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SUPPORTED X-RAY HORN FOR
CONTROLLING E-BEAMS

RELATED APPLICATION

The present application 1s a continuation in part of U.S.

application Ser. No. 17/116,880, titled “PERMANENT
MAGNET E-BEAM/X-RAY HORN,” filed Dec. 9, 2020.
application Ser. No. 17/116,880 1s incorporated herein by
reference in 1ts entirety.

U.S. application Ser. No. 17/116,880 1s a continuation 1n

part of nonprovisional application Ser. No. 16/428,664,
titled “PERMANENT MAGNET E-BEAM/X-RAY

HORN.,” filed May 31, 2019. application Ser. No. 16/428,
664 1s mcorporated herein by reference 1n its entirety.

STATEMENT OF GOVERNMENT RIGHTS

The mvention described in this patent application was
made with Government support under the Fermi1 Research
Allilance, LL.C, Contract Number DE-ACO2-07CHI11359
awarded by the U.S. Department of Energy. The Govemn-
ment has certain rights in the invention.

TECHNICAL FIELD

Embodiments are generally related to the field of irradia-
tion including industrial sterilization and other irradiation
processes. Embodiments further relate to magnetic devices
and accelerators that produce celectron beams and/or
Bremsstrahlung X-rays.

BACKGROUND

Irradiation 1s a process by which an object may be
exposed to radiation. The exposure can originate from
various sources, including natural sources. Most frequently,
however, the term “irradiation” relates to 10n1zing radiation,
and to a level of radiation that will serve a specific purpose,
such as sterilization and processing of materials and struc-
tures, rather than simply radiation exposure to normal levels
of background radiation. The term “‘irradiation” usually
excludes exposure to non-1onizing radiation, such as infra-
red, visible light, and microwaves from cellular phones or
clectromagnetic waves emitted by radio and television
receivers and power supplies.

Irradiation can include processes such as sterilization,
medical applications, 1on implantation, 1on 1rradiation, and
industrial chemical applications. Irradiation can use an elec-
tron beam 1itsell, or by way of a Bremsstrahlung converter,
X-rays. X-rays may be produced by irradiating a target made
of a material containing a large proportion of high atomic
number atoms or ions with a suitably high-energy electron
beam. Accelerating electrons across a large potential differ-
ence creating a beam ol high-energy electrons and then
guiding the beam to the target can produce the X-ray beam.
The electrons 1n the electron beam interact with the electric
fiecld of the high atomic number nucler and emit X-ray
photons through the Bremsstrahlung process. The X-rays
thus generated have a continuous spectrum, having an upper
energy limit determined by the energy of the incident
clectrons.

In order to use electron beams or X-rays for industrial
sterilization and other irradiation processes, the electron
beam may be spread out into a curtain or a sheet. This
requires a scanning magnet to sweep the electron beam back
and forth to create the curtain or sheet to 1rradiate an item or
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to produce X-rays to then irradiate an 1tem. The electrons or
subsequent X-rays may remain divergent. In some cases,
however, it may be more eilicient and more useful in
irradiation activities 1f the electron beam 1s redirected, using
another magnet, to a trajectory that 1s parallel, but displaced
from the original electron trajectory. This parallelized elec-
tron beam can then be used to etther 1rradiate an 1tem or to
create X-rays to perform the 1rradiation.

Many industrial and scientific processes may require the
use ol radioisotopes as the source of radiation. Organizations
and companies would like to reduce the dependence on
radioisotopes for such processes, such as sterilization. For
example, presently, sterilization using 1onizing radiation
relies heavily on gamma rays from the decay of Cobalt-60.
A safer alternative can be found 1n the field of irradiation,
particularly X-ray beam and electron beam applications, as
discussed above. These applications, however, require elec-
trical power to generate. Reducing electricity use and adding,
simplicity of operation to wrradiation devices and processes
may render irradiation an attractive alternative to radioiso-
tope-type applications.

BRIEF SUMMARY

The following summary 1s provided to facilitate an under-
standing of some of the innovative features unique to the
disclosed embodiments and 1s not intended to be a full
description. A full appreciation of the various aspects of the
embodiments disclosed herein can be gained by taking the
entire specification, claims, drawings, and abstract as a
whole.

It 1s, therefore, one aspect of the disclosed embodiments
to provide for a magnetic apparatus for use in 1rradiation
Processes.

It 1s another aspect of the disclosed embodiments to
provide for a magnetic apparatus that can be configured as
a magnetic device that produces parallel electron beams or
X-ray beams while reducing electrical requirements.

It 1s vet another aspect of the disclosed embodiments to
provide for a magnetic apparatus that includes permanent
magnets for parallelizing electron and X-ray beams, and
which does not require an electric current.

It 1s still a further aspect of the disclosed embodiments to
provide for a magnetic apparatus that imcorporates perma-
nent magnets having a magnetic field strength that 1s adjust-
able to compensate for any degradation of magnetic field
strength over time.

It 1s also an aspect of the disclosed embodiments to
provide for a magnetic apparatus that imcorporates perma-
nent magnets having a magnetic field strength that 1s
dynamically adjustable to dynamically shape the radiation
field to adapt to the needs of the requirements of the
irradiation process.

The aforementioned aspects and other objectives and
advantages can now be achieved as described herein.

In an embodiment, a magnetic apparatus can include a
scanning e¢lectromagnet that redirects a beam of charged
particles, a vacuum chamber that prevents the atmosphere
from interfering with the charged particles, and a paralleliz-
ing permanent magnet array for parallelizing the beam of
charged particles including any uniformly diverging beam.
The parallelizing permanent magnet array can be located
proximate to a target comprising a Bremsstrahlung target or
an object that 1s being 1rradiated. The magnetic field of the
scanning electromagnet can be variable to produce all angles
necessary to sweep the beam of charged particles across the
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target and the parallelizing permanent magnet array can be
configured from a magnetic material that does not require an
clectric current.

In an embodiment, the beam of charged particles can be
redirected by the parallelizing permanent magnet array from
a diverging pattern output from the scanning electromagnet
to a parallel pattern after being subjected to the parallelizing,
permanent magnet array.

In an embodiment, the beam of charged particles can
comprise an electron beam.

In an embodiment, the beam of charged particles can
include an optional X-ray accessory after the beam of
charged particles has been subject to parallelization.

In an embodiment, the parallelizing permanent magnet
array can include a plurality of permanent magnets, wherein
the plurality of permanent magnets 1s adjustable to compen-
sate for a degradation of magnetic field strength over time.

In an embodiment, the magnetic field strength can remain
constant over a period of time by adjusting a gap between
magnetic pole faces ol permanent magnets among the plu-
rality of permanent magnets.

In an embodiment, the magnetic field strength can be
adjustable by at least one of: adjusting a gap between at least
two poles of permanent magnets 1n the plurality of perma-
nent magnets; or adding, removing or moving the magnetic
material, which modifies the magnetic field of the permanent
magnets, wherein the magnetic material 1s selected based on
a magnetic permeability.

In an embodiment, the magnetic apparatus can comprise
an 1rradiation device for 1rradiating an object.

In another embodiment, a magnetic apparatus can include
a scanning electromagnet that redirects a beam of charged
particles, and a vacuum chamber that prevents the atmo-
sphere from interfering with the charged particles. The
magnetic apparatus can further include a parallelizing per-
manent magnet array for parallelizing the beam of charged
particles including any uniformly diverging beam, wherein
the parallelizing permanent magnet array 1s located proxi-
mate to a target comprising a Bremsstrahlung target or an
object that 1s being mrradiated. A magnetic field of the
scanning electromagnet can be variable to produce all angles
necessary to sweep the beam of charged particles across the
target and the parallelizing permanent magnet array can be
configured from a magnetic material that does not require an
clectric current. The beam of charged particles can be
redirected by the parallelizing permanent magnet array from
a diverging pattern output from the scanning electromagnet
to a parallel pattern after being subjected to the parallelizing
permanent magnet array.

In an embodiment, a method of operating a magnetic
apparatus can involve redirecting a beam of charged par-
ticles with a scanning electromagnet that engages a vacuum
chamber that prevents the atmosphere from interfering with
the charged particles; and parallelizing the beam of charged
particles including any uniformly diverging beam with a
parallelizing permanent magnet array, wherein the paral-
lelizing permanent magnet array 1s located proximate to a
target comprising a Bremsstrahlung target or an object that
1s being 1rradiated, wherein a magnetic field of the scanning
clectromagnet 1s variable to produce all angles necessary to
sweep the beam of charged particles across the target and
wherein the parallelizing permanent magnet array 1s config-
ured from a magnetic material that does not require an
clectric current.

An embodiment of the method can further involve redi-
recting the beam of charged particles by the parallelizing
permanent magnet array from a diverging pattern output
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from the scanning electromagnet to a parallel pattern after
being subjected to the parallelizing permanent magnet array.

In an embodiment of the method, the beam of charged
particles can comprise an electron beam.

In an embodiment of the method, the beam of charged
particles can comprise an X-ray portion after the beam of
charged particles has been subject to parallelization.

In an embodiment of the method, the parallelizing per-
manent magnet array can comprise a plurality of permanent
magnets, wherein the plurality of permanent magnets 1s
adjustable to compensate for a degradation of magnetic field
strength over time.

In an embodiment of the method, the magnetic field
strength can remain constant by adjusting a gap between
magnetic pole faces of permanent magnets among the plu-
rality of permanent magnets.

In an embodiment of the method, the magnetic field
strength can be adjustable by: adjusting a gap between at
least two poles ol permanent magnets 1n the plurality of
permanent magnets, or adding, removing or moving the
magnetic material, which modifies the magnetic field of the
permanent magnets, wherein the magnetic material 1s
selected based on a magnetic permeability.

In an embodiment of the method, the magnetic apparatus
can comprise an irradiation device for irradiating an object.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, i which like reference
numerals refer to 1dentical or functionally-similar elements
throughout the separate views and which are incorporated in
and form a part of the specification, further illustrate the
present invention and, together with the detailed description
of the invention, serve to explain the principles of the
present invention.

FIG. 1 illustrates a schematic diagram of a magnetic
apparatus, in accordance with an embodiment;

FIG. 2 illustrates a schematic diagram of a magnetic
apparatus including divergent and parallel beams striking an
irradiated object, 1n accordance with an embodiment;

FIG. 3 illustrates a schematic diagram of a magnetic
apparatus and parallelized beams and a combination of
parallel and convergent beams, 1 accordance with an
embodiment;

FIG. 4 illustrates a schematic diagram of a magnetic
apparatus including divergent and parallel beams striking an
irradiated object, 1n accordance with another embodiment;

FIG. 5 1llustrates a schematic diagram of a magnet appa-
ratus with a scanning system, 1n accordance with the dis-
closed embodiments;

FIG. 6A illustrates a schematic diagram of a scanning
system 1ncorporating a gradient electromagnet, in accor-
dance with the disclosed embodiments;

FIG. 6B 1illustrates a schematic diagram of a scanning
system incorporating a gradient permanent magnet, 1n accor-
dance with the disclosed embodiments;

FIG. 7 illustrates a schematic diagram of a scanning
system incorporating a permanent magnet with time-varying
strength, 1n accordance with the disclosed embodiments;

FIG. 8A illustrates a schematic diagram of a scanning
system 1ncorporating a time-varying electromagnet, 1in
accordance with the disclosed embodiments:

FIG. 8B illustrates a schematic diagram of a scanning
system 1ncorporating a time-varying permanent magnet, in
accordance with the disclosed embodiments; and
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FIG. 9 illustrates a schematic diagram of a magnetic
apparatus with an internally supported vacuum chamber, 1n
accordance with an embodiment.

DETAILED DESCRIPTION

The particular values and configurations discussed in
these non-limiting examples can be varied and are cited
merely to illustrate one or more embodiments and are not
intended to limit the scope thereof.

Subject matter will now be described more fully herein
alter with reference to the accompanying drawings, which
form a part hereof, and which show, by way of illustration,
specific example embodiments. Subject matter may, how-
ever, be embodied 1 a variety of diflerent forms and,
therefore, covered or claimed subject matter 1s mtended to
be construed as not being limited to any example embodi-
ments set forth herein; example embodiments are provided
merely to be 1llustrative. Likewise, a reasonably broad scope
for claamed or covered subject matter 1s intended. Among
other things, for example, subject matter may be embodied
as methods, devices, components, or systems/devices.
Accordingly, embodiments may, for example, take the form
of hardware, software, firmware or any combination thereof
(other than software per se). The following detailed descrip-
tion 1s, therefore, not intended to be interpreted 1n a limiting,
sense.

Throughout the specification and claims, terms may have
nuanced meanings suggested or implied 1n context beyond
an explicitly stated meaning. Likewise, phrases such as “in
one embodiment” or “in an example embodiment” and
variations thereof as utilized herein do not necessarily refer
to the same embodiment and the phrase “in another embodi-
ment” or “in another example embodiment™ and variations
thereol as utilized herein may or may not necessarily refer
to a diflerent embodiment. It 1s intended, for example, that
claimed subject matter include combinations of example
embodiments 1n whole or 1n part.

In general, terminology may be understood, at least in
part, from usage in context. For example, terms, such as
“and”, “or”, or “and/or” as used herein may include a variety
of meanings that may depend, at least in part, upon the
context in which such terms are used. Typically, “or” if used
to associate a list, such as A, B, or C, 1s intended to mean A,
B, and C, here used 1n the inclusive sense, as well as A, B,
or C, here used 1n the exclusive sense. In addition, the term
“one or more” as used herein, depending at least in part upon
context, may be used to describe any feature, structure, or
characteristic 1n a singular sense or may be used to describe
combinations of features, structures, or characteristics 1n a
plural sense. Similarly, terms such as “a”, “an”, or “the”,
again, may be understood to convey a singular usage or to
convey a plural usage, depending at least in part upon
context. In addition, the term “based on” may be understood
as not necessarily itended to convey an exclusive set of
factors and may, instead, allow for existence of additional
factors not necessarily expressly described, again, depend-
ing at least in part on context. Additionally, the term “step”
can be utilized interchangeably with “instruction” or “opera-
tion”.

Unless defined otherwise, all technical and scientific
terms used herein have the same meamngs as commonly
understood by one of ordinary skill 1in the art. As used in this
document, the term “comprising” means “including, but not
limited to.” The term “at least one” conveys “one or more”.

As discussed previously, in order to use X-rays for
industrial sterilization and other irradiation processes, an
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clectronic beam from an accelerator may be used to produce
Bremsstrahlung X-rays by directing the electron beam onto
the target. This can be most useful 1f the electron beam 1s
spread out 1nto a curtain or a sheet before striking the target.
This may require a scanning magnet to sweep the electron
beam back and forth across the target to create a curtain or
sheet. The electronics and subsequent X-rays may remain
divergent. In some cases, however, 1t may be more eflicient
and more useful 1n 1irradiation activities i1 the resulting X-ray
beam 1s redirected, using another magnet, to a trajectory that
1s parallel, but displaced from the original electron trajec-
tory.

FIG. 1 illustrates a schematic diagram of a magnetic
apparatus 100, imn accordance with an embodiment. The
magnetic apparatus 100 can be used to produce electron
beams or X-rays for irradiation processes including, but not
limited to industrial sterilization and other irradiation pur-
poses. The magnetic apparatus 100 can include a scanning
clectromagnet 108 and a vacuum chamber 106. The vacuum
chamber 106 can include a first section 112 and a second
section 114. The second section 114 can be wider than the
first section 112. Note that 1n some example embodiments,
the vacuum chamber 106 may be a cone-shaped vacuum
chamber or a horn-shaped vacuum chamber referred to as a
scanning horn vacuum chamber. It should be appreciated,
however, that the vacuum chamber 106, although shown in
FIGS. 1-3 as horn-shaped, 1s not limited to such a shape.
Other configurations and shapes are possible. For example,
the vacuum chamber 106 1s shown 1n FIG. 4 as a rectangular
or box-shaped vacuum chamber.

The scanning electromagnet 108 can be utilized to redi-
rect a beam of charged particles. Note that from a physics
perspective, there 1s no interaction between the scanming
clectromagnet 108 and the vacuum chamber 106. The “inter-
action” 1s actually between the magnetic field and the
charged particles. The vacuum chamber 106 keeps the
atmosphere from interfering with the charged particles. The
vacuum chamber 106 can be configured from materials that
are “transparent” to the magnetic field of the magnets that
are external the vacuum chamber 106.

Additionally, 1t can be appreciated that the disclosed
embodiments can be implemented for all charged particles.
Electrons, however, are approximately 2000 times lighter
than the next lightest particle (protons) so an implementation
may be presently only practical for electrons.

A beam line 110 1s also depicted 1n FIG. 1 with respect to
the scanning electromagnet 108. A parallelizing permanent
magnet array 104 1s shown in FIG. 1 with respect to the
vacuum chamber 106 at a second section 114 of the vacuum
chamber 106, and proximate to a target 102, which may be
a Bremsstrahlung target or an object that 1s being 1rradiated.
(An example of an object that 1s being 1rradiated 1s depicted
as object 116 in the alternative embodiments depicted 1n
FIGS. 2-3.) Note that 1n some embodiments, the target 102
can be located 1n a vacuum window 1f operating in an
clectron beam mode. The target 102 can also serve 1n some
example embodiments as both a vacuum window and a
Bremsstrahlung target 1f operating in an X-ray mode. In still
other example embodiments, the vacuum window and
Bremsstrahlung target can be separate components. If sepa-
rate, this allows switching between electron beam and X-ray
mode by moving the Bremsstrahlung target out of the way.
Note that the parallelizing permanent magnet array 104 can
be located within or outside the vacuum chamber 106.

Note that as utilized herein, the term Bremsstrahlung can
relate to electromagnetic radiation produced by the decel-
eration of a charged particle when deflected by another
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charged particle, typically an electron by an atomic nucleus.
The moving particle loses, kinetic energy, which can be
converted into radiation (e.g., a photon), thus satisfying the
law of conservation of energy. The term Bremsstrahlung can
also relate to the process of producing radiation.
Bremsstrahlung has a continuous spectrum, which can
become more mtense and whose peak 1ntensity shifts toward
higher frequencies as the change of the energy of the
decelerated particles increases.

It should be appreciated that the disclosed embodiments
are not limited to only an X-ray mode. That 1s, 1rradiation
can use either the electron beam 1itself or, by way of a
Bremsstrahlung converter, X-rays. Thus, to be clear, the
disclosed embodiments are not lmmited to X-rays. A
Bremsstrahlung converter can be located atfter the permanent
magnet 11 used 1n X-ray mode.

The parallelizing permanent magnet array 104 can be
configured from an array of permanent magnets. Note that
the strength of a scanning magnet (in this case the electro-
magnet 108) should be variable 1n order to produce all the
angles necessary to sweep the beam across the target. Thus,
an electromagnet may be used as a scanning magnet, which
1s the case with the scanning electromagnet 108. The
required strength of a parallelizing magnet, however, may be
proportional to the position of the electron beam from the
beam line 110. For this reason, the parallelizing magnet can
be configured from permanent magnet materials that do not
require an electric current in the context of the parallelizing
permanent magnet array 104. The strength of this permanent
magnet material 1s arranged to provide a magnetic field that
increases with distance away from the centerline. This
configuration can reduce the operating costs of the magnetic
apparatus 100 while facilitating the elimination of failure
modes 1n an irradiation facility.

The magnetic apparatus 100 can produce a spatially
varying magnetic field so that the electrons are redirected
from a diverging pattern to a parallel pattern. That 1s, the
beam can be redirected by the parallelizing permanent
magnet array 104 from a diverging pattern output from the
scanning ¢lectromagnet 108 to a parallel pattern after being
subjected to the parallelizing permanent magnet array 104.
In some embodiments, the parallelizing permanent magnet
array 104 can be configured as an array ol permanent
magnets. Note that X-rays are not aflected by magnetic
ficlds. They must be generated after the electron beam has
been parallelized.

Because permanent magnets may lose a few percent of
their strength per year, adjustments can be provided into the
magnetic apparatus 100 to allow the magnetic field strength
to be made constant by adjusting the gap between magnetic
pole faces. Adjusting the gap can be accomplished by
adjusting the gap between the two poles of a permanent
magnet. Adding, removing, or simply moving magnetic
materials that modify the magnetic field of the permanent
magnets that make up the parallelizing permanent magnet
array 104 can also implement this adjusting operation. These
materials can be selected based on their magnetic perme-
ability and are used as shims and otherwise modily the
magnetic field. In a dynamic system as disclosed herein,
both permanent magnets and these magnetic materials can
be mechanically manipulated to adjust the magnetic field.

The magnetic apparatus 100 can be configured as a
magnetic device that produces parallel electron beams or
X-ray beams while reducing electrical requirements. The
alorementioned adjustments can be implemented to com-
pensate for any degradation of magnetic field strength over
time.
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FIG. 2 illustrates a schematic diagram of a magnetic
apparatus 100 and divergent and parallel beams striking an
irradiated object 116, 1n accordance with an embodiment.
FIG. 2 compares the diverging beams (1.e., if there 1s no
parallelizing array, and with the parallel beams 11 the array
1s present).

FIG. 3, on the other hand, 1llustrates a schematic diagram
of a magnetic apparatus 100 with respect to the rradiated
object 116 and both parallelized beams and a combination of
parallel and convergent beams. Note that in FIGS. 1-3,
similar or i1dentical parts or elements are indicated by
identical reference numerals. FIG. 3 compares the parallel
beams formed by the parallelizing array with a combination
of parallel beams and converging beams on the outer por-
tion. This may be desirable to create a more uniform
distribution of dose 1n the product. This can be the result of
a static configuration of the permanent magnets or the result
of a mechanical system that may adjust the permanent
magnet array in a dynamic manner.

FIG. 4 illustrates a schematic diagram of a magnetic
apparatus 100 including divergent and parallel beams, 1n
accordance with another embodiment. Note that 1n FIGS.
1-4, similar or i1dentical parts or elements are indicated by
identical reference numerals. A difference, however,
between the configuration shown 1n FIG. 4 and FIGS. 1-3 1s
that the embodiment depicted 1n FIG. 4 depicts a vacuum
chamber 106 that 1s rectangular or box-shaped rather than
the triangular or horn-shaped vacuum chamber 106 depicted
in FIGS. 1-3.

It can thus be appreciated that vacuum chamber configu-
rations ol varying size and shape can be implemented in
accordance with the disclosed embodiments. In other words,
the vacuum chamber 106 1s not limited to only one particular
size or shape but may be implemented 1 a variety of
potential sizes and shapes. Thus, the first section 112 and the
second section 114 discussed herein previously with respect
to FIGS. 1-3 may not be necessary for the configuration
shown 1 FIG. 4.

In addition, the scanning electromagnet 108 can be imple-
mented 1n a configuration as part of the beam line 110
leading to a scanning horn. Alternatively, the scanning
clectromagnet 108 can be located just upstream of the homn
assembly. In either case, 1t should be appreciated that the
magnetic apparatus 100 1s configured to parallelize any
uniformly diverging beam.

The magnetic apparatus 100 can be used to produce
scanning electron/Bremsstrahlung beams for use 1n various
applications such as, for example, medical and pharmaceu-
tical products sterilization, food and agricultural products
radiation treatment, polymer composites manufacturing,
clectronic components processing, waste utilization, etc.

In certain embodiments, a scanning system 1s configured
that moves the electron beam 1n a time-varying manner in a
plane or over an area. For example, FIG. 5 illustrates a
scanning system 3500 further comprising a scanning RF
cavity.

The apparatus 500 can be used to produce electron beams
or X-rays for irradiation processes including, but not limited
to industrial sterilization and other irradiation purposes. The
apparatus 500 can include a scanning system 505 which can
comprise a scanning radio frequency cavity (RF cavity) 515
and a vacuum chamber 510. An RF cavity creates an electric
field that can alter the trajectory of a charged particle in the
same manner that a magnetic field can alter the trajectory of
a charged particle.

Note that in some example embodiments, the vacuum
chamber 510 may be a cone-shaped vacuum chamber or a
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hom-shaped vacuum chamber referred to as a scannming horn
vacuum chamber. It should be appreciated, however, that the
vacuum chamber 510, although shown i FIGS. 1-3 as
horm-shaped, 1s not limited to such a shape. Other configu-
rations and shapes are possible. It 1s also possible, that in
certain embodiments, a vacuum chamber may not be
required, and the system could operate without a vacuum
between scanning system and the magnet array.

A beam line 110 1s also depicted in FIG. 5 with respect to
the scanning radio Ifrequency cavity 5135. A parallelizing
permanent magnet array 104 1s shown in FIG. 5 with respect
to the vacuum chamber 510, and proximate to a target 102,
which may be a Bremsstrahlung target or an object that 1s
being wrradiated. Note that in some embodiments, the target
102 can be located 1n a vacuum window if operating 1n an
clectron beam mode. The target 102 can also serve, 1n some
example embodiments, as both a vacuum window and a
Bremsstrahlung target 1f operating in an X-ray mode. In still
other example embodiments, the vacuum window and
Bremsstrahlung target can be separate components. I sepa-
rate, this allows switching between electron beam and X-ray
mode by moving the Bremsstrahlung target out of the way.
Note that the parallelizing permanent magnet array 104 can
be located within or outside the vacuum chamber 510. The
scanning radio frequency cavity 513 creates a time-varying
clectric field that deflects the electron beam 1n a plane or
over an area.

FIG. 6A 1llustrates an embodiment of an apparatus 600.
The apparatus 600 comprises a scanning system 505, which
can include a scanning RF cavity 515 coupled with a
gradient electromagnet 605. A gradient electromagnet cre-
ates a magnetic field, which can be, but 1s not limited to, a
quadrupole field, where the strength of the field 1s propor-
tional to the distance from the central axis. The scanning RF
cavity 515 can create a small deflection. The distance
between the RF cavity and the gradient magnet 1s deter-
mined by parameters of the beam such that there i1s a
maximum deflection at the gradient electromagnet 605. The
gradient field of the electromagnet further detlects the beam
depending on 1its distance from the central axis of the
magnetic field. The time varying motion of the deflection by
the RF cavity 1s then converted to a large deflection which
can cover the extent of the parallelizing magnet 104 and
vacuum window 102.

For example, for electron beams of certain energy levels,
a scanning RF cavity may not provide electric fields strong
enough to create the desired deflection. In such cases the
scanning RF cavity 515 creates a small deflection which 1s
then amplified by the gradient magnet 605 which 1s down-
stream of the RF cavity 515. The deflection experienced 1n
the magnetic field of the gradient magnet 603 depends on the
distance away from the central axis.

FIG. 6B 1illustrates another embodiment of the apparatus
600. In this embodiment, the apparatus 600 comprises a
scanning RF cavity 515 coupled with a gradient permanent
magnet 615. The scanning RF cavity 515 can create a small
deflection, which can be magnified by the gradient in the
gradient permanent magnet 615 to move the beam 1n a
time-varying manner in a plane. Again, when the scanming
RF cavity does not provide electric fields strong enough to
create the desired deflection, the scanning RF cavity 5135
creates a small deflection which 1s then amplified by the
gradient permanent magnet 615 which 1s downstream of the
RF cavity 503. The distance between the RF cavity and the
gradient magnet 1s determined by parameters of the beam
such that there 1s a maximum deflection at the gradient
clectromagnet 6035. The gradient field of the electromagnet
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turther detlects the beam depending on its distance from the
central axis of the magnetic field. The time varying motion
of the deflection by the RF cavity 1s then converted to a large
deflection which can cover the extent of the parallelizing
magnet 104 and vacuum window 102.

The gradient 1n the permanent magnet 6135 can be created
using a magnet array. The magnet array can be produced by
the construction of the permanent magnet material alone or
in combination with ferrous metal pieces to smooth the
gradient.

FIG. 7 illustrates an embodiment of an apparatus 700. The
apparatus comprises a time-varying permanent magnet scan-
ning system 705. The time-varying permanent magnet scan-
ning system 705 1s illustrated 1n exploded view 715. An
arrangement of permanent magnet pieces 710 can be con-
figured on a base structure 720, which can be mechanically
mampulated (e.g. rotated as shown by the arrows), create a
varying superposition of magnetic fields 1 time to deflect
the beam 1n a plane or over an area.

Referring to the exploded view, the inner ring 725 and
outer ring 730 of permanent magnet material rotate 1n
opposite directions. The respective rings can be driven by a
motor. As shown, the magnetic field 1s maximum 1n the left
direction. When the rings have each rotated 90 degrees 1n
opposite directions, the fields from the 1nner ring of perma-
nent magnets 725 and outer ring of permanent magnets 730
will cancel each other out and the resulting field will be zero.
When they have rotated another 90 degrees, the field will be
maximum 1n the rnight direction. This causes the electron
beam to sweep up and down.

In another embodiment, illustrated in FIG. 8A a time-
varying electromagnet scanning system 800 1s illustrated. In
this embodiment, the electromagnet has a fixed strength but
physically moves to sweep the electron beam. In the time-
varying electromagnet scanning system, a constant gradient
clectromagnet 805 can be physically moved to detlect a
stationary electron beam 1n a time-varying manner to deflect
the beam 1n a plane or over an area. Here the electromagnet
8035 provides a constant magnetic field and 1s physically
rotated back and forth to sweep the beam. This movement
can be provided by linear actuators, rocker arms, and
rotating motors connected to linear guides.

FIG. 8B illustrates a time-varying permanent magnet
scanning system 850. In this embodiment, the permanent
magnet has a fixed strength but physically moves to sweep
the electron beam. In the time varying permanent magnet
scanning system 850, a constant gradient permanent magnet
array 855 can be physically moved to deflect a stationary
clectron beam 1n a time-varying manner to deflect the beam
in a plane or over an area. Thus, the power supply for the
magnet can be constant. A motor mechanism can be used to
physically sweep the magnet as opposed to the magnet
power supply producing a time varying output to change the
strength of the magnetic field.

It 1s noteworthy that, the surface area and volume of the
vacuum chambers disclosed herein make the structural
requirements significant, particularly i1 the structure 1s exter-
nally supported. In certain embodiments, the structure can
be internally braced. FIG. 9, illustrates a schematic diagram
of an exemplary magnetic apparatus 900 used to irradiate an
object. Note that in FIGS. 1-3 and 9, similar or identical

parts or elements are indicated by identical reference numer-
als.

As 1llustrated 1 FIG. 9, the system 900 includes a
scanning electromagnet 108 and vacuum chamber 106,
parallelizing magnet array 104, and target 102. In this
embodiment, internal bracing support elements 906 1include
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discrete posts 902 and/or webs 904 can be used to lend
structural support to the vacuum chamber 106. The posts
902 or webs can comprise beams or other such structural
clements that are configured 1n the inner volume of the
vacuum chamber 106 and aflixed to the mner surface of the
vacuum chamber 106.

By aligning the position of these support elements 906,
the electron beam can be made to avoid striking them. As the
beam 1s scanned by the scanning system 108, the accelerator
(or the radio frequency of the accelerator) can be paused for
the period of time when the beam would be directed at the
support elements 906, creating voids 910 1n the associated
field.

By preventing the beam from hitting the support elements
906, the associated heat generated by the beam striking the
structural elements (which would then have to be dissipated)
can be reduced. This technique also eliminates resulting
inefliciency (since this beam would not effectively reach the
object of the irradiation) and reduces the production of
unwanted radiation (which influences radiation shielding
requirements and personnel protection).

To fill 1n the gaps 910 1n the radiation field at the intended
point of 1rradiation, the pole pieces 908 of the parallelizing
magnets 104 can be shaped to direct the electron beam to fill
in the gaps, since the strength of the magnetic field at any
point 1s position dependent. The pole pieces 908 can 1ncor-
porate dipole, quadrupole, sextupole, or any other magnetic
field components to provide a uniform irradiation field, or
tailored 1rradiation field according to the desired field.

It should be appreciated that the aforementioned embodi-
ments can be used to create a time-varying sweep ol an
clectron beam 1n a plane or over an area. The embodiments
can be used with a Bremsstrahlung target downstream of the
sweeping mechanism to create a time-varying sweep of an
X-ray beam in a plane or over an area. In other embodiments,
the systems can be used a vacuum chamber to transport the
deflected electron beam to a reparallelizing permanent mag-
net horn with or without a Bremsstrahlung target down-
stream ol the parallelizing system, or a Bremsstrahlung
target without the parallelizing system.

Based on the foregoing, it can be appreciated that a
number of example embodiments, preferred and alternative,
are disclosed herein. For example, 1n a preferred embodi-
ment, a magnetic apparatus can be implemented, which
includes a scanning electromagnet that redirects a beam of
charged particles; a vacuum chamber that prevents the
atmosphere from interfering with the charged particles; and
a parallelizing permanent magnet array for parallelizing the
beam of charged particles including any uniformly diverging,
beam, wherein the parallelizing permanent magnet array 1s
located proximate to a target comprising a Bremsstrahlung
target or an object that 1s being irradiated and 1s further
located within or outside the vacuum chamber, wherein a
magnetic field of the scanning electromagnet 1s variable to
produce all angles necessary to sweep the beam of charged
particles across the target and wherein the parallelizing
permanent magnet array 1s configured from a magnetic
material that does not require an electric current.

In another embodiment, the beam of charged particles can
be redirected by the parallelizing permanent magnet array
from a diverging pattern output from the scanning electro-
magnet to a parallel pattern after being subjected to the
parallelizing permanent magnet array.

In another embodiment, the beam of charged particles can
comprise an electron beam.
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In another embodiment, the beam of charged particles can
comprise an optional X-ray portion after the beam of
charged particles has been subject to parallelization.

In another embodiment, the parallelizing permanent mag-
net array can comprise a plurality of permanent magnets,
wherein the plurality of permanent magnets 1s adjustable to
compensate for a degradation of magnetic field strength over
time.

In another embodiment, magnetic field strength can
remain constant over a period of time by adjusting a gap
between magnetic pole faces of permanent magnets among
the plurality of permanent magnets.

In another embodiment, the magnetic field strength can be
adjustable by at least one of: adjusting a gap between at least
two poles of permanent magnets 1n the plurality of perma-
nent magnets; or adding, removing or moving the magnetic
material, which modifies the magnetic field of the permanent
magnets, wherein the magnetic material 1s selected based on
a magnetic permeability.

In another embodiment, the magnetic apparatus can com-
prise an 1rradiation device for irradiating an object.

In still another embodiment, the magnetic apparatus can
include a scanning electromagnet that redirects a beam of
charged particles; a vacuum chamber that prevents the
atmosphere from interfering with the charged particles; and
a parallelizing permanent magnet array for parallelizing the
beam of charged particles including any uniformly diverging
beam, wherein the parallelizing permanent magnet array 1s
located proximate to a target comprising a Bremsstrahlung
target or an object that 1s being irradiated and 1s further
located within or outside the vacuum chamber, wherein a
magnetic field of the scanning electromagnet 1s variable to
produce all angles necessary to sweep the beam of charged
particles across the target and wherein the parallelizing
permanent magnet array 1s configured from a magnetic
material that does not require an electric current, wherein the
beam of charged particles 1s redirected by the parallelizing
permanent magnet array from a diverging pattern output
from the scanning electromagnet to a parallel pattern after
being subjected to the parallelizing permanent magnet array.

In still another embodiment, a method of operating a
magnetic apparatus, can involve redirecting a beam of
charged particles with a scanning electromagnet that
engages a vacuum chamber that prevents the atmosphere
from intertering with the charged particles, and parallelizing
the beam of charged particles including any uniformly
diverging beam with a parallelizing permanent magnet array,
wherein the parallelizing permanent magnet array 1s located
proximate to a target comprising a Bremsstrahlung target or
an object that 1s being irradiated and which 1s further located
within or outside the vacuum chamber, wherein a magnetic
field of the scanming electromagnet 1s variable to produce all
angles necessary to sweep the beam of charged particles
across the target and wherein the parallelizing permanent
magnet array 1s configured from a magnetic material that
does not require an electric current.

In another embodiment, the method of operating a mag-
netic apparatus can involve redirecting the beam of charged
particles by the parallelizing permanent magnet array from
a diverging pattern output from the scanning electromagnet
to a parallel pattern after being subjected to the parallelizing
permanent magnet array.

In another embodiment of the method of operating a
magnetic apparatus, the beam of charged particles can
comprise an electron beam.

In another embodiment of the method of operating a
magnetic apparatus, the beam of charged particles can
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comprise an X-ray portion after the beam of charged par-
ticles has been subject to parallelization.

In another embodiment of the method of operating a
magnetic apparatus, the parallelizing permanent magnet
array can comprise a plurality of permanent magnets,
wherein the plurality of permanent magnets 1s adjustable to
compensate for a degradation of magnetic field strength over
time.

In another embodiment of the method of operating a
magnetic apparatus, the magnetic field strength can remain
constant by adjusting a gap between magnetic pole faces of
permanent magnets among the plurality of permanent mag-
nets.

In another embodiment of the method of operating a
magnetic apparatus the magnetic field strength can be
adjustable by: adjusting a gap between at least two poles of
permanent magnets in the plurality of permanent magnets,
or adding, removing or moving the magnetic material, which
modifies the magnetic field of the permanent magnets,
wherein the magnetic material 1s selected based on a mag-
netic permeability.

In another embodiment of the method of operating a
magnetic apparatus, the magnetic apparatus can comprise an
irradiation device for irradiating an object.

It will be appreciated that variations of the above-dis-
closed and other features and functions, or alternatives
thereol, may be desirably combined into many other differ-
ent systems or applications. It will also be appreciated that
various presently unforeseen or unanticipated alternatives,
modifications, variations or improvements therein may be
subsequently made by those skilled 1n the art which are also
intended to be encompassed by the following claims.

What 1s claimed 1s:

1. An apparatus, comprising:

a magnet assembly that redirects a beam of charged
particles;

a vacuum chamber that prevents the atmosphere from
interfering with the charged particles, the vacuum
chamber comprising at least one internal bracing sup-
port element; and

a parallelizing magnet array for parallelizing the beam of
charged particles.

2. The apparatus of claim 1 wherein the beam of charged
particles 1s redirected by the parallelizing magnet array from
a diverging pattern output from the magnet assembly to a
parallel pattern after being subjected to the parallelizing
magnet array.

3. The apparatus of claim 1 wherein the beam of charged
particles comprises an electron beam.

4. The apparatus of claim 1 wherein the at least one
internal bracing support element comprises one of:

a discrete post; and

a web.

5. The apparatus of claim 1 wherein the parallelizing
magnet array comprises a plurality of permanent magnets.

6. The apparatus of claam 35 wherein a magnetic field
strength 1s controllable by adjusting a gap between magnetic
pole faces of permanent magnets among the plurality of
permanent magnets.

7. The apparatus of claim 1 wherein a magnetic field
strength 1s adjustable by at least one of:

adjusting a gap between at least two poles of permanent
magnets 1n the plurality of permanent magnets; or

adding, removing or moving magnetic material, which
modifies the magnetic field of the permanent magnets.
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8. The apparatus of claim 1 further comprising:

at least one pole piece 1n the parallelizing magnet array
configured to adjust the beam of charged particles into
a uniform 1rradiation field.

9. A magnetic apparatus, comprising:

a scanning magnetic assembly that redirects a beam of
charged particles;

a vacuum chamber that prevents the atmosphere from
interfering with the charged particles, the vacuum
chamber comprising at least one internal bracing sup-
port element; and

a parallelizing permanent magnet array for parallelizing
the beam of charged particles wherein the parallelizing
permanent magnet array 1s located proximate to a target
comprising a Bremsstrahlung target.

10. The magnetic apparatus of claim 9 wherein the

scanning magnetic assembly comprises:

a scanning RF cavity; and

a magnetic gradient assembly coupled to the scanning RF
cavity.

11. The magnetic apparatus of claim 10 wherein the

magnetic gradient assembly further comprises one of:

a gradient electromagnet; and

a gradient permanent magnet.

12. The magnetic apparatus of claim 9 wherein the at least
one internal bracing support element comprises one of:

a discrete post; and

a web.

13. A method, comprising:

redirecting a beam of charged particles with a scanning
system engaged to a vacuum chamber that prevents
atmosphere from interfering with the charged particles;

pausing the beam when 1t would be incident on an internal
support structure;

parallelizing the beam of charged particles with a paral-
lelizing magnet array, wherein the parallelizing perma-
nent magnet array 1s located proximate to a target; and

sweeping the beam of charged particles across the target.

14. The method of claim 13 further comprising:

redirecting the beam of charged particles by the paral-
lelizing magnet array from a diverging pattern output
from the scanning system to a parallel pattern after
being subjected to the parallelizing magnet array.

15. The method of claim 13 wherein the beam of charged
particles comprises an electron beam.

16. The method of claim 13 wherein the beam of charged
particles comprises an X-ray portion aiter the beam of
charged particles has been subject to parallelization.

17. The method of claim 13 wherein the parallelizing
magnet array comprises a plurality of permanent magnets,
wherein the plurality of permanent magnets 1s adjustable to
compensate for a degradation of magnetic field strength over
time.

18. The method of claim 17 further comprising:

adjusting field strength by adjusting a gap between mag-
netic pole faces of permanent magnets among the
plurality of permanent magnets.

19. The method of claim 17 wherein magnetic field
strength 1s adjustable by:

adjusting a gap between at least two poles of permanent
magnets 1n the plurality of permanent magnets; or

adding, removing or moving magnetic material associated
with the plurality of permanent magnets.

20. The method of claim 13 wherein the magnetic appa-

ratus comprises an irradiation device for irradiating an
object.
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