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HIMAC
Heavy lon Medical Accelerator in Chiba

Wobbling Method for Lateral Field

— The beam profile is originally
sharp.

— In order to enlarge the beam size,

Wobbling magnets L
a scatterer is inserted.

— A pair of orthogonal magnets is
used to form a uniform dose
distribution in the lateral direction.

— A multi-leaf collimator tailors the
beam so as to match with the
cross-sectional shape of the tumor.

Scatterer \
Multi-leaf

Collimator

Dept. Accelerator and Medical Physics, NIRS
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Ridge Filter Method for SOBP

— The beam energy is

Ridge Range originally monochromatic.

Filter Shifter
Z / — Ridge filter is inserted in

_ order to expand the beam
1 7 energy so as to match with
tumor thickness.

— Arange shifter is used as
“: energy absorbers for the
"\ fine tuning of the range.

— Range compensator is set
| A in order to adjust the end-
/< point to the curvature of
Range tumor.

Copensator

Respiratory Gated Irradiation

- Irradiation synchronized with a patient ‘s respiratory motion -

Accelerator Treatment contrg

‘ Interlock system

Gated beam extraction system
(RF knockout method)

lon beam

Positioning system
using x-ray TV images

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Pencil-Beam 3D Scanning

> Beam utilization efficiency ~100%6
> Irradiation on irregular shape target
> No bolus & collimator

Scanning
Magnet

Especially sensitive organ motion

Fast scanning for moving target

a Rescan
100-times speed up ! [EI-—-.

A) TPS for Fast Scanning

B) Extended Flattop Operation
C) Fast Scanning Magnet

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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HIMAC and New Facility

HIMAC Linac Ion Source
Synchrotron /
\ =~ / - -"-—/
. —_ —
(= )
I‘ { ,? f
.-\' -‘:’/
il
1 @ Roé\m c Room A
New Facility " Room B
Y Room E . .
i SR Room E & F with H/V scanning ports
) :";j_ii have treated more that 600 pts
e - '} \. .
M~ \ Room F . . since 2011
sc N | Room G with rotating gantry
8 Gantry ‘ ' is under development.
D ___ 8 Room G
(under construction)
Main specifications
Ton species 12C
Irradiation method 3D Scanning
Beam Energy 430 MeV/n (max.)
Maximum Range 30cm in water
Maximum Field 22%22 cm? (E, F)

Treatment with 3D Scanning

+ Operation
- Daily QA (MU calibration, range check etc) ~ 15min/course
- Treatment irradiation (except positioning) ~ 2min

- 30 patients/day under 3hr operation of 2 rooms

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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HIMAC Treatment

total number of treatments: B
800 (Mdvanced medical technoloy - 53961

597

489

a7
400 ma‘a
00 ros20s27
A mm]m
=371
T

94 95 96 57 98 99 00 01 02 O3 04 05 06 O7 08 09 10 11 12 13
Fiscal year

v More than 10 000 pts treated since ‘94.
v' ~1 000 pts/y, ~100 shots/day @180 d/y
v Downtime rate < 0.5%

Eye
Lachrymal Head
; & Neck

Digestive
duct -
Bone &

Lung Soft tissue

Tumors

Liver
' Pancreas

Prostate

Rectum | Uterus

Summary of Clinical Results

The HIMAC clinical trial with carbon-ion has proven

» a short course treatment, such as one fractional
treatment of lung cancer, is possible.

» very effective against radio-resistive cancer.

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Clinical Results (1)

Single Fraction Treatment with Respiratory Gated Irradiation

LCR > 95%, a 5 year OSR ~ 50-60% and a cause-specific SR ~ 70-80%. These results correspond to
those obtained with surgery. The treatment period and the number of fractions have been successively
reduced from 18 fractions over 6 weeks to single fraction in one day. It has been carried out since April

2003.

59.4 — 95.4GyE (18 fraction) 52.8 - 60GYE (4 fraction)

94/10 ~ 97/8
00/12 ~ 03/11
\ .
54 — 79.2GyE (9 fraction) 28 - 32GyE (1 fraction)
03/4 ~ 06/3

97/9 ~ 00/12

Clinical Results (2)

Treatment against Radio-Resistive tumor

Before treatment

Dept. Accelerator and Medical Physics, NIRS
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2. Requirements from Beam Delivery

Broad Beam Delivery

* wobbling method

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Pencil beam delivery (scanning)

* range-shifter scanning

Scanning Range
magnets shifter

energy scanning

————S———— L L
E‘E - — W /.
—— — ——————————— y

from Static Tumor Treatment

Double Wobbler 3D Scanning
Scatterer
Pos. Error <=%0.5 mm <*2.5mm <=%0.5 mm
@ 2" Scatterer Ac/c < 10%
Spill Ripple No effect Avoid ripple with Suppress ripple
around wobbling with kHz-order
freq.
Low dose- No No Necessary
rate control
Intensity No No Necessary
Modulation
Energy Scan  Fixed Fixed Full energy scan

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Koji Noda,

from Moving Tumor Treatment

Beam
ON/OFF

Intensity
Modulation

Low dose-rate
control

Energy scan

Double
Scatterer

<1ms

No

Fixed energy

Wobbler

<1ms

Fixed energy

3D Scanning

<~0.1 ms
@ spot scanning

Necessary

Necessary

Full energy scan
(Hybrid scan)

Requirement from Medical System

L.

Precise and easy dose management

= Slow extraction

II. Fast beam ON/OFF for respiratory gating irradiation
III. Time structure control for beam wobbling and 3D scanning method
IV. Beam control under variable energy operation for 3D scanning

V.

Intensity control for 3D scanning with respiratory gating.

VII.Precise beam-size control for 3D scanning

VI. Precise position control for double scattering and 3D scanning

3D scanning has required higher performance of slow extraction

compared with broad beam methods.

Dept. Accelerator and Medical Physics, NIRS
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3. Resonant Slow Extraction

Transverse Motion in Synchrotron

= Dipole Mag

N
g
S

X

Particle motion
in phase space

X b X = dx/ds
1
8%
3

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Slow Extraction from Synchrotron

Requirements from Radiotherapy

v Beam duration for a few hundreds micro-seconds
to a few seconds

v' Precise dose management

= Slow Extraction

7\
\
Pecler Extracted beam

(Septum)

Circulating
Beam

The HIMAC synchrotron has employed
a slow extraction method combined the third-order resonant extraction and the
beam heating through transverse RF electric field.

Resonance of Betatron Oscillation

- Integer Resonance -

Q = p + q; betatron tune
p; positive integer, |q| < 1

AX'=Const

ﬁ R4 Driving term
\t = Dipole component

AX'=GX =GRcos(27Qn + ¢,)

AR = %sin{Zﬂ 2Q)n+24,}

Driving term
= Quadrupole component

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Resonance of Betatron Oscillation

- Half-Integer Resonance -

Q= §+ q, Betatron tune

p; positive integer, p + 2n
lq] « 1/2

Driving term
= Quadrupole field

AX'=GX =GRcos(27Qn + ¢, )

AR = %sin{Zﬁ@Q)n +24,}

Resonance of Betatron Oscillation

- Third-Integer Resonance -

Q= §+ q; betatron tune

p; positive integer,p + 3n ‘
lq] « 1/3 X

Driving term / X
= Sextupole field Kj /
Sexpole . \\ %/

AX'=SX? =SR’ cos’ (22Qn + ¢,)
AR = STR [sin{27(3Q)n +3¢, }+sin(22Qn + ¢, )]

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Third-Integer Resonant Slow Extraction

K
K — 2 — .2 _" .3
F=—Kx=>U=Ex2 F Kx+5Sx“=>U 2x 3x

Ay Ay

90%2%03: X Cross section
—
\ /' |I
\ / X
\ / /
\, s / ) mllahc:y
\. 4 X \\\
JL» .
\
\

Stable Oscillation
in Parabolic Potential

Driving particles to unstable region,
beam is slowly extracted from ring

Third-Integer Resonant Slow Extraction

Kobayashi Hamiltonian
(Y. Kobayashi, NIM, 83,1970)

0.005 \
H=£(x2+x2)+ 2 3xx2 - x7) v
2 4 : > )

Sextupole Term - L Z

Q=§+q,£=6nq

2
q
— JA72 001
A =48V3m > Yoo EXs o 3

“hasen

Koji Noda,

Dept. Accelerator and Medical Physics, NIRS
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Third-Integer Resonant Slow Extraction

Betatron
anplitude

(1) The Q-driven method extracts the beam slowly by shrinking the separarix through
approaching the tune to the resonance, which is controlled by changing the Q-field of the
synchrotron. ¢ =0

(2) Owing to the chromaticity effect, the tune can be approached to the resonance while changing
the momentum through beam acceleration or deceleration. q = g, +&4p/p =0

(3) Under the constant separatrix, transverse heating can enlarge the amplitude of the circulating
beam, and particles with larger amplitude than the separatrix can be extracted from the
synchrotron. As a transverse-heating method, the RF-KO method has been utilized.

Performance

REKO
Fast beam on/off Several 100 ms Several ms (?) <0.5 ms

by FB & FF
Intensity Control Not easy Not easy
Position Control Complicate Hardt condition

Profile Control OK OK
Variable Energy Not easy Not easy

Time Fine OK by FB OK
SUUCUIe  Glohal  OK by FB OK by FB

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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4. Development of RF-KO

RF-KO Slow Extraction

Under the constant separatrix, transverse
heating can enlarge the amplitude of the
circulating beam, and particles with larger
amplitude than the separatrix can be extracted
from the synchrotron. As a transverse-heating
method, the RF-KO method has been utilized.

d’Xx 3
TR Q%X = Q*Bzg(X,0)
+A - sin{(q + 6q)0 + ¢}

p
Q=§+q. l[ql «1/3

RF-KO extraction
K.Noda et al., NIM-A 374, 1996

Heating through
transverse RF kick

AR '
*Easy control

«Stable position & profile
*Easy and Fast beam ON/OFF

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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RF-KO Slow Extraction with FM & AM

Amplitude dependence of the horizontal tune

y mmmmmdp Frequency modulation (FM)
2
P % + Q%X = sz%g(x, 0) + A -sin(q; 0 + @)

Amplitude dependence
of the tune

Global spill control
mmmmd> Amplitude modulation (AM)

RF-KO Slow Extraction with FM & AM

Extracted bean Excitation pattern
A ~5 Nl TN ST
Gate signal

] Respiration
Tl signal

TN e

separatrix
Originalxemittance

Extracted beam

Circulating beam

Dept. Accelerator and Medical Physics, NIRS
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RF-KO Slow Extraction System

Particles, driven to unstable region, jump
into the gap of septum electrode.

Circulatina béam Septum magnet

Extracted beam

Slow Extraction System
- Separatrix Eciter; Sextupole -

Injection e on

BM: Dipole magnet
QF: Focusing quadrupole magnet QF®

QD Defocusing quadrupole magnet

BMP: Bump magnet for extraction
BMPf: Bump magnet for injection
SM: Septum magnet
ESI: Electrostatic inflector
ESD: Electrostatic deflector
RF: RF cavity

Extraction

SXFr/Dr: Sextupole magnet for separatrix excitation o ¥

S. eip(0=00) — Z 5; - e/7C=6) 5(0 — 6))
7

Sextupole

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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II. Fast Beam ON/OFF

Response time < 1 ms !!

ek Stopped: 21 Acquisitions

2 ms/div

1
S

22)u. i It l : . i A 2mS/diV
15:280 s i

Time Scale: 50 ms/div

2 ‘
hs | SURE .

IMI. Time Structure Control

Spill Ripple of Original RF-KO

Single RF-KO Method

RK Stopped: 38 Acquisitions
. ¥ = K Stopped: 14 Acquisitions

4

! ! ms mV' 30 Oct 199!
Ch3 S.00V 200mvQ

Time Scale:200 ms/div

Seev 200mva 300ct 199

Time Scale:2 ms/div -

No problem in beam-wobbling method,
because the ripple frequency is much far from wobbling frequency

Such huge ripple brings huge non-uniformity in 3D scanning.

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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III. Time Structure Control

- Dose Distribution and Spill Ripple -

* Dose management in each spot
L * Assuming constant intensity while moving position
r * When large spill ripple..........

Uniform distribution
cannot be obtained

N )

R AN E

Spot assign

X [mm]
0 30 60

0
I 128
256

384

512
= 640

768
896
1024

When uniformity less than #£1%
= Spill ripple magnitude < #£20%

Study on Spill Ripple in RF-KO Method

In order to improve the time structure of the extracted
beam for the fast 3D scanning, the ripple source was
studied.

1. Time Structure for one FM period

Dual FM method

2
3. Separate function Method

4. Robust RF-KO method against Q-field ripple
5. Global Spill-Structure Control

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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1. Time Structure for One FM Period

1.1. Chromaticity Dependence

&~ 0

*stopmﬂ: 4 Acquisitions

) Sovis tht 7 -TI0MV 5 jan 2002
m Seomva 06:32:38

Time Scale: 500 ps

E~-32

Tk Stopped: 16 Acquisitions

Time Scale: 500 ps

1.1. Chromaticity Dependence

chromaticity.

The spill width and the ripple magnitude
increases and decreases as a quadratic
function of the chromaticity, respectively.

Spill Width (FWHM;arb. unit)

Dependence of the spill width during FM period and of the ripple on the

| ©- spill Width | |--®--Ripple Mag. |
14 350
o b
S ,
12 = < {300
[CRNEN
~N
10 o 250
\ S
N @
8 P 200
6 N 150
K \
4 o \\ 100
o . ®
2 Bt v 50
Py . o

Horizontal Chromaticity

0
35 -3 25 -2 -15 -1 -05 0 O

0
5

(31un -quae) “Sejy Addny pazijeurioN

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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1.2. Dual Peaks for FM Period

bandWid[h’ri?ii T

Y

30

20

10

ion counts
(per 6 Usec)

time [msec]

Peak (a) is the beam extracted mainly due to the transverse RF field, while peak (b)
mainly due to the synchrotron oscillation.

1.3. Steinbach Diagram for RF-KO

( a ) ; Betatron

w Unstable Amplitude

bl | Region

'
(a)The RF frequency matches tune in the f t

extraction region. : T~k
(b) It matches that in the diffusion region. v
PR Aplp
Ag and Aj are the amplitude-growth rate Synchrotron Oscillation b

in the extraction region and that in the
diffusion region, respectively.

Betatron

M is the momentum-growth rate through (b')\ ! Unstable Amplitude
the synchrotron oscillation. - | Region
0 Ext '
'
The slope of the L increases with '
increasing the chromaticity. : Difr.
f, ;

Apip=0 ﬂp/p
Synchrotron Oscillation

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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1.4. Spill-Structure Control by Chromaticity

. . ol =

Simulation Result: § { |

£ 40 n b i

P AL [ I W |

z 0 1k WY1 WU L W B W
With increasing the chromaticity, both peak (a) and (b) = A= T
are widened. N
It is considered as follows: B e 8
Peak (A): the extraction region is increased with j - f%ﬂm J‘;“ ]
increasing the chromaticity. I ‘

- 7 k) T

Peak (B): The average distance from the particles in Time msec]
the extraction region to the boundary is to be long with
incasing the extraction region. Further, the particles
move obliquely toward the boundary due to amplitude
beat through the RF-KO and due to momentum growth
through the synchrotron oscillation. For a large
chromaticity, thus, it takes the long time to reach to the
boundary, compared with for a small chromaticity.

M : |

Time [msec]

Intensity (arb. unit)
= B
; T

Intensity (arb. unit)
g
|

¥
Time [msec|

2. Dual FM Method (1)

(A) Phase=0deg.
v' Chromaticity Control FM signal—

v' Spill-shape Control by narrow BW
v" FM + FM with 180 deg

v’ Utilizing same AM to dual FM (B) Phase=180deg. :
FM signal —

Func. Generator
AFG2020 HP3314A

.
% o (A)+(@)
Trigger Signal AM Tk .
FM signal

Yany

L >
I fk

To RF Amp
—

Spectrum Analyzer

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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2. Dual FM Method (2)

Ripple < £30%

eht .!‘iﬁiﬁ % ‘ LBy Y L] .!“u’“. hY I: I.-“n 26 Sep 2000
A 04:04:40

200 ms/div

Tk Stopped: 10 Acquisitions

WW“WV 26 Sep 2004

500 ps/div

3. Separate Function Method (1)

- Extraction and Diffusion Regions

(‘ P A
= X
E 40 4
2
£l c
i
Z 20 -
g fk_fk0+AfO
ozrﬂgg
1.116 1

f

m

separatrix

Original emittance
X

-

(A) The
The
(B) The ¢
Curn

Curve (a { \-r_" \
Witl

Extracted beam

1.132

e fi.
plied.

a function of

the 1, and 1S subtracted Dy those 1 the measurement (A)

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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3. Separate Function Method (2)

RF-KO with mono-frequency is added to RF-KO spectrum
Extraction Region [ 1]

=) [creasing sweep velocity !!

‘ Betatron
' ! Unstable Amplitude
] AE ' Region
s Ext
fk ¢ Region M
] :
]
¢ Diff.
' Region
ﬂ, Ap/p N
Synchrotron Oscillation .
x"' r mono freq.
10 [

1 |
CENTER 1.12500 WNx SPAN 500 ki

3. Separate Function Method (3)

Ripple < £20%

Tkstopped: 30 Acquisitions ‘Wi stopped: 123 Acquisitions
[T htai it |

A: 612mv T T T T T T i T A: Sa8mv
4 T N . . . . .:‘s‘.m

F‘D‘-‘“‘!‘M 36V M- S005Hs CRY 7TV 20 sep 2000

R 200 03:57:49 E 200mve 02:52:29

200 ms/div 500 us/div

LoV M Zooims ChE 2~ TEEV 26 sep 2000
mva

kHz-order ripple can be significantly suppressed.

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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4. Robust against Q-Field Ripple

4.1 Ripple Source

Q field ripple brings Spill ripple
X’ under 41/1 < 2 x 106

¥

Changing region Extracted Beam Current
due to Q-field ripple

[

0 T T T
0 50 100 150

Time [ms]

Beam intensity [arb. unit]

4.2. Proposed Method

Q-field ripple suppression B Improvement of PS
B Feed Back
B Feed Forward

Another method?

X Tune ripple due to Q-PS ripple
q(t)=q, +asin(2xft)
Stable region area fa
AA =t47A—
4330 q? %  Extracted beam current
A= s fa
X N (t) ~ ne| b — 4z0A, — cos(24t)
Q=pi3+q, X %
S, : SX field Beam current ripple term
/ \ » Beam ripple magnitude o« [oa q'%)
/ o
Increase q, under constant A,

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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4.3. Optimization (1)

E]
£
=,
4
B ] -
a ..
5 .9 -
k] .
g .
g . d .
g 10 *
o *
5 K4
H ¢
=
10° T T T T
0.015 0.020 0.025 0.030

Tune distance g, [27]

Limit of this method?

=) Turn separation &
Septum electrode gap

e
 To keep stable region A, =483z q—‘;
: S, field is increased

! Turn separation "= § (X% + X'?
i - 4 x( 0 0)

2 tharm ,//;eptum gap

4.3. Optimization (2)

E

El

£

=

z 10 W

7 . T

5 .} -

3 d
* - .

2 10 =3

o -

5 *

3 .

I

10° T T T T

0015 0020 0025 0030

Tune distance g, [2r]

Limit of this method?

=) Turn separation &
Septum electrode gap

15
Turn separation vs q,

=

g ,

= pe

S 104 Limit due to turn separation .- p

I *

< -

&

@ K 2

g p

2 -

g 51 P g

g »

=

S - -

= Upper limit of g,

0 T T T T T T T

0.015 0.020 0.025 0.030

Tune distance q [27]

Koji Noda,

Dept. Accelerator and Medical Physics, NIRS 28
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4.4. Experiment Result (1)

Additional Q-field ripple with 67Hz of frequency

10°4 % T % . % ‘ % E Time [ms]
' % . (®

T T T T T T T
0.010 0.012 0.014 0016 0.018 0.020 0.022 0.024

=

(@
= B 67Hz-ripple o iar10t | 5 4 Beam Intensity 4
El ()7 o a=60x10" ] £
p e o a=3.0x10° B
S0t . 3 E
o byp i E
'; gf o w/o optimization
E .
3
&
o)
3
o
=%}

Beam Intensity
49 B

Beam intensity [arb. unit]

Ripple amplitude can be reduced to 44% of Optimization
w/o this method / T e

Tune separaton g, [27]

Time [ms]

4.4. Experiment Result (2)

Additional Q-field ripple with 67Hz Original 508&1200Hz ripple
P i
10°4 o o a=3.0x10" |4 )

104 % ......... ; % | E

T % 1200 Hz ]

[ e

T T T T T T T
0.010 0.012 0.014 0.016 0018 0.020 0.022 0.024 0,610 O,dlz 0,614 0,616 0.6]8 0,620 0,622 0.024

Tune distance g [2n] Tune distance g, [2n]

Power spectrum density [arb. unit]

Power spectrum density [arb. unit]

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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5. Global Spill-Structure Control

5.1. Requirement

B-mag
_\\_// /| current
/..-—- : Beam
- 1 B f/ current
2 RF-KO
time
In the RF-KO slow-extraction, global = spil
time-structure can be controlled by . - P
the amplitude modulation (AM) of =T - T

transverse RF-field 5
Originally, we have used linear AM S .
function to expand the spill length 500ms/div

In order to obtain square shaped spill, suitable AM function is necessary!!

5.2. Simple Model

Diffusion

by RF-KO To obtain suitable AM function analytically, we

proposed simple 1-D model.
The radial distribution of particles is assumed to
be Rayleigh distribution under diffusion by RF-KO.

\» t=t, ConstantI boundary

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS

30



Accelerators for Medical Applications,

Vienna, June 15, 2015

Amplitude of kick angle [urad]

5.3. Simulation

AM
function

New AM
Ar/

Original AM

Using model, new AM function can be calculated
analytically to keep the extracted intensity constant.

o‘z(n)= —roz -]:1n|: n -{1 —exp[
frev Text

0.5 1.0

2

0

2
0

100
o0 Simulation result
J
1.5 .
g 60
< !
> §o ha i
= bohpal g
@ 404 H Aarat e
5 PNIEATE S G O AL
§ iyt ‘M"l"""ﬁl‘” T M
20 [T u
{ \
1
1
r r2 ! 0 T T T
j}ﬂxp(,%] 0.0 05 1.0 15
o % Time [s]

1)
2)

5.4. Experimental Result

o \\ithout feedback _

i

Beam
current

RF-KO
AM sig.

Spill

o \ith feedback

—|n: Le1zv
@ -EmV

XL L[ DR TR Lk L 200
mwm 4 hug

21:3F 08

Without feedback: the result is in good agreement with the simulation one.
With feedback system: square shaped spill is realized.

Koji Noda,

Dept. Accelerator and Medical Physics, NIRS
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IV. Variable Energy Operation

Var1able Energy Operation
» High speed slice change
» Suppressing beam-size growth
» Reduction of 2" neutron

Standard Operation Pattern Variable-E Operation by GSI etc

Reference pattern

m:>

Time

Operation pattern

Long treatment time

SV

Time

Momentum of
circulating beam

Momentum of
circulating beam

NIRS Approach

Standard Operation Pattern Variable-E Operation by GSI etc

Reference pattern Operation pattern

=

Long treatment time

SV

Momentum of
circulating beam

Momentum of
circulating beam

Time

Time
Standard Operation Pattern NIRS = Variable-E operation in one cycle /
Reference pattern Operation pattern
5 § 5§
g3 E°
5 o Ep
= g = . .
§ 5 £3 High Duty Operation
£ £
Time ‘ Time

Koji Noda,
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Problem in Deceleration Operation

Emittance growth due to
deceleration

.‘.-'
X i e
Y
- Deceleration
I ] - X [mm] S

I256

Beam Spike after Deceleration

384 3]

sz 2 | |Dipole Currentl I
640 _Z *—*—x¥
S, 29 ) r
7e8 E Circulating Beam Current I —
896 %
4 2 I Extracted Beam
The b ik h db id g 430MeV/n 400 380 350
€ Deam Spike snou e avol 2 t
0 10 20 30
Time [s]

[vuw] yuarmo weaq Sunenorr))

Beam Spike Problem

but also just after turning QDS off.

RF-KO: ON RF-KO: OFF
<

Beam spike is observed not only just after deceleration,

4.0 T

= 301 QDS ON

Without
deceleration

m intensity [arb. unit

Bea

@)

F—(3)

spike

Time [ms]

500 1 dOO 1500 2000

2500
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Source of Beam Spike

Source of beam spike is particles in boundary area of separatrix

Simulation observed particles spilled out from separatrix
through momentum increase due to synchrotron oscillation

Particle Distribution Frequency Spectrum
10° T T T T
10° E
E
()
T 10°y E
=]
£
©
3 104 3
E
by
1074 M"%
10° T T T T
0.000 0.005 0.010 0.660 0.665 0.670 0.675 0.680
X[m"] Frequency [tune units]

Beam-Spike Suppression

RF-KO, having mon-frequency resonated with
tune in extraction region, is applied in order to
sweep out those particles.

f—— (1) ———rje—— (2) ——>ie—(3)

0 500 1000 1500 2000 2500 —_ 6x1 O7 T T T T T T
Time [ms] 8
Q.
. . o 5x10'] V2 M
Increasing the ratio V,,,.o/Vgir, beam ] o _diff
spike can be suppressed. g 4x10' \VJ
[ mono
o 7
Q 3x10" 1
Qo
Sweep out by RF-KO with mono frefjugncy E 25107
2RAR <V, 5 P
Mono-freq. € e
Particle supply by diffusion q g 04 e
N oV 5 PSR ¢
0 : : : : :
Particles of spike source 0.0 0.2 0.4 0.6 0.8 1.0
Vi . 2 .
\/Di" Voltage ratio (V,,,)"/ VSingle [arb.unit]

mono
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Particle Distribution during Extraction

2D profile during RF-KO extraction
measured by non-destructive monitor in

HIMAC synchrotron
m "
(a) =
i e | B
N L]
15, .“"
g P2 > ; P P }
Ximml fe—— () ———ie—— 2 —— i+ (3)
15. o o 500 1000 1500 2000 2500
(b) Ib ) Time [ms]
£ == X
N o8
i,
g p » : P P o
X [mm]
1200
1000 (C)

800

« | Comparison of
« |distributions

200

fe—— (1) ———r fe—— (2) ————ie—(3
[ 500 1000 1500 2000 2500
Time [ms]

-60 -40 -20"“ 0
X [mm]

Particle-density reduction was verified in the tail region

V. Intensity Control

NIRS Strategy for Moving Target Treatment
A) Minimizing moving amplitude for irradiation:
Several mm by respiratory gating
B) Reducing hot/cold distribution by repainting

However!!

displacement (mm)

(ww 73M) sseawIY) 4SY

12 ) 16 8 2
tipr€ (s)

| 1-Slice | | 1-Slice |

Why ?
Different position in each slice

We could not obtain uniform distribution.

Koji Noda,
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Phase Control Rescanning

Target position should be closed to “ZERO” on average
during one slice irradiation

= Phase Control between respiratory curve and Rescanning: PCR

G

&

time (s)

€ e
Intensity modulation should be required, because almost

same irradiation time is required in each slice irradiation
even in different cross section in each slice.

Intensity Modulation

by applying global spill control

Preliminary test result ] Iﬂﬂ 1 AM+feedback sig.

200ms/div 1 \\1 , Beam current

" i | 4

2s

Now, we develop intensity control system during a single flattop.
Based on simple model, AM function is analytically calculated to
control intensity. Dynamic range of more than 10 is expected.

Koji Noda,
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Prototype Spill-Control System

Robotic Coach

Beam Monitor  Scanning Magnet
@jl i Applying PI feedback control, the system
can modulate the intensity range of 4

times with less than 20% ripple.

RF Signal Generator

with amplitude feedback This system was required the intensity modulation

control range of 20 times with less than ripple magnitude of
20%, which is realized by suppression method for
both spill ripple and beam spike !!

New Spill-Control System

RF Signal Generator
@ 3 waves synthesizer applied with DDS
¢ Amplitude feedback modulation with
10kHz-period
@ Intensity control trough Pl-control

—s  RF-Signal Output

[P— _
WA | DUs #E e Rani e Feedback Conmol e RL ool $IBIEE

Llahy HOML [

= Status
H—fe Status Output

WETEN I | | |
Beam Monitor Signal Beam ON Request
Hthemet 1 AN

Beam Intensity Input

Koji Noda,
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Intensity Modulation Experiment

@ Intensity modulation ranging from 2 times of routinely delivered
intensity to 1/15 of that, corresponding to the total modulation range

of 30 times

@ Estimating spill-ripple magnitude in each intensity

T T T

T

T

T T

100 . . : : F10
= Circulating beam intensity {2‘;
.ﬁ. 804 r8 =} Q
© 601 le 28
&0 RF-KO Voltage ) g g
= 0] SR 8 R
7o ) TR
B ] -

0 -0 .Z
é 2000 :;gg Pattern of intensity modulation r
— 500
1500 menmﬂﬂﬂﬂﬂﬂmﬂﬂﬂﬂﬂmmﬂﬂ F
Z Beam Intensity ’ N N
g 1000 ,\(
R=

500 3
g
Q
m 0+ r

0 5 10 15 20 25 30 35
Time [s]

Standard deviation of beam spill ripple [%)]

Intensity Modulation Experiment

€ Measurements in 430,350,290MeV/n
@ Intensity modulation with 30 times

RF voltage [a.u.]

Z
40+ N 2
3014 [ o 430MeVin | g
) F
20 » &
'..].. P - s 10 Is 20 2 30 3
10 ool e e tteeTTETGY Time [s]
0
40 ! 350 MeV/i
L]
30 1 cV/n
204
10 LI 3 e aha =
L L KL ]
0
40 [ & 290 MeVi
30 1 cev/n
20 & 10 15 20 25 30 35
LB ML AS 1k AT TTT TIPS GOTPE IE Q2 ] Time [s]
0 . . .
Intensity modulation with more
0.0 0.5 1.0 15 2.0 25 3.0

Beam intensity [10X pps]

than 20 times was successfully
achieved with less that 20% of
spill-ripple magnitude !!
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Momentum of
circulating beam

Standard Operation

Reference pattern

Multistep Energy Operation

with Intensity Modulation

Multiple Energy Operation

Operation pattern

High duty operation

Momentum of
circulating beam

430 = 400 = 380 = 350 = 320 = 200 = 260 = 230 = 200 = 170 =140 MeV/n _

Time Time

VI. Precise Position Control

Qx changed case

A wbd =

Beam position and size is change at iso-center.

Small deviation of magnet field brings tune difference.
Slow-extraction is very sensitive to tune difference.

It brings change of the extraction angle and emittance.

o - - - - - 0,030
[u} —
ESD 0.4 ° 3
° o
foos &
03+ o e o IS
— [ ] £
X Q02 ) B,
> = Foo0 g
S ot o c
L ° o ]
L4 o Loots &
0.0 a] [}
g
0.1 o =
—— T T T T T 0.010
- . -0.004 -0.003 -0.002 -0.001 0,000 0.001
AQx
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Stability of Beam Position and Profile

Verification of spot position, size and
stability of beam intensity during extended
flattop

Beam position (mm)

Beam size (mm)

Intensity

Position Size Intensity

Hardt Condition

x'p Extraction
(a) X'4 Extraction :‘ #
/ (®) " (Dhpp.D} dpp)
1 (D} dpp.D}, dpp)

) 5

41 D/

Dy, cos(Ap) + Dy sin(Ap) = — =&, =L
Sn D,

3/2pn
S, = ZBp'B B

D,, D,’; Normalized dispersion function

Ap: Phase advance from the separarix exciter
to extraction channel.

S,: Normalized sextupole field

&: Chromaticity

Koji Noda,
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Koji Noda,

Separatrix

%, Matched case

VII. Precise Beam-Profile Control

At electrostatic deflector

Extracted Transport
ok~ beam. _

Mismatched case -

-
Matched case

In mismatched case, we cannot control optics!!

In order to control beam size at HEBT, it is necessary to define optical parameters of
extracted beam at the extraction channel as initial condition of HEBT.

Measurement method of outgoing separatrix was proposed and verified.

1)
2)

Measurement of Outgoing Separatrix

Inserted and fix position of rod1 at x = x1.

Search a shadow of rod1 at s2 by changing the horizontal position of the rod2
every operation cycle of the synchrotron.

AL

Shadow of rod1 at s2

. 52‘~N

can be measured owing to
constant separatrix.

ot
X \ Rod 2
\
\ \
/\ X X In this way, outgoing separatrix
L /

7' 4 ~

i N

<
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Estimation of Twiss Parameters

Comparing simulation with measurement, twiss parameters was defined.

ESD gap Twiss parameters
74 measurement Design | Estimated
'!{' B, 5m 15m
kol 0.0 1.0
B sy 9
£ matched D, -0.5 -0.5
3 i 1
x . / ellipse D, 0.0 0.2
simulation Ex 10 1.5
[ mm mrad] | [x mm mrad]

410
T T
60 70 80
X [mm]

Optics was redesigned to match the extracted beam.

Matching with Transport System

10| simulation
/
Beam envelope at HEBT 13
/ E N
204 horizontal at PRN023 I} x
10/
1 ‘ ‘ ‘
Tz w1 simulation
£
E 0 , = 304
g | ‘g 5 =
§ 10+ 1 8 5 o
\
20 . ‘ ; ‘
vertical \ 1 experiment
0 20 40 6 8 100 120 \ ]
o ‘\ -
. . \o RRIR
Beam profile can be estimated at
each monitor. =" 20 -10 0 10 20 30
X [mm]
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5. Summary

Contents

3D Scanning for Moving Tumor

Liver01 8;

Koji Noda,
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Full Energy Depth Scan

Beam direction »

Higher energy

Current pattern of BME
Scanning magnet (X) M Fnergy ID
Scanning magnet (Y)
Extracted beam [l
Beam current in ring

Irradiation gate W

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Superconducting Rotaing Gantry

NIRS Technology Development

Max.800MeV/n Max. 400MeV/n
Beam-Woblling Method. Spiral Wobling Method

Layer Stacking Irrad. Layer Stacking Irrad.

HIMAC Standard-version@Gunma

New Treatment System

Max. 430MeV/n
Fast 3D-Scanning
Respiratory-Gated Irrad. Respiratory-Gated Irrad. Respiratory-Gated Irrad.

Rotaing Gantry

Advanced Standard Version

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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) =5( Q)

3rd Integer Resonant Slow Extraction

- Analysis -
d?x dr 3
Tz TK©)x =g(x9) -5 = ~QB7rg(X,60)sin®
3
, do QB2g(X,0)cos®
Cox+ Q2X = Q*R29(X,0) @ T

g(x,s) = Z Six28(s = s5)

gX,0) = ZSjﬁXZf(Q -0
X =r-cos(Q6 +¢) =r-cosd I

X=— e—fﬁ
/B Jes

3
X' =r-sin(Q6 + ¢) =r - sind ﬂz_r_z ) % )
a0 anl S; B2sin(3Y + pb;)
j
r=+X2+x72 av _Lz 3/2
dG_q 8 ‘S]ﬂj cos(3¥ + po))
j

w=¢—§9=(o—g)e+¢=qe+¢
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Thin-lens
sextupole magnet

Particle

| 1 turn N tum il

EaXD XY G Gl GXD

T 4
lAX' Nl PO / m=1

n/

':" 3 X "
[ X |=M_';.( °]+S_TSM_;_'" s

Characteristics of Third-Integer Resonant

1
()=« 5)C)
Normalized phase space

M= ( cos2mQ sinZnQ)
“ \—sin2nQ cos2nQ

Q=g+q,s=6nq

—"t+—""

)
")‘N"

Q=§+q,s=6nq

1) After 3 turns

(0= ()= D) (<oseme

Third-Integer Resonant Slow Extraction
-7 5)C)

sin67rQ) _ ( 1 e)

cos6mQ) ~ \—¢ 1

Dx)
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Hadron RT proposed by R. Willson

R.R. Wison, "Foreword o the Second Intemational Symposium on
ivances in Hadrontherapy . {U. Amaldi, B.

. Y., Eds. e,
Intemational Congress Series 1144: x-xii (1897).

- Radiclogical Use of Fast Protons
\ ROBERT R WiLSON
Rassarch Lakoratory of Physics, Harvard University
Cambridge, Massachusetls
'

- XcEPT FOR electrons, the particles per centimeter of path, or specific ioniza-
which have been accelerated to high tion, and this varies almost inversely with
energies by machines such as cyclotrons or  the energy of the proton, Thus the specific
Van de Graaff generators have not been ionization or dose is many times less whe
directly . used therapeutically. Rather, the proton enters the tissue at high energy
the neutrons, gamma rays, or artificial than it is in the last centimeter of the path -
radioactivities produced in various reac- where the ion is brought to rest, £
tions of the primary particles have been  Th ies make it possible to -
~plied to medical problems. This has, in _irradiate inter=lv a strictly localized
° e part, been due to the very short i 5 T g R
~tion in tissue of protons, deut: - £
» particles from preser
renergy macht
W

« Dose localization

* Low entrance dose

* No or low exit dose

Radiology 47: 487-491, 1946 : DEPTH N TISSUE

In 1946, R. Willson proposed the hadron RT
owing to excellent physical characteristics

Biological Characteristics

4 Si Biological Depth-Dose Distribution of 6cm SOBP
— Si
H —— 5
—  C -
33—y 1 = . —He
~ B I
2 << 7/ 2\ |-
=] 9 O 03 —Ne i
N g 38 — Proton
g g -
[
& = 82
{ _ ] 2 s
——RBE g o
——OER 2
0 TR R R R A W RTTT R S 0
1 10 100 1000 10000 0 5 10 1 0

LET._(keV/um) Depth in Water
LET Dependence of RBE & OER Carbon-ion has highest contrast
between bio-dose in normal and tumor tissue
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Photo of New Treatment Research Facility

Waiting hall (B2F)

Treatment R

v |naEmawsn

oom E (B2F)

Adverse Dose Distribution Effect

T. Inaniwa et al., Med. Phys. 34(8), 3302

> e e = Slow scanning
A i G ' SN
H L bedion I I .5 : 1
. 2 [ i
i i ¢ . ! |
ol T ey oA > } }
Time Scale:200 ms/div Time Scale:2 ms/div K ! ! Time
Extra-dose cannot be controlled = E 1 |
2 planned dose ‘exlra dos% planned dose
Because of huge spill ripple Time
N\ y,
s N
‘ ‘ Fast
L2TJ  scanning
S T T
=2 I I
o I |
e | |
- | |
E } } Time
. g | |
Flat spill structure: < [ame | owa | pamea
= It is possible to predict extra-dose & | dose dose | dose
during moving between spot positions. Time
. J

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS

49



Accelerators for Medical Applications,
Vienna, June 15, 2015

Experimental Condition

» Beam C% 400 MeV/n

» Bare Tune (3.681, 3.130)

> £ 6.6118 (MHz) : Longitudinal RF Frequency

> £ 1.6530 (MHz) : Revolution Frequency

> V., +4 kV) : Longitudinal ~ RF
Voltage

> f 1.46  (kHz) : Freq. of Synchrotron Oscillation

> £ 1.115-1.135 (MHz) : Transverse RF

> Af, 4-28 (kHz) : Bandwidth (Typical value)

> V, 1200  (Vpp) : RF-KO Voltage (Typical value)

> & -3.2~+0.2 : Horizontal chromaticity

> K, (SXFr1,SXDrl)  1.978 (m?) : Separatrix Ecitor

> K, (SXFr2,SXDr2) -1.644 (m?3): *K,=B"/(Bp)

Simulation Study for Beam Spike

Beam spike is observed not only just after deceleration,
but also just after turning QDS off
3000 . . .
RF-KO: OFF
2500 RF-KO: ON || || || s e———>
& 2000 : :
g QDS
2 1500- ON = OFH
8
é 10004 Beam Spike
3
500 -lm .
0 II\A T T T T T T T
000 002 004 006 008 010 012 014
Time [s]
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Verification of 3D Scanning
for Moving Tumor

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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3,020 pts treated from May ’01 to Nov. ‘09 |

NIRS
@ﬂ Hyogo Ion Beam Medical Center /
AC L

/T

1) Proton:
Energy: 230 MeV
2 Gantry+1H
2) Carbon
Energy: 320 MeV/n
1 H&YV, 45° line

*10GHz-ECRIS: 2

*200MHz RFQ+DTL: 5Me)

*Synchrotron(96m)
Multiturn Injection
RF-KO extraction

NIRS

HIMAC

Gunma Uni. Heavy-Ion Medical Center

<L

10GHz-ECR

RFQ+APF-TH Lina@ayer—stacking Irrad.

7~
= Carbon:

Energy: 140-400 MeV/n
H&V, H, V and R&D ro

*10GHz-ECR IS
*200MHz RFQ+APF-IH:
0.6 — 4MeV/n
= Synchrotron(~62m)
Multiturn Injection
RF-KO extraction
Acc. Driven extraction

= Spiral Wobbling
Respiratory-Gated Irrad.

Koji Noda,
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Koji Noda,

NIRS
IMP at Lanzhou, China /
HIMAC _ ~/L
« .L;:ei SFC
K=4 :I.F\?FL Deeply seated tumor
95\,;% g § 430MeV/n C (45pts)

Surface tumor /fs'\
100MeV/nC 4

(103pts)/'gf'§/;

Cooler-Synchrotron

* Injector: SFC

= Cooler Synchro
Charge Ex. Inj.
Cool Stacking

NIRS

HIMAC HITFiL project _/

=~
Heavy Ion Therapy Facility in Lanzhou (HITFiL) /

Four treatment rooms:

horizontal, horizontal+vertical, vertical and oblique beam lines

Dept. Accelerator and Medical Physics, NIRS
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NIRS

HIT Facility /

/\
* p,He, C, O:
Energy: 50-430 MeV
1 Gantry + 2 H

*ECRIS: 2
*216MHz RFQ+IH: 7MeV/n
*Synchrotron(~60m)
Multiturn Injection
RF-KO extraction

* Variable Energy Operatior
= Variable FT (1-10s)
* Variable Intensity

* Variable Beam Size

Based on GSI treatments of 400pts since’97,
HIT was constructed and initiated carbon-ion RT.

NIRS

HIMAC New Projects by Slemens\J

\
15 shipment Autumn This Year /
Instailation starling eariy 2012

Koji Noda,
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NIRS

CNAO Facility | /

\
TR 3 treatment roon Space for 2 gantries /
Synchrotron for light ions (z < 6} - D¢ £

Active scanning
mRangés 27 g/cm?

Injector: GSI design
Synchrotron: PIMMS desi§ Synchrotron(~78m)

* p,He, C, O:
Energy: p 7-250 MeV

C 7-400 MeV/n
2H+H&V

*ECRIIS: 2
*216MHz RFQ+IH: 7MeV/n

Multiturn Injection
Acc Driven extraction

RF-KO extraction

= Active scan

NIRS

HIMAC

Flrst Facility Dedicated to Proton RT/

" : P |
- ——
P

LOMA LINDA UNIVERSITY

Loma Linda University Medical Center was opend in 1990

ER CENTER

Koji Noda,
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NIRS

leggoton RT Facility by MELCO

/|
7|
&7

TR ()

Shizuoka, S-Tohoku, Fukui, Ibusuki
v Week focusing: High intensity (17nA)
v Accel_driven extraction
v" APF-IH Linac for proton

NIRS

HIMA

Rotating Gantry

Beam Line for Reseach

c Proton RT Facility by Hitachi

U. Tsuba, MDACC, Nagoya, Hokkaido
*Variable FT operation pre-triggered by respiration
* Variable energy operation for 3D scan

7
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