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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) 

c 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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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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ID22 2 
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233 /urn 

300 /im 
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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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