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Abstract

In thiswork the focusing properties of soft X-ray synchrotron radiation by separate capil-
laries are discussed. It is shown that a not negligible fraction of the synchrotron radiation
beam transmitted by the capillary has amode representation. Experimental and theoretical
data are discussed to explain the superposition pattern of the X-raysin thefocal plane due

to the interference phenomena of el ectromagnetic radiation propagating through separate
capillaries.
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1 INTRODUCTION

Recently, the phenomena of the interference of X-rays has been observed when glancing
reflections of X-rays in the capillary lenses occur [1]. Other experiments of synchrotron
radiation (SR) focusing by capillary macrosystems[2,3] showed aradiation redistribution
at thefocal plane of the optical systems. Although the mechanism of the multipletotal ex-
ternal reflection of the radiation from the inner wall of a single monocapillary or a capil-
lary system may explain the transmission of an X-ray radiation beam and the change of its
geometrical configuration, namely, bending, focusing, collimating, etc. phenomena, the
interpretation of the pattern redistribution is possible only in the framework of the wave
theory. A wave theoretical model describing the characteristics of soft X-ray quantainto
acapillary structure was recently proposed [4]-[7]. The model shows that the interference
and diffraction of X-rays can not be neglected when X-ray radiation diffuses into a cap-
illary "waveguide’. Results of both experimental and theoretical researches on the wave
properties of a SR beam travelling into capillary of definite geometry have been also dis-
cussed in Refs[8]-[15].

Because of the complex geometrical structure of the capillary lenses, the study of the
SR beam behaviour at the focal plane, when systems of simple geometry are considered,
representsan ideal test of thetheoretical model proposed viacomparisonwiththeavailable
experimental data

2 WAVE PROPAGATION INTO A CAPILLARY

Let usstart considering X-raysthat travel into a” waveguide” represented by ahollow tube
of inner radiusr,. Because X-raysmay beconsidered asvery short el ectromagnetic waves,
we may solve the wave equation to define the wave's distribution. The trajectories of X-
ray photonsinto channelsin the multiple reflection regime are spiral curveswith different
curvatureradii. The values of the curvatureradii of the trgjectoriesvary from a minimum
value which is equal to the waveguide channel radius r, to a maximum value defined by
the waveguide curvatureradius r.,.,. Hence, for isotropic X-ray radiation the beam will
be continuoudly distributed through all permitted trajectories.

We may consider now a particle travelling into a channel along the trajectory with
radiusrg < r; < reu. Asitiswell known [16,17] the wave equation for an electro-
magnetic wave with wave vector £ = w/c = 27 /X into amedia of dielectrical parameter
eis

(A+ k%) E(7) =0 (1)



The waveguide isrepresented by ahollow cylindric tube, and thefield, in which the
wave spreads, is described by the parameter
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wheres, = 1 — 6 + 13 (6 and  arereal values describing the radiation polarizability and
the attenuation, respectively) is the complex dielectrical function of the media (i.e. the
glass of the capillary).

When solving the wave equation we are mainly interested to the edge region which,
in fact, defines the wave guiding character inside the channel (r ~ r):

r=r+0r, &r<n 3)

Using the asymptotic methods and the expansion in aset of unknown parameter [18,
19], it ispossible to write the radiation field as

E(r,¢) = A(r1, @) u(dr) (4)

where the function A(ry, ) = f(€) ~ foleo) + fi(er) + ... determines the reflection
coefficient of the el ectromagnetic wave fromthewaveguidewall, i.e. R(¢) = |A(r1, ¢)|*.
In the coordinate system of the guide, the wave equation at the edgeregion is

(A+ees) u(@dr)=0, (5

wheree. s isan”effectivefield” parameter depending by =, £ and by thefunction A. Solv-
ing this equation we obtain the expression for therelative radial part of the wave function
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where @, (x) isthe Airy function.

The expression (6) characterizes the waves that propagate close to the waveguide
wall, or in other words, the equation describes the grazing modes structure of the electro-
magnetic field. The solution (Eq.(6)) shows also that the wave functions are damped both
inside the channel wall and going from the wall towards the center (Fig. 1). It should be
underlined herethat mode propagation takes place without awavefront distortion. A more
accurate analysis of these expressions allows also to conclude that almost al the energy of
the wave is concentrated in the vacuum region and, as a consequence, a small attenuation
along the waveguide wallsis observed.



Concerning the allowed modes of the electromagnetic field an estimation of the typ-
ical radial size of the main grazing mode (m = 0) may be obtained if we consider that

y= (M <uo>) = (200 /)P <1 ©)

and as a consequence, we can underline that the typical radial size < u, > may overcome
thewave length A\, whereastrajectory curvatureradiusr; may overcometheinner channel
radius rg.

If we suppose that only themodewithm = 0 istransmitted by the capillary, it ispos-
sible to consider the wave superposition of the radiation emerging by two different cap-
illaries. The computer smulation results are presented in Fig. 2 for two different cases:
a simple superposition of the distributions behind different capillaries at the focal plane
(Ieft panel), and asuperposition of wavesfrom different capillaries(right panel). Theright
panel exhibitsa strong redistribution with aclear maximaand thetypical sizes of the spots
(~ 10 =+ 30 pm) significantly exceed the wave length of the radiation. Moreover, the re-
distribution pattern cal culated does not change if the higher modes are taken into account,
and only abroadening of the spots is observed.

This patternisvery difficult to observeinthereal case because of the complex char-
acter of the radiation distribution into a capillary. In fact the distribution is defined by
the diffuse component of the radiation beam plus the portion of the radiation travelling
through the channel in the mode regime. Because SR travelsthrough acapillary only for a
few modes, experimental observation of pattern redistribution may be successful and only
when the diffuse part of the radiation is significantly suppressed. In addition, the pattern
of the redistributionis typically smeared out when optimal allignment is not achieved.

3 EXPERIMENTAL RESULTS AND DISCUSSION

A set of experiments to test the validity of the theoretical model were carried out using
thelayout described in Refs.[2,12] and schematically presented in Fig. 3. The distance be-
tween the center of the experimental chamber and theradiating orbital point wasabout 7 1.
At this distance the verticall FWHM of thebeamat A = 104 wasequal to ~ 1mrad.
All the channel elementswere held in vacuum at about 5 x 107¢ T'orr . A set of different
thicknesses Al-filtersremoveable in vacuum, placed into the chamber, was used to select
anarrow spectral line. A device to control the angular capillary system adjustment with
an accuracy of < 2mrad was aso placed at the exit of the chamber.

In this setup a system of two identical curved capillaries, positioned in the electron
orbital plane with mirror symmetry, replaced the capillary lenses. The scheme of the ex-
periment is shown in Fig. 4. As suggested by the theoretical calculations, the system pa-



rameterswere set to transmit SR in amode with wave lengthin therange 8 <+ 13 A (such
spectrum is obtained with the Al-filter inserted before the capillary system). The capillar-
ieswere! = 110 mm long, have an inner diameter of dy = 2r, = 100 um, and acurva
tureradiusof r.,,., = 2m. Thedistances between the capillariescenterswerea = 8 mm
at theentrance, andb ~ 4 mm attheexit. A mutual installation and adjustment of the cap-
illaries was performed to provide at the entrance, the minimum possible angles between
the SR beam direction and the tangents to the capillaries longitudinal axes. A special di-
aphragm was also positioned beforethe system of capillariesto alow the SR to go through
only one of the two capillaries successively, or through both capillaries at the same time.
When successive opening of the capillaries happens, the SR travelling through each cap-
illary illuminates the film at the same place. This gives us the experimental possibility to
compare the intensity distributionsin both geometries.

Theradiation behind the capillarieswas detected by films(KODAK DEF392, SB392)
placed at different distances from the exit. The films were processed and analysed using
a photometer and a densitymeter.

The expected pattern redistribution is a superposition of the radiation beams from
different capillaries. The behaviour of such geometry was checked by detecting radiation
in the transverse plane at different distances from the exit of the capillarieswith an accu-
racy of the relative distance along the SR axis of about 0.1 mm. The region of an almost
complete superposition of the beams (at the focal spot) was determined at the distance of
69.2 mm from the exit, to compare with the theoretical value of 70 mm.

The digitized data of thisimage, i.e. the microphotographs of the focal spot, is pre-
sented in Fig. 5. Both in the case of the simultaneous transmission of the radiation through
the capillaries (a) and in the case of successive transmission (b) a specific macrostructure
corresponding to the typical distribution of the radiation from separate capillaries is ob-
served. A redistribution of the spot, when both capillaries are opened at the same time,
occurs if we compare the distribution obtained with the separate capillaries. The change
of the patternismore evident in the 3D intengity distribution at the focus position (Fig. 6).

Asunderlined above[8,10], the radiation emerging by the capillaries consists of both
a diffuse and a mode components. While, the typical macrostructure of the spot is given
by the diffuse homogeneous component, the mode component of the radiation is that re-
sponsible of theintensity redistribution.

The lack of positional markers on the films does not allow to make a precise align-
ment of the 3D distributions in the two cases. Then, to obtain a quantitative estimation
only alinear scanning along the marked directionswas performed using a microphotome-
ter. Thus the microphotogram alignment may be carried out only for one parameter. The
distributions of the radiation intensity along the marked direction are compared in Fig. 7



(a, b). The effective size of the microphotometer dit was 100 x 10 wm?. A difference be-
tween the microphotograms may be clearly detected with afitting procedure of the curves
that demonstrates when both capillaries are opened at the same time (@), that both change
of theamplitudesand the widths of the functionsfitted under fixed capillariesdisplacement
are observed. Taking into account a constant relative displacement of thefitting functions,
onemay determinetheresidual intensitiesof theradiation at thefocal spot in thetwo cases.
Results are shown in Fig. 7(c), where the interference term in the case of the two interact-
ing SR beams. Within the experimenta errors, the integration of the curves (a) and (b)
gives the same result, i.e. atotal zero energy as confirmed by the integral of curve (c).
The asymmetry of the maximum of the curve (c) may be due to an incompl ete superposi-
tion of the beams emerging by both capillaries and by a possible mismatch of the optical
system respect to the incoming beam. The best result of the fitting procedure returns a
wide diffuse background in both cases (a, b). As a consequence, within the errors of the
procedure, we may detect amode regime of SR travelling through the capillaries. A wave
superposition process is then responsible of the redistribution of the radiation intensity,
or, in other words, these experimental results confirm the predicted existence of an inter-
ference phenomena between electromagnetic radiation propagating through a system of
separate capillaries of sizes significantly larger then the wave length of the radiation.

4 CONCLUSION

Different experimental observations of X-ray radiation travelling through capillary sys-
tems have been carried out in the last years, and all show the presence of a coherent com-
ponent superimposed to the incoherent diffuse radiation transmitted. Although, in some
case this portion may give a substantial contribution, the coherent component is usually
neglegible, and the observation of wave phenomenalooking at the radiation beam redis-
tribution behind a capillary structureis a complex task. However, an enhancement of the
weak coherent contribution is possible when correlation among diameter, length and cur-
vature radius of the channels, number of capillaries and degree of symmetry of the system
are considered. Additiona enhancement of the coherent contribution may be obtained us-
ing the aternate arrangement of capillary systemsin the vertical plane.

The presence of the mode propagation of X-raysinto capillarieswheretransmission
parameters are defined by the geometry of the optical system, allowsusto figure out devel-
opment of the X-ray wave capillary optics. This field may be very interesting and useful
for many new applications (like the technique to transfer the information, in X-ray mi-
croscopy, in research on weak coherent X-ray sources, etc.)
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Figure 1: The typical X-ray distributions inside a curved capillary for the first (main) 2

modes. The intensity of the distribution for the mode m = 1 isincreased 10 times for
comparison.

125

distance, pm distance, pm

Figure 2: The theoretical simulations of the intensity distributions behind two identical
curved capillaries at thefocal plane. Theleft distribution isthe result of the superposition
of the radiation distributions from separate capillaries; the right one represents a wave

superposition. Calculationsrefer to the modewith m = 0. Thesizesareinarbitrary units
but the same for both panels.



Figure 3: The sketch of the SR experimental layout: 1 - electron orbit; 2, 3,4, 5,6 - R
beams; 7 - mirrors; 8 - vacuum pumps; 9 - experimental chamber; 10 - adjusting device;
11 - filter holder; 12 - capillary system; 13 - detector.
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Figure4: Focusing scheme by a capillary system consisting of two separate capillaries (1
- system of filtersand diaphragms; 2 - holder of the capillary system; 3 - detector). « and b
arethedistances between the capillary centers at the entrance and at the exit, respectively;
r = 1. 1Sthe curvature radius of the capillaries; r, isthe capillary channel radius.
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Figure 5: The digitized microphotographs of the beams superposition at the focal plane.
The X and Y scales are the same and given in mm.
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Figure 6: 3D intensity distributions corresponding to the digitized microphotographs of
Fig. 5. TheXandY scalesarethe same of Fig. 5, theintensity axes are plotted asarbitrary
units.
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Figure 7: The intengity of the film along the marked direction shownin Fig. 6 (a, b - open
sguares). Curves are obtained by a fitting procedure. The difference of the curves (a) and
(b) isreported in panel (c). The intensity values are the same for panels (a), (b), and (c),
and given in arbitrary units.
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