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57 ABSTRACT

An imaging module includes a plurality of cathodes and
respective gates, each cathode configured to generate a
separate beam of electrons directed across a vacuum cham-
ber and each gate matched to at least one respective cathode
to enable and disable each separate beam of electrons from
being directed across the vacuum chamber. A target anode is
fixed within the vacuum chamber and arranged to receive
the separate beam of electrons from each of the plurality of
cathodes and, therefrom, generate a beam of x-rays. A
deflection system is arranged between the plurality of cath-
odes and the target anode to generate a variable magnetic
field to control a path followed by each of the separate
beams of electrons to the target anode.
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1
SYSTEM AND METHOD FOR
MULTI-SOURCE X-RAY-BASED IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/463,881 filed Aug. 20, 2014, which is
incorporated in its entirety by reference, herein.

GOVERNMENT RIGHTS
N/A.

BACKGROUND

The present disclosure relates generally to systems and
methods for imaging a subject and, in particular, to systems
and methods for performing imaging processes using x-rays
delivered from multiple sources.

X-ray-based imaging, including so-called “x-ray imag-
ing” and computed tomography (CT) imaging, are some of
the most common diagnostic imaging modality used in
modern medicine, enabling rapid, non-invasive image
acquisition at high resolution. As shown in the example
diagram of FIG. 1A, conventional CT systems 10 generally
include a gantry 12 fitted with a X-ray tube 14 or at most,
two X-ray tubes for systems currently in clinical use and
opposing detector assembly 16, which, together, rotate about
a subject 18 arranged on a patient bed 20 to acquire multiple
projections for reconstructing an image. That is, the X-ray
tube 14 and detector assembly 16 arranged opposite the
X-ray tube 14 are affixed to the gantry 12 and rotate together
with the gantry 12 about the subject 18. As illustrated in the
picture of FIG. 1B, this system 10 is complex and requires
heavy and sophisticated control hardware and electronics.

The x-ray source 14 projects an x-ray beam 22, which
may be a fan-beam or cone-beam of x-rays, towards the
detector array 16 on the opposite side of the gantry 12. The
detector array 16 includes a number of x-ray detector
elements 24. Together, the x-ray detector elements 24 sense
the projected x-rays 22 that pass through a subject 18, such
as a medical patient or an object undergoing examination,
who is positioned in the CT system 10. Each x-ray detector
element 24 produces an electrical signal that may represent
the intensity of an impinging x-ray beam and, hence, the
attenuation of the beam as it passes through the subject 18.
In some configurations, each x-ray detector 24 is capable of
counting the number of x-ray photons that impinge upon the
detector 24. During a scan to acquire x-ray projection data,
the gantry 12 and the components mounted thereon rotate
about a center of rotation 26 located within the CT system
10.

The CT system 10 also includes an operator workstation
28, which typically includes a display 30; one or more input
devices 32, such as a keyboard and mouse; and a computer
processor 34. The computer processor 34 may include a
commercially available programmable machine running a
commercially available operating system. The operator
workstation 28 provides the operator interface that enables
scanning control parameters to be entered into the CT
system 10. In general, the operator workstation 28 is in
communication with a data store server 36 and an image
reconstruction system 38. By way of example, the operator
workstation 28, data store sever 36, and image reconstruc-
tion system 38 may be connected via a communication
system 40, which may include any suitable network con-
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2

nection, whether wired, wireless, or a combination of both.
As an example, the communication system 40 may include
both proprietary or dedicated networks, as well as open
networks, such as the internet.

The operator workstation 28 is also in communication
with a control system 42 that controls operation of the CT
system 10. The control system 42 generally includes an
x-ray controller 44, a table controller 46, a gantry controller
48, and a data acquisition system 50. The x-ray controller 44
provides power and timing signals to the x-ray source 14 and
the gantry controller 48 controls the rotational speed and
position of the gantry 12 by controlling operation of a motor
68. The table controller 46 controls a table 20 to position the
subject 18 in the gantry 12 of the CT system 10.

The DAS 50 samples data from the detector elements 24
and converts the data to digital signals for subsequent
processing. For instance, digitized x-ray data is communi-
cated from the DAS 50 to the data store server 36. The image
reconstruction system 38 then retrieves the x-ray data from
the data store server 36 and reconstructs an image therefrom.
The image reconstruction system 38 may include a com-
mercially available computer processor, or may be a highly-
parallel computer architecture, such as a system that
includes multiple-core processors and massively parallel,
high-density computing devices. Optionally, image recon-
struction can also be performed on the processor 34 in the
operator workstation 28. Reconstructed images can then be
communicated back to the data store server 36 for storage or
to the operator workstation 28 to be displayed to the operator
or clinician.

The x-ray source 14 is a tube assembly that includes a
housing unit 52, a coolant path and/or pump 54, cathode end
56, an anode end 58, and a center section 60 positioned
between the cathode end 56 and the an anode end 58, which
contains an x-ray tube 62. The x-ray tube 62 is enclosed in
a fluid chamber 64 within lead-lined casing 66. The chamber
64 is typically filled with fluid, such as dielectric oil, but
other fluids including water or air may be utilized. The fluid
circulates through housing 52 to cool the x-ray tube 62 and
may insulate a casing 64 from high electrical charges within
the x-ray tube 62.

Though CT systems provide desirable contrast and flex-
ibility to facilitate a wide-variety of clinical analysis, it relies
upon ionizing radiation. Thus, a further constraint on the
design and manufacturing of CT systems is the ability to
control or adapt the dose of radiation received by the subject
18 by way of the x-ray beam 22. For example, filters, such
as so-called “bowtie” filters 70, have long been utilized to
sculpt the x-ray beam 22 and, thereby, control the dose
received by the patient. Some filters, such as the illustrated
bowtie filter 70, have been coupled with control systems
and/or motors 72 to allow the filtering achieved by the
bowtie filter 70 to be adjusted.

All these complex components associated with the x-ray
source 14 and detector array 16 must be designed to rotate
with the gantry 12. The motor 68 must be capable of
applying a large torque to the large gantry 12 to accelerate
the gantry 12 to a high constant rate of rotation in a short
time. As an indication of the speeds which are reached,
sufficient data to produce an image can be collected in less
than one second. Since the rotational inertia of this apparatus
increases with distance from the center of rotation 26,
rotation of the gantry 12, which includes the x-ray tube 14
and detectors 16 and all associated hardware and, thus, has
a large inertia, requires the motor 66 to deliver extremely
high torques. Furthermore, all components of the gantry 12
must be able to withstand these forces during operation and
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repeated rotational starts and stops. Accordingly, CT sys-
tems are generally complex and carry very-high manufac-
turing and maintenance costs.

All of these and other control and programming capabili-
ties add to the complexity and costs to these systems. As
such, the trend toward greater and greater complexity of CT
systems continues and, in particular, is prevalent when one
considers the components and systems coupled to the gantry
12. As but one example, consider the increasing availability
of dual-source CT systems. In such dual-source systems, as
illustrated, the above described components associated with
the gantry 12, such as the x-ray source 14, detector array 16,
and the like, are doubled. Thus, the complexity of the gantry
systems 12 doubles, which further increases the underlying
costs of the system and the maintenance requirements.

Therefore, given the above, there is a need for systems
capable of fast and accurate computed tomography imaging
that is not so limited by the complexity and the costs
associated with the complexity of traditional CT systems.

SUMMARY

The present invention overcomes the aforementioned
drawbacks by providing a system for computed tomography
(CT) imaging implementing a modular design including
multiple x-ray sources. More particularly, a multi-source
x-ray tube is provided that is able to deliver high current
from an arbitrary number of focal spots. The system may
include a fixed number of electron beams that are electro-
magnetically swept over a cooled target. Utilizing a modular
design, the x-ray tubes can be arranged in a variety of
configurations to suit a particular application. Using this
design, unique scanning and radiation control techniques
can be implemented, including rotation-free CT imaging,
multi-energy imaging, and virtual filtering. Furthermore,
active cooling of components is available in any given
module.

In accordance with one aspect of the disclosure, an
imaging system is provided that includes a platform for
receiving a subject to be imaged using the imaging system
and a source module arranged to deliver a beam of ionizing
radiation to the subject. The source module includes a
vacuum chamber and a plurality of cathodes and respective
gates, each cathode configured to generate a separate beam
of electrons directed across the vacuum chamber and each
gate matched to at least one respective cathode to enable and
disable each separate beam of electrons from being directed
across the vacuum chamber. The source module also
includes a target anode arranged to receive the separate
beam of electrons from each of the plurality of cathodes and,
therefrom, generate the beam of ionizing radiation and a
deflection system arranged between the plurality of cathodes
and the target anode to generate a variable magnetic field to
control a path followed by each of the separate beams of
electrons to the target anode. A controller is configured to
control operation of the plurality of cathodes and respective
gates to selectively enable and disable each separate beam of
electrons from being directed across the vacuum chamber
and control operation of the deflection system to change the
path followed by each of the separate beam of electrons to
the target anode based on at least one of a heating of the
target anode caused by the beam of electrons and a view
angle of the subject to be achieved using the ionizing
radiation.

In accordance with another aspect of the disclosure, an
imaging system is provided that includes a bore for receiv-
ing a subject to be imaged using the imaging system and a
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4

plurality of source modules arranged about the bore to
deliver a beam of x-rays to a subject to be imaged. Each
source module includes a vacuum chamber and a plurality of
cathodes and respective gates, each cathode configured to
generate a separate beam of electrons directed across the
vacuum chamber and each gate matched to at least one
respective cathode to enable and disable each separate beam
of electrons from being directed across the vacuum chamber.
Each source module also includes a target anode arranged to
receive the separate beam of electrons from each of the
plurality of cathodes and, therefrom, generate the beam of
x-rays and a deflection system arranged between the plural-
ity of cathodes and the target anode to generate a variable
magnetic field to control a path followed by each of the
separate beams of electrons to the target anode. A controller
is configured to control operation of the plurality of cathodes
and respective gates to selectively enable and disable each
separate beam of electrons from being directed across the
vacuum chamber and control operation of the deflection
system to change the path followed by each of the separate
beam of electrons to the target anode based on at least one
of a heating of the target anode caused by the beam of
electrons and a view angle of the subject to be achieved
using the beam of x-rays. A plurality of detectors is arranged
in opposition to a respective one of the plurality of source
modules across the bore to receive the beam of x-rays and
assembled medical imaging data based thereon.

In accordance with yet another aspect of the disclosure, a
source module is provided for generating x-rays that
includes a vacuum chamber. The source module also
includes a plurality of cathodes and respective gates, each
cathode configured to generate a separate beam of electrons
directed across the vacuum chamber and each gate matched
to at least one respective cathode to enable and disable each
separate beam of electrons from being directed across the
vacuum chamber. The source module further includes a
target anode fixed within the vacuum chamber and arranged
to receive the separate beam of electrons from each of the
plurality of cathodes and, therefrom, generate a beam of
x-rays. The source module also includes a deflection system
arranged between the plurality of cathodes and the target
anode to generate a variable magnetic field to control a path
followed by each of the separate beams of electrons to the
target anode to selectively sweep across the target anode
and, thereby, change a point of impact of each separate beam
of electrons with the target anode and change a location of
the beam of x-rays generated.

The foregoing and other advantages of the invention will
appear from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are perspective and schematic block
diagrams, respectively, of a conventional rotating-gantry CT
system.

FIGS. 2A and 2B are perspective and schematic block
diagrams, respectively, of a CT system configured in accor-
dance with the present disclosure.

FIG. 3 is a perspective illustration of a source and detector
system in accordance with the present disclosure illustrating
a virtual bowtie functionality.

FIG. 4 is a perspective illustration of a source module in
accordance with the present disclosure.

FIG. 5 is a block diagram of the source module of FIG. 4.

FIG. 6 is a perspective illustration of a tetrahedron beam
CT (TBCT) system configured in accordance with the pres-
ent disclosure.
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FIG. 7 is schematic illustration of a ultra high-speed
imaging system configured in accordance with the present
disclosure.

FIG. 8 is a schematic illustration of a radiation therapy
system in accordance with the present disclosure.

DETAILED DESCRIPTION

Referring to FIG. 1A, the x-ray tube 62 used in computed
tomography (CT) systems 10 has, essentially, remained
unchanged over the past 80 years. The modern x-ray tube 62
has a single cathode 74 that emits electrons towards a
rotating anode 76. In CT scanning, two rotations are
involved. First a rotation of the target anode 76 inside the
tube and a rotation of the whole x-ray tube 62 on the gantry
12 about the patient 18. The target anode 76 must rotate
extremely fast in order to avoid melting the x-ray tube 62
because there is only a single electron beam 78 constantly
directed toward the same spot on the anode 76. This require-
ment for a rotating target anode 76 makes the standard x-ray
tube 62 quite complex and difficult to build. The reliance on
a single electron beam 78 means that the entire x-ray tube 62
must be rotated around the patient 18 with the gantry 12 for
a complete CT scan. This introduces costs associated with a
rotating gantry 12, and mechanical challenges with rotating
fast enough to avoid image blur. Furthermore, utilization of
a single source tube 62 has held back new imaging tech-
niques that offer the potential to lower dose to the patient
and, instead, has caused further reliance upon adding com-
plex mechanical systems to control dose, such as bowtie
filters 70 and associated controls 72. As will be described,
the present disclosure breaks from the traditional CT sys-
tems that rely on complex rotations components to achieve
the desired functionality and, instead, presents a practical
multi-source x-ray tube that enables faster imaging, dose
reduction, and improved image quality.

Referring now to FIGS. 2A and 2B, an example of a CT
imaging system 100 in accordance with the present disclo-
sure is illustrated. The CT system 100 includes a frame 102,
to which at least one x-ray source module 104 is coupled. As
illustrated, the x-ray source module 104 may be linear in
shape. However, as illustrated in FIG. 2B, the x-ray source
module 104 may have a non-linear shape. For example, as
illustrated in FIG. 2B, the x-ray source module 104a may
have an arc-like shape or other geometry, for example, to
create a rounded array that arcs about the subject 112 or
iso-center of the CT system 100. The x-ray source module
104 projects an x-ray beam 106 towards a detector(s) 108.
The detector 108 senses the projected x-rays 106 that pass
through a subject 112, such as a medical patient or an object
undergoing examination, that is positioned in the CT system
100. In some configurations, each detector 108 includes
elements capable of counting the number of x-ray photons
that impinge upon the detector 108.

The CT system 100 also includes an operator workstation
116, which typically includes a display 118; one or more
input devices 120, such as a keyboard and mouse; and a
computer processor 122. The computer processor 122 may
include a commercially available programmable machine
running a commercially available operating system. The
operator workstation 116 provides the operator interface that
enables scanning control parameters to be entered into the
CT system 100. In general, the operator workstation 116 is
in communication with a data store server 124 and an image
reconstruction system 126. By way of example, the operator
workstation 116, data store sever 124, and image reconstruc-
tion system 126 may be connected via a communication

20

25

30

35

40

45

50

55

60

65

6

system 128, which may include any suitable network con-
nection, whether wired, wireless, or a combination of both.
As an example, the communication system 128 may include
both proprietary or dedicated networks, as well as open
networks, such as the internet.

The operator workstation 116 is also in communication
with a control system 130 that controls operation of the CT
system 100. The control system 130 generally includes an
x-ray controller 132, a table controller 134, and a data
acquisition system (DAS) 136. The x-ray controller 132
provides power and timing signals to the x-ray module(s)
104 to effectuate delivery of the x-ray beam 106. The table
controller 134 controls a table or platform 140 to position the
subject 112 with respect to the CT system 100.

The DAS 136 samples data from the detector 108 and
converts the data to digital signals for subsequent process-
ing. For instance, digitized x-ray data is communicated from
the DAS 136 to the data store server 124. The image
reconstruction system 126 then retrieves the x-ray data from
the data store server 124 and reconstructs an image there-
from. The image reconstruction system 126 may include a
commercially available computer processor, or may be a
highly parallel computer architecture, such as a system that
includes multiple-core processors and massively parallel,
high-density computing devices. Optionally, image recon-
struction can also be performed on the processor 122 in the
operator workstation 116. Reconstructed images can then be
communicated back to the data store server 124 for storage
or to the operator workstation 116 to be displayed to the
operator or clinician.

The CT system 100 may also include one or more
networked workstations 142. By way of example, a net-
worked workstation 142 may include a display 144; one or
more input devices 146, such as a keyboard and mouse; and
a processor 148. The networked workstation 142 may be
located within the same facility as the operator workstation
116, or in a different facility, such as a different healthcare
institution or clinic.

The networked workstation 142, whether within the same
facility or in a different facility as the operator workstation
116, may gain remote access to the data store server 124
and/or the image reconstruction system 126 via the com-
munication system 128. Accordingly, multiple networked
workstations 142 may have access to the data store server
124 and/or image reconstruction system 126. In this manner,
x-ray data, reconstructed images, or other data may
exchanged between the data store server 124, the image
reconstruction system 126, and the networked workstations
142, such that the data or images may be remotely processed
by a networked workstation 142. This data may be
exchanged in any suitable format, such as in accordance
with the transmission control protocol (TCP), the internet
protocol (IP), or other known or suitable protocols.

As described, there has been a major push for lowering
dose in CT and other imaging modalities that use ionizing
radiation. Recognizing that equal radiation intensity is not
needed across the entire field of view, people have devel-
oped filters, such as the above-described bowtie filter to
control dose. That is, because the patient is thicker in the
middle compared to the periphery, more radiation is needed
in the center of the field of view to yield a sufficient signal
to noise ratio. A bowtie filter is traditionally used today to
limit the dose to the peripheral edges of the field of view, but
this filter is of generic shape that is applied to every patient.
One problem is that the beam spectrum varies considerably
due to the attenuation of the bowtie shape. In addition, dose
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should be optimized on a per patient basis, with the ability
to modulate the dose across the field of view.

Referring to FIG. 3, an x-ray source module 104 in
accordance with the present disclosure is illustrated in
further detail. As described, the x-ray source module 104 is
arranged to deliver x-ray beam 106 towards a detector 108
with the subject 112 being imaged arranged therein. A
collimator may be coupled to the detector 108 that is
matched to the source location and geometry. As is illus-
trated, in accordance with the present disclosure, the x-ray
source module 104 includes multiple sources 300 (i.e., is a
multi-source module) and the source module 104 and detec-
tor 108 may be fixed relative to one another. Thus, collima-
tion may be specifically tailored to the location and geom-
etry of the source module 104.

The multi-source x-ray tube module 104 enables the
creation of a “virtual” bowtie filter, in which multiple small
x-ray beams 302 are used to deliver a desired or optimized
dose to a given region of the subject 112 to provide desired
image quality while controlling or minimizing dose and
without differential hardening of the spectrum. As will be
further described, the x-ray beams 302 may be modulated in
time, energy, or intensity and this modulation may take into
account, among other things, the patient size, shape, or
geometry.

Over the past 10 years, CT manufacturers have worked to
create larger detectors with many rows of individual detector
elements in an effort to increase the longitudinal coverage of
a single scan. This increase in the number of detector rows
allows for imaging of an entire organ, for example, the heart,
in a single rotation of the gantry of the CT system. However,
such a large detector leads to increased scatter radiation
being picked up by the detector and yields images with
greater artifacts.

As illustrated in FIG. 3, it is contemplated that the present
disclosure may utilize a “inverse geometry” when compared
to these traditional CT systems. That is, the multi-source
x-ray tube module 104 may extend over a given distance, D,
and be coupled with a comparatively small detector 108 that
extends over a given distance, d, where D>>d. As will be
further detailed, the multi-source x-ray tube module 104 and
its ability to deliver multiple small x-ray beams 302 that are
directed toward the subject 112 along a path toward the
comparatively small detector 108. In this way, the multi-
source x-ray tube module 104 and comparatively small
detector 108 are able to image the same large volume as a
traditional CT system with a very large detector (e.g.,
d=>D), but without the artifacts traditionally encountered.

As will be described, the multi-source x-ray tube module
104 can be used in this inverse geometry to improve image
quality and even lower dose by the use of a virtual bowtie
filter. That is, as will be described, the multi-source x-ray
tube module 104 enables a continuously variable/selectable
number of source positions and does not need to be rotated
around the patient, if multiple modules are used.

Referring to FIGS. 3 and 4, one configuration for the
multi-source x-ray tube module 104 is illustrated in detail.
The module 104 extends generally, from a plurality of
cathodes 400 (400a-4005) to a anode/target 402. As illus-
trated, the anode target 402 may be shaped as an elongated
pane and have a tapered surface that directs x-rays 302 away
from the anode target 402 generally orthogonally to the path
of the beam 406 and, as illustrated in FIG. 3, toward a
subject being imaged. As one non-limiting example, the
target 402 may have 7 degree angle to create a fan beam of
X-rays.
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A large voltage exists between the electron emitting
cathodes 400 and the target 402, which is capable of
accelerating the electrons to high energy. The cathodes 400
and target 402 are arranged in a vacuum chamber 403. Also,
the magnets may be placed outside the vacuum chamber
403. Upon impact with the target 402, the electrons produce
an x-ray spectrum 302.

The chamber 403 may be adapted into a variety of
configurations. As illustrated, the chamber 403 has a length
(L), a depth (D), and a height (H). In at least some configu-
rations, the length (L) may be approximately twice the
height (H). This may advantageous to protect against requir-
ing very-large voltage sweeps and to maintain modularity.
That is, as illustrated in FIG. 2B, in CT applications where
it is desirable to arrange a plurality of modules 104 about the
subject 112, this dimensional configuration aids with arrang-
ing the modules 104 about a bore 13 to receive the subject
112 and allows the modules 104 surrounding the bore 113 to
total an odd number, which advantageously protects against
missing data. As noted above with respect to FIG. 2B, the
multi-source x-ray tube module 104a may have a non-linear
shape. If adapted into a non-linear shape, the multi-source
x-ray tube module 104a will include a chamber 403 that is
non-linear, for example, arcuate.

Arranged therebetween is a deflection system 404 that
may include one or more deflection coils or other systems
for controlling the path of a beam 406 as it travels from the
cathode 400 to the target 402. The deflection system 404
may include one or more electromagnets 410, 412 that create
a controllable and variable magnetic field. If the multi-
source x-ray tube module 104¢ is formed in a non-linear
geometry, the deflection system 404 will likewise include a
complementary geometry. The magnetic deflection system
404 can be a relatively a low magnetic field system. As one
non-limiting example, the magnetic field may be under 1 k
gauss. As a further non-limiting example, a magnetic field of
only 100 gauss can be used to obtain the necessary deflection
of an electron beam in vacuum using an electron energy of
30 keV, and an electric field of 80 kV/10 cm placed
perpendicular to the magnetic field. Transverse motion of
approximately 8 cm is possible over a longitudinal distance
of only 10 cm.

The magnets 410, 412 may be placed outside the chamber
403 to keep the chamber small and simplify manufacturing
and magnetic shielding may be used to limit the deflection
region. The magnet 410, 412 may be solenoid electromag-
nets, with the option to route the flux through a dee con-
necting the two. Iron or mu-metal beams in the tube may be
used to ensure structural integrity and also shield the elec-
tron beam from the magnetic field outside the deflection
region.

As will be further detailed, the deflection system 404 can
effectuate a sweeping of multiple electron beams 406 across
the target 402, in effect creating a multitude of additional
locations where x-rays can be generated upon the target 402.
Consequently, the electron beam 406 may be scanned hori-
zontally across a length (L) of the target 402 and, thereby,
across the gaps between electron emitting cathodes 400 to
create a continuously variable x-ray source. Additionally or
alternatively, the electron beam 406 may be moved verti-
cally along a height (H) of the target 402 to further control
the direction and location of the resulting x-ray beam 302
and to allow strategic selection of the point of impact of the
electron beam 406 with the target 402, as will be described,
to further control heating and cooling of the target 402. The
electronic switching of the cathodes 400 and magnetic
sweeping controls effectuated by the deflection system 404
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enable x-rays to be generated around the patient in rapid
succession. This technique is significantly faster than the
mechanical motion of a rotating gantry.

The magnetic deflection system 404 controls the path of
the beam 406 and the location of impact with the target 402.
As such, the magnetic deflection system 404 can control the
path the beam 406 follows to avoid hitting the same location
on the target repeatedly. This range about the direct path
allows the target 402 to cool at a given location before a
subsequent impact, without rotation of the target 402. As
noted above, though multiple cathodes 400a-400; can be
used, the total number can be controlled or reduced because
the magnetic deflection system 404 spreads the range of spot
positions on the target 402. That is, instead of relying on the
position of the cathode 4004-400; to dictate the position of
spot position on the target 402 and the relative position of
the x-ray spectrum 302, the magnetic deflection system 404
can be used to control spot position and direction/location of
the x-ray spectrum. As an example, by controlling the
magnetic fields associated with the electromagnets 410, 412,
the beam 406 can be caused to move toward a first path 414
or a second path 416 and, as such, change the spot position
on the target 402 between a first spot 418 and a second spot
420.

Referring to FIG. 5, a schematic illustration is provided
that provides a further illustration of the functionality
described above. Each electron emitting cathode 500 in the
multiple cathodes 400 is powered by a power source 501 and
capable of being switched on and off at high frequency by
the use of a gate 500 that sits between the emitter 400 and
target 402. The power source 501 can be a conventional
generator or may be pulser, such as is commercially avail-
able from FID GmbH of Burbach, Germany. The electron
emitting cathode 500 may be a thermionic, lanthanum
hexaboride, or tungsten cathode. Also, it is contemplated
that cold cathodes may be used in some situations. One
implementation may utilize approximately 2 kV with a
wehnelt electrode to serve as the gate 502. Alternatively, grid
may be placed a small distance above the cathode 500
surface to act as the gate 502, but with a lower voltage of
roughly 500 V.

The beam 406 leaves the cathode 500 and approaches
electron optics 504 that are located near the cathode 500.
The electron optics 504 both focus the electron beam 406
and allow for a beam shape that is elongated in one direction
to control heat loading efficiency on the target 402. In
addition, operation and heating of the target 402 may also be
controlled by a variety of other functionality. Referring to
FIGS. 3-5, the beam 406, though originating at stationary
cathodes 400, may be swept across the target 402 using the
magnetic deflection system 404. As illustrated in FIG. 3, the
target 402 may not be a transmission target and, thus,
cooling may be less difficult and can be achieved using some
or all of the following techniques. That is, sweeping the
beam 406 across the target 402 using the magnetic deflection
system 404 can be done to simultaneously achieve two
distinct purposes.

First, sweeping or moving the beam 406 to different parts
of the target 402 changes the location from which the x-ray
beam 302 originates from the source module 104 and is
directed to the subject. Thus, despite having a fixed number
of cathodes 500 in the cathode array 400, the x-ray beam 302
may be moved without the need to rotate the source module
104 about the subject to move the x-ray beam 302 by
moving the beam 406 from a first location 508 to a second
location 510 and, then, to a third location 512 on the target
512. By coordinating the movement of all beams 406 that
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can be created by the array of cathodes 400 and the turning
on and off of a given cathode 500 in the array of cathodes
400, the x-ray beam 302 can be moved across the length (L)
of the source module 104.

Second, sweeping or moving the beam 406 to different
parts of the target 402 allows the target 402 to cool without
the need to rotate the target 402. As one non-limiting
example, the operation of the cathodes 500 and gates 502
may be coordinated such that the beam 406 moves through
the following locations: 508, 508a, 5085, 508¢, 510, 510a,
5106, 510c¢, 512, 512a, 512b, 512¢. Such an operation
provides a great temporal shift between the beam 406 being
directed to location 508. Of course, many other strategies
may be employed. As another non-limiting example, mul-
tiple locations on the target 402 may be targeted at the same
time by firing multiple cathodes 500 simultaneously. How-
ever, even when multiple cathodes 500 fire simultaneously,
a sweeping strategy may be used and/or interleaved firings
may be used to allow the target 402 to cool.

In addition to cooling the target 402 using a sweeping
strategy, other cooling systems and methods may be utilized,
including the passing of a working fluid from a coolant inlet
408a to a coolant outlet 4085 through a path 506 that extends
through the target 402. That is, the target 402 may be
actively cooled, for example, using the cooling ports 408 to
deliver a working fluid, such as an oil, through the inlet 4084
and cycle to the outlet 4085. In addition to the illustrated
configuration, the coolant inlet 408a and coolant outlet 4085
may be arranged to extend through the chamber 403, but at
a point where the target 402 is attached to the chamber 403.
In this regard, the path 506 does not need to extend through
the interior of chamber 403, where the vacuum is main-
tained.

The cooling ports 408 may also be used for electrical
connection(s) 407. For example, the high voltage connection
to the target 402 may also extend through the inlet 4084 or
outlet 4085, and efficiently utilize the oil as an insulator.
Also, the target 402 may be grounded. As such, the cathodes
400 may be insulated and float at, for example, —80 kV.
Additionally or alternatively, the cathodes 400 may be
cooled, for example, through a cooling port 409. If using the
cooling port 409 to supply active cooling to the cathodes
400, the cooling port 409 may also be used to supply the
potential to the cathodes 400.

There are many advantages to the above-described con-
figuration. By avoiding rotation of the target 402, it is
mechanically simpler and easier to manufacture. Making
one large stationary target 402 per module 104 is cost
efficient, and also allows active cooling, for example with
oil. With oil circulating through the target 402 using the
cooling path 506, the x-ray module 104 can be run at higher
power than traditional systems that do not have active
cooling systems utilizing working fluids. Ultimately, the
design offers a practical approach to creating a line or
non-linear x-ray source that can deliver an arbitrary number
of focal spots by manipulating the path of the beam 406
using the magnetic deflection system 404.

Previous attempts at creating a multi-source x-ray tube
have typically involved enormous vacuum chambers at high
cost, or a large number of focal spots at fixed positions. The
above-described modular design yields an unlimited number
of focal spot positions around the patient, with a compact
and low cost design that can be used in many applications.
When adding one or more of the above-described active-
cooling systems, the system can operate at efficiency levels
not previously recognized. For example, by rapidly pulsing
the cathodes at varying locations on the target, instantaneous
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heat loads in excess of 100 kW can be supported. In
particular, a 100 kW tube can be realized using pulses on the
order of 15 microseconds. By triggering sources at varying
spatial positions and changing this focal spot position via
magnetic deflection, the heat is spread out over the target
without mechanically rotating the target. By enabling more
than one cathode at a time, even higher instantaneous
powers may be produced from each module by a factor of
two or more. Furthermore, a stationary target allows for an
active cooling system to take this heat from the target to the
chiller. Whereas most modern day tubes rely on the ineffi-
cient process of radiation to eliminate energy from the target,
the current system can place the burden on the chiller, which
can be readily scaled as needed.

Referring to FIGS. 2B and 3, imaging of the subject 112
may be performed by arranging the source modules 104
about the subject 112 as illustrated in FIG. 2. In this
arrangement, the subject 112 is surrounded by arrays of
cathodes 400 per source module 104. The array of cathodes
400 may be arranged as a linear array, as illustrated. Alter-
natively, as described, the source module 104 may be curved
or have a non-linear geometry and, thus, the array of
cathodes 400 and the associated components may follow a
complementary geometry.

During operation, the source modules 104 can be fired in
accordance with any of a wide variety of scanning protocols.
For example, multiple source modules 104 can be fired
simultaneously. Additionally or alternatively, a given source
module 104 can fire multiple cathodes 400 simultaneously
or sequentially. Further still, particular modules 104 or even
particular cathodes in the array of cathodes 400 may be
configured to generate an x-ray beam at one energy, while
other modules 104 or even other cathodes in the array of
cathodes 400 are configured to generate an x-ray beam at a
different energy. In this regard, the system may operate in to
perform a dual or other multi-energy imaging process.

As a further example, for applications like cardiac CT, the
superior temporal resolution provided by the above-de-
scribed system enables doctors to make a more accurate
diagnosis of heart disease in low to medium risk patients.
The best temporal resolution offered today without use of
beta blockers or cardiac gating is approximately 75 ms, and
this utilizes two x-ray tubes and a half rotation scan. The
current tube is able to achieve a temporal resolution better
than 25 ms with a full rotation scan. Sequential firing of the
sources can achieve at least 25 ms, while turning multiple
sources on at one time reduces this time down to the single
digits of milliseconds. By utilizing a half rotation scan, the
aforementioned times would roughly be cut in half. In the
standard single row or multi-row geometry of CT, images
with better temporal resolution can be achieved by rotating
the x-ray tube and detector around the patient at a faster rate.
The maximum rate at which an x-ray tube and detector can
be rotated around the patient is limited by the mechanical
stresses that are placed on the gantry during such rotation.
Current stresses exceed 30 g’s and grow with the square of
the tangential velocity, meaning that cutting the rotation time
in half would result in over 120 g’s on the gantry. Incorpo-
rating the above-described modules into a multi-source CT
scanner, such as illustrated in FIGS. 2A and 2B, provides a
system that is free of the rotating gantry. The x-ray tubes that
can be triggered electronically enable higher temporal reso-
Iution for computed tomography angiography than could be
achieved by the rotating gantry of traditional CT systems.

Referring to FIGS. 3 and 5, the above-described system
may be utilized to perform a single photon imaging process.
That is, the gates 502 may be controlled based on feedback
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from the detector 108 to control the source module 108
based on the number of photons detected by the detector 108
and, as such, strictly control the dose received by the patient.
In this case, the detector 108 may be a photon counting
detector, as compared to an energy integrating detector, and,
upon receiving feedback from the detector 108 of having
received a predetermined number of photons, the cathodes
400 controlled to discontinue the x-ray beam 302. In this
situation, it is also contemplated that the detector 108 may
have energy discrimination capabilities to further control the
dose received by the patient.

As another example, referring to FIG. 6, the above-
described module 104 may be used in a tetrahedron beam
CT (TBCT) system 600. For example, one implementation
of TBCT is described in Zhang T, Schulze D, Xu X, Kim J.
Tetrahedron beam computed tomography (TBCT): a new
design of volumetric CT system. Physics in Medicine and
Biology. 2009; 54(11):3365-3378, which is incorporated
herein by reference in its entirety. Generally, TBCT utilizes
a linear x-ray source to increase image quality in cone beam
CT. The linear x-ray source may be delivered by the above-
described module 104. Scatter radiation is drastically
reduced in TBCT by using a line source x-ray tube and a
linear detector 602 oriented perpendicular to each other. By
re-binning the data, the same volume is covered as in
standard cone-beam CT, but scatter radiation is reduced to
produce much better images. While prior-art TBCT systems
have demonstrated with a multi-source x-ray tube, the
demonstrated systems failed to deliver the necessary current
to give the images a high enough signal-to-noise ratio (SNR)
to be clinically viable. For example, the system demon-
strated by Zhang et al. (Tetrahedron beam computed tomog-
raphy (TBCT): a new design of volumetric CT system)
utilized carbon nanotube cold cathodes and was only
capable of producing a current of a few mA. Larger currents
have been produced by cold cathodes but in general it is very
difficult to produce a high current, long life, and sufficiently
large electron beam from cold cathodes due to manufactur-
ing imperfections. By using the module 104 described
herein, over 100 times the current that was produced in such
x-ray tube attempts can be delivered and, thus, make TBCT
clinically viable. The above-described TBCT system 600
may be particularly useful in a variety of clinical settings,
including radiotherapy applications.

Referring to FIG. 7, a nano-second CT scanner 700 may
utilize the multi-source x-ray module 104 and a streak
detector 702. In 2013, Gonzales et al. explored in Rectan-
gular computed tomography using a stationary array of CNT
emitters: initial experimental results”, Proc. SPIE 8668,
Medical Imaging 2013: Physics of Medical Imaging,
86685K (Mar. 6, 2013), which is incorporated herein by
reference in its entirety, the possibility of using two linear
multi-source x-ray tubes opposite two cesium iodide CT
detectors to create a CT image from essentially a rectangular
geometry. They successfully showed that this technique
could be used in high throughput scanning for security
purposes. The system described by Gonzales et al. can be
substantially improved with better x-ray tubes and faster
detectors, both of which are achieved in the multi-source
x-ray module 104 of the present disclosure. That is, Gon-
zales et al. used a multi-source tube that had a limited
number of focal spots and ran at low current (7 mA). On the
other hand, the multi-source x-ray module 104 described
above provides unlimited focal spot positions for more
views (hence, fewer artifacts) and higher current. In addi-
tion, by positioning streak detectors 702 opposite the multi-
source x-ray module 104, nano-second time resolution can
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be achieved. As such this nano-second CT scanner 700
incorporating the multi-source x-ray module 104 of the
present disclosure is the world’s fastest CT scanner. This has
particular value, for example, in defense applications and
ballistic analysis of hypervelocity projectiles and impact
analysis. Furthermore, this has particular value when seek-
ing to image and analyze high speed parts, such as turbine
blades.

Additionally, the multi-source x-ray module 104 is well
suited to dual energy CT implementations. For example, an
entire module 104 may be held at a different voltage from an
adjacent module, or each cathode 4004-400; within a mod-
ule 104 may be pulsed to a different high voltage. This
multitude of acceleration voltages provides for a range of
possible x-ray energies that can be emitted from the target
402. Dual energy CT can be used to reveal the chemical
structure of different tissues and to increase contrast. For
example, dual energy CT may provide physicians with more
information about the mineral content of kidney stones, or
be used to remove bone from images to better visualize soft
tissue.

In another configuration, multiple electron emitters 400a-
4007 within multiple modules 104 can be simultaneously
activated and swept across the respective targets 402. By
modulating the frequency, phase, amplitude or shape of the
electron current within in each x-ray generator, each x-ray
beam is uniquely encoded. The primary x-radiation from
multiple x-ray generators is then detected by at least one
detector in a corresponding ring of detectors. An algorithm
can uniquely identify which x-ray source hit a corresponding
x-ray detector and the relative contribution from each x-ray
generator. By simultaneously activating multiple x-ray gen-
erators, the time required to obtain a high quality image can
be further reduced.

Thus, the modular x-ray tube has been described with
multiple sources, each of which deflects to trace out a line
source. The system can achieve scanning patterns to
improve heat loading, make efficient use of source down-
time, and minimize the number of cathodes. A small number
of cathodes can be electronically pulsed to emit high current.
The electron beams can be focused electrostatically and
magnetically deflected to trace out a line or arc on a single
cooled target that is attached via ceramics to the chamber.
Magnetic shielding can be used to limit the deflection
region. By making the system modular, a smaller chamber
is needed, resulting in a better vacuum and a system that is
easier to build. The magnets may be placed outside the
chamber to keep the chamber small and simplify manufac-
turing. This x-source provides an unlimited number of focal
spot positions. The tube can be used for multiple applica-
tions, including ultra high-speed imaging, lower dose appli-
cations, and large volume imaging. That is, the present
disclosure provides a system and method that reduces dose
or Artifacts by controlling scatter in large volume imaging
and by allowing use of a virtual bowtie. Furthermore, the
present disclosure provides a system that can be realized as
a mobile high speed imaging system that includes 2 tubes
and 2 detectors and or an ultra high speed CT scanner, such
as is advantageous for cardiac CT and nanosecond CT
applications.

The above described systems and methods may be
adapted for any of a variety of settings, applications, and
configurations. For example, the target 402 could be reduced
in size and rotated for some configurations. Furthermore, the
above-described systems and methods may be adapted to
work within existing systems or integrated with a variety of
medical systems to improve various systems and methods.
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As a non-limiting example, the above-described systems and
methods may be integrated or retrofitted to become part of
a radiation therapy system.

For example, referring to FIG. 8, an example of an
intensity-modulated arc therapy (“IMAT”) system 800 is
illustrated that may include a radiation source 802 that
incorporates one or more of the above-described x-ray
source module 104, which is housed at an end of a rotatable
gantry 804 that rotates about a rotation axis 806. The
rotatable gantry 804 allows the radiation source 802 to be
aligned in a desired manner with respect to a target volume
808 in a subject 810 positioned on a patient table 812. A
control mechanism 814 controls the rotation of the gantry
804 and the delivery of radiation from the radiation source
802 to the target volume 808. The IMAT system 800
includes a computer 816 that receives commands and scan-
ning parameters from an operator via a console 818, or from
a memory or other suitable storage medium. An associated
display 820 allows the operator to observe data from the
computer 816, including images of the subject 810 that may
be used to review or modify the treatment plan, and to
position the subject 810 by way of appropriately adjusting
the position of the patient table 812. The operator supplied
commands and parameters may also be used by the com-
puter 816 to provide control signals and information to the
control mechanism 814.

The radiation source 802 produces a radiation beam 822,
or “field,” that is directed to the subject 810. The radiation
source 802, as described may include one or more source
modules 104. The one or more source modules 104 may be
used only for imaging to guide the radiation therapy process.
Additionally or alternatively, the one or more source mod-
ules 104 may deliver the radiation beam 822 to deliver the
therapeutic radiation. If the one or more source modules 104
are used to deliver the radiation beam 822 to deliver the
therapeutic radiation, the radiation beam 822 may be modu-
lated as described above, for example, by switching gates on
and off or sweeping the beam across the target or activating
and deactivating modules. Thus, a collimator 824 is not
necessary, but may optionally be included, particularly, if the
one or more source modules 104 is designed only to perform
imaging to guide the radiation therapy process. If included,
the collimator 824 may include a multileaf collimator that is
composed of a plurality of independently adjustable colli-
mator leaves. In such a configuration, each leaf in the
collimator 824 is composed of an appropriate material that
inhibits the transmission of radiation, such as a dense
radioopaque material, and may include lead, tungsten,
cerium, tantalum, or related alloys.

The one or more source modules 104 are mounted on a
rotatable gantry 804 that rotates about a rotation axis 806 so
that the radiation beam 822 may irradiate the target volume
808 in the subject 810 from a variety of gantry angles, 0,.
The radiation source 802 is controlled by a radiation con-
troller 826 that forms a part of the control mechanism 814,
and which provides power and timing signals to the radia-
tion source 802.

A collimator controller 828, which forms a part of the
control mechanism 814, controls the movement of each of
the collimator leaves in and out of its corresponding sleeve.
The collimator controller 828 moves the collimator leaves
rapidly between their open and closed states to adjust the
aperture shape of the collimator 824 and, therefore, the
shape and fluence of the radiation beam 822. The collimator
controller 828 receives instructions from the computer 816
to allow program control of the collimator 824.
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A gantry controller 830, which forms a part of the control
mechanism 814, provides the signals necessary to rotate the
gantry 804 and, hence, to change the position of the radiation
source 802 and the gantry angle, 0,, of the radiation beam
822 for the radiation therapy. The gantry controller 830
connects with the computer 816 so that the gantry 804 may
be rotated under computer control, and also to provide the
computer 816 with a signals indicating the gantry angle, 6,,
to assist in that control. The position of the patient table 812
may also be adjusted to change the position of the target
volume 808 with respect to the radiation source 802 by way
of a table motion controller 832, which is in communication
with the computer 816.

During operation of the IMAT system 800, the collimator
controller 828 receives, from the computer 816, segmenta-
tion information indicating the aperture shape to be used for
each gantry angle, 0,, during each sweep of the radiation
source 802. The segmentations describe the intensity of the
radiation beam 822 that is desired for each gantry angle, 0,.

The present invention has been described in terms of one
or more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifi-
cations, aside from those expressly stated, are possible and
within the scope of the invention. Features suitable for
combinations and sub-combinations would be readily appar-
ent to persons skilled in the art upon review of the present
application as a whole. The subject matter described herein
and in the recited claims intends to cover and embrace all
suitable changes in technology.

As used in the claims, the phrase “at least one of A, B, and
C” means at least one of A, at least one of B, and/or at least
one of C, or any one of A, B, or C or combination of A, B,
or C. A, B, and C are elements of a list, and A, B, and C may
be anything contained in the Specification.

The invention claimed is:

1. An imaging system comprising:

a platform for receiving a subject to be imaged using the
imaging system;

a source module arranged to deliver a beam of ionizing
radiation to the subject, the source module comprising:

a vacuum chamber;

at least one cathode configured to generate a beam of
electrons directed across the vacuum chamber;

at least one gate configured to enable and disable the beam
of electrons from being directed across the vacuum
chamber;

a non-rotating target anode arranged to receive the
beam of electrons from each the at least one cathodes
and, therefrom, generate the beam of ionizing radia-
tion;

a deflection system arranged between the cathode and
the non-rotating target anode to generate a variable
magnetic field to control a path followed by the beam
of electrons to the target anode;

a cooling path that extends through the vacuum cham-
ber and the non-rotating target anode from a coolant
inlet to a coolant outlet to receive a working fluid to
flow therethrough and actively cool the non-rotating
target anode further;

at least one electrical connection extending into the
vacuum chamber through one of the coolant inlet and
the coolant outlet; and

a controller configured to control operation of the at least
one cathode and at least one gate to selectively enable
and disable the beam of electrons from being directed
across the vacuum chamber and control operation of
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the deflection system to change the path followed by
the beam of electrons to the non-rotating target anode.

2. The system of claim 1 wherein the deflection system
includes at least one deflection coil configured to create a
variable magnetic field to control the path followed by the
beam of electrons to control against the beam of electrons
hitting a consistent location on the non-rotating target anode.

3. The system of claim 1 wherein the controller is
configured to control operation of the at least one cathode,
at least one gate, and the deflection system based on at least
one of a heating of the non-rotating target anode caused by
the beam of electrons and a view angle of the subject to be
achieved using the ionizing radiation.

4. The system of claim 1 wherein the non-rotating target
anode is an elongated pane having a tapered surface that
directs the ionizing radiation away from the target anode
toward the subject and generally orthogonally to the path
followed by the beam of electrons to the non-rotating target
anode.

5. The system of claim 1 further comprising a bore
configured to receive the subject and having a plurality of
source modules having a linear or an arcuate geometry
arranged thereabout.

6. The system of claim 1 wherein the controller is
configured to control the at least one cathode and at least one
gate to generate multiple of separate beams of electrons
simultaneously directed to the non-rotating target anode.

7. The system of claim 1 wherein the source module is
configured to deliver the ionizing radiation to the subject at
multiple energies to perform a multi-energy imaging pro-
cess.

8. The system of claim 1 further comprising focusing
optics arranged in the vacuum chamber to beam shape the
beam of electrons to control heat loading efficiency on the
non-rotating target anode.

9. The system of claim 1 wherein the controller is
configured to control operation of the source module accord-
ing to a virtual bowtie protocol by modulating at least one
of time, energy, or intensity of the ionizing radiation.

10. The system of claim 1 wherein the imaging system
forms at least part of one of a computed tomography (CT)
system, a radiation therapy system, a tetrahedron beam CT
(TBCT) system, and/or a high-speed imaging system.

11. The system of claim 1, wherein the vacuum chamber
includes a narrowed portion to receive one or more electro-
magnets of the deflection system.

12. The system of claim 1, wherein the at least one
cathode is a thermionic cathode.

13. A source module for generating x-rays comprising:

a vacuum chamber;

at least one thermionic cathode configured to generate a
beam of electrons directed across the vacuum chamber;

at least one gate configured to enable and disable the beam
of electrons from being directed across the vacuum
chamber;

a non-rotating target anode fixed within the vacuum
chamber and arranged to receive the beam of electrons
from the at least one thermionic cathode and, there-
from, generate a beam of x-rays;

a cooling path that extends through the vacuum chamber
and the non-rotating target anode from a coolant inlet
to a coolant outlet to receive a working fluid to flow
therethrough and actively cool the non-rotating target
anode;

at least one electrical connection extending into the
vacuum chamber through one of the coolant inlet and
the coolant outlet; and
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a deflection system arranged between the thermionic
cathode and the non-rotating target anode to generate a
variable magnetic field to control a path followed by
the beam of electrons to the non-rotating target anode
to selectively sweep across the target anode and,
thereby, change a point of impact of the beam of
electrons with the non-rotating target anode and change
a source location on the non-rotating target anode from
which the beam of x-rays generated.

14. The source module of claim 13 wherein the deflection
system includes at least one deflection coil configured to
create a variable magnetic field to control the path followed
by the beam of electrons to sweep across the non-rotating
target anode.

15. The source module of claim 13 wherein the deflection
system includes a pair of deflection coils arranged on
opposing sides of the path followed by the separate beam of
electrons to cause the beam of electrons to sweep across the
non-rotating target anode.

16. The source module of claim 13 wherein the non-
rotating target anode forms an elongated pane or an arcuate
pane having a tapered surface that directs the beam of x-rays
away from the target anode and generally orthogonally to the
path followed by the beam of electrons to the non-rotating
target anode.

17. The system of claim 13 further comprising focusing
optics arranged in the vacuum chamber to beam shape the
beam of electrons to control heat loading efficiency on the
non-rotating target anode.

18. The system of claim 13 wherein the non-rotating
target anode is stationary within the vacuum chamber.

19. The source module of claim 13, wherein the vacuum
chamber includes a narrowed portion to receive one or more
electromagnets of the deflection system.
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20. An imaging system comprising:

a platform for receiving a subject to be imaged using the
imaging system;

a source module arranged to deliver a beam of ionizing
radiation to the subject, the source module comprising:
a vacuum chamber;
at least one cathode configured to generate a beam of

electrons directed across the vacuum chamber;

at least one gate configured to enable and disable the beam
of electrons from being directed across the vacuum
chamber;

a non-rotating target anode arranged to receive the
beam of electrons from each the at least one cathodes
and, therefrom, generate the beam of ionizing radia-
tion;

a deflection system arranged between the cathode and
the non-rotating target anode to generate a variable
magnetic field to control a path followed by the beam
of electrons to the target anode;

a cooling path that extends through the vacuum cham-
ber and the non-rotating target anode from a coolant
inlet to a coolant outlet to receive a working fluid to
flow therethrough and actively cool the non-rotating
target anode further;

a controller configured to control operation of the at least
one cathode and at least one gate to selectively enable
and disable the beam of electrons from being directed
across the vacuum chamber and control operation of
the deflection system to change the path followed by
the beam of electrons to the non-rotating target anode;
and

further comprising a bore configured to receive the sub-
ject and having a plurality of source modules, the
plurality of source modules having an odd number.

#* #* #* #* #*
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