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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 
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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 



3.4.3.4. Conclusion and outlook 45 

surfacess have a well-controlled shape, the refraction effects can be deconvoluted 

fromm the diffraction pattern. 
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