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Summary 

Capillary lens technology may ultimately bring benefits to neutron and x-ray-based science 
commensurate with the benefits provided by conventional lenses that focus visible light. A capillary lens 
consists of a large number of hollow capillaries, each of which gathers some frzlction of the available incident 
radiation and guides it so that all of the transmitted radiation is directed for maximum utility. (Often, the 
outgoing radiation is made to converge at a common focal point.) Although the technology for capillary 
optics is not yet 10 years old, these lenses have already had a significant impact in a number of areas of 
engineeringy science, and medicine. In general, capillary lenses provide maximum advantage whenever it is 
desirable to increase the radiation flux at a specific location without regard to its angular divergence. In the 
future, more efficient capillary lenses will probably be developed that achieve much higher intensity gains by 
guiding radiation to a smaller focal point. These anticipated improvements can only widen the range of 
applications for which capillary lenses are well suited. 

Pacific Northwest National Laboratory (PNNL) has worked to improve this technology in a number 
of ways. A neutron-sensitive fiber optic faceplate may greatly shorten the time required for experimental 
measurements involving capillary neutron lenses. A single, optimally tapered capillary was manufactured at 
PNNL. This singZe taper allows intensity gains of a factor of 270 to be achieved for an hiti@ parallel, 
incident x-ray beam. The feasibility of two separate methods that might bk used to construct neutron lenses 
incorporating ’Wi and thus having improved focusing power has been explored at PNNL. The isotope 5Wi is 
particularly effective at reflecting neutrons, a critical fator in the construction of neutron lenses. First, it 
might be possible to use glass rich in this isotope. ‘Second, it might be possible to construct capillary lenses 
constructed entirely fiom metal capillaries. These metal capillaries could then either be composed of or 
coated with nearly pure 58Ni. Each of these improvements to capillary lens technology is discussed in 
Section 3.0. 

In addition to striving for fundamental technological advances, PNNL has identified and investigated 
three applications for capillary optics. First, a capillary neutron lens should be capable of measurjng the 
strength of a neutron-emitthg source fiom substantially greater distances than allowed by conventional 
methods of neutron detection. The device that accomplishes this measurement has been dubbed the “neutron 
.telescope.” Second, a capillary x-ray lens has been acquired and studied for the application of small-particle 
cliflkactometry. Although current technology cau iden* small crystalline particles through difkxtometry, 
measurement times can be as long as one week It is hoped that ultimately x-ray lenses will shorten this time 
by 1-2 orders of magnitude. Finally, an investigation of the use of capillary lenses for neutron radiotherapy 
of deep-seated tumors was completed It was found that significantly more cost effective therapy may be 
possible with the use of a capillary optic. Each of these applications is discussed in Section 4.0. 

The final section of this report concludes by providing a brief guide to determining which potential 
applications are likely to be helped by capillary optics. In short, what capillary optics cannot do is just as 
important as what they can do. Capillary lenses do not operate on radiations other than thermal neutrons, 
sub-thermal neutrons, and x-rays with energies between roughly 1 and 10 keV. Capillary optics can bend 
radiation (this is how focusing is achieved), but not along a path with a radius of curvature greater than 
roughly 1 meter. No capillary optic has yet been constructed with a diameter greater than roughly 4 cm or a 
length greater than roughly 20 cm. Any Capillary optic must obey the Liouville t h e o r e  i.e., bringing the 
radiation to a m o w  focus must necessarily increase its angular divergence. The final section of this report, 
Section 5.0, discusses these limitations and how they govern the selection of applications for which capillary 
optics are well suited. 
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1.0 Introduction 

1.1 History 

M. A. KumaLov design& and constructed the first capillary lens at the I. V. Kurchatov Atomic 
Ener& Institute in Moscow, Russia, in the late 1980s. Although this first generation lens was nothing like 
current lenses in terms of quality or capability, it was sufticiknt to demonstrate the practicality of soft x-ray 
focusing (Mosher and Stephanakis 1976; Kumakov and Komarov 1990; Mildner 199Oa). Kumakhov 
brought his technology to the United States shortly thereafter, where he teamed up with Professor Walter 
Gibspn in the physics department of the State University of New York at Albany. Soon Professor Gibson 
and his son, David Gibson, had formed a company, X-Ray Optical Systems, with the goal of commercializing 
this incipient technology. As of 1996, this company has sold roughly 10 lenses and holds a number of crucial 
patents related to capillary optics technology. In addition to intelIectual property, this company has acquired 
invaluable expertise’in the “arty7 of lens construction. Several “off-the-shelf’ lens designs can be purchased 
for several tens of thousands of dollars. Although the ultimate future of this te@mology is not certain, X-Ray 
Optical Systems is sure to play a major role in any future lens development activity. 

It did not take long for capillary optics to find application in the arena of neutron focusing. It is a 
fortunate circumstance of nature that the very sume capillary lenses can be used to focus both x-rays and 
thermal neutrons (Chen et al. 1992; Mildner et al. 1993). Staff at the National Institute of Standards and 
Technology (NIST) have led efforts to demonstrate the utility of neutron focying for numerous applications. 
They possess the world’s best neutron lens, which has demonstrated a neutron hence  g&n of a factor of 80. 

- 
This technology recently garnered an “R&D 100” award and appears poised to nynerous application 

areas, including national security, medicine, and electronic circuit manufacturing. More than a dozen separate 
institutions have investigated lens behavior under a variety of applications. Indeed, the capillary lens can be 
considered a permanent member of the set of tools available to practitioners of the physical and biological 
sciences. 

Pacific Northwest National Laboratory (PNNL)(’) has worked to improve this technology in a number 
of ways. For example, a single, optimally tapered capillary was manufktured. Also, the feasibility of two 
separate methods that might be used to construct neutron lenses incorporating Wi has been explored. In 
addition to striving for bdamental technological advances, PNNL has idenaed and investigated three 
applications for capillary optics. 1) a “neutron telescope” to measure the strength of a neutron-emitting 
source fiom greater distances than is now possible, 2) a time saving capillary x-ray lens to apply to small- 
particle difilactometq, and 3) a capillary lenses for neutron radiotherapy of deep-seated tumors that could be 
less expensive than current therapies. 

(a) Pacific Northwest National Laboratory is operated for the U.S. Department of Energy by Battelle under 
Contract DE-AC06-76RLO 1830. 
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1.2 Basic Principles of Capillary Lens Operation 

Strictly speaking, the term capillary “lens” is a misnomer. A conventional optical lens relies on the 
refraction of light, i.e., the fact that a light quanta is bent, or redirected, when entering a material with a 
different index of refraction. In contrast, neutrons and x-rays are simply reflected from the inner surfaces of 
the hollow capillaries that make Gthe lens. In fact, a capillary lens has more in comkon with a fiber optic 
light guide or a garden hose than with a conventional optical lens. A schematic diagram of a neutron lens is 
shown inFigure 1.1. 

Figure 1.1. Schematic Side View of a Typical Capillary Lens 

The lens is like a fiber optic light guide because both devices trap radiation through the pr&s of 
total i n t d  reflection. The lens is like a hose, however, because it is critically importad that the radiation 
exiting the capillaries goes straight. Only in this way can the radiations from the various capillaries that make 
up a lens bring their component radiations to the same focal point. 

An obvious question concerns the mechanism by which neutron or x-ray radiation is reflected from 
the inner walls of the lens’ capillaries. The simple answer to this question is that common materials such as 
glass and metal have effective indices of refraction that are slightly Zess than one. Since the index of 
refraction of the air inside the hollow capillaries is almost exactly 1.0, radiation can be reflected at the inner 
capillary wall as the radiation first encounters material with a lower index of refraction. As is the case with 
conventional optics, the index of refraction for x-rays and neutrons depends on energy (wavelength). For this 
reason, sensible use of capillary optics is limited to neutrons with energies below roughly 0.05 eV and x-rays 
with energies below roughly 10 keV. In addition, x-rays below roughly 1 keV are hard to focus because 
absorption becomes a serious problem. Fortunately, these useful energy ranges include both thermal and sub- 
thermal neutrons as well as x-ray bands commonly used for medical, lithographic, and analytical applications. 
Generally speaking, a capillary neutron lens will have no effect on radiation of an energy that lies above the 
indicated ranges. 
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Capillary lenses can be used to accomplish several h d a m e n w y  Werent tasks. Perhaps the 
simplest class of lenses are called “benders.” These lenses simply enable radiation to turn through some 
angle, but have no other effect. This function, however, can be critically important for some applications. 
For example, a neutron beam that has rounded a mer can be brought to a location that has no direct, “line- 
of-sight” connection with the reactor core that is the neutron source. barrel lenses gather diverging 
radiation and redirect it as converging radiation that arrives at a common focus. This g e n d  function is 
referred to as “source transfer.” Lastly, half barrel lenses can either focus radiation that is initially parallel, or 
turn diverging radiation into beam-like radiation with little divergence. Every application for capillary lenses 
requires one of these three types of lens. 

The last point to stress about capillary lenses is that they can only “compress” radiation spatidy at 
the cost of increased divergence. In other words, radiation at the focus of a capillary lens may be more 
intense, but it must come from a wider variety of directions. The physical theorem that governs this behavior 
is known as Liowille’s theorem. It is important to understand this principle when considering applications 
for capillary lenses. 

’ 1.3 Applications 

What follows is a list applications that have been considered for capillary lenses. For each 
application, the importance of a capillary lens is briefly discussed Note that some of these applicatiom are 
speculative; that is, actual use of a capillary lens may not have been seriously attempted. 

X-Ray lithography: If an x-ray capillary lens were used to collimate (make parallel or non-diveaging) x-ray 
radiation for lithography, a significantly higher quality process might be possible. 

Weapons Simulation: In this application, it is desirable to separate the measurment site fiom the simulation 
site to avoid damage from the “debris” produced by the weapons simulation. 

Beam Bending: Neutron beams at research reactors are being considered for numerous practical applications 
such as tomography. The quality and usefulness of these beams may be enhanced by moving the beam to a 
location out of line with radiation (fast neutrons, gamma rays) that originates in the reactor core. 

- 

X-Ray Diffractometry: The intensity of x-ray radiation that can be effectively used for difhctometry may be 
greatly increased with the aid of a neutron lens. This, in turn, may shorten the time required to acquire 
diffractometty data. 

X-Ray Scalpel: A capillary lens could produce an x-ray flux intense enough for medical use at somedistance 
from the x-ray source. 

X-Ray Filtering: Because the capillary x-ray lens only passes x-rays from within a Certain energy range, the 
lens itself can act as an x-ray energy band-pass filter. 

X-Ray Fluorescence: As with other x-ray analytical techniques, x-ray fluorescence analysis may be aided 
with the use of a capillary lens. This may allow a reduction of the particle size at which analysis is feasible. 
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Neutron Activation Analysis: The flux increase that is possible with the use of a capillary lens may greatly 
increase the utility of neutron activation analysis. The consequent reduction in req&ed source strength may 
allow portable systems that uses2Cfneutron sources to become practical. 

MedicalX-Ray Imaging: An x-ray lens on the film side of a medical x-ray such as a mammogram can 
prevent scattered x-rays fiom r & h g  the film. s his, in turn, can improve the q d t y  of the resulting image 
by reducing background and enhancing contrast. 

Neutron Radiotherapy: A neutron lens can be used to create a relatively intense, narrow thermal neutron 
beam that can be aimed directly at the site of a cancerous tumor. This technique has been shown to reduce 
the radiation dose received by healthy parts of a patient and within the treatment room generally. The cost of I 

radiotherapy treatments may also be greatly reduced as a result of more efficient use of neutron resources. 

Remote Neutron Source Localization and Measurement: A neutron detector placed at the focus of a neutron 
Iens could be exceptionally small and therefore have a very low background count rate. In this way, it should 
be possible to construct a neutron telescope that measures the strength of a neutron source from a 
considerable distance. 

1.4 TheFuture 

Capillary lens technology is stil l  young and continues to improve. As capillary optics technology 
improves, more and more applications will become economically viable or physically practical. Likely 
improvements to expect in the next several years are listed below. 

Increased Eficiency: Improved materials and better construction tecwques should allow significant 
improvements in the efficiency of both neutron and cz$illary lenses. This means, in essence, that more of the 
neutrons or x-rays striking the front surface of a lens will likely be accepted, guided, and transmitted through 
the lens. 

Improved Neutron Acceptance: A lens constructed with any of several isotopes such as "Ni will enable more 
effective neutron focusing. This is because materials incorporating Wi have indices of refiaction that differ 
more substantially &om unity. A four-fold improvement in the neutron gathering power of lenses may be 
possible. 

SmZZer Focd Spot Size: Improvements in lens construction technology will almost surely lead to a reduction 
in focal spot size. Since the same amount of radiation reaches asmaller area, the overall intensity gain can be 
tremendous. 
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2.0 The Science of Capillary Optics 

2.1 Reflection 

The effective index of refraction of the capillary material is very close to unity. As a result, total 
i n t a d  reflection occws only for those neutrons or x-rays that’strike the lens moving in a direction that is 
n k l y  pardel with the axis of the capillary involved. p his situation has several important ramifications. ~n 
order to have a chance of being successfully acted upon by a capillary lens, incident radiation must be aligned 
with the individual capillaries of the lens to within an angle of roughly 4 x lo” radians. This angle is called 
the “critical angle.” Misalignment angles significantly greater than this usually result in failure to accept 
radiation for focusing. Such a neutron or x-ray will either be absorbed or pass straight through the lens as if 
it were not there. 

Calculating the index of refraction and related critical angle requkes some knowledge of a particular 
material’s properties. For x-rays, a critical parameter is the plasma frequency (ap ) given by MacDonald et 
al. (1993) 

up = Nq2/me, (2.1) 

where N is the electron density, E, is the permittivity of free space, and q and m are the electron’s charge and 
mass. The index of refraction (n) for a particular material can be calculated from the relation, 

nz = 1 - (o## (2.2) 

where o is the photon’s frequency. Snell’s law relates the critical angle (03 for total internal reflection to the 
index of refraction as follows: 

. 0, = (2[n-l])% (2.3) 

This angle represents the maximum angle with which an x-ray can strike the capilIary walI and still 
be reflected. For neutrons, the index of refraction can be calculated from ( K d o v  and Komarov 1990) 

nz = 1 - A ~ I W ~  (2.4) 

where A is the neutron De Broglie wavelength, b is the coherent scattexing amplitude for the material, and N 
is the atom density. Using Snell’s law again yields an expression for the critical angle for neutron reflection, 

The need for effective radiation trammission through very narrow capillaries imposes strict 
requirements on the efficiency of total internal reflection within the capillaries (Mildner 1990b). A neutron or 
x-ray may undergo as many as 100 internal reflections during the transit of a loan-long capillary. If the 
probability of absorption or diffuse scattering at each reflection is a, then the probability of successful 
transniission through the entire capillary is (l-ay, where N is the total number of i n t d  reflections. In 
practice, serious degradation of lens performance results whenever 00.01. SatisfLing this condition requires 
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capillaries with extremely smooth inner surfaces and minimal absorption to mhimize neutron capture 
(Kimball and Bittell993; Pantell and Chmg 1979). 

2.2 Acceptable Radiation 

Note that for both neutrons and x-rays, the critical angle is a decreasing function of energy. Any 
energy dependence of the index of refraction indicates a material that is dispersive. (Glass is slightly . 
dispersive when transmitting visible light. This is why white light produces a rainbow when traveling 
through a glass prism.) Equations (2.1) through (2.5) demonstrate that glass is highly dispersive for both 
neutron and x-ray radiation. Thus, lenses can focus soft x-rays and thermal neutrons, but not hard x-rays, 
gamma-rays, epithd'neutrons, or fast neutrons. In fact, neutron lenses work most effectively for neutrons 
with energies even lower than thermal energies. Fortunately, many of the applications for neutron lenses rely 
on neutron beams from research reactors. Reactors with cold neutron sources can provide beams with 
energies that conespond to temperatures that are between 20K and 80K. Thermal neutrons can be focused, 
but the critical angle is roughly 2 x 10" radians at that energy (0.025 ev). The utility of x-ray focusing 
begins to seriously suffer above an energy of 10 keV. 

The fdure of x-ray lenses to transmit photons with energies below approximately 1 keV isnot the 
result of the lens's optical properties. Instead, the capillaries themselves begin to strongly absorb photons 
below this energy. At first glance, this appears counter-intuitive. If a photon is reflected at the boundary 
between air and glass, how can the glass absorb photons? During the process of reflection, the photon 
actually penetrates a small but nonzero distance within the glass outer wall of the capillary. Absorption is 
possible because of this penetration. For a similar reason, it is advisable to use boron-free glass when 
constructing a lens designed to focus neutrons. 

2.3 Bending 

Constructing auseful capillary lens necessarilyrequires that individual capillaries guide radiation 
through a gradual curve. This process is illustrated in Figure 2.1. An approximate criterion for successful 
radiation trausfer through a curve can be derived as follows. Assume that a particle (neutron or photon) 
travels within a straight capillary in such a way that it is reflected from the sides of the capillary at the critical 
angle, 8, If this particle "bounces" across the diameta of the capillary, then the particle travels a distance 
2D/& during one cycle of this motion, where D is the capillary diameter. (Note that an infinity of alternate 
motions is possible.) Successful radiation transmission is likely whenever the capillary curves through an 
angle less than 8, during each cycle of this motion. This informal criterion can be written as 

p > 2D/8," 

where p is the capillary's radius of curvature (Marten 1966; Kumakov and Komarov 1990). While the 
derivation of this criterion is clearly approximate, more careful investigations have basically confirmed its 
validity (Mildner 1990% Mddner 199Ob) The implications of Eq. (2.6) are profound. Since the critical angle 
has a value that is generally not greater than 4 x lo9, and a useful lens will require capillaries with a radius of 
curvature less than roughly 1 metea, Eq. (2.6) requires that the capillary diameter be less than 8 microns! 
Indeed, this is roughly the diameter currently used in constructing capiliary lenses. A lens with a total cross- 
sectional area of 1 cm2 therefore requires more than 106 individual capillaries. This is achieved by 
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constructing a lens from roughly IO3 “polycapillaries,” which in turn contain a large number of capillaries 
(Pantojas et al. 1993). The polycapillaries must be carefully bent and aligned during lens assembly to achieve 
the desired optical effect. 

Figure 2.1 Guiding Radiation Through a Bent Capiary 

2.4 Types of Lenses 

Three basic types of capillary lenses are commonly constructed. Understanding the functions of 
these lenses requires a careM understanding of how lenses in general o p t e .  The small value of the critical 
angle for reflection in these devices has important implications. Fmt, only radiation that reaches a capillary 
at the front of a lens and is well aligned with that capillary can be accepted by the lens. Second, any radiation 
emerging from the back of the capillary lens will have a direction aligned with that of the guiding capillary to 
within the critical angle. - 

The three different types of capillary lenses use the above propexties of capillary lenses in different 
ways. The lens drawn in Figure 2.1 is a “half barrel” lens. This type of lens has capillaries that are parallel at 
one end and converging at the other. The capillaries at the converging end of a well-constructed half barrel 
lens will all point to precisely the same point in space as shown in Figure 2.2. 

However, no lens is perfect; the capillaries will on average be misaligned with each other by an angle 
(8, + 83, where 8, is the typical misalignment angle between capillaries. Assuming that the distance from 
the back of the lens to the focus is Lp, the focal spot will have a diameter at least as large as (2 [e, + 8 J LJ. 
(”he focal spot size is also affected by factors such as the critical angle and the size of the polycapillary 
bundles.) A half barrel lens in this configuration gathers initially parallel radiation and brings it to a common 
focus. Such a lens would be used for any application where it is desirable to intensify radiation fkom an 
initially beam-like source. Synchrotrons can produce parallel radiation beams, or they.can be produced at 
large distances from any strong source, such as a nuclear reactor. A half barrel lens can also be turned around 
180 degrees and used to collimate radiation that is initially diverging. Many radiation sources produce 
radiation that diverges from an effectively point-like souice. However, some applications, such as x-ray 
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lithography or medical imaging, are optimized with wellcollimated radiation. A half-barrel lens is ideal for ‘ 
such applications. 

Figure 2.2. Diagram Using Ray Optics to Illustrate Focusing by a Half Barrel Lens 

The second major type of lens is a full-barrel lens. A full-barrel lens could be constructed from two 
half-barrel lenses placed back to back in such a way that initially diverging radiation is brought.to a focus. 
(In reality this method of construction is unlikely.) Figure 2.3 contains a sketch of a full-barrel lens. Full- 
, barrel lenses are used for applications where a “source transfer” is desired, Le., where it is desirable to 
recreate much of the radiation intensity associated with a particular source without the hazards or 
disadvantages associated with intimate physical proximity with the source. Two different applications for a 
full-barrel lens are detailed later in this report. 

\; Focus / Lens . 
/ 

Source- 

Figure 23. Sketch of a Full-Barrel Lens 

Thefinal and possibly simplest type of lens is a bender. These lenses simply enable radiation to turn 

applications. For example, a neutron beam that has rounded a comer can be brought to‘a location that has no 
direct, “line-of-sight” connection with the reactor core that is the neutron source. 

’ through some angle, but have no other effqt. This function, however, can be critically important for some 
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2.5 LiouviUe’s Theorem 

&e fundamental physical constraint affects the performance of all capillary lenses. The Liouville’s 
theorem says that thephase space volume occupied by radiation can not be altered by the action of a 
capillary lens (or any other system.) Assuming that the radiation takes the form of a cylindrical beam with 
spatial radius R and angular divergence 8, Liowille’s theorem requires that the product Re be the same 
before and after radiation passes through a capillary lens. In other words, it is possible to “compress” a 

. radiation beam with a capillary lens, but only at the cost of increased angular divergence. Such an increase in 
divergence does not matter for many applications for which the radiation direction is irrelevant, such as 
neutron activation analysis, x-ray fluorescence, etc. However, this constraint has important implications for 
some of the applicatiop for which a capillary lens might be considered. A typical example of such an 
application is x-ray diffracometry, for which it is desiable to have the maximum radiation intensity and the 
miuhnum radiation divergence. Increased intensity allows diffractometry data to be acquired in less time, but 
i n c r d  divergence worsens resolution and may hinder the identification of features in the data when 
background is present. In summary, it is critical to consider for a particular application whether intensifying 
the radiation is all that is desired, or whether it is necessary to increase the radiation intensity without a 
concomitant increase in the divergence. 

{ ,  
2.6 Efficiency and Gain 

The efficiency of a capillary lens must be carefully defined and even more carefully estimated. We 
here define efficiency to be the quantity of incident radiation that is accepted, guided, and transmitted by the 
lens divided by the quantity of incident radiation that could ever possibly be accepted, guided, and 
transmitted. Remember that in order for radiation to have a chance of Wig accepted by the lens, it must 
strike the lens traveling at an angle less than.the critical angle relative to the axis of the nearest capillary. The 
efficiency quantifies the degree to which a particular lens approaches the ideal possible performance. 
Efficiency does not, for example, depena directly on the critical angle, even though the critical angle clearly 
affects the behavior of any particular lens. 

The gain of a capillary lens specifically quantifies the intensification of radiation that a lens makes 
possible. Suppose that a particular lens has an efficiency E, gathers all of the radiation from a circular area 
with radius R,, and focuses this radiation down to a focal spot with radius Rf The gain of this lens would be 

where C is the capture fraction, or fraction of the incident radiation that strikes the lens at less than the critical 
angle. A higher critical angle can lead to a higher lens gain through one of the following mechanisms. First, 
it may allow the lens to capture a larger fraction of the incident radiation; i.e., C may increase. Second, a 
larger critical angle allows more sevefe capillary bending according to Eq. (2.6). Thus a lens with a higher 
critical angle can be redesigned to have a smaller focal length and smaller focal size, Rp 
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A capillary lens for a typical application may have an overall efficiency &lo%, and a gain of 
roughly G=100. The capture fraction depends simply on the properties of the incoming radiation through the 
relation 

where 8, & the divergence-angle for the incident radiation. A complete discussion of what determines the 
efficiency of a lens is given in Section 3.5. The discussion is included there as one of the areas where PNNL 
has made a signifcant contribution to capillary lens science. 

. . . _ .  
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3.0 PNNL’s Advances 

This section describes a number of separke areas wherePNNL has contributed to the science or 
technology of capillary lenses generally. Other than this, the six subsections below are not connected. The 
following list contains a brief synopsis of each of these technical areas. 

PNNL, has constructed a neutron-sensitive fiber optic faceplate that may prove useful as a thermal 
neutron beam diagnostic. This device may ultimately speed the collection of data with capillary 
neutron lenses. 
PNNL has supported the development of single tapered capillaries. Capillaries of this sort will likely 
find use for lens construction in the future. Far higher intensity gains are possible. 

PNNL has investigated the feasibility ofusing nickel-IoacM glass to construct a neutron lens with a 
larger critical angle. Such a lens would have the advantages of glass, but improved neutron focusing 
power. 
PNNL has reviewed the extensive literature concerning the reflection of radiation from rough 
surfaces and arrived and several conclusions of relevance to capillary optics. 
PNNL has experimentally studied the reflectivity of metal capillaries. If such capillaries were 
sufficiently reflective, a significantly more pow& neutron lens could be constructed. It was found 
that metal  surface^ are toi, rough to reflect sufficiently wei. ~n addition, these surfaces are not 
helped by surface treatments such as electropolishing and chemical polishing. 
PNNL has carefblly analyzed the efficiency of neutron lenses. Our treatment of this subject is useful 
when new applications for capillary lenses are considered. 

3.1 Diagnostic Faceplate 

A common problem in the use of capillary neutron lenses is determining the location and spot size of 
beams of slow neutrons (cold, thermal, or epithermal). A related need is in neutron radiography where a 
real-time, electronic detection system would be a major improvement over the radiographic film techniques 
presently in use. In this case, low cost, large area detectors up to 1 m2 are desired. Although it would be 
higbly intrusive, a neutron imaging system could be used to inspect nuclear weapon assemblies. A neutron 
,imaging system might be combined with a colbating array to provide e-nhanced capabilities. 

A neutron imaging system is currently Wig used by the Nuclear Methods Group on neutron beams 
at the NIST reactor. The detector consists of a charge induction device (0) semiconductor camera covered 
by a thin film of 6LiF. The recoil charged particles (tritons and alphas) ffom neutron capture on 6Li impinge 
on the face of the CID semiconductor and give an electronic pulse typically within a single pixel. The pixel 
size of the CID is 0.01 1. by 0.01 1 mm2, so this device provides excellent position resolution. However, the 

coating must be thin to allow the recoil particles to escape into the CID. Thus, the neutron capture 
efficiency is only about 2%. The detector area is limited to the size of the CID device, which is about 1 cm2. 

We have developed a preliminary neutron imaging system based on a scintillating fiber faceplate. 
The faceplate captures the thermal neutrons in 6Li silicate glass fibers and produces a pulse of light that is 
detected by an appropriate photodetector. The scintillating fibers are arranged perpendicularly to the face of 
the position-sensitive photodetector. The light is channeled to travel within a single fiber so the position 
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resolution is governed by the diameter of the scintillating fibers. The neutron sensitive scintillating fibers 
made by PNNL typically have diameters>of 0.12 mm, but fibers could be produced with diam&ers a factor of 
2 higher or lower. The scintillating fiber faceplate does not give the high position resolution characteristic of 
the CID device. However, the 0.12-mm pixel size is adequate for many applications. A major advantage of 
the fiber faceplate is that the density of 6Li in the glass is sufficient to capture almost all the neutrons in a 
length of about 2 mm. The scintillating fiber faceplate could be used with a variety of position-sensitive 
photodetectors, including position-sensitive photomultiplier tubes, the CID camera, or the recently developed 
large-area, amorphous silicon diode arrays with areas up to 40 by 40 an2. Thus, the scintillating fiber 
faceplate should have good position resolution, S O %  efficiency for neutron capture, and the capability for 
low-cost, large-area detectors. 

. 

Faceplates made from PNNL scintillating glass fibers have been produced in thicknesses ranging 
from 1.32 to 3.2 mm. The pulse-height spectra for these faceplates were measured by mounting them on a 
standard photomultiplier tube and kadiating them with thermal neutrons. The spectra for three different 
thicknesses are shown in Figure 3.1. The amplitude of the thermal neutron peak is inversely related to the 
thickness due to attenuation of the scintillation light within the glass fibers. The centroid of the neutron peak 
is plotted in Figure 3.2 as a function of the faceplate thickness. The light output of these peaks cormponds 
to between 200 to 300 photoelectrons, which is enough light to consider using them with position sensitive 
photodetectors. 
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Figure 3.1. Pulse-Height Spectra for Thermal Neutron Capture in Scintillating Fiber Faceplates of Three 
Dserent Thicknesses. FacepIate thicknesses were 3.20 mm, 1.59 mm, and 1.32 mm in order of 
increasing light output. 

( 
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Fiber faceplates were manufactured by packing fibers into shrink tubing and then forcing a casting 
resin into any open channels to form a rigid cylinder. The cylinder was then sliced into thin wafers of the , 

desired thickness. Both sides of the wafer were thenpolished. One faceplate was made with a modified 
technique that gave a more compact bundle that was easier to polish. Scintillating glass fibers containing 
enriched 6Li were laid horizontally in a semicircular trough having a 12.7-mm radius and bonded with the 
epoxy compound “Epo-Thin.” A vacuum was pulled to remove any air bubbles. Two thin slices were cut 
perpendicular to the axis of the trough and’polished to a thickness of about 1.6 mm. The two semicircular 
pieces were mounted together to form a circular faceplate with a diameter of 25.4 mm. The joint between the 
two halves was estimated to be about 1.3 mm. This faceplate was mounted on a position-sensitive 
photomultiplier tube and exposed to a flux of t h d  neutrons. The resulting image shown in Figure 3.3 
cIearIy shows the circular image of the faceplate and the dividing line between the tivo halves. The data were 
obtained in an array of 100 by 100 channels, which limited the pixel resolution to 1 channel by 1 channel. 
The image had a total width of about 40 channels, which corresponds to & actual distance of 25.4 mm. Thus 
the pixel resolution is about 0.63 mm by 0.63 mm. This pixel size is much greater than the diameter of the 
individual fibers (0.12 mm), so individual fibers are not resolved in this image. The M-width half maximum 
0 of the measured valley was about 3.5 channels or 2.2 mm, which is reasonably consistent with the 
estimated separation of 1.3 mm. 
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Figure 3.2. Relative Light Output from Three Different Thichesses of Scintillating Fiber Faceplates 
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This test demonstrated the possibilities of the scintillating fiber faceplate for use in imaging neutron 
beams. Much improvement in resolution can be expected in going to a thinner faceplate and smaller diameter 
fibers. The thinner faceplate gives higher light output per event and improves the calculation of the position 
of that event. Smaller diameter fibers will give'lenhand position resolution because the size of the light spot 
fiom a given event is governed by the diameter of the fiber in which the event murred. 

Y Pas. 

Figure 33. Image Praduced by Neutron Irradiation of Faceplate Made with Two Semicircles 
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Another circular faceplate was prepared that was 11.1 mm in diameter and 1.3 mm thick. The image 
produced by h i s  faceplate when mounted on the position-sensitive phototube is shown in Figure 3.4. The 
11.1-mm faceplate appears to have a width of 20 channels corresponding to a pixel resolution of 0.55 mm by 
0.55 mm. The disk was irradiated uniformly with neutrons, so the nonunifom response is due to 
imperfections in the faceplate. This faceplate was mounted in an adapter, which allowed it to be attached to 
the CDD camera at NIST. Our goal was to determine whether enough photons are produced in the scintillating 
fibers to give signals above the noise threshold of the CCD camera. 

Y Pos. 

Figure 3.4. Position-Sensitive PhotomUltip&r Image fiom Neutron Irradiation of the Faceplate Mounted 
for Use with the CID Camera 
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The scintillating fiber faceplate was tested at a cold neutron beam line at the NIST reactor. The 
faceplate was attached to a CID camera that had no 6LS covering. The neutron beam was collimated to a 
OS-mm-diameter circle. As the pixel size of the QD camera (0.01 1 mm) was much smaller than the fiber 
diameter (0.12 mm), we expected that the camera might be able to resolve individual fibers in the faceplate. 
The light output of the faceplate was only slightly above the noise level of the CID camera, but by raising the 
electronic threshold of the CID camera, we were able to obtain the image shown in Figure 3.5. The image 
shows bright spots corresponding to enhanced light output from individual fibers and an overall circular 
shape corresponding to the 05-mmdiameter neutron beam. It is possible that the events that exceeded the 
electronic tbreshold are due only to events where two or more neutrons gave a simultaneous light pulse. It is 
also clear that the response of individual fibers was nonuniform. Improvements in the fiber faceplates are 
needed; however, this first result demonstrates that the use of scintillating fiber faceplates is feasible for 
imagingneutron beams. 

Figufe 3.5. Image Obtained with Scintillating Fiber Faceplate Mounted on CID Camera at NIST . 

3.2 Tapered Capillaries 

One of the current limitations of capillary optical technology is that the focus spot size can be no 
smaller than roughly 0.5 mm because of the finite size of polycapillaries, polycapillary misalignment, and the 
non-zero critical angle. This limitation can be overcome under some circumstances uiiig a single hollow 
glass capillary that is specially tapered ("hiel et al. 1989; Hoffman et al. 1994) Figure 3.6 shows the 

' focusing action that occurs inside a tapered capiIIary. This technique requires an extraordinarily parallel 
incident radiation beam and is therefore of primary interest for synchrotron-produced x-ray beams. However, 
under these conditions, the focus spot size is limited only by one's ability to draw hollow glass tubes down to 
sufficiently small sizes. The capillary project has partially sponsored an effort in the PNNL glass shop to 
produce tapered capillaries for this purpose. Eventually, this technology promises to allow x-ray analysis of 
materials with a spatial resolution far smaller than what is possible today. 
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Figure 3.6. Focusing Action Within a Single, Tapered Capillary 

3.3 Nickel-Loaded Glass .- 
The usefulness of any capillary for polycapillary lens &nstruction depends on smoothness and 

critical angle. Smooth surfaces are necessary to maximize reflection. Only glass capillaries have been shown 
to be sufficiently smooth for use in capillary lenses (see Section 3.4.) Metal surfaces, especially those using 
58Ni, provide the highest critical angle and therefore the highest neutron focusing power. W e  have 
investigated the possibility of using nickel-loaded glass to provide both advantages in the same device. 

1 

Glasses offer the smoothest fabricated su r fam possible because, barring corrosion, they are 
controlled entirely by surface tension. Because glasses lack long-range order, no “lower energy surfaces” are 
available as in crystalline structures that influence surface topology. No crystal faces, domains, or grain 
boundaries are generated to minimize energy upon cooling. 

To date, the state of the art in capillary waveguide production is dominated by silicate glasses, 
primarily lead glasses and borosilicate glasses. These general compositions have several characteristics in 
common. First, they are very stable as glasses over a broad temperature range, and second, they are easy to 
manipulate as viscous fluids. These glasses are optimized for fabrication and not for optical properties in the 
x-ray or neutron regime. Silicate glasses, generally, are made up of materials with small scattering lengths 
and, therefore, small critical angles. The critical angle in large neutron guides is enhanced by coating the 
glass with isotopically enriched nickel or with so-called “supermirrors” (the neutron equivalent of dielectric 
mirrors) composed of layers of titanium and iron. 

It is desirable to increase the average scattering length of the components of the glass. Glasses fiom 
other composition families may have superior optical properties in the x-ray or neutron regime; however, they 
are not readily available commercially. Some of these are: germanate glasses, chalcogenide glasses, and 
metallic glasses. Germanate glasses are analogues of silicate glasses in which the silicon has been replaced 
by germanium. Geminate glasses behave similarly to silicate glasses, but they are more easily reduced to the 
metal. Germanate glasses often contain some silica and some can be obtained commercially. Chalcogenide 
glasses are based on Group VI elements (S, Se, Te) combined with Group IV elements (Si, Ge) and Group V 
elements (p, Si, Sb, Bi). The primary advantage of chalcogenide glasses is that they do not contain oxygen, 
which has poor optical properties at the wavelengths of interest. Chalcogeede glasses are just now becoming 
common commercially and are available in fiber form. They are sensitive to oxygen at high temperatures and 
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must be produced in closed atmospheres. Metallic glasses are generally rich in Ni, Fe, P, and Landinides and 
are also anoxic. 

'l? (or nobIe) metal + Metalloid 
(x) . 

T' metal + 'l? metal (or Cu) 

Pd-Si, Co-P, Fe-P-C, N-P-B 

2.3-Cu, 

Y-Cu, Ti-Ni 

Nb-Ni, Ta-Ni 

Metallic glasses require rapid quench rates because they have low melt Viscosities. The most 
common production methods produce fine powders. Some compositions can be drawn into wire. Metallic- 
glass wire is commercially available (MetglasO, a Fe-Ni-Cr-P-B alloy) in diameters of -200 pm. Conversion 
to capillary production requires that wiredrawing equipment be modified to inject air in the center of the wire 
to form the bore. This will increase the cooling rate of the material and so should not interfere with glass 
formation. Most metallic glass compositions (Table 3.1) are complex mixtures. This is consistent with the 
need to avoid the onset of crystallization during glass production. (Simple cornpositions have a low entropy 
of mixing and require shorter diffusion lengths for crystal growth, which will proceed exothermically once 
initiated.) Many of the good metallic-glass forming composition families are well suited for x-ray or neutron 
Scatt&g. 

2 15-25 x 

30-65 Cu 

30-40 'l?, Cu 

40-65 Ni 

Table 3.1. Metallic Glass Composition Families That Form Readily on Cooling From the Melt . 

A metal + B metal 

T' metal + A metal 

Actinide + T' metal 

Mg-ZU 25-35 ZU 

(Ti-Zr)-Be 20-60 Be 

u-v, u-cr 20-40 T' 

~~ 

Some properties of glasses with characteristics relevant to neutron guiding are listed in Table 3.2. 
The densities used are based on published values for the crystalhe material. Because metallic glasses have a 
wide composition range, the calculated properties of the metallic glass were based on a simple binary alloy. 
The thermal neutron capture cross-section is listed as well. This parameter is relevant because, duripg the 
reflection, the neutron wavefunction is sampling the guiding material and thus can react. The critical solid 
angle, as quoted in Table 3.1, is the solid angle subtended by the critical angle and is a measuTe of numerical 
aperture; the following column is the ratio of the solid angle to that for silicate glasses. The scattering length 
and capture cross-section are listed in Table 3.3 for isotopes that plight be alloyed into metallic glasses to 
modify the scattering length. 
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S i 2  

Geo, ' 

M q  

2.65 60 53 7.20E-07 1.20 3.60E-07 1 35 

6.239 105 73 134E-06 1.64 6.70E-07 1.86 7 

5.6 152 11.4 130E-06 1.61 6.48E-07 1.80 . 16.7 

Table 33. Scattering Length and Reaction Cross-Sections for Some Isotopes Relevant to Neutron Guiding 

Metallic 
slass 
WQOJ 

Glasses 

7.255 53 125 525E-06 3.24 2.63E-06 730 215 

28 II 
II 49.4 307 

30.3 115 

14.4 26 

Conclusions: Although the scattering lengths of germanium and selenium isotopes are greater than those for 
silicon and oxygen, replacing them gives a r e d d  effect because of the associated volume increase. In the 
case of metallic @asks (assumed to have the atomic volumes of the elements), the potential increase in 
numerical aperture is nearly an order of magnitude. Further optimization by adding stabilizing lanthanide 
atoms could be investigated. 

This discussion has centered on guiding neutrons. Alternative materials may also improve guiding of 
x-rays as well, depending on the energy of the x-rays to be guided. The constituents of silicate glasses are 
largely light elements; these elements have resonances in the soft x-ray region. These resonances act both to 
affect the refractive index and the extinction coefficient of the guiding material. In those cases for which the 
important x-ray wavelengths are negatively affected by resonance absorptions, alternative glasses can be 
considered. 
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3.4 Surface Roughness 

This section applies existing results in the field of small-angle scattering from rough surfaces to the 
problem of capillary optics., This subject has a long history and an extensive body of literature, both of which 
result from the inherently complicated nature of this problem. No one treatment of surface scattering is valid 
under all conditions; exact results are possible only via numerical computation. An additional complication 
&es h m  the general lack of detailed knowledge of the character of real surfaces at the 1Olo to lo5 meter 
length scales. Fortunately, recent work has focused on the application of existing results to the specific 
problem of x-ray capillary optics (Chapman et al. 1993; Kimball and Bittell993). 

The main points contained within this section are summarized as follows: 

The passage of x-rays through glass capillaries and neutrons through metal capillaries are optically 
halogous processes. The effect of surface roughness in the two cases should be similar. 
The 681 figure often mentioned for the critical surface roughess is not without merit. However, this 
figure comes with several caveats and should not be discussed in isolation. 
The relationship between capillary optical performance and material index of refraction is not 
completely straightforward. In other words, both pros and cons are associated with a material like 
%Ni. 

a .  

3.4.1 Preliminary Defdtions 

Let the function z(x,y) represent the height profie of an actual surface, and let 
2 

u = (a)% 

be the root of the mean square (RMS) height variation with <z>=o assumed. The correlation function 

(3.1) 

C = <z(r)z(r+p)>/cP (3.2) 

describes the random variations in the surface height. The nature of these variations is generally 
parametrized by (J and t, where z is the “correlation” length that satisfies 

C(z) = C(O)/e (3.3) 

Note that representing an entire surface roughness by two scalar numbers is a significant 
simplification, but one that is unavoidable considering the limited knowledge of surface characteristics and 
the need for simplicity. 

Two additional paramete-rs of interest for problems of small-angle, rough-surface scattering are the 
“path length” P and the “penetration depth” D. The penetration depth is actually the decay length of the 
evanescent wave that propagates into the surface when the scattering angle is less than the critical angle 8, 
This distance is best thought of as the “glancing angle skin depth.” A calculation of D begins with Snell’s 
law, 



where n, and n, are the indices of refraction for the incident and transmitting materials, respectively. Note that 
the angles here are defined as the complements of the angles usually used in Snell’s law. Substituting n, = 1,8, 
= 0, and n, =(1-6)%, we arrive at 

which cIearly shows that the transmitted wave is evanescent. For an incident wave with wavevector k, it can 
be easily shown that the wavevector n o d  to the surface of the transmitted wave is e - k$, , allowing us to 
write the penetration depth as 

For an electromagnetic wave of fresuency a, 6 = a:/a2, and this equation yields D @ c h  where c 
is the speed of light and up is the “plasma” frequency in the transmitted material. For most glasses, D - ah 
For neutrons with a de BrogIie wavelength A, 8 = NbAz/n where N is the material’s atom density, and b is the 
coherent scattering length for neutrons. It follows that for neutrons, D - (47c Nb)* or D - 53 A for ’*I%. 
The path length is the total distance traveled “underneath” the surface by an x-ray (or neutron) incident at the 
critical angle 0, The path length can therefore be written 

3.4.2 Results 

A more complete presentation of this topic is contained in the work by Kimball and Bittel (Kimball 
and Bittel 1993). For more information, this work should be consulted directly. The primary assumption 
needed for these results is that (u/Dy c< 1. Note that surface height variations with long correlation length t 
would almost certainly violate this assumption. In other words, these results do not apply to surfaces with 
large-amplitude, long-wavelength roughness. 

\ 
The effect of surface roughness is contained in the parameter AR, which denotes the decrease in the 

specular reflection coefficient. Only the specularly reflected component has a high probability of complete 
transmission through a capillary element. The loss AR depends in general on the three dimensionless 
parameters A, v, and Cp: A is the scaled RMS surface height u/D, v is the incident angle scaled to the critical 
angle OJ0,, and Cp is the scaled correlation length t/p. The effect of roughness on reflection is most severe 
when Cp - 1. Under this condition, the decrease in the specular reflection coefficient is given by 

This r d t  must be multiplied by (84)” when Cp <c 1 and l/@ when Cp >> 1. These modifications are 
easy to understand qualitatively. When Cp cc 1, the path of the reflected wave through the surface traverses 
many correlation lengths, and the roughness is effectively “averaged.“ When Cp >> 1, the surface appears 

’ “locally smooth” to the incident wave, and the specular reflection coefficient increases accordingly. 

3.43 Discussion 

The first and most obvious conclusion that can be reached is that no subs.tantial difference exists 
between the optical properties of neutrons in metal capillaries and x-rays in glass capillaries. The effect of a 
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given surface roughness depends only on the critical angle and the penetration depth and noton whether 
neutrons or x-rays are Wig reflected. All of the statements in this report must therefore apply equally in 
both cases. However, no reason exists to expect that the surface roughness characteristics for metal and glass 
are at all similar. 

With the results given in the previous section, the effects of surface roughness can be estimated 
rapidly. Mea 4 - 1 and A = 0.1, the specular reflection loss for most incident photons (or neutrons) is of 
the order of 1%. This is the source of the statemkt that glass capillary surfaces are necessarily smooth to 
5k The logic used to e v e  at this statement is somewhat indirect. Numerical simulation of the performance 
of capillary optics normally describes their actual performance well without incoprating surface roughness 
*effects. However, a specular reflection loss any greater than 1% would clearly be important given the many 
reflections that are needed to pass through a capillary optical element. Consequently, it is concluded that the 
glass surfaces present inside real devices must be smooth to within 5k Although this logic is almost 
ceatainly correct, several qllalifvinP statements are needed. The spe&ed smoothness is required only when 
the roughness has a correlation length such that + - 1 or z - P. It is possible that the surface of real capillary 
devices is somewhat rougher, but has a dramatically diff.enat correlation length (P here is typically 10 pm). 
Thus, a small-wavelength roughness in excess of 581 arising from the fundamental tetrahedral structure of the 
glass may be present with relatively little effect. In addition, the derivation of 581 as a roughness limit used 
the assumption v - 1 since this is true for a great number of incident photons. However, these same photons 
are also subject to greater ahsorption since they are incident at nearly the critical angle. The photons that 
successfulIy transit a capillary device are probably weighted toward those photons that are incident with 8, cc 
8, (v cc 1). For these same photons, Eq. (3.8) predicts that a higher degree of roughness can be tolerated. 
Finally, it may not be true that any photon that undergoes a diffuse (non-specular) reflection is necessarily 
lost. If a substantial n u m b  of diffusely reflected photons are scattered in the forward direction, then their 
chances of successfully transiting the optic remain high, and the tolerable amount of surface roughness can be 
fintherincreased 

An important point concerns the dependence of a capillary element's optical performance on the . 

material's index of refraction in the presence of surface roughness. For a perfectly smooth surface, the 
highest possible index of refixtion (highest electron density for glasses and bighest coherent scattering 
length for neutrons) is desirable because it leads to the highest critical angle 0, and therefore the highest 
transmission throughput. For a rough surface, however, a careful analysis must be perform&. Remembering 
that the index of refraction for any material can be written n = the critical angle can be written 8, = 
(a)%. Since the penetration depth also depends on 6 as D=l/k X6)%, the decrease in the specular reflection 
coefficient can be written 

Any increase in the material index of refraction, therefore, i n c r m  both 8, and AR by the s m e  
factor. The total transmission of a capillary optical element should vary as e:, but also varies as (My, 
where M is a potentially large integer representing the number of reflection that a wave undergoes as it 
tramits the capillary. In conclusion, competing effects exist, and it is not clear that maximizing the quantity 
(1-n) is desirable for rough surfaces. 

A final note concern previous experimental investigations of surface roughness. Three studies have 
put forth values ranging from 3881 to 5781 for the surface roughness of the glass channels within a 
microchannel plate (MCP). The first of these (Kaaret et al. 1992) used optical profilometry and is not 
associated with any particular correlation length. The second (Fraser et al. 1993) usis surface roughness as 
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an adjustable parameter that is used to make a simulation of MCP reflection characteristics agree with 
observations. This results in a value of 50 f 10 A, again with no particular correlation length. The third 
study (Chapman et al. 1993) again determines surface roughness by forcing agreement between simulation 
and experiment and sets the surface roughness at a = 38 A with a correlation length o f t  = 1.2 f 5 p. Two 
further experimental studies address capillary optics directly. Both of these (Xiao et al. 1993; MacDonald et 
al. 1993) also determine roughness & an adjustable parameter in a numerical simulation, and both find that 
incorporation of surface roughness is usually not needed to acbieve good agreement. However, it is 
occasionally needed to match the observed charactezistics of presumably rougher capillary devices. The first 
of these studies finds u = 12 A and z = 60 p for one particular capillary device, while the .mnd finds u = 20 
A and z = 0.6 p for another device. Note that these data generally support the nominal roughness in the 
neighborhood of 6 A, but information on the correlation length is nonexistent .or in wild disagreement. 

' 

3.5 Metal Capillarks 

35.1 Introduction 

The use of metal surfaces should greatly improve the transmission of neutron focusing devices based . 
on glass polycapillary lenses because of the longer scattering lengths of metals compared to glass. We here 
r b r t  the results of our quantitative measutements of the neutron trammission of metal capillaries. 
Measurements were carried out using cold neutron beams and an imaging neutron detector. Metal capillaries 
obtained from commercial sources were studied as supplied and also as treated by chemical flow or 
electropolish techniques to compare the transmission performance as a function of the smoothness of the 
metal surface. The apparent reflectivities calculated fiom the experimental transmissions varied as a fuuction 
of intemal diameter and of capillary length, but were not sensitive to the various surface treatmats studied 
here. None of the metal capillaries had reflectivities as good as the glass capillaries currently beiig used. 

For neutron lenses, the material of choice is for the same reason that neutron guide tubes are 
made ftom 
penmates into the surface Iess (smaller refractive index), and cmseqmfly, the chance that the neutron will 
be absorbed is r e d d  This produces a greater critical angle, allowing transport of neutrons having greater 
angular divergence from the axis of the Capiary. Nckel can easily be evaporated as a smooth coating on 
glass plates for use as neutron guide tubes. Capillaries made from natural nickel or enriched would have 
2 or 3 times the neutronscattering length of glass capillaries. stainless steel capillaries have a s c a t t k g  
length about 90% that of natural nickel and are readily available. Thus stainless steel capillaries should also 
be superior to glass capillaries. Stainless steel capillaries with inside diameters comparable to the first 
generation Kumakhov lenses can be purchased from commercial suppliers. The technology for producing 
smaller diameter metal capillaries probably has not been developed because of a lack of a perceived market. 

The large value for the coherent scattering length of 58Ni means that the neutron wave 

The two key questions in usingmetal capillaries are 1) Is the inside surface of the capillaries smooth ' 

enough? and 2) Can metal capillaries be made with small enough inside diameters to allow short focal 
lengths? The second question is concaned more with the dimensions of a practical device whereas the fmt 
question is fundamental to whether the devices will work at all. In this work, we have chosen to address the 
fmt question by evaluating the performance of metal capillary tubes in transmitting neutrons. 

At PNNL, we had previously examined the inside surfaces of commercially supplied capillary tubing 
for use in transporting small particles for direct-inlet mass spectrometry (Stoffels and Ells 1979). The 
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commercial tubing was not adequate, so we developed the capability of electropolishing small bore capillary 
tubes and evaluating the results by scanning electron microscopy. Our techniques were able to provide 
smooth, shiny bores with constant diameter throughout the length of the tube for tubes with inside diameters 
as small as 0.2 mm. As the first step in the development of metal capillary lenses, we wished to examine the 
perfomance of commercially supplied tubes compared to the electropolished tubes. 

3.53 Experimental 

Our goal was to compare the neutron transmission characteristics of stainless steel capillaries having 
various inside surface treatments. Capillary tubes with three types of internal surface preparation were 
obtained commercially (K-Tube Corp). The “K-Form” tubmg is fabricated without exposing the interior to 
lubricants or mechanical drawing. This is the cheapest tubing. The “Matte-Draw” tubing uses floating plug 
@wing, which, according to the manufacturer’s catalog, r e n h  the weld line invisible and smooths interior 
surfaces. The “Brite-Draw*’ tubmg is also produced by a floating plug process and is thought to have the best 
smoothness inside and outside. It is also the most expensive. The manufacturer claims that the Brite-Draw 
tubing looks as good as electropolished tubiig. The W i g  from this company was cut into lengths of 11 cm 
and 22 cm in OUT laboratories. In addition, we purchased capillary tubing from a second commercial vendor 
(MicroGroup, All-Tube Div., 7 Industrial Park Rd., Medway, Massachusetts 02053). This second batch of 
tubing was sent to another company (Stainless Micropolish, Inc., 1286 N. Grove Street, Anaheim, CaIifornia 
92806), which cut the tubing to the 11- and 22-cm lengths. This company then subjected half of these 
tubes to a chemical flow polish treatment. 

At PNNL, we treated several of the K-Form tubes by the electropolishing technique described in 
work by Stoffels and Ells (Stoffels and Ells 1979). These included two d%erent diameters, 23 gauge (0.318 
mm LD.) and 21 gauge (0.495-mm LD.). 

Most of tbe tubes tested for neutron transmission were either the 21-gauge or 23-gauge tubes. 
However, a few samples of the K-Form tubing having smaller inside diameters were tested, for example, 30 
gauge (0.140-mm I.D.) and 26 gauge (0.241-mm LD.). All of the Brite-Draw samples were 20 gauge (0.584- 
mmLD.). 

The trammission of neutrons was measwed on a preliminary set of samples at the T13A 
diffractomem on neutron guide G5 at the Orphtkreactor at Saclay, France, in Nov. 1994. Neutrons in the 
neutron guide were reflected off the 002 plane of a pyrolitic graphite crystal to give a scattered beam of 
neutrons with a wavelength of 4.74 A (0.0036 ev). The divexgence of this beam was measured in the 
scattering plane with an end-on 50-mm diameter 3He proportional counter. The rocking curve was a 
Gaussian with s = .8.38 mrad (FWHM = 19.7 mrad). This beam was collimated by a cadmium sheet having a 
pinhole aperture of nominal diameter 0.35 mm. The vertical profile of the beam was m&ur& after the 
pinhole with a video radiation detector. The divergence in the vertical direction was more complex, but could 
be approximated by a divergence with a FWHM of 20.8 mrad. The purpose of this collimator was to 
. normalize the measurements for tubes of different radii to the same beam area and to reduce the background 
of neutrons traveling immediately outside the tube. The metal capillaries were mounted on the three-axis 
stage of the diffractornetex and aligned with the neutron beam. This was done by adjusting the position of the 
capillary in both the horizontal and vertical directions until the intensity measured by the video radiation 
detector was maximized. 

The video radiation dkector consists of a video camexa containing a CID imaging chip with a pixel 
size of 12 by 13.7 mm2 and with a 6LiF (n,a) converter film. The average intensity (Ta was evaluated by 
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integrating the n u m k  of counts in the pixels within a given radius. A computer model was used to estimate 
a simulated transmission (Td. The simulation model also gave the number of reflections (N). The 
simulations took into account the fact that for the set of tubes having an LD. of 0.3 18 mm, the apemrre did 
not restrict the full illumination of the tube, whereas for the set of tubes having an LD. of 0.495 mm, the 
aperture prevented the tube from beiig fully illuminated (h4ildner et al. 1995). This not only r e d u d  the 
acceptance, but also reduced the number of trajectories that have a large number of reflections. The 
reflectivity was &dated fiom the expression 

R = N(Tq I (3.10) 

The results of this analysis are given in Table 3.4. For some of the samples, the measurements were 
made with one end of the capillary oriented toward the beam and then the other end toward the beam. This 
was done to test whether the electropolishing or chemical flow polishing techniques gave different results 
depending on the direction of the fluid flow during these polishing procedures. For the 0.318-mm-diameter 
tubes, the transmission was multiplied by (350/318)2 to account for the fact that the aperture was larger than 
the tube. 

The preIiminary experiments did not show any significant trends regarding the performance of 
the inlet or outlet ends of the capillaries, so the two values were averaged. The uncertainties shown in Table 
3.4 are the standard deviations based on the two measurements and are assumed to represent the 
reproducibility of duplicate measurements. Neither the electroplished nor the chemical flow polished 
samples gave any significant improvement over the untreated commercial samples. Moreovea, none of the 
samples gave reflectivities of greater than 958, which would be essential for use in a capillary lens. 

A second set of experiments on a larger set of samples was per€ormed at the NIST reactor in 
April, 1996. These were done on a cold neutron guide tube without the use of a djfftactometer to provide a 
monochromatic beam. Consequently, a distribution of neutron energies was in the beam, but the available 
neutron flux was much higher than in the first experiment. The average neutron energy corresponded to a 
wavelength of 6 A (0.0023 ev). The enerm distribution peaked at 5 A (0.0033 ev). The angular divergence 
of the beam was given by the supermirror of the guide (3.46 mradh). Note that thermal neutrons are 
typically about 0.025 eV. The natron flux was about lo9 n/cm2-s. Individual capillaries were clamped in an 
aluminum holder modted on a computer controlled stage with angular adjustments in two dimensions. The 
front of the holder was shielded with a flexible polymer sheet loaded with %i. This sheet had a pinhole 
approximately equal to the size of the tubing. A small collar of parafilm wax was attached outside of the 
downstream end of the tube. Any neutrons thsit leaked past the pinhole collimator outside the capillary were 
scattered by the wax collar. This arrangement provided excellent contrast between neutrons traveling within 
the capillary and background neutrons when using the position-sensitive CID camera. Images with sufficient 
statistical accuracy could be obtained with 2O-second count time. 
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Table 3.4. Transmission and Reflectivities of Stainless Steel Capillaries Measured in Preliminary 
E x m e n t  

Electropolished 

(a) Untreated - as supplied 

In measuring the transmission of a capillary tube, the average neutron flux with the tube was 
compared with the neutron flux without the tube. Fist, an image of the neutron beam without any 
collimation was obtained and stored in the computer as a reference image. Then, the pinhole collimator and 
capillary tube were mounted in place. The neutron count rate within a specified region corresponding to the 
beam spot was optimized by adjusting the left-right and updown angle of the capillary in steps of 0.05 
degrees. An example of a detailed rocking curve in the horizontal plane is shown in Figure 3.7. 
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Once the optimum position was determined, the image of the neutron spot was obtained. The 
average count rate per pixel over a circular region with a diameter of 30 (sometimes 40) pixels was calculated 
by the imaging software. The average count rate over this region was compared with the average count rate 
over the same region in the nocapillary reference image. The ratio of these average count rates was the 
transmission. 

The transmission (T,) of the metal capillaries can be converted to a reflectivity that represents the 
smoothness of the inner surface. Reflectivity (R) is a measure of the probability that a neutron striking the 
surface at an angle less than the critical angle will be reflected rather than absorbed. The transmission and 
reflectivity are related by the number of reflections (N) that the neutron must undergo to transit the capillary. 
For glass capillaries where the reflectivities are close to one, the approximation given in Eq. 3.1 1 is valid. 

Tcxp = eN> E Rd' (3.1 1) 

One can then calculate the reflectivity using a calculated mean value (a>) of the number of reflections 
where <N> is found from Eq. 3.12. The length of the capillary is L and the diameter is D. 

These equations are valid when the beam divergene (e,,) is less than the critical angle. The beam 
divergence in this experiment was 8.35 mrad, whereas the critical angle for stainless steel at the peak 
wavelength (6 A) was 8.82 mrad. 

The reflectivities for the capillaries in this work were not close to 1.0, so a more detailed analysis was 
required. The more exact expression relating the transmission and reflectivity is given in Eq. 3.13 

Tap = E t(n) R" (3.13) 

where n is an integral number of reflections and t(n) is the relative fraction of the transmitted trajectories that 
have exactly n reflections. These relative fractions increase linearly with the order of reflection up to some 
value beyond which it wil l  fall because the cylindrical channel is not fully illuminated. The range over which 
this linearity exists is proportional to the length and inversely proportional to the diameter of the capillaries. 
The calculated distributions of the relative probabilities of individual numbers of reflections are shown in 
Figure 3.8 for 1 10-mm-long capillaries with the diameters tested in this work. A similar plot for 220-mm- 
long capillaries is shown in Figure 3.9. 
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h g l 8  (deg.) 

Figure 3.7. Neutron Transmission as a Function of the Horizontal Angle of a Capillary Relative to the 
Beam Axis. This is based on a circular beam spot area of 40-pixel diameter. 
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Figure 3.8. Normalized Relative Probabilities of Trajectories Having a Specific Number of Reflections for 
1 10-mm-long Capillaries Having the Inside Diametm Indicated 
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Figure 3.9. Normalized Relative Probabilities of Trajectories Having a Specific Number of Reflections for 
220-mm-Long Capillaries Having the Inside Diameters Indicated 

The reflectivity is determined by finding a value of R that reproduces the experimental transmission. 
In this case, the analogous expression to Eq. 3.12 is the effective number of reflections n given in Eq. 3.14. 

n= Cn t(n) (3.14) 

The <N> calculated from Eq. 3.12 and theg calculated from Eq. 3.14 for the various lengths and 
diameters used in this work are shown in Table 3.5. 
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' Table 3.5. Values of Mean <N> and Effective Number of Reflections for the Stainless Steel Capillaries 
Used in this Work 

110 

110 

110 

110 

110 

a 

0.140 5.569 5.512 

0.241 3.235 3.229 

0.3 18 2.452 2.444 

0.495 1.575 1.573 

0.584 1.335 1.340 
~~~ ~ 

220 0.140 11.138 10.636 

220 0.241 6.470 6.384 

220 . 0.3 18 4.903 4.870 

220 0.495 3.150 3.138 

220 0.584 2.670 2.667 

K23RCP 0318 220 028 0.771 

K23RCP-MG 0318 110 0.63 0.828 0.826 

The results for the experimental transmissions and the reflectivities calculated by Eq. 3.11 and 3.13 
are given in Table 3.6. 

0.734 

0.817 0.814 

Table 3.6. Transmission and Reflectivities of Stainless Steel Capillaries 



mRCP-MG I 0.318 I 110 I 0.62 I 0.823 I fo.004 I 0.810 I H.005 11 
DR-CP-MG 

K21RCP 

0318 220 033 0.798 0.768 

0.495 1.10 0.86 0.909. 0.906 
_____ 

K21RCP 

K21RCP-MG 

K21RCP-MG 

K2lRCP-MG I .0.495 I 220 I 051 I 0.808' I I 0.789 I II 

~~ ~~ ~ ~ 

0.495 220 058 0.841 0.829 

0.495 110 0.92 0948 0.958 0.948 0.958 

0.495 110 0.95 0.%8 39.014 0.%8 33.014 

B20R 0584 

B20R 0584 

B20R 0584 

(a) MG = M-up, all others = K-Tube Corp., San Diego, California 

110 0.99 0.992 0.977 0.993 0.978 

110 095 0.%2 M.021 0.%2 fo.022 

220 050 0.771 0.749 
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3.53 Discussion 

The quantity and quality of the data obtained in the second set of experimepts were much superior to 
the preliminary experiments. In cases whexe data were obtained on duplicate samples, the results were 
averaged, and the standard deviation of the distribution is shown as the uncertainty of the average value. For 
the eight cases with dupIicate measurements, the average value of the fractional uncertainty was about 4%. 
The first observation to make about the data in Table 3.6 is that when the reflectivity is high (R > 0.9), the 
approximate expression Eq. 3.1 1 and the more exact expression Eq. 3.13 give the same result. As the 
reflectivity decreases below R = 0.9, the approximate expression overestimates the reflectivity. The second 
observation is that in every case, reflectivities obtained for the 220-mm samples were less than the 
reflectivities obtained for the equivalent 110-mm samples. In principle, the reflectivity should be independent 
of the length of the capillary. It is possible, however, that the longer capillaries were not held as straight as 
the shorter capillaries sb that the observed result is due to slight bending of the longer capillaries. A third 
observation is that the memured reflectivities seem to depend on the diameter of the capillary such that larger 
diametm give higher values. 

The principle goal of this work was to evaluate the various surface treatments with respect to 
smoothness. For this comparison, we discuss only the data for the 110-mm capillaries and treat the Werent 
diameter samples separately. For the 23-gauge (0.318-mm) samples, the reflectivities are listed in Table 3.7. 
Within the uncertainties due to reproducibility, no preferred surface treatment appears to exist for this set of 
capillaries. 

Table 3.7. Reflqtivities Based on Eq. 3.13 for IlO-mm-Length and 0.318-mm-Diameter Tubes 

0.792 f 0.108 

chemical flow polish 0.8 14 f 0.005 

0.829 f 0.071 

The reflectivities for the 21-gauge (0.495-mm) samples are listed in Table 3.8. In this group, the 
electropolished samples fiom PNNL, the chemical flow polish samples supplied by MicroGroup, and the 
K-Form samples from MicroGroup all perform equally well. In view of the extra cost associated with the 
electropolishhg and chemical flow polishing, these treatments offer little benefit. For purposes of neutron 
transmission, the cheapest grade of commercial material seems to be comparable to more expensive 
treatments. 
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Table 3.8. Reflectivities Based on Eq. 3.13 for 110-mm-hngthand 0.495-=-Diameter Tubes 

~ ~ ~~ 

Chemical flow polish 

Chemical flow polish - MG 

K - F o ~  

K-FOIIII - MG 

Matte-Draw 

11 Electropolish I 0.963 f 0.010 II 
0.906 

0.958 f 0.014 

0.9 13 

0.965 f 0.005 

0.924 f 0.015 

The material *th the highest reflectivity among the samples measured here was the Brite-Draw 
sample with a reflectivity of 0.978 f 0.022. However, this material was not available in diameters less than 
0.584 mm. In view of the observed trend of increasing reflectivity with increasing diameter, this good 
performance may be due more to the larger diameter &an to the improved (and expensive) surface treatment. 

As a demonstration of the use of metal capillaries to transmit neutrons, we bundled 10 of the 
0.3 18-mm-diameter, 110-=-long K-Form tubes and placed them in the neutron beam. The image obtained 
with the video radiation detector is shown in Figure 3.10. No attempt was made to bend the tubes to form a 
focus. The bright spots in the image are simply the transmitted neutrons fiom the individual tubes in the 
bundle. 

Figure 3.10: Image of Bundle of 10 Metal Capillary Tubes 
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3.5.4 ConcIusions 

The trammission and reflectivities of stainless steel capillary tubes having a variety of surface 
treatments have been measured with cold-neukon beams. The more expensive drawing processes 
(Matte-Draw and Bite-Draw) and surface treatments (electropolkhbg and chemical flow polishing) do not 
provide an obvious improvement in the measured reflectivities. Reflectivities of greater than 0.95 can be 
obtained from the cheapest grade (&Form) tubing. However; the reflectivity appears to get worse when 
going to smaller'diamm tubing. This is unfortunate as smaller diameter tubing is desired to construct more 
compact focuSing devices. The successful neutron lenses made from glass polycapillaries have reflectivities 
of about 99%. It remains to be seen whether metal coatings on glass substrates might provide equally good 
PerfOrmanCe. 

3.6 Efficiency Calculation 

A careful calculation of transmission efficiency E is required to properly optimize a neutron optical 
system for use in applications. The overall efficiency of a neutron lens can be written as the product of five 
independent efficiencies: 

(3.15) 

The first two of these efficiencies (T,TJ account for losses that occw during the neutron reflection 
process. Three additional efficiencies (b&) are needed to account for the total open area ratio of a 
capillary neutron lens. The following discussion describes these six efficiencies generally; a subsequent 
section contains an efficiency calculation for a particular lens intended for neutron capture therapy. 

Reflection losses in a capillary lens occur when a neutron fails to be properly reflected due to 
nonidealities (T,) or fails to be reflected because of capill& bending (TJ. The reflection efficiency T, results 
from the numerous reflections that neutrons must make as they traverse a capillary within the lens. Although 
the probability of absorption or diffuse scatte-ring at each reflection is roughly one percent or less, the 
accumulated result can be an efficiency that is substantially less than one but not less than 0.5 for typical lens 
lengths (Xiao et al. 1993). The bendiug efficiency Tb depends on the severity of the curvature for a particular 
capillary. For lenses in which the capillary curvature violates the limit given in Eq. (2.6). the bending 
efficiency becomes substantially less than one (Kumakov and Komarov 1990). Ordinarily, lenses are 
designed so this does not OCCW. 

The open area ratio of a neutron lens describes the fraction of its front surface that is composed of 
useful capillary area. The unusable fraction of the lens surface is composed of the glass used to construct the 
polycapillary fibers and the spaces betwm the polycapillary fibers. The total open-area ratio for the entire 
lens acts mathematically as an efficiency and is the product of the op-area ratio for a polycapillary fiber, 
Ap, and the fra&onal area taken up by the polycapillaries, A A .  The open area ratio for the polycapillaries 
used to construct lenses is generally between 0.35 and 0.55. A typical value would be 0.5. The fact that the 
polycapillaries take up less than 100% of the lens surface results from two separate causes. First, 
polycapillaries of constant cross section can take up no more than 4=s2/R," of the surface area of a lens that 
nariows from an entrance radius of to an exit radius of &. This "shrinkage" open area A, is less than one 
only for half-barrel lenses. A "residual" open area ratio results from the fact that it is impossible to pack the 
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polycapillaries perfectly even at the back (exit) surface of the lens. The resulting “residual” open area A, 
typically has the value 0.75. 

Combining al l  of the above efficiencies for a lens built with a maximum curvature satisfying 
Eq. (2.6) yields 

E - 0.19 Kz/R:) (3.16) 

This formula can be used to help calculate the neutron delivering power of a neutron optical system 
of arbitrary design. 

I 
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4.0 PNNL’s Applications 

This section describes three applications for capillary optics technology @at PNNL has explored. 
These applications are not connected otherwise. The applications can be summarrzed as follows: 

We have proposed the use of a capillary neutron lens to construct a “neutron telescope” for remote 
determination of the direction and strength of distant neutron s o m .  The lens allows the use of a 
small neutron detector with a correspondingly low background count rate. 

We have experimentally demonstrated that a capillary x-ray lens would pennit more rapid sample 
analysis via the technique of powder diffractome4ry. The lens significantly increases the x-ray flux 
striking the sample. 

The use of a neutron lens has been proposed and theoretically analyzed for medical neutron 
radiotherapy. Such atechnology .may someday allow economically practical treatment of brain 
tumOrS.  

4.1 Neutron Telescope 

4.1.1 Introduction 

The detection of neutrons has long been one of the major techniques for distinguishing nuclear 
weapons or nuclear weapons material from conventional weapons or material. The emission of neutrons from 
nuclear weapons material is primarily due to spontaneous fission of even mass isotopes of Pu The neutron 
spectra from spontaneous fission have average energies of about 2 MeV. However, the spectrum is usually 
degraded by the presence of moderating mateals in the vicinity of the PU The typical neutron detector used 
for detecting such sources has been one or more gas proportional countm containing BF, or ,He embedded in 
a moderating material such as polyethylene. The fast neutrons in the degraded enera spectrum are 
moderated to thermal energies by the polyethylene and then captured by ‘OB or ,He in the proportional 
counters. The presence of the polyethylene moderator dramatically increases the efficiency for detecting the 
neutrons. 

To obtain directional information fiom a moderated neutron detector, detectors have been built with 
cadmium or other neutron absorbing material surrounding the detector on all sides except the side facing the 
source (East and Walton 1969). An additional moderator has been.placed outside the cadmium to thermalhe 
the fast neutrons so they can be more efficiently absorbed. The net result is a detector package that is large 
and heavy. If the detector is used in a location with concrete floors or other nearby scattering material, it is 
difficult to pinpoint the location of the neutron source. 

In contrast to conventional approaches, we use a philosbphy similar to that presented by Vauier et aI. 
for building a directional neutron detector (Vanier et al. 1995). The basic concept is to place a neutron 
detector that is sensitive ody.to thermal neutrons inside a t h d  neutron shield (cadmium box) and to 
restrict the field of view by a collimahg array of a thermal neutron absorber. The angular resolution can be 
adjusted to any desired value by.the use of collimating arrays with different ,ratios of lmgth to width. We 
avoid the use of any moderating material inside the thermal neutron shield and depend only on detecting the 
thermal neutrons produced directly by the source. The resulting detector is much d e r  and lighter than the 
corresponding moderated detectors and is thus easier to shield. A low detector background is essential for 
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this approach because we detect only the thermal neutrons produced directly from the source and are 
insensitive to a large fraction of the total neutron signal. - 

Conventional wisdom has assumed that thermal neutrons are quickly scattered and rapidly lose all 
directional information. However, the work of Vanier, Forman, and Selcow (1995), Monte Carlo 
calculations, and our laboratory experiments have borne out the fact that a significant fraction of the thermal 
neutrons will travel straight paths before being scattered or absorbed by air. If a 1 m2 detector has a 
background of 0.4 cps, we predict 9 t  a neutron source of lo5 n/s could be detected at a distance of 50 m in a 
counting time of 50 minutes. This estimate is based on the additional assumptions that 10% of the neutrons 
leaving the source are at thermal energies, the mean free path of a thermal neutron in dry air is 22 m, the 

. detection efficiency of thermal neutrons is loo%, and detection is confirmed when the signal is twice the 
statistical uncertainty. 

It has been proposed that a capillary neutron lens could gather the neutron radiation incident over an 
extended area, focusing it down onto a narrow “spot” where a small natron detector could be located. 
Figure 4.1 shows a schematic of this “neutron telescope.” Since the background count rate in a neutron 
detector is proportional to its area, the smaller detector would have a far lower background count rate. The 
lens might therefore allow more accurate measurements to bemade more quickly. 

b-’ 30 meters ,-d Neutron Absorber * 
I 

Neutron’ 
Source 

Lens Q L  
./ Neutron Detector 

Figure 4.1. Schematic Diagram of the Proposed “Neutron Telescope” 

Most ordinary neutron detectors are sensitive to neutrons with a range of energies and from a variety 
of dirktions. The lens, however, focuses only those neutrons from a specific direction and with thermal . 
energies. This characteristic has both good and bad ramifications. The neutron detector at the heart of the 
neutron telescope can be constructed and shielded in such a way that it, too, is sensitive to only certain 
neutrons. This will result in a far lower background rate.- even that predicted on the basis of the 
detector’s area. However, as we calculate below, the detector’s signal count rate may become so low that 
long measurement times are required. 

We calculate the signal rate by assuming that a neutron source inside a IO-cm-radius moderating 
sphere results in the e s s i o n  of 104 neutrons/second in random directions. It can be shown that the signal 
strength is independent of the source-telescope separation distance provided that the telescope is not 
“looking” at a region that is larger than the moderating sphere. Since the critical angle for neutrons 
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t h m  to mom temperature in a glass capillary is 2 x IO-, radians, we shall choose the largest distance 
possible before signal strength begins to decrease. This distance, 50 m, is the distance at which the 
moderating sphere completely “fills” the region from which the neutron telescope can gather neutrons. (We 
neglect the fact that at this distance; some fraction of the emitted neutrons will scatter from air molecules 
between the source and the telescope.) Under these conditions and assuming a lens radius of 10 cm, the solid 
angle collection efficiency of the telescope will be roughly 10-6. Assuming a further efficiency of 10 percent 
for the leas itself, the expected signal rate becomes 3.6 countdhour. Even at this level, the signal may well be 
above the background. 

Although this count rate is low, it is still remarlcable that themeasurement can be achieved at all 
using a device that is no bigger than a hobbyist’s optical telescope. The same measurement without a 
capillary lens would require a panel with an area of roughly 1 squaremeter and haveno directional 
sensitivity. In other words, the panel-based measurement could tell that a neutron source was somewhere 
within 50 meters, but not where. As with x-ray diffractometry, the neutron telescope will benefit directly 
from continuing improvements in capillary lens technology. For example, a lens identical to the one assumed 
above but constructed from =Ni would have a signal 4 time larger than the value given above. Further 
increases in signal strength would be likely to OCCUT should monolithic lens construction technology be 
adopted. 

To better understand the characteristics and benefits of directional thermal neutron-only 
measurement, we constructed yweral devices to allow investigation of this topic. We hqe  describe a narrow- 
field-of-view thermal neutron detector that we have constructed. Its angular resolution and sensitivity as a 
function of distance from a source are d i d  We describe the results of tests that were performed to 
determine the effect of moderating material in various configurations near the actuaI fast neutron source. 

‘ 

4.13 Narrow-Field-of-View Detector 

Two similar detector systems were tested, one using BF, counter tubes and the other using ,He 
counter t u b .  

.’He Detector 

The mow-fieId-of-view ,He neutron counter is shown in Figure 4.2. The ,He proportional counter 
tubes were 2.54-m diameter by 35.6-m active length fded with 4 abn of ,He. The tubes were arranged in 
two rows with 11 tubes in the front row and 12 tubes in the back row. The mer-tocenter spacing between 
tubes within a row was 3.46 cm whereas the cearter-toenter spacing between rows was 2.86 cm. The 
counter tubes were held in place by two 0.159-m-thick stainless sted sheets with holes cut at the desired 
locations. The counter tubes and the stainless steel f i m e  were contained in a 5-sided cadmium box made 
from 0.076-m-thick sheets. The dimensions of the box were 48.9 by 45.1 by 12.7 can3. The collimating 
array was made from 0.076-m-thick cadmium sheet rolled into 254-cm-diameter tubes that were 10.16 cm 
long, which gave a length-to-diameter ratio of 4. The active area of the counter tubes was 40.6 by 35.6 an2, 
and this area was filled with the cadmium tubes arranged perpendicular to the axes of the counter tubes. The 
extra open space not occupied by the collimating array was covered with cadmium sheet so that thermal 
neutrons could only reach the counter tubes by traveling within the open space of the co lha thg  array. 

‘ 

The field-of-view for thermal neutrons was defined as the angle from the axis of the cadmium tube at 
one end of the tu& to the wall at the other end of the tube as shown in Figure 4.3. With this definition, the 
field-of-view is 7.12 degrees. Neutrons whose paths lie within this field-of-view should have 50% or greater 
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probability of reaching the int&ior of the detector. Neutrons at angles greater than 7.12 degrees can also be 
detected, but with decreasing efficiency up to the limit at 14.0 degrees. The collimating array was assembled 
by close-packing the cadmium tubes. The space between tubes was left open, but restricted the field-of-view 
more than the tubes themselves. The open area of the collimating array was calculated to be 89%. 

Cadmium 
Box 

Collimating 
Array 

Figure 4.2. Schematic Drawing of Narrow-Field-of-View Neutron Detector 

Figure 43. Schematic Representation of Field-of-View as Defined in the Text 
L 

BF, Detector 

The narrow-field-of-view detector using 2.54-cm-diameter BF, counter tubes was similar in size and 
construction to the ,He detector described above, Only 21 tubes were used. They were arranged in two rows 
with 10 tubes in the front row and 11 tubes in the back row. The collimating array was the same set of 
cadmium nibs  as used with the ,He detector. The BF, detector was actually constructed before the ,He 
detector and was used for the initial experiments. Unfortunately, the BF, tubes exhibited poor pulse-height 
resolution and excessive noise. However, the data obtained with the BF, detector enmuraged us to proceed 
with the more reliable ,He detectors as soon as the tubes became available. 
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* 4.13 Angular Resolution i 

Our first experimental test was to demonstrate that the narrow-field-of-view detector was capable of 
. locating a t h d  neutron source with the angular resolution expected from the design of the collimating 

array. A source of thermal neutrons was created by placing a small PuBe neutron source (1.58 by 10s n/s) 
centered behind a block of polyethylene 5.08-cm thick by 30.5-cm square. The BF, detector was placed 
180 cm from the source. Both the source and the mter  of the neutron detector were at 119 cm above the 
floor. With this geometry, the field-of-view of the detector included the entire 30.5-cm square face of the 
polyethylene moderator from which thermal neutrons were emitted. 

' 

To obtain the angular resolution, the neutron source was held fmed, and the detector was rotated 
about its vertical midpoint of the counter array at a constant distance from the source. The count rate as a 
function of angle is shown in Figure 4.4 where 0 degrees is deked as the condition where the face of the 
neutron counter is parallel to the 30.5-cm-square face of the polyethylene. The data were obtained as 100 s 
counts at 5 degree intervals near 0 degrees and at 10 degree intervals beyond 30 degrees. The prominent peak 
at 0 degrees shows that 6 i s  detector does have the angular response expected for the collimating array 
employed here. 

The anguli response of the ,He detector was also measured in the same manner as for the BF, 
detector. In this case, the source was placed between two polyethylene blocks, each 5.08-cm thick by 
30.5-cm square with the detector at a distance of 3.05 m. The angular response data are shown in Figure 4.5. 
Again a prominent peak was observed. The peak-to-tail ratio for the ,He detector is even better than for the 
BP, detector. 

hoof that the peak at 0 degrees in the data from the ,He detector was due to thermal neutrons was 
obtained by placing a sheet of cadmium over the collimathg array with the detector oriented at 0 degrees. 
The net count rate dropped from 19.2 f 0.2 cps to 4.7 f 0.2 cps. The count rate with the cadmium cover at 
0 degrees was comparable to the uncovered count rate at angles greater than 30 degrees. 
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Figure 4.4. Neutron Count Rate Versus' Detector Angle for BF, Detector 180 cm from Source. Room 
background of 0.35 f 0.06 cps has been subtracted. 
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Additional confirmation that the peak was due to thermal neutrons was obtained by measuring the 
r h o  of count rates when the ,He detector was oriented at 0 degrees and at 90 degrees, but using a bare 
neutron source without moderation. At 0 degrees, the count rate was 2.9 f 0.2 cps while at 90 degrees, the 
count rate was also 2.9 f 0.2 cps. 

The tails of these angular response curves have higher count rates than we initially expected. This 
could be caused either by epithermal neutrons that penetrate the Cd shield and are captured in the ‘OB or 3He 
without thermalization or by fast neutrons that penetrate the Cd shield and cause elastic scattering. With ,He, 
elastic scattering of neutrons above 250 keV begins to exceed the discriminator threshold for our neutron 
counter. Because of different kinematics, elastic scattering does not interfere with BF, counters until the 
neutron energy exceeds 2.5 MeV. 

The angular response test was repeated with the ,He detector at 3.05 m with a single channel 
analyzer set to accept ohly those pulses falling in the full energy peak in the pulse-height spectrum. Thus, 
only neutrons with energy greater than 1.0 MeV could contribute to the neutron count rate by elastic 
scattering on 3He. No difference was observed in the ratio of counts at 0 degrees to counts at 30 degrees for 
the data taken with the single channel analyzer and the data taken with acceptance of all neutron pulses. We 
assume that the number of neutrons above 1.0 MeV fiom our moderated PuBe source is significantly Iess 
than the number above 250 keV. The data therefore indicate that elastic scattering of fast neutrons within the 
,He tubes does not contribute significantly to the observedcount rates. 

The count rate at the detector orientation of 90 degrees could be due either to fast neutrons 
penetrating the shield or thermal neutrons scattering around the room and enterhg the detector through the 
collimating array. To distinguish these two possibilities, we used the BF, detector at 3.05 m from the source 
and compared the count rates with and without 5.08 cm of additional moderator on the 5 sides of the 
cadmium box. With the detector oriented at 90 degrees to the source and no extra moderator, the net count 
rate was 1.61 f 0.07 cps. With the extra moderator, the count rate dropped to 0.77 f 0.04 cps. However, the 
’background with the extra moderator increased fiom 0.35 f 0.06 cps to 0.77 f 0.04 cps, indicating that the 
extra moderator had eliminated the detection of fast neutrons fiom the source, and all  the remaining counts 
were due to cosmic rays. 

t 
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Figure 4.5. Neutron Count Rate Versus Wtector Angle for ,He Detector 3.05 m from Source. Room 
background of 0.32 f 0.01 cps has been subtracted. 
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We also tested the effect of room-scatter neutrons using the ,He detector at 3.05 m from the source. 
With the detector oriented at 90 degrees to the source, the count rate was measured with and without a 
cadmium sheet covering the collimating array. Without the cadmium cover, the net count rate was 4.37 f 
0.22 cps, whereas with the cadmium cover, the count rate was 4.66 f 0.22 cps. This test plus the earlier test 
with the extra polyethylene moderator showed that room scatter of thermal neutrons did not contribute to the 
count rate when the detector was oriented away from the'source. 

4.1.4 Sensitivity vs Energy Spectrum 

We were not able to measure the energy spectrum of the neutron so& directly. However, we did 
vary the ratio of thermal neutrons to fast neutrons by changing the thickness of the moderator in front of the 
'source. The source configuration consisted of a 5.08-m-thick slab of polyethylene moderator behind the 
source and a variable thickness of moderatorin front of the source. Monte Carlo calculations showed that the 
t h d  neutron flux leaving the moderator peaks at roughly 5cm thickness. As additional m@erator is 
placed in fiont of the source, the thermal flux decreases because of increased absorption of thermal neutrons 

- within the moderator. 

A plotof the neutron count rate as a function of moderator thichess obtained with the 3He detector 
at 0 degrees and at 30 degrees is shown in figure 4.6. When the detector is oriented at 0 degrees to the 
source, it is primarily measuring the thermal flux. When the detector is oriented at 30 degrees, it is primarily 
measuring e p i t h d  and fast neutrons that can penetrate the cadmium shield The Odegeeaunt rate peaks 
as expected at about 5 - m  thickness, whereas the 30degree couut rate falls off monotonically with increasing 
moderator thickness. 

As shown in Figure 4.7, the Odegree to 30degre ratio reflects the relative changes in the thermal to 
fast componeqt of the neutron source energy spectrum as the moderator thickness was changed. Thus, the 
ratio of neutron count rates at 0 degrees to 30 degrees can be used as a crude measure of the neutron energy 
spec&rum. In addition, the fact that the Odegree to 30degree ratio is grqer than 1.0 over this range of 
moderator thicknek shows that the source location capability of the narrow-field-of-view detector is 
excellent even for a variety of source energy spectra. 

4.15 Sensitivity vs Distance 

To demonstrate that good angular resolution could still be obtained at greater distance, the source 
was moved into a hallway, and the BF, detector was located 122 m away. Data wefe obtained only at 0 
degrees and 30 degrees as these angles represent the source within the field-of-view and the source outside 
the field-of-view. "he same experiment was repeated with the 3He detector. Even at 12.2 m, the net count 
rate at 0 degrees is about 3 times the net count rate outside the field of view (30 degrees) as shown by the 
data in Table 4.1. 
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Figure 4.6. 3He Detector Count Rate at 3.05 m from Source as a Function of Moderator Thickness at 
Source. The upper curve applies for a detector orientation of 0 degrees. The lower curve 
applies for a detector orientation of 30 degrees. 
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Figure 4.7. Ratio of Neutron Count Rates with Detector Oriented at 0 Degrees and 30 Degrees. Source to 
detector distance was 3.05 m. 

Table 4.1. Ratio of Neutron Count Rates with Detector Oriented at 0 Degrees and 30 Degrees. Source to 

(a) Count rate at 30 degrees was equal to the background of 0.46 f 0.02 within the statistical uncertainties. . .  
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The field of view of the detector in all our expeaiments was larger than the source, so the thermal 
neutron count rate (0 degrees) was expected to decrease approximately as l/? times the attenuation in air. 
This was approximately true as shown by the data in Table 4.1 

Note that count rate at 30 degrees also falls off with distance from the source. This indicates that 
much of the 30degree count rate is due to the source-most likely from e p i t h d  neutrons that pe t r a t e  
the Cd shield and are captured directly without t h e  OIL 

4.1.6 Interference from Secondary Moderators 

An important question in using narrow-field-of-view detectors is whether the presence of massive 
amounts of moderator away from the source could interfere with locating the source. To check this 
possibility, we placed the 3He neutron detector 3.05 m from a 5.08- thick by 30.5-cm square block of 
polyethylene. The 30.5-cm-square face of the polyethyleue was oriented at 45 degrees to the detector. The 
bare PuBe neutron source was located 3.05 m from the polyethylene on a line perpendicular to the line from 
the detector to the source. This arrangement should allow neutrons t h a  and scattered from the face of 
the polyethylene to reach the neutron detector (reflection geometry). The neutron count rate was measured as 
a function of orientation angle of the detector. As shown above, we did not expect to see any effect of the 
bare neutron source on the detector count rate as the detector orientation was varied. The count rate data are 
plotted in Figure 4.8. No statistically significant effects were seen at the angles corresponding to either the 
neutron some or the moderator block. 
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Figure 4.8. Neufron Count Rate as a Function of Detector Orientation Angle When Viewing a Neutron 
Source at -45 Degrees and a Moderator Block at 0 Degrees. A constant background of 0.32 f 
0.01 cps has been subtracted. 

This null effect is produced because the polyethylene moderator sees only a small fraction of the 
solid angle of the neutron source, and the neutron detector sees only a small fr-action of the solid angle of the 
polyethylene. In an effort to max& any possible effect, the neutron source was moved to a position 0.91 
m from the polyethylene. This position was just outside the field of view of the neutron detector. Data were 
obtained with the detector oriented at the neutron source (-17 degrees), at the moderator (0 degrees), and 
beyond the field-of-view of the moderator (+17 degrees). Count rates were measured using the reflection 
geometry described above and a transmission geometry in which the neutrons had to pass through the 
5.08-cm-thick moderator before escaping towards the detector. As shown in Table 4.2, a small increase in 
count rate is a possibility when viewing the moderator under these conditions. 
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Table 43. Neutron Count Rates for Moderator htaference Tests. A background of 0.32 f 0.01 cps has 
beensubtracted. 

Uefrection Geometry 

-17 

0.00 

+17 

source 3.06 f 0.06 

Moderator 3.17 f 0.06 

BGD 3.00 f 0.06 

-17 I source I 3.11 k0.06 11 
. 0.00 I Moderator . I 3.18f0.06 11 

~ ~~ ~ 

. +17 BGD 3.08 f 0.06 I 
4.2 Gandolphi Diffractometry 

Every crystalline material produces a unique diffraction pattern when struck with aparallel beam of 
x-rays. The inavidual f w e s  in the pattern can be used to discern the orientation and separation of the 
various crystal planes within the material. A related technique, powder diffractometry, uses a high-intensity 
beam of monoenergetic x-rays to analyze or simply identify a powdered crystalline material. For applications 
involving small ur poor powder samples, many hours may be required to acquire a diffraction image as a 
result of limitations in the intensity of available x-ray beams. 

Capillary x-ray lenses may ultimately make possible significant improvements in powder 
diffractometry technology. Figure 4.9 diagrams the methods used to acquire a powder diffraction pattern 
both with and without a capillary lens. The lens used will generally be of the “full barrel’’ type since it is 
desirable to maximize the transfer of radiation from the point-like source to the powder sample. Although 
the source-to-powder distance is significantly greater when the lens is used, the intensity gain of the lens is 
large enough to guarantee that more x-rays strike the powder sample. 

This type of application is typical of those applications for which the divergence of the incident 
radiation beam is of primary importance. The divergence of the incident beam is critical since it determines 
the degree of “spreading” in the diffraction pattern. X-rays that reach the sample from different directions 
(which is possible only with the lens) produce diffraction patterns that travel in correspondingly Werent 
directions. A capillary lens clearly delivers more radiation to the sample, but the acquired image may be of 
inferior quality. 

We have undertaken a series of experimental measurements in an attempt to verify the potential 
benefit to powder diffractometry arisiig from a capillary x-ray lens. A lens was purchased for use with an 
existing, state-of-the-art powder diffiactometer. The main conclusions of this investigation are sunmarized 
below: . 
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The higher divergence (convergence) of the x-ray radiation that has passed through the lens greatly 
increases the difficulty of maintaining an acceptable control over background. The “beamstop” must 
in the future be carefully redesigned with this problem in mind. 

The relatively large focal lengths that are quired for modern capillary lenses work against them in 
this case. The sample must be located 2 to 3 times farther with the lens than without. In the future, it 
may be possible to construct more compact lenses. This would be advantageous for this application. 
Any future improvements in either the efficieky or gain of capillary x-ray lenses would be helpful 
for this application. Such improvements are likely with the advent of monolithic lenses (see Section 
5.0). 
It is critical that the x-ray source and x-ray lens be designed to work with each other. This 

, something that is specifically requires that the “spot size” of the x-ray generator must be mmmzed 
not of such paramount importance for many other applications. The x-ray lens in our experiments 
was unable to fully gather the x-ray radiation because of the small critical angle for acceptance and 
the finite “spot size.” 
Our experiments demonstrated that the aperture used with the x-ray lens is of centrd importance to 
the quality and timeliness of the collected data. A large circular aperture results in a significant 
amount of x-ray radiation r-gchhg the powder sample, but the result is relatively poor resolution and 
high background for the reasons already mentioned. A slit-like aperture is, for the special case of 
Gandolphi difkactometry, able to produce clear data in a way that is at least competitive with the no- 
lens arrangement. Optimization of the slit size and shape remains an important open question. 

.. . 

The ultimate conclusion is that an x-ray lens appears to hold considerable promise for this 
application, but a redesign of the entire experimental setup would be required to realize these 
benefits. 
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Figure 4.9. Acquiring a Powder Diffraction Pattern with and Without a Capillary X-ray Lens 
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. 4.3 Neutron Radiotherapy 

Neutron capture therapy (NCT) takes place when thermal neutrons react with a reagent previously 
administered to a patient. The three primary characteristics of a successful reagent are 1) high thermal 
neutron cross section, 2) ease of iOco@ration in a pharmaceutical compound that is selectively absorbed by 
tumor cells, and 3) post-reaction delivery of high linear energy transfer radiation (energetic, short-range 
radiation). Currently, boron and gadolinium are favored reagents. 

Currently, successful treatment of near-surface tumors has been demonstrated using thermal neutron 
beams (Hatanaka and Nakagawa 1994). Because of the limited ability of thermal neutrons to penetrate 
deeply in the hydrogenous material of the human body, however, such treatments are'of little use for deep- 
seated m o r s .  One strategy for the treatment of such tumors requires the use of e p i t h d  neutron beams 
(0.leV to 1OkeV) with increased penetration (Barth et al. 1990; Slatkin 1991; Haling 1994). However, the 
generation of sufficiently strong and pure e p i t h d  beams is difficult. In addition, the use of epithermal 
neutrons inevitably leads to the irradiation of an excessively large region within the patient. 

Capillary neutron optics makes possible a novel approach to delivering neutrod to a patient (peunung 
1996). Figure 4.10 shows a system that uses a neutron lens to allow delivery of thermal neutrons directly to a 
medically optimal location deep within the patient. The major components of this treatment system are the 
moderator, lens, treatment tube, and shield. The sole function of the moderator is to provide a source of cold 
neutrons that can be focused by the lens. This moderator is typically small (roughly 1 cm in diameter), and 
must be maintained at a relatively low temperature (20K) to optimize the performance of the lens. The 
treatment tube in turn provides an open space free of hydrogenous material through which neutrons are able 
to travel unimpeded. 
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Figure 4.10. Side-View Schematic of a Capillary Lens-based Neutron Radiotherapy Treatment Beamline 
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This treatment system has several important advantages. It uses a relatively straightforward subthermal 
neutron source, yet allows the treatment of deep tumors normally accessible with only epithermal beams. In 
addition, the limited penetration of thermal neutrons spares the patient fiom unnecessary irradiation of 
healthy tissue. E i y ,  nearly complete shielding of the patient from unwanted &urce radiation is possible 
with this simple and compact beamline. Shielding may ultimately be placed within the lens in the empty 
spaces between the polycapillNes. 

A unique characteristic of this application is that importance is placed on maximizing the total neutron 
fluence (measured in neutrons/mnd) delivered to the tumor. Most lens applications instead measure 
pedormance in terms of flm intensity gain. (Neutron flux is measured in neutrons/Csecondmndmn2].) The lens 
makes it possible to deliver a large neutron fluence in the form of a beam that is sufficiently compact and 
collimated to travel the length of the treatment tube. This application tends to favor large-area lenses that 
have superior neutron gathering power and lenses with long focal lengths to achieve the minimum treatment 
tube width. 

The results described in this subsection were achieved under a project funded by laboratory directed 
research and development funds. PNNL has applied for a patent on this technology. 

I 
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5.0 Discussion and Conclusion 

Capillary lenses are likely to have a significant impact in a number of diffierent areas where x-rays or 
low energy neutrons are important. When considering the application of these lenses to specific problems, it 
is essential to caremy consider their advantages, disadvantages, ~Apabiities, and limitations. The following 
is a brief, itemized summary of many of the important principles. 

Lenses can be used for bending, focusing, collimation, or any combination thereof. . 

Leas performance is highly energydepdent~ In general, only themal (or colder) neutrons and 1 to 
10 keV x-rays can be usefully focused. 
The capillaries in current lenses are limited to a radius of curvature of roughly 1 meter. 
Lenses currently tend to be no more than several Centimeters in diameter and several tens of 
centimeters in length. Lenses with dimensions exceeding these limits may be expensive or perhaps 
less usell. 
Current lenses are roughly 208.efficient at focusing incident radiation that strikes at an angle less 
than the critical angle. 
Lenses cannot focus aiy radiatiosthat strikes at an angle greater than the critical angle. 

The critical angle is typically between 1 and 5 milliradians. 

Focusing lenses can achieve intensity gains of roughly a factor of 100 because all of the transmitted 
radiation is brought to a focus that has a FWHM of roughly 05  mm or less. 

. Radiation at the output focus of a capillary lens has bem spatially “compressed” at the expense of 
increased divergence. Thus, any application for which collbated radiation is desirable may benefit 
less than expected when implemented with the aid of a capillary lens. 

A natural question is whether capillary neutron lenses can be used to aid in monitoring thermal 
neutron emission from a distant neutron source. If the neutron radiation emanatrn * g from a distant moderated 
source could be brought to a narrow focus, a small, low-background neutron counter could be used for 
measurement. In this way, in principle, it might be possible to monitor neutron-emitting sources from 
distances much greater than are possible with conventional techniques. However, as is detailed in Section 
4.1, such a neutron “telescope” suffm from a number of problems: 

. 

Only a small component of the neutron radiation from a distant source is completely thexmalized. 

The critical angle for thermal neutron radiation is only roughly 0.001 radians. Most neutron focusing 
applications usesub-thennal neutron radiation. 
Some of the thermal n&on radiation scatters between the source and the telescope. Because of the 
narrow acceptance angle of the lens, this radiation is sure to be missed by the detector. 
The small critical angle implies that the lens can accept only those neutrons that have been emitted 
from within 0.001 radians of the point that the telescope is “aimed” at. At a distance of 50 meters, 
this size is only 10 centimeters in diameter. Thus, the telescope would only work well for relatively 
compactsourm. , 
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. The relatively . y d  size of the lens itself limits ihe n m o n  gathering power of a monitoring system 
implemented in this way. 

Despite these limitations; a neutron telescope appears to be possible with current technology. More 
importantly, future improvements in lens capability will improve the likelihood that a neutron telescope will 
provide a useful means for neutron monitoring from 50 meters or more. Possible future improvements may 
include the development of "Ni-coated lenses for i n c r d  neutron focusing power and the development of 
monolithic lenses with a greatly r e d d  focal spot size. 

5.2 



6.0 References 

Barrh RF, AH Soloway, and RG Fairchild. 1990. “Boron Neutron Capture Therapy for Cancer,” Sci. Amer., 
263,p. 100. 

Chapman HN, KA Nugent, and SW Wilkins. 1993. “X-ray focusing using cybdrical-channel capillary 
arrays,” Appl. Opt., 32, p. 6333. 

Chen H, RG Downing, DFR Mildner, 
Guiding and Focusing Neutron Beams Using Capillary Optics,”Nature 357, p. 391. 

Gibson, MA Kumakov, IYu Ponamarev, and h4V Gubarev. 1992. 

East LV and RB Walton. 1969. “Polyethylene moderated 3He neutron detectors,”Nucl. Instrum. Meth., 72, 
p. 161. 

Fraser GW, AN Bnmton, JE Lees, and DL Emberson, 1993. ‘‘Production of quasi-parallel x-ray beams 
using microchannel plate x-ray lenses,” Nucl. Inst. Meth. in Phys. Res. A, 334, p. 579. 

/ 

Harkg OK 1994. “Boron Neutron Capture Therapy at the ha Research Reactor,” Neut. News 5, p. 23. 

Hatanaka H and Y Nakagawa. 1994. “Clinical Results of Long-Surviving Brain Tumor Patients who 
Underwent Boron Neutron Capture Therapy,”Int. J. Radia. Om., Biol., and Phys., 28, p. 1061. . 
Hoffman SA, DJ Thiel, and DH Bilderback. 1994. “Applications of Single Tapered Glass Capillaries: 
Submicrometer X-Ray Imaging and h u e  Diffraction,” Opt. Eng., 33, p.303. 

Kaaret P, P Geissbuhler, A Chen, and E Oiavinas. 1992. “X-ray focusing using microchannel plates,” Appl. 
Opt., 31, p. 7339. 

Kimball JC and D Bittel. 1993. “Surface Roughness and the Scattering of Glancing-Angle X-Rays: 
Application to X-Ray Lenses,” J. Appl. Phy., 74, p. 877. 

Kumakov MA and FF Komarov. 1990. “Multiple Reflection ftom Surface X-ray Optics,” Phys. Rpts, 191, 
p.289. 

Ullrich JB, V Kovantsev, and CA MacDonald. 1993. “Measurements of polycapillary X-ray optics.” 
J. Appl. Phys., 74, (no.10):5933-9. 

Marten L. 1966. “X-Ray Fiber Optics,” Appl. Phys. Lett., 9, p. 194. 

Mildner DFR. 1990% “Neutron Focussing Using Microguides,” Nucl. Inst. Meth. in Phys. Res. A, 297, p. 
38. 

Mildner DFR. 1990b. “Multiple Reflections within Neutron Optical Devices,” Nucl. Inst. Meth. in Phys. 
Res. A, 292, p. 693. 

Mildner D, H Chen, G Downing, and V Sharov. 1993. “Focused Neutrons: A Point to be Made,” J. Neut. 
Res., 1, p. 1. 

6.1 



Mildner DFR, H Chen-Mayer, and VA Sharov. 1995. “Restricted Neutron Transmission Through a 
cylindrical Guide Tube,” J. Appl. Cryst., 28, pt. 6:793-802. 

Mosher D and SJ Stephanakis. 1976. “X-ray ‘Light pipes,”’ Appl. Phys. Lett., 29, p.105. 

Pantell RH and PS Chung. 1979. “Muence of Surface Roughness on the Propagation of X-Rays through 
Capillaries,”Appl. Opt., 18, p. 897. 

’ Pantojas VM, VE Kovantsev, J Pant, SA Budkov, TM Hayes, and PD Persans. ,1993. “APolycapillary- 
Based X-Ray Optical System for Diffraction Applications,” Nucl. Inst. Meth. in Phys. Res. A, 333, p. 607. 

Peummg AJ. 1996. “Capillary Neutron Optics for Radiotherapy,” Med. Phys., 23, p. 487. 

Slatkin DN. 1991. “A History of Boron Neutron Capture Therapy of Brain Tumors,” Brain, 114, p. 1609. ‘ 

Stoffels JJ and DR Ells. 1979. Rev. Sci. Znstr. 50, p. 1574. 

Tbiel DJ, EA Stem, DH Bilderback, and A Lewis. 1989. “Focusing of Synchrotron Radiation using Tapered 
Glass Capillaries,” Physica B, 158, p. 314. 

Vaniqr PE, L Forman, and EC Selcow. 1995. “A thermal neutron source imager usirig coded apertures.” In: 
Proceedings of the Institute of Nuclear Materials Management, Palm Desert, California, July 9-12,1995, p. 
842. 

Xiao QF, IYu Ponamarev, AI Kolomitsev, and JC Kimball. 1993. “Numerical simulations for . 
capillary-based x-ray optics,” in “Multilayer and grazing incidence x-ray/EUV Optics IL” Proceedings of 
the International Society for Optical Engineering, RE3 Hoover and A Walker, editors, San Diego, California, 
Vol. 1736, pp. 227-238. 

. 

6.2 



PNNL-11392 
UC-7 1 3 

1 

No. of 
Copies 

Offsite 

2 DOE Office of ScientXc and Technical 
Information 

Harold Beck 
DO- 
201 Varick Street 
5th Floor 
New York, New York 10014-4811 

A.J. (Gus) W e y  
Idaho National bgineering Laboratory 
P.O. Box 1625 I 

Idaho Falls, Idaho 83415 

Charles Dickerman 
Argonne National Laboratory 
9700 South Cass Avenue 
RE/208 
Argonne, Illinois 60439-4842 

Distribution 

Tom Gosnell 
Lawrence Livermore National Laboratory 
P.O. Box 808 
Livennore, California 94550 

David Gordon 
Brookhaven National Laboratory 
Department of Advanced Technologies 
Building 197C 
P.O. Box 5000 
Upton, New York 11973-5OOO 

No. of 
Copies 

John Mihalno 
Oak Ridge National Laboratory 
Building 3500 
P.O. Box 2008 
Oak Ridge, Tennessee 37831-6004 

Dick Pollina 
Bechtel Nevada/NT.S 
P.O. Box 98521 
Las Vegas, Nevada 89193-8521 

David Spears 
Forrestal Building 

lo00 Independence Avenue, SW 
Washington, DC 20585 

U.S. Department of Energy 

Dave Waymire 
Sandia National Laboratory 
Systems Research Center 5900 
P.O. Box 5800 
Albuquerque, New Mexico 87185 

Wflard Winn 
Westinghouse Savannah River 
Technology Center (SRTC) 
P.O. Box 130 
New Ellenton, South Carolina 29809 

M. William (Bill) Johnson 
L a  Alamos National Laboratory 
P.O. Box 1663 
Los Alamos, New Mexico 87545 

DiStr.1 



Onsite 

32 Pacijic Northwest National Laboratory 

M Bliss 

GB Dudder 
RAcraig 

EA-1 
AJ Peummg (10) 
PL Reeder (5) 
DERobertson 
DC Stromswold 
DS Sunberg(2) 
J Wackex 
RA Wama(3) 
Technical Report files (5) 

Distr. 2 


