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DISCRIMINATION-ENHANCED
FIBER-OPTIC SCINTILLATOR RADIATION DETECTOR

Cross-Reference to Related Application

[0001] This application claims priority to and the benefit of, and incorporates herein by
reference in its entirety, U.S. Provisional Patent Application No. 61/117,320, which was filed

on November 24, 2008.

Technical Field

[0002] In various embodiments, the present invention relates to improved systems and

methods for fiber-based scintillation radiation detection.

Background

[0003] Scintillating materials are commonly used in radiation detectors. Such materials
typically indicate the presence of a neutron flux by the emission of scintillation photons.
Recent developments have allowed these scintillating materials to be drawn into optical fibers.
The light-guide property of the fiber collects the scintillation light generated over the entire
length of the fiber and delivers it to the fiber end facets, where it is gathered for analysis in
photomultiplier tubes. A fiber-optic scintillation detector typically allows for the creation of a
relatively inexpensive, robust, and versatile large-area radiation detector.

[0004] Many fiber-based scintillation neutron detectors contain layers of closely-packed
fibers for planar coverage. However, in this configuration, a Compton electron (which may be
generated from a gamma ray) may cross through multiple fibers in the fiber bundle. While the
scintillation light generated by the Compton electron in a single fiber is small, the total

scintillation light accumulated in the fiber bundle is often large enough to mimic a neutron
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event. Thus, this configuration suffers from a poor ability to reject gamma rays, which
interfere with the neutron signal. In fact, the ability to reject gamma rays when the fibers are
closely packed in a bundle compares unfavorably with competing technologies.

[0005] The gamma rejection ratio of these closely-packed fiber-based scintillation neutron
detectors can be increased as high as approximately 10*:1, but at the cost of added system
complexity and reduced neutron sensitivity. Alternatively, electronic logic circuitry may be
employed in these detectors to distinguish neutron-induced scintillation light from that induced
by other events, such as the presence of gamma rays. However, such an approach again
increases the system’s cost and adds to its complexity.

[0006] A variety of approaches have been employed in a variety of different contexts in an
attempt to separate individual fibers in order to optimize the detection of neutrons. The
materials employed to separate the fibers in these previous approaches have, however, proved
ineffective at or inappropriate for increasing the gamma rejection ratio.

[0007] As such, needs exist for an improved fiber-based scintillation neutron detector.

Summary of the Invention

[0008] In various embodiments of the present invention, rather than having the optical
fibers of a fiber-based scintillation neutron detector closely packed in each layer, the optical
cores of the fibers in each layer are instead spaced out with an interposer material that helps to
reject gamma rays. In one embodiment, the interposer material is chosen to optimize the
detection of low-energy neutrons (i.c., neutrons having an energy level on the order of or less
than 2.5 x 10™® MeV), such as thermal neutrons, in the face of interfering gamma rays. The
chosen interposer material may have a high density (i.c., greater than 1.3 g/cm’) and a low
average atomic number (i.e., an average atomic number less than 13). It has been determined

that lower density materials provide for no appreciable increase in the gamma rejection ratio



10

15

20

WO 2010/060089 PCT/US2009/065753

-3
and materials with a higher average atomic number tend to generate more Compton electron
scintillation light due to larger photoelectron production.

[0009] In other embodiments, the thickness of the interposer material is chosen so as to
separate each optical fiber core from its neighboring optical fiber cores by a distance equal to
approximately twice the core diameter. This too helps to reject gamma rays. In fact, in various
embodiments, this new geometry and the above-described features of the interposer material
increase the gamma rejection ratio by a factor of approximately 10 to yield a rejection ratio of
approximately 10°:1.

[0010] In general, in one aspect, embodiments of the invention feature a fiber-optic
scintillator radiation detector that includes a plurality of optical fibers. Each optical fiber
includes an optical core, and the optical cores are spaced apart from one another by an
interposer material. The interposer material may have an average atomic number less than 13
and a density greater than 1.3 g/cm’. In addition, the optical cores may be regularly spaced
such that a center of each optical core is at a distance of approximately twice the core diameter
from a center of each of its neighboring optical cores. The spacing between the center of each
optical core may, for example, lie in a range between approximately 10 microns and
approximately 600 microns.

[0011] In various embodiments, the interposer material comprises or consists essentially of
silicon dioxide, graphite, glass, an organic polymer, a plastic, an epoxy, or combinations
thereof. Each optical fiber may further include a cladding surrounding its optical core. The
interposer material may be encapsulated between the cladding and the optical core of each
optical fiber. Alternatively, a matrix of the interposer material may surround the cladding of
cach optical fiber. In various embodiments, the interposer material and the spacing of the

optical cores together provide a gamma rejection ratio for the detector of approximately 10°:1.
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[0012] In general, in another aspect, embodiments of the invention feature methods for
detecting radiation. More particularly, a neutron is detected with a plurality of optical fibers
sensitive thereto. The fibers may be arranged in a fiber-optic scintillator radiation detector
having the features described above.

[0013] In one embodiment, the detected neutron has an energy level on the order of or less
than 2.5 x 10® MeV. For example, the detected neutron may be a thermal neutron. Moreover,
in accordance with the methods, Compton electrons may be absorbed in the interposer material.
[0014] These and other objects, along with advantages and features of the embodiments of
the present invention herein disclosed, will become more apparent through reference to the
following description, the accompanying drawings, and the claims. Furthermore, it is to be
understood that the features of the various embodiments described herein are not mutually

exclusive and can exist in various combinations and permutations.

Brief Description of the Drawings

[0015] In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the present invention are described with
reference to the following drawings, in which:

[0016] FIG. 1 schematically illustrates a fiber-optic scintillator radiation detector in
accordance with one embodiment of the invention,;

[0017] FIG. 2 schematically illustrates a cross-sectional view of a fiber layer in accordance
with one embodiment of the invention; and

[0018] FIG. 3 schematically illustrates a cross-sectional view of a fiber layer in accordance

with another embodiment of the invention.
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Description

[0019] In various embodiments, the present invention features a fiber-optic scintillator
radiation detector in which the optical cores of individual fibers are spaced apart from one
another with an interposer material. FIG. 1 schematically depicts one such exemplary detector
100. As illustrated, the detector 100 includes a plurality of panels (or layers) 104 that house the
optical fibers, photomultiplier tubes 108 that couple to the fiber end facets and that detect and
collect the scintillation light generated in and delivered through the optical fibers, and
electronics 112 coupled by cables 116 to the photomultiplier tubes 108 for analyzing the
collected light.

[0020] FIGS. 2 and 3 schematically depict cross-sectional views of a single fiber layer 104
in accordance with two different embodiments of the invention. As depicted in FIG. 2, each
optical fiber includes an optical core 120 that is directly encapsulated by a cladding 124, and
the plurality of optical fibers are positioned within a matrix of an interposer material 128. In
contrast, as depicted in FIG. 3, the interposer material 128 is encapsulated between the cladding
124 and the optical core 120 of each optical fiber. In both cases, however, the plurality of
optical cores 120 are spaced apart from one another by the interposer material 128. Although
the interposer material 128 is illustrated in FIG. 2 as being concentric with each of the optical
cores 120, it need not be. For example, as further described below, the interposer material 128
may be a solid block having tubular passages therethrough within which the optical fibers are
placed. Similarly, the interposer material 128 need not be concentric with each of the optical
cores 120 depicted in the embodiment of FIG. 3.

[0021] Each optical fiber is sensitive to thermal neutrons (i.c., to neutrons having an energy
level of less than 2.5 x 10™ MeV) in the sense that cach optical fiber scintillates in the presence

of a thermal neutron flux. For example, each optical fiber may be a cerium-activated, lithium-
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silicate scintillating fiber fabricated via the hot-downdraw process developed by the Pacific
Northwest National Laboratory (“PNNL”). PNNL’s hot-downdraw process for fabricating
such an optical fiber is described, for example, in United States Patent No. 5,680,423 and in
K.H. Abel, et al., “Scintillating Glass Fiber Neutron Sensors: 1. Production and Optical
Characterization,” SCIFI 93 Workshop on Scintillating Fiber Detectors, edited by A.D. Bross,
R.C. Ruchti, and M.R. Wayne, World Scientific, New Jersey, pp. 387-394 (1995), the contents
of which are hereby incorporated herein by reference in their entirety.

[0022] As will be understood by those of ordinary skill in the art, a thermal neutron
incident on a cerium-activated, lithium-silicate scintillating optical fiber induces a °Li(n,o’H
reaction. This reaction is exothermic, releasing approximately 4.7 MeV, the majority of which
is carried away by the triton. The triton and alpha particles each interact with the glass matrix
to produce an ionization trail. When this ionization transfers energy to a Ce”" ion, the emission
of optical photons of approximately 400 nm in wavelength occurs during the return to ground
state. Fluorescence lifetime is about 40 to 60 ns. A fraction of the emitted photons, depending
upon the numerical aperture of the fiber, will then be confined inside the fiber and be
transmitted therealong via total internal reflection to the fiber end facets that are in optical
communication with the photomultiplier tubes 108 depicted in FIG. 1.

[0023] Of course, scintillating optical fibers other than the above-described cerium-
activated, lithium-silicate fibers may instead be employed to scintillate in the presence of a
thermal neutron flux. For example, other activators (e.g., Tb” or other lanthanide ions) may be
incorporated in a lithium fiber in place of the e’

[0024] Without the interposer material 128 depicted in FIGS. 2 and 3 (i.e., in the case
where the optical cores 120 are closely packed (e.g., bundled together), as opposed to being

spaced apart), the fiber-optic scintillator radiation detector 100 would also respond to gamma
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radiation. More specifically, as will be understood by one of ordinary skill in the art, incoming
gamma rays generate energetic electrons, known as Compton electrons. These electrons also
generate scintillation light in the optical cores 120. While the scintillation light generated from
a Compton electron in a single optical core 120 is small, when the cores 120 are closely-packed
the Compton electron crosses many neighboring cores 120 and the sum of the light collected in
those cores 120 can be comparable to that from a single neutron event. In such a case, the
incoming gamma ray will have mimicked a neutron event, which is not desirable as it acts as a
source of background noise for neutron detection. Accordingly, with reference again to FIGS.
2 and 3, the interposer material 128 is employed to absorb the Compton electrons and to
prevent their passage through multiple optical cores 120. In such a fashion, the gamma
rejection ratio of the detector 100 is increased, thereby reducing its sensitivity to the incoming
gamma rays.

[0025] The interposer material 128 may be any material that is effective at stopping the
Compton electrons from travelling between the optical cores 120, but that does not also react
strongly to neutrons. Specifically, the interposer material 128 may be any material having an
average atomic number less than 13 (more preferably less than 11, even more preferably less
than 9, and most preferably less than 7) and a density greater than 1.3 g/cm’ (more preferably
greater than 1.5 g/cm’, even more preferably greater than 1.7 g/em’, and most preferably
greater than 2.0 g/cm’). For example, silicon dioxide may be employed as the interposer
material 128 because it has an average atomic number of 10 (i.e., SiO, comprises a silicon atom
having an atomic number of 14 and two oxygen atoms having atomic numbers of 8) and a
density greater than 2.0 g/cm’. Other exemplary materials that may be employed for the
interposer material 128 include graphite, glass, and organic polymers, plastics, and epoxies

having an average atomic number less than 13 and a density greater than 1.3 g/cm’.
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[0026] An interposer material 128 with a density lower than 1.3 g/cm’ does not provide any
appreciable increase in the gamma rejection ratio. In addition, an interposer material 128 with
an average atomic number of 13 or greater tends to generate more Compton electron
scintillation light due to larger photoelectron production. Accordingly, any such materials are
not appropriate for use in the detector 100.

[0027] In addition to the interposer material 128 absorbing the Compton electrons, the mere
fact that the optical cores 120 are spaced apart from one another also reduces the Compton
electron cross-talk between the optical cores 120. In one embodiment, the optical cores 120 are
regularly spaced from one another. Optimally, as illustrated in FIGS. 2 and 3, the optical cores
120 are spaced such that a center of each optical core 120 is at a distance of approximately
twice the core 120 diameter d from a center of each of its neighboring optical cores 120. This
is the optimal optical fiber layout geometry in the sense that smaller separations between the
optical cores 120 results in a decrease in the gamma rejection ratio, but larger separations yield
no further increase in the gamma rejection ratio and disadvantageously result in a larger
detector. In certain embodiments, the spacing between the centers of the all optical cores 120
lies in a range between approximately 10 microns and approximately 600 microns (i.e., the
diameter of each optical core 120 is between approximately 5 microns and approximately 300
microns).

[0028] The interposer material 128 may be applied in any of a variety of fashions. For
example, with reference to FIG. 2, an interposer material 128 of appropriate thickness may be
coated on the exterior of the cladding 124 of each fiber prior to the fibers being bundled
together in the fiber layer 104. Alternatively, as previously discussed with reference to FIG. 2,
the interposer material 128 may be a solid block with tubular passages formed (e.g., drilled)

therethrough at an appropriate pitch ratio and the fibers may be secured therein. As another
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example, with reference to FIG. 3, prior to applying a cladding 124 to each optical core 120,
the optical core 120 may first be coated with an interposer material 128. Once dry, the
cladding 124 may be applied and the fibers then bundled together to form the fiber layer 104.
As will be understood by those of ordinary skill in the art, such methods of manufacturing the
fiber layers 104 are exemplary and non-limiting. Other approaches may also be employed.
[0029] Advantageously, in various embodiments, use of the interposer material 128 and
appropriate spacing between the optical cores 120 yields a gamma rejection ratio of
approximately 10°:1. A gamma rejection ratio of that level is approximately 10 times greater
than that typically achieved in the current state of the art, and, as described herein, may be
achieved with little to no added system complexity.

[0030] Commercially, various embodiments of the fiber-optic scintillator radiation detector
100 described herein may be used, for example, in homeland security operations at borders and
at various other ports of entry (e.g., in weapons smuggling detection), in detecting and locating
weapons of mass destruction abroad, in cargo radionuclide monitoring applications, in ensuring
that nuclear material (e.g., plutonium) is not accidentally or intentionally diverted from
controlled facilities, in monitoring long-term storage of nuclear materials, in fuel rod scanning
in nuclear power reactors, and in numerous other applications.

[0031] Having described certain embodiments of the invention, it will be apparent to those
of ordinary skill in the art that other embodiments incorporating the concepts disclosed herein
may be used without departing from the spirit and scope of the invention. Accordingly, the
described embodiments are to be considered in all respects as only illustrative and not
restrictive.

[0032] What is claimed is:
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Claims

1. A fiber-optic scintillator radiation detector, comprising:
a plurality of optical fibers each comprising an optical core, the optical cores spaced
apart from one another by an interposer material having an average atomic number less than 13

and a density greater than 1.3 g/cm’.

2. The detector of claim 1, wherein the interposer material comprises at least one of silicon

dioxide, graphite, glass, an organic polymer, a plastic, or an epoxy.

3. The detector of claim 1, wherein each optical fiber further comprises a cladding surrounding

its optical core.

4. The detector of claim 3, wherein the interposer material is encapsulated between the

cladding and the optical core of each optical fiber.

5. The detector of claim 3, wherein a matrix of the interposer material surrounds the cladding

of each optical fiber.

6. The detector of claim 1, wherein the detector has a gamma rejection ratio of approximately
107:1.

7. The detector of claim 1, wherein the optical cores are regularly spaced.

8. The detector of claim 7, wherein a center of each optical core is at a distance of

approximately twice the core diameter from a center of each of its neighboring optical cores.

9. The detector of claim 1, wherein the spacing between the center of each optical core lies in a

range between approximately 10 microns and approximately 600 microns.

10. A fiber-optic scintillator radiation detector, comprising:

a plurality of optical fibers each comprising an optical core, the optical cores regularly
spaced apart from one another by an interposer material such that a center of each optical core
is at a distance of approximately twice the core diameter from a center of each of its

neighboring optical cores.

11. A method for detecting radiation, comprising:
detecting a neutron with a plurality of optical fibers sensitive thereto, each fiber

comprising an optical core and the optical cores being spaced apart from one another by an
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interposer material having an average atomic number less than 13 and a density greater than 1.3

g/em’.
12. The method of claim 11, wherein the detected neutron has an energy level on the order of
or less than 2.5 x 10™° MeV.

13. The method of claim 12, wherein the detected neutron is a thermal neutron.

14. The method of claim 11 further comprising absorbing Compton electrons in the interposer

material.

15. The method of claim 11, wherein the interposer material and the spacing of the optical

cores provide a gamma rejection ratio of approximately 10°:1.

16. The method of claim 11, wherein the interposer material comprises at least one of silicon

dioxide, graphite, glass, an organic polymer, a plastic, or an epoxy.

17. The method of claim 11, wherein each optical fiber further comprises a cladding

surrounding its optical core.

18. The method of claim 17, wherein the interposer material is encapsulated between the

cladding and the optical core of each optical fiber.

19. The method of claim 17, wherein a matrix of the interposer material surrounds the cladding

of each optical fiber.
20. The method of claim 11, wherein the optical cores are regularly spaced.

21. The method of claim 20, wherein a center of each optical core is at a distance of

approximately twice the core diameter from a center of each of its neighboring optical cores.

22. The method of claim 11, wherein the spacing between the center of each optical core lies in

a range between approximately 10 microns and approximately 600 microns.

23. A method for detecting radiation, comprising:

detecting a neutron with a plurality of optical fibers sensitive thereto, each fiber
comprising an optical core and the optical cores being regularly spaced apart from one another
by an interposer material such that a center of each optical core is at a distance of

approximately twice the core diameter from a center of each of its neighboring optical cores.
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