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Grazing-incidence x-ray optics is briefly reviewed and shown to have several interesting
properties. Capillary focusing systems which make use of multiple reflection of x rays are
described. This optics is of interest in surface research, medicine, etc.

1.INTRODUCTION

The problem of controlling x-ray beams is of much cur-
rent interest in connection with the development of many
scientific and technological directions, e.g., x-ray micros-
copy, x-ray astronomy, x-ray plasma diagnostics, and x-ray
lithography. Recent advances in the development of intense
x-ray sources (synchrotron radiation, pinch and laser
sources, and the channeling sources) can, if x-ray focusing
systems are available, substantially increase the density of
the x radiation at the objects being bombarded. This oppor-
tunity is extremely promising in plasma physics, solid state
physics, laser technology, and medicine.

The development of an optics for the x-ray range, how-
ever, runs into several difficulties, which are quite different
from those in the visible and IR ranges. The difficulties stem
from the circumstance that the surfaces of all known materi-
als have very low reflection coefficients for x radiation at
large angles of incidence. One way to overcome this diffi-
culty is to develop a grazing-incidence optics, based on the
phenomenon of total external reflection of the x rays. The
grazing-incidence mirrors which have already been devel-
oped, which are used in x-ray telescopes and microscopes
and which are second-order surfaces, operate on the basis of
one or two reflections and have an extremely small angular
aperture because of the small value of the total-external-re-
flection angle. On the other hand, diffraction and interfer-
ence elements such as Bragg and multilayer mirrors, zone
and phase plates, and gratings are spectrally selective and
cannot be used to control x-ray beams having a wide spec-
trum.’

Some fundamentally new possibilities have been opened
up by the development of the x-ray optical elements, pro-
posed by Kumakhov,? which make use of multiple reflec-
tions of the x radiation from surfaces with certain special
shapes. The various x-ray systems developed along this ap-
proach can control x-ray beams over wide frequency and
angular ranges.

One specific realization of this suggestion might be the
development of focusing systems made up of a large number
of curved hollow capillaries. As x rays propagate along these
capillaries they are repeatedly reflected from the inner walls.
As a result, the total angle through which the x radiation is
turned is determined by the curvature of the waveguide; it
can be far larger than the critical angle for total external
reflection, 6,,. Depending on the arrangement of the capil-
laries, such systems can transform an x-ray beam with a
large initial divergence into an approximately parallel beam
or into a converging beam. Various x-ray optical systems
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developed by this approach could be used to solve many ap-
plied problems: producing x-ray images of objects, turning x
radiation through large angles, concentrating intense radi-
ation in a small area, reducing the angular divergence of an
x-ray beam, etc.

Everything which we have said about capillaries can be
extended to systems of reflecting surfaces.

The development of focusing systems of this type was
preceded by numerous experiments on the transmission of x
radiation of various energies through straight and curved
hollow tubes (e.g., Refs. 3-6). We should also call attention
to the study by Leikin et al.,” who successfully used multiple
total external reflections to develop a so-called slit-free colli-
mator for x rays. We would also like to call attention to an
earlier study by Lely and Rijssel,® who also discussed the
possibility of using multiple reflections in x-ray optics.

In addition to capillary x-ray optical systems it would
also be possible to fabricate (by sputtering, for example)
focusing periodic structures in which layers of light and
heavy elements alternate. The layers of light elements would
serve as the *““channels” for the radiation, while the heavy
layers would reflect it. The period of the reflecting structure
should be no less than ¢/ w,, where @, is the plasma frequen-
cy of the material of the reflecting surface, and c is the veloc-
ity of light. This condition must be imposed in order to
achieve total external reflection in the x-ray and y-ray
ranges. Figure 1 shows the geometry of the focusing by lay-
ers of this sort. The first system focuses radiation in one
dimension, and the second focuses it in a perpendicular di-
mension. Periodic focusing systems of this sort are better for
use in y-ray optics, since y rays can pass fairly well through
the layers made of the light elements.

2.CAPILLARY X-RAY OPTICS SYSTEMS

We will take a detailed look at capillary x-ray optical
systems, which, as we have already mentioned, make it pos-

FIG. 1. The focusing of radiation by periodic layers.

© 1988 American Institute of Physics 271



sible to shape effectively x-ray beams of a desired configura-
tion over a wide energy range and which have the further
advantage that they are structurally simple and amenable to
fabrication processes. We will also propose a method for cal-
culating the characteristics of such systems. The method is
based on experimental data.

Studies have shown that the inner surfaces of straight
and curved glass capillaries are completely suitable for use in
x-ray optics. Capillaries of this sort can thus serve as effec-
tive x-ray waveguides; i.e., they can be used to transport inci-
dent radiation with a fairly broad spectrum with aloss which
becomes important only after an extremely large number of
reflections, since the loss per reflection can be kept to a level
of the order of 1% through an appropriate choice of the
capillary material and the finish of the inner surface. The
capillary material is responsible for a selective absorption of
radiation of certain wavelengths, which are characteristic of
the elements in the surface layer. The choice of reflector ma-
terial thus reduces to eliminating any such elements which
would affect the spectral range being used.

One of the basic factors determining the characteristics
of a system in the x-ray range is the degree to which the
radiation is captured by a single curved waveguide. The cur-
vature of the waveguide is conveniently described by the di-
mensionless parameter
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where 6, is the critical angle of total external reflection, r is
the radius of the inner aperture, and R is the radius of curva-
ture. From geometric considerations we easily find that for
radiation which is incident on the capillary in the direction
parallel to the axis of the capillary the condition for total
external reflection over the entire channel cross section is
> 1. At ¥ < 1 part of the radiation strikes the channel walls
with a glancing angle greater than 8, and is therefore lost at
the very first reflection. Consequently, at ¥ <1 the curved
waveguide ‘“captures” and transports not all the radiation
incident at its entrance but only the part which corresponds
to the hatched part of the channel in Fig. 2. The boundary of
the capture zone is determined by the equation
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and the radiation capture coefficient x of the curved capil-
lary, which is found from geometric considerations as the
ratio of the hatched area in Fig. 2 to the area of the entire
channel, is calculated from
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FIG. 2. Filling of the cross section of a curved capillary by radiation in the
case y < 1.
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FIG. 3. Calculated geometric radiation capture coefficient x as a function
of the parameter .
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The x(y) dependence in Fig. 3 is a universal one since it does
not explicitly contain the specific geometric parameters of
the capillary or the energy of the radiation.

Figure 4 shows capture-zone boundaries constructed
from expression (2) for various values of the parameter 7.
Figure 5 shows photographs of an x-ray beam recorded at
the exit from a uniformly curved capillary for various values
of the radius of curvature. A careful comparison of the
shapes of the experimental and calculated ““half-moons” for
the various values of y reveals that they are essentially the
same, except near the “horns,” which are rounded in the
photographs, rather than sharp.

With increasing energy of the y rays, the radiation cap-
ture coefficient of a curved capillary decreases because of the
decrease in the critical angle for total external reflection, in
accordance with (1) and (3). Consequently, the efficiency
of a specific capillary focusing system in the high-energy
region can become negligible, because the individual capil-
laries are only slightly filled by the radiation. This circum-
stance means that in the hard x-ray range it is necessary to
construct a system from capillaries with waveguiding chan-
nels which are as small as possible, so these channels can be
filled with radiation more successfully.

3. TURNING OF X RADIATION

In capillary x-ray optical systems, the radiation is
turned through large angles. Accordingly, a calculation of
the efficiency of such systems must incorporate, in addition

X

FIG. 4, Boundaries of the zone in which radiation is captured by a curved
capillary for various values of the curvature parameter.
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to the incomplete capture of radiation by the individual cap-
illaries (which we discussed in the preceding section), the
subsequent attenuation of the radiation upon repeated re-
flections. The radiation which is captured into the channel is
turned through the curvature angle of the capillary, ®, as a
result of reflections from the walls. The attenuation of the
radiation can be estimated from the attenuation coefficient’

Ro =~ exp (—pa3/D),

where a and S are determined by the real and imaginary
parts of the refractive index of the material,

n=1—%4+id @ <) | (4)

The attenuation coefficient R, is a characteristic of the re-
flection capability of a material for turning radiation
through a given angle ®. Values of this coefficient were cal-
culated in Ref. 10 for various materials over a wide range of
_ y-ray energies. Results calculated for ® =0.25 rad are
shown in Fig. 6. They demonstrate that it is possible in prin-
ciple to turn hard x radiation through a significant angle
without a major loss. Furthermore, the largest values of R,
correspond to specifically the hard x-ray range, so it is possi-
ble in principle to develop a grazing-incidence x-ray optics
operating on the basis of multiple reflections.

We introduce the concept of the “throughput” of the
system, which we define as the ratio of the radiation power at
the exit from the system to the power incident at the entrance
to the system. The throughput is obviously a characteristic
which incorporates all types of loss of radiation in the sys-
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FIG. 6. x-ray attenuation coefficients for turning through an angle
& = 0.25 rad by a curved cylindrical surface. | —Be; 2—Al; 3—Cu; 4—
Ag: 5-—8-52 glass.
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FIG. 5. Distribution of radiation over the cross
section of a capillary for various values of the
curvature parameter.

tem. In order to increase the throughput it is necessary to
reduce the thickness of the capillary walls and to choose the
best dimensions and material for the capillaries. At high en-
ergies, the throughput of a specific system begins to fall off
because of a decrease in the radiation capture by the individ-
ual capillaries. At low energies (E S 1 keV ), the throughput
of the system again falls off, because of an increase in the
absorption of the radiation in this range. Each specific capil-
lary system thus has a natural working passband, which can
be ~10-20 keV according to calculations.

Measurements which have been carried out over the
energy range 0.5-1.5 keV in synchrotron radiation in vacu-
um and at 4-40 keV in the radiation from an x-ray tube in air
prove that capillary x-ray optical systems are highly effi-
cient for turning and transporting radiation. This efficiency
is not attainable by any other known methods.

4.X-RAY LENS

As an example we will describe a focusing x-ray sys-
tem'' which captures radiation from a source in an angular
aperture of 23° and focuses it to a spot of the order of 1 mm in
diameter at a distance of 108 cm.

Figure 7 is a photograph of the focusing system. The
entire system is 98 cm long and consists of 2000 glass capil~
laries with an outside diameter of 0.4 mm and a channel
diameter of 0.36 mm. The capillaries form a hexagonal close
packing in cross section; the area of the channels amounts to
73% of the entire area of the entrance and exit ends of the
system. The focal lengths of the system are 5 cm, starting
from the ends of the capillaries, and are determined by the
inclination of the straight sections of the capillaries with re-
spect to the axis of the system. The straight sections are each
5 cm long. In the central part, the capillaries are uniformly
curved to a radius of curvature ranging from 2 m in the outer
layer to R = « for the straight central capillary. The opti-
mum energy for this system, E,, is 1.7 keV. At this energy,
all the layers of the system should capture the radiation com-
pletely. At E> E,, the condition 3> 1 ceases to hold, first for
the outer layers, and the geometric capture coefficient x falls
below 1. However, because of the large number of capillaries
in the outer layers of this system, their contribution to the
energy density of the focal spot remains large.

Tests of the system were carried out in air. The radi-
ation source was a BSV-25 x-ray tube with a copper anode.
The minimum radiation energy was 4 keV. The ratio of the
energy density in the focal spot to the energy density at the
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same point in the absence of the focusing system is shown in
Fig. 8. We see that the increase in the energy density
achieved by the focusing exceeds a factor of 3000 at an ener-
gy of 4 keV. The energy density in the focus of the system is
an order of magnitude greater than the energy density at the
exit from the system. For softer radiation, the efficiency of
the system should be substantially higher.

Figure 9 shows x-ray photographs taken at various dis-
tances from the exit end of the system. These photographs
illustrate the process by which the focal spot is formed and
subsequently evolves. We can clearly see an irregularity in
the illumination of the channels of the capillaries in the lay-
ers and a tendency toward a decrease in the illumination of
the outer capillaries in comparison with that of the inner
capillaries. The irregularities in the layers stem from various
errors in the fabrication of the capillaries and in the assembly
of the system. The random filling of the cross sections of the
channels by radiation in comparison with Fig. 4 is explained
on the basis that the focusing system has straight sections at
the ends, where the filling figures shown in Fig. 4 are suc-
cessfully rereflected.

The outgoing radiation is transformed into a nearly par-
allel beam by a half-lens, at whose exit the ends of the capil-
laries are straight and parallel to each other, instead of con-
verging as in the focusing system described above. For
example, the divergence of the x radiation in the central part
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FIG. 8. The factor by which the radiation den-
sity is increased versus the energy for the focus-
ing system in Fig. 7.
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F1G. 7. An x-ray focusing system.

of the x-ray lens which was fabricated (Fig. 7) decreases by
one or two orders of magnitude from the initial divergence
(23°), depending on the radiation energy.

Such systems are of interest for astrophysics, x-ray lith-
ography, etc.

Figure 10 shows an example of an x-ray optical system
designed for x-ray lithography. This device is, in a sense, the
x-ray lens in Fig. 7 which has been cut in half. By analogy
with that lens, this system consists of capillaries (in this case
12 000 of them), which together capture the radiation ema-
nating from a point source in a solid angle of 0.25 sr and
transform it into a quasiparallel beam (within the angle of
total external reflection ). This system was designed for an x-
ray energy of 1-2 keV; its throughput can reach 50%.

These systems demonstrate the possibility of effectively
controlling x-ray beams over a broad spectral range by the
methods of capillary x-ray optics. This possibility is not pre-
sented by any other existing devices. These systems thus
hold promise for applications in science and technology,
particularly in combination with intense new sources of x
radiation.

5.ENERGY DENSITY OF THE X RADIATION IN FOCUSING
SYSTEMS

The most important characteristic of an x-ray focusing
system of the nature of the lens described above is its ability
to create a high concentration of radiation at a target. Let us
estimate the maximum x-ray power density which can be
achieved by means of conventional x-ray sources and the
focusing facilities which have been proposed.

The diameter of the focal spot in this optics is given by

dy =2 (r + fo), (5)

where 7 is the radius of the capillary channel, f'is the focal
length, and ¢ is the angle at which the radiation leaves the
capillary. In real systems we would have f~1 cm and
@ 5107 *. At the present level of the technology for fabricat-
ing multicapillary systems, one could achieve a channel di-
ameter as small as 10 ~*cm, so the focal-spot diameter which
could be attained would be of the same order of magnitude.

We assume that our x-ray source has a power J. The
power density of the x radiation can then be calculated from

-
W=T, (6)
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where 7 is the fraction of the power which is focused, and S'is
the area of the focal spot.

Analysis shows that the coefficient 7 ranges from 10 -
to 25-10" % in the x-ray range, for an isotropic source.

We consider two examples: 1) S=10 ¢ cm? 2)
S'=10 "7 cm’. If the source is an x-ray tube, we have

2

J = kiZU?, (7)

where k=~ 10~ °V ', iis the average current, in amperes, Z is
the atomic number of the anode material, and U is the tube
voltage, in volts. The power of large x-ray tubes ranges from
10 to 100 kW. A fraction of the power of the electron beam
ranging from 10 ~* to 10 "%, depending on the voltage, the
anode material, and the current, is converted into x radi-
ation. In large x-ray tubes with a rotating anode, the average
power of the x radiation can range from several tens of watts
to several hundred.

We thus see that with S = 10 "*cm?and 7 = 5-10 " *it
would be possible to achieve a power density W=5-10%/
W/cm from a continuous-operation x-ray tube; i.e., it
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FIG. 9. x-ray distributions at various distances
from the exit of a focusing system (in millime-
ters): a—2; b—20; ¢—30; d—40; e—50; f—100.

would be possible to achieve W = 5-10* W/cm? at J = 100
w.

The highest x-ray density which has been achieved to
date has been achieved in the storage rings of synchrotrons.
These are huge installations, with an electron beam energy of
1-2 GeV, a pulsating beam current of hundreds of milliam-
peres, and a ring radius of the order of 10 m.

A synchrotron can provide a radiation power density
on the order of 1-10 W/cm?. We see that with an ordinary x-
ray tube as source the optics which we have been discussing
here could provide a significantly higher x-ray power den-
sity.

The area of the x-ray spot of synchrotron radiation is
usually about 1 0.1 cm?,i.e., 10~ ' cm?. Most of the x radi-
ation can be put in a spot with an area S~10~*cm? by a
capillary focusing system without losses; i.e., the density of
synchrotron radiation can be raised by three orders of mag-
nitude.

These results show that the x-ray optics which we have
been discussing here may find widespread use in experimen-
tal physics, teamed up with promising sources such as high-

FIG. 10. An x-ray optical system for forming a
quasiparallel beam.
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power x-ray tubes, synchrotrons, and laser-plasma and
pinch x-ray sources.
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