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Coherent Propagation of X Rays in a Planar Waveguide with a Tunable Air Gap
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We have made a multimode waveguide of x rays having an air gap as the guiding medium.
Individual transverse electric modes were found to propagate through the planar waveguide with
essentially no attenuation and with negligible scattering losses to other modes. If different modes
are excited simultaneously at the waveguide entrance, then the phase relation between these mode
as given by their propagation constants is found to be preserved over the entire length of the
waveguide. [S0031-9007(99)08517-8]
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For more than 20 years thin-film structures have be
used as waveguides for x rays [1]. These planar wa
guides have in common with their optical counterpar
that there is a thin central layer having a higher refra
tive index than the surrounding media. As a result
total internal reflections from the interfaces, the layer
capable of guiding a finite number of electromagne
(e.m.) modes which propagate in the plane of the lay
and have a standing-wave character in the direction n
mal to the plane. The modes are evanescent in the s
rounding media. For x rays, the refractive index of
medium is slightly less than one, i.e.,n ­ 1 2 d 2 ib,
where d , 1026 and b , 1028 are proportional to the
electron density and the absorption coefficient, resp
tively. Hence, the guiding layer material should be le
dense than the surrounding material.

We have constructed a planar x-ray waveguide cons
ing of two parallel plates of a few mm in length, which
can be accurately positioned at a distance of a few h
dred nanometers. Waveguiding takes place in the n
row air gap between the plates. In previous devices
guiding layer was a deposited layer of a light eleme
such as carbon [2,3]. At 0.1 nm wavelength, a substan
fraction of the x-ray beam is absorbed in these mate
als. By comparison, the absorption in air is negligibl
Low-loss transport of x rays has earlier been achieved
hollow glass capillaries [4], which in tapered form ar
primarily used as focusing devices. However, cohere
excitation of discrete modes is not possible in a taper
geometry. In this Letter we report for the first time th
excitation and propagation of single coherent x-ray mod
in a waveguide with an air gap. Apart from being a los
free transport medium, the waveguide may serve as
sample (e.g., liquid) container enabling coherent x-r
scattering experiments on samples of nanometer thi
ness in a wave field with accurately known amplitud
and phase at each point. In a first, essential, step
wards achieving this goal we demonstrate the wavegu
ing properties of a planar geometry in the absence o
sample. The undisturbed propagation of single modes
96 0031-9007y99y82(8)y1696(4)$15.00
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x-ray wavelengths requires nanometer control of the p
distance and parallelism and requires the plates to be
and atomically smooth.

The incident field is determined by the geometry
our experiment as shown in Fig. 1. Letz and x be the
coordinates along the propagation direction and along
normal to the plates, respectively. A plane e.m. wa
with wave numberk and with the electric field polarized
perpendicular to the plane of incidence, is incident o
the device at a grazing angle. In front of the wavegu
entrance the wave is totally reflected from the lar
bottom plate. The resulting field across the entrance p
(z ­ 0) is a standing wave due to interference of t
incident wave and the reflected wave. The standing w
field must have a node at the surface of the bottom p
(x ­ 0) and is of the formCsx, z ­ 0d ­ sinskuixd,
whereui is the angle of incidence. For a gap of wid
W this field will also have a node at the position
the upper plate ifui ­ um, with um ­ sm 1 1dpykW
and m ­ 0, 1, 2, . . . . This wave field, which excites the
mth transverse-electric (TE) mode of the wavegui
will propagate through the waveguide undisturbed. T
corresponding expression for the amplitude of the wa
field within the waveguide is to a good approximatio
given by

Cmsx, zd ­ sinskumxd exps2ibmzd , (1)

FIG. 1. Schematic of the waveguide and the experime
geometry. Angles and distances are not to scale; see text.
© 1999 The American Physical Society
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where bm ­ k
p

s1 2 u2
md ø ks1 2 u2

my2d is the propa-
gation constant of the mode [5]. Within the plate ma
rial, the field decays exponentially to zero. The1ye decay
depth for themth mode equalsj ­ k21su2

c 2 u2
md21y2

with uc the critical angle for total internal reflection [5]
For the lower mode numbers and the experimental c
ditions considered here, we havej ø W . Hence, the
contribution of the evanescent field to the propagation
these modes is negligible, which justifies the assumpt
in (1) thatCms0, zd ­ CmsW , zd ­ 0.

For angles of incidenceui fi um, the wave field ampli-
tude at the entrance plane is not zero atx ­ W , and there-
fore a coherent superposition of guided modes is nee
to match the incident field. The corresponding wave fie
is given by the Fourier expansion

Csx, zd ­
mmaxX
m­0

cmsuidCmsx, zd , (2)

with

cmsuid ­
2s21dm

kW
um sinskuiWd

su2
m 2 u

2
i d

. (3)

Here,Cmsx, zd is given by (1) andmmax . kWucyp 2 1
is the maximum mode number allowed up to the critic
angleuc. Modes with numberm larger thanmmax cannot
be confined within the gap and will be absorbed by t
plate material (“radiative” modes [5]). For an incide
angleui in between two consecutive guided-mode ang
um, the amplitude is distributed predominantly over t
two neighboring modes.

The waveguide was made of two fused-silica pla
with an optical flatness of,ly20, coated with a thin
metal film. Chromium layers of 30 nm thickness we
sputter-deposited onto the bottom plate (o.d.­ 25 mm)
and thermally evaporated onto the upper plate (o.d­
5.2 mm). The surfaces had an rms roughness of 0.3
0.4 nm, respectively. These values were determined fr
x-ray reflectivity measurements on each of the plates. T
upper plate was mounted onto a piezo element which
turn was mounted onto a tripod of piezodriven Inchworm©

motors. The Inchworms were used for a coarse appro
to the lower plate and for angular adjustments. T
additional piezo element was used for fine tuning the g
The gap widthW can be varied down to 250 nm whil
keeping the plates parallel. In order to compensate
thermal drifts we continuously monitored and adjusted
plate distance to within an accuracy of 2 nm by usi
the optically semitransparent plates as an interferom
based on the technique of fringes of equal chroma
order (FECO) [6]. The latter technique also enables
to eliminate a possible tilt angle between the plates
within an accuracy of 5mrad. Note that a gap distanc
of 250 nm over a length of 5.2 mm results in a length-
width ratio as large as2 3 104.

The waveguide setup was mounted horizontally on
the diffractometer at the undulator beam line ID10
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(Troika) of the European Synchrotron Radiation Facil
(ESRF) in Grenoble (France) [7]. A photon energ
of 16.5 keV (l ­ 0.0751 nm) was selected using th
(111) reflection of a diamond crystal monochromator
Laue geometry followed by a mirror for suppression
higher harmonics from the undulator. The intensity
the beam of 0.1 mm width passing through a vertic
gap of 500 nm was typically2.4 3 107 photonsys. The
transverse coherence lengthLy of the beam in the vertica
plane along the coordinatex is determined byLy ­
lDysy ­ 144 mm, where D ø 45 m is the distance
from the source to the sample andsy ­ 23.5 mm the
vertical source size (full width at half maximum) o
the beam. The incident field is fully coherent acro
the gap sinceLy is much larger than the typical ga
sizes used in the experiment. In the horizontal pla
the source size equals928 mm, which yields a transverse
coherence lengthLh ­ 3.6 mm. As Lh is much smaller
than the horizontal beam width of 0.1 mm, the beam h
incoherent properties in this direction. The longitudin
coherence length equalsLl ­ l2yDl ­ 1.5 mm, with
Dlyl ­ 5 3 1025 the monochromator bandwidth [7]
Ll is to be compared with the maximum path leng
difference PLDmax ø Lsu2

c 2 u
2
0dy2 between the highes

and lowest modes after traveling over the length of t
waveguide. ForL ­ 5.2 mm we find PLDmax ø 26 nm
and we conclude thatLl ¿ PLDmax. Hence, the nonzero
bandwidth of the monochromator does not affect t
coherent phase relation between different guided mode

Given an angular spacingDum ­ pykW between
modes of typically 0.005± and a vertical beam divergenc
being much smaller than this value, it is possible
excite only one mode at a time. The total number
guided modesmmax is determined by the critical angle
for total reflection from the chromium layer whic
equalsuc ­ 0.18±. For a gap width of 400 nm we find
mmax ­ 33.

The modes propagating through the waveguide fo
given incidence angleui are identified by measuremen
of the far-field angular distribution of intensity exitin
the waveguide. The diffracted intensity was recorded
a function of the exit angleue by a NaI scintillating
detector which can be rotated in the vertical plane.
slit in front of the detector fixes the vertical opening ang
at 0.0005±. The presence of the reflecting bottom pla
behind the exit plane causes interference between
direct and specularly reflected waves emerging from
exit, making it the time-reversed case of the interferen
occurring at the front of the waveguide. We measur
the diffraction patterns for a range of fixed inciden
angles ui up to a value corresponding to excitatio
of the 11th TE mode. Figure 2 shows a logarithm
contour plot of the intensity over a mesh of angle pa
(ui , ue), in steps ofDui ­ 0.001± and Due ­ 0.0005±.
The peaks along the diagonal at mode anglesui ­ um,
are the unperturbed guided modes. Their angular spa
1697
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FIG. 2. Logarithmic contour plot of the intensity diffracte
from the exit of the waveguide as a function ofui andue. The
measurements were performed at a wavelengthl ­ 0.0751 nm
and forW ­ 486 nm andL ­ 5.2 mm. The TE modes in the
waveguide are the maxima along the diagonalue ­ ui .

(Dum ø 0.0044±) corresponds to a gap widthW of
486 nm, which confirms the interferometrically measur
gap width. The off-diagonal peaks at the mode angles
subsidiary diffraction maxima associated with the fin
width of the gap. Forui in between mode anglesum

and um11, the field amplitude within the waveguide
distributed over a complete set of modes, but mainly
neighboring ones. Figure 3 illustrates this for patte
along the vertical lines in Fig. 2, which were take
at ui values equal tou7, su7 1 u8dy2, and u8. The
corresponding amplitude distributions within the entran
plane are shown as well.

The measured diffraction patterns are compared w
the predictions of a mode propagation model based
the wave field amplitude as given by (2). Applying th
Huygens principle to the wave fronts departing from t
exit plane and including the postreflection one obtains
the diffracted intensity in the far-field limit

Isui , ued ­

É
mmaxX
m­0

e2ibmLcmsuidcmsued

É2
, (4)

where I has been normalized such thatIsum, umd ­ 1.
The calculated positions and heights of the diffracti
minima are in good agreement with the measureme
(dashed curves in Fig. 3). However, the observed ph
contrast is smaller than calculated. This probably rela
to a partial incoherence of the beam in the verti
plane, which is caused by the optical elements alo
the incident beam path [8]. We find a better fit to t
measured diffraction patterns ifIsui , ued as given by (4)
is convoluted with a Gaussian distribution inui having a
full width at half maximum of 0.0033± (solid curves in
1698
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FIG. 3. Diffraction patterns from the exit of the waveguide f
different angles of incidenceui corresponding with the vertica
lines in Fig. 2. The values ofui are (a)u7, (b) su7 1 u8dy2,
and (c)u8. The dashed curves are patterns calculated with
use of (4). The solid curves have been obtained by convolu
Isui , ued in (4) with a Gaussian intensity distribution inui ; see
text.

Fig. 3). It is as yet unclear which optical elements a
responsible for the reduced phase contrast.

Deviations between measurements and calculations
found at higher subsidiary maxima of the diffractio
pattern forui ­ su7 1 u8dy2 [Fig. 3(b)]. This part of the
spectrum is sensitive to the change of the field amplitu
at x ­ W , where it has to drop sharply to zero. Give
the good fits, there is no indication that modes are exc
by surface imperfections, as was previously found in so
waveguiding structures [9].

The transmission of the waveguide was determined
opening the detector so as to capture all of the inten
emerging from the exit and recording the intensity
a function of ui (not shown). It was verified that thi
measurement gives the same results as integrating
vertical lines in the contour plot. Forui values midway
between the lower mode angles (e.g., between mod
and 2) the transmission was found to be typically98.5%.
The 1.5% loss is due to scattering into radiative mod
and its magnitude is consistent with

P`
m­mmax

c2
msuid ø

0.012 at these angles.
The specular reflectivity of the waveguide, i.e., t

diffracted intensity atu ; ue ­ ui, has its maximum
value at each mode angleum. At other angles the
reflectivity is smaller because of destructive interferen
between modes; see the intensity along the diagona
the contour plot in Fig. 2. Angle-dependent reflectiv
curves are shown in Fig. 4 for three different values
W . For the mode spacing, the relationDum ­ pykW
is once again confirmed. Also a longer-period variat
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FIG. 4. Diffracted intensities measured along the diago
u ­ ue ­ ui in Fig. 2, for gap widthsW of (a) 391 nm, (b)
478 nm, and (c) 506 nm. The dashed curves are intens
calculated with the use of (4). The solid curves ha
been obtained by convoluting (4) with a Gaussian intens
distribution inui ; see text.

of the reflectivity is present, which is due to multimod
interference. We have calculated the reflectivity us
(4); see dashed curves. The functionIsu, ud multiplied
by a constant scaling factor, reproduces the meas
reflectivity curves very well, except at the lowest ang
where surface irregularities at the entrance may h
affected the measurements.

Again, the observed interferences are weaker than
culated and the convolution as described above prov
a better fit (solid curves, Figs. 3 and 4). Our observat
that the slow periodic variations in the specular refle
tivity are in good agreement with the multimode prop
gation theory [10], is direct proof that the coherence
preserved over the entire length of the waveguide. T
latter is quite remarkable. While the number of oscil
tions made by the e.m. field of a single mode over
distanceL is of the orderbmLy2p , 108, the difference
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sbm 2 bndLy2p , 1 in the number of oscillations be
tween (not too distant) modesm andn is found to remain
well defined.

The waveguide is designed to serve as a containe
complex fluids such as colloidal suspensions. Inhom
geneities in the refractive index of the fluid cause t
amplitude in a single mode to scatter into other mod
Studies of mode coupling enable us to detect layering
the colloidal particles between the confining walls. Ul
mately, we would like to reduce the gap width to a fe
nanometers and study the structural ordering of liquids
a molecular scale in correlation with changes in their
bricating properties.
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