
WO 2005/065259 PCTIUS2004/043235  STANDING WAVE PARTICLE BEAM ACCELERATOR
BACKGROUND OF TILE INVENTION  Field of the Invention This invention relates
generally to standing wave particle beam accelerators, 5 and more
particularly, to electron accelerators for generating x-ray and electron
beams  of different energies. Background of the Invention Standing wave
particle beam accelerators have found wide usage in medical  accelerators
where the high energy particle beam is employed to generate x-rays. In  10
this application, the beam energy and output dose-rate must be stable. It is
also desirable that the energy of the particle beam be switchable readily
and reliably to  provide treatment beams of different energies to enable a
range of dose-depth  penetration during medical treatments. Various
techniques for controlling the beam energy have been employed. In  15 U.S.
Patent No. 4,286,192 to Tanabe and Vaguine, the energy is controlled by
reversing the accelerating fields in one part of the accelerator to
decelerate the beam.  In U.S. Patent No. 4,382,208 to Meddaugh et al., the
electromagnetic field  distribution is changed in the switch-side cavity to
control the fields applied to the  adjacent resonator cavities. U.S. Patent
No. 4,746,839 to ICazusa and Yoneda 20 discloses the use of two coupling
cavities which are switched to control the  acceleration fields.
Accelerators employing the previously described techniques can generally
provide two to three different x-ray modalities (i.e., distinguished by
clinically  significant differences in energy levels) sufficient to meet
treatment requirements. 25 There would be a significant advantage however,
both to the hospitals and the  manufacturing process, to have an accelerator
system capable of generating multiple  -1 WO 2005/065259 PCT/US2004/043235
high output x-ray modalities ranging over a factor of four to five in
energy. From a  manufacturing perspective, accelerators limited to 2 to 3
modalities are difficult and  costly to implement. Currently, different
modalities are configured by means of  manufacturing different accelerator
structures to provide different ranges of beam 



5 energies in order to meet energy requirements for different hospitals. As
such, if a  hospital changes its energy beam requirement, a different
accelerator will have to be  built. For the foregoing reason, there is a
need for a standing wave electron  accelerator capable of providing a range
of energies that is broad enough to meet all  hospital requirements. In
addition, there is potential benefit in many medical ,10 procedures to have
more than two levels of output x-ray energy to provide more  sophisticated
tailoring of dose-depth profile for treatment of cancer. As such, a
standing wave particle beam accelerator which is capable of providing a
plurality of  levels of different output energy is desirable. SUMMARY OF THE
INVENTION 15 In accordance with some embodiments, an accelerator for
accelerating a  particle beam is provided. The accelerator includes a main
body having a plurality of  electromagnetic cavities coupled in series, and
a first coupling body having a first side  cavity coupled to one of the
electromagnetic cavities through a first opening, and to an other of the
electromagnetic cavities through a second opening, wherein the first  20
opening and the second opening have different configurations. The
accelerator  further includes a pair of conductive capacitively coupled
noses secured to side walls  of the first coupling body, wherein the pair of
noses have equal lengths. By  configuring the first and the second openings
to be different, separations between  resonant modes are reduced. However,
such configuration also allows an energy 25 switch to operate in a wider
range of energy levels without significantly increasing  interactions
between adjacent modes. This in turn provides a broader bandwidth for  the
accelerator when an energy switch is in use, allowing the accelerator to
generate  x-ray beams with a broader range of energy levels and minimum
energy spread. In accordance with some embodiments, an accelerator for
accelerating a 30 particle beam is provided. The accelerator includes a main
body having a plurality of  electromagnetic cavities coupled in series along
an axis, a coupling body having a  side cavity coupled to two of the
electromagnetic cavities, and an energy switch -2 WO 2005/065259
PCT/US2004/043235  having a probe for changing an electric field
distribution in the side cavity, wherein  the probe has an axis that is
parallel and offset from an axis of the coupling body, and  the probe is
mounted such that an electromagnetic field coupling between two of the  



electromagnetic cavities can be changed by varying a degree of insertion of
the probe  5 into the second side cavity. In accordance with some
embodiments, a field step control is provided. The  field step control
includes a coupling body having a first end, a second end, a cavity
extending between the first and the second ends, and a pair of conductive
capacitively  coupled noses secured to side walls of the coupling body, the
pair of noses having 10 equal lengths, wherein the first end is sealed, the
second end is secured to a wall  having a first opening and a second
opening, and the first opening has a cross  sectional dimension that is
different from a cross sectional dimension of the second  opening. The field
step control allows an accelerator to achieve a balance between  optimized
operational stability and optimized operational range. This in turn allows
15 the accelerator to generate x-ray beams with a wider range of energy
levels and  minimum energy spread. In accordance with other embodiments of
the invention, a method for  generating a charged particle beam includes
providing an accelerator having a main  body and an energy switch secured to
the main body, the main body having a first 20 end, a second end, and a
plurality of electromagnetic cavities between the first and  second ends,
the first end secured to a gun source. The method further includes
activating the gun source to create electrons, and accelerating the
electrons using the  electromagnetic cavities such that an envelop of
electric field is generated along a  length of the main body, the envelop
having a first portion between the first end and 25 the energy switch that
is approximately uniform. In accordance with other embodiments of the
invention, a method for  generating a charged particle beam includes
providing an accelerator having a main  body, the main body having a first
end, a second end, and a plurality of  electromagnetic cavities between the
first and second ends, the first end secured to a 30 gun source. The method
further includes activating the gun source to create electrons,  and
accelerating the electrons using the electromagnetic cavities such that an
electric  field envelop along a length of the main body has a step. -3 WO
2005/065259 PCT/US2004/043235  Other and further aspects and features of the
invention will be evident from reading the following detailed description of
the preferred embodiments, which are  



intended to illustrate, not limit, the invention. BRIEF DESCRIPTION OF THE
DRAWINGS 5 The drawings illustrate the design and utility of preferred
embodiments of the  present invention, in which similar elements are
referred to by common reference  numerals. In order to better appreciate how
the above-recited and other advantages  and objects of the present
inventions are obtained, a more particular description of the  present
inventions briefly described above will be rendered by reference to specific
10 embodiments thereof, which are illustrated in the accompanying drawings.
Understanding that these drawings depict only typical embodiments of the
invention  and are not therefore to be considered limiting of its scope, the
invention will be  described and explained with additional specificity and
detail through the use of the  accompanying drawings in which: 15 FIG.1 is a
schematic cross sectional view of a standing wave electron  accelerator in
accordance with some embodiments of the invention; FIG. 2 illustrates an
energy switch of the accelerator of FIG.1 in accordance  with some
embodiments of the invention; FIG. 3 is a perspective view of a field step
control of the accelerator of FIG. 1  20 in accordance with some embodiments
of the invention; FIG. 4 is a diagram illustrating an idealized energy field
envelop of the  accelerator of FIG. 1; FIG. 5 is a schematic cross sectional
view of a variation of the standing wave  electron accelerator of FIG. 1,
particularly showing a field step control having a ring  25 shape structure
in accordance with alternative embodiments of the invention; FIG. 6 is a
schematic cross sectional view of a variation of the standing wave  electron
accelerator of FIG. 1, particularly showing a field step control having an
enlarged nose in an accelerating cavity in accordance with alternative
embodiments of  the invention; 30 FIG. 7 is a schematic cross sectional view
of a variation of the standing wave  electron accelerator of FIG. 1,
particularly showing a field step control having an -4 WO 2005/065259
PCT/US2004/043235  enlarged central beam aperture in accordance with
alternative embodiments of the  invention; and 



FIG. 8 is a diagram illustrating another idealized energy field envelop that
can  be created using field step controls. 5 DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS  Various embodiments of the present invention are
described hereinafter with  reference to the figures. It should be noted
that the figures are not drawn to scale and  that elements of similar
structures or functions are represented by like reference  numerals
throughout the figures. It should also be noted that the figures are only 10
intended to facilitate the description of specific embodiments of the
invention, and are  not intended as an exhaustive description of the
invention or as a limitation on the  scope of the invention. In addition, an
illustrated embodiment need not have all the  aspects or advantages of the
invention shown. An aspect or an advantage described in  conjunction with a
particular embodiment of the present invention is not necessarily 15 limited
to that embodiment and can be practiced in any other embodiments of the
present invention even if not so illustrated. FIG.1 is a schematic' axial
sectional view of a charged particle standing wave  accelerator 10 embodying
embodiments of the invention. The accelerator 10  comprises a main body 70
having a first end 72, a second end 74, and a chain of 20
electromagnetically coupled resonant cavities (electromagnetic cavities) 16
between  the first and second ends 72, 74. The accelerator 10 also includes
a plurality of  coupling bodies 21, each of which having a coupling cavity
20 that couples to two  adjacent cavities 16. The accelerator 10 also has an
energy switch 80 and a field step  control 100. The standing wave
accelerator 10 is excited by microwave power 25 delivered by a microwave
source at a frequency near its resonant frequency, for  example, between
1000 MHz and 20 GHz, and more preferably, between 2800 and  3000 MHz. The
microwave source can be a Magnetron or a Klystron, both of which  are known
in the art. The power enters one cavity 16, preferably one of the cavities
along the chain, through an opening 15. 30 In some embodiments, the
accelerator 10 is configured to be operated with an  automatic frequency
control, such as that described in U.S. Patent No. 3,820,035, for
controlling an operation of a microwave source. The automatic frequency
control -5 WO 2005/065259 PCTIUS2004/043235  helps the microwave source (or
the RF driver) determine the accelerator 10 resonance  



by developing an error voltage that tracks a frequency error. U.S. Patent
No. 3,820,035 is expressly incorporated by reference herein. Alternatively,
or  additionally, a control, such as that disclosed in U.S. Patent No.
3,714,592, can be  5 provided to provide feedback to the microwave source
(e.g., a Magnetron) by deflecting some of the reflected signal generated by
the accelerator 10, and sending it  back into the microwave source. U.S.
Patent No. 3,714,592 is expressly incorporated  by reference herein. In some
embodiments, the wall 44 of the main body 70 adjacent to the gun  10 source
14 can include one or more pump out holes (not shown) for improving
molecular flow conductance, as is known in the art. In such cases, the
accelerator 10  can further include a tuning ring (not shown) secured to an
interior surface of the wall  44 for compensating the detuning from the pump
out holes. The tuning ring can be  manufactured with the wall 44 as a single
unit. Alternatively, the tuning ring and the 15 wall 44 can be manufactured
separately, and then assembled together. Also, in some  embodiments, the
accelerator 10 can further include a copperplate, such as that  described in
U.S. Patent No. 3,546,524, disposed at the interior face of the wall 44.
The copper plate functions to terminate and shape the electric field. During
use, a linear beam 12 of electrons is injected into the accelerator 10 by
20 a conventional electron gun source 14 at the first end 72. The beam 12
may be either  continuous or pulsed. The beam 12 passes through a first
section 76 of the accelerator  10 in which electrons are captured and
accelerated, and enters a second section 78 of  the accelerator 10 where the
captured electrons are further accelerated. Amplitude of  the electric field
in the second section 78 (i.e., downstream) can be adjusted by 25 operation
of the energy switch 80. Since the formation of electron bunches from an
initial continuous beam takes place in the first section 76 of the
accelerator 10, the  bunching can be accomplished and/or optimized there and
not degraded by the  varying accelerating field in the output cavities 16 of
the second section 78. The  spread of energies in the output beam is thus
made independent of the varying mean 30 output electron energy. By
controlling the RF power input (which changes the  electric field in the
first and second sections 76, 78), and the energy switch 80 (which  changes
the electric field in the second section 78), one can optimize spectrum of
energies and maintain stable charging (or filling) of the accelerator 10. -6



WO 2005/065259 PCT/US2004/043235  The field step control 100 provides a
change in the electric field (e.g., a stepped field) to decrease the range
of field variation associated with operation of the  energy switch 80. This
use of field step has an effect of decreasing separations of  resonant modes
of the accelerator 10, so that an optimum range of beam energies can 5 be
generated. This in turn results in a relatively stable bandwidth, allowing
the  accelerator 10 to generate an x-ray beam with a wider range of energy
levels and  minimum energy spread. In some embodiments, the field step
control 100 enables the  accelerator 10 to generate an x-ray beam having an
energy level that ranges from  approximately 4 to 20 MeV. In the illustrated
embodiments, the field step control 100 10 is located further away from the
beam source 14 than the energy switch 80, and is  positioned adjacent to the
energy switch 80. Alternatively, the field step control 100  can be located
at other positions, such as between the beam source 14 and the energy
switch 80, or further downstream from the energy switch 80. The field step
control  100 will be described in further detail below. After being
accelerated, the beam 12 15 strikes an x-ray target 32. The target 32 may be
a vacuum window of metal thin  enough to transmit the electrons for particle
irradiation of a subject. In alternative  embodiments, the accelerator 10
does not include the target 32. In such cases, the  target 32 can be located
remotely from the accelerator 10. In the illustrated embodiments, the
electromagnetic cavities 16 are doughnut  20 shaped with aligned central
beam apertures 17 which permit passage of the beam 12.  The main body 70
defining the cavities 16 has an outer cross sectional dimension
approximately equal to the wavelength (A) of the RF source, each cavity 16
has a  cross sectional dimension approximately equal to 0.7 Ato 0.9 A, and
the beam aperture  17 has a cross sectional dimension approximately equal to
0.05 A to 0.07 A. Also, in 25 the illustrated embodiments, the distance
between adjacent walls that separate the  cavities 16 is approximately 0.3 A
to 0.5 A for the cavities 16 that are between the  beam source 14 and the
energy switch 80, and the distance between adjacent walls  that separate the
cavities 16 is approximately 0.5 A for the cavities 16 that are to the
right of the energy switch 80. In alternative embodiments, the cavities 16,
the 30 apertures 17, and other components of the accelerator 10 can have
other shapes and/or  dimensions. In some embodiments, the dimensions and/or
spacing of the cavities 16  in the first section 76 are configured to
improve capture, bunching, and phasing of  



electrons. In the illustrated embodiments, the apertures 17 each has a
substantially  -7 WO 20051065259 PCT/US20041043235  uniform cross section.
Alternatively, the aperture 17 that is adjacent to the beam  source 14 can
have a varying cross section, such as a tapered profile. The cavities 16
preferably have projecting noses 19 of optimized configuration in order to
improve  efficiency of interaction of the microwave power and electron beam.
The cavities 16 5 are electromagnetically coupled together through the
coupling cavities 20, each of  which is coupled to each of the adjacent pair
of cavities 16 by an opening 22. In the  illustrated embodiments, each of
the openings 22 has a rectangular shape, and has a  width of 0.045 X and a
length of 0.3 X In alternative embodiments, the opening 22  can have other
shapes and dimensions. The coupling cavities 20 are resonant at the 10 same
frequency as the accelerating cavities 16 and do not interact with the beam
12.  In the illustrated embodiments, the coupling cavities 20 are of
cylindrical shape with a  pair of axially projecting conductive capacitively
coupled noses 24. Alternatively, the  coupling cavities 20 can have other
shapes and configurations. The frequency of excitation is such that the
chain is excited in standing wave  15 resonance with a n/2 radian phase
shift between each coupling cavity 20 and the  adjacent accelerating cavity
16. Thus, there is a it radian shift between adjacent  accelerating cavities
16. The it/2 mode has several advantages. It has the greatest  separation of
resonant frequency from adjacent modes which might be accidentally  excited.
Also, when the chain is properly terminated, there are very small 20
electromagnetic fields in coupling cavities 20 so the power losses in these
non- interacting cavities are small. The first and last accelerating
cavities 26 and 28 are  shown as having one-half of an interior cavity 16.
It is of course understood that, in  alternative embodiments, the terminal
cavities 26, 28 may each be a full cavity or any  portion of a cavity. The
spacing between accelerating cavities 16 is about one-half of 25 a
free-space wavelength, so that electrons accelerated in one cavity 16 will
arrive at  the next accelerating cavity in right phase relative to the
microwave field for  additional acceleration. Alternatively, the
accelerating cavities 16 can have other  spacing. In some embodiments, most
of the accelerating cavities 16 and most of the  coupling cavities 20 are
similar such that the fields in most of the accelerating cavities 30 16 are
substantially the same. Alternatively, the accelerating cavities 16 and/or
the  



coupling cavities 20 can have other configurations such that the fields in
some of the  cavities 16 are different. -8 WO 2005/065259 PCT/US2004/043235
In the illustrated embodiments, the first section 76 (i.e., the "buncher"
section)  has 3-1/2 cavities 16, and the second section 78 (i.e., the
"accelerating" section) of the  accelerator 10 has 2-1/2 cavities 16.
However, the scope of the invention should not  be so limited.
Alternatively, each of the sections 76, 78 of the accelerator 10 can have 5
any number of cavities 16. For example, in some embodiments, the first
section 76 of  the accelerator 10 can have seven electromagnetic cavities
16, and the second section  78 of the accelerator 10 can have twenty
electromagnetic cavities 16. FIG. 2 shows the energy switch 80 of the
accelerator 10 in accordance with  some embodiments of the invention. The
energy switch 80 is mounted to a 10 cylindrical cup-shaped body 50 having a
cavity 34 and an opening 51, and includes a  probe 56 inserted through the
opening 51, and a choke 58 coaxially surrounding at  least part of the probe
56. The choice 58 is a double quarter-wave choke configured to  facilitate
transmission of high current around the opening 51 by functioning as an
impedance transformation of short circuit to opened circuit. The body 50 is
attached 15 to the main body 70 of the accelerator 10 such that the cavity
34 is coupled to  adjacent cavities 16 through respective openings 38, 40.
The energy switch 80 also  includes a pair of axially projecting conductive
capacitively coupled noses 54 having  opposed end faces that extend axially
into the cavity 34. The body 50 and the noses  54 are similar to the body 21
and noses 24 discussed previously. In some 20 embodiments, the cavity 34
(the switched side-cavity) is tuned to the same frequency  as are the other
coupling cavities 20. Such can be accomplished, for example, by  varying a
diameter or cross sectional dimension of the probe 56 when the probe 56 is
at least partially inserted into the cavity 34. Alternatively, the tuning
can be  accomplished by varying separation between the noses 54 when the
probe is not 25 inserted into the cavity 34. The probe 56 is positioned such
that it is offset from a center line 59 of the  body 50. In the illustrated
embodiments, the probe 56 is located upstream of the  center line 59 of the
body 50. Alternatively, the probe 56 can be located downstream  of the
center line 59. The probe 56 is preferably circular cylinder although it
could 



30 have other cross sectional shapes. In the illustrated embodiments, the
probe 56 is  made from stainless steel, but can also be made from other
materials. The probe 56  has a lumen 57 extending along its length. During
use, cooling fluid can be delivered  into the lumen 57 (e.g., via another
tube inserted coaxially into the lumen 57) for -9 WO 2005/065259
PCT/US2004/043235  cooling of the probe 56. In alternative embodiments, the
probe 56 has a solid cross  section and does not have a lumen. The use of a
single probe provides physical room  for the mechanisms which engage the end
of the probe 56 to advance and retract the  probe 56 without mechanical
interference. The mechanism (not shown) can comprise 5 electrically actuated
solenoid(s) or pneumatically operated cylinder(s). Movement of  the probe 56
is through the vacuum wall via bellows 61, which provides a vacuum  seal.
During use, the pair of noses 54 function as coupling resonators, and the
probe  56 functions as a third resonator. By varying a degree of insertion
of the probe 56  into the cavity 34, distances between the probe 56 and the
noses 54 change 10 correspondingly, thereby altering the magnetic fields
which couple to the openings  38, 40. This in turn alters the energy level
of the beam downstream from the switch  80. It should be noted that the type
of switch that can be employed with the  accelerator 10 is not necessarily
limited to the example discussed previously, and that  15 other types of
switches known in the art can also be used. By means of non-limiting
examples, accelerator switches such as those described in U.S. Patent Nos.
4,382,208  and 4,286,192, can be used. U.S. Patent No. 6,366,021 teaches
switching electric  fields in a coupling cavity by inserting two probes of
selected diameter to provide  different upstream and downstream electric
field coupling to adjacent accelerating 20 cavities. U.S. Patent Nos.
6,366,021, 4,382,208, and 4,286,192 are expressly  incorporated by reference
herein. Also, in alternative embodiments, the energy switch  80 can be
located at another position along the length of the accelerator 10, instead
of  that shown in the illustrated embodiments. Furthermore, although only
one energy  switch is shown in the previously described embodiments,
alternatively, the 25 accelerator 10 can have a plurality of energy
switches. FIG. 3 shows a perspective view of the field step control 100 of
the  accelerator 10 in accordance with some embodiments of the invention.
The field step  



control 100 includes a coupling body 110 having a first end 114, a second
end 116,  and a cavity 112 between the first and the second ends 114, 116,
and a structure 120. 30 The first end 114 of the body 110 is sealed, and the
second end 116 is secured to the  structure 120. In the illustrated
embodiments, the structure 120 is a portion of the  main body 70 of the
accelerator 10 (i.e., a segment along the length of the accelerator  10).
Alternatively, the structure 120 can be other part(s) of the accelerator 10,
such as -10 WO 2005/065259 PCT/US20041043235  a side wall defining parts of
the adjacent electromagnetic cavities 16. The coupling  body 110 is similar
to the coupling body 21 discussed previously. In the illustrated
embodiments, the coupling body 110 has a rectangular shape. Alternatively,
the  coupling body 110 can have other shapes and configurations, such as a
semi-circular 5 shape, or a cylindrical shape. In some embodiments, the
coupling body 110 is  configured to have the same resonant frequency as that
of the coupling bodies 21.  The coupling body 110 can be manufactured
together with the main body 70.  Alternatively, the coupling body 110 and
the main body 70 (or the structure 120 that  is a part of the main body 70)
can be separately manufactured and then assembled  10 together. The field
step control 100 further includes a pair of axially projecting  conductive
capacitively coupled noses 138 (not shown in FIG. 3 for clarity purpose).
The noses 138 have equal lengths and shapes, and are secured to interior
side walls of  the coupling body 110. Although the noses 138 can have
unequal lengths and/or 15 shapes in alternative embodiments, such
configurations will reduce efficiency of the  field step control 100, and
therefore, are less desirable. As shown in FIG. 3, the field step control
100 also includes a first opening  102 and a second opening 104 at the
second end 116 of the coupling body 110. The  first opening 102 is
configured to couple the cavity 112 to one of the electromagnetic 20
cavities 16, and the second opening 104 is configured to couple the cavity
112 to  another of the electromagnetic cavities 16. The openings 102, 104
have different  configurations. In the illustrated embodiments, the openings
102, 104 both have a  rectangular shape. However, in alternative
embodiments, the openings 102, 104 can  have other shapes, such as a
circular shape, an elliptical shape, or a trapezoidal shape. 25 Also in the
illustrated embodiments, the first opening 102 is larger, or has a larger  



cross sectional dimension that is larger, than that of the second opening
104. Such  configuration allows an envelop 402 of electric field to be
created such that there is a  change of energy level (e.g., a step 400) at
the position of the field step control 100  along the length of the
accelerator 10 (FIG. 4). FIG. 4 also shows the actual electric 30 profile
404 associated with the envelop 402. Although the envelop 402 has a first
region 406 and a second region 408 that are approximately uniform (i.e.,
flat), in  alternative embodiments, either or both of the first and the
second regions 406, 408  can be slopped. In the illustrated embodiments,
both of the first and the second -11 WO 2005/065259 PCTIUS2004/043235
openings 102, 104 have a width of 0.05 A, the first opening 102 has a length
132 of  0.35 \ and the second opening 104 has a length 132 of 0.31 X In
alternative  embodiments, the first and second openings 102, 104 can have
other dimensions such  that a desired field step can be generated. It should
be noted that the configurations of 5 the openings 102, 104 should not be
limited to the example discussed previously, and  that the openings 102, 104
can have other configurations, For example, in alternative  embodiments, the
first opening 102 can have a cross sectional dimension that is  smaller than
that of the second opening 104. In such cases, the resulting field step
would have a step-down configuration. Furthermore, in alternative
embodiments, the 10 first opening 102 can have a shape that is different
from that of the second opening  104. The field step 400 preferably has a
magnitude such that an energy level E2 to  the right of the field step
control 100 is approximately in the range of 1 to 2 times, and  more
preferably, 1.3 to 1.5 times, an energy level El to the left of the field
step control  15 100. However, in alternative embodiments, the field step
400 can have other magnitudes. A field step energy ratio r (=E2/El) that is
close to 1 would provide  more stability (i.e., less interference due to
interaction of adjacent modes) than a field  step energy ratio that is close
to 2. However, a field step energy ratio r that is close to  2 would provide
a better operational range (i.e., a wider range of energy levels) than a 20
field step energy ratio that is close to 1. Although the field step control
100 has an  effect of reducing separation between resonant modes, it allows
the energy switch 80  to operate in a wider range of energy levels without
significantly increasing  interactions between adjacent modes. This in turn
provides a broader bandwidth for  



the accelerator 10, allowing the accelerator 10 to generate x-ray beams with
a broader 25 range of energy levels and minimum energy spread. In some
embodiments, the field  step control 100 allows the accelerator 10 to
generate x-ray beams having an energy  level that ranges from 4 MeV to 20
MeV. In some cases, such configuration can  provide seven different energy
levels (i.e., 4, 6, 8, 10, 15, 18, and 20 MeV) with  appropriate filters
and/or targets. In other embodiments, the field step control 100 30 allows
the accelerator 10 to generate x-ray beams in both the keV and MeV energy
levels. Thus there has been provided an accelerator in which the beam energy
can be  switched to a plurality of levels using a field step control and an
energy switch. The  -12 WO 2005/065259 PCT/US2004/043235  field step control
allows the accelerator to achieve a balance between optimized  operational
stability and optimized operational range. This in turn provides a broader
bandwidth for the accelerator, allowing the accelerator to generate x-ray
beams with a  wider range of energy levels and minimum energy spread. 5 It
should be noted that other devices and methods can also be used to create
field step for separation of resonant modes. FIG. 5 shows a field step
control 500 in  accordance with alternative embodiments of the invention.
Unlike the field step  control 100, the field step control 500 does not have
the unequal openings 102, 104.  In such case, the field step control 500
includes the coupling body 21, at least a 10 portion 501 of the main body
70, and a ring 502. The ring 502 is secured to a  dividing wall 504 that
separates adjacent cavities 16. Such configuration has an effect  of
lowering the energy field at the location of the field step control 500. The
ring 502  can be manufactured with the dividing wall 504 as a single unit.
Alternatively, the  ring 502 and the dividing wall 504 can be separately
manufactured and then 15 assembled together. The cross sectional size and
shape of a portion of the ring 502  and the overall geometry of the ring 502
are configured such that a field step having a  desired characteristic can
be created. In the illustrated embodiments, the cross  sectional shape of a
portion of the ring 502 has a rectangular shape, but can have other  shapes
as well in alternative embodiments. Also, in alternative embodiments, the 20
field step control 500 can include a second ring secured to an opposite side
of the  dividing wall 504, or to an adjacent wall 506. In some embodiments,
a plurality of  



rings 502 can be secured to the dividing walls of the cavities 16 at the
first section 76  of the accelerator 10. Such configuration creates an
energy profile that is similar to  that shown in FIG. 4. Furthermore, in
alternative embodiments, instead of a ring, the 25 field step control 500
can include other structure(s) having other shapes and/or  configurations
secured to the dividing wall 504. FIG. 6 shows another field step control
600 in accordance with alternative  embodiments of the invention. The field
step control 600 includes the coupling body  21, at least a portion 601 of
the main body 70, and an enlarged nose 602 secured to a 30 dividing wall 604
that separates the adjacent cavities 16. The nose 602 can have a  variety of
shapes, such as a circular shape, an elliptical shape, a rectangular shape,
or  other customized shape. The shape and size of the nose 602 is configured
such that a  field step having a desired characteristic can be created.
Although only one enlarged  -13 WO 2005/065259 PCT/US2004/043235  nose 602
is shown, in alternative embodiments, the accelerator 10 can have a
plurality  of enlarged noses 602 at selected locations along the length of
the accelerator 10. FIG. 7 shows another field step control 700 in
accordance with alternative  embodiments of the invention. The field step
control 700 includes the coupling body  5 21, at least a portion 701 of the
main body 70, and a beam aperture 702 through a dividing wall 704 that
separates the adjacent cavities 16. In the illustrated  embodiments, the
aperture 702 has a circular shape and is relatively larger than the  beam
apertures 17. In alternative embodiments, the aperture 702 can have other
shapes, and can be relatively smaller than the beam apertures 17. The size
and shape 10 of the aperture 702 is configured such that a field step having
a desired characteristic  can be created. Also, in alternative embodiments,
the accelerator 10 can have a  plurality of the field step controls 700
located at other positions along the length of  the accelerator 10. Although
the accelerator 10 has been described with reference to one field step  15
control 100, the scope of the invention should not be so limited. In
alternative  embodiments, the accelerator 10 can have a plurality of field
step controls for  generating desired field step(s). For example, in some
embodiments, a plurality of  field step controls can be employed to create a
series of field steps (FIG. 8). Also, in  some embodiments, the accelerator
10 can include one or more field step controls 100 



20 within the first section 76, or adjacent the beam source 14, for
generating desired field  steps. Although particular embodiments of the
present inventions have been shown  and described, it will be understood
that it is not intended to limit the present  inventions to the preferred
embodiments, and it will be obvious to those skilled in the 25 art that
various changes and modifications may be made without departing from the
spirit and scope of the present inventions. The specification and drawings
are,  accordingly, to be regarded in an illustrative rather than restrictive
sense. The present  inventions are intended to cover alternatives,
modifications, and equivalents, which  may be included within the spirit and
scope of the present inventions as defined by the  30 claims. -14 What is
claimed is: 1. An accelerator for accelerating a particle beam, comprising:
a main body having a plurality of electromagnetic cavities coupled in
series;  a first coupling body having a first side cavity coupled to two of
the  electromagnetic cavities, wherein the first side cavity is coupled to
one of the  two of the electromagnetic cavities through a first opening, and
to another of  the two of the electromagnetic cavities through a second
opening, and wherein  the first opening and the second opening have
different sizes; and a second coupling body coupled to the main body, the
second coupling body  having a second side cavity in communication with a
third opening and a  fourth opening, wherein the third and the fourth
openings have a same size. 2. The accelerator of claim 1, wherein the first
opening and the second opening have  different cross sectional dimensions.
3. The accelerator of claim 1, wherein the first opening and the second
opening have  different cross sectional shapes. 4. The accelerator of claim
1, wherein the first opening has a first cross sectional  area, the second
opening has a second cross sectional area, and the first cross  sectional
area is approximately 5% to 20% larger than the second cross sectional
area. 5. An accelerator for accelerating a particle beam, comprising: a main
body having a plurality of electromagnetic cavities coupled in series;  



and a first coupling body having a first side cavity coupled to one of the
electromagnetic cavities through a first opening, and to another of the
electromagnetic cavities through a second opening, wherein the first opening
and the second opening have different sizes; a second coupling body having a
second side cavity coupled to the main body;  and an energy switch for
changing an electric field distribution in the second side  cavity. 6. The
accelerator of claim 5, wherein the second side cavity is distal to a beam
source, and the first side cavity is distal to the second side cavity. 15 7.
The accelerator of claim 5, wherein the energy switch comprises a probe
mounted  for insertion into the second side cavity. 8. The accelerator of
claim 7, wherein the diameter of the probe is selected to  control an
electric field distribution in the second side cavity. 9. The accelerator of
claim 7, wherein varying a degree of insertion of the probe into  the second
side cavity changes an energy level of a x-ray beam generated by the
accelerator. 10. The accelerator of claim 5, further comprising a gun source
secured to a first end  of the main body. 11. The accelerator of claim 10,
wherein the first coupling body is not located  between the first end and
the second coupling body. 12. An accelerator for accelerating a particle
beam, comprising: a main body having a plurality of electromagnetic cavities
coupled in series  along an axis; a coupling body having a side cavity
coupled to two of the electromagnetic  cavities; and an energy switch having
only one probe for changing an electric field  distribution in the side
cavity; wherein the probe has an axis that is parallel and offset from an
axis of the  coupling body, and varying a degree of insertion of the probe
into the side  cavity changes an electromagnetic field coupling between the
two of the  



electromagnetic cavities. 13. The accelerator of claim 12, wherein the
diameter of the probe is selected to  control a frequency of the side
cavity. 14. The accelerator of claim 12, wherein the probe has a lumen
extending along its  length. 15. The accelerator of claim 14, further
comprising a fluid delivery tube disposed  coaxially within the lumen of the
probe. 16. The accelerator of claim 14, further comprising a choke coaxially
surrounding at  least a portion of the probe. 17. The accelerator of claim
12, further comprising a field step control for creating a  desired electric
field profile along the axis of the accelerator. 16 18. The accelerator of
claim 17, wherein the side cavity is distal to a beam source,  and the field
step control is distal to the side cavity. 19. An accelerator for
accelerating a particle beam, comprising: a main body having a plurality of
electromagnetic cavities coupled in series  along an axis; and a device for
generating a desired electric field profile along the axis to control
separation of resonant modes of the electromagnetic cavities; wherein the
device comprises: a coupling body having a cavity that couples to one of the
electromagnetic  cavities through a first opening, and to another of the
electromagnetic cavities  through a second opening, wherein the first and
the second openings have  different sizes; and a pair of conductive
capacitively coupled noses secured to side walls of the  coupling body, the
pair of noses having equal lengths in a direction of the  axis. 20. The
accelerator of claim 1, further comprising: a ring structure secured to a
dividing wall that separates two of the  electromagnetic cavities. 21. An
accelerator for accelerating a particle beam, comprising: a main body having
a plurality of electromagnetic cavities coupled in series  along an axis;
and 



a device for generating a desired electric field profile along the axis to
control  separation of resonant modes of the electromagnetic cavities;
wherein the  device comprises a dividing wall that separates two of the
electromagnetic  cavities, and a beam aperture for allowing the particle
beam to travel  therethrough, the beam aperture having a cross sectional
dimension that is  different from that of an adjacent beam aperture. 22. An
accelerator for accelerating a particle beam, comprising: a main body having
a plurality of electromagnetic cavities coupled in series;  a first coupling
body having a first side cavity coupled to two of the  electromagnetic
cavities, wherein the first side cavity is coupled to one of the  two of the
electromagnetic cavities through a first opening, and to another of  the two
of the electromagnetic cavities through a second opening, wherein the  first
opening and the second opening have different shapes; and 17 a second
coupling body coupled to the main body, the second coupling body  having a
second side cavity in communication with a third opening and a  fourth
opening, wherein the third and the fourth openings have a same shape. 23.
The accelerator of claim 22, further comprising a pair of conductive
capacitively  coupled noses secured to side walls of the first coupling
body. 24. The accelerator of claim 22, wherein the first opening and the
second opening  have different cross sectional dimensions. 25. The
accelerator of claim 22, wherein the first opening has a first cross
sectional  area, the second opening has a second cross sectional area, and
the first cross  sectional area is approximately 5% to 20% larger than the
second cross sectional  area. 26. An accelerator for accelerating a particle
beam, comprising: a main body having a plurality of electromagnetic cavities
coupled in series;  and a first coupling body having a first side cavity
coupled to one of the  electromagnetic cavities through a first opening, and
to another of the  electromagnetic cavities through a second opening,
wherein the first opening and the second opening have different shapes; a
second coupling body having a second side cavity coupled to the main body;  



and an energy switch for changing an electric field distribution in the
second side  cavity. 27. The accelerator of claim 1, further comprising a
pair of conductive capacitively  coupled noses secured to side walls of the
first coupling body, wherein the pair of  noses have equal lengths. 28. The
accelerator of claim 1, wherein the one of the electromagnetic cavities and
the another of the electromagnetic cavities have a same shape. 29. The
accelerator of claim 12, wherein the two of the electromagnetic cavities
have  a same shape. 30. The accelerator of claim 19, wherein the one of the
electromagnetic cavities and  the another of the electromagnetic cavities
have a same shape. 31. The accelerator of claim 1, wherein the second
coupling body is coupled to  another two of the plurality of electromagnetic
cavities, the second side cavity of  18 the second coupling body coupled to
one of the another two of the  electromagnetic cavities through the third
opening, and to another of the another  two of the electromagnetic cavities
through the fourth opening. 32. The accelerator of claim 22, wherein the
second coupling body is coupled to  another two of the plurality of
electromagnetic cavities, the second side cavity of  the second coupling
body coupled to one of the another two of the  electromagnetic cavities
through the third opening, and to another of the another  two of the
electromagnetic cavities through the fourth opening. 33. The accelerator of
claim 20, wherein the dividing wall has an aperture for  allowing the
particle beam to travel therethrough, and wherein the ring structure  has an
opening that is in communication with the aperture. 19 


