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Abstract

X rays can be guided through a polycapillary fiber by multiple total reflections from

the smooth channel walls of the fiber. Using monochromatic Synchrotron Radiation at

energies of 22 and 44 keV, we measured the efficiency of transmission of x rays through

polycapillary fibers with channel diameters of about 13 _m. Efficiencies of 57.3% and 54.5%

for 22 keV and 44 keV x rays, respectively, were obtained with a 120-mm-long straight

polycapillary fiber aligned with the incident beam. These values are close to the open

fraction of the fiber, which is about 60%. In addition, transmission efficiency was measured

as a function of the tilt angle between the incident beam and the axis of the fiber. We also

measured the transmission efficiency as a function of the deflection angle for a l l4-mm-long

curved polycapillary fiber. The measurements are compared with a ray-tracing simulation.
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The concept of x-ray steering based on multiple total reflections within a hollow glass

capillary has been known for many years [1-5]. X rays have been focussed on a micrometer

scale using a tapered glass capillary [6,7]. However, the use of arrays of curved glass

capillaries to collect and steer x-rays was introduced only recently by Kumakhov and his

collaborators [8-10]. Subsequently, various novel x-ray optical devices, collectively known as

Kumakhov lenses, were conceived and demonstrated [10,11]. Kumakhov lenses can control x

rays over a broad range of angles and energies and have many potential functions including

beam collection and focusing, beam collimation and energy filtering for x-ray imaging

systems, projection lithography, and various research applications. The underlying geometric

consideration for a Kumakhov lens is that the channel diameters are much less than the radius

of curvature of the fibers in the lens, which ensures that, at each reflection, propagating x

rays are incident on the channel walls at angles less than the critical angle for total reflection.

For a parallel x-ray beam aligned with the entrance of a capillary, this condition can be

expressed by [9],

R> 2_...d

where R is the radius of curvature of the fibers, d is the channel diameter, and 0c is the

critical angle for total reflection. For silica glass, 00 is about 30/E mrad, where E is the x-ray

energy in keV. Thus the channel size must be decreased to reduce the physical size of the

Kumakhov lenses by decreasing R, or to transmit higher energy photons which have a smaller

0c.

The success of the Kumakhov lens resulted in extensive experimental and theoretical

studies of the transmission of x rays in capillaries. Quantitative studies have been made of

the transmission of x rays through polycapillary fibers under different geometries using soft x

rays (~lkeV) [12] and x rays of 8-20 keV [13, 14]. This paper reports our measurements of

the transmission efficiency of hard x rays through straight and curved polycapillary fibers

using monochromatic synchrotron radiation at energies of 22 and 44 keV. The experimental

data are compared with the results of a ray-tracing simulation.

The simulation traces the trajectories of a large number of x rays, so that the

distribution of initial trajectories represents the conditions of the experiment. Each incident



angle of reflection during the passage of an x raythrough a capillary is calculated, so that the

probability that the x ray is transmitted is the product of all the reflection probabilities. These

probabilities are calculated according to the Fresnel equation for the reflection coefficient,

using the complex index of refraction for glass. A detailed description of the simulation

program can be found in reference [13].

The measurements reported in this paper were performed at beamline X17B at the

National Synchrotron Light Source of Brookhaven National Laboratory. The x-ray beam was

monochromatized by a double-crystal monochromator (Si(220)) and had a fundamental energy

of 22 keV, together with a second harmonic at 44 keV. A NaI scintillation detector was used

to detect the x rays.

The polycapillary fibers used were made of borosilicate glass. The cross-section of

the fiber is hexagonal, with 0.44 mm between opposite comers. Each fiber contains 547

hexagonal channels, each with a diameter of about 13 _tm. The open area of the fiber is

about 60%, including small triangular channels. Figure 1 is an optical micrograph of the

cross-section of the polycapillary fiber.

For measurements on straight polycapillary fibers, the fibers were placed against the

right-angle comer of an _J-shaped, optically flat aluminum plate. To measure the 114-mm-

long bent fiber, the 19-mm-long entrance part of the fiber was pressed against the comer of

the plate with a steel block and the remainder of the fiber was bent by pushing the exit end of

the fiber horizontally with a micrometer. For small deflection angles, this simple procedure

creates a cubic bending with a curvature which is greatest at the beginning of the bend and

which decreases linearly to zero at end of the fiber [15]. The mean curvature is 3s/(2L:),

where s is the distance the exit end was deflected, and L the length of the bent portion of the

fiber. To prevent the beam passing directly from the source to the detector, a lead pinhole

collimator with a diameter of 350 lam, which is smaller than the fiber diameter, was aligned

with the entrance end of the polycapillary fiber. The polycapillary holding apparatus was

mounted on rotational stages, that could rotate about both axes perpendicular to the fiber axis.

Each fiber was aligned with the x-ray beam by rotating the fiber about both axes until the

transmission was maximized.

The transmission efficiency, defined as the ratio of the photon flux at the exit end of

the fiber to the photon flux at the entrance of the fiber, is limited by the fractional open area
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of the polycapillary fiber. Transmission efficiencies of 57.3% and 54.5% for 22 keV and 44

keV photons, respectively, were obtained for a 120-mm-long straight fiber aligned with the

incident bearr These values are close to the fractional open area of the fiber (-60%).

We measured the transmission efficiency as a function of the tilt angle between the

incident beam and the axis of the fiber. Figure 2 compares the measurements with the ray-

tracing simulation. Transmission efficiency decreases with the tilt angle because the average

angle between the photon trajectories and the reflecting surface increases, producing greater

absorption losses. The larger mean angle also causes more reflections to take place as the

photons travel the length of the polycapillary fiber. The results show that the full width at

half maximum of the transmission curve for 22 keV photons is about twice that for 44 keV

photons because the critical angle for 22 keV photons is twice that for 44 keV photons. The

measured transmission curves are only slightly lower than the simulated ones, which shows

that the reflectivity in the polycapillary fiber is close to the theoretical values used in the

simulations.

We also measured the transmission efficiency through a 114-mm-long bent

polycapillary fiber. As described above, the fiber was bent by aligning the straight entrance

portion with the incident beam and deflecting the exit end with a micrometer to different

positions. Figure 3 compares the transmission efficiency as a function of mean curvature for

22 keV and 44 keV photons with the simulation. Some of the x-ray trajectories transmitted

through the straight portion of the fiber enter the bent portion with incident grazing angles

exceeding the critical angle. As the degree of bending increases, the fraction of these

trajectories also increases, which results in a decrease in the transmission (Figure 3). The

results show that lower energy photons can be deflected more easily because of their larger

critical angle.

The results show that glass capillaries can effectively guide and bend x rays up to 44

keV. The agreement between the measured data and simulations indicates that the reflectivity

in the polycapillary fiber is close to the theoretical values used in the simulations. The large

ratio of the transmission efficiencies between the 22 keV and 44 keV x rays when the fiber is

bent or tilted away from the incident beam shows that the technique of filtrating high-energy

x rays using capillaries is quite promising, especially with divergent beams for which

capillaries can capture a larger solid angle of lower energy photons, while effectively filtrating



undesired higher energy spectra.
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Figure Captions

Figure 1. Optical micrograph of the cross-section of a polycapillary fiber used in this study.

Figure 2. Measured and simulated transmission efficiency as a function of the angle between

the capillary axis and the incident beam with energies of 22 keV and 44 keV

for a 120-mm-long fiber.

Figure 3. Measured and simulated transmission efficiency as a function of mean curvature for

22 keV and 44 keV x rays for a 114-mm-long fiber.
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