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PARTICLE BEAM IRRADIATION
APPARATUS AND CONTROL METHOD OF
THE PARTICLE BEAM IRRADIATION
APPARATUS

TECHNICAL FIELD

[0001] The present invention relates to a particle beam irra-
diation apparatus and a control method of the particle beam
irradiation 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

[0002] Today, cancer i1s the highest cause of death, and
more than 300,000 people die of cancer every year. Under the
circumstances, a particle radiation therapy using a carbon
beam and a proton beam with excellent features of high
therapeutic elfects and few side etlects 1s 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 influence on normal cells.

[0003] In the therapeutic method, a currently used particle
beam irradiation method 1s a method called a broad beam
method. In the broad beam method, a diameter of the particle
beam 1s 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 1rradiation area to direct the beam 1n accordance
with a shape of the affected area. A beam range expansion
apparatus called a ridge filter expands the beam 1n 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.
[0004] However, the broad beam method 1s not capable of
precise three-dimensional adjustment of the beam 1n accor-
dance with the shape of the affected area, and there 1s a limuat
to reducing the influence on the normal cells around the
alfected 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 1s a problem
that radioactive wastes are generated after therapeutic irra-
diation.

[0005] Consequently, scanning irradiation for dividing the
alfected area 1nside of a body into three-dimensional lattices
betfore 1rradiation 1s being developed as a further advanced
form of wrradiation 1n 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.

[0006] For example, each point 1s irradiated as follows 1n
three-dimensional irradiation called spot scanning irradia-
tion.

[0007] When a predetermined dose 1s directed to a point
(operation of determiming the irradiation dose for each 1rra-
diation point 1s called treatment planning), a scanning control
apparatus recetves a completion signal from a dosimeter and
outputs a spot switch command. A beam emission control
apparatus terminates beam emission based on the spot switch
command. At the same time, a power supply of a scanning
clectromagnet starts setting a current value corresponding to
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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
apparatus, and 1rradiation for the next point 1s started. This 1s
sequentially repeated to irradiate a treatment region with
respect to one irradiation slice (surface). When the 1irradiation
1s finished, the beam emission 1s temporarily terminated.
Energy of the beam emitted from the accelerator 1s 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 1rra-
diation of the entire treatment region.

[0008] The particle beam 1s accumulated 1n a certain beam
energy state, 1n an accelerator called a synchrotron. At the
beam emission, the beam emission control apparatus
arranged on a beam extraction port on the accelerator pro-
vides a high frequency electric field to the beam to extract the
beam to implement the beam 1n the irradiation apparatus. The
beam emission 1n the spot switch and the slice switch 1s
terminated by terminating the application of the high fre-
quency electric field.

[0009] A weak point of the spot scanming 1rradiation 1s that
the beam emission cannot be actually immediately termi-
nated even 1 the beam emission control apparatus outputs the
beam termination command. Therefore, a leakage dose 1s
directed to the affected area when an exciting current of the
clectromagnet 1s changed, 1.e. when the 1irradiation position 1s
moved. This 1s particularly a problem when the 1rradiation
dose (set dose) for each point 1s small, because a ratio of the
leakage dose (leakage dose/set dose) 1s 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 1n the time for
treatment, and a physical burden of the patient increases.

[0010] A method called a raster scanning method 1s studied
to solve the problem that the beam intensity cannot be
increased 1n the spot scanning method (see Non-Patent Docu-
ment 1 or the like). In the method, the beam 1s not terminated
when the 1rradiation point 1s moved, unlike 1n the spot scan-
ning method. Therefore, the beam 1s irradiated when the beam
position moves between a termination irradiation position (a
point for directing a dose that 1s set when the 1rradiation
position 1s terminated, not when the 1rradiation position 1s
moving, will be called a termination 1rradiation point) and a
termination irradiation point. The treatment planming 1nclud-
ing an amount of irradiation during the 1rradiation, 1.e. irra-
diation dose at each termination point, 1s optimized.

[0011] An example of a region as a target of the particle
beam treatment includes a region that moves along with res-
piration, such as lungs and liver. In-gate 1rradiation 1s per-
formed for such a region, in which a respiration wavetorm
signal 1s acquired, and the 1rradiation 1s performed only 11 the
region 1s 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 res-
piration-synchronized irradiation.

[0012] In the respiration-synchronized irradiation, the
beam intensity 1s set so that one 1rradiation time in one slice
(time for one 1rradiation of the entire 1rradiation area 1n the
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target slice) becomes 1/n of a gate width of one respiration.
Repeated irradiation 1s performed for n times (for example,
n=ei1ght ties) during one respiration. When the 1rradiation in
the target slice 1s finished, the 1rradiation slice 1s changed, and
the beam intensity for a next irradiation slice 1s reset to per-
form the 1rradiation in the slice.

[0013] Inthisway, the irradiation time control (called phase
control in Non-Patent Document 1) and the repeated 1rradia-
tion (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
uniformity can be improved 1n accordance with a statistical
error 1/Vn.

CITATION LIST

Non-Patent Document

[0014] Non-Patent Document 1: Takuji Furukawa and eight
others, “Design Study of Three-Dimensional Scannming
Irradiation Apparatus”, National Institute of Radiological
Sciences HIMAC Report: HIMAC-124, issued by

National Institute of Radiological Sciences, April 2007.

SUMMARY OF INVENTION
Technical Problem

[0015] When normal rradiation may not be able to be per-
formed after generation of an abnormality 1n a device of an
irradiation apparatus, a particle beam treatment apparatus
requires an interlock mechanism for immediately recogniz-
ing this to terminate the beam emission.

[0016] For example, a scanning 1rradiation apparatus usu-
ally includes two dosimeters (a main dosimeter and a sub
dosimeter). When a dose measured by the main dosimeter at
a beam position reaches a predetermined reference dose, the
scanning 1rradiation apparatus executes a process of output-
ting a dose completion signal to change the beam position.
The scanning irradiation apparatus also compares the dose of
cach spot measured by the main/sub dosimeters with prede-
termined reference values (preset values) of the main/sub
dosimeters to always confirm normal operations of the appa-
ratus. When there 1s an abnormality 1n one of the main/sub
dosimeters, the scanning 1rradiation apparatus generates an
interlock signal to terminate the beam emaission.

[0017] Another example of abnormality generated in the
scanning irradiation apparatus includes an abnormality that
the beam 1s emitted, 1n spite of the fact that the beam emission
1s set to a termination state during slice switching. The abnor-
mality occurs when, for example, electric noise enters the
beam emission apparatus, and there 1s unintended beam emis-
s1on due to the electric noise. Providing of a dose caused by
the umintended beam emission 1s called a leakage dose. The
leakage dose 1s 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.
[0018] However, the inventors have studied the raster scan-
ning 1rradiation apparatus, and as a result, it has become
apparent that the monitoring method 1s not sufficient.

[0019] For example, high voltage power supplies are con-
nected to the main/sub dosimeters, and outputs of the high
voltage power supplies may be turned oif due to an operation
error or the like 1n an actual therapeutic scene. If the 1rradia-
tion 1s started when the high voltage power supplies of the
main/sub dosimeters are forgotten to be turned on, there 1s no
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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.

[0020] A current abnormality determination logic is alogic
of determining presence/absence of abnormality 1n the main/
sub dosimeters when measurement dose values output from
the 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.

[0021] As for the leakage dose, suilicient measurement
sensitivity cannot be attained. The time of a malfunction 1n
the beam emission apparatus caused by noise or the like 1s
about 0.1 msec, while the time that the beam emission needs
to be terminated 1n the respiration-synchronized irradiation 1s
one to two seconds (during inhale of respiration). Therefore,
assuming that a dosimeter output during beam emission 1s S
(signal) and a dosimeter output during termination 1s N
(noise), four digits are necessary for S/N of the dosimeter.
Such sensitivity in the dosimeter 1s actually difficult to attain.
Therefore, even 1f there 1s a leakage dose in respiration-
synchronized beam-oil time, the leakage dose 1s buried in the
accumulation measurement value of noise, and the leakage
dose cannot be 1dentified.

[0022] The present invention has been made 1n view of the
circumstances, and an object of the present mvention 1s to
provide a particle beam 1rradiation apparatus and a control
method of the particle beam 1rradiation 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

[0023] To solve the problems, the present ivention pro-
vides a particle beam 1rradiation apparatus that directs a par-
ticle beam to an affected area of a patient, the particle beam
irradiation 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; first 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 first 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 1s an abnormality, wherein
the control portion accumulates the dose rate output from the
first dosimeter for each of irradiation positions of the particle
beam to calculate a first beam dose measurement value and
changes the 1irradiation position of the particle beam when the
first beam dose measurement value reaches a first planned
dose value predetermined for each of the irradiation posi-
tions, and the abnormality determination portion performs:
first abnormality determination of accumulating the dose rate
output from the second dosimeter for each of the 1rradiation
positions ol the particle beam to calculate a second beam dose
measurement value and determining that there 1s the abnor-
mality 11 the calculated second beam dose measurement value
exceeds a second planned dose value that 1s set to a value
greater than the first planned dose value or if a ratio of the
second beam dose measurement value relative to the second
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planned dose value when the first beam dose measurement
value reaches the first planned dose value 1s smaller than a
predetermined ratio; and second abnormality determination
of accumulating the dose rates output from the first and sec-
ond dosimeters for each of predetermined determination peri-
ods to calculate first and second sectional dose measurement
values and determining that there 1s the abnormality 1n at least
one of a case 1n which the first sectional dose measurement
value exceeds a predetermined first reference range and a case
in which the second sectional dose measurement value
exceeds a predetermined second reference range.

[0024] The present invention provides a control method of
a particle beam 1rradiation 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 particle beam; sequentially changing an 1rradiation
position of the particle beam for the affected area; measuring,
by first and second dosimeters, dose rates of the particle beam
directed to the affected area; performing abnormality deter-
mination of the apparatus using dose measurement values
obtained by accumulating the dose rates output from the first
and second dosimeters; and terminating the emission of the
particle beam using an interlock signal when determining that
there 1s an abnormality, wherein 1n the step of changing the
irradiation position of the particle beam, the dose rate output
from the first dosimeter 1s accumulated for each of 1rradiation
positions of the particle beam to calculate a first beam dose
measurement value, and the irradiation position of the par-
ticle beam 1s changed when the first beam dose measurement
value reaches a first planned dose value predetermined for
cach of the irradiation positions, and the step of performing
the abnormality determination includes: performing first
abnormality determination of accumulating the dose rate out-
put from the second dosimeter for each of the irradiation
positions of the particle beam to calculate a second beam dose
measurement value and determining that there 1s the abnor-
mality 11 the calculated second beam dose measurement value
exceeds a second planned dose value that 1s set to a value
greater than the first planned dose value or if a ratio of the
second beam dose measurement value relative to the second
planned dose value when the first beam dose measurement
value reaches the first planned dose value 1s smaller than a
predetermined ratio; and performing second abnormality
determination of accumulating the dose rates output from the
first and second dosimeters for each of predetermined deter-
mination periods to calculate first and second sectional dose
measurement values and determining that there 1s the abnor-
mality 1n at least one of a case 1n which the first sectional dose
measurement value exceeds a predetermined {first reference
range and a case 1n which the second sectional dose measure-
ment value exceeds a predetermined second reference range.

Advantageous Effects of Invention

[0025] According to the particle beam 1rradiation apparatus
and the control method of the particle beam irradiation appa-
ratus of the present invention, highly reliable measurement of
a dose of each beam 1s possible, and highly sensitive mea-
surement of a leakage dose caused by momentary beam emis-
s10n 1S possible.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG.1 1sadiagram showing an example of configu-
ration of a particle beam 1rradiation apparatus.
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[0027] FIG. 2 1s a flow chart showing an example of basic
processing of three-dimensional scanning irradiation.
[0028] FIG. 3 15 a diagram showing an example of a scan
pattern on a slice.

[0029] FIG. 4 1s a diagram showing an example of configu-
ration of a conventional abnormality determination portion.
[0030] FIG. 5 1s a diagram showing an example of an irra-
diation pattern file used in conventional abnormality determi-
nation.

[0031] FIG. 6 1s a first timing chart showing a state of
conventional control and management of an 1rradiation dose.
[0032] FIG. 7 1s a second timing chart showing a state of
conventional control and management of the irradiation dose.
[0033] FIG. 8 1s a third timing chart showing a state of
conventional control and management of the irradiation dose.
[0034] FIG. 9 1s a diagram showing an example of configu-
ration of an abnormality determination portion according to a
first embodiment.

[0035] FIG. 10 1s a diagram showing an example of an
irradiation pattern file used in the first embodiment.

[0036] FIG. 11 1s a timing chart showing a state of control
and management of the irradiation dose according to the first
embodiment.

[0037] FIG. 12 1s a timing chart showing a state of control
and management of the 1rradiation dose according to a second
embodiment.

[0038] FIG. 13 1s a diagram showing an example of con-
figuration of an abnormality determination portion according
to a third embodiment.

[0039] FIG. 14 1s a diagram showing an example of an
irradiation pattern file used in the third embodiment.

[0040] FIG. 15 1s a timing chart showing a state of control
and management of the 1irradiation dose according to the third
embodiment.

DESCRIPTION OF EMBODIMENTS

[0041] Embodiments of a particle beam irradiation appara-
tus and a control method of the particle beam 1rradiation
apparatus according to the present invention will be described
with reference to the attached drawings.

(1) Configuration and Basic Operation

[0042] FIG. 11s adiagram showing an example of configu-
ration of a particle beam 1rradiation apparatus 1 according to
a first embodiment. The particle beam 1rradiation apparatus 1
includes a beam generation portion 10, an emission control
portion 20, a beam scanning portion 30, an X electromagnet
30a, aY clectromagnet 305, a vacuum duct 31, a main dosim-
cter (1irst dosimeter) 30a, a sub dosimeter (second dosimeter)
506, a position monitoring portion 51, aridge filter 60, arange

shifter 70, a control portion 80, an abnormality determination
portion 90, and the like.

[0043] Theparticle beam irradiation apparatus 1 1s an appa-
ratus that directs a particle beam, which 1s obtained by accel-
crating 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 1rradiation apparatus 1 can carry
out three-dimensional scanming irradiation of breaking up the
alfected area 200 into three-dimensional lattice points and
sequentially scanning the lattice points by a particle beam
with a small diameter. Specifically, the particle beam irradia-
tion apparatus 1 divides the affected area 200 into plates
called slices 1n an axial direction of the particle beam (Z-axis
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direction 1n a coordinate system shown in the upper right of
FIG. 1) and sequentially scans two-dimensional lattice points
of the divided slices, such as aslice Z, aslice Z, ., and a slice
7., (lattice poimts 1n X-axis and Y-axis directions in the
coordinate system shown in the upper right of FIG. 1), to
thereby perform three-dimensional scanning.

[0044] The beam generation portion 10 generates a particle
beam by generating particles, such as carbon 1ons and pro-
tons, and using an accelerator (main accelerator), such as a
synchrotron, to accelerate the particles up to energy that
allows reaching deep in the atfected area 200.

[0045] The emission control portion 20 controls on/off of

emission of the generated particle beam based on a control
signal output from the control portion 80.

[0046] The beam scanning portion 30 1s configured to
deflect the particle beam 1n an X direction and a Y direction
and to two-dimensionally scan a slice surface. The beam
scanning portion 30 controls exciting currents of the X elec-
tromagnet 30a for scan 1n the X direction and the Y electro-
magnet 305 for scan in the Y direction.

[0047] The range shifter 70 controls a position of the
affected area 200 1n the Z axis direction. The range shifter 70
includes, for example, a plurality of acrylic plates 1n different
thicknesses. The acrylic plates can be combined to gradually
change energy, 1.¢. an internal range, of the particle beam
passing through the range shifter 70 according to a position of
the slice of the affected area 200 1n the Z-axis direction. A size
of the internal range based on the range shifter 70 1s usually
controlled to change at an equal distance, and the interval 1s
equivalent to an interval between the lattice points in the
Z-axis direction. Examples of a method of switching the
internal range include a method of inserting an attenuation
object on a path of the particle beam as 1n the range shifter 70
and a method of changing the energy of the particle beam
based on control of an upstream device.

[0048] Thenidge filter 60 1s arranged to spread a sharp peak
of adose 1n a depth direction 1nside of the body called a Bragg
peak. A spreading width of the Bragg peak based on the ridge
filter 60 1s set to be equal to the thickness of the slice, 1.e. the
interval between the lattice points in the Z-axis direction. The
ridge filter 60 for three-dimensional scanning irradiation 1s
formed by arranging a plurality of aluminum rod-like mem-
bers with a substantially 1sosceles triangle shape in cross
section. The peak of the Bragg peak can be spread based on a
difference between path lengths generated when the particle
beam passes through the 1sosceles triangles. The spreading,
width can be set to a desired value based on shapes of the
1sosceles triangles.

[0049] The main dosimeter 50a and the sub dosimeter 5056

are configured to monitor an 1rradiated dose. Each casing of
the main dosimeter 50a and the sub dosimeter 5056 1includes:
an 1onization chamber including parallel electrodes that col-
lect charge generated by 10nization of the particle beam; and
an SEM (Secondary FElectron Monitor) apparatus that mea-
sures secondary electrons emitted from a secondary electron
emission {ilm arranged 1n the casing.

[0050] The position monitoring portion 51 1s configured to
identify whether the particle beam scanned by the beam scan-
ning portion 30 1s at a correct position. The position monitor-
ing portion 51 includes parallel electrodes for charge collec-
tion similar to those of the main dosimeter 50aq and the sub
dosimeter 50b. The electrodes for charge collection of the
position monitoring portion 51 include linear electrodes (for
example, a plurality of strip-shaped electrodes or electrodes
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made of a plurality of wires) aligned 1n parallel 1n the X
direction and the Y direction. The plurality of aligned strip
clectrodes are called strip type electrodes, and the plurality of
aligned wire electrodes are called multi-wire type electrodes.
[0051] The control portion 80 1s configured to control the
entire particle beam irradiation apparatus 1. The control por-
tion 80 controls on/oif of the beam emission for the emission
control portion 20, 1ssues an instruction related to beam scan-
ning to the beam scanning portion 30, and controls an amount
of range shiit of the range shifter 70 associated with a slice
change.

[0052] The respiration-synchronized gate generation por-
tion 85 generates a respiration-synchronized gate from an
alfected area displacement signal output from a displacement
sensor installed near the atfected area 200. The respiration-
synchronized gate 1s used to direct a particle beam to an
alfected area that 1s displaced by respiration, such as lungs
and liver. If the displacement of the affected area 1s greater
than a predetermined value, the respiration-synchronized
gate 1s turned oil to terminate the emission of the particle
beam. If the displacement of the affected area 1s smaller than
a predetermined value, the respiration-synchronized gate 1s
turned on to emit the particle beam.

[0053] The abnormality determination portion 90 imports
output signals of the main dosimeter 50a and the sub dosim-
cter 505 as well as a signal indicating a beam emission con-
dition, and based on the signals, performs abnormality deter-
mination of the dose of the particle beam directed to the
patient. ITthe dose 1s determined to be abnormal, the interlock
signal 1s immediately output to the emission control portion
20, and the emission of the particle beam 1s terminated.
[0054] The particle beam irradiation apparatus 1 according
to the present embodiment 1s characterized by the configura-
tion and processing by the abnormality determination portion
90, and abnormality determination 1s performed with higher
reliability than in the conventional technique. A specific
abnormality determination process will be described later.

[0055] FIG. 2 1s a flow chart showing an example of basic
processing of three-dimensional scanning irradiation per-
formed by the particle beam 1rradiation apparatus 1.

[0056] The afiected area 1s virtually divided into a plurality
of slices relative to the beam axis, and one of the divided slices
1s selected. For example, a slice Z1 at a deepest position of the
alfected area 1s first selected. Incident energy of the particle
beam and a combination of the acrylic plates in the range
shifter 70 are selected and set according to the position of the
selected slice (step ST1).

[0057] The number M of lattice points to be irradiated by
the particle beam and a position of a lattice point (X1, Y1) [1=1
to M], 1.e. a spot to be 1rradiated, are selected according to the
shape of the affected area 1n the deepest slice, and the beam
scanning portion 30 sets a direction of the particle beam to the
lattice point position (X1, Y1) (step ST2) on the slice. The
emission of the particle beam 1s started (step ST3). The ridge
filter 60 expands an energy distribution of the particle beam 1n
the Z-axis direction so that an internal range distribution
width corresponds to a slice width.

[0058] The main dosimeter 50a and the sub dosimeter 505
monitor the 1rradiation dose for the lattice point (X1, Y1). The
main dosimeter 50a and the sub dosimeter 505 output pulse
signals with a pulse repetition frequency proportional to a
doserate ol the passing particle beam. A counter can count the
number of pulses 1n a predetermined period to measure the
dose 1n the predetermined period.
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[0059] Although the main dosimeter 50qa and the sub
dosimeter 306 usually have the same configuration, the con-
figuration 1s notnecessarily limited to the same configuration.
If the main dosimeter 50a and the sub dosimeter 5056 have
different configurations, measurement values, such as the
number of output pulses, can be corrected 1n advance so that
a measurement value of a same physical quantity (dose rate)
can be obtained for a same particle beam.

[0060] Theirradiationdose for each lattice point 1n the slice
1s planned 1n advance. When the number of pulses output
from the main dosimeter 504 1s counted to measure the dose,
and the 1rradiation dose for a target lattice point reaches a
planned dose, a dose completion signal 1s generated. When
the control portion 80 detects the signal (step ST4), the con-
trol portion 80 executes a process ol changing the beam
position. Although the control portion 80 generates the dose
completion signal, the main dosimeter 50a may generate the
dose completion signal.

[0061] The three-dimensional scanning irradiation 1s clas-
sified 1nto a spot scanning method and a raster scanning
method. The spot scanning method 1s a method of terminating
the beam emission when the position of the particle beam 1s
being moved from a lattice point to a next lattice point and
restarting the beam emission after the completion of the
movement. Therefore, the beam emission 1s intermittent dur-
ing the scan of a slice.

[0062] Onthe otherhand, in the raster scanning method, the
beam emission 1s continued without being terminated when
the position of the particle beam 1s being moved from a lattice
point to a next lattice point. Therefore, the beam emission 1s
continued without being interrupted during the scan of a slice.

[0063] In both the spot scanning method and the raster
scanning method, the position of the particle beam 1s
remained until the dose reaches a dose planned 1n each lattice
point, and the position moves to the next lattice point after the
dose reaches the planned dose.

[0064] Instep STS, whether the method 1s the spot scanning
method or the raster scanning method 1s determined. If the
method 1s the spot scanning method, the beam emission 1s
temporarily terminated (step ST6), and the beam position 1s
moved to the next spot. The process 1s repeated up to a last
spot of the target slice (step ST7).

[0065] On the other hand, if the method 1s not the spot
scanning method, 1.e. 1f the method i1s the raster scanning
method, the beam emission 1s continued up to the last spot
without terminating the beam emission.

[0066] When the irradiation of one slice 1s finished (YES 1n
step ST7), the beam emission 1s temporarily terminated both
in the spot scanning method and the raster scanming method
(step ST8), and the process returns to step ST1. A next slice 1s
selected, and setting of the range shifter 70 1s changed. The
process 1s repeated up to the last slice (step ST9).

[0067] Parameters necessary for the irradiation procedure
are described 1n, for example, a data file called an irradiation
pattern file (hereinafter, may be simply called “pattern file™),
and the parameters are transferred to the control portion 80
betore the start of the therapeutic irradiation. The irradiation
pattern file describes, for each lattice point, a range shifter
thickness for providing the slice position, drive current values
of the X electromagnet 30q and the Y electromagnet 305 for
providing the beam position corresponding to the lattice point
(X,Y), an 1rradiation dose for the lattice point, and the like, 1n
the order of 1rradiation.
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[0068] FIG. 3 15 a diagram showing an example of a scan
pattern on a slice. A trajectory pattern from a start lattice point
on the upper leit to a final lattice point on the lower right 1s
predetermined 1n the treatment planming, and the particle
beam 1s sequentially scanned in one way along the trajectory
pattern.

(2) Conventional Particle Beam Irradiation Method
and Abnormality Determination Method (Example
of Comparison)

[0069] A conventional abnormality determination method
will be described as an example of comparison of the abnor-
mality determination method of the particle beam 1rradiation
apparatus 1 according to the present embodiment.

[0070] FIG.41sablockdiagram showing functional blocks
of the control portion 80 related to the changing process of the
particle beam position and functional blocks related to a
conventionally executed abnormality determination (first
abnormality determination) process.

[0071] The irradiation procedure 1s described 1n an 1rradia-
tion pattern file 40, and the irradiation 1s performed according
to pattern data described 1n the file 40. The pattern data 1s set
in the particle beam 1rradiation apparatus 1 before the start of
the therapeutic wrradiation.

[0072] FIG. 5 1s a diagram showing an example of the
irradiation pattern file 40. The irradiation pattern file 40
describes, for each 1rradiation point (spot), a setting value of
range shifter thickness for providing the 1rradiation slice posi-
tion, scanning electromagnetic exciting current values (two
values for X and Y) for providing the irradiation position (X,
Y), a setting value for the main dosimeter 50a to manage the
dose during the beam emission (main dosimeter preset count
value Al: first planned dose value), a setting value for the
main dosimeter 50a to monitor the dose (leakage dose) during
the beam termination (main dosimeter preset count value A2),
a setting value for the sub dosimeter 5056 to monitor the dose
during the beam emission (sub dosimeter preset count value
B1: second beam dose planned value), a setting value for the
sub dosimeter 5056 to monitor the dose (leakage dose) during
the beam termination (sub dosimeter preset count value B2),
and the like.

[0073] FIG. 6 1s a timing chart showing a state of control
and management of the irradiation dose 1n the raster scanning
irradiation. A main dosimeter counter 81 of the control por-
tion 80 counts the number of pulses output from the main
dosimeter 50a. When an integrated count value al (first beam
dose measurement value) reaches the setting value (main
dosimeter preset count value Al), a beam irradiation position
change determination portion 82 of the control portion 80
outputs a spot switch command (command for changing the
beam irradiation position). A scanning magnet power supply
changes a current based on the spot switch command. The
beam 1rradiation point moves according to the current of the
power supply, 1.¢. a change 1n the magnetic field of the scan-
ning magnet. In the raster scanning 1rradiation, the emission
of the beam 1s not terminated during the change 1n the current
of the power supply. Therefore, when the count value al
reaches the main dosimeter preset count value Al, the main
dosimeter counter 81 immediately resets the count value and
starts the next count.

[0074] Meanwhile, the pulse signal output from the sub
dosimeter 505 1s input to a sub dosimeter counter 91 of an
abnormality determination portion 900. The sub dosimeter
counter 91 counts the pulses output from the sub dosimeter
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506 and transmits a count value b1 (second beam dose mea-
surement value) to a first abnormality determination portion
93. The sub dosimeter preset count value B1 of the 1rradiation
pattern file 40 1s usually 5 to 10% higher than the setting value
of the main dosimeter 50a (main dosimeter preset count value
Al) as illustrated 1n FIG. 5. Therefore, as long as the main
dosimeter 30a and the main dosimeter counter 81 for the main
dosimeter are in normal operation, the count value b1 of the
sub dosimeter counter 91 does not reach the sub dosimeter
preset count B1 when the count value al of the main dosim-
cter counter 81 reaches the main dosimeter preset count value
Al. However, 1f normal output 1s not performed due to an
abnormality 1n the main dosimeter 50a, or if there i1s an
abnormality 1n the main dosimeter counter 81, the count value
b1 of the sub dosimeter counter 91 reaches the sub dosimeter
preset count B1. In this case, the first abnormality determi-
nation portion 93 determines that there 1s an abnormality and
outputs an 1nterlock signal to terminate the beam emission.

[0075] Just before the switch of the spot, the first abnormal-
ity determination portion 93 can compare the count value b1l
of the sub dosimeter counter 91 with the value of the sub
dosimeter preset count B1. If the ratio between the values 1s
smaller than a certain ratio (ratio of 1 or less), the first abnor-
mality determination portion 93 can determine that there 1s an
abnormality 1n the sub dosimeter 505 or the sub dosimeter
counter 91 and can output the interlock to terminate the beam
emission.

[0076] However, when both the main dosimeter S0q and the
sub dosimeter 505 are 1n an abnormal state, or for example,
when the high voltage power supplies of the main dosimeter
50a and the sub dosimeter 505 are not in a voltage output
state, the main/sub dosimeters 50aq and 506 do not output
signals based only on the conventional abnormality determi-
nation performed by the first abnormality determination por-
tion 93. Theretfore, the count value al of the main dosimeter
counter 81 and the count value bl of the sub dosimeter
counter 91 do not reach the preset count values Al and B1,
respectively, even if the beam emission 1s started. The dose
completion signal and the interlock signal are not output, and
excessive 1rradiation occurs.

[0077] FIG.71satiming chart describing a state of conven-
tional control and management of the 1rradiation dose during
the slice switch. When the count value al of the main dosim-
cter counter 81 reaches the preset count Al at a spot just
betore the slice switch, the control portion 80 outputs a slice
switch command to the range shifter 70 and outputs a control
signal for terminating the beam emission to the emission
control portion 20. When the beam emission 1s terminated,
the main dosimeter counter 81 of the control portion 80 ter-
minates (resets) the integration.

[0078] On the other hand, a main dosimeter counter (for
leakage dose) 92 of the abnormality determination portion
900 starts the integration when the beam emission 1s termi-
nated. The main dosimeter counter (for leakage dose) 92
continues a count-up operation until receiving a slice switch
completion signal. When the slice switch completion signal 1s
received, the abnormality determination portion 900 resets
the main dosimeter counter (for leakage dose) 92.

[0079] The main dosimeter counter 81 of the control por-
tion 80 starts the integration based on the slice switch comple-
tion signal and outputs a beam emission start command to the
emission control portion 20.

[0080] The first abnormality determination portion 93
determines that there 1s a leakage dose and outputs an inter-
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lock to prohibit the beam emission, when a count value a2 of
the main dosimeter counter (for leakage dose) 92 exceeds the
preset count A2 1n a beam emaission termination period based
on the slice switch. The sub dosimeter also monitors the dose
by a similar mechanism. When a count value b2 of a sub
dosimeter counter (for leakage dose) (not shown) exceeds the
preset count B2 during the termination of the beam emission,
the sub dosimeter determines that there 1s a leakage dose and
outputs an 1nterlock to prohibit the beam emission.

[0081] FIG. 8 1s a timing chart describing a state of control
and management of the irradiation dose when the beam emis-
sion 1s terminated by the respiration-synchronized gate.
When the respiration-synchromized gate 1s turned off, the
beam emission 1s terminated even during the spot irradiation.
In this case, the main dosimeter counter 81 and the sub dosim-
cter counter 91 cease the count-up operations while holding
the count values al and bl, respectively. On the other hand,
the main dosimeter (for leakage dose) counter 92 starts the
integration when the respiration-synchronized gate 1s turned
off and outputs the count value a2. The state continues until
the respiration-synchronized gate 1s turned on again. When
the respiration-synchronized gate 1s turned on, the integration
of the main dosimeter (for leakage dose) counter 92 1s termi-
nated, and the integration of the main dosimeter counter 81
and the sub dosimeter counter 91 1s restarted.

[0082] The first abnormality determination portion 93
determines that there 1s a leakage dose when the count value
a2 of the main dosimeter (for leakage dose) counter 92
exceeds the preset count A2 1n the period in which the respi-
ration-synchronized gate 1s turned off. The first abnormality
determination portion 93 generates an interlock signal and
prohibits the beam emission. The sub dosimeter also monitors

the dose by a similar mechanism. When the count value b2 of
the sub dosimeter counter (for leakage dose) (not shown)
exceeds the preset count B2 during the termination of the
beam emission, the sub dosimeter determines that there 1s a
leakage dose and outputs an interlock to prohibit the beam
€mission.

[0083] Time of the termination of the beam emission
caused by the range switch 1s usually about 0.5 second, and
time of the termination of the beam emission caused by the
respiration-synchronized gate 1s about one to two seconds.
Spike-like false emission occurs when the emission control
portion 20 or the like maltunctions due to noise or the like. A
time width of the generation o the leakage dose caused by the
false emission 1s about 0.1 msec.

[0084] Meanwhile, low-level noise 1s constantly generated
inside of the main dosimeter 50q (the same applies to the sub
dosimeter 50b). Therelore, even 11 the peak intensity of the
spike-like leakage dose 1s about 10000 times (1 sec/0.1 msec)
higher than a level of the internal noise of the main dosimeter
50a, an amount of internal noise (time integral value) inte-
grated 1n the termination period of the beam emission
becomes equivalent to the leakage dose. This means that the
main dosimeter (for leakage dose) counter 92 cannot cor-
rectly detect the leakage dose 11 the intensity of the leakage
dose 1s less than 10000 times the level of the internal noise
generated 1n the main dosimeter 50a.

[0085] To improve the problem of the conventional abnor-
mality determination method, the particle beam 1rradiation
apparatus 1 according to the present embodiment carries out
not only the first abnormality determination, but also second
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abnormality determination that 1s a different type, 1n addition
to the first abnormality determination.

(3) First Embodiment
Second Abnormality Determination (Part 1)

[0086] FIG. 9 1s a block diagram mainly showing an
example of configuration of the abnormality determination
portion 90 according to the first embodiment. The abnormal-
ity determination portion 90 according to the first embodi-
ment includes a second main dosimeter counter 95, a second
sub dosimeter counter 94, and a second abnormality determi-
nation portion 96, in addition to the configuration of the
conventional abnormality determination portion 900 (FIG.
4).

[0087] Although the second main dosimeter counter 93
counts the number of pulses output from the main dosimeter
50a during the beam emission as in the main dosimeter
counter 81, the integration period of the counter 1s smaller
than that of the main dosimeter counter 81.

[0088] Although the second sub dosimeter counter 94
counts the number of pulses output from the sub dosimeter
506 during the beam emission as 1n the sub dosimeter counter
91, the integration period of the counter 1s smaller than that of
the sub dosimeter counter 91.

[0089] A count value a3 (first sectional dose measurement
value) output from the second main dosimeter counter 95 and
a count value b3 (second sectional dose measurement value)
output from the second sub dosimeter counter 94 are input to
the second abnormality determination portion 96.

[0090] Meanwhile, 1n a pattern file 40a used 1n the first
embodiment, preset count values A3 and B3 for second
abnormality determination are added to the data (FIG. §5) of
the conventional pattern file 40 as shown in FIG. 10. The
preset count values A3 and B3 for second abnormality deter-
mination are for determining normal/abnormal of the count
values a3 and b3 of the number of pulses output from the main
dosimeter 50aq and the sub dosimeter 505 during the beam
emission. The second abnormality determination portion 96
determines that the count values a3 and b3 of the number of
pulses are normal 1f the count values a3 and b3 are within
predetermined determination ranges (first and second refer-
ence ranges) defined by upper limits and lower limits
obtained based on the preset count values A3 and B3 and
determines that the count values a3 and b3 are abnormal 11 the
count values a3 and b3 are out of the determination ranges. In
place of the preset count values A3 and B3, the upper limits
and the lower limits for setting the determination ranges may
be separately defined.

[0091] If at least one of the second abnormality determina-
tion portion 96 and the first abnormality determination por-
tion 93 determines that there 1s an abnormality, the interlock
signal 1s output to the emission control portion 20, and the
beam emission 1s terminated.

[0092] FIG. 11 1s a timing chart showing a state of control
and management of the 1rradiation dose according to the first
embodiment.

[0093] In the control portion 80, the main dosimeter
counter 81 counts the number of pulses output from the main
dosimeter 530q, and as 1n the conventional technique, outputs
the spot switch command when the count value al reaches the
preset count Al.

[0094] Meanwhile, the abnormality determination portion
90 performs second abnormality determination (part 1) using

Dec. 6, 2012

the count value a3 of the second main dosimeter counter 95
and the count value b3 of the second sub dosimeter counter
94, 1n addition to the first abnormality determination using the
count value b1 of the sub dosimeter counter 91 and the count
value a2 of the main dosimeter (for leakage dose) counter 92
as 1n the conventional technique.

[0095] As described, inthe first abnormality determination,
the count value bl of the sub dosimeter counter 91 1s com-
pared with the value of the sub dosimeter preset count B1 just
betfore the switch of the spot. It 1s determined that there 1s an
abnormality 1f the count value b1 exceeds the preset count Bl
or 1f the ratio between the count value bl and the preset count
B1 1s below a certain ratio. It 1s also determined that there 1s
an abnormality 1f the count value a2 of the main dosimeter
counter (for leakage dose) 92 exceeds the preset count A2
during the termination of the beam emission.

[0096] Meanwhile, in the second abnormality determina-
tion (part 1), the count value a3 of the second main dosimeter
counter 95 that counts the number of pulses of the main
dosimeter 30qa 1s compared with the preset count value A3 for
second abnormality determination defined by a pattern file
90a, independently from the first abnormality determination.
It 1s determined that there 1s an abnormality 1f the count value
a3 1s out of a predetermined reference range based on the
preset count value A3. Similarly, the count value b3 of the
second sub dosimeter counter 94 that counts the number of
pulses of the sub dosimeter 5056 1s compared with the preset
count value B3 for second abnormality determination (B3 and
A3 are usually set to a same value) defined 1n the pattern file
90a. It 1s also determined that there 1s an abnormality if the
count value b3 1s out of a predetermined reference range
based on the preset count value B3.

[0097] As aresult of adding the second abnormality deter-
mination (part 1), the abnormality can be detected even if both
the main dosimeter 50q and the sub dosimeter 5305 are 1n an
abnormal state, such as when the high voltage power supplies
of the main dosimeter 50a and the sub dosimeter 505 are not
in a voltage output state. The excessive 1rradiation does not
occur, and a safe particle beam 1rradiation apparatus can be
provided.

[0098] The determination period of the second abnormality
determination (part 1) 1s usually a period shorter than the
determination period of the first abnormality determination.
In the first abnormality determination, the determination 1s
based on a period of changing the beam spot position (for
example, period of 100 um to 100 ms, although the period
varies depending on the treatment planning and the like).
Meanwhile, the determination period of the second abnor-
mality determination is a period significantly shorter than an
average changing period of the beam spot, e.g. a certain
period shorter than Yio of the average changing period of the
beam spot (for example, 100 us to 1 ms). Therefore, the
second main/sub dosimeter counters 935 and 94 are reset 1n
cach determination period. The short determination period
allows outputting the interlock signal 1n a short time to ter-
minate the beam emission without waiting for update timing
of the beam spot when there 1s an abnormality in the 1rradia-
tion dose. The possibility of the excessive 1rradiation can be
further reduced.

(4) Second Embodiment
Second Abnormality Determination (Part 2)

[0099] Abnormality determination according to a second
embodiment 1s performed 1n parallel with the abnormality
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determination 1n the first embodiment (the first abnormality
determination and the second abnormality determination
(part 1)). Specifically, it 1s determined that there 1s an abnor-
mality when an absolute value of a difference between the
count value a3 of the second main dosimeter counter 95 and
the count value b3 of the second sub dosimeter counter 94
exceeds a predetermined threshold. The main dosimeter 50a
and the sub dosimeter 506 usually have the same configura-
tion. Therefore, 11 the main dosimeter 50a and the sub dosim-
cter 505 are both normal, the same number of pulses would be
measured. Consequently, 1t 1s determined that there 1s an
abnormality 1n one of the main/sub dosimeters 50a and 506 or
one of the second main/sub dosimeter counters 95 and 94 1f
the absolute value of the difference between the count value
a3 and the count value b3 exceeds a predetermined threshold.
The mterlock signal 1s generated to terminate the beam emis-
sion. The second embodiment further improves the reliability
of the abnormality determination.

[0100] FIG.121s atiming chart describing a state of control
and management of the 1rradiation dose. As described, the
emission of the beam 1s not terminated during the change 1n
the current of the electromagnet power supply in the raster
scanning irradiation. However, the emission of the beam 1s
terminated during the slice switch or when the respiration-
synchronized gate 1s turned off. If the abnormality monitoring
1s effective during the termination of the beam emission, the
difference (absolute value) exceeds the threshold because the
count values a3 and b3 are small. There 1s a high possibility of
erroneous output of the interlock signal. Therefore, the abnor-
mality determination 1s carried out only 1n the beam emission
state. As a result, the reliability of the abnormality determi-
nation can be improved without generating an unnecessary
interlock signal during the termination of the beam emission
due to the slice switch or when the respiration-synchronized
gate 1s turned off. Although FIG. 12 illustrates a determina-
tion condition when the beam 1s off due to the respiration-
synchromized gate, the determination condition 1s similar
when the beam 1s off due to the slice switch.

(5) Third Embodiment

Second Abnormality Determination (Part 3)

[0101] FIG. 13 1s a diagram showing an example of con-
figuration of an abnormality determination portion 905
according to a third embodiment. Third main/sub dosimeter
counters 98 and 97 as well as a third abnormality determina-
tion portion 99 that performs leakage dose determination are
added to the abnormality determination portion 90 of the first
and second embodiments to form the abnormality determi-
nation portion 905.

[0102] The third abnormality determination portion 99
compares count values a4 (third sectional dose measurement
value) and b4 (fourth sectional dose measurement value) of
pulses (pulses caused by leakage dose) output from the third
main/sub dosimeter counters 98 and 97 during the termina-
tion of the beam emission with preset count values A4 (third
reference value) and B4 (fourth reference value) for third
abnormality determination defined 1 a pattern file 405,
respectively. If the count value exceeds the preset count value
in at least one of the comparisons, the third abnormality
determination portion 99 determines that there 1s an abnor-
mality 1n the leakage dose (greater than expected leakage
dose 1s generated) and outputs the interlock signal to the
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emission control portion 20. The above described abnormal-
ity determination for the leakage dose 1s second abnormality
determination (part 3).

[0103] FIG. 14 1s a diagram showing an example of the
irradiation pattern file 406 used in the third embodiment, and
the preset count values A4 and B4 for third abnormality
determination are added to the right end. The preset count
values A4 and B4 for third abnormality determination are
thresholds for determining the leakage dose during the termai-
nation of the beam emission. Therefore, values smaller than
the other preset count values are set.

[0104] FIG. 151s atiming chart describing a state of control
and management of the 1rradiation dose according to the third
embodiment.

[0105] The third main/sub dosimeter counters 98 and 97 are
characterized by integrating the number of pulses of the pulse
signals from the main/sub dosimeters 50aq and 505 at a suili-
ciently shorter interval (second determination period), such
as about 100 us to 1 ms, than the beam emission termination
time. IT the integrated count values ad and b4 exceed the
preset counts A4 and B4 set 1n the irradiation pattern file 405,
it 1s determined that greater than the defined leakage dose 1s
generated, and the iterlock signal 1s output to terminate the
beam emission.

[0106] As shown in FIGS. 7, 8, and the like, 1n the conven-
tional leakage dose determination, the number of pulses 1s
continuously integrated without resetting during the termina-
tion period of the beam emission. Therefore, as described, the
pulses caused by the internal noise of the main dosimeter 50a
are constantly integrated during the termination period of the
beam emission. The spike-like leakage dose 1s buried 1n the
internal noise, and the detection sensitivity for momentary
leakage dose cannot be suificiently increased.

[0107] On the other hand, the third embodiment of the

second abnormality determination (part 3), the integration
period of the third main/sub dosimeter counters 98 and 97 (1.¢.
second determination period) 1s suificiently shorter than the
termination period of the beam emission. Therefore, the
amount of integration of the number of pulses caused by the
internal noise of the main/sub dosimeters 50a and 3506 1s
significantly reduced, and highly-sensitive detection of the
spike-like leakage dose 1s possible. As a result, highly sensi-
tive monitoring of the leakage dose 1s possible not only for the
accumulative beam emission, but also for the momentary
beam emission, when the beam emission 1s terminated due to
the range switch or the off-state of the respiration-synchro-
nized gate. A safe particle beam 1rradiation apparatus 1 can be
provided.

[0108] In the second abnormality determination (part 3),
the third main/sub dosimeter counters 98 and 97 ditfferent
from the second main/sub dosimeter counters 95 and 94 used
in the second abnormality determination (part 1) (or the sec-
ond abnormality determination (part 2)) are separately
arranged. However, the second main/sub dosimeter counters
95 and 94 and the third main/sub dosimeter counters 98 and
97 may be imtegrated, and the second main/sub dosimeter
counters 95 and 94 may be used for the second abnormality
determination (part 3). In this case, the count values output
from the second main/sub dosimeter counters 95 and 94 dur-
ing the termination of the emission of the particle beam serve
as the count values a4 and b4, respectively.

[0109] The second abnormality determination (part 3) and
the second abnormality determination (part 1) may be inde-
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pendently combined with the first abnormality determination
or both may be combined with the first abnormality determi-
nation at the same time.

[0110] As described, according to the particle beam irra-
diation apparatus and the control method of the particle beam
irradiation apparatus according to the present embodiments,
highly reliable measurement of a dose of each beam 1s pos-
sible, and highly sensitive measurement of a leakage dose
caused by momentary beam emission 1s possible.

[0111] The present invention 1s not limited to the embodi-
ments, and the present invention can be embodied by modi-
tying the constituent elements 1n an execution phase without
departing from the concept of the present invention. Various
inventions can be formed based on appropriate combinations
of a plurality of constituent elements disclosed 1n the embodi-
ments. For example, some constituent elements among all
constituent elements illustrated 1n the embodiments may be
deleted. Constituent elements across different embodiments
may also be appropriately combined.

REFERENCE SIGNS LIST

[0112] 1 particle beam 1rradiation apparatus
[0113] 10 beam generation portion
[0114] 20 emission control portion
[0115] 30 beam scanning portion
[0116] 504 main dosimeter
[0117] 5054 sub dosimeter
[0118] 80 control portion
[0119] 90, 90qa, 905 abnormality determination portions

1. A particle beam irradiation apparatus that directs a par-
ticle beam to an affected area of a patient, the particle beam
irradiation apparatus comprising;

an emission control portion that controls emission and

termination of the particle beam;

a control portion that sequentially changes an 1rradiation

position of the particle beam for the affected area;

first and second dosimeters that measure dose rates of the

particle beam directed to the afiected area; and

an abnormality determination portion that uses dose mea-

surement values obtained by accumulating the dose

rates output from the first 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 1s an abnormality, wherein
the control portion

accumulates the dose rate output from the first dosimeter

for each of 1irradiation positions of the particle beam to
calculate a first beam dose measurement value and
changes the irradiation position of the particle beam
when the first beam dose measurement value reaches a
first planned dose value predetermined for each of the
irradiation positions, and

the abnormality determination portion performs:

first 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
second beam dose measurement value and determining
that there 1s the abnormality 1f the second beam dose
measurement value exceeds a second planned dose
value that 1s set to a value higher than the first planned
dose value when the first beam dose measurement value
reaches the first planned dose value; and
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second abnormality determination of accumulating the
dose rates output from the first and second dosimeters
for each of predetermined determination periods to cal-
culate sectional dose measurement values and determin-
ing that there 1s the abnormality based on the sectional
dose measurement values.

2. The particle beam irradiation apparatus according to
claim 1, wherein

in the second abnormality determination,

the dose rates output from the first and second dosimeters
during an emission period of the particle beam are accu-
mulated for each of the predetermined determination
periods to calculate first and second sectional dose mea-
surement values, and 1t 1s determined that there 1s the
abnormality 1n at least one of a case in which the first
sectional dose measurement value 1s out of a predeter-
mined {first reference range and a case in which the
second sectional dose measurement value 1s out of a
predetermined second reference range.

3. The particle beam 1rradiation apparatus according to
claim 2, wherein

in the second abnormality determination,

it 1s Turther determined that there 1s the abnormality when
an absolute value of a difference between the first sec-
tional dose measurement value and the second sectional
dose measurement value 1s out of a predetermined deter-
mination range.

4. The particle beam 1rradiation apparatus according to
claim 2 or 3, wherein

the predetermined determination periods are set shorter
than an average change interval of the particle beam
irradiation position.
5. The particle beam irradiation apparatus according to
claim 1, wherein

in the second abnormality determination

the dose rates output from the first and second dosimeters
in an emission termination period of the particle beam
are accumulated for each of the predetermined determi-
nation periods to calculate third and fourth sectional
dose measurement values, and 1t 1s determined that there
1s the abnormality 1n at least one of a case 1n which the
third sectional dose measurement value exceeds a pre-
determined third reference value and a case 1n which the
fourth sectional dose measurement value exceeds a pre-
determined fourth reference value.

6. The particle beam apparatus according to claim 5,
wherein

the predetermined determination periods are set shorter
than the emission termination period of the particle
beam.

7. A control method of a particle beam 1rradiation appara-
tus 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 particle beam:;

sequentially changing an irradiation position of the particle
beam for the affected area;

measuring, by first and second dosimeters, dose rates of the
particle beam directed to the atflected area;

performing abnormality determination of the apparatus
using dose measurement values obtained by accumulat-
ing the dose rates output from the first and second dosim-
eters; and
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terminating the emission of the particle beam using an
interlock signal when determining that there 1s an abnor-
mality, wherein

in the step of changing the irradiation position of the par-
ticle beam,

the dose rate output from the first dosimeter 1s accumulated
for each of irradiation positions of the particle beam to
calculate a first beam dose measurement value, and the
irradiation position of the particle beam 1s changed when
the first beam dose measurement value reaches a first
planned dose value predetermined for each of the irra-
diation positions, and

the step of performing the abnormality determination
includes:

performing first abnormality determination of accumulat-
ing the dose rate output from the second dosimeter for
cach of the wrradiation positions of the particle beam to
calculate a second beam dose measurement value and
determining that there 1s the abnormality 1f the second
beam dose measurement value exceeds a second
planned dose value that 1s set to a value higher than the
first planned dose value when the first beam dose mea-
surement value reaches the first planned dose value; and

performing second abnormality determination of accumu-
lating the dose rates output from the first and second
dosimeters for each of predetermined determination
periods to calculate sectional dose measurement values
and determiming that there 1s the abnormality based on
the sectional dose measurement values.

8. The control method of the particle beam 1rradiation

apparatus according to claim 7, wherein

in the second abnormality determination,

the dose rates output from the first and second dosimeters
during an emission period of the particle beam are accu-
mulated for each of the predetermined determination
periods to calculate first and second sectional dose mea-
surement values, and 1t 1s determined that there 1s the

10
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abnormality in at least one of a case in which the first
sectional dose measurement value 1s out of a predeter-
mined first reference range and a case i which the
second sectional dose measurement value 1s out of a

predetermined second reference range.
9. The control method of the particle beam irradiation
apparatus according to claim 8, wherein
in the second abnormality determination,
it 1s Turther determined that there 1s the abnormality when
an absolute value of a difference between the first sec-

tional dose measurement value and the second sectional
dose measurement value 1s out of a predetermined deter-
mination range.
10. The control method of the particle beam 1rradiation
apparatus according to claim 8 or 9, wherein
the predetermined determination periods are set shorter
than an average change interval of the particle beam
irradiation position.
11. The control method of the particle beam 1rradiation
apparatus according to claim 7, wherein
in the second abnormality determination
the dose rates output from the first and second dosimeters
in an emission termination period of the particle beam
are accumulated for each of the predetermined determi-
nation periods to calculate third and fourth sectional
dose measurement values, and it 1s determined that there
1s the abnormality 1n at least one of a case 1n which the
third sectional dose measurement value exceeds a pre-
determined third reference value and a case 1n which the
fourth sectional dose measurement value exceeds a pre-
determined fourth reference value.
12. The control method of the particle beam apparatus
according to claim 11, wherein
the predetermined determination periods are set shorter
than the emission termination period of the particle
beam.



