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30.1 INTRODUCTION

Polycapillary and multichannel plate optics are both arrays of a large number of small hollow
glass tubes and both depend on total reflection at the glass surface to transport X rays. The
critical angle for borosilicate glass is approximately

θc ≈ mrad (1)

which is 30 mrad (1.7°) for 1-keV photons and 1.5 mrad (0.086°) for 20-keV photons. The
angles are somewhat larger for leaded glass. The resemblance between polycapillary and mul-
tichannel plate optics is largely superficial. Multichannel plate optics are thin sheets of glass
perforated with holes, with length to diameter ratios less than 100. They are designed to
depend on a single horizontal and vertical bounce to deflect the ray towards the desired direc-
tion and so, in operation, resemble elements of a series of nested mirrors. Polycapillary optics
are collections of long hollow tubes, with length to diameter ratios of order 10,000. X rays are
guided down these curved or tapered tubes by multiple reflections in a manner analogous to
the way fiber optics guide light (see Chap. 29).
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30.2 MULTICHANNEL PLATE OPTICS

The basic principle of operation1 of multichannel plate (MCP) optics is shown in Fig. 1. X rays
are reflected from the source to the focal point, so long as the maximum angle at the outer
edge of the optic is less than the critical angle. This limits the usable radius of the optic to f θc,
where f is the distance from the optic to the focal point. Similarly, several considerations limit
the thickness for practical optics. Although a thicker optic intercepts a larger fraction of the
incident beam, multiple reflections, which remove energy from the focal spot, become possi-
ble at thicknesses greater than the channel diameter divided by the incident angle. Addition-
ally, the spread in the focal spot along the beam axis is roughly twice the optic thickness. The
optic is optimized for a channel-diameter-to-thickness ratio equal to the critical angle.1

The schematic in Fig. 1 shows only the vertical reflections from the horizontal faces. A sin-
gle horizontal reflection also occurs from the vertical faces. Square pores, as shown in Fig. 2,2

are more efficient3 than circular pores, shown in Fig. 3.4 The optics are produced by assem-
bling fibers with an inner core and outer clad glass and drawing the assembly down to the
desired pore diameter. The assembly is then sliced into thin sheets and the inner core glass is
etched away, leaving the hollow channels. The technology was developed for multichannel
plate electron multipliers (see Chap. 35), hence the name of the optics. Because the optics are
single bounce devices, the relatively rough surface produced by etching yields adequate
reflectivity. Measured surface roughnesses are from 2.5 to 5 nm.5

30.2 X-RAY AND NEUTRON OPTICS

FIGURE 1 Focusing from a point source using a multichannel
plate optic.

FIGURE 2 Square pore multichannel plate with 13.5-µm pore
size, magnified at right. (From Ref. 2.)
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To use the optic to focus a parallel beam, for example for astronomical applications, or to
produce a quasiparallel beam from a point source, the plate must be curved, as shown in Fig.
4.1,6 This can be achieved by thermally slumping the optic onto a spherical mandrel. Slumped
multichannel plate optics closely resemble the structure of the eyes of lobsters, which do not
have lenses, but convey light to the retina by arrays of reflective surfaces. Thus, multichannel
plate optics are often termed lobster-eye optics. A curved microchannel plate has a relation-
ship between input and output distances analogous to the thin lens equation,

− = (2)

where ls is the source-to-optic distance, lf is the optic-to-focal-spot distance, and Rslump is the
radius of the microchannel plate, as shown in Fig. 4.3

The results of a focusing experiment using low energy X rays are shown in Figs. 5 and 6.
The cross pattern seen in Fig. 5 is typical of square channel MCP optics, and is predicted by
the simulations. Used with a point source at focus, slumped MCP optics may be useful as col-
limators for X-ray lithography.3,5,7
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FIGURE 3 Circular pore microchannel plate. (From
Ref. 4.)

FIGURE 4 Creating a collimated beam with a slumped multichannel plate. (From Ref. 6.)
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30.3 POLYCAPILLARY OPTICS

Introduction

Description. Systems involving the use of a large number of capillary channels for shaping
X-ray beams were first suggested by M. A. Kumakhov and his collaborators in 1986.8 The
development and study of polycapillary optics and its applications in X-ray lithography,9

X-ray astronomy,10,11 diffraction analysis,12,13 X-ray fluorescence,14 and medicine1–18 have been

30.4 X-RAY AND NEUTRON OPTICS

FIGURE 5 Output image from MCP with 11-µm
square pores and thickness to diameter ratio of 40:1
illuminated with 1.74-keV Si K X rays. (From Ref. 2.)

FIGURE 6 Scan of image with same MCP as in Fig.
5, taken with 0.28-keV C K X rays. (From Ref. 2.)
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pursued since 1990.19–21 Polycapillary optics are well-suited for broadband divergent radia-
tion. Like multichannel plates, they differ from single-bore capillaries in that the focusing or
collecting effects come from the overlap of the beams from hundreds of thousands of chan-
nels, rather than from the action within a single tube.

X rays can be transmitted down a curved fiber as long as the fiber is small enough and bent
gently enough to keep the angles of incidence less than the critical angle. As shown in Fig. 7,
the angle of incidence for the ray near one edge increases with tube diameter. The require-
ment that the incident angles remain less than the critical angle necessitates the use of tiny
tube diameters. However, mechanical limitations prohibit the manufacture of capillary tubes
with outer diameters smaller than about 300 µm. For this reason, polycapillary fibers, an
example of which is shown in Fig. 8, are employed. Typical channel sizes are between 2 and 
12 µm. Thousands of such fibers are strung through lithographically produced metal grids to
produce a multifiber lens, such as is shown in Fig. 9. Alternatively, a larger-diameter polycap-
illary fiber can be shaped into a monolithic optic, as shown in Fig. 10.

Polycapillary Fiber Measurements and Numerical Simulations. Detailed measurements
of polycapillary fibers, including transmission, absorption, and exit divergence, have been
performed as a function of length, bend radius, X-ray source position, X-ray source geometry,
and X-ray energy.22,23 Computer automated systems for measuring fiber quality have been
developed. Repeatability of transmission measurements performed with such systems is
within 1 percent.24

Extensive modeling programs describe the propagation of X rays along capillaries with
complex geometries. These computer codes are based on Monte Carlo simulations of geo-
metrical optics trajectories and provide essential information on performance, design, and
potential applications of capillary optics. The geometric algorithm for the simulations is
approximated in two dimensions by projecting the trajectory onto the local fiber cross sec-
tion.25 Reflectivities are computed from standard tables.26 Simulation results are compared to
experimental data taken on a nominally straight fiber in Fig. 11. The transmission drops off
above 45 keV partly due to unintential bending. However, the model cannot fit the entire
spectra with bending alone. A bending radius smaller than 100 m would be necessary to fit the
midrange energies, but underestimates the high energy transmission. Accurate simulation
requires the roughness27,28 and waviness23,29 of the capillary walls to be taken into account.

Capillary surface oscillations with wavelengths shorter than the capillary length and longer
than the wavelength of the roughness are called waviness. The detailed shape of waviness is
unknown. Its average effect can be considered as a random tilt of the glass wall. It is assumed
that these tilt angles, φ, are normally distributed in the range (−π/2, π/2) with the mean value
equal to zero. For high-quality optics, the standard deviation of this normal distribution, σ, is
much smaller than the critical angle, θc. The model with waviness alone is shown in Fig. 12.

POLYCAPILLARY AND MULTICHANNEL PLATE X-RAY OPTICS 30.5

FIGURE 7 X-rays traveling in a bent capillary tube. The ray entering at the bottom
(closest to the center of curvature) strikes at a large angle. (Adapted from Ref. 15.)
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30.6 X-RAY AND NEUTRON OPTICS

FIGURE 9 Multifiber collimating lens constructed from over a thou-
sand individual polycapillary fibers strung though a metal grid. The
lens is 10-cm long with an output of 20 mm × 20 mm. The fibers are par-
allel at the output end (shown) and at the input end point to a common
focal spot.

FIGURE 8 Cross-sectional scanning electron micrograph of a
polycapillary fiber with 0.55-mm outer diameter and 50-µm diame-
ter channels.
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Both bending and waviness are required, as shown in Fig. 13. Very good agreement is found
between simulation and experimental results for a wide range of geometries.

Measured polycapillary fiber transmissions are in excess of 60 percent at 15 keV and bet-
ter than 50 percent from 1 to 45 keV for 10- to 12-cm-long fibers. At higher energies the fibers
must be rigid; if they are thin and flexible, as for fiber A in Fig. 13, the fibers are difficult to
hold straight in a groove and their transmissions are poor. However, deliberate bending of the
fiber allows deflection of the X-ray beam. Transmission at 20 keV as a function of angular
deflection is shown in Fig. 14.30 Transmission greater than 50 percent is achieved for angular
deflections greater than 25 times the critical angle.

For high-quality fibers, transmission varies slowly with fiber length, as shown in Fig. 15 for
8-keV photons. A standard technique for assessing capillary surface quality is to move the
source off-axis. As the source is moved off-axis, the X-ray entrance angle and the number of
reflections increase, while the transmission through the capillary rapidly decreases. A com-
parison of the measured and simulated transmission efficiency versus source position in the
energy range from 10 to 80 keV is shown in Fig. 16. The data and the simulation are in
extremely good agreement. The width of a source scan performed with a small spot source, as
shown in Fig. 16, gives a measurement of the input acceptance spot size for the fiber or optic.

The low transmission of off-axis rays is responsible for the extremely high scatter rejection
of capillary optics. The scatter transmission of two fibers, which is measured by moving the
source off-axis to an angle much larger than the critical angle, is shown in Fig. 17.

POLYCAPILLARY AND MULTICHANNEL PLATE X-RAY OPTICS 30.7

FIGURE 10 Sketch of the interior channels of a monolithic polycap-
illary optic. Monolithic optics can be focusing, as shown, or collimating,
as in Fig. 9. (Sketch from Ref. 12.)

FIGURE 11 Transmission spectra of fiber C simulated with dif-
ferent bending curvature alone and compared with experimental
data. (From Ref. 29.)
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Collimation

As shown in Fig. 18, the output from a multifiber polycapillary collimating optic has both
global divergence, α, and local divergence, β. Even if the fibers are parallel (α = 0), the output
divergence, β, is not zero, but is determined by the critical angle and therefore the X-ray
energy. The exit divergence from capillary optics is measured by rotating a high-quality crys-
tal in the beam and measuring the angular width of a Bragg peak. Since the Darwin width and
mosaicity of the crystal are typically much smaller than the exit divergence from the optic, the
measurement yields the divergence directly. The result at 8 keV, for a 5-mm-diameter mono-
lithic collimating optic, is a full width at half maximum of 3 mrad, which is approximately
given by the critical angle for total reflection.12 A large multifiber optic similar to that in Fig.
9 has a measured divergence width of 3.8 mrad at 8 keV over the full 3-cm-diameter field.13

The small difference between the output divergence from a small optic and a large multifiber
optic requires good alignment of the individual fibers.

The divergence of the beam, and therefore the angular resolution of the diffraction mea-
surement when using polycapillary optics, does not depend on the source size, unlike the case
for pinhole collimation. Thus, larger, higher-power sources may be used without adversely
affecting the resolution of the measurement. The maximum useful X-ray source spot size is

30.8 X-RAY AND NEUTRON OPTICS

TABLE 1 Parameters for Best-Fit Simulations

Fiber description Model

Outer Channel
Fiber diameter size Length R σ
no. (mm) (µm) Area (mm) (m) (mrad)

A 0.5 12 65% 105 60 0.225
C 0.75 22 50% 136 225 0.2

Note: R is the bending radius and σ is the standard deviation of the waviness.

FIGURE 12 Simulations of transmission spectra with wavi-
ness only compared with the experimental data. Large values of
waviness underestimate the low energy transmission. (From Ref.
29.)

FIGURE 13 Simulations of transmission spectra of
fiber A and fiber C with their best-fit parameters com-
pared with the experimental data. The fiber and fitting
parameters are listed in Table 1.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

POLYCAPILLARY AND MULTICHANNEL PLATE X-RAY OPTICS*



limited by the acceptance area of the collimating lens, which is about 1 mm wide by 15 mm
long for a multifiber lens, well matched for a typical rotating anode with a line focus viewed
at a small takeoff angle.

The transmission of a 3-cm-square multifiber collimating lens developed for astronomical
applications is shown as a function of photon energy in Fig. 19. The output of the lens is shown
in Fig. 20.

Gain. The gain obtained from any optic ultimately should be a figure of merit defined by a
particular application. For a diffraction measurement which requires 2-D collimation (e.g.,
strain measurements), the intensity ratio delivered within a given output divergence angle is
a reasonable figure.

The flux output from a collimating lens is given by

POLYCAPILLARY AND MULTICHANNEL PLATE X-RAY OPTICS 30.9

FIGURE 14 Measured (stars) and simulated (boxes) transmis-
sion at 8 keV as a function of deflection angle for uniform circu-
lar bending. (From Ref. 30.)

FIGURE 15 Measured transmission at 8 keV, as a
function of length, for a borosilicate polycapillary
fiber, with 17-µm channels. Solid line is an exponential
fit with decay length = 120 cm. (Adapted from Ref. 16.)

FIGURE 16 Simulated source scan curves compared with experimental data at four different photon energies. Parameters: 
R = 125 m, σmax = 0.35 mrad, roughness height = 0.5 nm. (From Ref. 29.)
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Pout = T P = tan2 � �P (3)

where P is the source power, T is the transmission of the lens, r is the input radius, f is the
source to lens distance, and Ω0 is the capture angle, Ω0 = 2 tan−1(r/f). The simple power gain,
compared to a pinhole designed to have an output divergence of 2θc, similar to the optic, is thus

output power gain = ≈ T� �
2

(4)

For a lens with 2-cm output area, 132-mm focal distance (source-to-lens distance), 7° capture
angle, 25 percent transmission, and 8-keV operation, the predicted gain is 66. Kennedy et al.
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FIGURE 17 High-angle transmission through cap-
illary walls as a function of photon energy. (From Ref.
23.)

FIGURE 18 The output divergence from a multifiber
collimating optic is characterized by global (α) and local
(β) divergence. (From Ref. 21.)

FIGURE 19 Simulated10 (circles) and measured31 (squares) transmission of a
3-cm-square multifiber collimating lens with 2-m focal length. (Simulation from
Ref. 10.)
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used this lens to measure diffraction gains.32 An out-of-plane Ψ diffraction scan of a Si (100)
test specimen across a <111> reflection gave a measured count rate a factor of 20 higher with
the optic than with a 1.35-mm pinhole at 155 mm from the source. The resolution with the
optic was 0.34° compared to 0.5° with the pinhole. Because the optic was retrofitted to the
Philips X-Pert-MRD diffractometer without optimization, the detector was 7 mm by 9 mm,
smaller than the output beam of the collimating optic, resulting in a substantial reduction of
gain. A measurement with a 2-cm-diameter detector, matched more optimally to the optic,
would have yielded a gain of 60, compared to the gain of 66 calculated from Eq. (4). A mea-
surement with a 3-cm-diameter lens, detector, and sample would yield a gain of ∼100.

Measurements were performed by Matney et al. with a similar optic on a complex multi-
layer magnetic film with very thin interlayer thickness.33 Intensity increases of more than 100
with signal-to-background improvement of more than an order of magnitude were obtained,
as shown in Fig. 21. The parallel beam geometry also provides insensitivity to sample prepa-
ration, shape, position, and transparency as described in Chap. 35 of this volume.

Collimation for Small Samples. For small beams, for example as required for protein crys-
tallography, the monolithic lens construction, shown in Fig. 10, is employed. This results in a
smaller optic, with smaller focal distance and smaller source acceptance spot. The 0.19° diver-
gence from the optic is less than the ω crystal oscillations typically employed to increase the
density of reflections captured in a single image in protein crystallography. The quality of the
data with the optic was as good as for the standard measurement.34 Using a low-power X-ray
source which allows close access to the beam spot, giving a much larger collection angle, the
X-ray intensity for a quasiparallel output beam 0.3 mm in diameter obtained with a 20-W 
X-ray source was comparable to that achievable with a 3.5-kW rotating anode source with
pinhole collimation. Chicken egg white lysozyme data taken with a 20-W source and a mono-
lithic collimating lens in 20 minutes per frame produced an R-factor (variance between the
measured and model structure factors) of 5.1 percent and resolution to 1.6 Å, as good as
equivalent rotating anode data taken with the same or longer exposure time. The data shown
in Fig. 22 were taken in 10 minutes with the collimating optic and 20-W source.

Slightly Convergent Protein Crystallography. Even slightly focusing the beam can result in
a large intensity increase compared to collimation. Protein crystallography does not require

POLYCAPILLARY AND MULTICHANNEL PLATE X-RAY OPTICS 30.11

FIGURE 20 X-ray micrograph of multifiber collimator,
exposed 5 min at 60 keV and 0.4 mA with a tungsten source
and Polaroid film. (From Ref. 38.)
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highly parallel beams. The effects of slight convergence on full protein crystallographic data
sets were studied.34,35 A 4-mm diameter focusing lens with output focal length 150 mm was
placed in a standard 40-kV, 35-mA rotating anode crystallography system. The lens gave a
direct beam intensity increase of a factor of 20, and an average diffracted beam intensity
increase of 21.6 for the spots in common for the two datasets. Data from the same sample of
chicken egg white lysozyme were taken with and without the optic. Both datasets had a reso-
lution of 1.6 Å. The dataset collected for 30 minutes per frame in the standard system without
the optic had an R-factor of 6.4 percent. Data collected for 4 minutes per frame with the optic
had an R-factor of 6.9 percent.

30.12 X-RAY AND NEUTRON OPTICS

FIGURE 21 Spin Valve Stack. 40 Å NiFe / 10 Å Co/30 Å Cu/12 Å
Co/20 Å NiFe. Dark line is measurements with optic; gray line is with
horizontal slit and equal counting time. Note log intensity scale. Thin
film peaks at 10, 30, 65, and 100° are not apparent without the optic.
(From Ref. 33.)

FIGURE 22 Lysozyme diffraction image taken with
a 20-W microfocus source and collimating polycapil-
lary optic in 10 minutes. (From Ref. 34.)
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Energy Filtering

The critical angle for reflection from a surface at grazing incidence is inversely proportional
to photon energy, as given by Eq. (1). This drop in reflectivity can be applied to the bent cap-
illary channel of Fig. 1, which has a maximum incidence angle dependent on the bending
radius and channel diameter. Above a certain photon energy, the critical angle for reflection
will be smaller than the maximum incident angle, and X rays will no longer be efficiently
guided down the channel, as shown in Fig. 11. Capillary optics can be used as a low-pass filter
to remove high-energy bremsstrahlung photons above a given energy threshold. Thus high
anode voltages can be used to increase the intensity of the characteristic lines without increas-
ing the high-energy background. An example of the effect of a monolithic optic designed to
pass 8-keV Cu Kα radiation is shown Fig. 23.36 The lens reduces the Cu Kβ 9-keV peak and
suppresses the high-energy bremsstrahlung. For low-resolution diffraction applications, the
energy filtration provided by the optic allowed the monochromator to be replaced with a sim-
ple filter.12 The removal of the monochromator significantly reduces alignment complexity.

Focusing

Polycapillary lenses can be used to collect broadband divergent radiation and redirect it
toward a focal spot. The first Kumakhov capillary lens was built to demonstrate focusing. It
had channel sizes of 300 µm and was about 1 m long.8,37 Smaller channel sizes allow for tighter
bending and shorter lenses.

Intensity Gain. Focusing the beam increases the intensity on a small sample, compared to
pinhole collimation. The intensity gain depends on the spot size produced by the optic, which
is determined by the capillary channel size, c, output focal length, f, and X-ray critical angle, θc,

dspot ≈ �c2 + (1�.3 ⋅ fout� ⋅ θc)2� (5)

The factor 1.3 is an experimentally determined parameter that arises from the fact that most
of the beam has a divergence less than the maximum possible divergence of 2θc produced by
reflection. Because of the divergence, lenses with small focal lengths used at high energies
have the smallest spot sizes. The critical angle, θc, at 20 keV is 1.5 mrad. A lens with c = 3.4 µm
and fout = 9 mm has a predicted spot size of 18 µm. An intensity distribution measurement, by
scanning a small pinhole, gave a full width at half-maximum (FWHM) of 21 µm.38

For the case of a very small sample, the gain, relative to pinhole collimation, is given by

gain = = � �TLens� �
2

(6)
Lsource-sample
��

σ
d2Lens
�

f 2
in

Plens
�
Ppinhole
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FIGURE 23 Spectrum of a copper tube source with and
without a slightly focusing optic. The optic suppresses the
high-energy bremsstrahlung. The nickel filter suppresses the
Kβ peak. (From Ref. 36.)
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For the slightly convergent lens used to produce lysozyme diffraction data,12 the computed
gain for a 0.5-mm pinhole is 124. The measured intensity gain is 110. The intensity gain for the
more highly convergent lens with the output focal spot of 21 µm is 2400 at a source-to-sample
distance of 100 mm.

The intensity gain yields a real and dramatic ability to downsize the source, as evinced by
the data of Fig. 22. The diffraction signal from high-z inorganics would be even stronger. The
theory of convergent beam microdiffraction is discussed in Chap. 35 of this volume.

Microanalysis. Focused X-ray beams provide a similar benefit for microfluorescence anal-
ysis.14 In addition, a second optic could be used to collect the fluorescent radiation, as shown
in Fig. 24.39 This would provide the double benefit of enhanced signal intensity and 
3-dimensional spatial resolution. The 3-dimensional resolution arises from the overlap of the
cone of irradiation of the first lens and the cone of collection of the second, as shown in Fig.
24. Microfluorescence with polycapillary optics is discussed in Chap. 35.

Synchrotron Focusing. Polycapillary optics can be used with both point source and syn-
chrotron radiation. A 5-mm diameter focusing lens with a 17-mm focal length was measured
using knife-edge scans in a synchrotron beam.40 The measured spot size, transmission, and
gain are shown in Table 2, along with calculated gains. Gains of two orders of magnitude were
measured.

Radiation Damage

Use of polycapillary optics with intense sources such as synchrotrons raises the question of
radiation damage. Because the X-ray optical properties of materials depend on total electron
density,41 the optical constants are insensitive to changes in electronic state. Color centers that
form rapidly in glass during exposure to intense radiation are not indicative of a change in the
X-ray transmission of a polycapillary optic. In addition to darkening, thin fibers exposed to
intense beams undergo reversible deformation. However, rigid optics, if annealed in situ at
100° C, were shown to withstand in excess of 2 MJ/cm2 of white beam bending magnet radia-
tion without measurable change in performance at 8 keV.42

30.14 X-RAY AND NEUTRON OPTICS

FIGURE 24 Sketch of microfluorescence experi-
ment, showing that overlap of irradiation and collec-
tion volumes yields 3-dimensional spatial resolution.
(From ref. 21.)
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Discussion and Conclusions

Polycapillary X-ray optics are a powerful, relatively new control technology for X-ray beams.
Using polycapillary optics to collimate the output from a point source provides in most cases
much higher intensity than pinhole collimation, particularly if 2-dimensional collimation is
required. Collimating optics collect from 6 to 15° (from 0.7 to 3 millisteradian) of a divergent
beam. Output diameters range from 1 to 6 mm for a monolithic optic to ≥3 cm for a multifiber
collimating optic. Output divergence varies inversely with the photon energy, and is around
0.17° (3 mrad) at 8 keV.

Focusing the beam yields even higher-intensity gains. Measured focused beam gains for
sample sizes from 0.3 to 0.5 mm are around a factor of 100, and agree well with computations.
Computed gains for smaller samples are even higher.

Polycapillary optics can also be used to perform low pass spectral filtering, which allows
the use of increased source voltage. Further, the optics also remove the connection between
source size and resolution, which allows the use of increased source current. Increasing the
voltage and current of the source increases the useful intensity.

While not true imaging optics, polycapillary fibers can transmit an image in the same man-
ner as a coherent fiber bundle. Polycapillary optics can be used to magnify and demagnify
images and to remove the high-angle Compton scattering which can otherwise result in sub-
stantial image degradation. Medical applications are discussed in Chap. 35 of this volume.
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