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X-ray waveguides with multiple guiding layers
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We have generalized the principle of resonant x-ray beam coupling to waveguides containing multiple
guiding layers and characterized their x-ray optical properties. In such a device, several coherent beams of a
width on the order of 10-100 nm can be extracted at the end of the waveguide. By measuring the farfield
pattern formed by the interference of the beams, we demonstrate the possibility of using these devices as new
tools to tailor the field distribution in the near- and far-field region for specific applications. Besides coherent
diffraction and imaging, interferometry with two or more nanometer sized beams can be envisioned.

During recent years, several new techniques using coheing particularly the shape in the nearfield and thus in the
ent x-ray beams have evolved upon the availability of newfarfield pattern. Additionally, high coupling efficiencies of
and highly brilliant synchrotron radiation sources, rangingsingle guiding layer waveguides can only be achieved for a
from coherent diffraction and photon correlation very small angular acceptance of the incident begypi-
spectroscopy® to hard x-ray microscopy and imagifig. cally a few thousandths of a degjeé A broader angular
New optical devices for coherent hard x-ray radiation mayacceptance combined with a more divergent x-ray source
lead to further improvements. Submicrometer spot sizes ofvould lead to an increased absolute flux throughput com-
coherent beams have recently been achieved by Fresngfred to the performance of a conventional waveguide at
lenses’ However, current lithographic processes and an absuch a source. In order to overcome these limitations, we
sorption contrast decreasing with photon energy limit thehave generalized the concept of resonant beam coupling de-
performance of both Fresnel and Bragg-Fresnel-type opticgices (x-ray waveguidesin the present work from single to
in the regime of hard x-rays. Providing an alternative routemultiple guiding layers. By multiple guiding layer
Feng and co-workers proposed the use of x-ray waveguideaveguides one can generate more complex and specifically
structures and demonstrated the feasibility of a resonaritilored field distributions in the near- and far-field regions.
beam coupling device, which produces a coherent and diveMost importantly, this scheme may open a new way to per-
gent x-ray beam with precisely defined properties concerninform x-ray holography and interferometry experiments using
beam shape and cohererfideollowing this principle, Lago- two or more coherent beams of nanometer dimensions.
marsino and co-workers performed a lenseless phase contrastFigure 1 shows the schematic of a waveguide structure
microscopy experiment with submicrometer resolution inconsisting of several guiding layers of a low density material
one direction. For the demonstration experiment the authorsuch as carbgrwith an index of refractiom, and a thick-
have used a waveguided beam with a cross sectionl@00 nessd; separated by comparably thin layers of a high density
A [full width at half maximum(FWHM)] in a transmission material (such as nickglwith d, andn,, respectively. To-
microscopy setup.We have recently shown that even beamwards the substratésilicon or floatglass the periodic
widths of less than 100 A can be achieved by the techrfiquemultilayer structure is bounded by a thick bottom layer

The basic structure of a hard x-ray waveguide consists ofthicknessd,, indexn,). To gain an understanding of the
a low density guiding layer sandwiched in between layers ofmode excitation and waveguide properties, we have calcu-
high density. Accordingly, the guided modes are resonantlyated the internal(and external standing electromagnetic
excited by shining a parallel beam onto the waveguide undeiield as a function of the structural and geometric parameters
grazing incidence at a set of discrete angtgg. A coherent  (layer thickness, composition and density, interface rough-
beam exits the structure at the side with a cross section coness, angles of incidence, x-ray energy a transfer matrix
responding to the thickness of the guiding layer and a diveralgorithm similar to the one used in the case of optical
gence given by the FWHM of the Fourier transform of thewaveguides? Equivalently, one can use the well known Par-
excited standing wavefielgee also Eq1)]. The divergence ratt formalisnt® for such calculations. The results can be
of the exiting guided mode, the angular acceptance, and theonveniently illustrated by two-dimensional contour plots,
absolute number of supported modes, can be all controlledhere the field amplitude or intensity is shown as a function
by the structural and geometric parameters and varied withiof the incidence angle; and depth into the sampk In Fig.

a certain rang&l® However, single guiding layer 2 calculations for waveguides with ort®p), two (middle),
waveguides are characterized by strong restrictions, concerand multiple (bottom guiding layers are shown, with the
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layers/bottom layer, 20 keV x-ray&* The angular accep- a, [deg]

tance of the TEO(zero-order transverse elecirimode in

such a structure is typically of the order of several thou- FIG. 2. Contour plots of the calculated electric field intensity
sandths of a degree. The enhancement of the electric fieltEy(z)I2 inside Ni/C waveguides with ong@op), two (middle), and
intensity respective to the incident beam reaches a factor gfeven(bottom guiding layers(20 keV x rays.

~120 for a; 1go. Note also that absorption was included in i v d h & lculated
these calculations, although it turned out to have only a mi- To experimentally demonstrate the effects calculate

nor effect for x-ray energies of<1 A. Equally, interfacial above and to fabricate the first multiple guiding layer struc-

roughness did not significantly alter the intensity vaIuestures' a series of differently designed waveguides was fabri-

: . cated by dc magnetron sputtering. The x-ray experiments
since the proc,:iuct Of_ the rms roughnessanq the internal were ca)r/ried out at the bending magnet beamline ROBL of
wave vectork, remained small, as long asdid not exceed ESRF with a Si111] double monochromator adjusted to an
15 A by far. . _ . x-ray energy of 20 keV. We used a beamsize at the sample of

Adding another guiding layefFig. 2, middle leads to a .1 mm(vert)x0.1 mm(hor) and a fast scintillation detector
splitting of the single modes into submodes with a symmetrignounted on the detector arm at a distance of 680 mm. In Fig.
(at smallera;) and antisymmetric phase shafgeeatera;), 3, the measured reflectivity of a single guiding layer struc-
analogous to the quantum mechanical tunnel splitting inure (55 A Ni/1098 A C/220 A Ni/floatglass-substratea
double well potentials or overlappirgjorbitals in quantum  waveguide with two guiding layer&’5 A Ni/98 A C/97 A
chemistry. Thus we are able to produce a resonantly eriNi/94 A C/202 A Ni/substrateand a multiple guiding layer
hanced internal field distribution with a shape similar to thewaveguide (% [25A Ni/457 A C]/200A  Ni/floatglass-
TE1 mode of a single-layer guide, but with a different phasesubstratgare shown. Apart from the above thickness values,
pattern. Another important point is the increased angular acan average rms roughness®f9 A, and an additional ox-
ceptance, i.e., “allowed” angles of incidence, for which ide layer of a thickness of 14 A at the top was obtained from
mode excitation inside the guide appears. Additionally therea reflectivity fitting procedure based on the film densities of
is no loss in the maximum field enhancement, as would renickel and carbon typically observed in sputtering.
sult, e.g., from a simple decrease in the top layer thickness of The waveguide effects readily manifest themselves in the
a single-layer guide. A further increase in the number ofreflectivity curve as cusps in the plateau of otherwise total
guiding layers leads to a set of guiding bands, where modexternal reflection. In a simplistic argument valid for infinite
excitation is observed within intervals of , see Fig. 2bot-  samples and beams, photons get trapped under the resonance
tom). Note that the single submodes in the two guiding bandgonditions in the guiding layer propagating over an active
are still discernible. A more detailed analysis shows that theoupling length(in our case~500-1000um) parallel to the
electric field amplitudes and shapes of these submodes dsurface, and are therefore more likely to get absofBdthe
pend very sensitively om; and very complex phase distri- enhanced absorption loss manifests itself as a pronounced
butions can be achieved by selecting the corresponding extecrease in the reflectivity. From the width of the cusps, the
cited submode. In the limit of an infinite number of guiding angular acceptance of the mode can be roughly estimated. In
layers a perfect bandlike behavior results, and it is no longetase of a finite structure cut off at one side, photons trapped
possible to select a single submode, also because of the diia-the guiding layer may also exit at the side leading to a
matically enhanced probability of modemixing in the latter beam of nanometer dimension. This may happen, if the foot-
case. print of the beam is separated from the edge of the sample by
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s w0 &5 2D s (95 A Ni/98 A C/101 A Ni/100 A C/202 A Ni/substrateBottom:
/ Calculated farfield intensity distributiol( «;) for the same struc-
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FIG. 3. Measured reflectivityopen circles connected by line
and waveguided modéull circles connected by lineof a wave-

ide with ingle 1098 A b iding | ith t ) . . .
gﬂ:dﬁ]g\/ 'lay:r:'(r;%e}& Ni/98 E\azg;ggl &?/%4%}&@03’2(\)’2 AVKI?/ pronounced farfield interference reflecting the particular
substrate (middle and with multiple guiding layers (7 shape of the waveguided mode. The interference pattern is

x[25 A Ni/457 A C]/200 A Ni/substrate (bottom) for 20 keV x spread out over a wide angular rar(garticularly far into the

rays. areaa;<0, where the sample shadows the direct bedm
the case of the multiple guiding layer device the data are
not much further than the active coupling length. represented as a logarithmically coded contour plot in Fig. 5.

Very clearly, the double and multiple guiding-layer struc- In this representation, the primary beam passing the sample
tures give rise to a splitting and thus broadening of the cuspat 26=0 appears as a straight vertical streak, the specular
in the plateau of otherwise total external reflection, as exbeam at 2=2«; («;=as) as a straight but inclined streak.
pected from the simulations in Fig. 2. A more direct evi- For the doublgmultiple) guiding layer waveguide an aver-
dence of the waveguide effects and an assessment of its efge width(FWHM in vertical direction of the interference
ficiency in the single and multiple guiding layer structuresmaxima of ~0.004° (~0.039 and a periodicityAa?'"fnf’{:x“red
can be obtained by measuring the beam exiting horizontally

from the sample, setting the detectordg=0 with detector 0.14 ———————— B .
slits adjusted to integrate over0.2° (corresponding to the V ¢
divergence of the exiting mogleThe corresponding curves 0.13 .

as a function ofa; are shown together with the respective
reflectivity curves, clearly demonstrating the enhanced angu-  o.12}
lar acceptance compared to a single guiding-layer device __
For the doublgmultiple) guiding layer device we estimate a @’ 011}
fourfold (sevenfold increase of the flux density compared to % [
a hypothetical slit of the same cross sect[ovhich corre- 0.10 |
sponds to a gain of(@) at that wavelengtht®

To study the complete farfield pattern of the modes, we  0.09|
have measured the detected intensity both for the double an
multiple guiding layer waveguide as a functionqgfanda; . 0.08 L e — -y

- : - -0.4 0.2 0.0 0.2 0.4 0.6

For the double guiding layer waveguide the results are 26 = o, + o [deg]
shown in Fig. 4 in the form of two detector scans for angles '
of incidence a; tgoo=0.129° and a; rg01=0.136° corre- FIG. 5. Logarithmic contourplot of measured interference pat-
Sponding the two submodes of the TEO mode. Apart from th@ern as a function of; and 20= a;+ «; of a multiple guiding layer

peaks of the primary beam passing the sample;ata; and  waveguide (% [25 A Ni/457 A CJ/200 A Ni/substratefor 20 keV
the specular reflected beama@t= a; on can clearly see the x rays.
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=0.207° (Aa??emﬁf;red: 0.0727°) at «;=0.136° (¢ ' - ' ' '
=0.105°) was determined. o =0085deg )4 - o =0.089deg 3
As a first approach for the explanation of the results we |
can consider the end of the waveguide as a grating with a
spacing of 193 A(482 A) [the periodicity of the double
(multiple) guiding layer stackd=d;+d,]. llluminating the
grating with a plane wave would result in a diffracted inter-
ference pattern with maxima dtsin a; = *m\, wherem
is a positive integer and=d;+d,. Evaluating the expres-
sion for the parameters of the multiple guiding layer wave-
guide one getd of"e%i°eL 0,0736°, which is in good agree- [ caloulated farfield-pattern
ment with the measured values. For the double layer d . s ' : :
waveguide the expected theoretical valuka|Soc" 06 04 02 o ?dgg] 0z 04 06
=0.184° is slightly smaller than the experimental value f
Aafr*0.207°. Although this is of course a very simple  FIG. 6. Calculated farfield intensity distributidigey) for two
approach, we can understand the basic origin of the meangles of incidence corresponding to the upfaiashed and lower
sured intensity distribution as a simple interference of thgline) end of the TEO-guiding ban®0 keV x rays.

coherent beams exiting horizontally from the waveguide . .
structure. For a more complete description of the phenom@Pserved and characterized by Feng, Deckmann, and Sinha
Ref. 18 for single guiding layer waveguides, should be

ena, we have calculated farfield patterns for several excite . ! : X
expected to be more prominent in the present multiple guid-

sgbmodgs of the multlpl_e guiding layer waveguide. In pr.m'ing layer structures and may necessitate further modifications
ciple, this can be done in the same way as for Wavegwdeﬁ] the descriptiof

W'th olnly one gu!dlng layer, where the Frau.n.hofer farfield |, summary, we have successfully demonstrated the prin-
intensity distribution as a function of the exiting angle  (jple of multiple guiding layer x-ray waveguide structures
(Ref. 17 is given in the approximation of small angles by and have shown that they can be understood by a straight-

Intensity I(a.) [arb. units]

o 2 forward generalization of the single waveguide case. The
L a))=1 f Ey(z)e‘ko sin(af)zq 4| (1) results can most simply be understood as a grating structure
— for hard x rays with a tailored periodicity in the range 100

<d=2000A, controlled by the design and growth of the
structure. Importantly the device differs from a hypothetical
Yransmission grating in that the field intensity impinging on
Th iodicity of th ) . has for both the grati_ng is enhanced up to two orders of magnitude by the
€ periodicity ot thé maxima Iy has for both cases waveguide resonance. Furthermore, one should be able to
roughly the same value and compares well with the.s'mpleﬁailor specific shapes of the exiting coherent x-ray beam after
grating app.roach. However, the positions of the maxima artareful parameter studies in the simulation of the electric
shifted against gach othgr due to the dlffgrent phase Pattetfdy and the corresponding farfield, possibly leading to new
of the two neatrﬁelds. While V‘f,e S€€ a maximum exactly CenTocusing devices. Such optical components could be of par-
tered atay=0° for a;=0.129° (TE0O), the farfield pattern ticular interest for thermal and cold neutrons, where one

cal_cﬂateol fom‘h: 0.136° ?hr?ws tvlvp lsqu:jgtricl maxi(rjna_at could use structures with more than 100 resonance layers
a;==0.1°. In the case of the multiple guiding layer device i, q ¢ significant limits by absorbtion. Guiding layer struc-
the farfield pattern is calculated for two angles of incidence,, a5 for hard x rays, e.g., with two guiding layers could lead
corresponding to the lowera¢=0.085°) and Upperdi 15 novel applications in x-ray interferometry, as the farfield
=0.089°) end of the TEO band and shown in Fig. 6. Againg;syipution is crucially sensitive to phase changes in one of
we get a pattern with a centered maximum £ 0.085°) and ¢ interference beams. In this way information on the local,
one with two symmetric maxima around#Z «; (a1=0),  nanoscale electronic density can be projected onto macro-
but this time with a rather strong decay towards greptel. scopic area detectors. Furthermore dynamic properties could
Due to the different relative intensity decays, the farfieldyigy pe probed in a two-beam or multibeam interference
pattern with the single centered maxima is far more domisetyp as the exiting beam is fully coherent and therefore
nant in Fig. 5 than the other. Importantly, the simulation can,enable to photon correlation spectroscopy.

clearly reproduce the experimental feature of the split, V-like

shaped maxima in Fig. 5. In principle, the complete mapping We thank K. Ben-Saidane, W. Graf, and F. Berberich for
can be simulated by this approach, which is however numeritheir technical support and B. Toperverg, A. Frank, and D.
cally rather slow. However, the effect of mode mixing, asWindt for a series of fruitful discussions.

Calculating the farfield pattern for two angles of incidence
corresponding to the two submodes of the double guidin
layer device results in the plots shown in Fig.(lBbttom.
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