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Development of Compact Cancer Therapy Machine
with Use of Laser lon Source

Pulse Synchrotron
(KEK)

Electron Beam Cooling
(Kyoto Univ.)

Downsizing is possibje by combination ¢f Laser Ion Source and

agnets
- RF Acceleration Cavity ‘

100 TW Laser lon Source Ny

HIMAC at NIRS in Chiba

ota ?(:n o "‘ | Outer Ring
100TW Laser Target Chamber t \ RF Acceleration Cavity \
Focus the Laser B&m
N ~6m N ~5m -
Laser lon Source _
(JAER I KyOtO U n |V ) Compact Heavy-lor
, L]

(Carbon lon) Synchrotron
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Compact Cooler Ring S-LSR

— Circumference 22.56m
— Straight Section Length 1.86m

E-cooling modes

 Protons /MeV
(Ee=3.8keV)

Laser cooling
« 2Mg* 40 keV
(I=282 nm)

-~ Eok. ¢ &Y 0y
. ANNC
\J \J

,,_ In operation since October,
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Main Parameters of S-LSR

Circumference
Average radius
L_ength of straight section

22.557 m
3.59m
1.86 m

Number of periods

Betatron Tune
Crystalline Mode
1.45 (H), 1.44 (V)

Bending Magnet

Maximum field

Curvature radius

Gap height

Pole end cut

Deflection Angle

Weight

Quadrupole Magnet
Core Length
Bore radius
Maximum field gradient

— r

NIRS 20134 8A4H

6

Normal Operation Mode
1.872(H), 0.788 (V): EC
2.068(H), 1.105, 1.070 (V): LC
(H-type)

0.95T

1.05m

70 mm

Rogowski cut+Field clamp
60°

4.5 tons

0.20 m

/0 mm
5 T/m v \
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ESR at GSI, by M. Steck CRYRING at Stockholm,
by H. Danared
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Fig. 5: Relative momentum spread as a function of particle number for the lowest seven electron
densities represented in Fig. 2. The density increases from the upper lefi to the lower right. For each |
density. a line is fitted 10 the data points. A line is also drawn through the points corresponding to the |
transition 1o the ordered state. (The use of different symbols is just to help identifying which points
belong to same electron deunsity.)

Figure 2. Experimental momentum spreads from Schottky signals vs. number of stored ions
in the ESR for electron cooled U%* jons at 240 MeV/u. aws indicates the Wigner-Seitz
radius of eq.(3). (after ref. %)

ESR at GSI, by M. Steck | NAP-M at BINP, Novosibirsk
by V.V. Parkhomchuk
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Accelerator
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Laser torget
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Electron Cooler installed in S-LSR

Dr. Hichan

1)

] .‘_\;"‘ s .'
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Phase Transition to 1D Ordered State

L e e
¢ Ie=2%mA : i
B Je=30mA ,f-ff
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Momentum Spread (1T)
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Simulation by H. Okamoto et al.
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Crystalline Beam In Circular RFQ, PALLAS

T. Schatz, U. Schramm, D. Habs:, Nature, 412, 717 (2001)
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Structure of Circular RFQ, PALLAS Images of ion crystals at rest in PALLAS

7/ \
NIRS 2013%F8H4B HH E REIEMERFEE 4HEXF 11



Excited States of Mg lon
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Principle of Laser Cooling (Longitudinal)

B —e—B
h Vo 0
- > >
Wave Length o A A
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Block Diagram of Laser Cooling at S-LSR

ZAie”

lon Beam

CHORDIS
lon Source
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Laser System
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Observation of Transverse Beam Size by
CCD Camera

R
140mm ‘

Cooled CCD Camera
(Hamamatsu Photonics C7190-11W)

140mm
f=140mm
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lon Observation with Emitted Light
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Laser Cottage
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Laser Profile Fluoréscent light
from the ion bear
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-H Coupling

Only the relation:
v-v.=integer

IS satisfied!

NIRS 20134E8H4H  EHH ZE REI0EMERES gay.—,; 17
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M. Nakao et al. Phys. Rev. ST Accel. Beams 15, 110102 (2012)

Transverse Laser Cooling by
Synchro-Betatron Coupling

5 7 T | E— ] T A — 1.2
v v y 41
4 s e
v
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M. Nakao et al. Phys. Rev. ST Accel. Beams 15, 110102 (2012)

Time Variation of Transverse Beam Size
for Various Synchrotron Tune
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Controlled Scraping to Suppress IBS Effects

He Zhengqi et al., to be published
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Scraping System for Intensity Reduction and
Beam Size Measurement

. D fttube

B

ij

for cooling

Electron ™y Pickup
"

| i COOIer
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Beam Distribution Measured by Scraping
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Efficiency Increase of Indirect Transverse Laser Cooling
H. Souda et al., Jpn. J. Appl. Phys. 52 (2013) 030202
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H-V Coupling iIs added

Relations:
v-v.=integer,

vy-vy=Integer

are satisfied together with the use of a Solenoid

7\
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between 2D and 3D Indirect
Laser Cooling
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3D Laser Cooling + INDAC—Detuning Optimization
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Comparison with Former Data

Year Ring Method lon Kinetic | Intensity | T, T, Ty
Energy

1996 TSR IBS ‘Bet 7.3MeV |[2.0x107 |15 4000 500

1998 TSR Dispersive ‘Bet 7.3MeV |1.0x107 |fewtens |~500% ~150
cooling #

1999 ASTRID IBS Mg* | 100 keV |7 x 106 2-5 17 21

2001 PALLAS RFQ Mgt [ 1eV 1.8x10% | <3m T,<04

2008 S-LSR IBS 2Mg* | 40 keV 1.0x107 |11 - 500

2009 S-LSR W SBRC (2D) | #Mg* | 40 keV 1.0x 107 |27 220°%

2009 S-LSR WO SBRC 22Mg* | 40 keV 1.0x 107 | 16

2012 S-LSR W SBRC (2D) | #Mg* | 40 keV 1x104 (0.4) 20 29

2013.2.1 S-LSR | WSBRC (3D) |#Mg* |40kev |1x10* - 40 11

2013.3.7 S-LSR W SBRC (3D) | #*Mg* |40 keV 1x 10 - 8.1 4.1

(Af=-190 MHz) | (INDAC ON)

2013.3.22 S-LSR | W SBRC (3D) | ?*Mg* |40 keV 1x 104 - 7.0 2.1

(Af=-26 MHz) (INDAC ON) (3 }/1/04) \
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Controlled Scraping to Suppress IBS Effects

By M. Bussmann U. Schramm and D. Habs et al.. SPARCO07
{'I.] T T 1 l-l-l'l1 T T T .- T l-.l'll T T T ]
2aSeOUs liquid  crystalline 1

0.01 Je— .,

Heating rate (MD-51m.) [1/@y, |

0.001
0.01 0.1 | 10

Plasma parameter lp

E 72 o2 4 —~ | (1) G Spredter of al, NIM A 344 { 1995, 239 a
[ = —Coubmb . on , um=(_nnm] (2): nvecw son densilty reduced by a focior of 10 \
Bierma 4™, 0ys - K,T, 3 3): siing, J. Weietal, PRL B0 (1998), 2606
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By Y. Yuri et al. Proc. of COOL’13

MD Simulation

—
p—
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coordinate [mm|
L
|

coordinate |mm|
-
I

0000omo0 © —
hl:lﬂ -41 MHz
= | i | i | i | i | _1 1 | 1 | 1 | 1
4 2 0 2 4 420 2 4
Longitudinal coordinate [mm] Longitudinal coordinate [mm]

N = 104 detuning is -41 MHz N = 103, detuning is -41 MHz

Laser Power is 8 mW Laser Power is 8 mW
Experimentally attained!! 1
T,=70K T,=21K 1 D Crystalline string @ # g%
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X

S-LSR UV V7 5 4 ADE-

Shear Heating and Dispersion Suppressor

Shear is induced by angular
_______ Ft
ey
. ccelerate at
Vo "\, (mler parl
=\ Decelerate 1/ 5\
Crystalline beam ===" inner part
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Dispersion Suppressor

d—2X+ 3-n _ 1AW o

ds? = p? o W Electric Field

d°x 1-n 1 Ap o

s+ = Magnetic Field

ds® p° pp

AW — ZA_P Non-relativistic Case

W P l

2E = —(vx B) 7\
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Vacuum Chamber in the

Magnet Section

(includes the Electrodes)
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