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Description

RELATED APPLICATIONS

[0001] This application claims the priority of U.S. Pro-
visional Application No. 60/590,089, filed on July 21,
2004.

BACKGROUND OF THE INVENTION

[0002] In order to accelerate charged particles to high
energies, many types of particle accelerators have been
developed since the 1930s. One type of particle accel-
erator is a cyclotron. A cyclotron accelerates charged
particles in an axial magnetic field by applying an alter-
nating voltage to one or more "dees" in a vacuum cham-
ber. The name "dee" is descriptive of the shape of the
electrodes in early cyclotrons, although they may not re-
semble the letter D in some cyclotrons. The spiral path
produced by the accelerating particles is normal to the
magnetic field. As the particles spiral out, an accelerating
electric field is applied at the gap between the dees. The
radio frequency (RF) voltage creates an alternating elec-
tric field across the gap between the dees. The RF volt-
age, and thus the field, is synchronized to the orbital pe-
riod of the charged particles in the magnetic field so that
the particles are accelerated by the radio frequency
waveform as they repeatedly cross the gap. The energy
of the particles increases to an energy level far in excess
of the peak voltage of the applied radio frequency (RF)
voltage. As the charged particles accelerate, their mass-
es grow due to relativistic effects. Consequently, the ac-
celeration of the particles becomes non-uniform and the
particles arrive at the gap asynchronously with the peaks
of the applied voltage.
[0003] Two types of cyclotrons presently employed, an
isochronous cyclotron and a synchrocyclotron, over-
come the challenge of increase in relativistic mass of the
accelerated particles in different ways. The isochronous
cyclotron uses a constant frequency of the voltage with
a magnetic field that increases with radius to maintain
proper acceleration. The synchrocyclotron uses a de-
creasing magnetic field with increasing radius and varies
the frequency of the accelerating voltage to match the
mass increase caused by the relativistic velocity of the
charged particles. For example, US Patent No. 4,641,057
discloses mechanically driven tuning panels that vary the
frequency of the driving field to compensate for relativistic
effects.
[0004] In a synchrocyclotron, discrete "bunches" of
charged particles are accelerated to the final energy be-
fore the cycle is started again. In isochronous cyclotrons,
the charged particles can be accelerated continuously,
rather than in bunches, allowing higher beam power to
be achieved.
[0005] In a synchrocyclotron, capable of accelerating
a proton, for example, to the energy of 250 MeV, the final
velocity of protons is 0.61c, where c is the speed of light,

and the increase in mass is 27% above rest mass. The
frequency has to decrease by a corresponding amount,
in addition to reducing the frequency to account for the
radially decreasing magnetic field strength. The frequen-
cy’s dependence on time will not be linear, and an opti-
mum profile of the function that describes this depend-
ence will depend on a large number of details.
[0006] R. Schneider and J. Rainwater, IEEE Transac-
tions on Nuclear Science, 16(3): 430-433, 1969, disclos-
es various techniques to correct for undesirable behav-
iour of the resonant circuit, including reducing the fre-
quency and quality factor of the undesired modes. These
solutions, however, shift rather than eliminate restrictions
on the synchrocyclotron’s operating parameters, such as
type of particle, range of particle speeds, and oscillation
frequency of the electric field. Alternatively, the acceler-
ating voltage can be pulsed, as disclosed in I. B. Enchev-
ich and T. N. Tomilina, translated from Atomnaya Energi-
ya, 26(3): 285-287, 1969.
[0007] According to one aspect, there is provided a
synchrocyclotron according to claim 1.
[0008] According to another aspect, there is provided
a method of producing a particle beam in a synchrocy-
clotron according to claim 10.
[0009] Accurate and reproducible control of the fre-
quency over the range required by a desired final energy
that compensates for both relativistic mass increase and
the dependency of magnetic field on the distance from
the center of the dee has historically been a challenge.
Additionally, the amplitude of the accelerating voltage
may need to be varied over the accelerating cycle to
maintain focusing and increase beam stability. Further-
more, the dees and other hardware comprising a cyclo-
tron define a resonant circuit, where the dees may be
considered the electrodes of a capacitor. This resonant
circuit is described by Q-factor, which contributes to the
profile of voltage across the gap.
[0010] A synchrocyclotron for accelerating charged
particles, such as protons, can comprise a magnetic field
generator and a resonant circuit that comprises elec-
trodes, disposed between magnetic poles. A gap be-
tween the electrodes can be disposed across the mag-
netic field. An oscillating voltage input drives an oscillat-
ing electric field across the gap. The oscillating voltage
input can be controlled to vary over the time of acceler-
ation of the charged particles. Either or both the amplitude
and the frequency of the oscillating voltage input can be
varied. The oscillating voltage input can be generated by
a programmable digital wave form generator.
[0011] The resonant circuit further includes a variable
reactive element in circuit with the voltage input and elec-
trodes to vary the resonant frequency of the resonant
circuit. The variable reactive element may be a variable
capacitance element such as a rotating condenser or a
vibrating reed. By varying the reactance of such a reac-
tive element and adjusting the resonant frequency of the
resonant circuit, the resonant conditions can be main-
tained over the operating frequency range of the syn-
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chrocyclotron.
[0012] The synchrocyclotron can further include a volt-
age sensor for measuring the oscillating electric field
across the gap. By measuring the oscillating electric field
across the gap and comparing it to the oscillating voltage
input, resonant conditions in the resonant circuit can be
detected. The programmable waveform generator can
be adjusting the voltage and frequency input to maintain
the resonant conditions.
[0013] The synchrocyclotron can further include an in-
jection electrode, disposed between the magnetic poles,
under a voltage controlled by the programmable digital
waveform generator. The injection electrode is used for
injecting charged particles into the synchrocyclotron. The
synchrocyclotron can further include an extraction elec-
trode, disposed between the magnetic poles, under a
voltage controlled by the programmable digital waveform
generator. The extraction electrode is used to extract a
particle beam from the synchrocyclotron.
[0014] The synchrocyclotron can further include a
beam monitor for measuring particle beam properties.
For example, the beam monitor can measure particle
beam intensity, particle beam timing or spatial distribution
of the particle beam. The programmable wave form gen-
erator can adjust at least one of the voltage input, the
voltage on the injection electrode and the voltage on the
extraction electrode to compensate for variations in the
particle beam properties.
[0015] This invention is intended to address the gen-
eration of the proper variable frequency and amplitude
modulated signals for efficient injection into, acceleration
by, and extraction of charged particles from an acceler-
ator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The foregoing and other objects, features and
advantages of the invention will be apparent from the
following more particular description of preferred embod-
iments of the invention, as illustrated in the accompany-
ing drawings in which like reference characters refer to
the same parts throughout the different views. The draw-
ings are not necessarily to scale, emphasis instead being
placed upon illustrating the principles of the invention.

FIG. 1A is a plan cross-sectional view of a synchro-
cyclotron of the present invention.
FIG. 1B is a side cross-sectional view of the synchro-
cyclotron shown in FIG. 1A.
FIG. 2 is an illustration of an idealized waveform that
can be used for accelerating charged particles in a
synchrocyclotron shown in FIGs. 1A and 1B.
FIG. 3 depicts a block diagram of a synchrocyclotron
of the present invention that includes a waveform
generator system.
FIG. 4 is a flow chart illustrating the principles of op-
eration of a digital waveform generator and an adap-
tive feedback system (optimizer) of the present in-

vention.
FIG. 5A shows the effect of the finite propagation
delay of the signal across different paths in an ac-
celerating electrode ("dee") structure.
FIG. 5B shows the input waveform timing adjusted
to correct for the variation in propagation delay
across the "dee" structure.
FIG. 6A shows an illustrative frequency response of
the resonant system with variations due to parasitic
circuit effects.
FIG. 6B shows a waveform calculated to correct for
the variations in frequency response due to parasitic
circuit effects.
FIG. 6C shows the resulting "flat" frequency re-
sponse of the system when the waveform shown in
FIG. 6B is used as input voltage.
FIG. 7A shows a constant amplitude input voltage
applied to the accelerating electrodes shown in FIG.
7B.
FIG. 7B shows an example of the accelerating elec-
trode geometry wherein the distance between the
electrodes is reduced toward the center.
FIG. 7C shows the desired and resultant electric field
strength in the electrode gap as a function of radius
that achieves a stable and efficient acceleration of
charged particles by applying input voltage as shown
in FIG. 7A to the electrode geometry shown in FIG.
7B.
FIG. 7D shows input voltage amplitudes as a function
of radius that directly corresponds to the electric field
strength desired and can be produced using a digital
waveform generator.
FIG. 7E shows a parallel geometry of the accelerat-
ing electrodes which gives a direct proportionality
between applied voltage and electric field strength.
FIG 7F shows the desired and resultant electric field
strength in the electrode gap as a function of radius
that achieves a stable and efficient acceleration of
charged particles by applying input voltage as shown
in FIG. 7D to the electrode geometry shown in FIG.
7E.
FIG. 8A shows an example of a waveform of the
accelerating voltage generated by the programma-
ble waveform generator.
FIG. 8B shows an example of a timed ion injector
signal.
FIG. 8C shows another example of a timed ion in-
jector signal.

DETAILED DESCRIPTION OF THE INVENTION

[0017] This invention relates to the devices and meth-
ods for generating the complex, precisely timed acceler-
ating voltages across the "dee" gap in a synchrocyclo-
tron. This invention comprises an apparatus and a meth-
od for driving the voltage across the "dee" gap by gen-
erating a specific waveform, where the amplitude, fre-
quency and phase is controlled in such a manner as to
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create the most effective particle acceleration given the
physical configuration of the individual accelerator, the
magnetic field profile, and other variables that may or
may not be known a priori. A synchrocyclotron needs a
decreasing magnetic field in order to maintain focusing
of the particles beam, thereby modifying the desired
shape of the frequency sweep. There are predictable fi-
nite propagation delays of the applied electrical signal to
the effective point on the dee where the accelerating par-
ticle bunch experiences the electric field that leads to
continuous acceleration. The amplifier used to amplify
the radio frequency (RF) signal that drives the voltage
across the dee gap may also have a phase shift that
varies with frequency. Some of the effects may not be
known a priori, and may be only observed after integra-
tion of the entire synchrocyclotron. In addition, the timing
of the particle injection and extraction on a nanosecond
time scale can increase the extraction efficiency of the
accelerator, thus reducing stray radiation due to particles
lost in the accelerating and extraction phases of opera-
tion.
[0018] Referring to FIGs. 1A and 1B, a synchrocyclo-
tron of the present invention comprises electrical coils 2a
and 2b around two spaced apart metal magnetic poles
4a and 4b configured to generate a magnetic field. Mag-
netic poles 4a and 4b are defined by two opposing por-
tions of yoke 6a and 6b (shown in cross-section). The
space between poles 4a and 4b defines vacuum cham-
ber 8 or a separate vacuum chamber can be installed
between the poles 4a and 4b. The magnetic field strength
is generally a function of distance from the center of vac-
uum chamber 8 and is determined largely by the choice
of geometry of coils 2a and 2b and shape and material
of magnetic poles 4a and 4b.
[0019] The accelerating electrodes comprise "dee" 10
and "dee" 12, having gap 13 therebetween. Dee 10 is
connected to an alternating voltage potential whose fre-
quency is changed from high to low during the acceler-
ating cycle in order to account for the increasing relativ-
istic mass of a charged particle and radially decreasing
magnetic field (measured from the center of vacuum
chamber 8) produced by coils 2a and 2b and pole portions
4a and 4b. The characteristic profile of the alternating
voltage in dees 10 and 12 is show in FIG, 2 and will be
discussed in details below. Dee 10 is a half-cylinder struc-
ture, hollow inside. Dee 12, also referred to as the "dum-
my dee", does not need to be a hollow cylindrical structure
as it is grounded at the vacuum chamber walls 14. Dee
12 as shown in FIGs. 1A and 1B comprises a strip of
metal, e.g. copper, having a slot shaped to match a sub-
stantially similar slot in dee 10. Dee 12 can be shaped
to form a mirror image of surface 16 of dee 10.
[0020] Ion source 18 that includes ion source electrode
20, located at the center of vacuum chamber 8, is pro-
vided for injecting charged particles. Extraction elec-
trodes 22 are provided to direct the charge particles into
extraction channel 24, thereby forming beam 26 of the
charged particles. The ion source may also be mounted

externally and inject the ions substantially axially into the
acceleration region.
[0021] Dees 10 and 12 and other pieces of hardware
that comprise a cyclotron, define a tunable resonant cir-
cuit under an oscillating voltage input that creates an os-
cillating electric field across gap 13. This resonant circuit
can be tuned to keep the Q-factor high during the fre-
quency sweep by using a tuning means.
[0022] As used herein, Q-factor is a measure of the
"quality" of a resonant system in its response to frequen-
cies close to the resonant frequency. Q-factor is defined
as 

where R is the active resistance of a resonant circuit, L
is the inductance and C is the capacitance of this circuit.
[0023] Tuning means can be either a variable induct-
ance coil or a variable capacitance. A variable capaci-
tance device can be a vibrating reed or a rotating con-
denser. In the example shown in FIGs. 1A and 1B, the
tuning means is rotating condenser 28. Rotating con-
denser 28 comprises rotating blades 30 driven by a motor
31. During each quarter cycle of motor 31, as blades 30
mesh with blades 32, the capacitance of the resonant
circuit that includes "dees" 10 and 12 and rotating con-
denser 28 increases and the resonant frequency de-
creases. The process reverses as the blades unmesh.
Thus, resonant frequency is changed by changing the
capacitance of the resonant circuit. This serves the pur-
pose of reducing by a large factor the power required to
generate the high voltage applied to the "dees" and nec-
essary to accelerate the beam. The shape of blades 30
and 32 can be machined so as to create the required
dependence of resonant frequency on time.
[0024] The blade rotation can be synchronized with the
RF frequency generation so that by varying the Q-factor
of the RF cavity, the resonant frequency of the resonant
circuit, defined by the cyclotron, is kept close to the fre-
quency of the alternating voltage potential applied to
"dees" 10 and 12.
[0025] The rotation of the blades can be controlled by
the digital waveform generator, described below with ref-
erence to FIG. 3 and FIG. 4, in a manner that maintains
the resonant frequency of the resonant circuit close to
the current frequency generated by the digital waveform
generator. Alternatively, the digital waveform generator
can be controlled by means of an angular position sensor
(not shown) on the rotating condenser shaft 33 to control
the clock frequency of the waveform generator to main-
tain the optimum resonant condition. This method can
be employed if the profile of the meshing blades of the
rotating condenser is precisely related to the angular po-
sition of the shaft.
[0026] A sensor that detects the peak resonant condi-
tion (not shown) can also be employed to provide feed-
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back to the clock of the digital waveform generator to
maintain the highest match to the resonant frequency.
The sensors for detecting resonant conditions can meas-
ure the oscillating voltage and current in the resonant
circuit. In another example, the sensor can be a capac-
itance sensor. This method can accommodate small ir-
regularities in the relationship between the profile of the
meshing blades of the rotating condenser and the angu-
lar position of the shaft.
[0027] A vacuum pumping system 40 maintains vacu-
um chamber 8 at a very low pressure so as not to scatter
the accelerating beam.
[0028] To achieve uniform acceleration in a synchro-
cyclotron, the frequency and the amplitude of the electric
field across the "dee" gap needs to be varied to account
for the relativistic mass increase and radial (measured
as distance from the center of the spiral trajectory of the
charged particles) variation of magnetic field as well as
to maintain focus of the beam of particles.
[0029] FIG. 2 is an illustration of an idealized waveform
that may be required for accelerating charged particles
in a synchrocyclotron. It shows only a few cycles of the
waveform and does not necessarily represent the ideal
frequency and amplitude modulation profiles. FIG. 2 il-
lustrates the time varying amplitude and frequency prop-
erties of the waveform used in a given synchrocyclotron.
The frequency changes from high to low as the relativistic
mass of the particle increases while the particle speed
approaches a significant fraction of the speed of light.
[0030] The instant invention uses a set of high speed
digital to analog converters (DAC) that can generate,
from a high speed memory, the required signals on a
nanosecond time scale. Referring to FIG. 1A, both a radio
frequency (RF) signal that drives the voltage across dee
gap 13 and signals that drive the voltage on injector elec-
trode 20 and extractor electrode 22 can be generated
from the memory by the DACs. The accelerator signal is
a variable frequency and amplitude waveform. The in-
jector and extractor signals can be either of at least three
types: continuous; discrete signals, such as pulses, that
may operate over one or more periods of the accelerator
waveform in synchronism with the accelerator waveform;
or discrete signals, such as pulses, that may operate at
precisely timed instances during the accelerator wave-
form frequency sweep in synchronism with the acceler-
ator waveform. (See below with reference to FIGs. 8A-C.)
[0031] FIG. 3 depicts a block diagram of a synchrocy-
clotron of the present invention 300 that includes particle
accelerator 302, waveform generator system 319 and
amplifying system 330. FIG. 3 also shows an adaptive
feedback system that includes optimizer 350. The op-
tional variable condenser 28 and drive subsystem to mo-
tor 31 are not shown.
[0032] Referring to FIG. 3, particle accelerator 302 is
substantially similar to the one depicted in FIGs. 1A and
1B and includes "dummy dee" (grounded dee) 304, "dee"
306 and yoke 308, injection electrode 310, connected to
ion source 312, and extraction electrodes 314. Beam

monitor 316 monitors the intensity of beam 318.
[0033] Synchrocyclotron 300 includes digital wave-
form generator 319. Digital waveform generator 319
comprises one or more digital-to-analog converters
(DACs) 320 that convert digital representations of wave-
forms stored in memory 322 into analog signals. Control-
ler 324 controls addressing of memory 322 to output the
appropriate data and controls DACs 320 to which the
data is applied at any point in time. Controller 324 also
writes data to memory 322. Interface 326 provides a data
link to an outside computer (not shown). Interface 326
can be a fiber optic interface.
[0034] The clock signal that controls the timing of the
"analog-to-digital" conversion process can be made
available as an input to the digital waveform generator.
This signal can be used in conjunction with a shaft posi-
tion encoder (not shown) on the rotating condenser (see
FIGs. 1A and 1B) or a resonant condition detector to fine-
tune the frequency generated.
[0035] FIG. 3 illustrates three DACs 320a, 320b and
320c. In this example, signals from DACs 320a and 320b
are amplified by amplifiers 328a and 328b, respectively.
The amplified signal from DAC 320a drives ion source
312 and/or injection electrode 310, while the amplified
signal from DAC 320b drives extraction electrodes 314.
[0036] The signal generated by DAC 320c is passed
on to amplifying system 330, operated under the control
of RF amplifier control system 332. In amplifying system
330, the signal from DAC 320c is applied by RF driver
334 to RF splitter 336, which sends the RF signal to be
amplified by an RF power amplifier 338. In the example
shown in FIG. 3, four power amplifiers, 338a, b, c and d,
are used. Any number of amplifiers 338 can be used de-
pending on the desired extent of amplification. The am-
plified signal, combined by RF combiner 340 and filtered
by filter 342, exits amplifying system 330 though direc-
tional coupler 344, which ensures that RF waves do not
reflect back into amplifying system 330. The power for
operating amplifying system 330 is supplied by power
supply 346.
[0037] Upon exit from amplifying system 330, the sig-
nal from DAC 320c is passed on to particle accelerator
302 through matching network 348. Matching network
348 matches impedance of a load (particle accelerator
302) and a source (amplifying system 330). Matching
network 348 includes a set of variable reactive elements.
[0038] Synchrocyclotron 300 can further include opti-
mizer 350. Using measurement of the intensity of beam
318 by beam monitor 316, optimizer 350, under the con-
trol of a programmable processor can adjust the wave-
forms produced by DACs 320a, b and c and their timing
to optimize the operation of the synchrocyclotron 300 and
achieve a optimum acceleration of the charged particles.
[0039] The principles of operation of digital waveform
generator 319 and adaptive feedback system 350 will
now be discussed with reference to FIG. 4.
[0040] The initial conditions for the waveforms can be
calculated from physical principles that govern the motion
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of charged particles in magnetic field, from relativistic me-
chanics that describe the behavior of a charged particle
mass as well as from the theoretical description of mag-
netic field as a function of radius in a vacuum chamber.
These calculations are performed at step 402. The the-
oretical waveform of the voltage at the dee gap, RF(ω,
t), where ω is the frequency of the electrical field across
the dee gap and t is time, is computed based on the
physical principles of a cyclotron, relativistic mechanics
of a charged particle motion, and theoretical radial de-
pendency of the magnetic field.
[0041] Departures of practice from theory can be
measured and the waveform can be corrected as the
synchrocyclotron operates under these initial conditions.
For example, as will be described below with reference
to FIGs. 8A-C, the timing of the ion injector with respect
to the accelerating waveform can be varied to maximize
the capture of the injected particles into the accelerated
bunch of particles.
[0042] The timing of the accelerator waveform can be
adjusted and optimized, as described below, on a cycle-
by-cycle basis to correct for propagation delays present
in the physical arrangement of the radio frequency wiring;
asymmetry in the placement or manufacture of the dees
can be corrected by placing the peak positive voltage
closer in time to the subsequent peak negative voltage
or vice versa, in effect creating an asymmetric sine wave.
[0043] In general, waveform distortion due to charac-
teristics of the hardware can be corrected by pre-distort-
ing the theoretical waveform RF(ω, t) using a device-de-
pendent transfer function A, thus resulting in the desired
waveform appearing at the specific point on the acceler-
ation electrode where the protons are in the acceleration
cycle. Accordingly, and referring again to FIG. 4, at step
404, a transfer function A(ω, t) is computed based on
experimentally measured response of the device to the
input voltage.
[0044] At step 405, a waveform that corresponds to an
expression RF(ω, t)/A(ω,t) is computed and stored in
memory 322. At step 406, digital waveform generator
319 generates RF /A waveform from memory. The driving
signal RF(ω, t)/A(ω, t) is amplified at step 408, and the
amplified signal is propagated through the entire device
300 at step 410 to generate a voltage across the dee gap
at step 412. A more detailed description of a represent-
ative transfer function A(ω,t) will be given below with ref-
erence to FIGs. 6A-C.
[0045] After the beam has reached the desired energy,
a precisely timed voltage can be applied to an extraction
electrode or device to create the desired beam trajectory
in order to extract the beam from the accelerator, where
it is measured by beam monitor at step 414a. RF voltage
and frequency is measured by voltage sensors at step
414b. The information about beam intensity and RF fre-
quency is relayed back to digital waveform generator
319, which can now adjust the shape of the signal RF(ω,
t)/A(ω, t) at step 406.
[0046] The entire process can be controlled at step 416

by optimizer 350. Optimizer 350 can execute a semi- or
fully automatic algorithm designed to optimize the wave-
forms and the relative timing of the waveforms. Simulated
annealing is an example of a class of optimization algo-
rithms that may be employed. On-line diagnostic instru-
ments can probe the beam at different stages of accel-
eration to provide feedback for the optimization algo-
rithm. When the optimum conditions have been found,
the memory holding the optimized waveforms can be
fixed and backed up for continued stable operation for
some period of time. This ability to adjust the exact wave-
form to the properties of the individual accelerator de-
creases the unit-to-unit variability in operation and can
compensate for manufacturing tolerances and variation
in the properties of the materials used in the construction
of the cyclotron.
[0047] The concept of the rotating condenser (such as
condenser 28 shown in FIG. 1A and 1B) can be integrated
into this digital control scheme by measuring the voltage
and current of the RF waveform in order to detect the
peak of the resonant condition. The deviation from the
resonant condition can be fed back to the digital wave-
form generator 319 (see FIG. 3) to adjust the frequency
of the stored waveform to maintain the peak resonant
condition throughout the accelerating cycle. The ampli-
tude can still be accurately controlled while this method
is employed.
[0048] The structure of rotating condenser 28 (see
FIGs. 1A and 1B) can optionally be integrated with a tur-
bomolecular vacuum pump, such as vacuum pump 40
shown in FIGs. 1A and 1B, that provides vacuum pump-
ing to the accelerator cavity. This integration would result
in a highly integrated structure and cost savings. The
motor and drive for the turbo pump can be provided with
a feedback element such as a rotary encoder to provide
fine control over the speed and angular position of rotat-
ing blades 30, and the control of the motor drive would
be integrated with the waveform generator 319 control
circuitry to insure proper synchronization of the acceler-
ating waveform.
[0049] As mentioned above, the timing of the waveform
of the oscillating voltage input can be adjusted to correct
for propagation delays that arise in the device. FIG. 5A
illustrate an example of wave propagation errors due to
the difference in distances R1 and R2 from the RF input
point 504 to points 506 and 508, respectively, on the ac-
celerating surface 502 of accelerating electrode 500. The
difference in distances R1 and R2 results in signal prop-
agation delay that affects the particles as they accelerate
along a spiral path (not shown) centered at point 506. If
the input waveform, represented by curve 510, does not
take into account the extra propagation delay caused by
the increasing distance, the particles can go out of syn-
chronization with the accelerating waveform. The input
waveform 510 at point 504 on the accelerating electrode
500 experiences a variable delay as the particles accel-
erate outward from the center at point 506. This delay
results in input voltage having waveform 512 at point 506,
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but a differently timed waveform 514 at point 508. Wave-
form 514 shows a phase shift with respect to waveform
512 and this can affect the acceleration process. As the
physical size of the accelerating structure (about 0.6 me-
ters) is a significant fraction of the wavelength of the ac-
celerating frequency (about 2 meters), a significant
phase shift is experienced between different parts of the
accelerating structure.
[0050] In FIG. 5B, the input voltage having waveform
516 is pre-adjusted relative to the input voltage described
by waveform 510 to have the same magnitude, but op-
posite sign of time delay. As a result, the phase lag
caused by the different path lengths across the acceler-
ating electrode 500 is corrected. The resulting waveforms
518 and 520 are now correctly aligned so as to increase
the efficiency of the particle accelerating process. This
example illustrates a simple case of propagation delay
caused by one easily predictable geometric effect. There
may be other waveform timing effects that are generated
by the more complex geometry used in the actual accel-
erator, and these effects, if they can be predicted or
measured can be compensated for by using the same
principles illustrated in this example.
[0051] As described above, the digital waveform gen-
erator produces an oscillating input voltage of the form
RF(ω, t)/A(ω, t), where RF(ω, t) is a desired voltage
across the dee gap and A(ω, t) is a transfer function. A
representative device-specific transfer function A, is il-
lustrated by curve 600 in FIG. 6A. Curve 600 shows Q-
factor as a function of frequency. Curve 600 has two un-
wanted deviations from an ideal transfer function, namely
troughs 602 and 604. These deviation can be caused by
effects due to the physical length of components of the
resonant circuit, unwanted self-resonant characteristics
of the components or other effects. This transfer function
can be measured and a compensating input voltage can
be calculated and stored in the waveform generator’s
memory. A representation of this compensating function
610 is shown in FIG. 6B. When the compensated input
voltage 610 is applied to device 300, the resulting voltage
620 is uniform with respect to the desired voltage profile
calculated to give efficient acceleration.
[0052] Another example of the type of effects that can
be controlled with the programmable waveform genera-
tor is shown in FIG 7. In some synchrocyclotrons, the
electric field strength used for acceleration can be se-
lected to be somewhat reduced as the particles acceler-
ate outward along spiral path 705. This reduction in elec-
tric field strength is accomplished by applying accelerat-
ing voltage 700, that is kept relatively constant as shown
in FIG. 7A, to accelerating electrode 702. Electrode 704
is usually at ground potential. The electric field strength
in the gap is the applied voltage divided by the gap length.
As shown in FIG. 7B, the distance between accelerating
electrodes 702 and 704 is increasing with radius R. The
resulting electric field strength as a function or radius R
is shown as curve 706 in FIG. 7C.
[0053] With the use of the programmable waveform

generator, the amplitude of accelerating voltage 708 can
be modulated in the desired fashion, as shown in FIG.
7D. This modulation allows to keep the distance between
accelerating electrodes 710 and 712 to remain constant,
as shown in FIG. 7E. As a result, the same resulting elec-
tric field strength as a function of radius 714, shown in
FIG. 7F, is produced as shown in FIG. 7C. While this is
a simple example of another type of control over syn-
chrocyclotron system effects, the actual shape of the
electrodes and profile of the accelerating voltage versus
radius may not follow this simple example.
[0054] As mentioned above, the programmable wave-
form generator can be used to control the ion injector (ion
source) to achieve optimal acceleration of the charged
particles by precisely timing particle injections. FIG. 8A
shows the RF accelerating waveform generated by the
programmable waveform generator. FIG. 8B shows a
precisely timed cycle-by-cycle injector signal that can
drive the ion source in a precise fashion to inject a small
bunch of ions into the accelerator cavity at precisely con-
trolled intervals in order to synchronize with the accept-
ance phase angle of the accelerating process. The sig-
nals are shown in approximately the correct alignment,
as the bunches of particles are usually traveling through
the accelerator at about a 30 degree lag angle compared
to the RF electric field waveform for beam stability. The
actual timing of the signals at some external point such
as the output of the digital-to-analog converters, may not
have this exact relationship as the propagation delays of
the two signals is likely to be different. With the program-
mable waveform generator, the timing of the injection
pulses can be continuously varied with respect to the RF
waveform in order to optimize the coupling of the injected
pulses into the accelerating process. This signal can be
enabled or disabled to turn the beam on and off. The
signal can also be modulated via pulse dropping tech-
niques to maintain a required average beam current. This
beam current regulation is accomplished by choosing a
macroscopic time interval that contains some relatively
large number of pulses, on the order of 1000, and chang-
ing the fraction of pulses that are enabled during this
interval.
[0055] FIG. 8C shows a longer injection control pulse
that corresponds to a multiple number of RF cycles. This
pulse is generated when a bunch of protons are to be
accelerated. The periodic acceleration process captures
only a limited number of particles that will be accelerated
to the final energy and extracted. Controlling the timing
of the ion injection can result in lower gas load and con-
sequently better vacuum conditions which reduces vac-
uum pumping requirements and improves high voltage
and beam loss properties during the acceleration cycle.
This can be used where the precise timing of the injection
shown in FIG. 8B is not required for acceptable coupling
of the ion source to the RF waveform phase angle. This
approach injects ions for a number of RF cycles which
corresponds approximately to the number of "turns"
which are accepted by the accelerating process in the
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synchrocyclotron. This signal is also enabled or disabled
to turn the beam on and off or modulate the average
beam current.
[0056] While this invention has been particularly
shown and described with references to preferred em-
bodiments thereof, it will be understood by those skilled
in the art that various changes in form and details may
be made therein without departing from the scope of the
invention encompassed by the appended claims.

Claims

1. A synchrocyclotron (300) comprising:

magnetic poles (4a, 4b) having a gap (13) ther-
ebetween
a magnetic field generator to generate the mag-
netic field in the gap;
an ion source (18) for injecting charged particles
into the synchrocyclotron;
a programmable wave form generator (319) pro-
vided to generate a voltage input, the voltage
input being at a frequency oscillating;
a resonant circuit arranged to receive the volt-
age input, the resonant circuit comprising:

accelerating electrodes (10 and 12), dis-
posed between the magnetic poles (4a and
4b); and
a variable reactive element (28) in circuit
with the electrodes (10 and 12) to vary the
resonant frequency (602 and 604) of the
resonant circuit;
the synchrocyclotron being characterised
in that the programmable waveform gener-
ator (319) is digital and is arranged to pro-
vide the voltage input at a frequency that
varies over the time of acceleration of the
charged particles.

2. The synchrocyclotron of claim 1, wherein the fre-
quency of the voltage input is adjusted to maintain
resonant conditions in the resonant circuit.

3. The synchrocyclotron (300) as claimed in claim 1,
characterised in that the amplitude of the voltage
is varied.

4. The Synchrocyclotron (300) as claimed in claim 3,
characterised in that it further includes one or more
sensors for detecting resonant conditions in the res-
onant circuit.

5. The synchrocyclotron (300) of claim 3, character-
ised in that it further includes:

means for controlling the reactance of the vari-

able reactive element (28) and adjusting the res-
onant frequency (602 and 604) of the resonant
circuit to maintain the resonant conditions.

6. The synchrocyclotron (300) as claimed in claim 1,
characterised in that it further includes an extrac-
tion electrode (22) disposed between the magnetic
poles (4a and 4b) to extract a particle beam from the
synchrocyclotron (300).

7. The synchrocyclotron (300) of claim 6, character-
ised in that it further includes a beam monitor (316)
for measuring at least one of particle beam intensity,
particle beam timing, or spatial distribution of the par-
ticle beam; and
further wherein at least one of the voltage input, the
ion source (18) and the extraction electrode (22) are
controlled to compensate for variations in the particle
beam.

8. The synchrocyclotron (300) as claimed in claim 7,
characterised in that the programmable waveform
generator (319) controls at least one of the ion source
(18) and the extraction electrode (22) to compensate
for variations in the particle beam.

9. A method of producing a particle beam in a synchro-
cyclotron (300) according to claim 1, comprising:

injecting charged particles into the synchrocy-
clotron (300) by the ion source (18);
applying an oscillating voltage input to the res-
onant circuit;
accelerating the charged particles;
extracting the accelerated charged particles
(26) by an extraction electrode (22) to form a
particle beam; and
characterised in that the voltage input is varied
in frequency by the programmable digital wave-
form generator over the time of acceleration of
the charged particles.

10. The method of claim 9, characterised in that it fur-
ther includes adjusting the frequency of the voltage
input to maintain resonant conditions in the resonant
circuit.

11. The method of claim 9, characterised in that the
amplitude of the voltage input is varied.

12. The method of claim 9, characterised in that it fur-
ther includes detecting resonant conditions in the
resonant circuit.

13. The method of claim 9, characterised in that it fur-
ther includes adjusting reactance of a variable reac-
tive element (28) in circuit with the oscillating voltage
input and the accelerating electrodes (10 and 12) to
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maintain the resonant conditions in the resonant cir-
cuit.

14. The method of claim 9, characterised in that it fur-
ther includes measuring at least one of particle beam
intensity, beam timing, or spatial distribution of the
particle beam by a beam monitor; and
controlling at least one of the oscillating voltage in-
put, the ion source (18) and the extraction electrode
(22) to compensate for variations in the particle
beam.

15. The method of claim 9, characterised in that the
programmable waveform generator (319) controls
at least one of the ion source (18) and the extraction
electrode (22) to compensate for variations in the
particle beam.

Patentansprüche

1. Synchrozyklotron (300) umfassend:

Magnetpole (4a, 4b) mit einem Spalt (13) dazwi-
schen;
Einen Magnetfeldgenerator zum Generieren ei-
nes Magnetfelds im Spalt;
eine Ionenquelle (18) zum Injizieren geladener
Teilchen in das Synchrozyklotron;
ein programmierbarer Wellenformgenerator
(319), der vorgesehen ist, einen Spannungsein-
gang zu generieren, wobei der Spannungsein-
gang mit einer Frequenz schwingt;
einen Resonanzkreis, der eingerichtet ist, den
Spannungseingang zu empfangen, wobei der
Resonanzkreis umfasst:

Beschleunigungselektroden (10 und 12),
die zwischen den Magnetpolen (4a und 4b)
angeordnet sind; und
ein variables reaktives Element (28) ange-
schlossen an die Elektroden (10 und 12),
um die Resonanzfrequenz (602 und 604)
des Resonanzkreises zu variieren;

wobei das Synchrozyklotron dadurch gekenn-
zeichnet ist, dass der programmierbare Wel-
lenformgenerator (319) digital ist und eingerich-
tet ist, den Spannungseingang mit einer Fre-
quenz bereitzustellen, die über die Zeit der Be-
schleunigung der geladenen Teilchen variiert.

2. Synchrozyklotron nach Anspruch 1, wobei die Fre-
quenz des Spannungseingangs eingestellt wird, um
Resonanzbedingungen im Resonanzkreis beizube-
halten.

3. Synchrozyklotron (300) wie in Anspruch 1 bean-

sprucht, dadurch gekennzeichnet, dass die Amp-
litude der Spannung variiert wird.

4. Synchrozyklotron (300) wie in Anspruch 3 bean-
sprucht, dadurch gekennzeichnet, dass es ferner
einen oder mehrere Sensoren zum Nachweisen von
Resonanzbedingungen im Resonanzkreis ein-
schließt.

5. Synchrozyklotron (300) nach Anspruch 3, dadurch
gekennzeichnet, dass es ferner einschließt:

Mittel zur Steuerung der Reaktanz des variablen
reaktiven Elements (28) und der Einstellung der
Resonanzfrequenz (602 und 604) des Reso-
nanzkreises, um die Resonanzbedingungen
beizubehalten.

6. Synchrozyklotron (300) wie in Anspruch 1, dadurch
gekennzeichnet, dass es ferner eine Extraktions-
elektrode (22) einschließt, die zwischen den Mag-
netpolen (4a und 4b) angeordnet ist, um einen Teil-
chenstrahl aus dem Synchrozyklotron (300) zu ex-
trahieren.

7. Synchrozyklotron (300) nach Anspruch 6, dadurch
gekennzeichnet, dass es ferner einen Strahlmoni-
tor (316) zum Messen wenigstens eins von Folgen-
den, der Teilchenstrahlintensität, Timing des Teil-
chenstrahls oder räumliche Verteilung des Teilchen-
strahls; und
ferner, wobei wenigstens eins von Folgenden, der
Spannungseingang, die Ionenquelle (18) und die Ex-
traktionselektrode (22) gesteuert werden, um für
Schwankungen im Teilchenstrahl zu kompensieren.

8. Synchrozyklotron (300) wie in Anspruch 7 bean-
sprucht, dadurch gekennzeichnet, dass der pro-
grammierbare Wellenformgenerator (319) wenigs-
tens eins der Folgenden steuert, die Ionenquelle (18)
und die Extraktionselektrode (22), um für Schwan-
kungen im Teilchenstrahl zu kompensieren.

9. Verfahren zur Erzeugung eines Teilchenstrahls in
einem Synchrozyklotron (300) nach Anspruch 1, um-
fassend:

Injizieren geladener Teilchen in das Synchrozy-
klotron (300) seitens der Ionenquelle (18). An-
legen eines schwingenden Spannungsein-
gangs an den Resonanzkreis;
Beschleunigen der geladenen Teilchen;
Extrahieren der beschleunigten geladenen Teil-
chen (26) durch eine Extraktionselektrode, um
einen Teilchenstrahl zu bilden; und
dadurch gekennzeichnet, dass der Span-
nungseingang in der Frequenz den program-
mierbaren digitalen Wellenformgenerator über
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die Zeit der Beschleunigung der geladenen Teil-
chen variiert wird.

10. Verfahren nach Anspruch 9, dadurch gekenn-
zeichnet, dass es ferner das Einstellen der Fre-
quenz des Spannungseingangs einschließt, um Re-
sonanzbedingungen im Resonanzkreis beizubehal-
ten.

11. Verfahren nach Anspruch 9, dadurch gekenn-
zeichnet, dass die Amplitude des Spannungsein-
gangs variiert wird.

12. Verfahren nach Anspruch 9, dadurch gekenn-
zeichnet, dass es ferner das Nachweisen von Re-
sonanzbedingungen im Resonanzkreis einschließt.

13. Verfahren nach Anspruch 9, dadurch gekenn-
zeichnet, dass es ferner das Einstellen von Reak-
tanz eines variablen reaktiven Elements (28) ein-
schließt, das an den schwingenden Spannungsein-
gang und die Beschleunigungselektroden (10 und
12) angeschlossen ist, um die Resonanzbedingun-
gen im Resonanzkreis beizubehalten.

14. Verfahren nach Anspruch 9, dadurch gekenn-
zeichnet, dass es ferner das Messen von wenigs-
tens eins der Folgenden, Teilchenstrahlintensität, Ti-
ming des Strahls oder räumliche Verteilung des Teil-
chenstrahls durch einen Strahlmonitor einschließt;
und
Steuern von wenigstens eins von Folgenden, des
schwingenden Spannungseingangs, der Ionenquel-
le (18) und der Extraktionselektrode (22), um für
Schwankungen im Teilchenstrahl zu kompensieren.

15. Verfahren nach Anspruch 9, dadurch gekenn-
zeichnet, dass der programmierbare Wellenform-
generator (319) wenigstens eins der Folgenden, die
Ionenquelle (18) und die Extraktionselektrode (22)
steuert, um für Schwankungen im Teilchenstrahl zu
kompensieren.

Revendications

1. Synchrocyclotron (300) comportant :

des pôles magnétiques (4a, 4b) ayant un entre-
fer (13) entre eux ;
un générateur de champ magnétique servant à
générer le champ magnétique dans l’entrefer ;
une source d’ions (18) servant à injecter des par-
ticules chargées dans le synchrocyclotron ;
un générateur de formes d’ondes programma-
ble (319) mis en oeuvre à des fins de génération
d’une tension d’entrée, la tension d’entrée os-
cillant à une fréquence ;

un circuit de résonance agencé pour recevoir la
tension d’entrée, le circuit de résonance
comportant :

des électrodes accélératrices (10 et 12),
disposées entre les pôles magnétiques (4a
et 4b) ; et
un élément réactif variable (28) mis en cir-
cuit avec les électrodes (10 et 12) pour faire
varier la fréquence de résonance (602 et
604) du circuit de résonance ;

le synchrocyclotron étant caractérisé en ce
que le générateur de formes d’ondes program-
mable (319) est numérique et est agencé pour
fournir la tension d’entrée à une fréquence qui
varie au cours de la durée d’accélération des
particules chargées.

2. Synchrocyclotron selon la revendication 1, dans le-
quel la fréquence de la tension d’entrée est ajustée
pour maintenir des conditions de résonance dans le
circuit de résonance.

3. Synchrocyclotron (300) selon la revendication 1, ca-
ractérisé en ce que l’amplitude de la tension est
variée.

4. Synchrocyclotron (300) selon la revendication 3, ca-
ractérisé en ce qu’il comprend par ailleurs un ou
plusieurs capteurs servant à détecter des conditions
de résonance dans le circuit de résonance.

5. Synchrocyclotron (300) selon la revendication 3, ca-
ractérisé en ce qu’il comprend par ailleurs :

un moyen servant à commander la réactance
de l’élément réactif variable (28) et à ajuster la
fréquence de résonance (602 et 604) du circuit
de résonance pour maintenir les conditions de
résonance.

6. Synchrocyclotron (300) selon la revendication 1, ca-
ractérisé en ce qu’il comprend par ailleurs une élec-
trode d’extraction (22) disposée entre les pôles ma-
gnétiques (4a et 4b) à des fins d’extraction d’un fais-
ceau de particules en provenance du synchrocyclo-
tron (300).

7. Synchrocyclotron (300) selon la revendication 6, ca-
ractérisé en ce qu’il comprend par ailleurs un dis-
positif de contrôle de faisceau (316) servant à me-
surer au moins l’une parmi l’intensité du faisceau de
particules, la synchronisation du faisceau de parti-
cules, ou la distribution spatiale du faisceau de
particules ; et
par ailleurs dans lequel au moins l’une parmi la ten-
sion d’entrée, la source d’ions (18) et l’électrode
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d’extraction (22) sont commandées à des fins de
compensation pour les variations dans le faisceau
de particules.

8. Synchrocyclotron (300) selon la revendication 7, ca-
ractérisé en ce que le générateur de formes d’on-
des programmable (319) commande au moins l’une
parmi la source d’ions (18) et l’électrode d’extraction
(22) à des fins de compensation pour les variations
dans le faisceau de particules.

9. Procédé de production d’un faisceau de particules
dans un synchrocyclotron (300) selon la revendica-
tion 1, comportant :

l’étape consistant à injecter des particules char-
gées dans le synchrocyclotron (300) par la sour-
ce d’ions (18) ;
l’étape consistant à appliquer une tension d’en-
trée oscillante au niveau du circuit de
résonance ;
l’étape consistant à faire accélérer les particules
chargées ;
l’étape consistant à extraire les particules char-
gées accélérées (26) par une électrode d’ex-
traction (22) pour former un faisceau de
particules ; et
caractérisé en ce que la tension d’entrée est
variée en fréquence par le générateur de formes
d’ondes numérique programmable au cours de
la durée d’accélération des particules chargées.

10. Procédé selon la revendication 9, caractérisé en ce
qu’il comprend par ailleurs l’étape consistant à ajus-
ter la fréquence de la tension d’entrée pour maintenir
des conditions de résonance dans le circuit de réso-
nance.

11. Procédé selon la revendication 9, caractérisé en ce
que l’amplitude de la tension d’entrée est variée.

12. Procédé selon la revendication 9, caractérisé en ce
qu’il comprend par ailleurs l’étape consistant à dé-
tecter des conditions de résonance dans le circuit
de résonance.

13. Procédé selon la revendication 9, caractérisé en ce
qu’il comprend par ailleurs l’étape consistant à ajus-
ter la réactance d’un élément réactif variable (28)
mis en circuit avec la tension d’entrée oscillante et
les électrodes accélératrices (10 et 12) pour main-
tenir les conditions de résonance dans le circuit de
résonance.

14. Procédé selon la revendication 9, caractérisé en ce
qu’il comprend par ailleurs l’étape consistant à me-
surer au moins l’une parmi l’intensité du faisceau de
particules, la synchronisation du faisceau, ou la dis-

tribution spatiale du faisceau de particules par un
dispositif de contrôle de faisceau ; et
l’étape consistant à commander au moins l’une par-
mi la tension d’entrée oscillante, la source d’ions (18)
et l’électrode d’extraction (22) à des fins de compen-
sation pour les variations dans le faisceau de parti-
cules.

15. Procédé selon la revendication 9, caractérisé en ce
que le générateur de formes d’ondes programmable
(319) commande au moins l’une parmi la source
d’ions (18) et l’électrode d’extraction (22) à des fins
de compensation pour les variations dans le faisceau
de particules.
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