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RADIATION SENSOR TO DETECT DIFFERENT TARGETED RADIATION
AND RADIATION DETECTION SYSTEM INCLUDING THE RADIATION
SENSOR

TECHNICAL FIELD

5 The present disclosure relates to radiation sensors, and more particularly,
radiation sensors configured to detect different targeted radiation, and radiation

detection systems including such radiation sensors.

BACKGROUND ART

Radiation detection systems are used in a variety of applications. For

10 example, scintillators can be used for medical imaging and for well logging in the oil
and gas industry. A scintillation member can be effective for detecting gamma rays
or neutron radiation. Generally, the scintillation member is enclosed in a casing or
sleeve that includes a window to permit radiation-induced scintillation light to pass
out of the package. The light is detected by a photosensor, such as a photomultiplier

15  tube. The photomultiplier tube can convert the photons emitted from the scintillation
member into electrical pulses. The electrical pulses are can be processed by
associated electronics and may be registered as counts that are transmitted to

analyzing equipment.

BRIEF DESCRIPTION OF THE DRAWINGS

20 The present disclosure may be better understood, and its numerous features
and advantages made apparent to those skilled in the art by referencing the

accompanying drawings.
FIG. 1 includes a schematic diagram illustrating a radiation detection system.

FIG, 2 includes a schematic diagram illustrating another radiation detection

25  system.

FIG. 3 includes an illustration of a cross-sectional view of an apparatus that
includes a radiation sensor and a photosensor that can be used with the radiation

detection system of FIG, 1,
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FIG. 4 includes an illustration of a cross-sectional view of an apparatus that
includes a radiation sensor and photosensors that can be used with the radiation

detection system of FIG. 2.

FIG. 5 includes an illustration of a perspective view of an assembly that can be
used as a radiation sensor within a radiation detection system in accordance with a

particular embodiment.
FIG. 6 includes specira obtained using the assembly of FIG. 5.

The use of the same reference symbols in different drawings indicates similar

or identical items,

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

The following description in combination with the figures is provided to assist
in understanding the teachings disclosed herein. The following discussion will focus
on specific implementations and embodiments of the teachings. This focus is
provided to assist in describing the teachings and should not be interpreted as a

limitation on the scope or applicability of the teachings.

b1

As used herein, the terms “comprises,” “comprising,” “includes,” “including,”
“has,” “having,” or any other variation thereof, are intended to cover a non-exclusive
inclusion. For example, a process, method, article, or apparatus that comprises a list
of features is not necessarily limited only to those features but may include other
features not expressly listed or inherent to such process, method, article, or apparatus.
Further, unless expressly stated to the contrary, “or” refers to an inclusive-or and not
to an exclusive-or. For example, a condition A or B is satisfied by any one of the
following: A is true (or present) and B is false (or not present), A is false (or not

present) and B is true (or present), and both A and B are true (or present).

The use of “a” or “an” is employed to describe elements and components
described herein. This is done merely for convenience and to give a general sense of
the scope of the invention. This description should be read to include one or at least
one and the singular also includes the plural, or vice versa, unless it is clear that it is

meant otherwise. For example, when a single item is described herein, more than one
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of the item may be used in place of a single item. Similarly, where more than one of

the item is described herein, a single item may be substituted.

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. The materials, methods, and examples are illustrative
only and not intended to be limiting. To the extent not described herein, many details
regarding specific materials and processing acts are conventional and may be found in

reference books and other sources within the scintillating and radiation detection arts.

FIG. 1 illustrates a particular embodiment of a radiation detection system 100.
The radiation detection system 100 can include a radiation sensor 101 coupled to a
photosensor 105. 1n an embodiment, the radiation detection system 100 includes a
light pipe 103. Though the radiation sensor 101, the light pipe 103, and the
photosensor 105 are illustrated separate from each other, the radiation sensor 101 and
the photosensor 105 can be coupled to each other directly or via the light pipe 103, In
an embodiment, the radiation sensor 101 and the photosensor 105 can be coupled to
the light pipe 103 using an optical gel, bonding agent, fitted structural components, or

any combination thereof.

The radiation sensor 101 can include a scintillation member 107 housed within
a casing 113. The scintillation member 107 can detect neutron radiation (for example,
thermal neutrons and fast neutrons), gamma radiation, other targeted radiation, or any
combination thereof. In an embodiment, the scintillation member 107 can include a
plurality of different scintillation matetials. Details regarding the composition of the
scintillation member 107 are described in more detail fater in this specification. In an
embodiment, the scintillation member 107 has a length, L, and a width, W, as
illustrated in FIG. 1. In a particular embodiment, the scintillation member 107 has a
length of at least approximately 0.5 meters, For example, the scintillation member
107 has a length of at least approximately 0.7 meters or at least approximately 1.1
meters. In another example, the scintillation material extends greater than 2 meters,
such as greater than 3 meters, or another length corresponding to a height of a person,
a vehicle, such as an automabile, a truck, a watercrafi, a rail car, an aircraft, other
suitable cargo vehicle, or any combination thereof, In another embodiment, the

scintillation member 107 can have a width, W, substantially perpendicular to the
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length, L, where the width is at least approximately 0.01 meters and at most equal to
the length L. For example, the scintillation member 107 can be a polygon having a
width of at least approximately 0.01 meters. In another example, the scintillation
member 107 can be substantially cylindrical and can have a diameter, a particular type

of width, of at least approximately 0.1 meters.

In a particular embodiment, the radiation sensor 101 can be surrounded by a
neutron moderator (not illustrated in FIG. 1), such as polyethylene or another
material, to convert fast neutrons into thermal neutrons, when the particular targeted
radiation to be detected includes fast neutrons, The radiation sensor 101 can also
include a reflector 109, In one embodiment, the casing 113 can include a material
that is substantially non-reactive with the scintiltation member 107, environmental
conditions, or any combination thereof., For example, the casing material can include
stainless steel, plastic, another suitable material, or any combination thereof. A
shock-absorbing member 111 may be disposed between the casing 113 and the
reflector 109. Further, the casing 113 can include an output window 115 that is
interfaced to an end of the scintillation member 107. The output window 115 can
include glass or another transparent or translucent material suitable to allow photons
emitted by the radiation sensor 101 to pass toward the photosensor 105. An optical
interface, such as sificone rubber, can be disposed between the scintillation member
107 and the output window 115. The optical interface can be polarized to align the

reflective indices of the scintillation member 107 and the output window 115.

As illustrated, the light pipe 103 is disposed between the photosensor 105 and
the radiation sensor 101 and facilitates optical coupling between the photosensor 105
and the radiation sensor 101, In an embodiment, the light pipe 103 includes a quartz
light pipe, plastic light pipe, or another light pipe. In another embodiment, the light
pipe 103 can include a silicone rubber interface that optically couples an output
window 115 of the radiation sensor 101 with the input window 108 of the photosensor
105. In a further embodiment, a plurality of light pipes is disposed between the

photosensor 105 and the radiation sensor 101,

The photosensor 105 can include a photodiode, a photomultiplier tube
(“PMT”), a silicon photomultiplier (“SiPM”), an avalanche photodiode (“APD”), or a

hybrid PMT that includes a photocathode and an electron sensor. The photosensor

PCT/US2011/038816
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105 can be housed within a tube or housing made of a material capable of protecting
clectronics associated with the photosensor 105, such as a metal, metal alloy, another

material, or any combination thereof.

The photosensor 105 can include an input window 108, such as a window that
can include any of the materials described with respect to the output window 115.
The input window 108 and the output window 115 can have substantially the same
composition or can have different compositions. In a particular, illustrative
embodiment, the photosensor 105 receives light from the radiation sensor 101 via the
input window 108. The output window 115 or the input window 108 may have a
discrete filter material incorporated therein. In another embodiment, a filter may be
another location between the scintillation member 107 and a photocathode 118 of the
photosensor 105. In a particular embodiment, the filter material or discrete filter can
be used to allow some light, but not all light to pass. For example, a blue filter
material or blue filter may allow blue light to pass, but block another spectrum light,

for example, red light.

In a particular embodiment, the photosensor 105 can receive light emitted by
the radiation sensor 101 as a resuit of the scintillation member 107 receiving gamma
radiation, neutron radiation, other particular radiation, or any combination thereof.
The emitted light photons can strike the photocathode 118 of the photosensor 105 and
transfer energy to electrons of the photocathode 118. Thus, some electrons are
emitted as free electrons from a surface of the photocathode 118 that is opposite the
input window 108. In a particular embodiment, the surface of the photocathode 118
can include a layer of electropositive material that can facilitate emission of the

electrons from the surface of the photocathode 118.

Electrons emitted by the photocathode 118 are collected at an anode of the
photosensor 105, and signals, in the form of one or more electronic pulses, are sent to
the processing module 120 via the output 110. In an example, a voltage 121, such as
a supply voltage or another voltage, is applied to the photocathode 118. Electrons
emitted from the surface of the photocathode 118 can be accelerated, by the voltage
121 and strike the surface of an electron sensor 119. In addition, a voitage 122, such
as a reverse bias voltage or another voltage, can be applied to the electron sensor 119,

Energy from electrons entering the electron sensor can produce charge carriers that
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are removed from the electron sensor 119 by the reverse bias voltage 122, thus
creating an electrical pulse. The processing module 120 can include a pulse analyzer
that can analyze the electronic pulse from the photosensor 105 and identify the type of

radiation to which the electronic pulse corresponds.

The photosensor 105 can be coupled to a processing module 120 that includes
a pulse analyzer in a particular embodiment. As illustrated in the embodiment of FIG.
1, an electronic pulse or another signal is sent from the photosensor 105 to the pulse
analyzer, via an output 110, which can be in the form of a coaxial cable or other
electronic transmission medium to transmit electrical signals from the photosensor
105 to the pulse analyzer, The pulse analyzer can be configured to analyze pulses
received from the photosensor 105 to determine the type of radiation to which the
pulse corresponds. The pulse analyzer can be coupled to radiation counters 182 and
184, via the processing module 120, which sends a signal to the radiation counter 182
when one type of radiation is detected, and sends a signal to the radiation counter 184
when another type of radiation is detected. In a particular embodiment, the radiation
counter 182 is a neutron counter, and the radiation counter 184 is a gamma radiation
counter. In another embodiment, one or both of the radiation counters may be
replaced by another counter for a different targeted radiation (for example, x-ray, beta

particles, etc.).

The processing module 120 can include hardware, firmware, or any
combination thereof that is configured to perform operations as described later in this
specification. Examples of such hardware and firmware include circuits within one or
more integrated circuits, one-time programmable devices, field programmable gate
arrays, application-specific integrated circuits, and the like. After reading this
specification, skilled artisans will appreciate that other components can be used. In
another embodiment, the processing module 120 can include a central processing unit,
a graphics processing unit, another suitable processing unit, or any combination
thereof. In still another embodiment, the processing module 120 can be coupled to a
storage device 130, which can be a tangible processor-readable medium. The storage
device 130 can include a hard disk, a read-only memory, random-access meinory, a
memory drive within a storage network, or the like. The storage device 130 can

include code. The processing module 120 can retrieve code from the storage device
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130, wherein the code includes instructions to carry out the opetations. The
processing module 120, the storage device 130, or both may be coupled to other
equipment within the radiation detection system 100 or may be coupled to networking

equipment (not illustrated).

FIG, 2 illustrates another embodiment of a radiation detection system 200 that
similar to the radiation detection system 100 except that the radiation detection system
200 includes two photosensors 205 and 255 coupled to a radiation sensor 201. Many
of the functions, compositions, and configurations of components within the radiation
detection system 200 will be described with respect to corresponding components of

the radiation detection system 100.

With respect to the radiation sensor 201, its configuration may or may not be
modified to allow it to be coupled to the photosensors 205 and 255. The scintillation
member 207 can perform any of the functions of the scintillation member 107. The
radiation sensor 201 can be surrounded by a neutron moderator (not illustrated in FIG.
2) that performs any of the functions or include any of the materials described with
respect to the neutron moderator described with respect to the radiation sensor 101. A
reflector 209, a shock-absorbing member 211, and the casing 213 can perform any of
the functions of and include any of the materials previously described with respect to
the reflector 109, the shock-absorbing member 111, and the casing 113, respectively,
The configuration of the reflector 209, a shock-absorbing member 211, and the casing
213 may be modified to allow the photosensors 205 and 255 to be coupled to the
radiation sensor 201. Output windows 215 and 265 can perform any of the functions
of and include any of the materials used within the output window 115. Light pipes
203 and 253 can perform any of the functions of and include any of the materials used
within the light pipe 103. The output window 215 may have the same or different
configuration or materials as compared to the output window 265, and the light pipe
203 may have the same or different configuration or materials as compared to the

light pipe 253,

The photosensors 205 and 255 can perform any of the functions and include
any of the components as described with respect to the photosensor 105. The
photosensors 205 and 255 can be of the same type or different types as compared to

each other. Selection of photosensors 205 and 255 is addressed later in this
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specification. Input windows 208 and 258 can perform any of the functions of and
include any of the materials used with the input window 108. The output window 215
or 265, the input window 208 or 258, or any coimbination of such window may have a
filter material incorporated therein. In another embodiment, one or more discrete
filters may be at a location between the scintillation member 207 and the
photocathode 218 of the photosensor 205 and between the scintillation member 207
and the photocathode 268 of the photosensor 255. In a particular embodiment, the
radiation detection system 200 can include difterent filtering materials or discrete
filters, such that the photosensor 205 receives blue light and substantially no ora
significantly reduced amount of green light, and the photosensor 255 receives green
light and substantially no or a significantly reduced amount of blue light. Clearly,
other filter combinations may be used if needed or desired. Photocathodes 218 and
268 can perform any of the functions of and include any of the materials used within
the photocathode 118. Electron sensors 219 and 269 can perform any of the functions

of and include any of the materials used within the electron sensor 119.

An output 210 is coupled to the electron sensor 219 and a processing module
220, and an output 260 is coupled to the electron sensor 269 and the processing
module 220, The outputs 210 and 260 can perform any of the functions and any
include any of the materials used within the output 110. The processing module 220,
a storage device 230, a radiation counter 282, and a radiation counter 284 can perform
any of the functions of and be configured as described with respect to the processing
module 120, the storage device 130, the radiation counter 182, and the radiation

counter 184, respectively.

The scintillation members 107 and 207 can include a composite of at least two
different scintillation materials, In a particular embodiment, the scintillation members
107 and 207 can include a laminate of alternating layers, wherein some layets are
more sensitive to a particular targeted radiation, and other layers are more sensitive to
a different targeted radiation, In a particular embodiment, some layers are more
sensitive to gamma radiation and less sensitive to neutron radiation, whereas other
layers are more sensitive to neutron radiation and less sensitive to gamina radiation.
FIGs. 3 and 4 illustrate particular radiation sensors that can include a scintillating

member 107 or 207.

PCT/US2011/038816
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FIG. 3 includes an illustration of a cross-sectional view of an apparatus 300
that includes a radiation sensor 310 and photosensor 340 that can be used with the
radiation detection system 100 as illustrated in FIG. 1. The radiation sensor 310 can
include a scintillation member 320 than includes alternating neutron sensitive layers
322 and gamma sensitive layers 324. A photosensor 340 can be coupled to the ends
of the layers 322 and 324. A reflector 350 can be coupled to opposite ends of the
layers 322 and 324 and along sides of the outermost gamma sensitive layers 324 of
the scintillation member 320. In the illustrated embodiment, a neutron moderator 360

surtounds the scintillation member 320,

The neutron sensitive layers 322 can be configured to produce scintillating
light in response to receiving neutron radiation, The scintillating light produced by
the neutron sensitive layers 322 can include visible light or other radiation (such as
ultraviolet radiation). In a particular embodiment, the neutron sensitive layers 322
can include a component, such as °Li or "°B (in fonized or non-ionized form), to
produce a secondary patticle in response to absorbing a neutron. The scintillation
material can also include another component, such as ZnS, CaWQy, Y,5i0s, Zn0O,
7ZnCdsS, or another substance to produce light in response to receiving the secondary

particle.

The neutron sensitive layers 322 can include scintillation material that
includes a dopant that allows for or enhances the scintillation process in the material
and may further cause the spectrum of the emitted light to have desirable properties
such as matching the absorption spectrum of other elements in the detector. The
dopant can be as a transition metal, a rare earth metal, or another element. Unless
otherwise noted herein, the term "rare earth” oxide generally denotes the lanthanide
series elements, as well as Y and Sc. In a particular embodiment, the neutron
sensitive layers 322 can include ZnS(Ag), ZnS(Cu), ZnS(Ti); Y2SiOs(Ce), ZnO(Ga),
ZnCdS(Cu), or CaFx(Eu) where the element within the parentheses is the dopant.

The neutron sensitive layer can be within a polymer matrix. The polymer
matrix can include polyvinyl toluene (“PVT™), a polystyrene (“PS”), a
polymethylmethacrylate (“PMMA?”), or any combination thereof. The polymer

matrix can be in the form of a cast sheet, fibers, or another suitable form. When the

PCT/US2011/038816
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neutron sensitive layers 322 are in the form of fibers, the fibers can have cross

sections that are substantially rectangular, substantially round, or another shape.

The gamma sensitive layers 324 can be configured to produce scintillating
light in response to receiving gamma radiation. The scintillating light produced by
the gamma sensitive layers 324 can include visible light or other radiation (such as
ultraviolet radiation). The scintillating light produced by the gamma sensitive layers
324 can be the same or different from the scintillating light produced by the neutron
sensitive layers 322. In a particular embodiment, the gamma sensitive layers 324 can
include a scintillation material different from the scintillation material within the

neutron sensitive layers 322.

The gamma sensitive layers 324 can include an organic scintillation material,
In an embodiment, the organic scintillation material can include an aromatic
compound. In a particular embodiment, the aromatic compound can be a
homoaromatic compound or a heteroaromatic compound. In a more particular
embodiment, the aromatic compound includes a phenyl or pyrazoline aromatic
compound. In another particular embodiment, the organic scintillation material can
include 1,4-bis(S-phenyloxazol-2-yl) benzene, 2,5-diphenyloxazole, p-terphenyl,
naphthalene, 1,4-bis[2-methylstyryl benzene] (“bis-MSB”™), and 1,1,4,4-tetraphenyi-
1,3 butadiene ("TPB3”), another suitable organic compound, or any combination
thereof. The organic scintillation material can be mixed into a solvent, such as
toluene, 1-phenyl-1-xylyl ethane (“PXE”), a linear alkyl benzene (“LLAB”), or another
solvent. In an embodiment, the combination of the organic scintillation material and

the solvent can be mixed into and dissolve within the polymer matrix,

The gamma sensitive layer 324 can include a polymer matrix can include
PVT, PS, PMMA, another suitable polymer, or any copolymer thereof. The polymer
matrix can be in the form of a cast sheet, fibers, or another suitable form. When the
gamma sensitive layers 324 are in the form of fibers, the fibers can have cross-
sections that are substantially rectangular, substantially round, or another shape. Ina
particular embodiment, a wavelength-shifting fiber can be used in addition to another
fiber, such as a scintillation fiber, and include a plurality of materials that includes
two materials having different refractive indices. For example, a wavelength shifting

fiber can include a PS core clad with an acrylic material, such as PMMA. In another

10
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particular embodiment, an additional cladding may be used, such as a fiuoropolymer.
In another particular embodiment, the gamma sensitive layers 324 can include a cast
sheet, such as a doped polymer sheet that has an absorption spectrum that
substantially matches an emission spectrum of a scintillation material of the gamma

sensitive layers 324.

The gamma sensitive layers 324 can include one or more fluorescent
materials. In a particular embodiment, the gamma sensitive layers 324 can include p-
terphenyl or bis-MSB as a fluorescent material. The fluorescent light may be green
and have an emission maximum in a range of approximately 500 nm to approximately
600 nm. In a particular embodiment, the gamma sensitive layers 324 can include p-
terphenyl, bis-MSB, and a benzoxanthene-dicarboxylic acid imide withina PVT
matrix, Benzoxanthene-dicarboxylic acid imides are described in US 3741971, and

the formula below is for a particular benzoxanthene-dicarboxylic acid imide.

i
&

The gamma sensitive fayer 324 may include an additional fluorescent material
if needed or desired. The additional fluorescent material can be tailored to shift the
wavelength of scintillation light generated from neutron radiation to a different
wavelength. In a particular embodiment, the fluorescent light may be green and have
an emission maximum in a range of approximately 500 nm to approximately 600 nm.
In a particular embodiment, the gamma sensitive layers 324 can include p-tetphenyl,
bis-MSB, and a benzoxanthene-dicarboxylic acid imide as a fluorescent material.

Thus, in a particular embodiment, scintillating light from both gamma radiation and

11
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neutron radiation can be shifted to green light within the gamma sensitive layers 324,
and therefore, the light from the fluorescent materials may have emission maxima
within approximately 100 nim of each other. In a particular embodiment, the
photosensor 340 can have a quantum efficiency that is relatively higher for green light

than other light,

In another embodiment, the photosensor 340 may have a quantum efficiency
that is relatively higher for another color of light, such as blue light. In this
embodiment, the fluorescent materials can be selected such that scintiliating light is
shifted to blue light {(emission maximum at approximately 400 nm to approximately
500 nm). After reading this specification, skilled artisans will be able to select
fluorescent materials to achieve a desired range of wavelengths of light to be

transmitted along the gamma sensitive layers 324,

In another embodiment, the gamma sensitive layers 324 can include an
inorganic scintillation material. In a particular embodiment, the gamma sensitive
layers 324 can include inorganic scintillation particles within a polymer matrix. The
inorganic scintillation particles can include a sodium iodide, a calcium fluoride, a
cesium iodide, a cesium lithium elpasolite, a lanthanum bromide, a lanthanum
chloride, a lutetium iodide, a bismuth germanate (“BGQO”), a lutetium silicate, or
another suitable compound. In a particular embodiment, the inorganic scintillation
particles can include Nal(T1), CaF,(Eu), PbS, LaBr3(Ce), BGO, or a lutetium yttrium
silicate. Any of the foregoing compounds may include a dopant, wherein the dopant
is any of the rare earth elements or Tl. The polymer matrix can include the polymer
matrix material as described with respect to the organic scintillation material within

the gamma sensitive layers 324,

The scintillation member 320 can be made relatively large because light is
readily transmitted throughout the gamma sensitive layers 324. As compared to the
gamma sensitive layers 324, visible light is not as readily transmitted along the length
of the neutron sensitive layers 322. A synergistic combination of the neutron and
gamma sensitive layers 322 and 324 can allow scintillating light from neutron
radiation generated within the neutron sensitive layers 322 to enter the gamma
sensitive layers 324 and be transmitted to the photosensor 340 via the gamma

sensitive layers 324. In an embodiment, the number of the gamma sensitive layers
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324 is greater than the number of the neutron sensitive layers 322. In a particular
embodiment, scintillation member 320 has one more of the gamma sensitive layers
324 than the neutron sensitive layers 322, In the embodiment as illustrated in F1G. 3,
the scintillation member 320 has five gamma sensitive layers 324 and four neutron
sensitive layers 322. More or fewer gamma sensitive layers 324 and neutron sensitive
layers 322 can be used. For example, the scintillation member can include 1, 2, 3, 9,

20, or more of the neutron sensitive layers 322 or the gamma sensitive layers 324.

On a relative basis, the gamma sensitive layers 324 can be thicker than the
neutron sensitive layers 322, In an embodiment, the gamma sensitive layers 324 can
be at least approximately 2 times thicker than the neutron sensitive layers 322, and in
another embodiment, the gamma sensitive layers 324 can be at least approximately 5
times thicker than the neutron sensitive layers 322, In a further embodiment, the
gamma sensitive layers 324 can be at least approximately 25 or even 50 times thicker
than the neutron sensitive layers 322. With respect to actual thicknesses, each of the
gamma sensitive layers 324 can be at least approximately 1 mm thick, and in another
embodiment, each of the gamma sensitive layers 324 may be no greater than
approximately 60 mm thick. Each of the neutron sensitive layers 322 can be at least
approximately 0.1 mm thick, and in another embodiment, each of the neutron
sensitive layers 322 may be no greater than approximately 1 mm thick. In a particular
embodiment, the neutron sensitive layers can have a thickness in a range of

approximately 0.2 to 0.5 mm.

An optical coupling material (not illustrated) may be disposed between each
immediately adjacent pair of neutron and gamma sensitive layers 322 and 324. The
optical coupling material can help to improve internal reflection within the gamma
sensitive layers 324. In an embodiment, the index of refraction of the optical coupling
material is less than the index of refraction of the polymer matrix used in the gamma
sensitive layers 324. In another embodiment, the index of refraction of the optical
coupling material is less than approximately 1.49. In a particular embodiment, the
optical coupling material includes a silicone rubber that has an index of refraction of
approximately 1.42. In another embodiment, the index of refraction of the optical

coupling material is less than approximately 1.42, In another particular embodiment,
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the optical coupling material includes a fluoropolymer. The optical coupling material

may have a thickness no greater than approximately 0.5 mm,

When neutron radiation is received by the apparatus 300, scintillating light is
generated within a neutron sensitive layer 322 and such scintillating light passes into a
gamma sensitive layer 324, When the gamma sensitive layer 324 includes a
wavelength shifting fluorescent material, the scintillating light is absorbed and shifted
to another wavelength due to the fluorescent material within the gamma sensitive
layer 324 and is transmitted as fluorescent light through the gamma sensitive layer
324 to the photosensor 340. When gamma radiation is received by the apparatus 300,
scintillating light is generated within a gamma sensitive layer 324. When the gamma
sensitive layer 324 includes the wavelength shifting fluorescent material, the
scintillating light is shifted to another wavelength ini response to the fluorescent
material within the gamma sensitive layer 324 and is transmitted as fluorescent light

through the gamma sensitive layer 324 to the photosensor 340.

The photosensor 340 receives the light (scintillating light, fluorescent light, or
any combination thereof) and converts the light to an electronic pulse that is sent to a
processing module, such as the processing module 120 in FIG. 1. The pulse analyzer
within the processing module 120 can distinguish electronic pulses corresponding to
neutron radiation from electronic pulses corresponding to gamma radiation based at
least in part on the decay time of the light reaching the photosensor 340, In an
embodiment, if the decay time is relatively long, the processing module 120 will send
a signal to the radiation counter 182 that counts neutron radiation, and if the decay
time is relatively shott, the processing module 120 will send a signal to the radiation

counter 184 that counts gamma radiation events.

In another embodiment as illustrated in FIG. 4, an apparatus 400 includes a
radiation sensor 410 that is coupled to different photosensors 442 and 444, In an
embodiment, the photosensor 442 can have a relatively high quantum efficiency with
respect to one color of light, for example, orange light, and the photosensor 444 can
have a relatively high quantum efficiency with respect to another color of light, for
example, green light. In a particular embodiment, a filter may be disposed between
the scintillating member 420 and either or both photosensors 442 and 444, For

example, a filter between the scintillation member 420 and the photosensor 442 may
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filter out green light and allow orange light to pass, and a different filter between the
scintillation member 420 and the photosensor 444 may filter out orange light and
allow green light to pass. A neutron moderator may surround the scinfillation

member 420 but is not illustrated in FIG. 4,

The neutron sensitive layers 322 may have any composition and thickness as
previously described. The gamma sensitive layers 424 may have any composition
and thickness as previously described with respect to the gamma sensitive layets 324.
As compared to gamma sensitive layers 324, the gamma sensitive layers 424 may
have less or different fluorescent materials to take advantage of the different
photosensors 442 and 444, For example if the scintillating light from the neutron
sensitive layers 322 is orange, a fluorescent material used to convert such light to
green light would not be needed. Therefore, scintillating light from the neutron
sensitive layers 322 can be transmitted along the gamma sensitive layer 424 and be
received by the photosensor 442, When a filter is used between the scintillation
member 420 and the photosensor 444, the filter may significantly reduce or
substantially prevent orange light from reaching the photosensor 444, The gamma
sensitive layers 424 can include a fluorescent material that shifts scintillating light
from gamma radiation to green light that can be transmitted along the gamma
sensitive layers 424 and be received by the photosensor 444. When a filter is used
between the scintillation member 420 and the photosensor 442, the filter may
significantly reduce or substantially prevent green light from reaching the photosensor

442,

When neutron radiation is received by the apparatus 400, scintillating light is
generated within a neutron sensitive layer 322 and such scintillating light passes into a
gamma sensitive layer 424. When the gamma sensitive layer 424 includes a
wavelength shifting fluorescent material, the scintillating light is shifted to another
wavelength in response to the fluorescent material within the gamma sensitive layer
424 and is transmitted as fluorescent light through the gamma sensitive layer 424 to
the photosensor 442. When gamma radiation is received by the apparatus 400,
scintillating light is generated within a gamma sensitive layer 424. When the gamma
sensitive layer 424 includes the wavelength shifting fluorescent material, the

scintillating light is shifted to another wavelength in response to the fluorescent
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material within the gamma sensitive layer 424 and is transmitted as fluorescent light

through the gamma sensitive layer 424 to the photosensor 444,

When neutron radiation is sensed by a neutron sensitive layer 322 in the
scintillation member 420, the photosensor 442 receives the light and converts the light
to an electronic pulse that is sent to a processing module, such as the processing
module 220 in FIG. 2. Because the processing module 220 receives a signal from the
photosensor 442, the processing module 220 can determine that neutron radiation is
received by the apparatus 400 and send a signal to the radiation counter 282 that
counts neutron radiation. When gamma radiation is sensed by a gamma sensitive
layer 424 in the scintillation member 420, the photosensor 444 receives the light and
converts the light to an electronic pulse that is sent to a processing module, such as
the processing module 220 in FIG. 2. Because the processing module 220 receives a
signal from the photosensor 444, the processing module 220 can determine that
gamma radiation is received by the apparatus 400 and send a signal to the radiation

counter 284 that counts gamma radiation.

Embodiments described herein can be used to make radiation sensors that can
detect more than one targeted radiation and can be scaled to large dimensions. Ina
particular embodiment, the gamma sensitive layers can be relatively transparent to
visible light, and therefore, the size of the gamma sensitive layers may be limited by
issues not related to the fransmission of light. For example, the size of the gamma
sensitive layers may be limited by how large a polymer sheet or scintillation fibers
may be cast or otherwise formed. The neutron sensitive layers may not have
sufficient transmission over longer distances. By allowing light to enter a gamina
sensitive layer from a neutron sensitive layer, such light that originated from the
neutron sensitive layer can be more readily transmitted to a photosensor that is located
adjacent to an end of the gamma sensitive layer. If the neutron sensitive layer cannot
be manufactured as a single sheet as large as a sheet having the gamma sensitive
layer, then different neutron sensitive layers can be tiled to match more closely the
size of sheet having the gamma sensitive layer. Thus, a radiation sensor can be
fabricated having a dimension of at least approximately 1.8 m (approximately 70
inches), The dimension can correspond to a height or a diagonal dimension of the

active area of the radiation sensing portion of the radiation detection system.
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A radiation detection system may be configured in different arrangements as
needed or desired. For example, if the cost of or space taken up by photosensors is an
issue, a single photosensor can be used in conjunction with a pulse analyzer to
determine which type of radiation has been detected. One or more fluorescent
materials may be included within the gamma sensitive fayers so that the wavelengths
of fluorescent light may be closer to the maximum quantum efficiency of the
photosensor. Because the scintillating light, and fluorescent light if present, has
different decay times as between neutron radiation and gamma radiation, the pulse
analyzer, such as within a processing module, can monitor decay times of the light
received by the photosensor to determine if gamma radiation or neutron radiatiot is

detected.

Instead of a pulse analyzer, different photosensors responding to different
wavelengths of light may be used. Thus, less complicated hardware or software may
used downstreain of the photosensors, such as a processing module. Referring to FIG.
4, an electronic pulse corresponding to detected neutron radiation will be output from
the photosensor 442, and an electronic pulse corresponding to detected gamma

radiation will be output from the photosensor 444,

In alternative embodiments, the radiation detection system may be configured
to detect different targeted radiation, such as x-rays, beta particles, etc., If the two
different targeted radiations produce similar electronic pulses from a single
photosensor, the radiation detection system as illustrated in FIG. 4 may be useful. In
a particular example, the different targeted radiation may produce scintiliating light or
fluorescent light having emission maxima at different wavelengths. The use of
different photosensors and potentially optical filters can allow identification of a

particular targeted radiation to be made more readily, and potentially more quickliy.

Example

The concepts described herein will be further described in the following

example, which does not limit the scope of the invention described in the claims.

The example is provided to demonstrate that a radiation detection system can

be used to detect gamma radiation and neutron radiation and use pulse shape analysis
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to distinguish between gamma radiation and neutron radiation. Referring to FIG. 5,
the radiation sensor includes an assembly 50 that has four layers 54 of BC-704™
brand material, which is a neutron sensitive layer that includes °Li and ZnS(Ag).
Each layer 54 has a thickness in a range of 0.2 to 0.5 mm (0.01 to 0.02 inches). The
assembly 50 further has five layers 52 of a gamina radiation sensitive layer that
includes p-terphenyl, bis-MSB, and a benzoxanthene-dicarboxylic acid imide within a
PVT matrix. Each layer 52 has a nominal thickness of 10 mm (0.4 inches). Each
layer 54 is disposed between two immediately adjacent layers of layers 52, and thus,
the radiation sensor has alternating layers of BC-704™ brand material and p-
terphenyl, bis-MSB, and a benzoxanthene-dicarboxylic acid imide within a PVT
matrix. The assembly 50 has a length (dimension 56 in FIG. 5) of 64 cm (25 inches)
and a width (dimension 58 in FIG. 5) of 13 cm (5 inches). The assembiy 50 is
wrapped in a layer of TEFLON®-brand material, which in turn is wrapped in a layer
of black paper. A photodetector (not illustrated in FIG. 5) includes an ADIT™-brand
photomultiplier tube (ADIT of Sweetwater, Texas, USA) having 13 cm (5 inch)
nominal diameter and is grease coupled to an end of the radiation sensor. Signals
from the photodetector are provided to an ORTEC®-brand Pulse Shape Sensitive
Detector (Advanced Measurement Technology of Oak Ridge, Tennessee, USA, not
illustrated in FIG. 5) to produce spectra.

A background spectrum (no significant gamma radiation source or neutron
source near the radiation sensor) is noted as “Background” in F1G. 6. The counts to
the left of channel 175 are background gamma radiation. The counting rate in this
region is 276.4 counts per second {(cps). Also evident between channels 175 and 400

is a small amount of background neutron radiation, approximately 0.96¢ps.

A 9.67 microcurie Cs-137 (gamma radiation) source is placed approximately
15 em from the mid point of the radiation sensor, The spectrum obtained is noted as
“Gamma” in FIG. 6. The count rate in the window below channel 175 increases to
3851cps while the count rate in the window between channels 175 and 400 remains
essentially constant at 1.06¢cps. The bulging on the right side of the peak is unusual
and may be due to pulse pile-up. The bulge disappears when the source is moved

back to 50 cm from the radiation sensor.
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The Cs-137 (gamma radiation) source is removed, and an AmBe (mainly
neutron) source in its moderator is positioned at approximately 200 cm from the

radiation sensor. The spectrum obtained is noted as “Neutrons” in FIG, 6.

As can be clearly seen in FIG, 6, gamma radiation and neutron radiation can
be readily distinguished from each other by pulse shape analysis of the spectra. The
valley between the gamma and neutron peaks occurs at channel 110, but to avoid
gamma spillover into the neutron window, the threshold is kept at channel 175. For
this example, the count rates were 690.2 cps for the gamma window and 132.9 cps for
the neutron window. Thus, the radiation detection system is sensitive to both gamma
radiation and neutron radiation and provides the capability of distinguishing between
gamma radiation and neutron radiation by using independent counting channels based
on pulse shape. Skilled artisans know that differences in pulse shape can be
determined by the decay time of the scintillation pulse and properties of the

measutrement electronics.

Many different aspects and embodiments are possible. Some of those aspects
and embodiments are described below. After reading this specification, skilled
artisans will appreciate that those aspects and embodiments are only illustrative and
do not limit the scope of the present invention. Additionally, those skilled in the art
will understand that some embodiments that include analog circuits can be similarly

implemented using digital circuits, and vice versa.

In a first aspect, a radiation sensor can include a first layer including a first
scintillation material to produce first light in response to receiving a first targeted
radiation. The radiation sensor can also include a second layer including a second
scintillation material to produce second light in response to receiving a second
targeted radiation, wherein the first scintillation material is different from the second
scintillation material, and the first targeted radiation is different from the second

targeted radiation. The first layer can be configured to receive the second light

In an embodiment of the first aspect, the first layer is further configured to
produce third light from the second light within the first layer. In a particular
embodiment, the first layer is configured to produce fourth light from the first light.

In a more particular embodiment, the first layer is configured to produce fifth light
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from the fourth light, wherein the third light and fifth light have emission maxima at
substantially a same wavelength. In a further embodiment, the same wavelength is in
a range of approximately 500 nm to approximately 600 nm. In another even more
particular embodiment, the third light has an emission maximum at a third
wavelength, the fourth light has an emission maximum at a fourth wavelength, and

the third and fourth wavelengths are within approximately 100 nm of each other.

In a particular embodiment of the first aspect, the first layer further includes a
first fluorescent material capable of producing the third light from the second light,
and a second fluorescent material capable of producing the fourth light from the first
light. In a more particular embodiment, the first fluorescent material includes p-
terphenyl, bis-MSB, and a benzoxanthene-dicarboxylic acid imide and the second

fluorescent material includes ZnS.

In still a further embodiment of the first aspect, the radiation sensor further
inctudes another first layer, wherein the second layer is disposed between the first
layers. In another embodiment, the radiation sensor further includes other first layets
and at least one additional second layer, wherein the radiation sensot includes a
laminate composite of alternating first and second layers. In still another
embodiment, the first layer is in a form of fibers. In a particular embodiment, the first
layer further includes a polymer matrix, wherein the first scintillation material is
within the polymer matrix. In a further embodiment, the radiation sensor further
includes an optical coupling material between the first and second layers, wherein an
index of refraction of the optical coupling material is less than an index of refraction
of the first layer, In a particular embodiment, the index of refraction of the optical
coupling material is no greater than approximately 1.49. In a more particular
embodiment, the first layer further includes a polyviny! toluene, a polystyrene, a
polymethylmethacrylate, or any combination thereof, and the optical coupling

material includes a silicon rubber or a fluoropolymer.

In another embodiment of the first aspect, the first layer is thicker than the
second layer. In a particular embodiment, the first layer is at least approximately 2
times thicker than the second layer. In another particular embodiment, the first layer
is at least approximately 5 times thicker than the second layer. In still another

particular embodiment, the first layer is at least approximately 25 or even 50 times

20

PCT/US2011/038816



10

15

20

25

30

WO 2011/153280

thicker than the second layer. In yet another embodiment, the first layer is more
sensitive to gamma radiation than to neutron radiation, and the second layer is more

sensitive to neutron radiation than to gamma radiation.

In a further embodiment of the first aspect, the second scintillation material
includes a first compound to produce a secondaty particle in response to receiving the
neutron, and a second compound to produce the second light in response to receiving
the secondary particle. In a particular embodiment, the first compound includes’Li or
1B, In a more particular embodiment, the second compound includes ZnS, CaWO,,
Y2S8i0s, ZnQ, CaF,, or ZnCdS, In still another particular embodiment, the first
scintillation material includes an organic material. In a more particular embodiment,
the organic material includes 1,4-bis(5-phenyloxazol-2-yl) benzene, 2,5-
diphenyloxazole, p-terphenyl, naphthalene, 1,4-bis[2-methylstyryl benzene], or
1,1,4,4-tetraphenyl-1,3 butadiene. In yet another particular embodiment, the first
scintillation material includes an inorganic material. In a more particular
embodiment, the inorganic material includes a sodium iodide, a calcium fluoride, a
cesium iodide, a cesium lithium elpasolite, a lanthanum bromide, a lanthanum

chloride, a lutetium iodide, a bismuth germanate, or a lutetium silicate.

In a second aspect, a radiation detection system can include a radiation sensor
and a first photosensor, The radiation sensor can include a first layer including a first
scintillation material to produce first light in response to receiving a first targeted
radiation. The radiation sensor can further include a second layer including a second
scintillation material to produce second light in response to receiving a second
targeted radiation, wherein the first scintillation material is different from the second
scintillation material, and the first targeted radiation is different from the second
targeted radiation. The first layer can be configured to receive and transmit the

second light. The first photosensor can be coupled to the first layer.

In an embodiment of the second aspect, the first layer is configured to receive
the second light. In a particular embodiment, the first layer is further configured to
produce third light from the second light within the first layer, In a more particular
embodiment, the first layer is configured to produce fourth light from the first light.
In an even more patticular embodiment, the first layer is configured to produce fifth

light from the fourth light, wherein the third light and fifth light have emission
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maxima at substantially a same wavelength. In a further embodiment, the same
wavelength is in a range of approximately 500 nm to 600 nm. In another even more
particular embodiment, the third light has an emission maximum at a third
wavelength, the fourth light has an emission maximum at a fourth wavelength, and

the third and fourth wavelengths are within approximately 100 nm of each other.

In yet another embodiment of the second aspect, the first layer further includes
a first fluorescent material capable of producing the third light from the second light,
and a second fluorescent material capable of producing the fourth light from the first
light. In a particular embodiment, the first fluorescent material includes p-terphenyl,
bis-MSB, and a benzoxanthene-dicarboxylic acid imide, and the second fluorescent

material includes ZnS.

In a further embodiment of the second aspect, the first layer is more sensitive
to gamma radiation than to neutron radiation, and the second layer is more sensitive to
neutron radiation than to gamma radiation. In still a further embodiment, the
radiation detection system further includes a second photosensor coupled to the first
layer, wherein the second photosensor is different from the first photosensor, Ina
particular embodiment, the first photosensor is coupled to a first end of the first layer,
and the second photosensor is coupled to the first layer at a second end opposite the
first end. In yet another embodiment, the first photosensor is an only photosensor
coupled to the first fayer. In a particular embodiment, the radiation detection system
further includes a pulse analyzer coupled to the first photosensor. In another
particular embodiment, the radiation detection system further includes a reflector,
wherein the first photosensor is coupled to a first end of the first layer, and the

reflector is coupled to the first layer at a second end opposite the first end.

In another embodiment of the second aspect, the radiation detection system
further includes a neutron moderator to convert a fast neutron to a thermal neutron. In
still another embodiment, the radiation sensor includes additional first and second
layers, wherein the radiation sensor is configured to include a laminate, wherein the
first and second lfayers alternate with each other. In a particular embodiment, each of
the first layers is at least approximately 2 mm thick. In another particular
embodiment, each of the first layers is no greater than approximately 60 mm thick. In

still another particular embodiment, each of the second layers is at least
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approximately 0.1 mm thick. In yet another particular embodiment, each of the
second layers is no greater than approximately 1.0 mm thick. In a further particular
embodiment, each of the first layers has a thickness in a range of approximately 5 mm
to approximately 15 mm, and each of the second layers has a thickness in a range of
approximately 0.1 mm to approximately 1.0 mm. In still a further particular
embodiment, the radiation sensor has n+1 first layers and n second layers, wherein n
is at least 1. In a more particular embodiment, the radiation sensor has 5 first layers
and 4 second layers and having an alternating first layer-second layer configuration.
In another embodiment, the radiation sensor comprises a plurality of discrete units,
wherein each discrete unit includes a second layer between two first layers. In yeta
further particular embodiment, the radiation detection system further includes an
optical coupling material, wherein the optical coupling material is disposed between

each pair of immediately adjacent first and second layers,

In a third aspect, a method of detecting radiation can include providing a
radiation sensor of a radiation detection system in an environment, wherein the
radiation sensor includes a first radiation sensitive layer and a second radiation
sensitive layer, and the first radiation sensitive layer is adapted to transmit
scintillation light received from the second radiation sensitive layer. The method can
further include determining whether the environment contained a significant amount

of the first radiation, the second radiation, or both the first and second radiation.

In an embodiment of the third aspect, the method further includes generating a
spectrum based on data collected when the radiation sensor is in the environment. In
a particular embodiment, determining whether the environment contained a
significant amount of the first radiation, the second radiation, or both the first and
second radiation comprises performing pulse shape analysis on the spectrum. In
another embodiment, the radiation sensor has n-+1 first radiation sensitive layers and n
second radiation sensitive layers, wherein n is at least 1, in an alternating first
radiation sensitive layer-second radiation sensitive layer configuration. In still
another embodiment, the radiation sensor comprises a plurality of discrete units,
wherein each discrete unit includes a second radiation sensitive layer disposed

between two first radiation sensitive layers. In yet another embodiment, the first
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radiation includes gamma radiation, and the second radiation includes neutron

radiation.

In a further embodiment of the third aspect, the first radiation sensitive layer
has a first pulse time when exposed to first radiation, the second radiation sensitive
layer has a second pulse time when exposed to second radiation, and the second pulse
time is at least two times longer than the first pulse time. In a particular embodiment,
the second pulse time is at least three, five, or ten times longer than the first pulse

time.

Note that not all of the activities described above in the general description or
the examples are required, that a portion of a specific activity may not be required,
and that one or more further activities may be performed in addition to those
described. Still further, the order in which activities are listed is not necessarily the

order in which they are performed.

In a particular embodiment, a method may be described in a series of
sequential actions. The sequence of the actions and the party performing the actions
may be changed without necessarily departing from the scope of the teachings unless
explicitly stated to the contrary. Actions may be added, deleted, or altered. Also, a
patticular action may be iterated. Further, actions within a method that are disclosed
as being performed in parallel may in particular cases be performed serially, and other
actions within a method that are disclosed as being performed serially may in

particular cases be performed in parallel.

Benefits, other advantages, and solutions to problems have been described
above with regard to specific embodiments. However, the benefits, advantages,
solutions to problems, and any feature(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be construed as a critical,

required, or essential feature of any or all the claims.

The specification and illustrations of the embodiments described herein are
intended to provide a general understanding of the structure of the various
embodiments. The specification and iltustrations are not intended to serve as an

exhaustive and comprehensive description of all of the elements and features of
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apparatus and systems that use the structures or methods described herein, Separate
embodiments may also be provided in combination in a single embodiment, and
conversely, various features that are, for brevity, described in the context of a single
embodiment, may also be provided separately or in any subcombination. Further,
reference to values stated in ranges includes each and every value within that range.
Many other embodiments may be apparent to skilled artisans only after reading this
specification. Other embodiments may be used and derived from the disclosure, such
that a structural substitution, logical substitution, or another change may be made
without departing from the scope of the disclosure. Accordingly, the disclosure is to

be regarded as illustrative rather than restrictive.
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WHAT IS CLAIMED IS:

1. A radiation sensor comprising:

a first layer including a first scintillation material to produce first light in
response to receiving a first targeted radiation; and

a second layer including a second scintillation material to produce second light
in response to receiving a second targeted radiation, wherein the first
scintillation material is different from the second scintillation material,
and the first targeted radiation is different from the second targeted
radiation,

wherein the first layer is configured to receive and transmit the second light.

2. A radiation detection system comprising:
a radiation sensor comprising:

a first layer including a first scintillation material to produce first light
in response to receiving a first targeted radiation; and

a second layer including a second scintillation material to produce
second light in response to receiving a second targeted radiation,
wherein the first scintillation material is different from the second
scintillation material, and the first targeted radiation is different
from the second targeted radiation,

wherein the first layer is configured to receive and transmit the second
light; and

a first photosensor coupled to the first layer,

3. The radiation sensor or radiation detection system of claims 1 or 2, wherein the
first layer is further configured to produce third light from the second light within the

first layer.

4. The radiation sensor or radiation detection system of claim 3, wherein the first layer

is configured to produce fourth light from the first light.

5. The radiation sensor or radiation detection system of claim 4, wherein the first
layer is configured to produce fifth light from the fourth light, wherein the third light

and fifth light have emission maxima at substantially a same wavelength.
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6. The radiation sensor or radiation detection system of claim 5, wherein:
the third light has an emission maximum at a third wavelength;
the fourth light has an emission maximum at a fourth wavelength; and
the third and fourth wavelengths are within approximately 100 nm of each

other.

7. The radiation sensor or radiation detection system of claim 5, wherein the same

wavelength is in a range of approximately 500 nm to approximately 600 nm.

8. The radiation sensor or radiation detection system of claim 5, wherein the first
layer further comprises:
a first fluorescent material capable of producing the third light from the second
light; and
a second fluorescent material capable of producing the fourth light from the

first light.

9. The radiation sensor or radiation detection system of claim 8, wherein the first
fluorescent material includes p-terphenyl, bis-MSB, and a benzoxanthene-

dicarboxylic acid imide.

10. The radiation sensor or radiation detection system of claim 8, wherein the second

fluorescent material includes ZnS.

11. The radiation sensor of claim 1, further comprising another first layer, wherein

the second layer is disposed between the first layers.

12, The radiation sensor or radiation detection system of claims 1 or 2, further
comprising other first layers and at least one additional second layer, wherein the

radiation sensor includes a laminate composite of alternating first and second layers.

13. The radiation sensor or radiation detection system of claim 12, wherein

each of the first layers is at least approximately 2 mm thick,

14. The radiation sensor or radiation detection system of claim 12, wherein

each of the first layers is no greater than approximately 60 mm thick.

15. The radiation sensor or radiation detection system of claim 12, wherein
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each of the second layers is at least approximately 0.1 mm thick.

16. The radiation sensor or radiation detection system of claim 12, wherein each of

the second layers is no greater than approximately 1.0 mm thick.

17. The radiation sensor or radiation detection system of claim 12, wherein
each of the first layer has a thickness in a range of approximately 5 mm to
approximately 60 mm; and
each of the second layers has a thickness in a range of approximately 0.1 mm

to approximately 1.0 mm.

18, The radiation sensor or radiation detection system of claim 12, wherein the

radiation sensor has n+1 first layers and n second layers, wherein n is at least 1.

19. The radiation sensor or radiation detection system of claim 18, wherein
the radiation sensor has 5 first layers and 4 second layers and having an alternating

first layer-second layer configuration.

20. The radiation sensor or radiation detection system of claim 18, wherein the
radiation sensor comprises a plurality of discrete units, wherein each discrete unit

includes a second layer disposed between two first layers.

21. The radiation sensor or radiation detection system of claim 12, further comprising
an optical coupling material, wherein the optical coupling material is disposed

between each pair of immediately adjacent first and second layers.

22. The radiation sensor or radiation detection system of claims 1 or 2, wherein:
the first layer is more sensitive to gamma radiation than to neutron radiation;
and
the second layer is more sensitive to neutron radiation than to gamma

radiation.

23. The radiation sensor of claim 1, wherein the first layer is in a form of scintillation
fibers.

24, The radiation sensor of claim 23, wherein the first layer further includes a

polymer matrix, wherein the first scintillation material is within the polymer matrix.
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25. The radiation sensor of claim 1, further comprising an optical coupling material
between the first and second layers, wherein an index of refraction of the optical

coupling material is less than an index of refraction of the first layer.

26. The radiation sensor of claim 25, wherein the index of refraction of the optical

coupling material is no greater than approximately 1.49.

27. The radiation sensor of claim 23, wherein:
the first layer further includes a polyvinyl toluene, a polystyrene, a
polymethylmethacrylate, or any combination thereof; and

the optical coupling material includes a silicon rubber or a fluoropolymer,

28. The radiation sensor of claim 1, wherein the first layer is thicker than the second

layer.

29. The radiation sensor of claim 28, wherein the first layer is at least approximately

2 times thicker than the second layer.

30. The radiation sensor of claim 28, wherein the first layer is at least approximately

5 times thicker than the second layer.

31. The radiation sensor of claim 28, wherein the first layer is at least approximately

25 times thicker than the second layer.

32. The radiation sensor of claim 28, wherein the first layer is at least approximately

50 times thicker than the second layer.

33. The radiation sensor of claim 1, wherein the second scintillation material
comprises:
a first compound to produce a secondary particle in response to receiving the
netitron; and
a second compound to produce the second light in response to receiving the

secondary particle.

34, The radiation sensor of claim 33, wherein the first compound comprises °Li or
10
B.
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35. The radiation sensor of claim 33, wherein the second compound includes ZnS,

CaWOQy, Y35i0s, Zn0, CaF,, or ZnCdS

36. The radiation sensor of claim 33, wherein the first scintillation material comprises

an organic material.

37. The radiation sensor of claim 36, wherein the organic material comprises 1,4-
bis(5-phenyloxazol-2-yl) benzene, 2,5-diphenyloxazole, p-terphenyl, naphthalene,

[,4-bis[2-methylstyryl benzene], or 1,1,4,4-tetraphenyl-1,3 butadiene.

38. The radiation sensor of claim 33, whetrein the first scintillation material comprises

an inorganic material.

39, The radiation sensor of claim 38, whetrein the inorganic material comprises a
sodium iodide, a calcium fluoride, a cesium iodide, a cesium lithium elpasolite, a
lanthanum bromide, a lanthanum chloride, a lutetium iodide, a bismuth germanate, or

a lutetium silicate,

40, The radiation detection system of claim 2, further comprising a second
photosensor coupled to the first layer, wherein the second photosensor is different

from the first photosensor,

41, The radiation detection system of claim 40, wherein:
the first photosensor is coupled to a first end of the first fayer; and
the second photosensor is coupled to the first layer at a second end opposite

the first end,

42, The radiation detection system of claim 2, wherein the first photosensor is an

only photosensor coupled to the first layer.

43. The radiation detection system of claim 42, further comprising a pulse analyzer

coupled to the first photosensor.

44. The radiation detection system of claim 42, further comprising a reflector,
wherein the first photosensor is coupled to a first end of the first layer, and the

reflector is coupled to the first layer at a second end opposite the first end.
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45, The radiation detection system of claim 2, further comprising a neutron

moderator to convert a fast neutron to a thermal neutron,

46. A method of detecting radiation comprising:

providing a radiation sensor of a radiation detection system in an environment,
wherein the radiation sensor includes a first radiation sensitive layer and
a second radiation sensitive layer, and the first radiation sensitive layer is
adapted to transmit scintillation light received from the second radiation
sensitive layer;

determining whether the environment contained a significant amount of the
first radiation, the second radiation, or both the first and second

radiation.

47. The method of claim 46, further comprising generating a spectrum based on data
collected when the radiation sensor is in the environment, wherein determining
whether the environment contained a significant amount of the first radiation, the
second radiation, or both the first and second radiation comprises performing pulse

shape analysis on the spectrum.

48. The method of claim 46, wherein the radiation sensor has n+1 first radiation
sensitive layers and n second radiation sensitive layers, wherein n is at Ieast 1, in an
alternating first radiation sensitive layer-second radiation sensitive layer

configuration.

49. The method of claim 46, wherein the radiation sensor comprises a plurality of
discrete units, wherein each discrete unit includes a second radiation sensitive layer

disposed between two first radiation sensitive layers.

50. The method of claim 46, wherein the first radiation includes gamma radiation,

and the second radiation includes neutron radiation.

51, The method of claim 46, wherein:
the first radiation sensitive layer has a first pulse time when exposed to first
radiation;
the second radiation sensitive layer has a second pulse time when exposed to

second radiation; and
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the second pulse time is at least two times longer than the first pulse time.

52. The method of claim 51, wherein the second pulse time is at least three times

longer than the first pulse time.

53. The method of claim 51, wherein the second pulse time is at least five times

longer than the first pulse time.

54, The method of claim 51, wherein the second pulse time is at least ten times

longer than the first pulse time.
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