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ABSTRACT OF THE DISCLOSURE

The accelerator is a cyclic type accelerator
having deflection electromagnets and four-pole
electromagnets for making a charged particle beam
circulate, a multi-pole electromagnet for generating a
stability limit of resonance of betatron oscillation
for the production of the charged particle beam, and a
high frequency source for applying a high frequency
electromagnetic field to the beam to move the beam to
the outside of the stability limit, thus exciting
resonance in the betatron oscillation. The high
frequency source generates a sum signal of a plurality
of AC signals of which the instantaneous frequencies
change with respect to time, and of which the average
values of the instantaneous frequencies with respect to
time are different, and applies the sum signal via

electrodes to the beam.
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BACKGROUND OF THE INVENTION

The present invention relates to an
accelerator for accelerating charged-particle beam and
producing the beam to be used, a method of producing
the beam, and a medical system using the beam.

A conventional accelerator system and method
of producing the charged particle beam from the
accelerator system are described in JP No. 2,596,292.

As in the publication No. 2,596,292, the
charged particle beam from a preaccelerator is made
incident to the following-stage accelerator. The
following-stage accelerator accelerates the charged
particle beam up to the energy to be necessary for
treatment, and produces the beam. The charged
particles circulate while vibrating left and right or
up and down. There are called betatron oscillations.
The number of vibrations per orbit of the betatron
oscillation is called tune. Two four-pole
electromagnets for convergence and for divergence are

used, making the tune close to an integer + 1/3 or an

integer + 2/3 or an integer + 1/2. At the same time, a

multiple-pole electromagnet for causing resonance
provided on the circular orbit is excited, thereby
suddenly increasing the amplitude of the betatron

oscillations of the charged particles having more than
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a certain betatron oscillation amplitude, of a large
number of the charged particles that go round. This
sudden amplitude increase phenomenon is called
resonance of betatron oscillation. The threshold of
the amplitude of the betatron oscillations at which the
resonance occurs is called stability limit, the value
of which changes depending on the relation between the
intensities of the resonance generating multi-pole
magnetic field and the four-pole magnetic field. The
resonance caused when the tune made close to an integer
+ 1/2 is called second order resonance, and the
resonance when the tune made close to an integer + 1/3
or + 2/3 is called third order resonance. A
description will hereinafter be made of a case in which
the tune is made close to an integer + 1/3 at the third
order resonance. The value of the stability limit of
deviation of tune from an

resonance decreases as the

integer + 1/3 diminishes. Thus, in the prior art,

while the intensity of the resonance generating multi-

the tune is first

pole electromagnét is kept constant,

approached to an integer + 1/3, and made constant,
namely, the field intensity of the four-pole magnet is
maintained constant as well as the intensities of the
deflecting electromagnet and resonance generating
multi-pole électromagnet are kept constant. Then, a
high-frequency electromagnetic field having a plurality

of different frequency components or a frequency band

is applied to the beam, increasing the betatron
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oscillation amplitude to generate resonance. The beam
is produced from the extracting deflector by making use
of the increase of betatron oscillation due to the
resonance. The extracted ion beam is transported by
use of an electromagnet of an ion beam transport system
to a treatment room.

An extracting-purpose high-frequency source
used in the conventional accelerator is described in
JP-A-7-14,699. The charged particle beam has its tune
changed depending on the betatron oscillation amplitude
under the action of the resonance generating multi-pole
electromagnet. Therefore, the high frequency for beam
extraction is required to have a frequency band, or a
plurality of different frequency components. 1In the
prior art, such high frequencies, are applied to the
charged particle beam, as to have a frequency band of
about several tens of kHz including the product of the
tune's decimal fraction and revolution frequency of the
charged particle beam extracted from the cyclic type
accelerator.

The charged particle beam emitted from the
accelerator, as described in JP-A-10-118,204, is
transported to a treatment room where an irradiator for
treatment is provided. The irradiator has a scatterer
for increasing the beam diameter, and a beam scanning
magnet for making the diameter-increased beam
circularly scan. The circular scanning of the beam

increased in its diameter by this scatterer acts to




10

15

20

25

-4 -
flatten the integrated beam intensity inside the locus
of the scanning beam center. The beam with the
intensity distribution flattened is made coincident in
its shape with the diseased part by a patient
collimator before being irradiated on the patient.

In addition, though different from the above,
a small-diameter beam may be used and scanned for its
shape to comply with the diseased part by use of the
beam scanning electromagnet. In this small-diameter
beam scanning method, the current to the beam scanning
electromagnet is controlled to irradiate the beam at a
predetermined position. The high frequencies are
stbpped from being applied to the beam after confirming
the application of a certain amount of irradiation by a
beam intensity monitor, thus the beam being stopped
from emission. After the stopping of beam irradiation,
the current to the beam scanning electromagnet is
changed to change the irradiation position, and the
beam is again irradiated in a repeating manner.

Thus, in the conventional medical accelerator
system, before being irradiated, the beam is increased
in its diameter by the scatterer and circularly
deflected to scan so that the integrated intensity
distribution in the region inside the scan circle can
be flattened. 1In this beam scanning irradiation, to
flatten the intensity distribution, it is desired to
reduce the change of the beam intensity, and

particularly to decrease the frequency components
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ranging from about tens of Hz to tens of kHz. However,
in the conventional medical accelerator system, since
the high frequencies to be applied to the charged
particle beam have a frequency band, or a plurality of

5 different frequencies for the emission, the beam
emitted from the accelerator has frequency components
ranging from about tens of Hz to tens of kHz, and the
intensity thereof is changed with lapse of time.
Therefore, in order to obtain a uniform irradiation

10 intensity distribution, it is necessary to properly
select the circular scanning speed according to the
change of beam intensity with time, or to flatten the
irradiation intensity distribution by selecting a
scanning frequency deviated from the frequency of the

15 beam intensity change. The beam intensity change
problem can be solved by much increasing the circular
scanning frequency, but the cost of the scanning
electromagnets and power supply is greatly increased.

Moreover, when the beam intensity change with time is

20 great, the conditions such as reproducibility and
stability of the current to the scanning electromagnet,
which are necessary to suppress the change of the

irradiation field intensity distribution to within an

allowable range, are severer than in the case where the

25 beam intensity change with time is small.

Moreover, in the prior art, even though the
scanning beam diameter is large or small, the beam

intensity change with time makes it necessary to
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increase the time resolution of the beam intensity
monitor to confirm a predetermined irradiation

intensity distribution.

SUMMARY OF THE INVENTION

According io‘one aspect of the invention to
aéhieve the above object, there is provided a circular
type accelerator having deflecting electromagnets and
four-pole electromaénets for making a charged particle
beam circulate, a multi-pole electromagnet for
generating a stability limit of resonance of betatron
oscillation in order to produce the charged particle
beam, and a high-frequency source for applying a high-
frequency electromagnetic field to the charged particle
beam to move the charged@ particle beam to the outside
of the stability limit and thereby to excite resonance
in the betatron oscillation, characterized in that the
high-frequency source generates an AC signal that
includes a plurality of different frequency components,
the minimum freguency difference of which is in the
range from 500 Hz to 10 kHz and, the phases of which

include the phase difference between those fregquency




. .
vees

10

15

20

25

-7 -
components and values other than an integer x =.

In order to increase the betatron oscillation
amplitude of the charged particle beam by high
frequencies to shift it to the outside of the stability
limit, it is desired that the high frequencies be close
to the product of the decimal fraction of the tune (the
number of betatron oscillations during the time in

which the charged particle beam once circulates in the

.cyclic type accelerator) of the charged particle beam,

and the circulation frequency, or to the product of the
decimal fraction of the tune and an integral multiple
of the circulation frequency. The tune is changed
depending on the amplitude of the betatron oscillation.
Thus, in order to exceed the stability limit for
irradiation, and hence to increase the amplitude of
betatron oscillation, it is necessary to use high
frequencies having a plurality of different frequency
components.

In the above aspect of the invention, since
an AC signal that includes a plurality of different
frequency components of which the minimum frequency
difference is in the range from 500 Hz to 10 kHz is
applied to the charged particle beam from the high-
frequency source, the lowest frequency component of the
change of the betatron oscillation amplitude of the
charged particle beam is in the range from 500 Hz to 10

kHz, and thus it is possible to exclude the change of

-10-
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the irradiation current below some hundreds of Hz that is particularly necessary to be
suppressed in the irradiation method in which a small-diameter beam is deflected to scan.
In addition, if the phase difference between the frequency components is an integer x 7, the
signal intensity is greatly increased or decreased due to the superimposition of those
different frequency components. However, by selecting the phase difference between
those frequency components to be a value other than an integer x 7, it is possible to

suppress the emitted beam intensity from changing.

According to another aspect of the invention there is provided a cyclic type
accelerator comprising:

deflection electromagnets and four-pole electromagnets for making a charged
particle beam circulate;

a multi-pole electromagnet for generating a stability limit of resonance of betatron
oscillation for emission of said charged particle beam; and

a high frequency source for applying a high frequency electromagnetic field to said
beam to move said beam to the outside of said stability limit, thus exciting resonance in
said betatron oscillation,

characterized in that, in order to apply a high frequency electromagnetic field to said

beam to move said beam to the outside of said stability limit, said high frequency source
generates an AC signal including a plurality of frequency components, between which the
minimum frequency difference is in the range from 500 Hz to 10 kHz inclusive, and the
phase of the plurality of frequency components is adjusted so that the phase differences

between each of the frequency components take values other than an integer x 7.

Thus, the low frequency components of the amplitude change of the betatron
oscillation within the cyclic type accelerator are reduced with the result that the produced
beam is less changed with respect to time. Therefore, the beam with its amplitude less

changed can be irradiated from the irradiator for treatment.

According to another aspect of the invention, there is provided a method of operating a

medical accelerator system that has a cyclic type accelerator including deflection

11-
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electromagnets and four-pole electromagnets for making a charged particle beam circulate,
a multi-pole electromagnet for generating a stability limit of resonance of betatron
oscillation for emission of said charged particle beam, and a high frequency source for
applying a high frequency electromagnetic field to said beam to move said beam to the
outside of said stability limt, thus exciting resonance in said betatron oscillation; a
transport system’for transporting said beam produced from said cyclic type accelerator;
and an irradiator for irradiating said transported beam on patient, said method comprising
the steps of:

generating from said high frequency source an AC signal including a plurality of
frequency components, between which the minimum frequency difference is in the range
from 500 Hz to 10 kHz inclusive, and the phase of the plurality of frequency components
is adjusted so that the phase differences between each of the frequency components take
values other than an integer x 7

applying a high frequency electromagnetic field based on said AC signal to said
beam so that said beam can be moved to the outside of said stability limit and produced
from said cyclic type accelerator;

transporting said produced beam by said transport system; and

trradiating said beam from said irradiator.

Thus, the low frequency components of the amplitude change of the betatron
oscillation within the cyclic type accelerator are reduced, and the produced beam intensity
is less changed with respect to time with the result that the beam with its intensity less
changed with respect to time can be produced from the accelerator. Therefore, the beam
with its amplitude less changed can be irradiated from the irradiator for treatment.
Particularly, it is possible to reduce the change of the irradiation current below some
hundreds of Hz that is necessary to be suppressed in a small-diameter beam scanning

irradiation method.

[The next page is page 21]

-12-
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a diagram of a medical accelerator
system of one embodiment according to the invention.

Fig. 2 is a diagram of irradiation nozzle 200
in Fig. 1.

Fig. 3 is a diagram of high-frequency source
24 in Fig. 1.

Fig. 4 is a diagram showing the change of
phase and signal intensity of a high-frequency signal
applied to the electrodes 25.

Fig. 5 is a diagram showing the change of
phase of a high-frequency signal applied to the
electrode.

Figs. 6A and 6B are diagrams showing an
irradiation method using a scatterer, and the intensity
diétribution of radiation.

Fig. 7 is a graph showing the change of phase
of a high-frequency signal in a medical accelerator
system of another embodiment according to the
invention.

Fig. 8 is a graph showing the change of
signal intensity of a high-frequency signal in a
medical accelerator system of another embodiment
according to the invention.

Fig. 9 is a diagram showing the result of
numeric simulation of the intensity change of charged

particle beam in the embodiments of Figs. 7 and 8.

13-
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Fig. 10 is a diagram showing the result of
numeric simulation of the intensity change of charged
particle beam in the prior art.

Fig. 11 is a block diagram of high frecuency
source 24 of a medical accelerator system of another
embodiment according to the invention.

Fig. 12 is a block diagram of high frequency
source 24 of a medical accelerator system of another

embodiment according to the invention.

DESCRIPTION OF THE EMBODIMENTS
Embodiment 1

, A medical accelerator system of the first
embodiment according to the invention will be described
with reference to Fig. 1.

Fig. 1 shows the first embodiment of a
medical accelerator system according to the invention.
In this system, protons are injected and extracted, and
the beam produced from the accelerator 111 is
transported to a treatment room 98 in order to give
someone treatment for cancer. For treatment, a
treatment plan apparatus 131 is used to determine beam
energy, beam radiation dosage, and beam irradiation
time on the basis of patient information, and transmit
them to a controller 132. The controller 132 controls,
according to those information, a power supply 113 for
each device of accelerator 111, a power supply 112 for

devices of an emitted-beam transport system, and a

14-
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power supply 201 for an irradiator 200 of a treatment
irradiator system.
The accelerator 111 according to the

invention includes a preaccelerator 16, an incident

5 beam transport system 17 for transporting the beam to
the accelerator 111, an entrance device 15, a high
frequency acceleration cavity 8 for giving incident
beam energy, a deflection electromagnet 2 for bending
the beam orbit, four-pole electromagnets 5, 6 for

10 controlling the betatron oscillation of the beam, a
six-pole electromagnet 9 for exciting the resonance at
the time of emission, electrodes 25 for applying a
changing-with-time high frequency electromagnetic field
to the beam in order to increase the betatron

15 oscillation amplitude of particles within a stability
limit of resonance, and a beam ejecting device 4 for
supplying the amplitude-increased particles to a beam
transport system 102. The beam transport system 102 is
formed of deflection electromagnets 105 and four-pole

20 electromagnets 104. Of those devices, the six-pole
electromagnet 9 for resonance generation, the

electrodes 25 for giving the beam a high frequency

electromagnetic field, the beam output device 4, and
the four-pole electromagnets 104 and deflection

25 electromagnets 105 of the beam transport system are

used only for the process to emit the accelerated beam.

The beam incident to the accelerator via the

entrance device 15 is bent in its orbit by deflection

-15-
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electromagnets 2 in the course of going round. 1In
addition, the beam is rotated along the designed orbit
while undergoing betatron oscillation under the action
of the four-pole electromagnets. The frequency of the
betatron oscillation can be controlled by chénging the
amounts of exciting the four-pole electromagnets 5 for
convergence and four-pole electromagnets 6 for
divergence. In order to stably make the incident beam
it is necessary for
the number of betatron vibrations per full circle of
the accelerator,

or betatron frequency (tune) not to

cause resonance. In this embodiment, the four-pole
electromagnets 5, 6 are adjusted so that the horizontal
tune vx and vertical tune vy can be approached to a
value of an integer + 0.25 or an integer + 0.75. Under
this condition, the beam can be stably circulated
within the accelerator, and given energy from the high
frequency acceleration cavity 8 in the course of
circulation. The beam is further accelerated by
increasing the magnetic field intensities of the
deflection electromagnet 2 and four-pole electromagnets
5, 6 while the field intensity ratio of the magnets is
being kept constant. Since the ratio of the field
intensities is constant, the number of betatron
vibrations per full circle of accelerator, or tune can
be maintained constant.

In the extraction process, the power source

to the four-pole electromagnets 5 for convergence and

-16-
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the power source to the four-pole electromagnets 6 for
divergence are adjusted so that the horizontal tune vx
can have a value of an integer + 1/3 + A or an integer
+ 2/3 + A (where A is as small as about 0.01). In the
following description, the horizontal tune vx is

selected to be an integer + 1/3 + A. Then, current for

resonance excitation is caused to flow in the six-pole

electromagnet 9. The intensity of the current flowing

.in the six-pole electromagnet 9 is determined so that

the particles having large betatron oscillation
amplitudes, of the circulating beam, can be fallen
within a stability limit. The value of the current
intensity is previously estimated by computation or
through repeated irradiation operations.

Then, the high frequency signal generated
from the high frequency source 24 is applied to the
3 is a block diagram

beam via the electrodes 25. Fig.

of the high freduency source 24. As illustrated in
Fig. 3, the electrodes 25 are plate-like electrodes,
and opposed to each other in the horizontal direction
so that a signal changing with respect to time can be
applied to the beam. Currents of opposite signs are
supplied from the high frequency source 24 to the
electrodes 25, thus producing electric fields in the
directions shown in Fig. 3, by which the charge
particle beam is affected.

The high frequency source 24 shown in Fig. 3

receives signals of beam energy E, cyclic frequency f£,,

-17-
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taking-out time t_, and target irradiation dose that
the controller 132 has supplied according to the
information from the treatment plan apparatus 131, and
applies to the electrodes 25 the following signal

5 changing with respect to time. That is, the high
frequency source 24, on the basis of the signals from
the controller 132, generates a sum signal,
2A,-sin(27g‘,t+9,.), where t is time, of AC signals that have
different frequencies f£,, f,, ...£f, (f,, <f,<...<f)), and

10 phases 6; (i=1, 2...n) and amplitudes A, (i = 1, 2,
n) associated with frequencies f; (i=1, 2...n) and of
which the instantaneous frequencies are changed with
respect to time. In other words, the phases 6; of the
AC signals are repeatedly changed at predetermined

15 intervals of time, and the sum signal is applied to the
electrodes 25. The change of phase 8; with respect to

time is selected so that phases 6, , 0, 6,-8; of 8,, 6,

: (i#j, i, j=1, 2, ...n) can be changed with a certain
CI period. A plurality of frequencies f;, £f,, ...f, include
::.-:. 20 values of f,/3 through (1/3 + 8)f, based on the cyclic

frequency f,, between the minimum and maximum values.
The frequencies f,, f,, ...f, are selected so that the

difference between the frequency f,,;, and the adjacent

frequency £f; is in the range from 1 kHz to 10 kHz. The
.:..:' 25 reason for the selection of those frequency components
is based on the following considerations.
oles® (a) The tune of the beam having an extremely

small betatron oscillation amplitude is an integer +

-18-
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1/3 +§ as determined by the four-pole electromagnets.
However, the tune of the particles of which the
betatron oscillation amplitude is as large as close to
the stability limit is deviated about & from this value
to be close to a value of an integer + 1/3. Thus, the
tunes of the beam particles of which the oscillation
amplitudes are between those values are continuously
distributed between the values of an integer + 1/3 +8&
and an integer + 1/3.

(b) In order to effectively increase the
betatron oscillation amplitude of the charged particle
beam, it is necessary that a high frequency close to
the betatron oscillation frequency be appiied to the
charged particle beam.

(c) The betatron oscillation amplitude of the
chérged particle beam is changed at the frequency
differences f,-f; (i, j=1, 2...n) between the high
frequencies f,, f,, ...f,, and thus the beam current is
changed at the the same freguencies. Therefore, the
frequency f; (i=1l, 2...n) is determined so that the
frequency difference, f,,, - £, is equal to or higher
than 500 Hz which if desired in the small-diameter beam
scanning. When the frequency difference f,,, - f; is
selected to be 10 kHz or above, it is difficult to
effectively increase the betatron coscillation amplitude
by high frequencies with a practical power.

When secondary resonance is used for betatron

oscillation resonance, the tune is selected to be close

19-
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to an integer + 1/2. The frequency band width is the
same as above.

The phase 0; (i=1, 2...n) of the signal
A sin(2nft+6,) at frequency £, is changed m times (m: an
integer) as 6,, 6,, ...8, at intervals of time At. After
changing m times, the same phase change is repeated

with a period of T,,,=mAt.

exrf
Although the period T,,, will be described
later, this embodiment employs the period T, with
which the phase is changed, as the cyclic period T
(=1/£f.) of the beam accelerator, and the number of
divisions m is selected as m=4. Fig. 4 shows the
chénges of phase 0, of the signal frequency f;, and the
signal intensity of frequency f, (i=1, 2...n). The
period, T in Fig. 4 corresponds to T,.. The phase of
each frequency f; at time t; +kT.,; (k: an integer) is
0;;, and after the lapse of time At, or at time t=t; + At
+ kT,. the phase is changed to 0,,. This phase change
is made for each frequency f;,. Similarly, the phase is
changed to initial phase 0, at time t=t; + 2At + kT,
and to phase 8,, at time t=t, +3At + kT,,. When m>4,
the phase is further changed at intervals of At,
and to 0, at t=t; + At (m-1) + KT,,=t, + T-At + KT, .
After the lapse of period T, with which the phase is
changed, the phase 0, of each frequency f; is again
changed back to 6;;, and the above phase change is

repeated. Similarly, the phase 6; of each frequency f;

-20-
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is changed as shown in Fig. 5. The phase 6; to be
changed is selected so that the phase difference, -8,
(where i#j) between different frequencies f; and £ is
changed every At. Then, the sum zA,.sin(ng’,.t+9,.)of
5 different frequency signals is estimated and applied to
the electrodes 25.

When the high frequency signal is applied to
the electrodes 25, the orbital gradient to the beam is
changed by the effect of the electric and magnetic

10 fields, and starts to increase the betatron oscillation
amplitude of the beam. The betatron oscillation
amplitude of the particles that exceed the stability
limit is rapidly increased by resonance. The particles
that have caused resonance in the betatron oscillation,

15 after the oscillation is intensified, are emitted from
the beam output device 4. When the betatron
oscillation amplitude is changed in this way,
difference frequency components are caused between the
betatron oscillation frequency f; and the externally

20 applied high frequencies, and between these externally

applied high frequencies. 1In other words, if the high
frequencies applied to the charge particle beam are

represented by f,, £,...f, (f,<f,...<£f,), the frequency

differences between the betatron oscillation frequency
e 25 f, and the externally applied high frequencies are £,-fg,
f,-f...£,-f3. In addition, the maximum frequency
olae” difference between the applied high frequencies is £ -

f,, and the minimum one is the lowest frequency of the

21-
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frequency differences f;-f; (i, j: 1, 2...n, and i#j)
between the frequencies f,, f,...f,. These frequency
components occur as the betatron oscillation amplitude
changing components. In medical accelerator systems,
the maximum frequency difference f -f, is about some
tens of kHz.

In this embodiment, the phases of the

frequency components f;-f;, f£;-fj (i, j=1, 2...n, i#j) of

“the betatron oscillation amplitude are also changed at

intervals of At by changing the phases of high
frequencies f,, f,,...£f, every At. Therefore, for
example, the phases of the frequency components f;-f,
f.-fj (i, j=1, 2...n, i#j) of the betatron oscillation
amplitude change of the charged particle beam to which
the high freguency of the phase 8;, has been applied at

time t, + kT (k : 0, 1, 2..., m) are different from

exrf
those of the charged particle beam to which the high
frequency of the phase 6,, has been applied at time t=t,
+ At + kT, (k : 0, 1, 2..., m). As a result of
repeating those phase changes, when the charged
particie beam of which the betatron oscillation
amplitude is slightly smaller than the stability limit
passes by the high frequency electrodes at time t=t, +
KTopesr tO=ty + At + KkT..¢, £=t, + 2At + kTpe, ...E=ty +
(k-1) At + kT, (k : 0, 1, 2..., m), it includes a beam
that exceeds the stability limit and a beam that does

not exceed the stability limit due to the phase

difference between the high frequencies. For example,

-22-
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the beam that has passed by the high frequency
electrodes at t=t; + At + kT.,; is in the phase in which
the betatron oscillation amplitude increases, and hence
it is emitted, but the beam that has pased by the

is in the phase

electrodes at t = t, + (k-1) At + k T

exrt
in which the amplitude decreases, and hence it is not
emitted. 1In other words, if the beam passes At early
or late by the high frequency electrodes, it will be
As time further elapses,
the reverse phenomenon occurs. Even though the beam is
emitted just At before, it is not emitted At after.

Therefore, the intensity change of the beam to be

emitted is decreased within each of the time intervals
from t=t, + kT, to t=t, + (k + 1) T from t=t, + (k +

exr excf’

1) Teue to t=ty + (k + 2) T, and from t=t, + (n + 2)
Toee £O t=ty + (n + 3) T..;. Since the change of the
instantaneous frequency, or change of phase is
performed for each frequency f; (i=1l, 2...n), the change
of the frequency components f;-fg, £;-fj (i, j=1, 2...n,
i#j), or some tens of kH or below, of the beam current,
with respect to time, is very small.

Referring to Fig. 3, there is shown a
computer 133 of the high frequency source 24. This
computer 133 computes the high frequency f;, (i=1, 2...n)
to be applied for emission, on the basis of the
information of beam energy E and cyclic frequency f, fed
from the controller 132 of the accelerator 111 shown in
the computer 133 receives

Fig. 1. At the same time,

-23-
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from the controller 132 the number m of divisions into
which the time T necessary for the charged particle
beam once circulate in the cyclic accelerator is
divided. Thus, the phase change time At can be
calculated from the expression of Ar=T, (=T)/m. The
computer 133 generates data of phase 8, (i=1, 2...n ;
k=1, 2, ...m) for frequency f;, (i=1, 2...n) on the basis
of the number n of frequency components and the number
m of divisions. In this embodiment, the phase 6, (i=1,
2...n ; k=1, 2, ...m) is generated from random numbers
that become ® when averaged from 0 to 2n. In addition,
the sum signal, ZA,.sin(2zg‘,.t+0“) of AC signals of
different frequencies is computed over the interval
from t=0 to At, where A, is the amplitude at freqguency

£,

; (=1, 2, ...n), and then ZAisin(ziq}HB,.Z) is
calculated over the interval from t=At to 2At. These
operations are repeated to produce ZA,. sin(2nf.t+9,,) over
the interval from t=(m-1) At to mAt. Moreover,
EA,.sin(Zaf,.t+0“) is computed over the interval from t=T,.,,
to At + T, 9 Asin(aft+6,,) over the interval from
t=T,.¢ + At to T, +2At, and so on. The results of the
computation are stored in a memory 30 for waveform
data. The output from the memory 30 is converted to an
analog signal by a DA converter 27, amplified by an
amplifier 28 and applied via the electrodes 25 to the
charged particle beam. The shorter the phase change

time At, the more the change of the irradiation beam

current with respect time can be reduced. However, it
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becomes necessary to increase the size of the memory 30
for waveform data, shorten the sampling time in the DA
converter 27 and provide a wide frequency band to the
amplifier 28 and electrodes 25. Thus, the phase change
time At should be determined by considering these
characteristics.

The data to be stored in the memory 30 for
waveform data is generated for each beam energy to be
emitted. The high frequencies f; (i=1, 2...n) ranging
from frequency f, to f, to be applied for emission are
confined to within the range from about f,/3 to (1/3 +8)
f, on the basis of the reciprocal of the period T, or
the cyclic frequency £,. The value, & isbselected to be
large enough by considering that the tune is changed
due to the momentum difference of the beam. When the
charged particle beam is accelerated and produced from
the accelerator, waveform data is read from the memory
30 according to the beam energy information from the
controller 132, and transmitted to the DA converter 27.

The analog high frequency signal from the DA
converter 27 is amplified by the amplifier 28 and
applied via the electrodes 25 to the charged particle
beam as shown in Fig. 3. When the beam is omitted from
the accelerator, the amplification degree of the
amplifier 28 is changed by the output from a memory 31
that is controlled by the signal from a controller 134.
The patterns of this change with respect to time are

also stored in the memory 31 for each beam energy E and
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for each emission time T,,. Thus, changing the high
frequencies to be applied to the beam, with respect to
time, is made for keeping the number of particles
emitted per unit time constant. Just after the start

5 of emission, there are many particles within the
stability limit, and as the emission progresses, the
number of particles within the stability limit
decreases. Since the number of particles emitted per
unit time is proporticnal to the product of the

10 particles within the stability limit and the speed at
which the vetatron oscillation exceeds the stability
limit, the high frequency voltage to be applied to the
beém is increased as the emission progresses, thereby
making it possible to maintain the number of particles

15 emitted per unit time constant. Since the beam energy,
irradiation dose and irradiation time are determined by
information of patient and diseased part, the signal
according to that information is sent from the
controller 132 to the controller 134, and a proper

20 pattern is read from the memory 31 where data of

amplification patters are previously stored, and
supplied to the amplifier 28 so that the beam can be
o7 emitted.
In this embodiment, the period T,,. with which
L.f 25 the phase is changed is the cyclic period T of the
charged particle beam, and At is T divided by a
sies’ positive integer. Thus, the AC signal to be applied to

the charged particle beam from the high frequency
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source 24 includes not only a frequency range from £, to

f ., but also the equal-bandwidth frequency ranges from

n
f, + f, to £, + £, from 2f +f, to 2f, + £, from 3f, + £,
to 3f, + £,, ...shifted by f, from band to band. These

5 frequency components extend to about 1/(2At), maximum.
Therefore, the range of the frequency components to be
applied to the charged particle beam is substantially
equal to an integral multiple of the cyclic frequency +
the betatron oscillation frequency so that the betatron

10 oscillation amplitude can be effectively increased.
Accordingly, the amplifier 28 of the high frequency
source 24 and the electrodes 25 are required to have
such wide-band frequency characteristics that these
high frequencies can be all applied to the charged

15 particle beam without attenuation. 1If the division
number m and At are respectively made large and small,
higher frequency components will be caused, and hence
it will be necessary to improve the characteristics of
the amplifier 28 and the electrodes 25 according to the

20 higher frequency components.

The period T,.; with which the phase is

changed should be selected to be about the cyclic

period T (=1/f,) of the charged particle beam or a

period corresponding to the frequency components that

%2
j.J' 25 are important in the change of beam emission current
LLLIL]

with respect to time, or to some tens of kHz, namely to
* .
E:“' be about dozens of pus. The reason for this is that if
% 8
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the phase is changed in the other periods, the high
frequency components to be applied to the charged
particle beam include components that cannot
effectively increase the betatron oscillation

5 amplitude, thus preventing the power of the high
frequency source from being effectively used. When
T..:=T (the cyclic period of the charged particle beam),
the high frequency spectrum generated from the high

- frequency source 24, since the instantaneous frequency

10 is changed with respect to time, extends not only to a
range from £, to f,, but also to the ranges about from f,
+ £, to £, + £, 2f, + £, to 2f, + £, ..., from 6f + £,
to 6f, + f,. Here, f, is the cyclic frequency of the
charged particle beam, and is the reciprocal of the

15 period T with which the instantaneous frequency is
changed. The amplifier 28 of the high frequency source
24 and the electrodes 25 need to have frequency
characteristics wide enough to make it possible to
apply these high frequencies to the charged particle

20 beam without attenuation. If the division number m and

At are respectively large and small, higher freguency
R ~ components are caused, and thus it is necessary to use
the amplifier 28 and the electrodes 25 capable of

handling such higher frequency components.

25 When the period T, with which the phase is
changed is selected to be about 50 Hs corresponding to
the frequency (dozens of kHz) for suppressing the

emission beam current from changing with respect to
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time, the lowest frequency of the high frequency
spectrum generated from the high frequency source 24 is
lowered about a few times as much as dozens of kHz than
the frequency f,, while the highest frequency thereof is
raised similarly about a few times as much as dozens of
kHz than the frequency f,. Thus, the efficiency of the
high frequency power for changing the betatron
oscillation amplitude is slightly reduced. However,
such higher frequency components as the ranges from f_ +
£, to £, + £, and from 2f, + £, to 2f + f caused when

T,...=T are not produced. Therefore, the amplifier 28 of

exce
the high frequency source 24 and the electrodes 25 do
not need a wide frequency band that is necessary when
the phase change period T, is selected to be the
cyclic period T of the charged particle beam.

The beam produced from the accelerator 111
and transported via the transport system 102 to the
treatment room 98 is irradiated on patient by a rotary
irradiator 110. The transport system 102 has a monitor
32 provided to measure the beam current or the amount
of radiation substantially proportiocnal to the beam
current. A comparator 34 shown in Fig. 3 compares the
output from this monitor 32 and a target value 33 of
beam current that is transmitted from the controller
132 via the computer 133, The amplifier 28 of the high
frequency source 24 is controlled on the basis of the
difference from the comparator, thus controlling the

high frequency power to be applied to the charged
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particle beam so that a target beam current can be
produced. The signal produced from the comparator 34
in order to control the amplifier 28 acts to increase
or decrease the amplification degree of the amplifier
28 in accordance with the difference between the
measured value and target value of the irradiation
current. If there are cases in which the beam energy E
differs even under the same difference between the
measured value and the target value, the amount of
increasing or decreasing the amplification degree is
changed according to the beam energy E fed from the
computer 133. Thus, according to the present
invention, the change of the beam current generated by
the high frequencies for emission with respect to time
is reduced by changing the phases of the high
frequencies, or the instantaneous frequency with
respect to time, and the ehange of the current due to
the other causes is solved by the above-mentioned
control, thereby making the current be kept constant.

The rotary irradiator 110 provided in the
treatment room 98 will be described below. The rotary
irradiator 110 can irradiate the beam on patient from
any angle by the rotating axis as shown in Fig. 1. The
rotary irradiator has the four-pole electromagnets 104
and deflection electromagnets 105 for transporting the
beam produced from the accelerator 111 to the object to

be irradiated, and the power supply 112 for supplying
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current to the four-pole electromagnets 104 and
deflection electromagnets 105.

The rotary irradiator 110 also has the
irradiation nozzle 200. The nozzle 200 has
electromagnets 220, 221 for moving the irradiation
nozzle in the x-direction and y-direction. Here, the
x-direction is the direction parallel to the deflecting
plane of the deflection electromagnet 105, and y-
direction the direction perpendicular to the deflecting
plane of the deflection electromagnet 105. The power
supply 201 for supplying current is connected to the
electromagnets 220, 221. Fig. 2 shows the irradiation
nozzle 200. A scatterer 300 for increasing the beam
diameter is provided below the electromagnets 220, 221.
An irradiation amount monitor 301 for measuring the
irradiation amount distribution of the beam is also
provided below the scatterer 300. Moreover, a
collimator 226 is provided just before patient as an
object to be irradiated in order to prevent the damage
to the sound cells around the affected part.

Figs. 6A and 6B show the beam magnified by
the scatterer 300, and its intensity distribution. The
beam expanded by the scatterer takes substantially
Gaussian distribution, and is deflected by the
electromagnets 220, 221 so as to circularly scan. The
radius r of the scanning circle is selected to be about
1.1 to 1.2 times as large as the diameter of the

charged particle beam expanded by the scatterer. The
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result is that the charged particle beam portion
irradiated inside the circular track of the scanning
center takes a flat integration intensity distribution.
Therefore, the treatment plan apparatus 131 is used to

previocusly fix the irradiation position (X;, Y;) (i=1,

2, ...n) of the beam, and a necessary irradiation dose,
and after the irradiation, the fact that the beam of
the necessary dose has been irradiated is confirmed by
the irradiation amount monitor 301. Then, the
irradiation position is changed, and the irradiation
procedure 1s repeated, thus making it possible to
uniformly irradiate the beam on the diseased part.

' If patient's body is moved because of breath
or other factors, a signal indicative of the movement
of the patient's body is sent to control, the charged
particle beam to be urgently stopped from irradiation.
In this case, an urgent stop signal is sent from the
irradiation system, and further a dose expiration
signal is sent when the dose meter of the irradiation
system detects that the beam of the target dose has
been irradiated. On the basis of these signals an
interruption generator 35 provided in the high
frequency source 24 sends a control signal for stopping
the high frequencies, to the controller 134, and a high
frequency switch 36 provided in the high frequency
source 24 stops the high frequencies from being applied
to the electrodes 25. Thus, by stopping the high

frequencies from the high frequency source 24, it is
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possible to suspend the irradiation of the charged’
particle beam in a short time. 1In additiom, a
plurality of high frequency stopping means can be
provided within the high frequency source 24, thereby
making it possible to more surely stop the irradiation

of the beam.

Embodiment 2

The second embodiment of the invention will
be described.

The system of the second embodiment has the
same construction as that of the first embodiment. 1In
the high frequency source 24 shown in Fig. 3, the
computer 33 generates the high frequency signal
expressed by the sum signal, ZA,. sin(2fit + B, sin(2m /T, . +¢,))
of signals of different frequencies f; where t is time,
f. is the cyclic frequency of the beam, f; is the
frequencies of signals (i=1, 2, ...n), ¢, is the phase
of each frequency f;, A; is the amplitude, and B, is
constant. The data of this high freqguency signal is
stored in the memory 30. In this high frequency

signal, the phase is changed with period T thus

exrf’
changing the instantaneous frequency of the signal as
in the first embodiment 1. When the beam is
irradiated, the data is read from the memory 30 and
sent to the DA converter 27 where it is converted to an

analog signal. The analog signal is amplified by the

amplifier 28, and applied via the electrodes 25 to the
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beam. The way that a plurality of frequencies f;, (i=1,
2, ...n) are selected is exactly the same as in the
embodiment 1. The n phases ¢, (i=1, 2, ...n) are
selected from random numbers of average T ranging from
0 to 2n. The constant B; should be selected to be
large, or 27 in this embodiment.

When T,.; is selected to be period T with

which the beam circulates, the signal of

© Asin(2nfit +2xsin(2m /T, +¢;)) has the frequency spectrum of

L/Texrf £f; =L-fr £f; (L=1, 2...,an integer close to B;).
In other words, the frequency spectrum is separated by

an integral multiple of cyclic frequency £, from the

- original £;. Although the speed at which the betatron

oscillation amplitude of the beam is increased is not
reduced, it is necessary that the amplifier 28 and the
electrodes 25 have such frequency characteristics as
not to attenuate these frequency components as in the
embodiment 1.

When T, is selected to be about 50 us, or

1/T...: to be about 20 kHz, the signal of

A jsin(2rfit+2nsin(2m /T, +¢,)) has the frequency spectrum of

LT, 2f;=L-f,£f (L=1, 2..., an integer close to B).

In other words, the frequency spectrum is extended by
an integral multiple of 20 kHz from the original f;, and
the speed of the increase of the betatron oscillation
amplitude of the beam is lowered. The phases,
2rsin(2nf,t+¢,) and 2msin(2af,t+¢,) that change the

instantaneous frequency of the signal,
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sin(2nft + 2w sin(2af ¢ +9,)) (i=1, 2, ...n) where T,.=T are
shown as phase 1 and phase 2 in Fig. 7. 1In addition,
Fig. 8 shows the intensity changes of a signal
1=sin(2nf ¢ + 2xsin(2nf,t +¢,) and a signal

5 2=sin(2af,r +27sin(2nf,t +¢,) associated with the phases 1, 2.
The abscissas in Figs. 7 and 8 are based on the cyclic
period T of the beam. From these figures, it will be
seen that the phases of the high frequency signals to
be applied to the beam change with the change of the

10 circulation position of the beam, and hence that the
phase of change of the betatron oscillation amplitude
changes with the change of the circulation position.

Fig. 9 shows the numerical simulation results
of the intensity change of the charged particle beam

15 emitted when the high frequencies of this embodiment
are applied to the beam. 1In addition, Fig. 10 shows
the numerical simulation results of the intensity
change of the beam in the prior art with the phases of

the high frequencies for emission maintained constant.

20 The abscissas in Figs. 9 and 10 are the number of times
of circulation, or time, and the ordinates are the

RITLN relative values of emitted particle numbers. From the

figures, it will be apparent that the number of emitted

particles in this invention can be maintained constant

25 more effectively. That is, in the prior art, since the
instantaneous frequency of AC signal of frequency £; is
constant with the phase not changed, the phase of the

increase of the betatron oscillation amplitude does not
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depend on the circulation position. Therefore, when

the beam is emitted, the beam from the head to the

latter half in the circulation direction is emitted.

On the contrary, when the beam is not emitted, the beam
5 from the head to the latter half in the circulation

direction is not irradiated. Thus, the frequency

components f;-f;, f;-f; have clearly occurred in the

intensity change of the emitted beam with respect to

time.

10 Embodiment 3
The third embodiment of the invention will be
described.
The construction of this embodiment is the
same as those of the first and second embodiments
15 except for the construction of the high frequency

source. Fig. 11 shows the high frequency source 24 of

this embodiment. The high frequency source 24 of this
embodiment employs n oscillators 400 of fregquencies f,/k
feee” (i=1, 2, ...n), where k is an integer large enough.

20 The signals from the oscillators 400 of freguencies f;/k

are shifted 90 degrees in phase by phase shifters 401.
If the signal from the oscillator 400 of frequency £f,/k

is represented by sin(27(f,/k)t), the 90-degree shifted

signal can be represented by cos(2z(f;/k)). An oscillator

25 402 is used to generate a signal, 2msin(2m/T

wy 19}k for

making a product signal, where T,,. is the same value as

in the embodiments 1, 2, or the period with which the
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phase is changed, and ¢, is the phase. The signal,
cos(2w(f,/k)t) is multiplied by the signal,
2nsin(2m /T,

2nsin(2m /T, +¢,)-cos(2n(f, /k))/k . When the product signal

+¢,)/k to produce the product signal,

is added to sin(2z(f,/k)t), the signal,
sin2x(f, /k)t + 2nsin2m /T, +¢,)-cos(2n(f; /k))/k is produced.
This added product signal, if considering that 2n/k is
small enough, can be expressed by
sin(2ﬂ:(f,./k)l+27rsin(2m/Tw1+¢i)/‘k). Therefore, when this
signal is supplied to a multiplier 403 for multiplying
the frequency by k, the output, sin(2rfit+2xsin2m/T,,; +¢,))
can be produced from the multiplier. The outputs from
the oscillators 400 of frequencies £;/k (i=1, 2, ...n)
are processed in exactly the same way as above, and the
outputs from the multipliers 403 are finally added by
an adder 404 to produce the signal,

> A sin(2nf,t+2nsin@@m /T, +¢,)), where T, is called cyclic
period T of the charged particle beam or may be
selected to be about 50 us as in the embodiments 1, 2.
The output from the adder 404 is amplified by the
amplifier 28, and then applied to the electrodes 25,
thereby obtaining the same effect as in the embodiments
1, 2. This embodiment can be constructed by analog
circuit elements, and thus has the advantage that it
does not need the conditions for the memory size and
sampling time of DA converter that are necessary in the

embodiments 1, 2 of digital circuits. The frequency
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characteristics of the amplifier 28 and electrodes 25

are required to be the same as in the embodiments 1, 2.

Embodiment 4

The fourth embodiment of the invention will
be described.

The construction of this embodiment is the
same as those in the embodiments 1, 2 except for the
construction of the high frequency source. Fig. 12
shows the high frequency source 24 of this embodiment.
The high frequency source 24 of this embodiment employs
m different white noise sources 40. The output from
‘eéch of the white noise sources 40 is supplied to a
band-pass filter 41, and this band-pass filter produces
a high frequency continuous spectrum ranging from the
lowest frequency £, to the highest freguency f,. The
outputs from the m different white noise sources 40
have the same frequency spectrum, but different phases
in their frequency bands. In this embodiment, the
outputs from the m different white noise sources 40 are
switched by a switch 42 at each time At (=T/m) in
response to the signal from the controller 134, and the
selected output is amplified by the amplifier 28 up to
a necessary voltage, and applied via the electrodes 25
to the charged particle beam. Since the same
frequencies as in the embodiment 1 are required to be
applied to the beam, the band-pass filter 41 has the

pass bands from f, to f,, from £, + £, to £, + £, from
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2f, + £, to 2f, + £,, ..., 6f, + £, to 6f, + f, which are
changed according to the energy and tune of the charged
particle beam sent from the controller 134..

In the high frequency source 24 of this
embodiment, the phase of each high frequency to be
applied to the beam is changed with respect to time by
selecting one of the different white noise sources 40
in turn. In other words, the same action as in the
embodiment can be exerted on the beam. 1In this
embodiment, the high frequency source having the same
action as in the embodiment 1 can be produced without
using any memory and DA converter.

Thus, it is possible to provide an
accelerator capable of emitting the charged particle
beam of which the intensity is less changed with
respect to time. Moreover, in a medical accelerator
system in which the charged particle beam produced from
an accelerator is transported to an irradiator, and
irradiated therefrom for treatment, the diseased part
can be uniformly irradiated. 1In addition, contrarily,
the amount of irradiation can be easily controlled to
change relative to position. Furthermore, the time
resolution that the beam monitor needs for the control
of the amount of irradiation can be reduced, thus
making it possible to simplify the beam monitor and its

control system.
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Throughout this specification and the claims which follow,
unless the context requires otherwise, the word "comprise",
and variations such as "comprises" and "comprising", will be
understood to imply the inclusion of a stated integer or step
or group of integers or steps but not the exclusion of any
other integer or step or group of integers or steps.

The reference to any prior art in this specification is not,
and should not be taken as, an acknowledgement or any form
of suggestion that that prior art forms part of the common
general knowledge in Australia.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A cyclic type accelerator comprising:

deflection electromagnets and four-pole electromagnets for making a charged
particle beam circulate;

a multi-pole electromagnet for generating a stability limit of resonance of betatron
oscillation for emission of said charged particle beam; and

a high frequency source for applying a high frequency electromagnetic field to said
beam to move said beam to the outside of said stability limit, thus exciting resonance in
said betatron oscillation,

characterized in that, in order to apply a high frequency electromagnetic field to
said beam to move said beam to the outside of said stability limit, said high frequency
source generates an AC signal including a plurality of frequency components, between
which the minimum frequency difference is in the range from 500 Hz to 10 kHz inclusive,
and the phase of the plurality of frequency components is adjusted so that the phase
differences between each of the frequency components take values other than an integer x

A

2. A medical accelerator system comprising:

a cyclic type accelerator having deflection electromagnets and four-pole
electromagnets for making a charged particle beam circulate, a multi-pole electromagnet
for generating a stability limit of resonance of betatron oscillation for emission of said
charged particle beam, and a high frequency source for applying a high frequency
electromagnetic field to said beam to move said beam to the outside of said stability limit,
thus exciting resonance in said betatron oscillation,

a transport system for transporting said beam produced from said cyclic type
accelerator; and

an irradiator for iradiating said transported beam on patient,

characterized in that, in order to apply a high frequency electromagnetic field to
said beam to move said beam to the outside of said stability limit, said high frequency

source generates an AC signal including a plurality of frequency components, between
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which the minimum frequency difference is in the range from 500 Hz to 10 kHz inclusive,
and the phase of the plurality of frequency components is adjusted so that the phase
differences between each of the frequency components take values other than an integer x

.

3. A method of operating a medical accelerator system that has a cyclic type
accelerator including deflection electromagnets and four-pole electromagnets for making a
charged particle beam circulate, a multi-pole electromagnet for generating a stability limit
of resonance of betatron oscillation for emission of said charged particle beam, and a high
frequency source for applying a high frequency electromagnetic field to said beam to move
said beam to the outside of said stability limit, thus exciting resonance in said betatron
oscillation; a transport system for transporting said beam produced from said cyclic type
accelerator; and an irradiator for irradiating said transported beam on patient, said method
comprising the steps of:

generating from said high frequency source an AC signal including a plurality of
frequency components, between which the minimum frequency difference is in the range
from 500 Hz to 10 kHz inclusive, and the phase of the plurality of frequency components
is adjusted so that the phase differences between each of the frequency components take
values other than an integer x =;

applying a high frequency electromagnetic field based on said AC signal to said
beam so that said beam can be moved to the outside of said stability limit and produced
from said cyclic type accelerator;

transporting said produced beam by said transport system; and

irradiating said beam from said irradiator.

4. A cyclic type accelerator substantially as hereinbefore described with reference to

Figures 1 t0 9.

5. A medical accelerator system substantially as hereinbefore described with reference

to Figures 1to 9.
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6. A method substantially as hercinbefore described with reference to Figures 1 to 9.

DATED this 5™ day of August, 2003
Hitachi, Ltd.

5 by DAVIES COLLISON CAVE
Patent Attorneys for the Applicant
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