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Measurement and analysis of leaded glass polycapillary optic performance
for hard x rays
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The properties of borosilicate glass polycapillary x-ray optics have been extensively studied.
Small-area scatter rejection borosilicate glass polycapillary optics have been demonstrated with
good results. Many medical imaging and industrial radiographic applications for x rays would
require large-area optics with good scatter rejection. Since shorter optics are easier to manufacture,
optics with a shorter length would provide a faster route to bringing the benefit of polycapillary
x-ray optics to these applications. Leaded glass would allow the optic to be much shorter and still
give good contrast enhancement, because of the superior absorption of lead glass. In order to
investigate the feasibility of using leaded glass polycapillary x-ray optics for these applications,
measurements and simulations have been performed on the behavior of leaded glass polycapillary
fibers in the 9–80 keV energy range. The transmission efficiencies of these fibers of different types
and lengths were measured as a function of source location and x-ray energy. The measurements
were analyzed using a geometrical optics simulation program, which included roughness, waviness,
bending effects, and a leaded glass filter layer. Despite low transmission at low energies, leaded
glass polycapillary x-ray optics with a length of 30–60 mm seem promising for many high-energy
~.20 keV! x-ray applications. The longer fibers have transmission efficiency of up to 50% in the
35–40 keV, and very low scatter transmission of less than 0.06% up to 80 keV. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1408593#
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I. INTRODUCTION

Polycapillary optics, consisting of arrays of tiny hollo
glass tubes with diameters on the order of a few microns,
be used to control x-ray beams. A polycapillary fiber is
capillary bundle with hundreds or thousands of hollow ch
nels, as shown in Fig. 1. X rays striking the interior of t
glass tubes at grazing incidence are guided down the tu
by total external reflection. Arrays of curved or tapered c
illaries can be used to focus, collimate, and filter x-ray rad
tion. Polycapillary optics have potential usefulness in ma
applications, including x-ray lithography, medical imagin
crystallography, and astronomy.1–9

While properties of borosilicate polycapillary fibers, fa
ricated optics, and their applications have been studied
tensively in the 8–80 keV energy range,10–15 leaded glass
fiber optics are advantageous for excellent scatter rejec
compared to borosilicate glass fibers because of their s
rior absorption.

In this article, measurement results for a variety
leaded glass single fibers in the energy range from 9 to
keV are presented. These fibers have an outer diameter a
0.5 mm, a channel diameter of 12mm, and an open area from
40% to 60%, as described in Table I. The difference in op
area is due to the differences in wall thickness of the holl
tubes which were drawn together to make the fiber, and
differences in the amount of material flow during drawin
The chemical composition of the lead glass is 29.3 w
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PbO, 45.5% SiO2, 15.4% K2O, 5% SrO, and 4.8% BaO with
an approximate density of 3.3 g/cm3. The fiber cross section
are hexagonal and the interior is a lattice of rounded he
gons formed as the packed circular tubes were drawn
gether, as shown in Fig. 1. The letters indicate differe
batches, which were drawn under different thermal con
tions.

The results were analyzed using a geometrical op
simulation program. The use of the simulation to analyze
experimental data from 60-mm-long type-B fibers is demo
strated. Finally, the fitting processes were used to determ
the best-fit parameters of the simulation for five other lead
glass fibers. The measurements show the potential for ap
cations at energies from 25 to 80 keV for short-length opti
The analyses from the simulation indicate that waviness
bending are harmful to the transmission at higher energ
and partially blocked channels are more harmful for low
energies.

II. BASIC PRINCIPLE

Capillary x-ray optics use multiple total external refle
tions to guide grazing-incidence x rays in arrays of tiny h
low glass tubes.1 For the leaded glass capillaries that we
used in the experiments described here, the critical angle
reflectivity is16

uc535~mrad!/E~keV!. ~1!

The higher the photon energy, the smaller is the criti
angle.
3 © 2001 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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III. GEOMETRIC SIMULATION

In the geometrical optic simulation used in this artic
x-ray transmission through hollow glass fibers is simula
by tracing a large number of x rays through fibers. The sim
lation includes four fiber quality defects: roughness, wa
ness, channel blockage, and also profile corrections that
be approximated by uniform bending. It had been sho
previously that geometric simulations with these four b
parameters are in good agreement with experimental dat
borosilicate single fibers at 1–80 keV.13,17

The geometric algorithm is a two-dimensional appro
mation. Because of the small critical angle, the velocity
the x-ray photon along the capillary axis is nearly equal toc,
the velocity of light. The trajectory of an x ray can be r
duced to the two-dimensional motion inside the capilla
cross section.13 Deviations of the channel from a straig
path are approximated by uniform bending described
bending radiusR. The bending of the channel makes t
apparent motion of the x ray within the channel cross sec
similar to that of a classically accelerated particle.

Surface roughness is formally parametrized by a co
lation length and root-mean-square displacement of ro
surfacez. Because the effect on surface reflectivity of t
changes in the correlation length can be compensated
changing the roughness height, and due to the lack of ac
correlation data, the correlation length was fixed at 6mm for
all simulations. Changing this value would cause a prop
tional scaling of all reported roughness heights. The va
was chosen for borosilicate fibers so that the roughn
heights agree with atomic-force microscopy data.13 The sur-
face roughness decreases the apparent reflectivity of
channel walls and, therefore, the transmission in capill
channels.

FIG. 1. Photograph of a cross section of a leaded glass polycapillary
with channel diameter of 12mm and fractional open area of 60%.
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The third capillary surface quality parameter is wav
ness, which occurs on a spatial range shorter than the c
lary length and longer than roughness. The average effec
the waviness can be considered as a random tilt of the g
wall. The tilt angles are assumed to be normally distribu
with a mean value of zero and a standard deviationw.

The fourth polycapillary defect is channel wall blockag
which is modeled by a filter layer of glass of thicknesst. The
layer represents glass inclusions which randomly occur al
the fiber. The analysis shows that the effects of these f
parameters can be easily separated.

IV. EXPERIMENTAL APPARATUS AND TECHNIQUE

A. Experimental apparatus

The experimental apparatus is shown in Fig. 2.

1. Source

The x-ray generator used in the experiment was a lo
current Microfocus MS50 with a 50mm spot size, tungsten
target, and a maximum operating voltage of 100 kV. T
source head was mounted on a stage which could be mo
in the two directions transverse to the x-ray beam. In orde
reduce the background of scattered x rays, this mova
source was enclosed in a 6-mm-thick lead box with a 1
3175 mm aperture in the front. The source-to-fiber distan
was 1100 mm. In the measurement for photons with ene
higher than 50 keV, a 5-mm-thick aluminum plate was us
as a filter between the source and the fiber to remove
low-energy photons, and reduce the dead time of the de
tor.

er
FIG. 2. Scheme of experimental setup for fiber measurement.
TABLE I. Fiber descriptions and best-fit simulation parameters from Secs. V B and V C.

Fiber description Best-fit simulation parameters

Fiber type

Outer
diameter

mm

Channel
size
mm

Open
area
%

Length
mm

Bending
R
m

Waviness
w

mrad

Layer
t

mm

Roughness
z

nm

A 0.53 12 60 60 40 0.26 45 1.8
B30 0.51 12 60 30 30 0.15 18 1.7
B60 0.51 12 60 60 56 0.15 33 1.7
C 0.51 11 50 60 27 0.19 33 1.8
D 0.53 11 50 60 28 0.20 43 1.8
E 0.53 11 40 60 45 0.28 47 2.1
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2. Pinhole

A 200-mm-diam pinhole through 4 mm of lead, 2 mm
tungsten, and 1 mm of tantalum~attached together!, was
placed 5 mm away from the fiber at the entrance end.
pinhole was attached to a 6-mm-thick lead shield. The p
hole and lead shield together block scattered x rays and l
age around the outside of the fiber. The pinhole was sma
than the fiber but still covers hundreds or more channels
small size was chosen not only to avoid the leakage aro
the fiber and reduce dead time in the detector, but als
keep the source–fiber distance as small as possible w
keeping the photon entrance angle at the edges of the pin
to less than the critical angle at energies up to 80 keV.

3. Fiber

The fiber was held straight by a finely machined groo
in an aluminum plate and covered by iron powder to prev
x-ray leakage around the fiber. The aluminum plate was a
mounted on a stage which can be translated in two ortho
nal directions transverse to the beam. All stages w
mounted on rail carriers which could be moved along
beam directions. Five kinds of fibers, listed in Table I, we
measured.

4. Detector

The detector was a high-purity germanium detector w
about 200 eV resolution at 5.9 keV and 550 eV at 122 k
The detector was placed behind the fiber. The distance
tween the source and detector was fixed to keep air abs
tion constant. Motion control and data collection were
performed with a small computer.

V. MEASUREMENT RESULTS AND ANALYSIS

A. High-angle transmission

Source scan plots of transmission through a type-B
fiber as a function of source location, for seven differe
energy windows of approximately 2 keV in width, are show
in Fig. 3. The transmission plots are narrower for the high
energy windows, as expected due to the decrease in cri
angle with photon energy. For leaded glass fibers, becaus
the high absorption of lead, the background signal from p

FIG. 3. Normalized transmission vs source position, taken by moving
source in the horizontal direction traverse to fiber axis with the fiber, p
hole, and detector fixed.
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tons with incidence angle greater than the critical angle
very small. These photons are absorbed, rather than cu
through the glass wall. The cut through transmission is 3.
at 80 keV for a 30-mm-long type-B fiber and 0.18% for
60-mm-long fiber. Measured and theoretical high-an
transmission at several energies are shown in Fig. 4.
theoretical values are calculated using13

Tc5e2l ~12 f !m, ~2!

wherel is the fiber length,f is the fractional open area of th
fiber, r is the density of the glass, andm is the attenuation
coefficient of the glass obtained from the tabulated value18

The transmission results which follow are channel transm
sions from which the very small high-angle cut through a
fluorescence background have been subtracted.

B. Simulation analysis

Transmission for the leaded glass fibers in Table I w
measured in the energy range of 9–80 keV. To illustrate
effect of each simulation parameter, the application of
simulation to the experimental data for fiber type-B60~a
60-mm-long type-B fiber! is discussed in this section.

1. Bending effects

A slight bending can dramatically reduce the transm
sion at the high energies where the critical angles are sm

e
-FIG. 4. High-angle~cut through! transmission vs energy, measured with t
source moved away from the aligned position to an angle larger than
critical angle. Lines are theoretical calculations using Eq.~2!.

FIG. 5. Simulated transmission spectra~lines! of a type B60 fiber for dif-
ferent bending radii are compared with the experimental data~boxes!. The
figure shows that bending alone cannot fit the data since the sharpest
underestimates the transmission at high energies.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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est. The measured transmission as a function of energy a
with the simulations with different bending radii for fibe
type B60 is shown in Fig. 5. The simulation with bendin
along cannot fit the experimental data since at the sma
radius the transmission is too high at low energies and
low at high energies. Since any waviness correction will
duce the transmission, the radius of bending has to be la
than 32 m.

2. Waviness effects

Simulations with different waviness corrections are co
pared to the experimental data of transmission spectra f
type-B60 fiber in Fig. 6. The waviness alone cannot fit
data. The simulation shows that the waviness causes
transmission to drop rapidly at medium energies but not r
idly enough at higher energies. Figure 6 shows that the w
ness correction has to be smaller than 0.3 mrad to fit the d
Simulated transmission source scans with different wavin
are compared to the experimental data at 40 keV in Fig
The simulation with a waviness of 0.15 mrad fits the sp
trum source scan fairly well at 40 keV. Thus, the maximu
value of waviness is 0.15 mrad.

FIG. 6. Simulated transmission spectra~lines! of a type B60 fiber for dif-
ferent wavinesses are compared with the experimental data~boxes!. The
waviness correction causes the transmission to drop primarily in the mid
energy range.

FIG. 7. Simulated source scan curves~lines! with different wavinesses are
compared with the experimental data~stars! at 40 keV. Since the simulated
curve with a waviness of 0.15 mrad fits the data fairly well, it is used as
value for waviness in the best-fit simulation parameters in Table I.
Downloaded 13 May 2002 to 169.226.28.24. Redistribution subject to A
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3. Roughness effects

Roughness has only a fairly small effect on the transm
sion spectrum. The transmission drop depends on both
surface reflectivity, which is slightly reduced by roughne
and the number of reflections that the photon underg
through the channel, since the transmission is approxima
proportional toRn, whereR is the reflectivity, andn is the
number of bounces. For a straight capillary with the sou
aligned, the average number of bounces of the photon a
the channel is small, usually less than 3, and the roughn
has little effect. The transmission is more affected if t
source is off axis. The transmission as a function of sou
displacement is shown in Fig. 8. Because photons experie
more than 21 reflections for large source displacements,
transmission at high angles is sensitive to roughness and
comes too small if the roughness is larger than 1.7 nm.
best-fit parameter is taken asz51.7 nm.

e-

e

FIG. 8. Simulated source scan curves~lines! for a type B60 fiber for differ-
ent roughnesses are compared with experimental data~circles! at 9 keV. The
curve is too low at large displacements for the highest value of roughn
For all values of roughness the curve is too wide at small displacem
even for the best-fit simulation, using in addition toz51.7 nm, the bending
and waviness from Table I. This may be because the actual unnorma
transmission at 9 keV is quite low.

FIG. 9. Simulated transmission spectra~lines! with different layer thick-
nesses alone compared with the experimental data~boxes!. The figure shows
that the maximum layer thickness for a type B60 fiber is 35mm to fit the
low-energy transmission.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4. Channel blockage

The drop in transmission at low energies can be fit
modeling channel blockage with a glass filter layer of thic
ness t. The simulated transmission spectra with differe
layer thicknesses is compared with the experimental dat
Fig. 9.

5. Best fit

To fit the transmission spectrum data, finally, we co
bine the waviness determined from the source scan curv
40 keV, the roughness determined from the source scan c
at 9 keV, and add the bending radius and a glass layer w
from Fig. 9 must be less than 35mm. Figure 10 shows tha
the inclusion of a 33-mm-thick glass layer gives a good fi
with the experimental transmission spectrum. The simula
with the four best-fit simulation parameters is compared
the experimental source scans in Fig. 11. The simula
transmission spectra and source scans at medium and
energies fit the data fairly well.

The primary effect of bending is to reduce the transm
sion at highest energies. Channel blockage reduces the t
mission at lowest energies. Roughness reduces the wid
the source scan width at these low energies. Waviness
duces the transmission and the source scan width
midrange energies.

FIG. 10. Simulated transmissions with~solid line! and without~dashed line!
a leaded glass filter layer for a type B60 fiber are compared with the ex
mental data~boxes!. Best fit is achieved withR556 m, w50.15 mrad,z
51.7 nm,s56 mm, andt533mm.

FIG. 11. Simulated scan curves with best-fit simulation parameters f
type B60 fiber compared with the experimental data at four photon ener
Downloaded 13 May 2002 to 169.226.28.24. Redistribution subject to A
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C. Explanation of the experiment results

Using the fitting processes described in Sec. V B,
best-fit simulation parameters for fibers A, C, B60, D, and
which have a length of 60 mm, and also fiber B30, which h
a length of 30 mm, were obtained. The best-fit simulat
parameters are listed in Table I. The best-fit simulated tra
missions along with the experimental data are shown in F
12 and 13. The outer diameters of the fibers are in the 0.
0.53 mm range. These fibers are thin and flexible, and th
fore, are difficult to keep straight in the measurement ap
ratus, resulting in sharp bending radii and relatively po
high-energy transmission. All the fibers have a similar roug
ness. Fiber type B has a high open area, low channel blo
age, and the least bending and waviness. Thus, this fiber
better transmission than other fibers.

Fiber A has more waviness and more glass inclusio
and thus poorer transmission at all energies. Waviness a
from sensitivity to vibration during the fiber pulling pro
cesses, and both manufacturing defects are affected by
tailed thermal history. Fibers C, D, and E have a lower op
area, which reduces the maximum possible transmission
ber types C and D have the same open area, but fiber typ
has a thinner glass layer. As a result, fiber type C has a hig
transmission at lower energies than fiber type D, as show
Fig. 13.

Figure 12 shows that the transmission of fiber type
with the shorter length is higher at lower energies than
longer length fiber because of its thinner blockage layer. T

ri-

a
s.

FIG. 12. Simulation of transmission spectra of fiber A, fiber B60~B with
length of 60 mm!, and fiber B30~B with length of 30 mm! with their best-fit
parameters listed in Table I, compared with the experimental data.

FIG. 13. Simulated transmission spectra of fibers C, D, and E with th
best-fit parameters listed in Table I, compared with the experimental da
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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thinner layer is consistent with a statistically random mo
of glass inclusion. However, because of its high flexibili
the shorter fiber experiences more bending than the lon
fiber, and thus the transmission falls off faster at higher
ergies. Because the bending radius of the fiber is proportio
to the square of the fiber length, even if the shorter fi
experiences a smaller deflection than the longer fiber,
shorter fiber still can have a smaller bending radius.13 The
bending is due to residual stress in the glass. Because
longer fiber is heavier it resists being lifted out of the groo
by the residual stress.

VI. CONCLUSIONS

The measured transmission is greater than 45% for fi
type B in the 25–50 keV energy range. The geometric sim
lation, with roughness, waviness, bending, and chan
blockage corrections, performs well in explaining the me
sured transmission spectra. According to this simulati
bending is the most harmful at higher energies, and g
inclusions that block the channels are harmful at lower en
gies. The high-energy transmission performance could
improved by making the fibers larger in diameter, and the
fore more rigid, to minimize unintentional bending. Low
energy performance would be improved by using shorte
bers. Because of the good absorption of lead, the high-en
photons which are not reflected are absorbed nearly c
pletely by 60-mm-long fibers, even at 80 keV. The hig
angle transmission at 80 keV is only 0.2%. At energies be
50 keV, the high-angle transmission is negligible for the
mm length. Thus, short leaded glass polycapillary x-ray
tics are very promising for scatter rejection applications.
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