured value and it is even higher than one. Clearly, the calculated H(q) 

doess not describe the experimental data. This is caused by screening of the long-

rangedd hydrodynamic interaction between the colloidal particles, which was not 

takenn into account in the calculations. It was found that the experimental data 

aree better described if a hydrodynamic screening length of about 3 particle radii 

iss incorporated in the calculations by modifying the Oseen term in the Beenakker-

Mazurr model (solid line). Riese et al. showed that the hydrodynamic screening 

iss more effective for the de-ionized samples than for the non-de-ionized samples, 

becausee of the reduced mobility of the de-ionized samples and the subsequently 

largerr rigidity of the structure of the fluid. See Refs. [50, 64] for more details. 
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Figuree 5.8: The short-time dynamical properties of sample C2. (a) The structure 
factorfactor S(q) (filled circles) is compared with DQ/Ds(q). The latter is measured both 
withwith CCDLS (open diamonds) and DXS (open circles), (b) The hydrodynamic func-
tiontion H(q) =  The open symbols are the experimental data, the dotted 
lineline is H(q) calculated using Beenakker and Mazur without hydrodynamic screening and 
thethe solid line is the calculated H(q), taking into account hydrodynamic screening with a 
screeningscreening length of 3 particle radii. 
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5.6.22 Long-time dynamics 

Glass,, gel or  fluid? 

Al ll  intermediate scattering functions f{q.t) in Figs. 5.6 and 5.7 decay to zero 

withinn the experimental time window. Plateaus in f(q. f) are found in samples 

A4.. Cl and C2. suggesting that these samples are closest to a liquid-solid phase 

transition.. However, the plateaus never extend to infinity , as would be required 

forr a colloidal glass. The fact that f(q. t) eventually decays to zero for all samples, 

indicatess that they lose all structural correlations within the experimental time 

window.. By the definition given in the introduction of this chapter, these samples 

aree all in the liquid phase. 

Samplee C2 is known to be supercooled, because of its large first peak in S(q), 

butt this may also be true for the samples Cl and A4. which show clear plateaus 

inn f(q.t). Because the exact value of the crystallization density is not known and 

becausee the error bars on the volume density arc rather large, we cannot decide 

whetherr samples A4 and Cl are supercooled or not. 

Iff  one of the samples were a gel, we would have witnessed, in time, a lengthening 

off  the plateau in f(q, t) into an algebraic tail, as was seen for laponite suspensions 

[47].. This we did not observe. The measured intermediate scattering functions 

f(q,t)f(q,t) were stable over a period of months. This indicates that suspensions of 

highlyy charged colloidal spheres do not form a gel within a period of several months. 

However,, while writing this thesis, a few years after the experiments, we once again 

inspectedd sample C2 by eye and observed that it had solidified (the sample cell 

wass completely sealed-off and evaporation of the solvent is negligible). The charge-

stabilizedd supercooled fluid C2 ultimately forms a solid and the time scale of the 

solidificationn process is of the order of years. In the concluding section of this 

chapterr we wil l return to this issue. 

Approachin gg th e phase transit io n 

Thee liquid-solid phase transition for a colloidal suspension may be approached 

fromm the liquid side in two ways. For the sample set A1-A4. it is approached as 

thee colloidal volume fraction is increased from 0 = 0.15 for Al to 0 = 0.30 for 

A4.. We assume that the Debye screening length is independent of o and hence 

identicall  for all samples of set A. Fig. 5.6 clearly shows that a long-time tail 

appearss at increasing volume fraction and that the correlation functions decays 

slower.. Sample A l shows an almost single-exponential decay, while sample A4 

showss a two-step decay with an intermediate plateau, as expected for particles 

temporarilyy trapped in their cages. The effect of increasing the volume fraction is 

observedd more clearly in Fig. 5.9a. where we plotted ƒ (q. t) for all samples of set 
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Figuree 5.9: The intermediate scattering functions f(q, i) at scattering angle q ~ 0.009 
nmTnmT11.. The arrows cross }{q,t) subsequently for samples closer to the liquid-solid phase 
transition,transition, (a) f(q,t) for varying volume fractions <j>,  sample set A. As 4> increases, 
f(q,t)f(q,t) decays slower on all time scales, (b) f(q,t) for varying Debye screening length 
atat constant volume fraction <f>  = 0.15. For Al, the Debye length is smallest, for C2, 
itit  is longest. As the Debye length is increased (indicated by the arrows), the long time 
dynamicsdynamics is slowed down, while the short-time dynamics is enhanced. 

AA at a momentum transfer q = 0.00896 nm"1. Note that the dynamics slow down 

onn all time scales at increasing </> (indicated by the arrows). 

Forr samples Al , B2 and C2, the phase transition is approached by enhancing 

thee Debye screening length at constant volume fraction <f>  ~ 0.15. The Debye 

lengthh is shortest for A l and longest for C2, which we conclude from the height 

off  the peaks in S(q). Fig. 5.9b shows f{q,t) for q ~ 0.009 nm"1 belonging to the 

sampless A l , B2 and C2, between which only the Debye screening length changes. 

Att long times, an intermediate plateau develops going from A l via B2 to C2 

andd the long-time dynamics is slowed down. The short-time decay, however, is 

enhancedd for sample C2. This is different from what was observed in Fig. 5.9a, 

wheree the approach of the phase transition results in an overall slower decay. 

Att long times, all particle dynamics is slowed down both at increasing <j>  and at 

increasingg Debye length, because the cages become smaller and stronger in both 

cases.. The difference in the short-time behavior is explained by the hydrodynamic 

screeningg in the deionized samples, which we discussed earlier in section 5.6.1. 

Bothh at increasing volume fraction and increasing Debye length, S(q) becomes 

moree strongly peaked, which results in smaller values of S(q) for q <C qm. Accord-

ingg to Eq. 5.14, this leads to an enhanced diffusion coefficient, if H(q) remains 
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unchanged.. The different short-time trends in Figs. 5.9a and 5.9b therefore stem 

fromm a different, behavior of H(q). namely that for the deionized sample C2 H(q) is 

screened,, while for sample set A it is unscreened. For relatively hard spheres (set 

A)) an increased volume fraction <p apparently results in a reduction of the ratio 

H{q)/S(q)H{q)/S(q) for q < qm. and thereby in a slowing down of the short-time dynamics. 

However,, if the Debye screening length is increased, the ratio H{q)/S{q) increases 

andd hence the short-time dynamics is enhanced. 

g-dependencee of th e long-t ime tai l s 

Ass the scattering vector q decreases (indicated by the arrows in Fig. 5.6 for A3 

andd in Fig. 5.7 for B2), a long-time tail develops for all samples. This is caused 

byy a non-vanishing memory term in the generalized Smoluchowski equation 5.12. 

Apparently,, this memory becomes more important as q decreases and thus longer 

distancess are probed. The g-dependence of the long-time tails is most clearly 

visiblee for sample CI, which is the only sample discussed here that allows f(q,t) 

too be measured with CCDLS at q ~ qm, because of its relatively low value of 

Qm-Qm- f{Qm,t) is indicated in Fig. 5.7(C1) by the black solid line. The plateau in 

f(q,f(q, t) is completely absent at q = qm, while for the lowest (/-vector it is very clearly 

present.. This observation differs from the one made by Beck et al. [67] for colloidal 

glasses.. In their case, the long-time plateau did not decay, as expected for a glass, 

itss amplitude was peaked at q ~ qm and smallest for q < qm. This behavior was 

foundd both in the experiments of Beck et al. and in their mode-coupling theory 

(MCT)) calculations of / (g, oc), which were in good quantitative agreement with 

eachh other. For colloidal fluids close to the glass transition, MCT predicts a similar 

«^-dependencee of f(q, oc) as for colloidal glasses2 [68]. Our measurements, however, 

indicatee that the g-dependence of the long-time plateau ƒ (g, oo) is fundamentally 

differentt in the liquid state compared to the glass state. Furthermore, the q-

dependencee in the liquid state does not agree with the MCT predictions given in 

Ref.. [68], also for the supercooled sample C2. 

Inn order to further investigate the origin of the g-dependence of f{q,t) we 

introducee the effective mean square displacement MSDeff(q, t), defined according 

to o 

f{q,t)f{q,t) = exp(-MSDe f f(q. t)q2/6), (5.23) 

wheree we note that this results for q < qm in a collective MSD. Fig. 5.10 shows 

MSDeff(q,t)) for sample Cl at scattering vectors ranging from q = 0.0057 nm"1 to 

qq = 0.0285 n m- 1 ~ qm = 0.03 nm- 1. The shape of the curves resembles the one in 

Fig.. 5.1b, drawn for a single caged particle. At short times the MSD has a slope 

2Inn the fluid, f(q, oc) is then defined as the amplitude of the plateau at the point of inflection. 
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Figuree 5.10: The effective means square displacement MSDeff(q, t) at different q-values 
forfor sample CI. The scattering vector q ranges from q = 0.007 nmT1 (light gray upper 
curvecurve with thin black center line) to q = 0.03 nmT1 ~ qm (lower black curve). The dashed 
diagonaldiagonal lines have a slope 1, indicating diffusive behavior both at short and long times. 
TheThe horizontal lines correspond to the average inter-particle spacing lavg = 2ix/qm ~ 210 
nmnm (upper) and the average free surface-to-surface distance l{ ree = iavg — 2r0 ~ 100 nm. 

off  one in the log-log plot, at intermediate times diffusion slows down as indicated 

byy a plateau in MSD(t). At large times, the MSD again approaches a slope of one, 

whichh indicates that the displacement of the particles is again purely diffusive. The 

observedd long-time diffusive behavior eliminates the possibility that the long-time 

decayy is caused by large clusters of colloidal particles, diffusing through the fluid 

att a much lower rate. Such clusters have been observed, e.g., in Ref. [69] in dense 

hard-spheree colloidal glasses, where relatively dense and slow areas are surrounded 

byy narrow areas with faster moving particles. They have also been observed in 

colloidall  fluids with an attractive interaction between the colloidal particles [70]. 

However,, neither type of clusters is expected for our fluids containing colloidal 

particless that repel each other. Furthermore, if the long-time tails were caused 

byy large clusters, this would require them to be almost mono-disperse, which is 

veryy unlikely. If they would have a large degree of polydispersity, they would show 

non-diffusivee long-time behavior of MSDejf(t) . In addition, we do not observe any 
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peakk or upward curve in 5(g) as q —  0. Therefore, we conclude that such large 

clusterss are not present in the liquid phase. 

Thee (-/-dependence of the amplitude of the plateau in ƒ(</, t) originates partly 

fromm the DLS technique. As is clear from the functional form of f(q.t) (Eq. 

5.23).. the correlation function f(q.t) decays faster at larger ^-values for identical 

valuess of the MSD. At very large g-values, the particles wil l not reach their cage 

boundariess before ƒ (q, t) has decayed to zero. This is exactly why CCDLS and 

DXSS are good techniques for studying the intermediate- and long-time dynamics 

off  colloidal fluids. Were we to use the technique of D\YS. we would not be able 

too see these tails, because (1) DWS probes very large g-values (typically q > qm) 

andd (2) the correlation functions decay much faster in DWS than in CCDLS due 

too the multiple scattering nature of DWS. This implies that for the cage effect to 

bee observed with DWS. the cage should be very small and. therefore, the particle 

densityy very high. This is in agreement with the DWS data found in the literature 

thatt show the cage effect. To our knowledge, these are all measured on very dense 

colloidall  hard-sphere glasses. 

Thee point of inflection in MSD(t) we define as the position of the plateau. For 

qq = 0.007 n m- 1 (upper curve in Fig. 5.10). the plateau is at MSD(t) ~ 1502 

nm2.. This value is below the square of the average inter-particle spacing I2 = 

(2-R/q(2-R/qmm))22 ~ 2102 nm2 and above the square of the free surface-to-surface distance 

'freee = ('avg — 2r0)2 ~ (100)2 nm2. Hence, the inflection point marks the cage size. 

However,, the single-particle cage effect cannot account for the (/-dependence of 

thee amplitude of the long-time tail. Note, for example, that the inflection point 

dependss on the momentum transfer q. For q < qm. collective processes take over 

andd the particle dynamics cannot be explained by the trapping of a single particle 

inn its cage. 

Col lect ivee diffusion 

Ann important macroscopic property of a fluid is its diffusion coefficient D, which 

iss related to the viscosity r\ via the generalized Stokes-Einstein relation 5.19. In 

thiss section, we investigate the behavior of the effective diffusion coefficient of the 

colloidall  spheres, obtained from the intermediate scattering function f{q.t). 

Thee effective ^-dependent diffusion coefficient De{f(qj) is defined as the time 

derivativee of the effective MSD: 

ö e f f ( g . O = ^ M S De f f ( q , t ).. (5.24) 

wheree MSDeff is given by Eq. 5.23. Figs. 5.11a and 5.11b show the effective 

diffusionn coefficients for sample Cl and C2. 
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Figuree 5.11: The effective diffusion coefficients Deg(q,t) of (a) sample CI and (b) 
samplesample C2 for the same q-vectors as before. 

Thee diffusion coefficient Deg(q,t) decays from a short-time value Ds(q) to a 
muchh reduced long-time value DL(q) within a characteristic q-dependent time r. 
Alll  these curves can be scaled onto one single master curve. The existence of 
suchh a master curve suggests that we are dealing with one relaxation process that 
describess the rattling of the particles in their cages as well as their escape from 
them.. Such a scaling behavior is predicted in the simple visco-elastic approxima-
tion,, where the diffusion process relaxes from its short-time value to its long-time 
valuee via an exponential decay [60]: 

DDeSeS{q,t){q,t) = DL(q) + (Ds(q) - DL(q))exp(-t/T$(q)), (5.25) ) 

wheree T }̂(q) is the Maxwell relaxation time for the diffusion function, Ds(q) is 
againn the short-time diffusion constant and DL(q) is the long-time diffusion coef-
ficient.ficient. This defines a master curve: 

D\t')D\t')  = 
DDeey{q,t')y{q,t') - DL{q) 

DDss{q)-D{q)-DLL(q)(q) ' 
(5.26) ) 

wheree the scaled time is defined by t' = t/r^(q) and the master function D'(t') = 
exp(-t')exp(-t') in the visco-elastic approximation. 

Thee short-time diffusion coefficient was determined from the first cumulant 
Mi(<7)) °f ƒ (<?> *)  The Maxwell relaxation time T  ̂ shifts the time axis, via t' = t/r^, 
suchh that -D'(l) = 1/e. Finally, we determined DL(q) by demanding that D'{t') 
scaless at long times to one master curve for all (/-values. 

Fig.. 5.12 shows the scaled functions D'(t') for all samples, except for Al and 
Bl .. For the latter 'dilute' samples, the diffusion is almost constant over the entire 
timee range and the 1/e point of D'(t') is not reached. The scaled diffusion functions 
alll  overlap over a range of three decades in time for all q-values. The dashed lines in 
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Figuree 5.12: The effective diffusion constant scaled to one master curve D'(t') for 

samplessamples A2, A3, A4, B2. CI and C2. The samples Al and Bl showed too little decay of 

DDeeft(q,t)ft(q,t) to determine a Maxwell relaxation time and are therefore not displayed here. 

TheThe scattering vector increases going from the light-grey to the black circles, as before. 

TheThe horizontal dotted lines indicate a height of D'(t') = 1 and D'(t') = 1/e, respectively. 

TheThe grey dashed line follows D'{t')  = exp(—t'). 
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thee plots of Fig. 5.12 indicate an exponentially decaying curve, as the visco-elastic 

approximationn prescribes (Eq. 5.25). For t' > 1, D'(t') deviates significantly from 

thee exponential decay, which is not surprising since it is known that the visco-

elasticc approximation is invalid and the diffusion function decays asymptotically 

viaa a power law [71]. Indeed, at long times, all samples indicate an algebraic decay 

off  the diffusion function. For samples A3, CI and C2 we plotted an algebraic 

functionn as a guide to the eye. Unfortunately, we were unable to determine the 

^-dependencee of the algebraic exponent, nor a dependence on the Debye screening 

length,, because the errors in the exponents are large and the number of samples 

withh different <fi  and Debye length is too small to recognize a clear trend. 

Wee briefly remark that sample A4 shows a peculiar behavior for t' > 10, where 

thee diffusion function branches off in a ^-dependent sub-diffusive behavior. No 

long-timee diffusion constants could be determined for sample A4 and we took 

DLDL — 0. As q —  0, the long-time diffusion function approaches a horizontal 

plateau.. We have no definite explanation for this, but it might indicate that the 

sample,, which is close to the phase transition already shows some phase separation. 

Thee typical time-scale involved in the relaxation of the diffusion process is 

thee Maxwell relaxation time T^(q), used here to scale the time axis. It can be 

interpretedd as the time it takes the particle to reach its cage boundary. Fig. 5.13 

showss the Maxwell relaxation times for the samples Al , A2, A3, A4, B2. Cl and 

C2,, where we normalized q to qm to allow direct comparison of 1 / T ^ ( Q) with 

respectt to the peak position S(q). We first discuss the sample set A. The higher 

thee volume fraction, the larger I / T ^ (<j), which signifies that the relaxation of the 

diffusionn process to the long-time diffusion goes faster for dense systems. This is 

aa result of the fact that the cages are smaller at higher densities and the cage 

boundariess are reached earlier. Also, for all samples in set A, l/r[ >
I(q) increases 

ass the scattering vector q increases, indicating that the relaxation of the diffusion 

functionn goes faster for large ^-values than for small q. We do not fully understand 

this,, but it may be related to the difference between collective diffusion, which is 

probedd at small q-values, and self-diffusion. 

Forr the deionized samples Cl and C2 the relaxation of Dê {q, t) is always faster 

thann for the corresponding non-deionized samples Bl and B2. They also show a 

fasterr decay if é is increased. However, they show a different behavior as a function 

off  g, namely that l / r ^ (g) is peaked around q/qm — 0.5 for Cl and C2, while for all 

A-sampless it increases continuously. A similar peak may exist for the A-samples 

att larger g-values, but this is outside the experimentally attainable g-range of 

CCDLS3.. We do not have a good explanation for the peaked shape of l / r ^ ( g ) . 

3Thee DXS data are useful to determine the short-time diffusion coefficient Ds(q). but they 
aree too noisy to accurately follow the decay of Deff(q.t). 
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Figuree 5.13: The reciprocal Maxwell relaxation times 1/T^(O) for the diffusion function 
DDeeff(q,t).ff(q,t). The momentum transfer q is normalized to qm. 

Possibly,, new hydrodynamic modes become important at higher g-values for the 

highlyy charged samples. 

Manyy investigations in colloidal physics mention a 'universal' rule that relates, 

att the point of freezing, the short-time se/!/-diffusion coefficient Ds
s(q) to the long-

t imee se//-diffusion coefficient Ds
L(q) via Ds

L(q)/Ds
s(q) ~ 0.1 [72, 73]. Fig. 5.14 

showss Di(q)/Ds(q) for the highly-charged samples CI and C2. Clearly, the col-

lectivee diffusion coefficients do not satisfy the 'universal' ratio of 0.1. For sample 

C22 (filled circles) the ratio Di(q)/Ds{q) is more than a factor 10 smaller than 0.1 

forr all observable g-values, while for sample CI Di(q)/Ds{q) depends strongly on 

thee momentum transfer q. This supports the statement that C2 is a supercooled 

fluid,, since such a fluid is expected to have a smaller long-time diffusion coefficient 

thann a 'normal' fluid. It is understood that we do not measure self-diffusion here, 

butt the discrepancy is too large to be simply ignored. It suggests that the universal 

scalingg Ds
L(q)/Ds

s(q) ~ 0.1 should be used with caution. 

5.6.33 Optical rheology 

Wee now demonstrate how the macroscopic visco-elastic properties of a sample may 

bee obtained from the intermediate scattering function f{q,t). By this method, we 
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Figuree 5.14: The ratio Ds(q)/Di(q) for the highly charged samples CI (open circles) 
andand C2 (filled circles). The horizontal line at Di{q)/'D's(q) = 0.1 indicates the 'universal' 
ratioratio at freezing for self-diffusion. 

showw that the supercooled sample C2 behaves elastically within a certain frequency 
range. . 

Iff  we Fourier-Laplace transform ƒ (q, t), we obtain the diffusion function D(q, w) 

fromm Eq. 5.16. We assume that the GSE equation 5.19 is valid and use the Stokes 

approximationn ( = 6irr]r 0. This yields the effective complex viscosity r](q, w). The 

latterr is related to the visco-elastic modulus G(q, LÜ) via 

G(q,cü)=icün(q,uj),G(q,cü)=icün(q,uj), (5.27) 

wheree G{q,ui) consists of a real and imaginary part: G(q,tu) = G'(q,uj)+iG"(q,Lo). 

Thee real part G'(q,uj) is the storage modulus and the imaginary part G"(q,uj) is 

thee loss modulus. 

Fig.. 5.15 shows G'{w) and G"{ui) for the samples B2 and C2 at q = 0.011 

nm_ 1,, as determined by the optical rheology method described above. For sample 

B2,, G"(ijj)  > G'(w) over the entire frequency range, indicating that the fluid 

behavess mostly viscous. For sample C2, that differs from B2 only by the enhanced 

Debyee screening length, there is a large frequency range for which G"(LU) < G'(UJ), 

indicatingg that the suspension shows elastic behavior. However, for both low and 

highh frequencies, the loss modulus is again larger than the storage modulus. 

Thee high-frequency behavior is determined by the effective viscosity, which the 

particless experience at very short times. This effective viscosity is determined 
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Figuree 5.15: The storage modulus G'(q,u>) and the loss modulus G"(q,u>), determined via 
'optical'optical rheology' (see text). For sample B2 G"(q, w) > G'(q, w) over the whole frequency 
range,range, indicating that the viscous behavior is dominant. Sample C2 has a large frequency 
windowwindow in which G"(q,u>) -C G'(q,io), i.e., it is elastic for these frequencies. 

byy the short-time diffusion coefficient Ds(q) and the GSE relation. The low-

frequencyy behavior determines the macroscopic properties of the fluid. For a solid, 

thee storage modulus should be dominant over a larger frequency range, including 

thee limi t u) —> 0. Since C2 is viscous in this limit , we confirm again that C2 is 

indeedd a liquid, but one with partly elastic behavior. 

Thesee results suggest new experiments with a set of samples having slowly 

increasingg Debye screening lengths. These samples should show completely viscous 

behaviorr for the most screened sample and completely elastic behavior for the least 

screenedd sample. Such an experiment could allow us to observe the point at which 

thee elastic behavior becomes dominant at only one point and follow the growth of 

thee elastic region until it becomes also dominant for the limi t u> —> 0 and a solid 

iss formed. 

Wee cannot know whether a classical rheology measurement would yield the 

samee visco-elastic moduli as we found here by opto-rheology, without doing the 

actuall  measurement in a rheometer. Such a comparison is a direct test of the 

generalizedd Stokes-Einstein relation [74]. We return to this point in the following 

concludingg section. 
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5.77 Conclusions and outlook 

Inn this chapter we showed that the recently developed experimental techniques 

off  cross-correlated dynamic light scattering and dynamic x-ray scattering open 

aa new window onto the intermediate- and long-time dynamics of the large class 

off  two-phase systems. Now g-dependent temporal information can be obtained 

fromm systems that scatter visible light strongly. These observations are essential 

forr constructing and testing theoretical models that describe the rich behavior of 

thesee complex fluids. 

Thee qualitative, intuitive, description of the dynamics in terms of the cage 

effectt seems to apply rather well. We observed diffusion within the cage and 

thee breaking out of the cage, followed by collective diffusion at long times. The 

plateauu in f(q,t), indicating the confinement of the particles to their cages, can 

bee seen as the precursor to the glass transition. The glass-forming scenario is that 

thee plateau lengthens into an algebraic tail, corresponding to a general slowing 

downn of the dynamics until the system solidifies into a glass or gel phase. This 

iss the scenario predicted by MCT and it has been observed by M. Kroon et al. 

[47]]  for the laponite system. For the charged colloidal spheres investigated here 

wee did not observe a lengthening of the plateau in the course of the experiments 

(severall  months), also not in the supercooled fluid C2. However, the fact that 

samplee C2 ultimately solidified after a few years indicates that the time scale of 

thee lengthening process is of the order of years, which is an inconvenient time scale 

forr experimental investigations. 

Thee question arises whether sample C2 is a gel-former with thixotropic behavior 

similarr to the laponite system. We cannot answer this, since we did not check 

thee system for reversibility (this would take longer than the lifetime of a single 

Phd-student).. However, the final system is a low-density solid (0 = 0.149), in 

comparisonn to the usual hard-sphere glasses (0 > 0.55) and solidifies slowly, like 

thee laponite system. 

AA notable difference with the laponite system is that we observed a strong mo-

mentumm transfer dependence of thee plateau in f(q, t), as opposed to what Kroon et 

al.. [47] reported for laponite, in which the correlation functions are (/-independent. 

Thiss difference may be due to the fact that in laponite the rotational coordinate 

iss slowing down and that this coordinate plays a crucial role in the formation of 

thee gel. More experiments on ellipsoidal or needle-like charged colloidal particles 

couldd provide more insight in the role of the anisotropy of the colloidal particles in 

thee gel-forming process. The unanswered question as to what causes the difference 

betweenn a glass and a gel may be resolved by studying such model systems. 

Wee compared our colloidal fluids at varying Debye screening length and volume 
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fraction.. We see in every respect a notable difference between the systems with 

aa large Debye length compared to the ones with a short Debye length. At short 

times,, the deionized systems show hydrodynamic screening which results in an 

enhancedd short-time collective diffusion if the Debye length is increased. At long 

timess the deionized samples are slower than the non-deionized samples. The most 

remarkablee difference is. however, that the Maxwell relaxation times r^(q) show 

aa maximum as a function of momentum transfer q for the deionized samples. This 

maximumm is not observed for the non-deionized samples. An explanation fails. 

Furtherr experiments may be done, which wil l yield more insight in the dynamic 

behaviorr of these charged colloidal spheres. The attainable time window may be 

extendedd to shorter times by doing DWS measurements and to longer times by 

doingg fluorescence recovery after photo bleaching (FRAP) measurements. Sam-

pless with more variation in the Debye screening length and samples consisting of 

ellipsoidall  particles may reveal the origin of the difference between gels and glasses. 

Onee relevant question with respect to glasses and gels, which has become heav-

il yy debated recently [74, 75], is in which circumstances the general Stokes-Einstein 

relationn (GSE) Eq. 5.19 is violated. In order to address this issue, we plan to per-

formm rheology measurements combined with in-situ CCDLS measurements. The 

resultss obtained with optical rheology (section 5.6.3) can then be directly compared 

too results of the classical rheological measurement. These experiments directly test 

thee validity of the generalized Stokes-Einstein relation. The charge-stabilized sam-

plee C2 is interesting in this respect, since it is supercooled and by definition not in 

thermall  equilibrium. The latter is required for the fluctuation dissipation theorem, 

off  which the GSE is a consequence. 
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Dynamicss of confined colloids 

WeWe report on dynamic x-ray scattering experiments on a suspension of colloidal 

spheresspheres confined by two parallel plates at close separation. The confining geometry 

actsacts as a waveguide for the x rays. The colloidal dynamics is found to be affected 

substantiallysubstantially by the confinement and shows signs of fractal Brownian motion. This 

isis probably caused by an inhomogeneous distribution of the surface charges on the 

confiningconfining walls. 

6.11 Introduction 

Thee dynamic properties of fluids are strongly related to their structural properties. 

Inn the previous chapter on the dynamics of bulk colloidal fluids this was expressed, 

forr example, by the implicit dependence of the short-time diffusion coefficient 

DDss(q)(q) on the structure factor S(q) via Eq. 5.14. The higher the degree of order 

inn a material, the more the mobility of the particles is restricted. One would also 

expectt the particles to slow down, owing to the presence of confining walls. The 

surfacee force apparatus experiments by Israelachvili and others [4, 5, 6, 7, 8, 9, 10] 

indeedd demonstrated this {see Fig. 1.2) by the observation of the stick-slip motion 

off  lubricated sliding surfaces. 

Forr confined colloids we expect the hydrodynamic interactions of the particles 

withh the walls to be important, since the flow field present around a moving particle 

wil ll  be greatly affected if walls are present and an altered flow field wil l affect the 

particlee dynamics (see Fig. 1.5). In an earlier experiment Maret et al. [76, 77] 

havee observed hydrodynamic speeding in quasi-two-dimensional fluids consisting 

off  polystyrene colloidal spheres floating on a fluid-air interface. However, the 

hydrodynamicc 'speeding' they witnessed was defined with respect to the same 

systemm without hydrodynamic interaction. Compared to bulk fluids, the quasi-2D 

systemm was always slower. 

101 1 
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Inn order to investigate the interactions between the particles and the walls, 

wee consider a dilute suspension of colloidal particles, since the particle-particle 

interactionn is then negligible. We then have the situation of a single colloidal 

spheree confined within a planar slit. This is the simplest confining geometry for 

aa colloidal particle and ideally suited for comparison to theoretical and numerical 

calculationss [16]. 

Inn this chapter we investigate the dynamic behavior of a dilute colloidal fluid 

confinedd within the guiding layer of a planar x-ray waveguide. We discuss dynamic 

x-rayy scattering (DXS) experiments on the confined colloidal spheres, where the 

distancee between the surfaces ranges from only a few colloidal diameters to many 

diameters.. We call this technique waveguide dynamic x-ray scattering (WDXS) in 

thee remainder of the text. We first treat the dynamic scattering of x rays in the 

waveguidee geometry, which is required for the interpretation of the data. Then we 

describee the experimental procedure. In section 6.5 we present the experimental 

results.. We end this chapter with a short conclusion and outlook. 

6.22 Dynamic x-ray scattering in a planar wave-
guide e 

Dynamicc x-ray scattering from colloidal particles confined within a planar x-ray 

waveguidee is more complicated than normal DXS. because the propagation of e.m. 

radiationn within an x-ray waveguide is described by waveguide modes, not by plane 

waves.. Therefore, Eq. 5.2 cannot be applied directly. In section 2.3 we derived the 

e.m.. field in the far field behind a planar x-ray waveguide if inhomogeneities are 

presentt in the guiding layer of the waveguide. In Appendix C we extend this result 

too the situation that these inhomogeneities are colloidal particles moving within 

thee planar x-ray waveguide and we derive the expressions for the time correlation 

functions. . 

Inn this derivation a single-scattering approximation was used and the assump-

tionn was made that only one mode TE^ is excited at the entrance of the waveguide. 

Furthermore,, it was assumed that the detector captures an exiting angle 9e equal 

too mode angle 9^. For these conditions the intermediate scattering function is 

givenn by (Appendix C) 

/ ( x ' ^ L ' f ) -- <MX,L,O)| '> ' (6-1} 

wheree Q . ( \. L. t) is the amplitude scattered into mode TEj-. at an in-plane scattering 
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anglee \ a nd 

( 4 (X ,, L. t)ck(X, L, 0)> = \CX\2 ^(e-^x(wJ-(*)-».(0)))<e-i(fl m-/9it)^(0-z.(0))) 

r2Jp
2(g1)/e-^o(öfe+öm)(xJ(o)-^(t))\\ +2F2(g2){e" i fco(ö;t"ÖTn)(:Ej(0)" 3:,(É)))l . (6.2) 

Here,, C\ = ireAne/(2W). The in-plane momentum transfers in the y- and z-

directionss are given by qy — -0kX a nd Qz = (Pm-fik), respectively. The momentum 

transferr in the confining x-direction takes in the waveguide geometry two discrete 

valuess qi>x = —ko(9k + 9m) and q2,x — — ko{6k — 9m), which depend on the mode 

numberss m and k. The function F(q) is the form factor of the spherical particles, 

givenn by Eq. 5.20. 

Inn the dilute limi t of many non-interacting particles the double summation over 

ii  and j in Eq. 6.2 yields only a non-zero contribution for i = j . Since \, 9 <C 1, we 

havee qz <C qx,qy and we may set (exp(—iqz[z{(t) — Zj(0)])}  = 1, because it decays 

muchh slower than the other terms. In the dilute limi t we may use Eq. 5.8, which 

leadss to 

f{qf{qyy,9,9kk,t),t) = C2 e x p ( - D | , )̂  [F2(qi)exp(-Dqlxt) + F2(q2)exp(-D g2%t)] , 

(6.3) ) 

wheree qy — \ko, C2 — (F2(qi) + F2(q2))~
1 a normalizing pre-factor and D\\ and

aree the diffusion coefficients for motion in the directions parallel and perpendicular 

too the surfaces. 

Eq.. 6.3 indicates that there is always mixing of at least two momentum trans-

ferss in the waveguide geometry. However, if we set the exit angle 9e — 9k equal to 

thee incident mode angle 9{ = 9m, we have q2jX = 0 and the second term in between 

squaree brackets in Eq. 6.3 equals F2(qy). If we take 9m — 9c/2 ~ 0.06° for the 

air-silicaa interface, we have q\ x̂ = k09c ~ 0.15 nm"1. This is much larger than the 

typicall  value for qy < qm ~ 0.02 nm- 1 . We then have q\ ^> q2, thus F(qi) <tC F(q2) 

andd by approximation 

f(qf(qyy.t)~exp(-D.t)~exp(-Dliqliq
22

yyt).t). (6.4) 

whichh only depends on qy and the time t. In the WDXS experiments in this 

chapter,, we always have 0*  = 9e. Therefore, we assume that Eq. 6.4 is valid and 

thatt we only observe the in-plane diffusion coefficient D\\. 
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6.33 The colloidal suspension 

Thee colloidal particles are silica spheres with a light negative surface charge due to 

dissolvedd surface ions. We choose relatively large spherical colloidal spheres1 with 

aa radius r0 ~ 115 nrn. which results in stronger scattering in the forward direction 

comparedd to the spheres used in chapter 5, owing to their larger size. This results 

inn higher count rates in the detector [15]. For smaller particles we estimated the 

photonn yield to be insufficient for the WDXS experiments. 

Wee investigated one sample, the colloid volume fraction of which was O — 7%. 

Thee solvent of the sample is a mixture of demineralized water and glycerol with 

40%% of the weight being glycerol. The viscosity of this mixture is 3.75 cPoise 

== 3.75  10- 3 Pa s. The refractive index is not matched to that of the colloidal 

particles,, which results in a milky appearance due to multiple scattering. 

Thee form factor of the spheres F{q) has been determined by measuring the 

scatteredd intensity I(q) with the waveguide surfaces retracted at a large separation 

off  W ~ 1 mm. which results in a column of bulk fluid standing in between the 

surfaces.. The measured intensity distribution I(q) is plotted in Fig. 6.1a (open 

circles).. We subtracted a background signal, such that the Porod plot I(q)q4 is a 

dampedd sinusoidal function (not shown here). We fitted I{q) by the form factor for 

spheress F(q), as given in Eq. 5.20 with r0 = 1 18 nm. Polydispersity is taken into 

accountt by a Schulz distribution [59] with a half-width-at-half maximum of 2.7%. 

Thee reasonable agreement between the calculation and the measured intensity 

distributionn indicates that the structure factor S(q) is almost flat (see Fig. 6.1b. 

Thiss is an indication that the Debye screening length of the spheres is not very 

largee since otherwise S(q) would be more strongly peaked, such as in sample Cl 

off  chapter 5 (Fig. 5.5). 

6.44 Experimental 

Thee confinement geometry for the colloidal suspensions is the planar x-ray wave-

guidee discussed in chapters 2. 3 and 4 (see Fig. 2.8). The experiments were 

performedd with the multistep-index geometry, which enables the study of gap 

sizess much smaller than optical wavelengths (see chapter 3). The top layer of the 

surfacess consists of silica, which is important since its surface properties determine 

thee interaction between the colloidal particles and the walls. The x-ray beam used 

inn the experiments is a plane wave. i.e.. it is not pre-focused. 

1Thoo colloids were kindly supplied by the Utrecht University. Department of Physical and 
Colloidd Chemistry. 
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Figuree 6.1: (a) The scattered intensity I(q) (open circles) for the sample used in this 
chapterchapter in bulk. The colloidal volume fraction is 7%. The filled circles describe the 
calculatedcalculated form factor |F(<j)|2 for spherical particles of radius ro = 118 nm and a poly-
dispersitydispersity of . The sharp uprise of I(q) at small q is caused by the direct beam, 
(b)(b) The structure factor S(q), defined as S(q) = I(q)/\F(q)\2. The vertical dashed line 
atat qm = 0.0215 nm~l indicates the peak in S(q). 

Thee liquid is inserted in between the surfaces via a capillary tube, connected 

fromm below to a 1 mm hole in the lower surface (see Fig. 6.2). At the inlet, 

thee tube is connected to a syringe containing the suspension. To prevent drying 

off  the colloid, the sample area is enclosed by a cylinder, attached to the upper 

movablee plate, which also holds the upper surface. The cylinder is made of 25 /im 

thickk mica sheets, allowing the x-ray beam to enter the sample area and enabling 

inspectionn of the sample by eye. The lower part of the cylinder is immersed into a 

circularr bath containing a fluid identical to the solvent of the colloidal suspension. 

Inn this way, the sample environment is sealed from the exterior. After closing the 

samplee area and before inserting the fluid via the capillary tube we wait until an 

equilibriumm vapor pressure has settled. 

Thee experiments were performed at the ID10A undulator station at the ESRF 

inn Grenoble, France. The energy, selected by a reflection by the ( l l l ) -p lane of a 

single-crystall  monochromator, was 13.2 keV, corresponding to a wavelength A = 

0.09422 nm. The arrangements of the components in the experimental setup is 

drawnn schematically in Fig. 6.3 (top view). A pinhole of 8 or 12 /xm diameter 

selectss a partially coherent part of the x-ray beam. At the position of the pinhole, 

thee transverse coherence length of the x-ray beam is £„  = XL/'s = 164 /zm in 

thee vertical direction and £/, = 4.1 pm in the horizontal direction. We inserted 

aa polished tungsten knife edge just in front of the sample, on the side of the 

detector.. This removes unwanted secondary Fraunhofer diffraction rings caused 
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Figuree 6.2: Enclosure for the confined fluid, preventing drying out of the fluid. 

byy the pinhole. 

Thee scattered photons are detected by a scintillation photon counter, positioned 

att 2.38 m behind the sample. The speckle size at the detector is approximately 

hh = XL/d [48]. with d being the beam size. Along the horizontal direction the beam 

sizee equals the size of the pinhole, along the vertical direction it is given by twice 

thee waveguide width W. The detector area was set by adjustable pre-detector 

slits.. By varying the detector aperture, a trade-off was made between count rate 

andd coherence contrast. The fastest acquisition speed of the correlation function 

wass obtained for a detector opening of 20 /j,m and 40 /mi in the horizontal and 

verticall  direction, respectively. In order to obtain a good statistics at the largest 

momentumm transfers qy, we measured the correlation functions for ~ 30 minutes 

andd we achieved coherence contrast functions up to Vl/ ~ 50% (see Eq. 5.7). Fig. 

6.44 shows an example of a correlation function, measured at a large gap setting 

(W(W ~ 1 mm), at which the dynamics is not affected. 

Wee have performed dynamic x-ray scattering experiments with the detector 

positionedd at the specular mode 6f. = 0; = 0m. i.e., with the scattering vector q 

parallell  to the surface planes. This allows us to use Eq. 6.4 for the analysis of 

thee data. Four different gap settings were considered. For comparison, we first 

performedd one set of experiments with a gap W\ ~ 1 mm, much larger than the 

beamm size of ~ 10 fjxa. At this gap setting the suspension behaves as a bulk fluid 

andd the gap no longer acts as a waveguide. The experiments on confined colloids 

weree performed at the gap settings Wi = 1.8 /an, Ws ~ 1.2 /im and W4 ~ 0.8 /xm, 

whichh correspond to ~ 9, ~ 6 and ~ 4 particle diameters, respectively. 
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waveguide e 

Figuree 6.3: Arrangement of optical components in the waveguide-DXS setup (view from 
above).above). A pinhole (0 8/12fim) selects a coherent part of the x-ray beam. After the 
pinhole,pinhole, just in front of the waveguide, the Fraunhofer higher-order diffraction rings are 
blockedblocked on the side of the detector by a guard slit. The detector selects a scattering angle 
XX in the horizontal plane parallel to the waveguide surfaces. 

6.55 Results 

Followingg the structure of the previous chapter, we first investigate the short-time 

dynamicss of the colloids, then we discuss the long-time dynamic behavior. 

6.5.11 Short-t ime dynamics 

Thee short-time decay of f(qy,t) reflects the direct interactions between the parti-

cless and their surroundings, here the solvent and the confining walls. We determine 

thee first cumulant fJ,i(qy) (see Eq. 5.22) of the intermediate scattering function 

f(qf(qyy,, t), as described in chapter 5. In none of the experiments, the in-plane struc-

turee factor S(qy) showed a significant change, indicating that the particles hardly 

interactt with each other and that the confinement does not induce an in-plane 

ordering.. According to Eq. 5.14, this implies that any changes in the short-time 

diffusionn coefficient are due to an effective hydrodynamic interaction H{qy). 

Fig.. 6.5 shows the first cumulant Hi(qy) vs. q2
y for three different degrees of 

confinementt W\ » W$ > W4. The dilute character of the sample, evidenced by 

thee shallowness of the peak in S(q) in Fig. 6.1b, gives rise to the linear dependence 

off  fii(qy) on q2 at the large gap W\ (open symbols in Fig. 6.5), see Eq. 5.8. The 

scatterr of the data around the linear fit  is caused by minor variations in the water 

fractionn of the water-glycerol solvent, which results in a slowly varying viscosity 

off  the solvent. From the linear fit  to these curves we obtain a diffusion coefficient 

DD00 = 1330 nm2/ms. For a radius r0 = 118 nm, this yields via the Stokes-Einstein 
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Figuree 6.4: Correlation function g(q,t) - 1 = ^\f(q,t)\'2, measured with DXS at a gap 
WW ~ 1 mm. at which the sample behaves as a bulk fluid. The momentum transfer 
qq = 0.014 nm~l. The spiked oscillations at short times originate from the circulating 
electronelectron bunches in the storage ring of the synchrotron facility [23]. The perfect fit 
byby a single exponentially decaying function (gray line) indicates that the interactions 
betweenbetween the colloidal particles are negligible, since otherwise deviations such as presented 
inin chapter 5 would have been observed. 

equationn 5.22 a viscosity of the solvent of 7? ~ 1.4  10~3 Pa s = 1.4 cPoise. This is 

aa factor of 2 lower than the value given before. Apparently, the solvent absorbed 

waterr while the sample settled to equilibrium, owing to the hygroscopic nature of 

glycerol. . 

Uponn closing the gap to first W3 ~ 1.2 fim (grey circles in Fig. 6.5) and subse-

quentlyy to Wi ~ 0.8 fim (black circles), we observe a non-linear dependence of \L\ 

onn qy. The short-time decay of f(qy. t) is first enhanced when moving to gap W3, 

thenn slows down again when moving to gap WA. Compared to bulk, Hi(qy,t) is al-

wayss faster for the confined suspensions, i.e., Hi{qy, Wq) < Hi(qy, WA) < fii(qy, W3). 

Thee increased values of fJ.i(qy) for the confined colloids may have two origins. Ei-

therr the hydrodynamic and/or direct interactions between the particles and the 

wallss cause a short-time 'speeding' of the colloidal motion, or the effect is caused 

byy multiple scattering in the waveguide geometry. 

Multipl ee scattering is known to cause an enhanced decay of ƒ (q, t), see e.g. Refs. 

[48,, 50. 57]. It is the reason why diffusing-wave spectroscopy (DWS) in the visible is 

ablee to probe very short times. In our experiments the far-field diffraction patterns 
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Figuree 6.5: The first cumulant (ii(qy) for three different degrees of confinement: the 
bulkbulk fluid (open circles), the fluid confined within a gap ofW% ~ 1.2 \im (grey circles) 
andand the fluid confined in a gap W4 ~ 0.8 /im (black circles). The solid lines are guides to 
thethe eye. The direction of closing gap is indicated by the arrows. Going from bulk to an 
intermediateintermediate gap, the short-time dynamics is enhanced, while a further reduction causes 
aa slowing down. The vertical dashed line indicates the momentum transfer qm, at which 
thethe bulk structure factor S(q) has a shallow peak. 

I(9i,I(9i, 6e) only showed off-diagonal (meaning: 6m ^ 6k) modes with a low amplitude, 

indicatingg that scattering to other modes is small, though not negligible. The Born 

approximationn is then strictly speaking not valid2. However, we can think of no 

reasonn why multiple scattering would result in the observed behavior of /ii (q) as 

aa function of the gap width W. Therefore, we believe that the hydrodynamic and 

directt Coulomb interactions are at the origin of the confinement-induced enhanced 

short-timee dynamics. 

Wee give one possible scenario that may explain the observed dynamic behav-

ior.. If the surfaces are inhomogeneously charged, this results in a non-constant 

Coulombb interaction of the particles with the walls if they move within the gap, 

resultingg in Coulomb-potential maxima and minima. These charges originate from 

thee same process that causes the charges on the colloidal spheres, being that pos-

itiv ee surface ions of the silica disks dissolve in the solvent, resulting in negatively 

2Note.. that this results in multiple scattering of the x rays, though the refractive-index con-
trastss are still very low, i.e.. An ~ 10-6. 
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Figuree 6.6: (a) A negatively charged colloidal particle in between two negatively charged 
wallswalls experiences a potenttal well with a minimum in the middle if the surfaces are equally 
charged,charged, (b) Inhomogeneous potential landscape of one of the confining surfaces, due to, 
e.g.,e.g., an inhomogeneous distribution of the surface charges. In reality, the landscape will 
bebe more irregular than presented here. The particle will  avoid the potential maxima, 
whichwhich affects its diffusive behavior. 

chargedd surfaces. This is drawn schematically in Fig. 6.6a and 6.6b. Such sur-

facee charges, if existing, wil l affect the particle dynamics in the same way as the 

structuree factor does. The in-plane charge distribution may result in an effective 

in-planee 'surface-charge' structure factor Sc(qy), governed by the correlation length 

off  the charge distribution dc. Sc(qy) is not observable in the scattered intensity 

I{qI{q yy).). because the electron-density contrast of the spheres wil l dominate all other 

contrasts.. If Sc(qy) < 1 for the g-values in our experiments, this would result in 

ann enhanced short-time diffusion. Because the influence of multiple scattering in 

WDXSS is not ruled out completely, we wil l not attempt a quantitative comparison 

withh theory. 

Thee data presented here indicate for the first time that the short-time dynamics 

off  colloidal spheres confined between two surfaces exhibit on a short time scale a 

'speeding'' in comparison with the same suspension in bulk, while at a further 

decreasee of the gap the particles slow down again. 

6.5.22 Long-time dynamics 

Wee now discuss the long-time dynamics of the confined suspension at three different 

gaps:: W-2 = 1.8 [iva, W3 = 1.2 /im and W4 = 0.8 fim. Fig. 6.7 shows \f(qy,t)\
2 

measuredd at qy = 0.00465 nm- 1 . As the gap is closed from W2 to W3 and WA, the 
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Figuree 6.7: Time correlation functions \f(qy, t)\2 for three different gap settings W. The 
in-planein-plane scattering vector qy = 4.65 T0~3 ran"1 for all curves. A single exponential fit to 
thethe first part of the W = 1.8 fim correlation function is drawn to indicate the deviation 
fromfrom single-exponential decay. 

correlationn function decays slower on all time scales. But also here the short-time 

dynamicss is always faster for the confined data than for the bulk data, as was 

shownn in the previous section. 

Iff  we compare the dynamics at the smallest gap WA = 0.8 /xm to the behavior at 

thee largest gap Wi = 1.8 yum, we see that the short-time decay is a factor 3 slower 

forr Wi than for W2. At long times the decay, estimated from \f{qyJ)\2 = 0.1, is 8 

timess slower at the gap W4 than at W2. 

Att longer times Fig. 6.7 clearly shows a deviation from exponential decay for 

alll  gap widths. This was not observed in the bulk fluid, see Fig. 6.4. The long 

timee tails are observed for all correlation functions measured at small q <C qm and 

forr all gaps W < 2.5 ^m. The general trend is that the smaller the 5-value, the 

moree pronounced the long-time tail of f(qy,t). 

Ann example of an extremely long-time tail is shown in Fig. 6.8 measured at 

WzWz = 1.2 [im and qy = 0.00281 nm"1. Fig. 6.8a clearly shows non-exponential 

behaviorr of f(qy,t) and the straight long-time tail on the log-log plot over more 

thann three orders of magnitude in time strongly suggests an algebraic decay. The 

effectivee MSD(t). defined in Eq. 5.23, is plotted in Fig. 6.8b. At short times, the 

behaviorr is diffusive with a linear time-dependence of the MSD. At long times, the 
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Figuree 6.8: (a) The intermediate scattering function f(qy,t) measured by WDXS at 
aa gap W3 = 1.2 /j,m and qy = 0.00281 nm~l (black circles). The gray curve is an 
exponentialexponential fit to the short-time decay, (b) The MSD(t) determined from. (a). At short 
times,times, the particles show diffusive behavior MSD(t) = Ds(q)t (steep line), while at long 
timestimes they are sub-diffusive, as indicated by the algebraic function MSD oc t7 (low-slope 
line),line), see text. 

motionn is sub-diffusive according to MSD(t) oc t7, where 7 = 0.14 for this curve. 

Wee never observed an uprise in the MSD, even after 10 seconds, as we observed for 

thee charged colloidal spheres in bulk discussed in chapter 5, which would indicate 

ann escape from a cage in which the particles might be trapped. 

Thee sub-diffusive behavior is observed for all correlation functions which have 

aa non-exponential long-time tail. i.e.. which where measured at small q and at gaps 

WW < 2.5 [im. However, the algebraic exponent 7 was not reproducible. We reset 

thee waveguide gap several times to check for reproducibility and found a different 

valuee for 7 at each setting. Typical values found are in the range of 7 ~ [0.1,0.6]. 

Ass a function of the momentum transfer qy the exponent 7 did not show a clear 

dependence,, as well. The general trend, however, of long tails at small qy and no 

tailss at large qv > qm was always reproduced. 

Thee sub-diffusive long-time behavior is remarkable since we are investigating 

aa dilute suspension of moderately charged spheres. An algebraic time-dependence 

off  MSD(t) has previously been observed in colloidal gels [78] and glasses (see e.g. 

[47]).. These systems are very different compared to our confined suspension in 

thatt they contain a static configuration of the particles. The sub-diffusive behav-

iorr indicates fractal Brownian dynamics [79], which is a signature of a randomly 

orderedd structure through which the particles are moving. In colloidal gels, such 

ass the laponite gel mentioned in chapter 5, this is often pictured by the house-of-



6.5.6.5. Results 113 3 

cardss model, in which the particles form the fractal-like structure. In our dilute 

suspensionn of practically hard spheres, however, such structures are hard to imag-

ine. . 

Inn the confining slit the 'fractal' structure could be formed by inhomogeneous 

interactionss of the particles with the walls. There are two explanations for a 

roughenedd potential 'landscape' (Fig. 6.6b) within the confining slit to cause 

fractall  Brownian motion. Not only may the surface charges be inhomogeneously 

distributed,, a second possibility is that the solvent mixture of water and glycerol 

partiallyy de-mix owing to a preferential wetting of one of the fluids at the walls. 

Thiss would result in a position dependent viscosity. 

Thee fact that the trends of the confinement-induced effects on the particle 

dynamicss are reproducible, but the details are not, is reminiscent, of what has 

beenn observed in colloidal gels, where the observed long-time dynamic behavior 

dependss on the history of the system [47] and the system is non-ergodic. This 

suggestss that for the waveguide, upon resetting the gap, the potential landscape 

off  the confining surfaces changes. 

6.5.33 Conclusion and outlook 

Wee have observed clear confinement-induced changes in the dynamic behavior of 

aa suspension of virtually non-interacting spherical particles. At short times the 

diffusionn is enhanced compared to bulk but when closing the gap further, the par-

ticless are slowed down. At long times the mobility is reduced, as indicated by the 

long-timee tails. We believe that this is caused by an inhomogeneous distribution 

off  the surface charges. This hypothesis may be checked by experiments with con-

finingfining silica surfaces that are modified by chemically attaching CH3 end-groups. 

Thesee neutralize all surface charges. Another possibility is to purposely apply a 

patternedd charge distribution, with CH3 end-groups only at selected positions. If 

onee applies a striped pattern (see Fig. 6.9), the influence of the modified Coulomb 

potentiall  can be inspected in experiments with the momentum transfer q along or 

perpendicularr to the stripes. The surface-charge density and the charge pattern 

mayy be changed at wil l with the available nano-lithographic techniques. 

Thee hydrodynamic interactions probably still play a role in the particle dynam-

ics.. The reduced short-time mobility at closing of the gap (Fig. 6.7) can be caused 

bothh by enhanced hydrodynamic friction and by larger maxima and lower minima 

inn the Coulomb-potential landscape at smaller gaps. We cannot discriminate be-

tweenn these two effects. The long-time tails, however, are not easily explained by 

hydrodynamicc effects, since in that case part of the hydrodynamic flow field should 

stayy correlated over times longer than seconds within the slit. This is very unlikely. 
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Figuree 6.9: A particle close to a surface with a patterned surface-charge density. The 
greygrey bars indicate negatively charged areas, the white parts are neutral, owing to e.g. 
CH3CH3 end-groups. By performing experiments with the momentum transfer parallel or 
perpendicularperpendicular to the striped pattern, the effect of inhomogeneous surface charges may be 
investigatedinvestigated in a controlled way. 

Wee believe that it is not the hydro-dynamic interactions that govern the long-time 

diffusionn process, but the position-dependent direct (Coulomb) interactions be-

tweenn the particles and the walls. Therefore, if one compares experimental data 

onn the dynamics of confined fluids to numerical model calculations, the possible 

inhomogeneitiess should be taken into account. 

Thee experiments presented in this chapter have been performed on relatively 

largee gaps of ca 1 /im and large colloidal spheres. The gap may still be accessible 

byy light scattering techniques in the visible, which are easier to apply. However, 

forr a surface separation smaller than a few hundred nanometers and particles on 

thee nanometer scale this is no longer true and recourse has to be taken to x-ray 

scatteringg techniques. We have demonstrated that WDXS is a practical tool for 

investigatingg the dynamics of confined fluids, which promises that WDXS may 

bee applied successfully on thinner confined fluids and smaller particles. By pre-

focusingg the incident x-ray beam, as described in chapter 5, the scattered intensities 

cann be enhanced. This wil l partially compensate for the loss in scattering volume 

andd enable WDXS experiments at smaller gaps. 



Appendixx A 

Propagationn of the mutual 
intensityy function 

Iff  the mutual intensity function Jj(Xj,x^) at one plane in space Si, perpendicular 

too the propagation direction, is known, its propagation to a different plane Sj is 

calculatedd via 

J , (X j , x ;)) = J j ' ^ ^ ( x . x ^ f x . x ^ i x ^ ) , (A.l ) 

wheree KlJ(xl,Xj) is the transmission function describing the disturbance at x7 = 

(xj,yj)(xj,yj) in plane Sj due to a disturbance at Xj = {xi,Vi) in plane Si. and K*, is 

thee complex conjugate of Kiy Here, we describe the propagation of the mutual 

intensityy function from the source to the lens and via the waveguide to the detector 

(seee Fig. 4.3). 

Sincee we are considering diffraction effects only in the vertical x-direction, and 

thee source is much larger in the y- than in the ^-direction, we assume the source to 

bee infinite in the horizontal y-direction. The propagation can then be completely 

describedd using cylindrical waves in x- and ^-coordinates only. The propagator 

KfjKfj  for the cylindrical wave through free space is given by [80] 

(A.2) ) 

wheree Sij is the distance between X{ and Xj. For \x,{\, \XJ\ <C ŝ  we have 

K%{xK%{xll,, Xj  ~ t / - ^ exp {ikoRij) exp I — ( x t - x}) ] , (A.3) 

wheree Ri} is the distance from plane Si to Sj. 
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Thee x-ray source is in our case the insertion device in the electron storage ring 

andd is considered to be spatially fully incoherent. For an incoherent source Eq. 

A. ll  becomes [13] 

JJ(XJ,X;)) = A2 fdxJ^k^te.x^K'jix'i.x'j), (A.4) 

wheree /s(x;) is the intensity distribution of the source. The equivalent expression 

forr cylindrical waves is 

JAxj.x'j)JAxj.x'j) = \JdxMxAK%(Ti,xj)KZ(xf
i^). (A.5) 

Fromm now on, we wil l omit the superscript c in A'f,-. and the propagator Ki3 wil l 

alwayss be a propagator of cylindrical waves. 

Wee assume a Gaussian intensity profile IS(XQ) for the source: 

7s(x0)) = A ) e x p ( - ^ - ) . (A.6) 

wheree aQ_v represents the vertical source size. The FWHM of the source .s0,r = 

2^/22 ln(2)cr0,r- We then obtain the mutual intensity function J\(x\.x\) at the 

entrancee plane S\ of the lens: 

J\(X\>A)J\(X\>A) = AQ\ I d-r0exp ( - — § - J A'0i{.r 0, Xi)K^(x'0, X\) 

== AlAl  6XP {lk°^r) 6XP ( 41n(2)̂  ) (A'7) 

==  Aïfi1(xi,x[), 

withh RQI the distance from the source to the lens, A\ = A$(TQ,vvhi f RQ\ and £i,v 

thee vertical coherence length at the lens, given by i\.v — XRQ\/SQ_V. In the last 

linee of Eq. A.7 we introduced the complex degree of coherence l̂{xl.x'i), which 

forr plane Si is defined as 

M^x^M^x^  = J^l'^  (A.8) 

Thee mutual intensity function at the exit pupil of the lens is given by 

JJ22(x(x22,x',x'22)) = Mx, = x2,x[ =  4)e' (*<**>-<^) , (A.9) 

wheree <p(x) is the phase shift caused by the lens. We assume that the lens is 

ann infinitely thin pure phase object and neglect absorption. For the Fresnel lens 
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thee phase shift equals zero or 7r, depending on whether the vertical lens position 

xx corresponds to a ridge or a trench in the zone-plate profile. However, in the 

followingg we wil l consider a perfect lens, since it is less involved both in notation 

andd calculation. The phase shift for a perfect lens is found using Fermat's principle 

off  shortest optical path. This gives 

^>=-4(i+£)-- (Aio) 

wheree RQ\ is the distance between the source and the lens, and #23 the distance 

betweenn the lens and the image. For a perfect lens we then have 

JlMJlM ))=^«P=^«P (-^4sf) »p i'lwxf)  (A-n) 
withh Ai = A\. 

Next,, we propagate J2(x2, ^2) through free space to the image plane 53, which 

iss located at the entrance of the waveguide. We now have to take into account the 

pre-reflectionn from the lower surface which is tilted by an angle 9i with respect to 

thee incident beam. The corresponding propagator K23(0t,x2,x3) is given by 

\[-==+e^\[-==+e^ee-=^),-=^),  (A. 12) 

wheree s23 is the distance from x2 to x3 directly, S23 is the distance from X2 to £3 

viaa the pre-reflection from the lower surface (see Fig. 4.3) and <p(0) is the phase 

shiftt at reflection at the angle 9 « 0j + (x2 — x3)//?23  The zeros for x2 and xz 

aree at the lens center and waveguide lower surface, respectively. For simplicity, 

wee take a constant phase shift <p — IT at reflection. In the limi t x2/R2^, X3/R231 

6i6i <C 1 we obtain: 

KK™(™(9i9i>> xx** xx*>*>  - ^m^ p I 2i?23 )
x 

sm[ksm[kQQxx33(6(6ii + ̂ -)}. (A.13) 
^ 2 3 3 

Thiss e.m. field propagates through the waveguide as described by Eq. 2.17. The 

propagatorr K2  x2, x4) between the plane S2 and the plane 64 at the exit of the 

waveguidee is given by 

KKMM{9i,x{9i,x22,x,x44)) = T cm(6t + - ^ ) V , m ( x 4 ) e
+ ^ \ (A.14) 
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wheree R3A is the length of the waveguide. vm is the mode profile of mode TEm . 

givenn by Eq. 2.13. and the mode amplitudes cm are given by (see Eq. 2.16) 

CCmm(0(0ll + -^-) = / dx3K23{9j.X2.X3}vm(x3) 
"233 J-oc 

== Jïr_^Leih>Rneil**l/{2ii2s)  x ( A . 1 5 ) 

VV  \\ \f\Rx>, 

ffWW Ï2 
// dx3 am[kox3{Bi + ——)] sin[fco.r-30m]. 

JoJo  -"23 

Inn the second line we have omitted the factor exp{ik0xl/(2R23)) — 1 from the 

integral,, since x3 <C i?23- The mode amplitude cm{9l + x2/i?23) of mode TEm . 

resultingg from a cylindrical wave starting at the point x2 is, apart from a complex 

pre-faetor,, equal to the amplitude cfn(#> + X2/R23) for a plane wave incident at an 

anglee 0, + x2/R23. The latter amplitude is given by 

xx FY /"" ' r 
d^iOid^iOi + ~EL) = \hp / dx3sin[k0x3(ei + ~)}sm[k0x3dm}. (A.16) 

^1233 V V\ Jo ti23 

Hence. . 

crnfrcrnfr + £-)* -^e^e^'W^M + £-). (A.17) 
-n-233 V ^ ^ 2 3 -"-23 

Thee mutual intensity function JA(0i,xA,x'4) at the exit of the waveguide is given 

bv v 

JJAA{B{BZZ,, X4,x'4) = dx2dx2J2(x2,x2)K2A(9i1 x2,xA)K2i(9i, x'2,x'4). (A. 18) ) 

Thee mutual intensity function in the detector plane S$ is found by propagating 

JJAA(x(xAA.x'.x'AA).). taking into account a post-reflection with a propagator as in Eq. A.13. 

Noww 6'23 and s23 are replaced by S45 and ,S45, being the distances from x4 to x5 

directlyy and via a post-reflection, respectively. In the detector plane, we choose 

thee zero of x5 to be in the plane parallel to the lower surface. We then have 

KKAbAb{x{xAA,, .r5) = J ^ e ^ * V ^ ^ / ( 2 ^ sin[A-0.r4-^-] . (A.19) 
\/A/?455 /I45 

Thiss results in the following mutual intensity function Jb{xb,x'b) in the detector 

plane: : 

JJ55(6i,xs,Xz)(6i,xs,Xz) = / / dxAdx4JA{ei,xA,x'A)KA^(xA,xb)Klb{x'A,x'b) 

- 2 T T V 0
2 , , ( X 2 - X 2 ) 2 --

dx2dx'dx2dx'22 exp 
A 2/& & 

22 \ r^V*  I r\ . 1 
EmEm + -~,x5)Er(0i + ^ - .4). (A.20) 

xiwxiw xir>:\ 
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wheree the intensity A5 — Ao4y/27Ta0v/(XRoiR23). The second line in Eq. A.20 is 

foundd by changing the order of integration. Now, the e.m. field in the detector at 

thee point 25. due to a plane wave of unit amplitude incident at an angle 9i+x2/ R23. 

iss given by 

EEpp
55(e(ett + x2/R23,x5) = ^^e^R^Jdx4exp^^(xl+xl)  ̂ x (A.21) 

ll  [k0XA 
Xs Xs 

R R 45 5 ,, m=0 

Writingg Js(Bi, x5, x'5) as in Eq. A.20 is convenient because the e.m. fields £f {0*, x5) 

havee to be calculated only once for all combinations of Bi and x  ̂ and the mutual 

intensityy function in the detector may then be calculated for various source sizes 

o"o,v.. The intensity in the detector is given by h{Qi, x5) — J^{9X, x$, x5). 

Wee may include in the calculations a position-dependent focusing efficiency 

F{xF{x22)) of the lens. This function describes possible defects of the lens in a simple 

way.. The efficiency function is inserted by multiplying the MI F J2{x2,x'2) at the 

exitt of the lens by F{x2)F*{x' 2). We then have 

JJ55(6i,x(6i,x55,x',x'55)) = A5 Ifdx2dx2exp 
-27T-27T22alalvv(x(x22 - x'2) 

xmi, xmi, 
(A.22) ) 

F(xF(x2 2 
xx2 2 

-K23 3 

x 2 2 

3 3 
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Appendixx B 

Thee mutual intensity function in 
thee image plane of a focused beam 

Thee relatively large transverse coherence lengths of the intense x-ray beams avail-

ablee at synchrotron facilities have stimulated an increasing number of coherent 

x-rayy scattering experiments in (soft) condensed matter physics. For a wavelength 

AA = 0.1 nm the vertical transverse coherence length is of the order of £v ~ 100 /xm. 

Exampless of coherent x-ray scattering experiments are dynamic x-ray scattering 

studiess of fluid samples [15, 51], x-ray holography and experiments where speckled 

diffractionn patterns are inverted by a 'phase-retrieval' algorithm for obtaining the 

spatiall  structure of the sample [81]. If the sample size is much smaller than the 

transversee coherence length of the beam, a large part of the coherent flux is left 

unused.. In order to enhance the flux incident onto the sample the x-ray beam can 

bee focused. However, by focusing a partially coherent e.m. beam, one reduces 

itss transverse coherence length. Nonetheless, if the transverse coherence length is 

matchedd to the sample size, the coherent flux onto the sample can be enhanced 

significantly. . 

Inn this Appendix we examine the coherent properties of the beam by evaluating 

thee mutual intensity function (MIF) of a focused x-ray beam for the situation that 

ann incoherent source is imaged by a one-dimensional lens into a narrow line focus 

(seee Fig. B.l) . An expression wil l be derived for the MI F along the focusing 

directionn and for the transverse coherence length £3:t, in the image plane. We 

showw that the vertical transverse coherence length in the focus equals roughly the 

resolutionn of the imaging system within the image plane. 

Wee follow the same approach as in Appendix A and consider an incoherent 

x-rayy source, much larger in the horizontal ^-direction than in the vertical x-

direction,, which allows a description of the propagation of the x rays in terms 

off  cylindrical waves. The FWHM of the Gaussian source profile (Eq. A.6) in 

121 1 
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Figuree B.l : An incoherent x-ray source is imaged by a lens. Four planes Si are defined, 
asas well as the distances Rij between the source, lens and image. The distance between 
aa point Xi in plane Si and Xj in plane Sj is depicted by Sy. The subscripts i in the 
coordinatescoordinates Xi in the text refer to the subscripts of the corresponding planes Si. 

thee vertical direction is given by s0,,.. = 2 ^2 ln(2)<70,i.<. where a0tV is the standard 

deviation. . 

Thee propagation of the MI F in free space is given by Eq. A. l . but with the vec-

torr coordinate Xj replaced by the scalar z,. The cylindrical propagator Kij{xi,Xj) 

iss given in the small-angle approximation by Eq. A.3. The MI F at the entrance 

off  the lens is given by (Eq. A. 7): 

Ji(xi ,a: i)) = ^ i e xp (ik0 
2i?n n 

exp p 
-7r 2( i ! ! 

(B.l ) ) 
4m(2)£t t 

withh R01 the distance from the source to the lens. A\ = A^a 0,v \/2TÏ / RQÏ and £l i U 

thee vertical coherence length at the lens, given by £it, = Ai?oi/so,«-

Thee MI F at the exit plane S2 of the lens J2(x2,:r'2) is given by (Eq. A.9) 

JJ22(x(x22.x'.x'22)) = Ji{x2, x'2) exp[i(d>(x2) - è{x'2))), (B.2) 

wheree <f>(x)  is the position-dependent phase shift caused by the lens and we neglect 

absorptionn within the lens. After propagating the MI F from the lens exit plane S2 

too the image plane S3 using Eqs. A.l and A.3, we obtain the general expression 

forr the MI F in the image plane S3: 

JJ33{x{x33,x',x'33)) =Al / / rfx2d4J1(x2,x2)e
iWfe)-^»/v23(x2,X3)/,2*3(x2,x3) 

lens s 

exp p 

M M 
A-R23 3 

2R 2R 

ffff  da 
JJ J lens 

dxdx22dx'dx'22 exp 
ik, ik, 

2R2R0 0 
exp p 

-7T2(:r 2 2 

41n(2) %̂ % 
(B.3) ) 

23 3 
(4 (4  Q I  SJ O exp p 

-ikp, -ikp, 

Ri Ri 
[x[x 22xx3 3 

xx22xx33) ) 
J(4>(xJ(4>(x22)-</>(x')-</>(x' 22)) )) 
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Inn the remainder of this appendix we consider two types of lenses: an ideal 

phase-shiftingg lens and a Fresnel zone plate lens. 

B.ll  An ideal lens 

Thee phase shift (p(x) caused by an ideal lens is given by (Eq. A. 10) 

<P(x)<P(x) = - f c 0 y (-B- + -S-)-
ZZ \HQI / t 2 3/ 

(B.4) ) 

Iff  we insert this in Eq. B.3, we obtain the integral expression for the MI F in the 

imagee plane for a perfect lens: 

rr+D/2 rr+D/2 

JJ33(x(x33,x',x'33)) = B3 / / dx2dx2exp 
JJ-D/2 JJ-D/2 ~D/2 ~D/2 

++  D/2 

- 7 T 2 ( X 2 - X ' 2 ) ) ' \ 2 l l 

4 l n ( 2 ) ^t t 
exp p 

-ik-ikn n 

Ri Ri 
{x{x22xx33 - x'2x'3) 

rrrr  + DjZ 
== B3 I dx2dx2exp[—a2(x2 — x2)

2]exp[—ic(x2x3 — x2x'3)] , (B.5) 
JJ-D/2 JJ-D/2 

wheree the integration boundaries now extend from —D/2 to +D/2, with D the 

verticall  lens aperture, and where we used the definitions 

BB33 = ^ocro,I;V
/27r/(AJRoiJR23)exp 

ikik0 0 

2R-> 2R-> 
ll  2 _ '2 

CC = 

41n(2)& & 

kk0 0 

R R 

(B.6) ) 

(B.7) ) 

(B.8) ) 
23 3 

Wee solve Eq. B.5 analytically. We substitute, for ease of notation, t2 — ax2 and 

t't'22 — ax'2 and rewrite Eq. B.5 in the form 

B* B* +aD/2 +aD/2 
J 3 ( x 3 , X /

3 ) = ^^ / / dt2dt'2e-(t2-^ + lCX3/{2a)) - ^ ^ / ( 4 «2 ) + ^ ( x i - X 3 ) / a_ ( g g ) 
aa JJ-aD/2 

Wee introduce the error function defined as 

rf(x)rf(x) = $(x) = 4= / e~t2(it 

V71""  J-x 

(B.10) ) 

andd we integrate Eq. B.9 over t2 to obtain 

^ 3 ( ^ 3 , ^ 3)) = 2 Q 2
 e X P 4o22 J 7-.D/2 2 L V 2 2 2a J 

'aD'aD + , <££sY 
22 2 2a / 

)/2 2 

exp p - ( x 3 - x 3 ) t 2 2 
a a 

(B. l l ) ) 
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Thee two integrations over the error functions $(x) are solved separately by first 

substitutingg q = aD/2 =F zc.r3/(2a)  t'2 and subsequently performing a partial 

integration.. We skip here the lengthy, but straightforward, calculations and give 

immediatelyy the complete solution of the MI F in the image plane: 

M^.x'M^.x' 33)) = f3/*  x / - $ (aD + ^A  e-^-**)W e-<*4/<*> a) + 
2iac(x2iac(x33 — x3) { \ 2a 

2a 2a 
$$ [ ! £ ^ ) ei C( r f J- i3) /J /2e- f

2r fS/ (4aJ 

$ $ 
-ICX-ICX3 3 

2a 2a 
ee--llc(x'c(x'!!-x-x:i:i )D/2)D/2(j(j-c-c22xy(iaxy(ia22)) + 

$$ I aD + * 
2a 2a * ' ^ ^ 

$$ aD g-icfx^-a-aJW/a^,-- B.12) ) 

Forr aD ^> cx.-j/(2a), that is, for a large lens aperture and/or a large source size 

onee is in the incoherent limit . For values of aD <C icx3/(2a) the lens is illuminated 

byy coherent radiation and the image wil l be fully coherent. Note that, the coherent, 

propertiess of the beam depend on the distances x3 and x'3 to the optical axis. 

Wee now describe the limi t x$ —> x'-A, which yields the intensity distribution via 

I:i(I:i( xx'-i)'-i)  ~ J3{x3>x3 ~~> xs) [13]- However, simply substituting r 3 = :r3 into Eq. B.12 

leadss to erroneous results. We return to Eq. B. l l , substitute xA = x'3 and solve 

thee resulting integrals. We obtain 

h\h\xx?)?) = - r - ^ -CXp 
2a2az z 4a2 2 $[aD$[aD + 

4>> a£> -

B. B. 

*cx*cx3 3 

2a 2a 
aD aD icxicx3 3 

~2~a~ ~2~a~ 

icxicx3 3 

2a 2a 
ICXICX3 3 

aDaD + icxicx3 3 

~2a~ ~2a~ + + 

aa V 2a + + 

-f-f {exp[-a2D2]cos(cL>2:;} ) - l } ;B.13) ) 

Fig.. B.2 shows the absolute value of the mutual degree of coherence |/^3(.r3, x'3) |, 

wheree we put x'3 = 0. We used Eqs. 4.2, B.12 and B.13 and take typical parameter 

valuess for synchrotron facilities: a wavelength A — 0.1 nra. a FWHM source size 

ss0v0v = 38 /mi, a distance between the source and the lens of 7?0i = 40 m and a 

distancee between the lens and the image of it!23 — 0.76 m. Close to the value xA — 0 

thee image is coherent, indicated by the fact that for these values ^3(2*3, 0) = 1. For 

largee values of x3 the degree of coherence //3 decays. The FWHM of the mutual 

degreee of coherence //3 decreases at increasing lens diameter. 
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Figuree B.2: The absolute value of the mutual degree of coherence \[i3(x3,x'3)\ (along 
thethe vertical z-axis), with x'3 = 0. The wavelength A = 0.1 nm, the FWHM source 
sizesize so,i> = 38 nm, the source-lens distance RQI = 40 m and the lens-image distance 
RR2323 = 0.76 m. 

B.22 A linear Fresnel lens 

Wee consider a Fresnel zone plate lens with two possible heights of the Fresnel 

zones,, an example of which is shown in Fig. 4.2. The zones result in a relative 

phasee shift A<j>(x) = ir  between the trenches and the ridges and we assume 

7T,, V trenches, 

0,, V ridges. 
(B.14) ) 

Afterr inserting the latter equation in the general equation Eq. B.3 for the MI F 

inn the image plane, we obtain an expression containing a double integration over 

thee lens aperture and a double summation over all Fresnel zones: 

Jz(xJz(xzz,x',x'zz) ) 
\R<>' \R<>' exp p 

exp p 

exp p 

ikoiko 2 

-(4 -(4 2Roi 2Roi 

ihih0 0 

22 #23 
' ' 

NN N 

i^-za2)) E E / ƒ d 
dxidx'2dxidx'2 X 

exp p 

exp p 

*:=00 (=0 jTk 

-TT-TT22{X{X2 2 
„ M 2 2 

41n(2)et t 
-ik-ik00. . 

R R 23 3 
-(X2%3 -(X2%3 LL22JjJjZ) Z) 

(B.15) ) 

(-1) ) 
k+l k+l 
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Figuree B.3: The vertical transverse coherence length in the image (dashed black curve) 
andand the resolving power Aa:3 in the image plane, multiplied by a factor 1.8. 

Inn the limi t rn <C i?oi and rn <§C 7?23 the positions of the Fresnel zones T„ are given 

by y 

n\-n\-
Ro\Ro\ + R-2 

(B.16) ) 

B.33 The coherence length and the resolving power 

Wee now demonstrate that the transverse coherence length in the image is of the 

samee order of magnitude as the resolving power of the lens in the image plane z3. 

Wee make use of the analytical expression for J3 in Eq. B.12 and we define the 

transversee vertical coherence length £3 v in the image by ^3(2:3 = £3.„, x'3 = 0) = 0.5, 

whichh we determined numerically as a function of the lens aperture D. The result 

iss shown in Fig. B.3, where we plotted the transverse coherence length £3̂  against 

thee lens aperture D (black dashed curve). Also shown is the resolving power of the 

ideall  lens in the image plane Ax 3 ~ XR23/D, multiplied by 1.8 (solid gray curve). 

Thee factor 1.8 was found to give the best agreement between the two curves. The 

curvess almost overlap, which demonstrates that the transverse coherence length 

inn the image is about a factor of 2 larger than to the resolving power of the ideal 

lenss in the image plane Ax^. 

AA Fresnel zone plate lens differs from an ideal lens and the coherent proper-

tiess may be affected in a different way. To compare the two types of lenses, we 



B.3.B.3. The coherence length and the resolving power 127 7 

13 3 

.£ £ 
5. 5. 

250 0 

200 0 

150 0 

100 0 

50 0 

0 0 

-1.00 -0.5 0.0 0.5 1.0 

Figuree B.4: The mutual intensity function in the image plane J^(xz,x'3 = 0), numeri-
callycally calculated for an ideal lens (solid black line) and a Fresnel zone plate lens (dashed 
graygray line). 

numericallyy evaluated the integrals of Eqs. B.12 and B.16 for the ideal lens and 

thee Fresnel lens, respectively. We took the same parameter values as before and a 

lenss aperture of 103 ^m, corresponding to 35 zone pairs, with an outermost zone 

widthh d = 725 nm. The focal length of the two lenses is identical. The resulting 

absolutee values of the MIFs in the image |J3(x3,0)| around the central maximum 

aree shown in Fig. B.4, together with the intensity distribution I{x^) in the image. 

Thee central peaks are identical in shape for both the ideal lens and the Fresnel 

lens.. However, the intensity maximum for the ideal lens is a factor 2.35 larger than 

thee maximum for the FZP lens. This is caused by the fact that only the +l s (-order 

diffractionn maximum of the FZP lens, which has a theoretical collection efficiency 

off  40.5%, contributes to the peak. This results in a lower intensity for the FZP 

lenss by a factor 1/0.405 ~ 2.46. The small discrepancy with the calculated ratio 

iss caused by the contributions of the other diffraction maxima to the central peak. 

Fig.. B.4 shows that the transverse coherence length of a FZP lens is identical to 

thatt of an ideal lens. 

Forr the ideal lens we already showed that the coherence length £3
d^al ^ 1.8Ax3. 

Wee have just demonstrated that £3
d®al = £ f j p a nd we know that the resolving 

powerr of the FZP lens is equal to the outermost zone width d (see chapter 4). 

Hence,, we have 
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Appendixx C 

Dynamicc x-ray scattering within 
aa waveguide 

Thee colloidal particles cause a time-dependent disturbance An(x, y, z,t) of the 
refractive-indexx profile within the waveguide guiding layer, see Eq. 2.20. The 
shapee function of the colloidal spheres is given by 

wheree r0 is the particle radius and r = (x,y,z) the distance to the center of the 
sphere.. With the aid of Eq. 2.2 we can write the disturbance An2(r, t) as 

An2(r,f)) = (l-ó(rj))2-(l-óo)2~2(S0-6(r,t)) 
\ 2 „„  N 

~'-AnJ(r)®J2~'-AnJ(r)®J2 SS((rr--rr^>^>  (C-2) 

wheree Ane is the electron density difference between the colloidal spheres and 
thee solvent, the Dirac delta function <5(r — Ti(t)) describes the position in time of 
particlee i and the (x)-sign stands for the convolution integral defined as 

/

+00 0 

dyf(y)g(x-y).dyf(y)g(x-y). (C.3) 
c c 

Wee insert Eq. C.2 into Eq. 2.24 and after integration we obtain the amplitude 
cckk(x',(x', z,t) of mode TE*. at the exit of the waveguide (z = L): 

cckk((XX',L,t)',L,t) = J2^m(0)Anere / dzé1-0™'0^ I dye-***'*

/

+oo o 

dx<t>l(x)[f(r)dx<t>l(x)[f(r)  ® Y, ^ r - r*(*))]<M*) - (C.4) 
o o 
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Wee now insert the mode profiles of Eq. 2.13. use sin(x) = (elx — e lx)/2i and 

rewritee the last equation as follows: 

- i q p - r r iqiq22> > *q.3 3 ++ e' iq£' ' 

/(r)®E<5(r-r,(0 ) ) (C.5) ) 

wheree C\ = ireAne/(2W) and the integral boundaries have been extended to in-

finity.finity.  This is allowed, because the particles are only present within the waveguide. 

Wee defined in Eq. C.5 four new scattering vectors q™fc = (q™£, Qj^y J QJ?Z)' 

(k(koo(e(ekk + em).0kX',8k-0m) (c.6) 

{ko{8k-Om),0kX',Pk-Pm){ko{8k-Om),0kX',Pk-Pm) (C.7) 

(-ko(e(-ko(ekk-6-6mm),d),dkXkX\0k-p\0k-pmm)) (C.8) 

H*,(0fcc + 0m),/W,ft-/?m). (C.9) 

q™* * 

Thesee four scattering vectors describe the four different ways in which mode m 

mayy scatter into mode k. This is a result of the standing-wave character of the 

waveguidee modes and can be readily explained if one decomposes the mode profiles 

intoo plane waves (see Fig. C l ) . Each TEm-mode consists of two plane waves 

travellingg at a relative angle 29m. Therefore, there are four scattering angles 

(labelledd 1 to 4 in Fig. C.l), resulting in coupling of intensity from mode m to 

modee k. This only changes the scattering vector in the confining direction. 

Wee now use the convolution theorem 

/

+OC C 

ƒƒ (x) <g> g{x)e~iqxdx 
-oc c 

andd we obtain 

f{x)e-f{x)e-iqxiqxdx dx a: : g{x)e-g{x)e-iqxiqxdx)dx) ,(C.10) 

Cfc c ((XX\LA)\LA) = ClJ2V -iq?-iq?kkTi(t)Ti(t) _ ^ ( E ^ ' ^^  + E 
\\ i i 

(c.n; ; 

wheree F{q) is the form factor of the colloidal spheres, given by Eq. 5.20, and 

VV =  (4/3)7r?~g is the volume of the spherical particle. In addition, we used the 

sphericall  symmetry of the spheres: F{qfilk) = F(q™k) and F(q™fc) = F(q^k). 

Thee e.m. field at the exit of the waveguide is now given by 

E(x,E(x,XX',L,t)',L,t) = J2ck(x',L,t)(pk(x)ei0kL. (C.12) 
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Figuree C.l: A waveguide mode can be decomposed into two co-propagating plane waves 
thatthat together form the standing-wave pattern of the mode. Here, the propagation direc-
tionstions of these plane waves are drawn for the mode profiles <f> m (solid arrows) and <j> k 

(dashed(dashed arrows). The mode angles are given by 9m and 6k, respectively. There are four 
scatteringscattering angles (labelled 1 to 4) that result in transfer of intensity from mode profile 
<t>m<t>m to 4>k. 

Wee assume that the mode profiles 4>k{x) are given by Eq. 2.13, i.e., we neglect 

thee evanescent waves within the confining surfaces. To obtain the Fraunhofer 

diffractionn pattern as observed by a detector positioned in the far field behind 

thee exit of the waveguide, we Fourier transform the e.m. field at the exit in the 

x-directionn and take into account the post-reflection from the lower surface, as was 

donee in Eq. 2.19. The electric field in the detector is given by 

EEdd(6(6ee,, X', t) 
R\ R\ 

Ü Ü 

1/22 i-w 
eelkoRlkoR / dxE(x,x',L,t)sm(k0eex) 

Jo Jo 
1/22 Kmax 

(C.13) ) 

aaikik00R R Y^cY^ckk(x!,LA)é^(x!,LA)é^ LLG{k,6G{k,6e e 

wheree G(k, 6e) represents the far-field diffraction pattern of mode profile 4>t at exit 

anglee 6e and is given by 

G(k,0G(k,0ee) ) dx(j)k(x)dx(j)k(x) sm(k06ex) 

r-W r-W 

// dx sm(ko0i.x) sin(ko9ex) 
Jo Jo 

(C.14) ) 
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Figuree C.2: The function \G(k,de)\
2 for k = 5 (gray curve) and k = 6 (black curve). 

InIn the calculation, the waveguide gap W = 500 nm and A = 0.094 nm. These curves are 
equalequal to the corresponding far-field diffraction patterns for a single propagating TE*, or 
TE(,TE(, mode, taking into account the post-reflection from the lower surface. The vertical 
dasheddashed lines depict the mode angles. The intensities at each mode angle is only non-zero 
forfor one specific TE mode. This enables selection of single waveguide modes by positioning 
thethe detector exactly at a mode angle. 

Thee function G(k, 9e) has a maximum for 6e = 9  ̂ and zeros for 0e equal to all 

otherr mode angles, see Fig. C.2. Note, that the description of the e.m. field in 

thee detector in the waveguide geometry is much more involved than in the case 

off  single scattering in a bulk sample, where the e.m. field is given simply by the 

Fourierr transform of the instantaneous configuration of the colloidal particles (Eq. 

5.2). . 

Wee now determine the normalized intermediate scattering function / ( q, i) in 

thee waveguide geometry: 

f(0e,x',t) f(0e,x',t) (£3(fl f ,x',0)gd(fl e,X
,,«)) ) 

(\E(\Edd(0e,X')\(0e,X')\22) ) 
(C.15) ) 

Iff  we insert Eq. C.13. we get an elaborate expression with a double summation 

overr all modes and all particles. The number of terms is reduced significantly, if we 

positionn the detector exactly at a mode angle 9k- Due to the behavior of G(k,6e), 

wee wil l then only observe mode TEj, in the detector (see Fig. C.2). We have for 
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>e>e — pfc 

/ ( 9 " X ' ( ) -- <Mx,W>  (C'16) 

wheree the term in the denominator is, apart from a pre-factor, the waveguide 

counterpartt of the structure factor in bulk DXS. c*  is given by Eq. C. ll and is de-

terminedd by a summation over all modes excited at the entrance of the waveguide. 

Iff  only one mode TEm is excited at the entrance of the waveguide the summation 

overr all modes in Eq. C. ll reduces to a single term. We then have 

<C;(XU,*)C*(XU,0) >> = \C1\
2F^{q1)'£[({e-^^-  ̂ + 

e- t ( q4 r J( 0 ) - q i r , ( 0)) + e- i ( q 1r J(0 ) -q4r , ( ( ) ) + e- i q 4 ( r J ( 0 h r i ( t ) ) j \ 

F(g i )F (g2) ( (e_^ q 2 r- ' ^ _ q i r ' ^^^ + e-1^31*^ 0)-^11*^') ) _|_ e-*(q2rj(o)-q4r,(t))^_ 

e- i (q 3r J(0 ) -q4r 1(« ))) _|_ e- i (q i r J(0 ) -q2r l (É)}  _j_ e- i (q4rJ(0) -q2r I (0)_ j_ 

e- i ( q i r j ( 0 ) -q 3r i ( t ) )) _|_ e- t (q4r J(0 ) -q3r l (0 )A \ _|_ 

JF
2(g2)((e"i c i 2 ( r j ( 0 )" r t ( t ) )) + e""* (q3rJ(0)_q2r* (f))-(-

e- i ( q 2 r j ( 0 ) - q3 r 4 ( 0)) _|_ g - iq^ ry fOJ- r^OU \1 _ ( C . 1 7) 

Yett another simplification is possible if we inspect the 8 terms belonging to 

thee pre-factor F(qi)F(q2) more closely. Al l these terms are of the following form: 

exp[—i(qexp[—i(qaarj(0)rj(0)  — qbfi{t))}- The minimum g-difference between qa and qt, is equal to 

thee angular mode spacing A9 = \/(2W), (see Eq. 2.15). The speckle size in the 

verticall  x-direction is given by exactly the angular mode spacing in the waveguide 

geometry.. Therefore, these terms are equivalent to cross-correlating two detectors 

thatt are positioned further apart than the size of a single speckle. Since the signals 

off  two different speckles are in general uncorrelated when time averaged [48], all 

thesee terms cancel. Next we assume that the positions in the three coordinates x, 

yy and z are uncorrelated and we rewrite Eq. C.17 as follows: 

N N 

(<$(* ' , .MJcfcfx^O))) = | C 7 ! |2 ^ ( f - i ; 3 ^ ' ( i " ( t ) - ^ ( 0 ) ) ) { e - ; ( ^ - ^ ^ 2 ' W - ^ ^ )

N N 

{F 2(g1)y^[{e +i fcn(ö* +öm)(T j (0 )~j : i ( ' ) ))) + (e-iMflfc+ömH^MOj+ar.fOh + 

/e+tfco(0fc+0m)( . r>(O)+;ri (O)\\ + /e-« fcü(0fc+0m)(* j (O)- :F j ( t ) ) \l  + 

N N 

FF22(q(q22)y^\(e)y^\(e+ik(,{ek+ik(,{ek~~ee"" ,)iXji0),)iXji0)~'~'xx''{t}){t}) )) + fe-
iko(8ic-em)(xi(Q)+xl(t))\ _j_ 

//ee+iko(0+iko(0kk-0-0mm)(xj(0)+xi(t))\)(xj(0)+xi(t))\ _|_ fe-iko(0k-0m){Xj(O)-Xi(t))\-\\ (C.18) 



134 4 APPENDIXAPPENDIX C 

Thee particles are positioned randomly within the interval [r0. W - r0}. and for 

r00 <C W we may assume that kQ{6k + 6m)Xj and k0(6k — 9m)xj take random 

valuess in the interval [0. 2n]. Therefore, each of the corresponding four terms 

00(0(0kk + 9m){xj{0) + Xi{t))\) and k - 6m)(x3(0) + *,(*))] ) equals 

zero.. Furthermore, the waveguide is symmetric when mirrored in the plane x = 

U'/2.. Hence. 

{vxp[-ik{vxp[-ik00(e(ekk + 9m)(xj(0) - x,(t))}} = (exp[+ik0(6k + Bm)(xJ(0) - x,-(0)]> (C19) 

and d 

< e x p [ - ^o ( ^ - öm ) ( x j ( 0 ) - JI - ( 0 ) ] )) = < e x p [ + i M ^ - öm ) ( j : j ( 0 ) - j i ( 0 ) ] ) . (C.20) 

Wee finally arrive at the equation describing the time autocorrelation function 

measuredd in the waveguide geometry, which is valid if (a) only one mode T E^ is 

excitedd at the entrance, (b) the single scattering approximation is valid and (c) 

thee detector is positioned exactly at a mode angle 6k: 

i.j i.j 

\2F\2F22(q(qll)(e~)(e~lko{0k+elko{0k+e''n){Xjio)n){Xjio)''Xl{t))Xl{t)))) + 2F2(q2)(e^iko{9k+077')(X](o)~xAt)))]  .(C.21) 

Thee 'waveguide structure factor' (\ck(x'~ L. 0)|2}  is found by setting t = 0 in the 

lastt equation. 
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Boltzmann'ss constant 

Classicall  electron radius 

Electronn charge 
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Permeabilityy of vacuum 

Planck'ss constant 
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symbol l 

kkB B 
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e e 

eo o 
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value e 
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Abbreviations s 

B PM M 

C C D D 

CCDL S S 

DL S S 

D W S S 

D X S S 

ESRF F 

FECO O 

F W H M M 

FZ P P 

G N P P 

GSE E 

Beamm Propagation Method 

Charge-Coupledd Device 

Cross-Correlatedd Dynamic Light Scattering 

Dynamicc Light Scattering 

Diffusing-Wavee Spectroscopy 

Dynamicc X-ray Scattering 

Europeann Synchrotron Radiation Facility 

Fringess of Equal Chromatic Order 

Fulll  Width at Half Maximum 

Fresnell  Zone Plate 

Grosss National Product 

Generalizedd Stokes Einstein 
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I D D 

M C T T 

MI F F 

M S D D 

PIN-d iod e e 

P L D D 

R B C C 

SAXS S 

T E E 

T M M 

W D X S S 

X P C S S 

Insertionn Device 

Modee Coupling Theory 

Mutuall  Intensity Function 

Meann Square Displacement 

(P-typee material - Insulator- N-type material) -diode 

Pathh Length Difference 

Resonantt Beam Coupler 

Small-Anglee X-ray Scattering 

Transversee Electric 

Transversee Magnetic 

Waveguidee Dynamic Light Scattering 

X-rayy Photon Correlation Spectroscopy 
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Summary y 
Thee aim of this thesis is to reveal the dynamic properties of ultrathin fluids, 

confinedd in between two closely placed flat solid surfaces. The work is motivated by 

thee observation that a fluid confined in a gap of less than a few times the diameter 

off  the fluid's building blocks shows confinement-induced freezing, resulting in an 

enhancedd viscosity and elasticity of thee fluid. This affects the lubricating properties 

off  fluids confined between two sliding objects, but also other circumstances in 

whichh a fluid is confined within a narrow space. 

Thee method we employ for investigating ultrathin confined fluids is the x-

rayy waveguide technique. Consider a fluid confined in between two flat silica 

disks,, which have a diameter of several millimeters. Piezo-driven motors position 

thee disks opposite to each other and the gap in between the disks, in which the 

fluidd resides, can be set between ca 20 nm and several micrometers. For x-ray 

wavelengthss the refractive index of fluids is generally higher than that of the solid 

walls,, which enables the fluid layer to serve as the guiding layer for x rays in a 

waveguidee geometry. If the angle between the propagation direction and the walls 

iss below the critical angle for total reflection at the fluid-wall interface, the x rays 

aree internally reflected and are thus confined to the fluid layer. The propagation of 

thee x rays within the waveguide is described in terms of so-called waveguide modes. 

Becausee almost all intensity propagates within the fluid and not within the walls, 

thee signal-to-noise ratio of the x-ray waveguide technique compares favorably to 

thatt in standard reflectivity or transmission experiments, where the x-rays travel 

throughh the thick confining walls before reaching the small scattering volume of 

thee fluid. If the confined fluid is ordered or if it contains macroscopic (colloidal) 

particless this wil l result in scattering between the waveguide modes. By analyzing 

thee time-dependent far-field diffraction patterns behind the exit of the waveguide, 

wee obtain the structural and dynamical properties of the confined fluid. The 

principless of the x-ray waveguide technique are described in chapter 2. 

Inn order to perform experiments on the smallest possible gap sizes we made 

twoo important technical innovations, which we present in chapters 3 and 4. The 

separationn and parallelism between the two disks is monitored by an optical in-

terferometerr technique called fringes of equal chromatic order. For this purpose 

thee surfaces are coated on the side of the guiding layer by semi-transparent alu-

minumm mirrors, which together form the cavity of the optical interferometer. The 

minimumm separation between the mirrors that can be measured in this way is half 

ann optical wavelength (~ 250 nm), much larger than the minimum gap for the 

x-rayy waveguide (~ 20 nm). In chapter 3 we describe how we overcome this lim-

itationn by depositing a silica spacer layer on top of the aluminum layer, resulting 



inn a multistep-index-waveguide geometry. In this manner we spatially separate 

thee optical mirrors from the waveguide surfaces. We have observed "cladding" 

modess travelling within the spacer layers and we give a full explanation of their 

behavior.. Using the multistep-index geometry, we have observed an unperturbed 

propagationn of the x rays through an empty waveguide with a length of 4.85 mm 

andd a gap of 59 rim. Smaller separations are feasible. 

Bothh the scattering volume of a thin fluid and the refractive-index contrasts 

forr x rays are very small. Hence, the scattered intensities may be too low in 

ann x-ray waveguide experiment, even if we use an x-ray source as bright as the 

Europeann Synchrotron Radiation Facility. In chapter 4 we demonstrate how we 

obtainn a coherent flux enhancement within the waveguide by almost two orders of 

magnitudee by pre-focusing an x-ray beam of 200-microineter height in one dimen-

sionn into a 1-micrometer high line focus at the entrance of the waveguide. The 

fluxx enhancement enables x-ray waveguide experiments at smaller gaps and lower 

refractive-indexx contrasts. The focusing device is a linear diffractive lens (a Fresnel 

zonee plate) operating in transmission. The lens affects the transverse coherence 

lengthh of the beam at the entrance of the waveguide, which is important for co-

herentt scattering experiments. In the absence of the lens the transverse coherence 

lengthh along the confining direction is ~ 100 micrometer in our configuration, in 

thee presence of the lens it is equal to the spatial resolution of the imaging system 

inn the image plane, which is ~ 0.3 micrometer. We describe the propagation of 

thee partially coherent x-ray beam from the source, via the lens and the waveguide 

too the detector plane in terms of the mutual intensity function. The observed 

diffractionn patterns are reproduced by numerical beam-propagation calculations, 

wheree partial coherence of the beam is taken into account via the mutual intensity 

function.. The results presented in chapter 4 enable us to define the optimum con-

ditionss for enhancing the flux within the waveguide, while matching the transverse 

coherencee length of the beam to the size of the gap between the confining plates. 

Beforee investigating the dynamics of confined colloidal suspensions, we con-

siderr in chapter 5 the long-term dynamics of bulk colloidal suspensions consisting 

off  charged silica spheres with a radius of 54.9 nm. Initially , these experiments were 

intendedd as a reference for the confined colloidal suspensions, but these charged-

stabilizedd colloids actually are an intriguing object of study by themselves, showing 

complicatedd visco-elastic behavior such as shear thinning and glass and gel forma-

tion.. Most colloidal suspensions strongly scatter light of visible wavelengths, due 

too large refractive-index contrasts between the solvent and the colloidal particles. 

Thiss frustrates experiments using standard light scattering techniques. By us-

ingg the techniques of dynamic x-ray scattering and cross-correlated dynamic light 

scattering,, we overcome this problem and we are able to observe the dynamical 



propertiess of strongly scattering fluids. We studied fluid systems with varying col-

loidall  volume fraction and varying Debye screening length. The colloidal dynamics 

cann be explained qualitatively by the cage effect. At short times the particles dif-

fusee within their cages, formed by their surrounding neighbors. At longer times 

thee particles reach their cage boundaries and the diffusion process slows down un-

ti ll  at the longest times the cages break up and long-time diffusion sets in. We 

foundd that the relaxation of the diffusion function can be scaled onto one single 

masterr curve for all suspensions in the liquid phase. This master curve has an 

algebraicc long-time tail, as is predicted by theoretical calculations. Furthermore, 

wee observed that one of the colloidal suspensions was a stable supercooled colloidal 

fluid.fluid. It did not show aging in the course of the experiments, but finally solidified 

afterr several years. This is the first observation of a truly supercooled colloidal 

fluid.fluid. The question whether the solidified system is a reversible gel or a glass could 

nott be answered due to the long time scales involved in the solidification process. 

Basedd on the results of chapter 5 we suggest experiments on charge-stabilized 

colloidall  suspensions close to the liquid-solid phase transition. By performing rhe-

ologicall  measurements of the fluid's visco-elastic properties and simultaneously 

performingg in-situ cross-correlated dynamic light scattering measurements, it wil l 

bee possible to directly test the validity of the generalized Stokes-Einstein relation, 

whichh relates the particle diffusion to the fluid's viscosity. 

Inn chapter 6 we discuss the dynamic properties of a dilute colloidal suspension 

confinedd in between two flat plates. The suspensions consist of lightly charged 

silicaa spheres with a radius of 115 nm and they form the guiding layer of an x-ray 

waveguide.. We work out the theory for dynamic x-ray scattering in the waveguide 

geometry,, which is more complicated than scattering from a bulk sample. The lat-

terr relates to the fact that the x rays propagate as standing waves in the confining 

direction,, not as plane waves. We observed that the short-time diffusion coefficient 

off  the spheres within the plane of the waveguide is enhanced when compared to 

thee same suspension in bulk. However, when the gap is decreased further, the 

diffusionn slows down again. At longer times the diffusion is sub-diffusive (frac-

tall  Brownian motion), as evidenced by long algebraic tails in the time-dependent 

mean-squaree displacement. We believe that this is caused by an inhomogeneous 

distributionn of surface charges on the confining walls. This results in a position-

dependentt particle-wall interaction, which hinders particle diffusion. The effect of 

thee inhomogeneities of the surface charges can be further investigated by purposely 

modifyingg the distribution of the surface charges. 

Inn the future, the experiments on confined fluids wil l be combined with surface 

forcee measurements. An experimental setup that combines x-ray diffraction ex-

perimentss on confined nanometer-thin fluids with surface force measurements has 



beenn constructed. Such comparisons wil l make it possible to relate the macroscopic 

forcess to the microscopic structure and dynamics. 



Samenvatting g 
Hett doel van dit proefschrift is het rechtsreeks waarnemen van de dynamische 

eigenschappenn van extreem dunne vloeistoffilms die zijn opgesloten tussen twee 
vlakkee harde wanden. Het werk is geïnspireerd door het feit dat het opsluiten 
vann een vloeistof in een spleet, waarin de bouwstenen van de vloeistof slechts een 
aantall  maal passen, kan leiden tot bevriezing van de vloeistof. Dit verhoogt de 
viscositeitt en elasticiteit van de vloeistof. Dit heeft betrekking op bijvoorbeeld 
smeermiddelenn tussen glijdende oppervlakken, die de wrijving en slijtage dienen 
tee reduceren, maar beïnvloedt ook andere omstandigheden waarin een vloeistof is 
opgeslotenn in een kleine ruimte. 

Voorr het bestuderen van ultradunne opgesloten vloeistoffen, maken we gebruik 
vann een golfgeleider voor harde röntgenstraling. Neem een opgesloten vloeistof, 
ingeklemdd tussen twee vlakke silica oppervlakken met een diameter van enkele mil-
limeters.. Piezo-motoren positioneren de oppervlakken nauwkeurig tegenover elkaar 
opp een afstand variërend van circa 20 nm tot enkele micrometers. De vloeistof 
bevindtt zich in de tussenliggende ruimte. De brekingsindex van vloeistoffen is voor 
röntgenstralingg over het algemeen hoger dan die van vaste stoffen. Dit maakt de 
opgeslotenn vloeistof automatisch geschikt als een golfgeleider voor röntgenstraling. 
Alss de hoek tussen de voortplantingsrichting en de oppervlakken kleiner is dan 
dee kritische hoek voor totale reflectie aan het grensvlak tussen de vloeistof en de 
wand,, worden de röntgengolven intern gereflecteerd en propageren ze alleen in 
dee vloeistoffilm. De voortplanting van de röntgengolven wordt beschreven door 
zogehetenn golfgeleider modes. Omdat bijna alle intensiteit zich voortplant in de 
vloeistoff  en niet in de wanden, is de signaal-ruis verhouding voor de golfgelei-
dertechniekk gunstig in vergelijking met die van standaard reflectiviteit en trans-
missiee experimenten, waarbij de röntgenstraling eerst door de relatief dikke wanden 
moett gaan alvorens het kleine strooivolume van de vloeistof te bereiken. Als de 
vloeistoff  zich ordent, of als zich macroscopische (colloïdale) deeltjes in de vloeistof 
bevinden,, zal dit leiden tot een verstrooiing van de golfgeleider modes. Door het 
tijdsafhankelijkee verre-veld patroon aan de uitgang van de golfgeleider te analy-
seren,, verkrijgen we de structurele en dynamische eigenschappen van de opgesloten 
vloeistof.. De principes van de golfgeleidertechniek voor röntgenstraling worden 
beschrevenn in hoofdstuk 2. 

Inn hoofdstuk 3 en 4 beschrijven we twee belangrijke technische innovaties die 
experimentenn mogelijk maken met zeer kleine afstanden tussen de opsluitende wan-
den.. De afstand en parallelliteit tussen de wanden worden in de gaten gehouden 
mett behulp van een optische interferometertechniek genaamd 'fringes of equal chro-
maticc order'. Hiervoor zijn de wanden, aan de kant van de geleidingslaag, bedekt 



mett halfdoorlatende aluminium spiegels, die samen de holte van de optische in-

terferometerr vormen. De minimale afstand tussen de spiegels die zo gemeten kan 

wordenn is gelijk aan de helft van een optische golflengte (~ 250 nm). veel groter 

dann de minimale afstand tussen de wanden van een röntgengolfgeleider (~ 20 

nm).. In hoofdstuk 3 beschrijven we hoe we deze beperking wegwerken. Dit doen 

wee door de spiegels op hun beurt te bedekken met een silica scheidingslaag, resul-

terendd in een meervoudig getrapte index geometrie. We scheiden zo de optische 

spiegelss ruimtelijk van de golfgeleideroppervlakken. We hebben "cladding"modes 

waargenomen,, die zich voortplanten in de scheidingslagen en we geven een volledige 

beschrijvingg van hun gedrag. Gebruikmakend van de meervoudig getrapte in-

dexx geometrie, hebben we een onverstoorde voortplanting van de röntgengolven 

waargenomenn door een lege golfgeleider met een lengte van 4.85 mm en een af-

standd tussen de oppervlakken van 59 nm. Kleinere afstanden zijn mogelijk. 

Zowell  het strooivolume van een dunne vloeistoffilm als de brekingsindexcon-

trastenn voor harde röntgen zijn erg klein. Daarom kunnen de verstrooide inten-

siteitenn in een golfgeleiderexperiment te klein zijn om waar te kunnen nemen, zelfs 

alss we gebruik maken van een intense röntgenbron als de European Synchrotron 

Radiationn Facility. In hoofdstuk 4 demonstreren we hoe we een coherente fluxver-

hogingg in de golfgeleider van bijna twee ordes van grootte bereiken door een 200 

micrometerr hoge bundel te focusseren tot een 1 micrometer hoog lijnfocus aan 

dee ingang van de golfgeleider. De fluxverhoging maakt golfgeleiderexperimenten 

mogelijkk bij kleinere plaatafstanden en met lagere brekingsindexcontrasten. Het 

focusserendee element is een lineaire ciiffractieve lens (een Fresnel zone plaat) die in 

transmissiee werkt. De lens beïnvloedt de transversale coherentielengte van de bun-

dell  aan de ingang van de golfgeleider, wat van belang is bij coherente verstrooiings-

experimenten.. In afwezigheid van de lens is de transversale coherentielengte, par-

allell  aan de opsluitingsrichting, ongeveer 100 micrometer, in aanwezigheid van de 

lenss is ze gelijk aan het oplossend vermogen van de lens in het beeldvlak, die gelijk 

iss aan 0.3 micrometer. We beschrijven de voortplanting van de partieel coherente 

röntgenbundell  van de bron, via de lens en de golfgeleider naar het detectorvlak met 

behulpp van de wederzijdse intensiteit-functie. De waargenomen diffractiepatronen 

wordenn gereproduceerd door numerieke bundelvoortplantingsberekeningen. waar-

bijj  via de wederzijdse intensiteit-functie rekening wordt gehouden met partiële 

coherentie.. De resultaten van hoofdstuk 4 stellen ons in staat om de optimale 

conditiess voor fluxverhoging in de golfgeleider te bepalen, waarbij de transversale 

coherentiee van de bundel wordt 'gematched' aan de afstand tussen de platen. 

Voordatt we de dynamica van opgesloten colloïdale systemen bestuderen, be-

schouwenn we in hoofdstuk 5 eerst de dynamica van bulk colloïdale oplossingen 

opp lange tijdsschaal. Deze bestaan uit geladen silica bolletjes met een straal van 



54.99 nm gesuspendeerd in een oplosmiddel. In eerste instantie zijn deze exper-

imentenn bedoeld als een referentie voor de opgesloten oplossingen, maar deze 

ladingsgestabiliseerdee colloïden vormen op zichzelf een intrigerend studieobject, 

mett complex visco-elastisch gedrag zoals 'shear thinning' en glas- en gelvorming. 

Dee meeste colloïdale oplossingen verstrooien zichtbaar licht sterk, vanwege de grote 

brekingsindexcontrastenn tussen het oplosmiddel en de colloïdale deeltjes. De re-

sulterendee meervoudige verstrooiing maakt experimenten met standaard lichtver-

strooiingstechniekenn onmogelijk. Door gebruik te maken van kruisgecorreleerde 

dynamischee lichtverstrooiing en dynamische röntgenverstrooiing, omzeilen we dit 

probleemm en kunnen we de dynamische eigenschappen van systemen waarnemen, 

diee zichtbaar licht sterk verstrooien. We hebben colloïdale vloeistoffen bestudeerd 

mett een variërende colloïdale volumefractie en een variërende Debye afschermings-

lengte,, de typische interactielengte van de Coulomb interactie. De colloïdale dy-

namicaa kan kwalitatief begrepen worden met het 'kooi-concept'. Elke deeltje zit 

opgeslotenn in zijn kooi, die gevormd wordt door de omringende deeltjes. Voor 

kortee tijden bewegen de colloïdale deeltjes diffusief in hun 'kooien', maar voor 

langeree tijden bereiken de deeltjes de randen van hun kooien en zakt de dif-

fusiecoëfficiëntt in totdat uiteindelijk de kooien openbreken en de deeltjes op lange 

tijdschaall  weer diffusief gedrag vertonen. We hebben ontdekt dat de relaxatie 

vann de diffusiecoëfficiënt voor alle bestudeerde vloeistoffen geschaald kan worden 

opp een enkele basiscurve. Deze heeft een algebraïsche staart voor lange tijden, 

zoalss voorspeld door theoretische modellen. Verder was een van de colloïdale 

oplossingenn een stabiele onderkoelde vloeistof. Deze vertoonde gedurende de ex-

perimentenn geen tekenen van langzaam 'ouder worden', maar stolde na enkele 

jarenn uiteindelijk tot een vaste stof. Dit is de eerste observatie van een echt on-

derkoeldee colloïdale vloeistof. Omdat de tijdschalen van het stollingsproces zo 

langg zijn, was het niet mogelijk om de vraag te beantwoorden of dit systeem een 

reversibelee gel is of een glas. Naar aanleiding van de resultaten van hoofdstuk 5 

stellenn we nieuwe experimenten voor aan ladingsgestabiliseerde colloïdale oplossin-

genn dicht bij de vloeibaar-vaste faseovergang. Door het uitvoeren van reologische 

metingenn ter bepaling van de visco-elastische eigenschappen van de vloeistof en 

vergelijkingg van de resultaten met die van in-situ kruisgecorreleerde dynamische 

lichtverstrooiingg zal het mogelijk zijn om de geldigheid van de gegeneraliseerde 

Stokes-Einsteinrelatiee direct te testen. De laatste legt een verband tussen de dif-

fusiee van de deeltjes en de viscositeit van de vloeistof. 

Inn hoofdstuk 6 onderzoeken we de dynamische eigenschappen van een verdunde 

colloïdalee oplossing opgesloten tussen twee vlakke platen. De oplossingen bestaan 

uitt lichtgeladen silica bolletjes met een straal van 115 nm en vormen de geleid-

ingslaagg waarin de röntgengolven zich voortplanten. We werken de theorie voor 



dee dynamische röntgenverstrooiing in de golfgeleidergeometrie volledig uit; deze is 

ingewikkelderr dan die voor verstrooiing aan een bulk vloeistof. Dit komt doordat 

dee röntgenstraling zich in de golfgeleider voortplant als staande golven in de op-

sluitingsrichtingg en niet als vlakke golven. We hebben waargenomen dat de diffusie 

vann de opgesloten colloïdale deeltjes op korte tijdschalen wordt versneld in vergelij-

kingg met eenzelfde niet-opgesloten oplossing. Echter, als de plaatafstand verder 

wordtt gereduceerd, wordt de diffusie weer vertraagd. Op langere tijdschaal is de 

bewegingg van de deeltjes sub-diffusief (fractale Brownse beweging), wat afgeleid 

wordtt uit het feit dat de gemiddelde kwadratische verplaatsing voor de langste 

tijdenn algebraïsche staarten vertoont. Wij denken dat dit komt door een inhomo-

genee verdeling van de oppvlakteladingen op de opsluitende wanden. Dit resulteert 

inn een positieafhankelijke deeltjes-wand interactie, wat de diffusie van de deeltjes 

hindert.. De invloed van de inhomogeniteit van de oppervlakteladingen kan verder 

wordenn onderzocht door deze opzettelijk te veranderen en het effect op de diffusie 

tee bestuderen. 

Inn de toekomst zullen de experimenten aan opgesloten vloeistoffen uitgebreid 

wordenn met metingen van de oppervlaktekrachten. Een experimentele opstelling 

diee röntgenverstrooiingsexperimenten aan nanometer-dunne vloeistoffen combi-

neertt met metingen van de oppervlaktekrachteii is gebouwd. Door de resultaten 

vann deze experimenten te vergelijken zal het mogelijk worden om de macroscopis-

chee krachten te relateren aan de microscopische structuur en dynamica. 
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