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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 



48 8 CHAPTERCHAPTER 4 

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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waveguide e detector r 
S 5 . . 

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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source e image e 
.coh h lens s 

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'if t 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 properties 

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 partially 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 Js(/?,•. 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 

1.2 2 

1.0 0 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

ii  1 1 . . - 1 

<& & 

f f 
[ [ 

II I 
j i jj f 

xa^rt&s&dpBfafffffflxa^rt&s&dpBfaffffffl , » | ^ « ^ n ^ i 

0.0255 0.030 0.035 0.040 0.045 0.050 



62 2 CHAPTERCHAPTER 4 

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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