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ADAPTIVE SCANNING IN AN IMAGING SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No.
61/051,410, filed May 8, 2008, and titled ADAPTIVE SCANNING IN IMAGING
SYSTEMS, which is incorporated by reference in its entirety.

TECHNICAL FIELD

This description relates to adaptive scanning in an imaging system.

BACKGROUND
Cargoes, containers, packages in the transportation system and other objects
may be scanned by an x-ray beam in order to produce an image of the object. The
image may be analyzed to determine whether the object, or an item within or on the

object, includes an item that is hazardous.

SUMMARY

An object is scanned with an adaptive x-ray scanning system that images the
object with an x-ray beam and adjust the x-ray beam to account for variations in the
density of the object while minimizing the amount of radiation used in the scanning
system.

In one general aspect, an imaging system for adaptively scanning a region
with a beam of radiation. The imaging system includes a source of radiation
configured to produce a beam of penetrating radiation, and to scan an object included
in aregion. The imaging system also includes a sensor configured to sense radiation
passing through the object, and to produce a representation of the sensed radiation.
The imaging system also includes a controller coupled to the source of radiation, the
controller configured to receive the representation of the sensed radiation, determine
an attenuation of the beam caused by the object based on the representation, compare
the attenuation to a threshold, and if the attenuation meets the threshold, adjust a
parameter of the beam of radiation based on the attenuation.

Implementations may include one or more of the following features. The
beam of penetrating radiation may be a pulsed beam of x-ray radiation. The

parameter of the beam may be one or more of a collimation of the beam, an intensity
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of the beam, an energy spectrum of the beam, and a position of the beam. The source
of radiation may be configured to direct a first pulse of radiation toward the region,
and the controller may be configured to adjust a parameter of the beam of radiation
before a second pulse of x-ray radiation is directed toward the region.

The system also may include a rotatable filter wheel that is coupled to the controller
and positioned between the source and the object. The filter wheel may include a
material configured to adjust an intensity or adjust a spectral energy of radiation
passing through the material. The rotatable filter wheel may include a first material
and a second material, and, to adjust a parameter of the main beam of radiation, the
controller may manipulate a timing of a pulse from the source such that the first
material is placed in the main beam during a the pulse and the second material is
placed in the main beam during a subsequent pulse.

The system also may include a scattered radiation detector coupled to the
controller and configured to sense scattered radiation from the region. The controller
may be further configured to determine an amount of scattered radiation based on the
sensed scattered radiation, compare the amount of scattered radiation to a threshold,
and cause the source to reduce an intensity of the beam if the amount exceeds the
threshold. The source and the sensor may move relative to the object. The object
may move relative to the source or the sensor.

In another general aspect, a method of adaptive scanning includes exposing an
object within a region to a first beam of penetrating radiation. The first beam of
penetrating radiation is sensed on a side opposite the region from a source of the first
beam. An attenuation of the first beam caused by passing the first beam through the
object is determined, the attenuation is compared to a threshold attenuvation. If the
attenuation exceeds the threshold attenuation, a parameter of a second of beam of
penetrating radiation is adjusted based on the determined attenuation.

Implementations may include one or more of the following features. The
second beam may be the first beam. The first beam may be a pre-scan beam and the
second beam may be a main beam separate from the pre-scan beam. The object may
be exposed to the pre-scan beam before the object is exposed to the main beam. The
pre-scan beam and the main beam may originate from the source of radiation. The
first beam may be an x-ray beam and the second beam is an x-ray beam. Adjusting a
parameter of the second beam may include adjusting a collimator to adjust a

collimation of the second beam. Adjusting a parameter of the second beam may
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include adjusting a filter positioned between the source of radiation and the object to
adjust an intensity or a spectral energy of the second beam. Adjusting a parameter of
the second beam may include adjusting a source of the second beam such that an
intensity of the second beam is changed. Adjusting a parameter of the second beam
may include moving the second beam such that a position of the second beam changes.

In some implementations, the region may be scanned with the adjusted second
beam, radiation caused by scanning the region with the adjusted second beam may be
sensed, and an image of the region may be generated based on the sensed radiation.
The threshold may represent an amount of change in attenuation. The threshold may
be an adaptive threshold that varies based on an attenuation caused by portions of the
region other than a portion that includes the object. The object may be located at a
distance relative to an initial scan location and the threshold may be an adaptive
threshold that varies based on the distance.

In another general aspect, an imaging system for adaptively scanning a region
with a beam of radiation includes a source system that includes a first source of
radiation configured to direct a pre-screen beam toward a region, and a second source
of radiation configured to direct a main beam toward the region after the first source
directs the pre-screen beam toward the region. The pre-screen beam and the main
beam are spatially separated with respect to the region such that the pre-screen beam
scans a portion of the region before the main beam scans the portion of the region.
The system includes a sensor configured to sense radiation from the pre-screen beam,
and produce a representation of the sensed radiation. The system also includes a
controller coupled to the source system. The controller is configured to receive the
representation of the sensed radiation, determine, from the representation, an amount
of attenuation of the pre-screen beam caused by the region, and adjust a parameter of
the main beam based on the estimated attenuation prior to directing the main beam
toward the region.

Implementations may include one or more of the following features. The pre-
screen beam may be a beam of x-ray radiation, and the main beam may be a beam of
x-ray radiation having a greater intensity of radiation than the pre-screen beam. The
main beam may be a pulsed x-ray beam.

Implementations of any of the techniques described above may include a
method, a process, a system, a device, an apparatus, or instructions stored on a

computer-readable storage medium. The details of one or more implementations are
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set forth in the accompanying drawings and the description below. Other features will

be apparent from the description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1C illustrate a plan view of an example adaptive scanning system at
three different times as an object moves through the system.

FIG. 2 illustrates a another plan view of the adaptive scanning system shown
inFIG. 1.

FIG. 3 illustrates a block diagram of an example system for adaptively
scanning an object.

FIG. 4 illustrates a plan view of an example two-beam adaptive scanning
system.

FIG. 5 illustrates an example process for adaptively scanning an object.

DETAILED DESCRIPTION

FIGS. 1A-1C illustrate a plan view of an example system 100 for adaptively
scanning an object 105 with a single x-ray beam 108 emitted from a source system
100. FIGS. 1A-1C respectively show the system 100 at three different times (t;, ta,
and t3) as the x-ray beam 108 scans the object 105 to produce an image of the object
105. In the example shown in FIGS. 1A-1C, the object 105 is a container mounted on
the bed of a truck 103.

As discussed in greater detail below, adaptively scanning the object 105
allows a parameter (for example, flux, energy spectrum, position, collimation, pulse
rate for pulsed systems, whether to perform material discrimination, and/or scan
speed) of the x-ray beam 108 and/or a parameter (for example, integration time, gain,
filtering, collimation and/or position) of an imaging sensor system 115 to be adjusted
to optimally image objects having unknown and variable densities.

Additionally, adaptive scanning of objects may allow the amount of radiation,
or dose rate, outside of an exclusion zone 120 to remain below an acceptable safety
level or allow the size of the exclusion zone 120 to be reduced. The exclusion zone
120 is a region in the vicinity of the source system 110 and the scanned object 105
that is closed to personnel for safety reasons. The techniques discussed below may be
used in systems that image objects with x-ray beams of continuous radiation (which

are used in many baggage screening systems) and those that image objects with
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pulsed x-ray beams. Pulsed x-ray beams are used in many systems that use relatively
high energy x-ray radiation, such as systems used to screen cargoes or other large
objects.

X-ray systems may have a fixed level of flux (e.g., x-ray beam intensity) and
filtering that is determined by competing objectives. To obtain high penetration into
an imaged space and concomitant high image quality, the beam flux (or intensity)
may be increased and the filtering of the beam may be reduced to allow as much
radiation as possible to reach the imaged space. In contrast, for safety, the dose rate
(e.g., an amount of radiation a person or object is exposed to over a period of time) to
the object scanned and to personnel in the vicinity of the system 100 is set below the
local radiation safety limits and as low as reasonably achievable. The desire for a low
dose rate may require that the beam intensity be kept relatively low. The adaptive
scanning imaging system 100 (or “adaptive system” 100) balances these competing
objectives to ensure safety while also producing a high-quality image of the object
105.

In the example of FIGS. 1A-1C, the object 105 is a container 105 that is
mounted on the bed of a truck 103. The system 100 is a drive-through portal scanning
system, and the truck 103 passes through the portal 100 in a direction “d.” In other
examples, the object 105 may be, for example, a cargo (a shipping container, or a
vehicle) or an item (such as a trunk, a suitcase, a purse, or a briefcase) transported by
a traveler. The container 105 has a high-density region 106 (which may be a material
such as lead), a mid-density region 107 (which may be a material such as concrete,
stone, and/or plastic), and a low-density region 109 (which may be an empty portion
of the container 105).

The object 105 is imaged using the x-ray beam 108, The x-ray beam 108 is
emitted from a source system 110 and enters the container 105. If the x-ray beam 108
is penetrating enough relative to the container 105 and materials within the container
105, a portion of the x-ray beam passes through the container 105 and is sensed by the
imaging sensor system 115. Additionally, radiation scattered from the container 105
is sensed by one or more scattered radiation monitors 125 that are out of the beam
path of the x-ray beam 108. The scattered radiation monitors 125 may be inside of
the exclusion zone 120 or outside of the exclusion zone 120. In some
implementations, scattered radiation monitors are located inside of the exclusion zone

120 and outside of the exclusion zone 120.
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The scattered radiation monitors 125 measure an amount of scattered x-ray
radiation and may be used to ensure that the amount of radiation outside of the
exclusion zone 120 remains within a defined dose rate. Thus, the monitors 125 are
used to ensure that the amount of radiation leaving the exclusion zone 120 is at or less
than a safe amount. As discussed above, the scattered radiation monitors 125 may be
inside of the exclusion zone 120. Placing the scattered radiation monitors 125 inside
of the exclusion zone 120 results in the monitors being closer to the beam 108. As a
result, scattered radiation monitors inside of the exclusion zone 120 tend to receive
more radiation than scattered radiation monitors that are outside of the exclusion zone
120, thus making measurements of the dose rate easier.

However, because the amount of radiation outside of the exclusion zone 120 is
of interest, an amount of radiation sensed by a scattered radiation monitor that is
inside of the exclusion zone 120 is extrapolated or otherwise converted to an amount
of scattered radiation (or radiation dose) outside of the exclusion zone 120.
Additionally, a scattered radiation monitor that is placed inside the exclusion zone
120 may be more easily mounted in a stable position as compared to a scattered
radiation monitor that is located outside of the exclusion zone 120. For example, the
system 100 may be mounted on a mobile platform that is mounted on a truck and the
scattered radiation monitors may be fixedly mounted on the truck.

Radiation sensed by the imaging sensor system 115 and/or the scattered
radiation monitors 125 is used to adjust a parameter of the x-ray beam 108 and/or the
imaging sensor system 115 such that the object 105 is adaptively scanned. The
system 100 adapts to the characteristics of the container 105 and/or the environment
within the exclusion zone 106 to adaptively scan the container 105. The system 100
may adapt by, for example, adjusting a parameter of the x-ray beam 108, by adjusting
the imaging sensor system 115, or by adjusting a parameter of both the imaging
sensor system 115 and the x-ray beam 108.

In the example shown in FIGS. 1A-1C, the system 100 is a drive-through
portal through which a truck 103 is driven. Because the driver remains in the truck
103 as the contents of the container 105 are scanned, the amount of radiation to which
the driver is exposed must be minimized. However, the container 105 may contain
dense materials, thus requiring that the x-ray beam 108 be relatively intense.
Accordingly, a trade-off exists between improving the penetration of the x-ray beam

108 into the container 105 by exposing the container to a more intense x-ray beam

PCT/US2009/043173



WO 2009/137698 PCT/US2009/043173

10

15

20

25

30

such that a high-quality image is produced and ensuring that the driver of the truck
103, the contents of the truck, and the region around the system 100 are not exposed
to an unsafe level of radiation while the truck 103 passes through the drive-through
portal 100.

Referring to FIG. 1A, at a time time=t;, the source system 110 exposes the
high-density portion 106 of the container 105 to the x-ray beam 108. The sensor
system 115 senses x-ray radiation passing through the container 105 and produces
data representing the amount of sensed radiation such that an image of the container
105 may be generated. The high-density portion 106 causes a relatively large amount
of attenuation of the x-ray beam 108, thus the imaging sensor 115 senses a relatively
small amount of radiation. In response, the source system 110 may increase the
intensity of the beam 108 such that more x-ray radiation passes through the high-
density portion 106. Concurrently, the scattered radiation monitors 125 sense an
amount of radiation that is scattered from the container 105 or other objects in the
vicinity of the container 105, to ensure that the increase in the intensity of the x-ray
beam 108 does not cause the amount of radiation outside of the exclusion zone 120 to
exceed a defined safe dosage rate.

Referring to FIG. 1B, at a later time, time=t,, the x-ray beam 108 scans the
mid-density portion 107 of the container 105. When the contents of the container 105
transition from the high-density portion 106 to the mid-density portion 107, the
sensing system 115 senses an increased amount of radiation because more of the x-ray
beam 108 penetrates through the container 105 due to the lower density of materials
in the path of the x-ray beam 108. Accordingly, the x-ray beam 108 may be adapted
to, for example, reduce the intensity of the x-ray beam 108 to a level that produces an
acceptable image of the mid-density portion 107 but has a lower intensity than the x-
ray beam 108 that imaged the high-density region 106. Reducing the intensity of the
beam in this manner may allow a reduction in the total amount of x-ray radiation to
which the driver is exposed while still producing a high-quality image of the mid-
density portion 107.

Referring to FIG. 1C, at a later time, times=t;, the x-ray beam 108 has
progressed to the low-density portion 109 of the container 105. Similar to the
situation discussed with respect to FIG. 1B, the intensity of the x-ray beam 108 may
be reduced shortly after the transition into the low-density region 109.
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As a result of adapting a parameter (which is the intensity in the example of
FIGS. 1A-1C) of the x-ray beam 108 to account for the variation in density of the
materials in the container 105, the container 105 is scanned with an x-ray beam 108
having a flux sufficient to image the various regions of the container 105 while also
minimizing the driver’s exposure to x-ray radiation. Thus, the total amount of
radiation that the driver of the truck is exposed to may be reduced as compared to a
system that exposes the entire container 105 to a x-ray beam having an intensity
sufficient to adequately image the high-density portion 106. The quality of the image
of the container 105 produced by the imaging sensor system 115 may be improved as
compared to a system that imaged the entire container 105 with an x-ray beam having
sufficient intensity to image the low-density portion 100 or the mid-density portion
107 but not the high-density portion 106. Additionally, because the system 100 is
able to account for and adjust to the changes in the density of the material within the
container 105, the image of the container 105 may be improved as compared to a
system that assumes that the density of scanned objects remains relatively constant or
within a pre-defined range.

FIG. 2 shows another plan view that illustrates the system 100 at the time t; in
greater detail. The source system 110 exposes the high-density region 106 to the x-
ray beam 108. The x-ray beam 108 enters the container 105, interacts with the
materials in the container 105 and is attenuated by an amount that depends on the
density of the materials, emerges from the container 105, and is sensed by the imaging
sensor system 115. X-ray radiation that emanates beyond the exclusion zone 120 is
detected by one or more scattered radiation monitors 125. The scattered radiation
monitors 125 may be placed on any or all sides of the exclusion zone 120.

As discussed above with respect to FIGS. 1A-1C, the container 105 is
adaptively scanned by adjusting a parameter of the x-ray beam 108, the source system
110, and/or the imaging sensor system 115. The parameters may be adjusted by a
controller 130 that is configured to receive data from the imaging sensor system 115,
the source system 110, and the scattered radiation monitors 125 and to produce a
control signal that the controller 130 provides to the source system 110 and/or the
sensor system 115. The control signal causes a corresponding adjustment in a
parameter of the source system 110 or the imaging sensor 115. The controller 130
receives data from and provides control signals to the imaging sensor 115 through a

control line 132. The controller 130 receives data from and provides control signals
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to the source system 110 through a control line 134, The controller receives data from
the scattered radiation monitors 125 through a control line 136. The control lines 132,
134, and 136 may be wired or wireless data connections.

The source system 110 includes a source 112 that generates the x-ray beam
108 and a filter 114 that may be placed in the path of the beam 108. In the example
shown in FIG. 2, the thickness of the filter 114 along the direction “b” of the
propagation of the x-ray beam 108 varies. In particular, the filter 114 has a thick
portion 114a, a mid portion 114b, and a thin portion 114¢. Each of the portions 114a,
114b, and 114c is wider than the physical beam width of the x-ray beam 108 in a
direction that is perpendicular to the direction “b.” For example, the portions 114a,
114b, and 114c may each be five centimeters in the direction “b.” The beam 108
becomes attenuated by passing through the filter 114, with the amount of attenuation
being proportional to the amount of material through which the beam passes. Thus,
by positioning a particular one of the portions 114a, 114b, and 114c in the path of the
beam 108, the intensity of the x-ray radiation reaching the container 105 may be
controlled.

For example, as shown in FIG. 2, the dense region 106 includes a low-density
material 140. Thus, when the x-ray beam 108 scans the portion of the dense region
106 that includes the low-density material 140, the x-ray beam 108 is attenuated less
than the beam is attenuated by the dense region 106 that do not include the low-
density material 140. As a result, when scanning the portion of the region 106 that
includes the low-density material 140, the imaging sensor system 115 detects an
increase in flux as compared to the portion of the dense region that precedes the low-
density material 140. The sensor system 115 may send a representation of the amount
of flux detected to the controller 130, and the controller 130 produces a control signal
indicating that the intensity of the beam 108 may be reduced. The controller 130
provides the control signal to the source system 110. The source system 110 may
respond by moving the filter 114 such that the portion 114a or 114b is in the path of
the beam 108 rather than the portion 114¢. In some implementations, the source
system 110 may reduce the intensity of the x-ray beam 108 in another manner, such as
reducing the current to the source 112 such that less x-ray radiation is produced,
resulting in an x-ray beam of lower intensity. In some implementations in which the
beam 108 is a pulsed beam, the dose rate may be altered by changing the pulse rate of

the beam 108. For example, initially the system may integrate two pulses per vertical
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line, but switching the system to a single pulse per sample while also halving the
pulse rate reduces the dose rate by half.
Other parameters of the x-ray beam 108 may be adjusted as a result of the data
provided by the imaging sensor system 115. For example, the change in flux received
5 as aresult of encountering the low-density material 140 or by transitioning from the
high-density portion 106 to the mid-density portion 107 may be an indication that
these regions of the container 105 include materials of interest such that a more
detailed image of these portions of the container would be useful. A more detailed
image of the portion may be generated by exposing the region to the x-ray beam 108
10  for a longer time by reducing the scan speed. The controller 130 may provide a
control signal to the source system 110 to reduce the speed at which the source system
110 sweeps the beam 108 along the container 105.
In addition to the intensity and scan speed, other parameters of the source
system 110 may be adjusted to adaptively scan the container 105. For example, the
15 source system 110 also includes a collimator 116 having an adjustable opening 117
through which the x-ray beam 108 passes. To make the x-ray beam 108 more
collimated, the size of the opening 117 is reduced, and, to make the x-ray beam 108
less collimated (e.g., a larger beam), the size of the opening 117 is increased. A more
collimated beam may be used to produce more refined data of a particular region of
20  interest within the container 105. Additionally, a more collimated beam may result in
less scatter of x-ray radiation outside of the exclusion zone 120. Thus, the collimation
of the beam 108 may be adjusted based on the amount of scattered radiation detected
by the scattered radiation monitors 125.
In another example, the energy spectrum of the beam 108 may be adjusted by
25  passing the beam 108 through a filter such as the filter 114, The filter 114 adjusts an
energy spectrum and an intensity of radiation passing though the filter 114. In
implementations in which the source system 110 produces a pulsed beam, the filter
may be a rotatable filter wheel that includes multiple materials, each of which modify
the energy spectrum of the beam 108 in a different manner. The angular position of
30  the filter wheel may be used to determine the timing of a pulse from the source such
that the pulsed x-ray beam is filtered by a particular material that is positioned in the
path of the beam at the time that the pulse is emitted from the source 110.
Additionally, the position of the beam 108 relative to the container 105 may be

adapted by moving the source system 110 relative to the container 105. For example,
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the object scanned by the drive-through portal immediately prior to scanning the truck
103 may be a passenger vehicle suspected of having weaponizable materials in a rear
trunk region of the vehicle. Thus, the source system 110 may be placed relatively
close to the ground when the truck 103 enters the drive-through portal. The imaging
sensor system 110 may sense a high amount of x-ray radiation as a result of the x-ray
beam 108 not striking the container 105. As a result, the controller 130 may send a
signal to the source system 110 to cause the source system 110 to move higher until
the imaging sensor system 115 senses a decrease in flux caused by the presence of the
container 105.

Instead of, or in addition to, adapting a parameter of the x-ray beam 108 to
account for the situation encountered during a scan, the imaging sensor system 115
also may be adjusted. For example, the gain of the detectors included in the imaging
sensor system 115, the filtering and collimation of the radiation that reaches the
detectors, and the positioning of the detectors may be adjusted. The gain of the
detectors may be increased when the imaging sensor system 115 senses a relatively
small about of radiation. Increasing the gain of the detectors may allow detection of a
relatively weak x-ray signal from the container 105 that may be the result of the x-ray
beam 108 passing through very dense material. Increasing the gain of the detectors
may allow the dense region to be imaged without resorting to increasing the intensity
of the x-ray beam 108 or by increasing the intensity of the x-ray beam 108 by an
amount less than would otherwise be required. As a result, the radiation dosage to the
personnel and objects in the vicinity of the system 100 may be decreased while still
producing a high-quality image of the container 105. The vicinity of the system 100
includes areas within the exclusion zone 120 and outside of the exclusion zone 120.
Similarly, the filtering of the beam emerging from the container 105 may be reduced
to allow as much radiation as possible to reach the imaging sensor system 115 without
having to increase the intensity of the x-ray beam 108.

Additionally, whether or not to perform material discrimination at all may be
determined from the data received from the imaging sensor system 115. Material
discrimination tends to be less effective for highly attenuating cargo. In this case, the
energy spectrum of the beam 108 may be altered such that the object is scanned at a
single (or nearly single energy), which may result in improved penetration of the
object by the beam 108. In some implementations in which the source system 110

produces a separate high-energy x-ray beam and a low-energy x-ray beam, one of the

11



WO 2009/137698 PCT/US2009/043173

10

15

20

25

30

beams may be switched off when it is determined that material discrimination is not
desired. Accordingly, the source system 110 and/or the imaging sensor system
115 may be adjusted to optimize the performance of the system 100 based on data
from the source system 110, the imaging sensor system 115, and/or the scattered
radiation monitors 125. By adjusting the parameters of these components as
discussed above, the penetration of the x-ray beam 108 may be increased, the
resolution of the images produced by the imaging sensor system 115 may be
increased, the materials discrimination may be improved, the radiation dosage around
the system 100 is decreased, and the throughput of the system may be increased.

FIG. 3 shows a block diagram of an example system 300 for adaptively
scanning an object 305 that is within a region 307. The region 307 may be a
passageway or opening that holds or conveys luggage in a baggage screening system,
and the object 305 may be one of several pieces of luggage in the baggage screening
system at a given time. In other examples, the region 307 may be a container
mounted on the bed of a truck (such as the container 105 that is mounted on the truck
103 discussed above with respect to FIGS. 1A-1C) that passes through a fixed drive-
through portal system. The system 300 adaptively scans the object 305 to produce a
high-quality image of the object 305 and other portions of the region 307, while also
minimizing the amount of x-ray radiation to which personnel in the vicinity of the
system 300 are exposed.

The system 300 includes a source system 310, a sensor system 350, and a
controller 380. The source system 310 produces an x-ray beam that scans the object
305 and the region 307. X-ray radiation that passes through the region 307 and the
object 305 is sensed by the sensor system 350. The controller 380 is configured to be
in communication with the sensor system 350 and the source system, and the
controller 380 produces a control signal that is configured to cause an adjustment of a
parameter of the x-ray beam, the source system 310, and/or the sensor system 350
based on data received by the controller.

In a system in which the beam source 315 produces a pulsed beam (e.g., the
system 300 is a pulsed system), the adjustment of the parameter may occur within one
or two pulses of receiving the data from the sensor system 350 that indicates that an
adjustment would be beneficial. In a system in which the beam source 315 produces a
continuous beam (e.g., the system 300 is a continuous or non-pulsed system), the

adjustment of the parameter may occur within a pre-set time following the receive of
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data from the sensor system 350 indicating that an adjustment would be beneficial.
The pre-set time is such that an image of the region 307 is not noticeably degraded
due to frequent adjustment.

The source system includes a beam source 315, a beam parameter adjustment

5 320, an input/output module 330, a processor 332, an electronic storage 334, and a
power source 336. The beam source 315 produces an x-ray beam that has an energy
spectrum (e.g., a band or range of photons having a particular energy) and a peak or
maximum energy. The x-ray beam enters the region 307 and is attenuated by the
materials in the region 307. The x-ray beam is used to image the region 307, and a

10 parameter of the x-ray beam (such as the intensity, the energy spectrum, the position,
or the collimation) may be adjusted to account for variations in density of the material
in the region 307 or to maintain x-ray radiation outside of an exclusion zone in the
vicinity of the system 300 within acceptable limits. The beam source 315 may
produce a beam that has a constant energy (e.g., a continuous beam) or a pulsed beam.

15  In the case of a pulse beam, the width (or duration) of the pulse may be adjusted as
may the frequency of the pulses.

The x-ray beam produced by the beam source 315 may have a maximum
energy of 1-12 mega-electron volts (MeV) in the case in which the system 300 is used
to image dense objects such as large cargoes that include dense and/or thick

20 materials. . In these examples, the bean source 315 may be a linac. In other examples,
the system 300 may be used to image checked baggage. In these examples, the beam
source 315 may have a maximum energy between about 100 keV and 10 MeV. In
some implementations, the beam source 315 is a source of neutral particles (such as
neutrons). In these implementations, the beam source 315 may be a particle

25  accelerator. In some implementations, the source system 310 may include multiple
types of sources, each of which produce different particles, and the source system 310
may be configured to allow selection between the different types of sources.

The source system 310 also includes the beam parameter adjustment 320. The
beam parameter adjustment 320 adjusts one or more parameters of the beam produced

30 by the beam source 315 in response to receiving a control signal from the controller
380. The beam parameter adjustment 320 includes a collimator 322, a beam
positioner 324, a filter 326, a scan speed adjustment 327, and a pulse rate adjustment
328. The x-ray beam is collimated by passing through an opening in the collimator
322 that has an adjustable size. The collimator 322 may be made from a dense
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material, such as lead, that is impenetrable to x-ray radiation. The size of the opening
in the collimator 322 may be adjusted with a motor that is coupled to the collimator
322 and configured to cause the opening to change size. The nominal size of the
opening of the collimator 322 may be, for example, three millimeters.

5 The beam parameter adjustment 320 also includes the beam positioner 324,
which positions the beam that is emitted from the beam source 315. The beam
positioner 324 may position the beam by, for example, moving the beam source 315
or by directing the beam emitted from the beam source 315 in a particular direction.

The beam parameter adjustment 320 also includes the filter 326. The filter

10 326 is a material that changes the energy spectrum and intensity of a beam of
radiation passing through the filter. The filter 326 may be made from, for example,
plastic or aluminum. The amount of filtering of the beam performed by the filter 326
depends on the material of the filter and the amount of material through which the
beam passes. The filter 326 may be made of a single material of varying thickness,

15  such as the filter 114 discussed above with respect to FIG. 2. In these
implementations, the intensity and/or energy spectrum of the beam may be adjusted
differently depending on which portion of the filter the beam passes through. In some
implementations, the filter 326 includes multiple filtering materials, each of which
have different filtering properties. In these implementations, the filter 326 may have a

20  variable thickness along the direction of beam propagation (such as the filter 114), or
the filter 326 may have a uniform thickness.

In implementations in which the beam source 315 produces a pulsed beam, the
filter 326 may be a continuously rotating wheel that includes filtering materials. The
rotating wheel is positioned such that only one of the materials is in the path of the

25  beam from the beam source 315 at any given time. The filter wheel also may include
blank regions in which no filtering material is located such that the filter wheel does
not filter the beam when the blank is in the bath of the beam. In implementations that
use the filter wheel, the filtering of the beam may be adjusted between pulses by
controlling the timing of the beam source 315 based on an angular position of the

30 filter wheel. In particular, the timing of the pulse is such that a pulse is emitted from
the beam source 315 when a particular material is in the beam of the pulse. Thus, in
pulsed systems the filtering of the beam from the beam source 315 may potentially be
more finely controlled, and controlled on a pulse-by-pulse basis, with the filter wheel

as compared using a filter such as the filter 114.
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The beam parameter adjustment 320 also includes the scan speed adjustment
327 and the pulse speed adjustment 328, The scan speed adjustment 327 allows the
speed of the scanning of the object 305 and the region 307 to be increased or
decreased. For example, in implementations in which the beam source 315 moves
with respect to the object, the scan speed adjustment 327 may increase or decrease the
speed at which the beam source 315 moves in order to, respectively, increase or
decrease the scan speed. In implementations in which the beam source 315 produces
a pulsed beam, the pulse speed adjustment 328 allows the frequency of the pulses
and/or the duration of the pulses to be adjusted.

The source system 310 also includes the input/output interface 330, the
processor 332, the electronic storage 334, and the power source 336. The input/output
interface 330 allows the source system 310 to communicate with components outside
of the source system 310, such as the controller 380 and the sensor system 380.
Additionally, the input/output interface 330 allows the source system 310 to accept
data and commands through an interface device such as a mouse or keyboard and to
present data through an interface device such as a visual display. The input/output
interface 330 may accept commands from a human operator of the system 300 or
from an automated process. The electronic storage 334 stores instructions that, when
executed, cause the processor 332 to perform operations such as changing the current
to the beam source 315 such that the intensity of the beam produced by the beam
source 315 is correspondingly changed. The power source 336 provides power to the
source system 310 and may be, for example, a customized or off-the-shelf power
supply that provides sufficient power to allow the beam source 315 to produce an x-
ray beam and to power the other components of the sensor system 310.

The system 300 also includes the sensor system 350, which senses radiation
that passes through or is scattered from the region 307 and the object 305 as a result
of exposure to the beam produced by the beam source 315. The sensor system 350
includes an imaging detector 352, a scattered radiation detector 354, and input/output
interface 356, a processor 358, an electronic storage 360, and a power source 362.
Although, in the example shown in FIG. 3, the imaging detector 352 and the scattered
radiation detector 354 are both included in the sensor system 350, these components
are not necessarily placed in the same physical location or housed within a single
housing. In particular, the imaging detector 352 is located in the path of the beam
produced by the beam source 315 and the scattered radiation detector 354 is placed
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out of the path of the beam. The imaging detector 352 senses radiation in order to
produce an image of the object 305, and the scattered radiation detectors 354 sense
radiation that is scattered out of the beam path (and thus poses a potential threat to
personnel in the vicinity of the system 300). The imaging detector 352 may be

5 located in the imaging sensor system 115 discussed above with respect to FIGS. 1A-
1C and 2, and the scattered radiation detectors 354 may be placed throughout an area
in the vicinity of the system 300 (such as in an arrangement similar to the ones shown
in FIGS. 1A-1C and 2).

The imaging detector 352 is a detector that is in the beam path of the beam

10 source 315 and senses radiation that passes through the object 305 in order to produce
an image of the object 305. The imaging detector 352 produces a representation of
the amount of radiation sensed from the region 307 and provides this representation to
the controller 380 and/or the source system 310. Additionally, the imaging detector
has an adjuster 353 that allows adjustment of the integration time of the imaging

15 detector 352. Increasing the integration time may allow the imaging detector 352 to
sense more radiation without increasing the intensity of the beam from the beam
source 315. The representation may be a value that expresses the intensity of the
radiation or the amount of flux sensed by the imaging detector 353. The imaging
detector 353 may be an array of imaging detectors that are arranged in a vertical line

20 or two-dimensional array with respect to the region 307. The imaging detector 352 is
aligned with the beam source 315. In implementations in which the beam scans the
region 307 by moving with respect to the region 307, the imaging detector 352 and
the beam source 315 are coupled such that the beam source 315 and the imaging
detector 352 move along the region 307 together.

25 The imaging detectors 352 sense radiation from the portion of the region 307
that is currently irradiated with the beam from the beam source 315, and the
representation of the amount of sensed radiation is stored in the electronic storage 360.
Once the imaging detector 352 has received radiation from the entire region 307, an
image of the region 307 and the object 305 may be generated based on the

30  representations of the amount of sensed radiation.

The imaging detectors 352 may be a scintillator crystal that produces visible
light in response to being struck by x-ray radiation. The imaging detector 352 may be
made from any scintillator material such as, for example, cadmium tungstate (CdWO,
or CWO), thallium-activated cesium iodide CsKTI), cadmium zinc telluride (CdZnTe),
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or rare-earth phosphors. The intensity of the visible light is proportional the number
of photons striking the scintillator. The visible light produced by the scintillator may
be sensed by an optical detector, such as a photodiode or a photomultiplier tube, that
is coupled to the scintillator and produces an electrical signal having a current

5  proportional to the amount of visible light sensed by the optical detector. The
electrical signal is digitized by an analog-to-digital converter (A/D) to produce a
digital signal having a discrete value. The digital signal may be considered to be a
representation of an amount of radiation sensed by the imaging detector 352, and the
representation indicates how much attenuation is caused by the portion of the region

10 307 that is currently imaged. The amount of attenuation that a material causes an

incident x-ray beam to undergo is an indication of the density of a material.

The scattered radiation detector 354 monitors radiation that is scattered out of
the beam path from the region 307 and/or the object 305. The scattered radiation
detector 354 is used to ensure that the amount of radiation outside the exclusion zone

15  does not exceed a safety limit. The exclusion zone is a region in the vicinity of the
system 300 in which personnel do not enter due to the exclusion zone having dose
rates above applicable safety standards. Thus, placing the scattered radiation
detectors outside of the exclusion zone allows the detectors to be used to measure
radiation in a region that should not have an amount of radiation that is unsafe for

20  personnel. In some implementations, scattered radiation detectors are placed inside of
the exclusion zone. In these implementations, radiation received by the scattered
radiation detectors inside the exclusion zone may be extrapolated to determine a dose
rate outside of the exclusion zone. The amount (or dosage) of radiation is measured
over a period of time, and the maximum dosage may be provided as an amount of

25  radiation received over an hour. If the amount of radiation measured by the scattered
radiation detector exceeds the maximum allowable amount, the source system 310
may, for example, reduce the intensity of the beam produced by the beam source 315
in order to reduce the amount of radiation that is scattered out of the exclusion zone.

The scattered radiation detector 354 has a larger active area than the imaging

30 detector 352, and, thus, the scattered radiation detectors are relatively low-resolution
detectors that are generally not used for imaging. The scattered radiation detector 354
may have an active area that ranges between, for example, a few square centimeters
(cm®) to over a square meter (m?) in size. The scattered radiation detector 354 may be

an ionization detector that has a relatively slow response time.
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The scattered radiation detector 354 senses the amount of radiation and stores
a representation of the amount of energy in the electronic storage 360 and/or provides
the representation to the controller 380. Monitoring the representation over a period
of time allows the dosage rate over the period of time to be determined. When the
dosage exceeds a recommended dosage, the controller 380 may provide a signal to the
source system 310 such that the intensity of the beam produced by the beam source
315 is reduced.

The system 300 may use the dose measured by the scattered radiation
detectors 354 over a time period ranging from a few milliseconds (which may be the
duration of a single pulse in a pulsed system) to adjust the beam quickly or the system
300 may integrate the dose measured over a longer time period and adjust the beam
only after it becomes more clear that the dose rate is too high (exceeds a safety limit).
The system 300 may track the total dose rate over many scans to limit the dose rate
within, for example, an hour or day.

The scattered radiation detectors 354 may detect a short burst of radiation
when an object first enters the beam because, when the object is not in the beam, the
scatter from the object is not shielded by the object. This initial burst may last about a
fraction of a second. Because this initial short burst is an anomaly that typically
occurs only as the object enters the beam, lower the dose rate based on the short burst
of radiation because the measured dose may decrease within a fraction of a second as
the object moves into the beam and through the system 300. Accordingly, how far
into the scan the object has traveled (or how long the object has traveled in the scan)
may be considered when deciding whether to limit the dose rate by reducing the
intensity of the beam produced by the beam source 315.

The scattered radiation detectors 354 are used to keep dose rates outside of the
exclusion zone within safety limits. The scattered radiation detectors 354 may be
placed inside and/or outside of the exclusion zone. When placed inside of the
exclusion zone, calculations are applied to the dose rate measured at the location of
the scattered radiation detector inside of the exclusion zone to extrapolate to the dose
rate at another location, such as a location outside of the exclusion zone. As
compared to placing a scattered radiation detector outside of the exclusions zone,
placing the scattered radiation detector inside of the exclusion zone allows the
scattered radiation monitor to receive a larger dose rate because the dose rate is higher

inside of the exclusion zone. As a result, the scattered radiation detector receives a
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higher amount of radiation in the same amount of time, which makes it possible to
measure the dose rate more quickly. Additionally, scattered radiation detectors placed
inside of the exclusion zone may also be more easily mounted in a stable position
compared to scattered radiation detectors that are positioned outside of the exclusion
5  zone. For example, a scattered radiation detector positioned inside of the exclusion
zone may be mounted on a fixed structure that is part of the system 300. Such a
structure may or may not be available outside of the exclusion zone.
The system 300 also includes the controller 380. The controller 380 receives
data from and provides control signals to the source system 310 and the sensor system
10 350. The controller 380 includes an input/output interface 383 that allows the
controller 380 to exchange data and commands with the source system 310 and the
sensor system 350.  The controller also includes an electronic storage 386 that
stores data that the controller 380 uses to produce control signals that cause the source
system 310 and the sensor system 3350 to adjust a parameter to adapt the system 300 to
15  the environment. The electronic storage may store representations of the amount of
attenuation caused by the region 305 from the imaging detector 352. In addition to
storing the representation of the amount of intensity currently sensed by the imaging
detector 352, the electronic storage 386 also may store representations of the amount
of intensity sensed by the imaging detector 352 and/or the scattered radiation detector
20 354 in previous scans of different objects. This data represents the amount of
attenuation caused by other objects and the resulting adjustments to beam and sensor
parameters. This data may be used to determine initial parameters of the beam
produced by the beam source 315 before the beam scans the region 307. Additionally,
the historical data may be used to filter the data received from the sensor system 350
25  (perhaps by averaging the current data with the historical data) to smooth out sharp
transitions in attenuation such that the beam parameters are only adjusted when
relatively large changes density occur in the imaged object (which are reflected as
relatively large changes in measured attenuation).
The electronic storage 386 also stores instructions that, when executed, cause
30  the processor 384 to access data from the electronic storage 386 to produce control
signals that cause the sensor system 380 and/or the source system 310 to adjust a
parameter of the beam or the imaging detector 352,
Although in the example shown in FIG. 3, the controller 380 is a separate

component of the system 300 that is in communication with the source system 310
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and the sensor system 380, that is not necessarily the case. In some implementations,
the controller 380 is part of the source system 310 and/or the sensor system 380 and
the source system and the sensor system are communicatively coupled directly to each
other.

5 FIG. 4 shows a plan view of an example system 400 for adaptively scanning
an object. The system 400 is similar to the system 100 discussed above with respect
to FIGS. 1A-1C and FIG. 2, except the system 400 includes a source system 410 that
produces two beams, a pre-scan beam 420 and a main (imaging) beam 422, rather
than with a single imaging beam. The pre-scan beam 420 and the main beam 422 are

10 separated in a direction “d” along an imaged region 425 such that the pre-scan beam
420 jrradiates a particular portion 427 of the region 425 before the main beam 422
irradiates the portion 427 of the region 425. The imaged region includes a high-
density portion 425a and a lower-density portion 425b. The separation between the
pre-scan beam 420 and the main beam 422 along the direction “d” may be, for

15 example, a few centimeters to over a meter. The separation between the pre-scan
beam 420 and the main beam 422 may be selected based on the scan speed and the
frequency of the expected variations in the region 425.

Both the pre-scan beam 420 and the main beam 422 are detected by imaging
detectors in a sensor system 430. The pre-scan beam 420 and the main beam 422 may

20 both be x-ray beams, and the pre-scan beam 420 and the main beam 422 may be
either continuous or pulsed x-ray beams. The source system 410 may include one
source that produces both the pre-scan beam 420 and the main beam 422 or the source
system 410 may include two sources, one that produces the pre-scan beam 420 and
one that produces the main beam 422.

25 The amount of attenuation of the pre-scan beam 420 caused by the portion 427
is used to set a parameter of the main beam 422 before the main beam 422 images the
portion 427. Thus, using the pre-scan beam 420 may allow the system 400 to adapt to
objects having unknown densities such that the lowest intensity beam that still creates
a high-quality image of the objects may be used to image the objects.

30 In particular, the system 400 scans the portion 427 of the region 425 with the
pre-screen beam 420 before the main beam 422 scans the portion 427 such that the
beam parameters of the main beam 422 may be set before the main beam 422 scans
the region 425. For example, a low density object may be scanned with a low level of

flux and/or high filtration in order to reduce the dose rate (e.g., the amount of
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radiation to which personnel outside the exclusion zone 440 are exposed). In contrast,
higher-density objects may be scanned with the highest flux possible and little or no
filtering in order to provide the best penetration through the high-density object
possible. The beam parameters may be adjusted as the region 425 passes through the
system 400 to provide an optimal imaging/dose rate balance for each portion of the
region 425. The dose rate may be only as high as necessary to scan a given region
425. In addition, higher density objects provide greater shielding against scattered x-
rays so the dose rates at points outside the system for a higher dose rate operating
mode may not be much greater than for a low dose rate mode.

A sensor system 430 having an imaging detector is positioned behind the
region 425 and in the beam path of the source system 410. Data from the sensor
system 430 is used to determine what beam and detector settings provide optimum
imaging properties for the main beam 422. Based on the data from the sensor system
430, the parameters of the main beam 422 (e.g., energy, flux, filtering, and
collimation) and the detectors 430 (e.g., gain, position, and collimation) are adjusted
as the region 425 passes through the system (or as the source system 410 and the
sensor system 430 pass by the region 425). The use of a pre-scan beam 420 to help
determine and/or set parameters of a main (or, more generally, another) beam 422 of
radiation and/or detectors may be referred to as adaptive scanning. Allowing the
system 400 to vary the characteristics of the main beam 422 and detectors 430 based
on the situation, context, or environment may be referred to as adaptive scanning.
Adaptive scanning may result in, for example, higher penetration depths and
improved imaging properties, while also minimizing the average radiation dose to
both the objects scanned and to personne] around the system.

In some implementations, the integrated intensity of the pre-scan beam 420
may be reduced to further limit the amount of radiation to which personnel around the
system 400 are potentially exposed. Approaches to reducing the integrated intensity
include more tightly collimating or highly filtering the pre-scan beam 420, splitting
the pre-scan beam 420 into a set of thin pencil beams, emitting the pre-scan beam 420
for only a fraction of the time such that parts of the region 425 being scanned are
sampled as the pre-scan beam 420 travels through the system 400 and, when the pre-
scan beam 420 originates from a different source than the main beam 422, the pre-
scan beam 420 may be of lower energy and/or intensity than the main beam 422.

Splitting the pre-scan beam 420 into thin pencil beams allows the region 425 being
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sampled by the pre-scan beam 420 to be sampled at multiple points (rather than pre-
scanning every position).

The pre-scan beam 420 also may serve a secondary purpose. For instance, the
pre-scan beam 420 may provide a second view of the region 425 at a different angle

5 orscan ata different energy for materials discrimination purposes.

FIG. 5 shows an example process 500 for adaptively scanning an object with
an x-ray beam. The process 500 may be performed by a single-beam adaptive
scanning system such as the system 100. Alternatively, the process 500 may be
performed by an adaptive scanning system that includes both a pre-scan beam and an

10 imaging beam, such as the system 400 discussed with respect to FIG. 4. The process
500 may be performed by one or more processors included in such an adaptive
scanning system. For example, the process 400 may be performed by the controller
380 and the processor 384 discussed above with respect to FIG. 3.

An object within a region is exposed to a first beam of penetrating radiation

15 (510). The first beam of penetrating radiation may be an x-ray beam from a source
such as the beam source 315, or the first beam of penetrating radiation may be another
beam of radiation that is energetic enough to penetrate the object 305. In some
implementations, the first beam of penetrating radiation is a pre-scan beam of
radiation, such as the pre-scan beam 420 discussed above with respect to FIG. 4, that

20  spatially precedes an imaging beam of radiation. The first beam of penetrating
radiation is sensed on a side of the region that is opposite from the source of radiation
(520). The first beam of radiation may be sensed by an imaging detector such as the
imaging detector 352.

An amount of attenuation of the first beam of radiation that is caused by the

25  object is determined (530). The amount of attenuation of the first beam of radiation
caused by the object is an indication of the density of the object. The amount of
attenuation of the first beam of radiation may be compared to a previous amount of
attenuation of the first beam of radiation to determine a percent change in the amount
of attenuation. The previous amount of attenuation may be an amount of attenuation

30 that was recently determined for a an adjacent portion of the scanned object or for an
amount of attenuation for a portion of the region that is not adjacent to the object. In
some implementations, the previous amount of attenuation may be an amount of

attenuation that occurred in an earlier scan of a different object. A significant change
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in the amount of attenuation triggers an adjustment in a parameter of the beam or the
sensing system.

The amount of attenuation is compared to a threshold (540). The amount of
attenuation may be a percent change in attenuation, and the threshold may be a
percent change in attenuation above which a parameter of the beam or the detector is
adjusted. The threshold may be a threshold that is predefined and stored in the system,
or the threshold may be an adaptive threshold that changes based on the
characteristics of the imaged region. For example, if the imaged region has many
relatively minor transitions between dense regions and non-dense regions that occur
within a small space (such as a solid material that has large pockets of air formed
within it), the threshold may be set high such that the parameters are only changed
when a significant change occurs. Adjusting the parameters of the beam or detector
too often may result in a blocky image, or an image with other undesirable artifacts.

In some implementations, the threshold may be adapted based on a distance
that the object is located relative to an initial scan point. The initial scan point may be
the first location at which objects enter the system to be scanned. For example,
referring to FIGS. 1A-1C, the initial scan point may be the left-most portion of the
region 106. In this example, the threshold attenuation may be lower as compared to
positions closer to the initial scan point. This is because as the object moves further
away from the initial scan point, there may be more shielding and distance between
the object and the beam. For example, the driver of the truck 103 is further from the
beam 108 when the truck 103 is at the position shown in FIG. 1C as compared to the
position of the truck in FIG. 1A. Thus, the threshold at the position of FIG. 1C may
be relatively lower, which results in the beam being adjusted (for example, by
increasing the intensity of the beam 108) more frequently. For example, when the
beam 108 is positioned as shown in FIG. 1C, the beam intensity may be increased
without as much risk to the driver of the truck 103 as compared to increasing the
beam intensity when the beam 108 is positioned as shown in FIG. 1A. Instead of a
distance, a time since the start of the scan may be used in determining the threshold.

If the attenuation exceeds the threshold, a parameter of a second beam is
adjusted based on the determined attenuation (550). In some implementations, the
second beam is the same beam as the first beam. These implementations are single-
beam systems such as the system 100 discussed above with respect to FIGS. 1A-1C

and FIG. 2. In other implementations, the second beam is a beam that is separate
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from the first beam. For example, the second beam may be the main beam 422 and
the first beam may be the scan beam 420 discussed with respect to FIG. 4. In either
implementation, the parameters of the second beam that may be adjusted include the
intensity of the beam, the collimation of the beam, the position of the beam, and the
energy spectrum of the beam. More than one parameter of the second beam may be
adjusted. Additionally, a parameter of the imaging detector, such as the gain, filtering
or collimation of the beam received by the detector, or the position of the detector also
may be adjusted. In implementations in which the second beam is a pulsed beam,
adjusting a parameter of the second beam may include adjusting the timing of the
pulse of the second beam such that the pulse passes through a particular material
included in a rotating filter wheel.

A number of implementations have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the scope

of the disclosure.
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WHAT IS CLAIMED IS:

1. An imaging system for adaptively scanning a region with a beam of radiation, the
imaging system comprising:
a source of radiation configured to:
produce a beam of penetrating radiation, and
scan an object included in a region;
a sensor configured to:
sense radiation passing through the object, and
produce a representation of the sensed radiation;
a controller coupled to the source of radiation, the controller configured to:
receive the representation of the sensed radiation,
determine an attenuation of the beam caused by the object based on the
representation;
compare the attenuation to a threshold, and
if the attenuation meets the threshold, adjust a parameter of the beam of radiation

based on the attenuation.

2. The system of claim 1, wherein the beam of penetrating radiation is a pulsed beam of x-

ray radiation.

3. The system of claim 1, wherein the parameter of the beam is one or more of a collimation
of the beam, an intensity of the beam, an energy spectrum of the beam, and a position of the

beam.

4. The system of claim 2, wherein:

the source of radiation is configured to direct a first pulse of radiation toward the region,
and

the controller is configured to adjust a parameter of the beam of radiation before a second

pulse of x-ray radiation is directed toward the region.
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5. The system of claim 2, further comprising a rotatable filter wheel coupled to the
controller and positioned between the source and the object, the filter wheel including a material
configured to adjust an intensity or adjust a spectral energy of radiation passing through the

material.

6. The system of claim 5, wherein the rotatable filter wheel includes a first material and a
second material, and, to adjust a parameter of the main beam of radiation, the controller
manipulates a timing of a pulse from the source such that the first material is placed in the main
beam during a the pulse and the second material is placed in the main beam during a subsequent

pulse.

7. The system of claim 1, further comprising a scattered radiation detector coupled to the
controller and configured to sense scattered radiation from the region, and wherein the controller
is further configured to:
determine an amount of scattered radiation based on the sensed scattered radiation,
compare the amount of scattered radiation to a threshold, and

cause the source to reduce an intensity of the beam if the amount exceeds the

threshold.
8. The system of claim 1, wherein the source and the sensor move relative to the object.
9. The system of claim 1, wherein the object moves relative to the source or the sensor.

10. A method of adaptive scanning, the method comprising:

exposing an object within a region to a first beam of penetrating radiation;

sensing, on a side opposite the region from a source of the first beam, the first beam of
penetrating radiation;

determining an attenuation of the first beam caused by passing the first beam through the
object;

comparing the attenuation to a threshold attenuation; and
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if the attenuation exceeds the threshold attenuation, adjusting a parameter of a second of

beam of penetrating radiation based on the determined attenuation.

11. The method of claim 10, wherein the second beam is the first beam.

12.  The method of claim 10, wherein the first beam is a pre-scan beam and the second beam
is a main beam separate from the pre-scan beam, and that the object is exposed to the pre-scan

beam before the object is exposed to the main beam.

13.  The method of claim 10, wherein the pre-scan beam and the main beam originate from

the source of radiation.

14.  The method of claim 10, wherein the first beam is an x-ray beam and the second beam is

an x-ray beam.

15.  The method of claim 10, wherein adjusting a parameter of the second beam comprises

adjusting a collimator to adjust a collimation of the second beam.

16.  The method of claim 10, wherein adjusting a parameter of the second beam comprises
adjusting a filter positioned between the source of radiation and the object to adjust an intensity

or a spectral energy of the second beam.

17.  The method of claim 10, wherein adjusting a parameter of the second beam comprises

adjusting a source of the second beam such that an intensity of the second beam is changed.

18.  The method of claim 10, wherein adjusting a parameter of the second beam comprises

moving the second beam such that a position of the second beam changes.
19.  The method of claim 10, further comprising:

scanning the region with the adjusted second beam;

sensing radiation caused by scanning the region with the adjusted second beam; and
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generating an image of the region based on the sensed radiation.

20.  The method of claim 10, wherein the threshold represents an amount of change in

attenuation.

21.  The method of claim 10, wherein the threshold is an adaptive threshold that varies based

on an attenuation caused by portions of the region other than a portion that includes the object.

22.  The method of claim 10, wherein the object is located at a distance relative to an initial

scan location and threshold is an adaptive threshold that varies based on the distance.

23.  Animaging system for adaptively scanning a region with a beam of radiation, the
imaging system comprising:
a source system comprising:
a first source of radiation configured to direct a pre-screen beam toward a region,
and
a second source of radiation configured to direct a main beam toward the region
after the first source directs the pre-screen beam toward the region, the pre-screen beam and the
main beam being spatially separated with respect to the region such that the pre-screen beam
scans a portion of the region before the main beam scans the portion of the region;
a sensor configured to:
sense radiation from the pre-screen beam, and
produce a representation of the sensed radiation;
a controller coupled to the source system and configured to:
receive the representation of the sensed radiation,
determine, from the representation, an amount of attenuation of the pre-screen
beam caused by the region, and
adjust a parameter of the main beam based on the estimated attenuation prior to

directing the main beam toward the region.
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24.  The system of claim 23, wherein the pre-screen beam is a beam of x-ray radiation, and
the main beam is a beam of x-ray radiation having a greater intensity of radiation than the pre-

screen beam.

25.  The system of claim 23, wherein the main beam is a pulsed x-ray beam.

29



WO 2009/137698 PCT/US2009/043173

100 [ —————— 125
SCATTERED SCATTERED
RADIATION | 115 :—\" 120 \d RabiaTion
MONITOR I MONITOR
125~ —
o 105
&l
' lld" 3
103 T
106 : 108 I
SOURCE | _~110 |
FIG. 1A LS '
. e e e e —— -
00
|
SCATTERED | 115 :F\" 120 SCATTERED
RADIATION RADIATION
MONITOR | : | MONITOR
125-/
105
| .
108 '/ | | source 110 |
FIG. 1B B
100
SCATTERED SCATTERED
RADWATION | RADIATION
MONITOR T MONITOR

\1 25

i SENSOR 115
1 SYSTEM
o | S |
1

—d’ I 120
r |
103 — |
I ~__108 I
106J
FIG. 1C | e o]




PCT/US2009/043173

WO 2009/137698

2/5

¢ 'Old

W3LSAS 5oL

h 4

vel _/ 308N0S A\“|\
o1~ HOLINOW m

~

o€t
¥ITIOHLNOD
.

NOILYIOYY |\
. jmﬁo: \./ln\\wﬁ:

~

90l

98k~

I

I

|

. .\ . dosnas | . "
-l

\

WILSAS
rll«l\llllll.lll\lll -2
/ oLl \
0ct =
HOLINOW HOLINOW
NOILLYIOwH NOILVIQVY
gzL —~J az¥aLLvos ¢zL ~ a3waLvos

P
4



PCT/US2009/043173

WO 2009/137698

€ Old

JOVHOLS
98¢ \\l JINOY10313
P HOSSIO0Nd
8e -1
30VAY3LNI
ege -4~ L_LNdLNO/NdNI

dITI0HINOD

NOIO3Y

S0€ ue

ose "
L] 39vy0LS DINOYLD31T
omm\
P ¥0SSID0Hd
85¢
JOVHILINI
e 1NdL1NO/LNANI
e
syolo3lIa
M NOILVIOvY a3¥3L1VOS
¥5e
i mﬁ\\/_ INIWLSNray
e 0193130 ONIOVIAI
[543 W3LSAS HOSNIS

0S¢ u\

L0€ l\

A 339N0S H3IMOd
9ge
» IOVHOLS
vmm\\l JINOHLO3T3
Nmm\\, HOSS300ud
AOV4HILINI
oce e 1NdLNO/LNdNI
\..._ aveIsnd |
8ze \.:_ @33dS NVOS _
Lee \L N ]
sce \..._ UINOILISOd Wv3S |
vee \:_ HOLYWITIOD |
(453 IN3WLSNray
—~ dILINVHVd Nv3g
0ze~
mwm\\n‘— IDHNOS Wy3d
WIALSAS 30UNOS

orm\




PCT/US2009/043173

WO 2009/137698

4/5

¥ "Old

HOLINOW
NOILYIQVY

3

HIATIOEINOD

Q3¥3LLYOS

WILSAS
30HNOS

omwu\

wm_./

HOLINOW
GZl NOLLYIQVd
\ aay3ILLIVYOS

WILSAS
HOSNIS

szi
.

HOLINOW
NOLLYIQYY
[CEEETRL A




WO 2009/137698

5/5

EXPOSE AN OBJECT WITHIN A
REGION TO A FIRST BEAM OF
PENETRATING RADIATION

!

SENSE THE FIRST BEAM OF
PENETRATING RADIATION ON
A SIDE OF THE REGION
OPPOSITE FROM A SOURCE
OF THE FIRST BEAM OF
RADIATION

I

DETERMINE AN AMOUNT OF
ATTENUATION OF THE FIRST
BEAM CAUSED BY THE
OBJECT

l

COMPARE THE ATTENUATICN
TO A THRESHOLD

l

IF THE ATTENUATION
EXCEEDS THE THRESHOLD,
ADJUST A PARAMETER OF A

SECOND BEAM BASED ON THE
DETERMINED ATTENUATION

FIG. 5

510

520

530

540

550

PCT/US2009/043173



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2009/043173

A, CLASSIFICATION OF SUBJECT MATTER
IPC(8) - G21K 1/02 (2009.01)
USPC - 378/147

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8) - G21K 1/02 (2009.01)
USPC - 378/147

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

PatBase, Google Patents

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2003/0016790 A1 (GRODZINS et al) 23 January 2003 (23.01.2003) entire document 1-25
Y US 2007/0241282 A1 (CLAYTON et al) 18 October 2007 (18.10.2007) entire document 1-25

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

19 June 2009

Date of mailing of the international search report

06 JuL 2009

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP:571-272-7774

Form PCT/ISA/210 (second sheet) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - wo-search-report

