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Hadron RT proposed by R. Willson

R.R. Wikson, “Foreword to the Second Intemational Sy mposium on
Hadrontherapy.” in Advances in Hadrontherapy. (U. Amaidi, B.
Larsson. Y. Lemoigne. Y .. Eds.). Excerpta Medica, Elsevier,
international Congress Series 1144 ix-xii (1007)

~a Radioclogical Use of Fast Protons 2

—
/A\ A ROBERT B WILSON
Research Laborakary of Physics, Harvard Usisetsity
Cambridge, Mamschssetis

XCEPT F¥OR electrons, the particles per centimeter of path, or specific ioniza-
which have been accelerated to high  tion, and this varies almost inversely with
energics 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 where
directly . used therapeutically. Rather, the proton cnters 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 These properties .make it possible to  ©
~plied to medical problems. This has, in  irradiate inter~lv & strictly localized
e part, been duc to the very short region - Lt Hared
“tion in tissue of protons, deut C
' particles from preser
~r-energy mach®

& bows Radiology 47: 487-491, 1946 ~ ; DEPTH IN TISSUE

+ Dose localization
« Low entrance dose

+ No or low exit dose

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

Biological Characteristics

4 Biological Depth-Dose Distribution of 6cm SOBP
H —— 5
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LET Dependence of RBE & OER Carbon-ion has highest contrast
between bio-dose in normal and tumor tissue

Koji Noda,
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HIMAC

Wobbling Method for Lateral Field

— The beam profile is originally

Scatterer

Wobbling magnets

sharp.

— | In order to enlarge the beam sizg,
a scatterer is inserted.

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

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

\ Multi-leaf

Collimator

Koji Noda,

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

j / / — Ridge filter is inserted in
N B order to expand the beam
1 1 energy so as to match with
tumor thickness.

— Arange shifter is used as
v energy absorbers for the
} fine tuning of the range.

— Range compensator is set

‘I s, in order to adjust the end-
— i point to the curvature of
Range tumor.

Copensator

Respiratory Gated Irradiation

- Irradiation synchronized with a patient ‘s respiratory motion -

Accelerator

Watch & record system
P

| i
i /\\

i

‘ Interlock system

{
Gated beam extraction system
(RF knockout method)

e (| |l i R -
30-40% of treatment number requires

Beam monitor

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%
> Irradiation on irregular shape target
> No bolus & collimator

| -
' > Sensitive beam error
» Longer irradiation time

Scanning Range Shifter
Magnet

Especially sensitive organ motion

Fast scanning for moving target

- Res
100-times speed up ! [ERE-—-.

Key Technoly = Fast 3D Scanning within Torelable Time for moving target

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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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

Variable Energy Operation

Standard Operation Cycle-to-Cycle Variable energy

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

Momentum of
circulating beam

Standard Operation Multiple Energy Operation

Reference pattern Operation pattern

High duty operation

Momentum of
circulating beam

Momentum of
circulating beam

Time Time

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Full Energy Depth Scan

Lower energy

)

Beam direction »

Higher energy

Current pattern of BME
W2l Energy ID

Scanning magnet (X)ll
Scanning magnet (Y) B
Extracted beamBl §
Beam currentin ring W

Irradiation gate B
15

HIMAC Operation

IS .~ | ¥ More than 9 000 pts treated since ‘94.
o S v 1000 ptsly, ~100 shots/day @180 d/y
m#giﬂ / A »«"4\{ I I v" Downtime rate < 0.5%
u.“f ~>/ N 2t {,_."m;i..'w'r?‘:}l
W\ ) NP, T L Head

Digestive
999 duct
Bone &

Total number of treatments: 8931
(Advanced medical technology : 5396)

898
T8 10
oL g’e 710 : &
592 g
o= q i
4 T
e ) s )
213 Liver S |
208 Rt 1
20027 Y o Pancreas
160180 12 [F 2l
129 77/
e £ . Prostate
ot | I Rectum “/ Uterus

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13
Fiscal year

Lung e Soft tissue

Tumors

S o

£
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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.

$26d o

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

94/10 ~ 97/8 00/12 ~ 03/11 T

— .
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

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

Contents

. Introduction

. Requirements from Beam Delivery
. Resonant Slow Extraction

. Development of RF-KO

. Summary

N &£ W N -

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Broad Beam Delivery
* wobbling method

Pencil beam delivery (scanning)

* range-shifter scanning

Scanning Range
magnets shifter

* energy scanning

— i —F

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Requirements
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 wobbling- Suppressing ripple

freq. ripple freq. <1kHz

Low dose- No No Necessary
rate control
Intensity No No Necessary
Modulation
Energy Scan  Fixed Fixed Full energy scan

Requirements
from Moving Tumor Treatment
Double Wobbler 3D Scanning
Scatterer
Beam <1ms <1 ms <~0.1 ms
ON/OFF @ spot scanning
Intensity No No Necessary
Modulation
Low dose-rate  No No Necessary
control
Energy scan Fixed energy Fixed energy Full energy scan
(Hybrid scan)

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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Requirement from Medical System

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

VII.Precise beam-size control for 3D scanning

3D scanning has required higher performance of slow extraction

compared with broad beam methods.

Contents

. Introduction

. Requirements from Beam Delivery
. Resonant Slow Extraction

. Development of RF-KO

. Summary
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Koji Noda,
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Transverse Motion in Synchrotron

S pipole Mag wion o

._

4
| Particle motion
3 in phase space

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

Circulating
Beam

7\ \
A_l
Peeler Extracted beam

(Septum)

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

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

- Integer Resonance -
Q = p + q; betatron tune
p; positive integer, |q| < 1
AR X

AX'=Const

AX'"=GX =GRcos2a0n + ¢,)

X
t
\?\
\Ly = Dipole component

ﬁ R X Driving term
Q

AR= gsin{Zn'(ZQ)n+2¢o}

Driving term
= Quadrupole component

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(2n0n + ¢,)

28
/Jj

AR = gsin{27r(2Q)n+2¢o}

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

- Third-Integer Resonance -
p
Q= 3 + q; betatron tune

p; positive integer,p # 3n ‘
lq] < 1/3 X

Driving term K X
= Sextupole field KJ /
Sexupole . \\ %/

S !
N \—ZQ AX'=8X* = SR’ cos’ (2nQn+¢,)

4(‘ z AR - % [sin27(30)n + 3¢, }+ sin270n + ¢,)]
S

B, OC(x2 —zz)

Third-Integer Resonant Slow Extraction

K S
k — 2 —2,2_2.3
F=—k-x,=>U=Ex2 F Kx+5Sx“=>U 2x 3x

A\
Betatron:

s

X
.
N
1
Stable Oscillation Driving particles to unstable region,
in Parabolic Potential beam is slowly extracted from ring

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

Kobayashi Hamiltonian

(Y. Kobayashi, NIM, 83,1970)
_E(y2, yr). S 2 _ 3
H_E(X +X )+Z(3)Q( -x) Nyl
= A\
Q= g +q&=6mq Sextupole Term o >
2
4=4830L; e e

X [

-0.030 p.030 -n.0300 0.0300

~o0300 -0300

Third-Integer Resonant Slow Extraction

Amplitude growth
due to RE-KO

(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. q =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 = q, +&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.

Dept. Accelerator and Medical Physics, NIRS
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Requirements

| QDriven | Acc-Driven | RF-KO |
Fast beam on/off Several 100 ms Severalms (7)  [RRUERLE
Time Fine OK by FB OK
Structure  510ba]  OK by FB OK by FB
Intensity Control NG NG
Position Control Complicate Hardt condition
Profile Control HEBT HEBT
Variable Energy Not easy Not easy
Contents
1. Introduction
2. Requirements from Beam Delivery
3. Resonant Slow Extraction
4. Development of RF-KO
5. Summary

Koji Noda,

Dept. Accelerator and Medical Physics, NIRS
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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.

dzx

3
a0zt Q*X = Q*Bzg(X,6)

+A - sin{(q + 6q)0 + ¢}

p
Q=§+q. l[q] «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

RF-KO Slow Extraction with FM & AM

Amplitude dependence of the horizontal tune
y mmmmm)) Frequency modulation (FM)

2

Amplitude dependence
of the tune

Global spill control

3

X X 207 ;
optate e W+Q X =Q°B2g(X,0) + A-sin(q0 + ¢)

U ]

0 /

Y \ /
N \

THfie
JJ/\{ ﬂ

/

|

i [W\

+

L/ | W

ﬁ

mmmP> Amplitude modulation (AM)

Koji Noda,
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.

X’ 1 turn

Turn separation
X —
2tu? I cI

3 turn “gentum Electrode

v

Septum magnet

e %
I 2 | Circulatina béa
= <A
=)
3 - |

Extracted beam

Slow Extraction System
Sextupole -

S. @iP(®—00) — ZS]. - eIP-9) 56— 9,)
7

BM: Dipole magnet

QF: Focusing quadrupole magnet F

Sextupole

QD: Defocusing quadrupole magnet

SXFr/Dr: Sextupole magnet for separatrix excitation QP <
BMP: Bump magnet for extraction
BMPf: Bump magnet for injection

SM: Septum magnet

ESI: Electrostatic inflector

ESD: Electrostatic deflector
RF: RF cavity

Extraction

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

pread S
Response time < 1 ms !! B
e Stowed 21 cxuions ) 2 ﬁls/div
IV
o Rt oy AT - - ~—1{ 2 ms/div
Time Scale: 50 ms/div ‘ :
i 51 vT e 4

Spill Ripple of Original RF-KO

Single RF-KO Method

Rk Stopped: 14 Acquisitions

Mk Stopped: 38 Acquisitions

OmV" 30 Oct 199
231148

" x 300c 198
3 seev 21858

Time Scale:200 ms/div 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 hybrid-raster scanning No problem in beam-wobbling method.

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

- Dose Distribution and Spill Ripple

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

U
a f‘l
\J AN A Av> \l
A\ nWa) a .
\ZAvY A\ \\ZANVANY) . . . .
R-D-D-D-D-D-DH Uniform distributior
A FanWany M
~ DD~ Cannot be obtained
Spot assign

X [mm]

40 -30 o 30 60
)
I 128
s
384
° s12
630
-30- 8
896
1024

Adverse Dose Distribution Effect
by Spill Ripple

z [mm]

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

T. Inaniwa et al., Med. Phys. 34(8), 3302
e za: Siow scanning
il a7 !
. L=
ﬁ ||' ' g o
g I I
o |
I I
» - » | :
Time Scale:200 ms/div Time Scale:2 ms/div 2 | ! Time
Extra-dose cannot be controlled = E : :
2 planned dose xtra dosq planned dose
Because of huge spill ripple Time
N\ _/
( ST, A
| reme ey [ | Fast
B : ~~LJ  scanning
< i i
] I
2 T T
2 I 1 Time
. g | |
Flat spill structure : t T e e
= It is possible to predict extra-dose & (BCosol) dose |BMdGS
. . oy Time
during moving between spot positions.
& J

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS 22
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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.

Extraction and Diffusion Region inside separatrix
Time Structure for one FM period

Dual FM method

Separate function Method

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

AN o e

Experimental Condition

— Beam C% 400 MeV/n

— Bare Tune (3.681, 3.130)

- f,; 6.6118 (MHz) : Longitudinal RF Frequency

- f, 1.6530 (MHz) : Revolution Frequency

-V, +4 (kV) :Longitudinal RF Voltage

- £ 146  (kHz) : Frequency of Synchrotron
Oscillation

- f 1.115-1.135 (MHz) : Transverse RF

- Afy 4-28 (kHz) : Bandwidth (Typical value)

- Vi 1200 (Vpp) : RF-KO Voltage (Typical value)

- &, -3.2~+0.2 : Horizontal chromaticity

— K, (SXFr1,SXDrl) 1978 (m3): Sextupole for Separatrix
Production

— K, (SXFr2,SXDr2) -1.644 (m?3)

— *K,=B"/(Bp)

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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1. Extraction and Diffusion Regions

(a) :E~—2.2 (b) :£~-0.5

I O
40 Curvie(a) :

\*Ax{x\ / | K\/ Cun‘E(b:
e /X £
o2 g 1 0 @ %

1.116 1120 1.124 1.128 1.132 1116 1120 1124 1128 1.132
Frequency [MHz] Frequency [MHz]

Curve(b)

40 L

20

Intensity (arb. unit)
P2
Intensity (arb. unit)

Curve (a) and (b): Extraction region and Diffusion region, respectively.
With increasing the chromaticity, the extraction region is widened.
(A) The RF-KO with the mono-frequency (f) is applied.
The intensity of the extracted beam is measured as a function of the fj.
(B) The another RF-KO with the mono-frequency (f,) is additionally applied.
Curve (b) is obtained as follows:The intensity is also measured as a function of
the f,, and is subtracted by those in the measurement (A)

2. Time Structure for One FM Period

2.1. Chromaticity Dependence

&~ 0 E~-3.2

“tn-pw: . Tk Stopped: 18 Acquisitions
[ 1 | 3

Time Scale: 500 ps Time Scale: 500 ps

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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2.1. Chromaticity Dependence

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

| - Spill Width I |-'.--Ripple Mag.l

The spill width and the ripple magnitude

increases and decreases as a quadratic 14 : — 350
. o . : | z
function of the chromaticity, respectively. = ;| 0-- 200 ;
5 H
- 10 - 250§
& 8 w0 F
=
g 5
=3 6| J150 =
S =
= 4 100 g
= ‘ F
= Lo ] £
@ 2 P 50 g

0

L L i i L L i 0
35 -3 25 -2 15 -1 05 0 05

Horizontal Chromaticity

2.2. Dual Peaks for FM Period

fi

ion counts

time [msec]

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

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS

25



Accelerators for Medical Applications,
Vienna, June 15, 2015

Koji Noda,

2.2. Steinbach Diagram for RF-KO

( a ) Betatron
;L’n:llhlr Amplitude
L R . Region
1 i
: 1
(a)The RF frequency matches tune in the k :
extraction region. :
(b) It matches that in the diffusion region. ¥
. -— L A p/p
Ag and Ap are the amplitude-growth rate Synchrotron Oscillation ‘
in the extraction region and that in the
diffusion region, respectively. ) Betatron

M is the momentum-growth rate through
the synchrotron oscillation.

Castable Amplitude

! Region

r

The slope of the L increases with
increasing the chromaticity.

~
[P

Apip=0
-—»
Synchrotron Oscillation

2.3. Spill-Structure Control through

Chromaticit

Simulation Result:

Intensity (arb. unit)
.
&

[ + 8’1205

0 :ﬁk . p{y Jn\., i .‘mw.‘,.éulh\-w.‘
With increasing the chromaticity, both peak (a) and (b) e
are widened.
Itis considered as follows: Ly L R B S0
Peak (A): the extraction region is increased with op f‘ ; L“ S
increasing the chromaticity. o W.J . m“?—‘j WM__" o
Peak (B): The average distance from the particles in T e
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

40| Lokl

Intensity arb. unit)

MJJMMM%MW*’W

Time [msec]

Intensity (arb. unif)

chromaticity, thus, it takes the long time to reach to the E “f - 55'?
bound d with fi 1l ch ticity. R Lot e,
oundary, compared with for a small chromaticity. ;0 JWWM o MW‘*""M%“W A

k)
Time [msec]

Dept. Accelerator and Medical Physics, NIRS
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3. Dual FM Method (1)

(A) Phase=0Odeg. | : : . o o 5
v" Chromaticity Control FM signal — //I/I/(I//i//l-

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 1=+ 1,/|,/|,/ ,,,,, |// -

R e r’“‘”\ AR LN LN
AM k
_’[ -r- L fe 2 (A)+(B) |

Trgger Signal

AV Vi

FM signal

To RF Anp b | :' | '
—

SpectrumAnalyzer

3. Dual FM Method (2)

Ripple < £30%

K Stopped: 113 Acquisitions

“Tek Stopped: 10 Acquisitions
T T T

200 ms/div 500 ps/div

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS
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4. Separate Function Method (1)

RF-KO with mono-frequency is added to ., RF-KO spectrum
Extraction Region EEEEEEEEE

mm==d [ncreasing sweep velocity !!

: Betatron
! ! Unstable Amplitude
] AE . Region
1 Ext ) .
fk ' Region M
]
]
1 Diff. %
v Region X
Synchrotron Oscillation W ]
"M [—— mono freq.
'gl L] ] )
CENTER 1.12500 M 030 b

Separate Function Method (2)

Ripple < +20%

Tk stopped: 10 Acquisitions Tk Stopped: 123 Acquisitions
B

T

&30y MR CRT T XYY 26 sep 2000 m‘W“"éﬁr‘ﬂiv LR m:l;l 1;.uv 26 Sep 2000
03:57:49 . 200mvVe oz:nl:’n

200 ms/div 500 us/div

kHz-order ripple can be significantly suppressed.

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS

28



Accelerators for Medical Applications,
Vienna, June 15, 2015

5. Robust RF-KO against Q-Field Ripple

5.1 Ripple Source

Q field ripple brings Spill ripple

v under 41/1 < 2 x 106
Changing region = Extracted Beam Current
due to Q-field ripple 5
Iy
/ g
z
X 5
g
: m
/ 0 . ; ;
0 50 100 150
Time [ms]

5.2. 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
g(t) = g, + asin(277)

Stable region area b2l
A =t 474"

L g % Extracted beam current

4, =487 a fa
x N(H~ ne[bfiiirazlﬂ —COS(?,ﬂﬁ‘)J
Q= p/:% +q, ¥ \qo—_‘
S, : SX field Beam current ripple term
A
/ \ - Beam ripple magnitude I(OUJJ

9y

/

Increase q, under constant A,

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

VT _ > Limit of this method?

= Ripple Power Density

£ . # Turn separation &

By T Septum electrode gap

3 10 . -

& o 3

z e To keep stable region 4, =48+/37° q—g
W ] 0.020 0025 0.030 *

7 e g, S, field is increased

1 turn l
X’
: Turn separation ES (Xo2 +X52)
I—» X 47

2tu7 ol —e
3turn -~ Septum gap

5.3. Optimization (2)

_ - - — Limit of this method?
= Ripple Power Density LEREEILN
= ® a=1x10* .
£ - s m=) Turn separation &
Ol R . LR Septum electrode gap
z e
i tole e
% +
g A 15
- ‘ , i Turn separation vs g,
0015 0.020 0025 ’E
Tune distance ¢, [2] E
] .
S 104 Limit due to turn separation - 4
g *
[=% -
2 *
=
E >
£ 54 .
£ .
=
S . .
= Upper limit of g,
0 T T T T T T T
0.015 0.020 0.025 0.030

Tune distance ¢, [27]
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5.4. Experiment Result (1)

Additional Q-field ripple with 67Hz of frequency

(@)
= 67Hz-ripple o a=12x10" g
g o o a=6.0x10" .
"E (a) . o a=3.0x10" %
= 10° 4 [} - | E
| % (b) %’ ' :
3
E " o % %_
: .
o
[a1

10°

——
0.010 0012 0014 0016 0018 0020 0022 0.024
Tune separaton g, [27]

B eam intensity [arb. unit]

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

Beam Intensity

w
!

w/o optimization

50 100 130 2
Time [ms]

Beam Intensity

iotn it

Optimization
5'0 160 IS‘D
Time [ms]

5.4. Experiment Result (2)

Additional Q-field ripple with 67Hz

Original 50&1200Hz ripple

= 1167 Hz a a=12x10” = ‘
] o a=60x10" B - % )
£ 104 EP o o a=30x10" ] £ 10 )
= he 5
E 10" 4 é % . % 4 § 10
=3 . =
3 3
- = g
£ 104 J 3
10

1 % 1200 Hz

& 50 Hz component
S0 e

r T T T T T T
0010 0012 0014 0016 0018 0020 0022 0024
Tune distance g, [27]

y T T 4 T v T
0010 0.012 0014 0016 0018 0020 0022 0024

Tune distance g, [27]
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6. Global Spill-Structure Control

6.1. Requirement

B-mag

AN — -, current
" '\\h..__WNI-/ 2 current
3 RF-KO
time
In the RF-KO slow-extraction, global ——— =311 spil
time-structure can be controlled by XV W I ; ] P!
the amplitude modulation (AM) of =T t F ]
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!!

6.2. Simple Model

Diffusion

by RF-KO To obtain suitable AM function analytically, we
used simple 1-D model.

The radial distribution of particles is assumed to

be Rayleigh distribution under diffusion of RF-KO.

\» t=t, Constant boundary

Koji Noda,
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6.3. Simulation

/ New AM

Original AM

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

Amplitude of kick angle [prad]

1] 100
w0 Simulation result
0 £
T 3
0.0 05 . 1.0 1.5 E 60
Time [s] 8
Z o 5 gk
7] ~ atal ] i
¥ g bod o g e T TE
d (o 2 I= by Tl DR T T g
9(:1):[5[ k(n)ﬂ £ R .“:: W '}u‘
.

2 2\ 0 . ; :
oz(n);r;-{m[ n _{lfexp[,'%}ﬁxp(,izm 00 05 1.0 1.5
Son e % % Time [s]

6.4. Experimental Result

ol \ithout feedback e \ith feedback
[ : ] 4 Beam - i A

@
current

RF-KO m
AM sig. i S
Spill MM%

CRY ux AT YoV CRY 280V M I00ms Aux 7 aSTMV 4 Aug 200
chi 1oov B z00mv 00 d h3 o0V WEE 200mv Pt

1) Without feedback: the result is in good agreement with the simulation one.
2) With feedback system: square shaped spill is realized.
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IV. Variable Energy Operation

3D scanning
- Beam-size growth due to
Multiple scattering

’ j = Penumbra growth

Standard Operation Pattern Variable-E Operation by GSI etc

Reference pattern Operation pattern

f

Range Shifter

Long treatment time

A%

Time

Momentum of
circulating beam

Momentum of
circulating beam

Time

NIRS Approach

Standard Operation Pattern Variable-E Operation by GSI etc
Reference pattern Operation pattern
% = 3 Long treatment time
9 £ 5
s ) S
z = = E
2= £ S
= S 3
= E =z
bed
. <«
Time Time
Standard Operation Pattern NIRS = Variable-E operation in one cycle /
Reference pattern Operation pattern
53 S E . .
é E 23 High Duty Operation
g =
Time ‘ Time
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Problem in Deceleration Operation

Emittance growth due to :> Beam Spike after Deceleration
deceleration

>

- Deceleration

X [mm]

T 3 2
g 512 2 /DipoIeCurrentI k13 g
" 640 : g
- [ T =
£ L] — | 10 @
s Circulating Beam) Current | ——| g
896 % -
5 2
w4 = ' Extracted Beam to 5
The b e should b " £ 430MeVin 400 380 350 g
€ beam Spike snou € avol 2 Imm! I !m 3
B 0 bansail ’ mu. 2

0 10 20 30

Time [s]

Beam Spike Problem

Beam spike is observed not only just after deceleration,
but also just after turning QDS off

RF-KO: ON RF-KO: OFF
< > < >

Beam spike

4.0

3.5
3.0
2.5+

2.0

Without

1.5 deceleration
1.0

0.5+

Beam intensity [arb. unit]

0.0

0 —— —()—
500 1000 1500 2000 2500

Time [ms]
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Simulation Study for Beam Spike

Beam spike is observed not only just after deceleration,
but also just after turning QDS off
3000 — , , . : r r .
RF-KO: OFF
_ 25004 RF-KO: ON | || ||, ]| j&——>
; 2000{ ° ; :
g QDS
Z 1500 ON = OFH
g
E 10004 ‘ Beam Spike
o ' || \“ \‘ \‘ (i ‘ ‘
| .
© 500 i ” 1
\
0 J‘l‘ T T T T T T T T T T T T T T
000 002 004 006 008 010 012 —014
Time [s]

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

Frequency Spectrum

T
0013

0.008

0.003

X [m"™)

Fourier amplitude [mz]

-0.002

T T T T
0.660 0.665 0.670 0.675 0.680

X [m"] Frequency [tune units]
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Beam-Spike Suppression

vEiR

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

20

: e tom  sw | e moe . 6x10’ - - - - T T
Time [ms] g
o
. . o 510’ 2 *
Increasing the ratio V oo/ Vi, €M = oc _dif
spike can be suppressed. g 4x1074 V ]
© mono
o 7
2 3x10" g
o
Sweep out by RF-KO with mono fre§uency ﬁ 2¢107 1 S 1
27RAR =V, ° P
Mono-freqg. €
Particle supply by diffusion a ] 1107 = 1
NoVor 5 0 e *

00 02 04 06 08 10
Voltage ratio (VFM)ZI V__ [arb.unit]

single

Particles of spike sol
v Vow
4

mano

Particle Distribution during Extraction

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

2Z o)
Beamintensity [prb. uni

T () e e () et o (3)
0 500 1000 1500 2000 2500

Time [ms]

Z[mm)

°
xpmm

tensity [arb. unif]
~
s

1200

e

£ 10

w0 | COmMparison of
w | distributions

200
0

i ) ! @ ! @)—
F T i o +
500 1000 1500 2000 2500

°

Time [ms]

-60 -0 -2““ o
X [mm]

Particle-density reduction was verified in the tail region

Koji Noda,
Dept. Accelerator and Medical Physics, NIRS



Accelerators for Medical Applications,
Vienna, June 15, 2015

V. Intensity Control

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

However!!

displacement (mm)
(ww 130 SSeeUPI) ISH

| 1-Slice | | 1-Slice |

Why ?

Different position in each slice We could not obtain uniform distribution.

Phase Control Rescanning

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

= Phase Control between respiratory curve and Rescanning: PCR

AANN
= (101 0 [

beam aurre! nt [—| fime
3

slice No.

n 1 n+2 e
scanning trajectory . . . .

Intensity modulation should be required, because cross-
sectional area is different in each slice while almost same
irradiation time

respiration signal

displacem ent (mm)
sfsr e
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Intensity Modulation

by applying global spill control

Preliminary test reimt 1 AM+feedback sig.

200ms/div \\ _ Beam current

Spill

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.

Prototype Spill-Control System

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 !!
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New Spill-Control System

RF Signal Generator

€ 3 waves synthesizer applied with DDS

¢ Amplitude feedback modulation with
10kHz-period

@ Intensity control trough Pl-control

DD§| p—————\¢ \ RFRA ¥
DDS2 ,_;, > —————+  RE-Signal Output
DDS3 p—cX 10miV RF Amp

T /|

FPGA | DDS B8 [+ RAM

Flash ROM

RS232C
Ethernet LAN

Status Output

Beam Monitor Signal Beam ON Request

Beam Intensity Input

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

iy 100 Circulating beam intensity -3
S 8o 85 A

] L e =
% 1 RF-KO Voltage ‘ ¢ Eg
= 401 H L4 8 E
= ! - =
& 204 L2 'E‘ LS

04 -0 |:_>4
E 2000 4 I 1500 Pa:ccm‘ofimmsi:}‘ mmiulation‘ F
o 1000
= 1500 | ererrrer TN
Q 1 . K H 10 15 3
E w000] Beam Intensity [
k=
] 500 -
8
m 04 L

0 5 10 15 20 25 30 35

Time [s]
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Intensity Modulation Experiment

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

Beam intersity [kepel  RF vollage [a.u]

Standard deviation of beam spill ripple [%]

Beam intensity [kepsl  RF voltage [.1]

0.0 0.5 10 15 20

Beam intensity [103 pps]

Intensity modulation with more
than 20 times was successfully
achieved with less that 20% of
spill-ripple magnitude !!

Multistep Energy Operation
with Intensity Modulation

Standard Operation

Reference pattern

=

circulating beam
circulaf Ing beam

Momentum of

Multiple Energy Operation

Operation pattern

High duty operation

\/BM

soeg, ‘Beam Spill
W S

=
12
ot ‘RFKQ_Amp,__“_m

DCCT

Time

Ll

200 = 170 = 140 MeV/in
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VI. Precise Position Control

T T T
-0.004 -0.003 2.002 2.001

J =)
ESD 04 e« * E
ol 5
) -~ o o LA £
-~ _ P E
.~ =3 £
g’ b 2 g
: £, . o
* E o =
R © . a I
\ oo o f o
»
/n : E

AQx

Qx changed case

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.

PN~

Beam position and size is change at iso-center.

Stability of Beam Position and Profile

Verification of spot position, size and E

stability of beam intensity during extended _8 ,

flattop : .
E 3

Intensity

——

—>

Position Intengity | '
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Hardt Condition

4
Dy cos(Ay) + Dy sin(Ak) = —<—4x
n
ls 5
— /2
Sn _ZBp‘B B

D,, D,’; Normalized dispersion function

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

S,: Normalized sextupole field

&: Chromaticity

VI. Precise Beam-Profile Control

Separatrix At electrostatic deflector

@
W\

%, Matched case

Extracted Transport
“ul,-beam. |

D,

Mismatched case

e
/- |

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.
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Measurement of Outgoing Separatrix

1) Inserted and fix rod1 at x = x1.

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

X=X

Shadow of rod1 at s2

” S‘E - -
% AX Rodi X, Rod 2
\\ \
/\ X X In this way, outgoing separatrix
> can be measured owing to
s
e

! constant separatrix.
4 » ~

/ -

Estimation of Twiss Parameters

Comparing simulation with measurement, twiss parameters was defined.

-6
ESDgap _ Twiss parameters
7. measurement Design | Estimated
By 5m 15m
T o 0.0 1.0
E X
E ie : matched D, 0.5 -0.5
3 : I ;
" . o / ellipse D, 0.0 0.2
simulation % & 10 15
. [ mm mrad] | [x mm mrad]

-10 . T
80 70 80
X [mm]

Optics was redesigned to match the extracted beam.
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Matching with Transport System

/] simulation
/
Beam envelope at HEBT 13
/ £’ Iy
20, horizontal at PRN023 / b
10
I ; ‘ ‘
z «- simulation
£ 1
E 1 w0l
o 0 —
N w =
o I €5 =
g0 1&g
\
-20 . )
vertical \ “1 experiment
20 40 60 80 100 120 \ )
s [m] \ o2
V3g
Beam profile can be estimated at \
each monitor. [ S S
X [mm]

Verification of 3D Scanning
for Moving Tumor

0 2 4 6 & 10 12 14 16 18 20
IC No.
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3D Scanning for Moving Tumor

LiverO1 8;

NIRS 201¢
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Superconducting Rotaing Gantry

NIRS Technology Development

New Treatment System

HIMAC Standard-version@Gunma

> (NG g

= =
WEA—FARE ﬁ! AN
I :(_1

& %

Max.800MeV/n Max. 400MeV/n Max. 430MeV/n
Beam-Woblling Method. Spiral Wobling Method Fast 3D-Scanning
Respiratory-Gated Irrad. Respiratory-Gated Irrad. Respiratory-Gated Irrad.
Layer Stacking Irrad. Layer Stacking Irrad. Rotaing Gantry

1994~

Advanced Standard Version
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