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(57) ABSTRACT 

Provided is a particle beam irradiation apparatus capable of 
highly reliable measurement of a dose of each beam and 
capable of highly sensitive measurement of a leakage dose 
caused by momentary beam emission. The particle beam 
irradiation apparatus according to the present invention 
includes: an emission control portion that controls emission 
and termination of a particle beam; a control portion that 
sequentially changes an irradiation position of the particle 
beam relative to an affected area; ?rst and second dosimeters 
that measure dose rates of the particle beam directed to the 
affected area; and an abnormality determination portion that 
accumulates the dose rates output from the ?rst and second 
dosimeters for each of predetermined determination periods 
to calculate ?rst and second sectional dose measurement val 
ues and that performs second abnormality determination of 
determining that there is an abnormality and outputs an inter 
lock signal for terminating the emission of the particle beam 
in at least one of a case in Which the ?rst sectional dose 
measurement value exceeds a predetermined ?rst reference 
range and a case in Which the second sectional dose measure 
ment value exceeds a predetermined second reference range. 
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PARTICLE BEAM IRRADIATION 
APPARATUS AND CONTROL METHOD OF 
THE PARTICLE BEAM IRRADIATION 

APPARATUS 

TECHNICAL FIELD 

The present invention relates to a particle beam irradiation 
apparatus and a control method of the particle beam irradia 
tion apparatus, and particularly for directing a heavy particle 
beam of carbon, a proton beam, or the like to an affected area 
to treat cancer. 

BACKGROUND ART 

Today, cancer is the highest cause of death, and more than 
300,000 people die of cancer every year. Under the circum 
stances, a particle radiation therapy using a carbon beam and 
a proton beam With excellent features of high therapeutic 
effects and feW side effects is draWing attention. In the 
therapy, a particle beam emitted from an accelerator can be 
directed to cancer cells to destroy the cancer cells While 
reducing in?uence on normal cells. 

In the therapeutic method, a currently used particle beam 
irradiation method is a method called a broad beam method. 
In the broad beam method, a diameter of the particle beam is 
expanded to a siZe greater than the affected area based on a 
method called a Wobbler method or a double scatter method. 
A brass collimator called a geometric collimator limits an 
irradiation area to direct the beam in accordance With a shape 
of the affected area. A beam range expansion apparatus called 
a ridge ?lter expands the beam in a beam travelling direction 
(beam axis direction). A polyethylene beam range shaping 
apparatus called a compensator adjusts a beam termination 
position according to a shape (outline) of the affected area at 
a deep position to direct the beam. 

HoWever, the broad beam method is not capable of precise 
three-dimensional adjustment of the beam in accordance With 
the shape of the affected area, and there is a limit to reducing 
the in?uence on the normal cells around the affected area. The 
geometric collimator and the compensator are created for 
each affected area (and for each irradiation direction relative 
to the affected area), and there is a problem that radioactive 
Wastes are generated after therapeutic irradiation. 

Consequently, scanning irradiation for dividing the 
affected area inside of a body into three-dimensional lattices 
before irradiation is being developed as a further advanced 
form of irradiation in the particle beam treatment. In the 
scanning irradiation, the beam can be accurately adjusted to 
the affected area in the beam axis direction Without using the 
geometric collimator or the compensator, and exposure to the 
normal cells can be reduced compared to conventional tWo 
dimensional irradiation. 

For example, each point is irradiated as folloWs in three 
dimensional irradiation called spot scanning irradiation. 
When a predetermined dose is directed to a point (opera 

tion of determining the irradiation dose for each irradiation 
point is called treatment planning), a scanning control appa 
ratus receives a completion signal from a dosimeter and out 
puts a spot sWitch command. A beam emission control appa 
ratus terminates beam emission based on the spot sWitch 
command. At the same time, a poWer supply of a scanning 
electromagnet starts setting a current value corresponding to 
coordinates of a next irradiation point. When receiving a 
completion signal of the current value setting of the electro 
magnetic poWer supply, the scanning irradiation apparatus 
outputs a beam start command to the beam emission control 
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2 
apparatus, and irradiation for the next point is started. This is 
sequentially repeated to irradiate a treatment region With 
respect to one irradiation slice (surface). When the irradiation 
is ?nished, the beam emission is temporarily terminated. 
Energy of the beam emitted from the accelerator is changed, 
or a range adjustment apparatus called a range shifter is 
controlled to change a beam termination position (slice) in the 
beam travelling direction. In this Way, the scanning irradia 
tion and the slice sWitch are sequentially performed for irra 
diation of the entire treatment region. 
The particle beam is accumulated in a certain beam energy 

state, in an accelerator called a synchrotron. At the beam 
emission, the beam emission control apparatus arranged on a 
beam extraction port on the accelerator provides a high fre 
quency electric ?eld to the beam to extract the beam to imple 
ment the beam in the irradiation apparatus. The beam emis 
sion in the spot sWitch and the slice sWitch is terminated by 
terminating the application of the high frequency electric 
?eld. 
A Weak point of the spot scanning irradiation is that the 

beam emission cannot be actually immediately terminated 
even if the beam emission control apparatus outputs the beam 
termination command. Therefore, a leakage dose is directed 
to the affected area When an exciting current of the electro 
magnet is changed, i.e. When the irradiation position is 
moved. This is particularly a problem When the irradiation 
dose (set dose) for each point is small, because a ratio of the 
leakage dose (leakage dose/ set dose) is large. To prevent the 
problem, beam intensity needs to be reduced to make the ratio 
of the leakage dose relatively small. HoWever, the reduction 
in the beam intensity leads to an increase in the time for 
treatment, and a physical burden of the patient increases. 
A method called a raster scanning method is studied to 

solve the problem that the beam intensity cannot be increased 
in the spot scanning method (see Non-Patent Document 1 or 
the like). In the method, the beam is not terminated When the 
irradiation point is moved, unlike in the spot scanning 
method. Therefore, the beam is irradiated When the beam 
position moves betWeen a termination irradiation position (a 
point for directing a dose that is set When the irradiation 
position is terminated, not When the irradiation position is 
moving, Will be called a termination irradiation point) and a 
termination irradiation point. The treatment planning includ 
ing an amount of irradiation during the irradiation, i.e. irra 
diation dose at each termination point, is optimiZed. 
An example of a region as a target of the particle beam 

treatment includes a region that moves along With respiration, 
such as lungs and liver. In-gate irradiation is performed for 
such a region, in Which a respiration Waveform signal is 
acquired, and the irradiation is performed only if the region is 
at a position Within a certain range. HoWever, the irradiation 
points are sequentially sWitched in the scanning irradiation. 
Therefore, the irradiation points are relatively deviated along 
With the movement of the region caused by respiration, and a 
dose distribution becomes non-uniform. To solve this, Non 
Patent Document 1 proposes folloWing respiration-synchro 
niZed irradiation. 

In the respiration-synchronized irradiation, the beam 
intensity is set so that one irradiation time in one slice (time 
for one irradiation of the entire irradiation area in the target 
slice) becomes l/n of a gate Width of one respiration. 
Repeated irradiation is performed for n times (for example, 
nIeight ties) during one respiration. When the irradiation in 
the target slice is ?nished, the irradiation slice is changed, and 
the beam intensity for a next irradiation slice is reset to per 
form the irradiation in the slice. 



US 8,552,408 B2 
3 

In this Way, the irradiation time control (called phase con 
trol in Non-Patent Document 1) and the repeated irradiation 
(called re-scanning in Non-Patent Document 1) Within one 
slice can be performed to disperse the irradiation area With 
respect to the movement of the region, and the dose unifor 
mity can be improved in accordance With a statistical error 
I/\/ n. 

CITATION LIST 

Non-Patent Document 

Non-Patent Document 1: Takuji FurukaWa and eight oth 
ers, “Design Study of Three-Dimensional Scanning Irradia 
tion Apparatus”, National Institute of Radiological Sciences 
HIMAC Report: HIMAC-124, issued by National Institute of 
Radiological Sciences, April 2007. 

SUMMARY OF INVENTION 

Technical Problem 

When normal irradiation may not be able to be performed 
after generation of an abnormality in a device of an irradiation 
apparatus, a particle beam treatment apparatus requires an 
interlock mechanism for immediately recognizing this to ter 
minate the beam emission. 

For example, a scanning irradiation apparatus usually 
includes tWo dosimeters (a main dosimeter and a sub dosim 
eter). When a dose measured by the main dosimeter at a beam 
position reaches a predetermined reference dose, the scan 
ning irradiation apparatus executes a process of outputting a 
dose completion signal to change the beam position. The 
scanning irradiation apparatus also compares the dose of each 
spot measured by the main/sub dosimeters With predeter 
mined reference values (preset values) of the main/ sub 
dosimeters to alWays con?rm normal operations of the appa 
ratus. When there is an abnormality in one of the main/sub 
dosimeters, the scanning irradiation apparatus generates an 
interlock signal to terminate the beam emission. 

Another example of abnormality generated in the scanning 
irradiation apparatus includes an abnormality that the beam is 
emitted, in spite of the fact that the beam emission is set to a 
termination state during slice sWitching. The abnormality 
occurs When, for example, electric noise enters the beam 
emission apparatus, and there is unintended beam emission 
due to the electric noise. Providing of a dose caused by the 
unintended beam emission is called a leakage dose. The leak 
age dose is monitored by, for example, accumulating and 
measuring the number of pulses of a pulse signal output from 
the main dosimeter during a beam termination period. 

HoWever, the inventors have studied the raster scanning 
irradiation apparatus, and as a result, it has become apparent 
that the monitoring method is not su?icient. 

For example, high voltage poWer supplies are connected to 
the main/ sub dosimeters, and outputs of the high voltage 
poWer supplies may be turned off due to an operation error or 
the like in an actual therapeutic scene. If the irradiation is 
started When the high voltage poWer supplies of the main/ sub 
dosimeters are forgotten to be turned on, there is no output 
from the main/ sub dosimeters, and a signal indicating 
completion of the dose cannot be output from the measure 
ment values of the main/ sub dosimeters. Therefore, excessive 
irradiation may occur. 
A current abnormality determination logic is a logic of 

determining presence/ absence of abnormality in the main/ sub 
dosimeters When measurement dose values output from the 
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4 
main/sub dosimeters reach preset values allocated to each 
spot. Therefore, the abnormality cannot be determined 
according to the abnormality determination logic, until the 
completion of the irradiation of the spot. 
As for the leakage dose, suf?cient measurement sensitivity 

cannot be attained. The time of a malfunction in the beam 
emission apparatus caused by noise or the like is about 0.1 
msec, While the time that the beam emission needs to be 
terminated in the respiration-synchronized irradiation is one 
to tWo seconds (during inhale of respiration). Therefore, 
assuming that a dosimeter output during beam emission is S 
(signal) and a dosimeter output during termination is N 
(noise), four digits are necessary for S/N of the dosimeter. 
Such sensitivity in the dosimeter is actually dif?cult to attain. 
Therefore, even if there is a leakage dose in respiration 
synchroniZed beam-off time, the leakage dose is buried in the 
accumulation measurement value of noise, and the leakage 
dose cannot be identi?ed. 
The present invention has been made in vieW of the cir 

cumstances, and an object of the present invention is to pro 
vide a particle beam irradiation apparatus and a control 
method of the particle beam irradiation apparatus capable of 
highly reliable measurement of a dose of each beam and 
capable of highly sensitive measurement of a leakage dose 
caused by momentary beam emission. 

Solution to Problems 

To solve the problems, the present invention provides a 
particle beam irradiation apparatus that directs a particle 
beam to an affected area of a patient, the particle beam irra 
diation apparatus comprising: an emission control portion 
that controls emission and termination of the particle beam; a 
control portion that sequentially changes an irradiation posi 
tion of the particle beam for the affected area; ?rst and second 
dosimeters that measure dose rates of the particle beam 
directed to the affected area; and an abnormality determina 
tion portion that uses dose measurement values obtained by 
accumulating the dose rates output from the ?rst and second 
dosimeters to perform abnormality determination of the 
apparatus and that outputs, to the emission control portion, an 
interlock signal for terminating the emission of the particle 
beam When determining that there is an abnormality, Wherein 
the control portion accumulates the dose rate output from the 
?rst dosimeter for each of irradiation positions of the particle 
beam to calculate a ?rst beam dose measurement value and 
changes the irradiation position of the particle beam When the 
?rst beam dose measurement value reaches a ?rst planned 
dose value predetermined for each of the irradiation posi 
tions, and the abnormality determination portion performs: 
?rst abnormality determination of accumulating the dose rate 
output from the second dosimeter for each of the irradiation 
positions of the particle beam to calculate a secondbeam dose 
measurement value and determining that there is the abnor 
mality if the calculated second beam dose measurement value 
exceeds a second planned dose value that is set to a value 
greater than the ?rst planned dose value or if a ratio of the 
second beam dose measurement value relative to the second 
planned dose value When the ?rst beam dose measurement 
value reaches the ?rst planned dose value is smaller than a 
predetermined ratio; and second abnormality determination 
of accumulating the dose rates output from the ?rst and sec 
ond dosimeters for each of predetermined determination peri 
ods to calculate ?rst and second sectional dose measurement 
values and determining that there is the abnormality in at least 
one of a case in Which the ?rst sectional dose measurement 
value exceeds a predetermined ?rst reference range and a case 
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in Which the second sectional dose measurement value 
exceeds a predetermined second reference range. 

The present invention provides a control method of a par 
ticle beam irradiation apparatus that directs a particle beam to 
an affected area of a patient, the control method comprising 
the steps of: controlling emission and termination of the par 
ticle beam; sequentially changing an irradiation position of 
the particle beam for the affected area; measuring, by ?rst and 
second dosimeters, dose rates of the particle beam directed to 
the affected area; performing abnormality determination of 
the apparatus using dose measurement values obtained by 
accumulating the dose rates output from the ?rst and second 
dosimeters; and terminating the emission of the particle beam 
using an interlock signal When determining that there is an 
abnormality, Wherein in the step of changing the irradiation 
position of the particle beam, the dose rate output from the 
?rst dosimeter is accumulated for each of irradiation posi 
tions of the particle beam to calculate a ?rst beam dose mea 
surement value, and the irradiation position of the particle 
beam is changed When the ?rst beam dose measurement value 
reaches a ?rst planned dose value predetermined for each of 
the irradiation positions, and the step of performing the 
abnormality determination includes: performing ?rst abnor 
mality determination of accumulating the dose rate output 
from the second dosimeter for each of the irradiation posi 
tions of the particle beam to calculate a second beam dose 
measurement value and determining that there is the abnor 
mality if the calculated second beam dose measurement value 
exceeds a second planned dose value that is set to a value 
greater than the ?rst planned dose value or if a ratio of the 
second beam dose measurement value relative to the second 
planned dose value When the ?rst beam dose measurement 
value reaches the ?rst planned dose value is smaller than a 
predetermined ratio; and performing second abnormality 
determination of accumulating the dose rates output from the 
?rst and second dosimeters for each of predetermined deter 
mination periods to calculate ?rst and second sectional dose 
measurement values and determining that there is the abnor 
mality in at least one of a case in Which the ?rst sectional dose 
measurement value exceeds a predetermined ?rst reference 
range and a case in Which the second sectional dose measure 
ment value exceeds a predetermined second reference range. 

Advantageous Effects of Invention 

According to the particle beam irradiation apparatus and 
the control method of the particle beam irradiation apparatus 
of the present invention, highly reliable measurement of a 
dose of each beam is possible, and highly sensitive measure 
ment of a leakage dose caused by momentary beam emission 
is possible. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram shoWing an example of con?guration of 
a particle beam irradiation apparatus. 

FIG. 2 is a How chart shoWing an example of basic pro 
cessing of three-dimensional scanning irradiation. 

FIG. 3 is a diagram shoWing an example of a scan pattern 
on a slice. 

FIG. 4 is a diagram shoWing an example of con?guration of 
a conventional abnormality determination portion. 

FIG. 5 is a diagram shoWing an example of an irradiation 
pattern ?le used in conventional abnormality determination. 

FIG. 6 is a ?rst timing chart shoWing a state of conventional 
control and management of an irradiation dose. 
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6 
FIG. 7 is a second timing chart shoWing a state of conven 

tional control and management of the irradiation dose. 
FIG. 8 is a third timing chart shoWing a state of conven 

tional control and management of the irradiation dose. 
FIG. 9 is a diagram shoWing an example of con?guration of 

an abnormality determination portion according to a ?rst 
embodiment. 

FIG. 10 is a diagram shoWing an example of an irradiation 
pattern ?le used in the ?rst embodiment. 

FIG. 11 is a timing chart shoWing a state of control and 
management of the irradiation dose according to the ?rst 
embodiment. 

FIG. 12 is a timing chart shoWing a state of control and 
management of the irradiation dose according to a second 
embodiment. 

FIG. 13 is a diagram shoWing an example of con?guration 
of an abnormality determination portion according to a third 
embodiment. 

FIG. 14 is a diagram shoWing an example of an irradiation 
pattern ?le used in the third embodiment. 

FIG. 15 is a timing chart shoWing a state of control and 
management of the irradiation dose according to the third 
embodiment. 

DESCRIPTION OF EMBODIMENTS 

Embodiments of a particle beam irradiation apparatus and 
a control method of the particle beam irradiation apparatus 
according to the present invention Will be described With 
reference to the attached drawings. 

(1) Con?guration and Basic Operation 

FIG. 1 is a diagram shoWing an example of con?guration of 
a particle beam irradiation apparatus 1 according to a ?rst 
embodiment. The particle beam irradiation apparatus 1 
includes a beam generation portion 10, an emission control 
portion 20, a beam scanning portion 30, an X electromagnet 
30a, aY electromagnet 30b, a vacuum duct 31, a main dosim 
eter (?rst dosimeter) 5011, a sub dosimeter (second dosimeter) 
50b, a position monitoring portion 51, a ridge ?lter 60, a range 
shifter 70, a control portion 80, an abnormality determination 
portion 90, and the like. 
The particle beam irradiation apparatus 1 is an apparatus 

that directs a particle beam, Which is obtained by accelerating 
particles of carbon, protons, or the like to high speed, toWard 
an affected area 200 of a cancer patient 100 to treat cancer. 

The particle beam irradiation apparatus 1 can carry out three 
dimensional scanning irradiation of breaking up the affected 
area 200 into three-dimensional lattice points and sequen 
tially scanning the lattice points by a particle beam With a 
small diameter. Speci?cally, the particle beam irradiation 
apparatus 1 divides the affected area 200 into plates called 
slices in an axial direction of the particle beam (Z-axis direc 
tion in a coordinate system shoWn in the upper right of FIG. 1) 
and sequentially scans tWo-dimensional lattice points of the 
divided slices, such as a slice Z, a slice ZM, and a slice Zl-+2 
(lattice points in X-axis and Y-axis directions in the coordi 
nate system shoWn in the upper right of FIG. 1), to thereby 
perform three-dimensional scanning. 
The beam generation portion 10 generates a particle beam 

by generating particles, such as carbon ions and protons, and 
using an accelerator (main accelerator), such as a synchro 
tron, to accelerate the particles up to energy that alloWs reach 
ing deep in the affected area 200. 
















