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KIRAMS-430 Cyclotron Magnet

SC system

Return
yoke

LHe re-
condensing
system

Spiral
sector

Cryostat
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THE MO EEE 2% (compact)

MSU 1.42 3 K520 1982
_ Chalk 1.39 170 4 K520 1985
NSEERN  msu 2.2 265 3 K1200 1988
= Hosp. 0.64 22 3 50(d) 1988
A&M 1.42 90 3 K520 1988
DOxford™  Instr 0.5 1.5 3 12(H-) 1990
DNENSTY  Catania 1.8 176 3 K800 1994
IRV Groningen 1.88 320 3 200(p)/K600 1994
WACCELN Psl, RPTC 1.69 90 4 250(p) 2006
~ Kolkata 1.42 90 3 K520 2008
-Bamﬁ;';sw'-"h ~054 <20 0 250 2013
IBA/JINR 3.74 660 4 260(p)/K1600
DENSY  Catania ~2.7 350 4 260(p)/K1200
 KIRAMS 4.1 860 4 K1720
~ IBA 1 50 0 230/250(p)
~ SKKU 1.55 80 4 245(p)
~ SKKU 1 46 0 240(p)
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e 19774 X|XO| XX E AIO|IEEZEE= A
— Atomic Energy of Canada Limited’s Chalk River Lab.
— Li(50 MeV/u) ~ U(10 MeV/u)

J. H. Ormrod et al., Proc. PAC' 77, IEEE Trans.NS-24, 1093 (1977)
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— Atomic Energy of Canada Limited’s Chalk River Lab.

J. H. Ormrod et al., Proc. PAC' 77, IEEE Trans.NS-24, 1093 (1977)
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H. G. Blosser and F. Resmini, Proc. PAC’ 79, IEEE Trans. NS-26, 3653 (1979).
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— K500 , K800 for Ca(200 MeV/u) ~ U(20 MeV/u)




XME AIO|IZ2Z2REE gl
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NSEERN  msu 2.2 265 3 K1200 1988
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DOxford™  Instr 0.5 1.5 3 12(H-) 1990
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IRV Groningen 1.88 320 3 200(p)/K600 1994
~ Kolkata 1.42 90 3 K520 2008
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IBA/JINR 3.74 660 4 260(p)/K1600
DENSY  Catania ~2.7 350 4 260(p)/K1200
 KIRAMS 4.1 860 4 K1720
~ IBA 1 50 0 230/250(p)
~ SKKU 1.55 80 4 245(p)
~ SKKU 1 46 0 240(p)
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THL
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« YXKIZE S (from PTCOG)
— ~2014'A THX[ 142H0] A S 86% 7/t S-IAt A&
— S MAO X 32 7 ¥ K 2AH7F A8 B
— 20cyclotrons(6synchrocyclotron+14cyclotron)+12 synchrotron
— ZTE AMO|BEEEE 130H(65%)

Patients Treated with Protons and C-ions
in North America, Asia, and Europe
70000

2054 1957 - 1992
1100 1974 - 1994
15736 1994 - present

433 1975 - 1992
118195 1954 - present
137179

< 60000

2 50000
3

s
-

g 40000 s North America, Protons
]

"E s Japan/China/Korea, Protons
‘s 30000 s Japan/China/Korea, C-ions
.E s EUrope/Russia, Protons

= 20000 Europe/Russia, C-ions

®

¥ 10000

Ref.: PTCOG, 2015
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— 20073 ~20094
— K120 2L AO|EEZEE 7)1

12C2+ ~12C6+ 0|2 A

Bending limit, K

Particles
accelerated range

Extraction radius

Number of sectors
Conductor

Winding

Coil dimension

Inductance

24 2

22 MeV
0.13<7/A<0.5

0.25m
4

NbTi (Cu/Sc =4.9, 35 filaments, RRR > 70, [.>

500 at 3T, W1.4 mm, T0.95 mm, insulated)
Wet winding

ID 0.8 m, OD 0.92,
Coil-A: H 0.035 m, 25 layer x 63 turns x 2
Coil-B: H 0.0364 m, 26 layer x 63 turns x 2

La=98H, Lg=10H,M=98H

7H|:|I-
Flet ANl

Stored energy ~0.2 MJ per coil at 200 A

Coil installation 12 support links (vertical 8, horizontal 4)
2.683-2.698 T with yoke

2.696-2.705 T with yoke

Field at center

Field at extraction

Cooling LHe re-condensing type by 3 GM cryocoolers
(1.5Wat4.2K)
Cryostat 4.2 K shield, 60 K shield, vacuum vessel

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY,
VOL. 20, NO. 3, JUNE 2010
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2601,00

1467,00

& :| Spiral sctor plqeturln yoke
/. FJJ’I Vv, 7&{)—‘

Re-condenser
1

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 20, N 3, JUNE 2010
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e Kirams 430 — 20113 ~ 20133 st=2IX}= 9|

Magnetic field sIsochronous field, |B/By,-1| < 2x10*
*Spiral field, spiral angle < 90°
Beam tunes, v, v, >0

*Avoidance of resonances

*RF phase shift, |F(E)| < 30°

SC coil *LHe cooled, 4.2 K
*Hoop stress < 150 MPa
*Quench protection

Cryostat *The total amount of heat penetration <50 W
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« K430 - Spiral sector
— Angular width : 19° — 42.5°
— Spiral angle: 0° — 72.6°
— Hill gap: 16 cm (max.) — 1.6 cm (min.)

2

—
o

—
T

o
[

B i D e R f i

Y axis (m)

=)

o
[}
T

o R I T R

.- : .r 5 50 100 150 200
-1 0 1 2 Radius (cm)

X axis (m)
Y E S FLURSTA[LES
KOREA HEAVY ION MEDICAL ACCELERATOR

1
—
T




AHE AO|ZEER Y 3

o
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« K430 - Magnetic field distribution in mid-plane

36 , 5 , 60
Biso =0k
34 Bopera ............... .................... - -
®  Eur. point : : & 4op
€325 | 2 a0p
[a1]
3 4l ch 20f
oy o
o o 10f
o 23} o
o 5 of
g b=
< 26 % 10k
@ o0t
24} b
-30}
22 i | ‘ 40 i i ;
0 05 1 15 2 0 05 1 15 2
Radius {m) Radius {m)
BO = 2.3034T AB < +5G after central region
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« K430 - Beam stabllity (tune & working diagram)

nur-nuz

=
o]
T

=
2]

z

=
T
T

Axial tune,v
]
(%]

=
b

=
~

<{>: Opera3d track H
1714 12 13 14 15 18 17 18 i
Radial tune, v_ opera

Dangerous resonances

* 3v, =4 : radial beam blow up (Bz1) EO tracking in Opera3d
* v,-v,= 1 : axial beam blow up (Brl)

» 2v,=1: axial beam blow up (Br)
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. . Rad
Calculation condition adius (m)

1 MeV - 5160 MeV (2648 turns)
* Vdee=70kV, 70 — 140 kV (R > 1.2m)
» Adee = 30°
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dX (m)

3

« K430 - Single particle tracking (cyclone)

x® 10

015 % 'Il.5 2 0 []I:5 *'1 1?5
Radius {m) Radius (m)

Radial & axial beam motion from 1 MeV to 5160 MeV at the acceleration gap
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® K430 - Operating current variation

Field Difference, B-Biso (G)

+0.08%

Phase (deq)

— fre shift range: <+80 deg
- IOID (A): 458.388 +£0.367 (+ 800 ppm)
— By (T): 2.30264 = 2.30330 = 2.30397 (13.3 G)
— frg (MHZz): 70.73855 = 70.7589 = 70.77953
(40.98 kHz)
Current (A)| Bo (T) | fre (MHZ) [#. of Turns
+0.0800% | 458.755 | 2.30397 | 70.77953 3465
L ONOre0 7 458.709 | 2.30389 | 70.77707 3105
s VNOR{0[007 M 458.526 | 2.30355 | 70.76662 2726
ONo[olo[oL% N 458.388 | 2.30330 | 70.75890 2648
458.205 | 2.30296 | 70.74850 2721
458.067 | 2.30272 | 70.74107 3090
-0.0800% | 458.022 | 2.30264 | 70.73855 3501
SIEFFUARNL

KOREA HEAVY [ON MEDICAL . .

Radius {m)
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« K430 - Misalignment & Deformation effect

Gravity, mass and magnetic force Thermal contraction & hoop stress

A

6.6347
6.4061
6.1775
5.9489
57203
5.4917
5.263 Min

A
. o =104 MPa
60 um at hill edge S.max 1l
max. =7 mm =
max. = 125 ym 2
L.,X

0.00 1000.00 {mm)
500.00

Four pieces top yoke plate model by Dr. Hong
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e K430 - Deformation effect

] )]
L] L]

Field Difference, B-Biso (G)
P
L]

b
=

AME AIO|ZEE
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— Increased & decreased coil radius by 5 mm
— Decreased hill gap by 200 pm

I
i
T

fam
T

standard model

. | —hill deformed model

coil radius +5mm

coil radius - 5mm - |

Radius {m)

Phase (deg)
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1M0F e . P
standard model (70.764 hMHz) :
80F -1 ——hill deformed model (70766 MHz) [~ f :
60k coil radius +5mm (7OB99 MHz) | L.
coil radius - Smm (70830 MHz)
40k : :
20f
Us i
20k ? |
_40f :
-B0F i
80
00k .. ....................
05 1 15 2
Radius {m)
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« Misaligned sector effect

B, (G)

B, (G)

300

[~

100

-100

25

2-..

151

1

05

05

ook

00k
S200F
400
ook

: { — 1mm misaligned | :
i T 3mm misaligned |...

0

0 20 30 40 50 60 YO 80 90
Angle (deg.)

L b T,
0 'r-'-f-- ‘.r-J 5

Reference

— Imm misaligned

— 3mm misaligned
— 5mm misaligned

0

Radius (m)
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« K430 - Misaligned sector effect

dz (mm)

6+1 mm: 0.0 mm

B Ot OO SO SOU OO OO OO OO POOs OO OO OO0 OO OP P OOS SOOOUPPOOY SUOUOOO OOl DOUSOOO OO FOVOOOTOUOUOE HOTUOOOPUOS SOOTPOURTOUONS SOYOTPURPOUOS SUPTPPPROOOS W 6+3 mm: 0.15 mm -
8+5 mm: 0.2 mm
|
0 10.69 21.38 3207 42.76 5345 54.14 74.83 3552 96.21 106.9 11759 12828 13897 14966 16035 17104 18173 19242 20311 21338
3240 MeV, R=1.68m, Z=0, Z,,4.= 0.005° Single particle
. |_ | T T T |_ | | | ! T | | | T T | T T |
;_ e e+1 mm: 0.4 mm
5 6+3 mm: 1.4 mm i
4 6+5 mm: 2 5mm -
3 ............................. preeee _
2 ...................... B Y, PR, :._
1 : : ]
-1 e B =
5 i I i I i I i I 1 i
4] 12335 24 67 37.005 4934 G1.675 T4.01 36345 9868  111.015 12335 135685 14802 160355 17269 185025 19736 209685 22203 234365 2467

s-axis (m)

angle= 0.005° Single particle
_IE_g_“O IK['I[A'I |A[0-I|:r
KOREA HEAVY ION MEDICAL ACCELERATOR

5160 MeV, R=1.94m, Z=0, Z

29
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« Misaligned coil effect

B, (©)

Model 1: displaced in X!xis: 0.2,1,5mm

Model 2: displaced in Z-axis: 0.2, 1, 5 mm 25

Reference ?
Z+0.2mm |4
Z+1.0mm |:

Z+5.0mm |7

E S FLAEA[LES
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Angle (deg.)

M0 20 30 40 50 B0 YOO 80 90 100

30



dz (mm)

dz (mm)

2_ —
0 —)
2 —
_a = —
B— —
<] = . —
0 —
A2 —
-4 —
»E Z+0.2 mm: 1 mm -
24— —
25 Z +1mm:4.5mm | 3
30— . —
2k Z +5mm:19mm |
:36— : 1 : : T T H T —
] ] I 1 | i | | I 1 i -
0 1069 21.38 3207 4276 5345 64 .14 7483 8552 a6.21 106.9 11759 12828 13897 14966 16035 17104 18173 19242 20311 2138
. s-axdis (m)
3240 MeV, R=1.70m, Z=0, Z,,,.= 0.005° Single particle
3 T ] f I f T f 1 T 1 I T I T I T ] f I T
1 —
o
-1
2 H
3 —
4 { Z+0.2 mm: 0.4 mm |+
5 o . —]
. | Z +1mm:2.5mm []
7 Z +5mm: —
8} 12,335 2467 37.005 49.34 61675 74.01 86.245 98.638 11015 12235 135685 14802 160355 17269 185025 19736 208.695 22203 234365 2487

axis (m)

5160 MeV, R=1.96m, Z=0, Zynye= 0.005° Single particie
o= G FIR[[ATA[IET
KOREA HEAYY ION MEDICAL ACCELERATOR
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Magnet yoke parts view

U Yoke plate part 1, 69.2
U Yoke plate part 2, 77.1

U Yoke plate part 3, 67.9 FEclAE
= *g 28 W3 = g
1 1 yoke_bot3_assem 286354 kg
U Yoke plate part 4, 72.0 5 T Tyoke_center 35 kg
3 4 Sector Assem Lower 6216 kg
4 4 Sector Assem Upper 6216 kg
U Four sectors 5 1 |yoke_top3_assem 286354 kg
7 1 yoke_sideAA 12565 kg
8 1 yoke_sideB 21786 kg
Side yoke, <21.8 9 1 |yoke_sideB_MIR 21613 kg
10 1 yoke_sideD 20859 kg
11 1 yoke_sideEA 18040 kg
. . . 12 1  |yoke_sideEA_MIR 18040 kg
L Shimming hill 14 3 |BigLiftCyliner 2017 kg
15 3  |BigLiftRod2 3808 kg
L B|g h|||, 5.4 16 1 |yoke_sideG 3108 kg
17 1 |yoke_sideG_MIR 3108 kg
18 1 |yoke_sideH 3032 kg
L Yoke plate part 4 19 1 yoke_center_assy 35 kg

L Yoke plate part 3

L Yoke plate part 2

Total magnet yoke weight: ~820 ton
Total SC magnet weight: 860 ton

L Yoke plate part 1

Casting Forging

E S FLAEA[LES
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Spiral hill structure for field correction

Center-plug assembly for measurement system

Shim-hill 4

Shim-hill 5

Shim-hill 6

Shim-hill 7
Shim-hill 1
. . 28 cA2E
Lower Shim-hill, 0.7 e peeT = s L A,
-- 1 1 [Sector hill big 5354.624 kg
Lower Big hill, 5.3 2 1 Sector hill shim big 660.841 ka
3 1 Sector hill shim pt01 13.253 kg
4 1 Sector hill shim pt02 15.594 kg
PR 6 1 Sector hill shim pt04 21.228 kg
_ Sl € 7 1 |Sector hill shim pt05 32.705 kg
Casting 8 1 |Sector hill shim pt06 34.150 kg
9 1 Sector hill shim pt07 32.009 kg
10 1 Sector hill shim pt08 34.121 kg
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Rooms for other systems

® Cryostat ® \Vacuum system

® Support links for SC caoil ® Beam extraction system
® Lifting system(Hydraulic / screw jack) ® Beam probe

® RF cavity

NN

o (Unit: mm)

Room for cryostat & its dimension

_IE_g_“O |K[‘I[A_I |A[0-II:r
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Surface Current (peak)

Hode 3

18377 A/m at -18.8 / 98.2 / 17
74.8618
98 degrees

High Frequency Hesh
-339.55 ( Index= 8 )

Nuclear Instruments and Methods in Physics Research Section A, Vol 777, P199-201
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o 14 |
3.u6e7
3.14e7
2.92e7 [3)
2.70e7
2.u9e7
2.27e7
2.05e7 o
1.84e7
1.62e7
1.41e7 12
1.19e7
9.73e6 =
7.57e6 '
5.41e6 ? 1 ;
3.24e6 D
>
v W0
v
~
Q
0
40
)
Type E-Field (peak) Ll
Monitor Hode 3
Component Abs
Haximum-3D  3.59687e+007 U/m at -30.3429 / 33.7 / 0 g - 4 4 4 I i 4 A i A J
e e 0 20 400 600 800 1000 1200 1400 1600 1900 2009

Phase 8 degrees

Radius

Nuclear Instruments and Methods in Physics Research Section A, Vol 777, P199-201
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SKKU 250 — 2014 ~ SX| A ZlH
— Sector-focused isochronous cyclotron & synchrocyclotron
— MR A 2t 2 E A= 0| =H

_IE_g_“O |K[‘I[A_I |A[0-II:r
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— o

Sector focused

Parameters : Synchrocyclotron
iIsochronous cyclotron
Max. energy 244 MeV 239.5 MeV
Magnet dimension H1.7m,D3.0m H1.65m,D235m
Yoke weight Approx. 79.4 tons Approx. 46.2 tons
Pole radius 0.775m 0.5m
No. of sectors 4 0
: : Hill 0.038 m,
Alr gap size Valley 0.52 m 0.04 m
Magnetic field range 2.04T-401T 3.74T-555T
Colil dimension H 10.2 cm, V 13.0 cm H14.4cm,V 26.0 cm
Current density 3970 A/cm? 3700 A/cm?
RF frequency 78.8 MHz 84.43 MHz - 60.35 MHz
RF harmonic 2nd harmonic 1st harmonic
No. of dees 2 1
Dee voltage Approx. 70 kV - 140 kV Approx. 15kV - 20 kV
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« SKKU 250 — AMlE{ AA

Spiral angle (deg)

[ia]
L]

1
L

= —=Spiral angle
Angular width

o0
=

—l
L)
T

[s3}
-
T

n
L]
T

I
L]
T

(%]
o
T

|}
=
T

—
-
T

1
[=3}
—

Angular width (deg)

=
L)
Air gap (cm)

1
|}
L}

[
AS

0 0.1 02

03 04 05 08 07 0.8 _%_5 0.55
Radius {m)

E S FLAEA[LES
KOREA HEAVY [ON MEDICAL ACCELERATOR

06

O.E35
Radius (m)
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SKKU 250 — Ml A X
— MIH DATA Lt0M Ktsez2 22 2 d COMI ZE
- &= EtHE 240 MeV EOE 2} 3| ™
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204T<Bz<401T
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3B
34} 0 O s A P
3.2_ ']5 .......................................................................................
e 3k @ 10k
L ]
o 28r
2 g o
il e 2
g, g "’
® 24 T 5
2 s
< 24 i -10
1 15
e 20
16 ; ; i i ; i i ; ; ; i i
0 03z 04 06 08 1 0 0.1 0z 03 04 05 06 07 08
Radius {m) Radius (m)
BO = 259T AB < +5G after central region
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« SKKU 250 - H!

L
1
nu-nuz =
14 T T T T T ! !
f A
12b foe . T T TR
SRS I
1 I --_-— ..... .......... i
]
> 08k -
o 7
c f
= 2 O6F 1
T =~ !
é Db
02 .....................................................................................
OFf ——=Radial tune
-~ AY 1
ole="", . . \ . o .- .' .- .1 .' iA)(lalltune
1 105 11 115 12 125 13 135 025 T 02 02 04 05 08 07 os
Radial tune, v, Radius (m)
F<OI s Q+HdLcT
EIE'g'TﬁKr-I[_—'T-IIA[ﬂl_
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S EZ Jfdt 5%
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« SKKU 250 - Single partic

Y (m

04f

0.08} -

AR SN

004_5

n0zp=
004}
—UOB--? [EEPRE

008F-

-01

0.0zf-4

o

T T
R [ === Hill spiral line

——=—Acceleration gap
Particle trajectory

T e Center of trajectory

-
_____
o
-
-

H i L i L
01 008 -006 -004 -D02

i i i L i
002 004 006 008 041

Calculation condition
* 1 MeV - 244 MeV (1146 turns)

* Vdee= 100 kV

Phase (degq)

50 L. Gap #1 ........ .......... .......... .......... ........... f .....
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dX (m)

« SKKU 250 - Single particle tracking (cyclone)
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Radial & axial beam motion from 1 MeV to 244 MeV at the acceleration gap #1
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« SKKU 250 — CST Model

— Conceptual design of Synchro-Cyclotron Dee
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E-Field (peak)

Predefined electric field

1.01705e+0086 U/m at -145.974 / 33.5512 / -180
8.4992e+007

08 degrees
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« SKKU 250 — PRELIMINARY CST Model

— Conceptual Design of 250 MeV Proton cyclotron RF
Cavity
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« SKKU 250 — CST Model
— Conceptual Design of 250 MeV Proton cyclotron RF Cavity

E-Field (peak)
Hode 1
1.68673e+0807 U/m at 730.975 / 278.164 / -48
84.9821

8 degrees

. H-Field (peak)
Hode 1

14546.2 A/m at 121.875 / 278.164 / -60
84.9821

908 degrees
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« SKKU 250 — CST Particle Tracking
— MWS or PS: E-fild (from Eigen or Static solver)

e
9.
8.
8.
7.
6.
6.
5.
5.
4.
3.
3.
2%
i1
s

E-Field (peak)
Predefined electric field

B-Field ’ ’ ’

1 Predefined magnetic field
1.01705e+0086 U/m at -145.974 / 33.5512 / -1680

5.757 Us/m"2 at 658 / 650 / 150
]
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« CST Particle Tracking

— MWS or PS: E-fild (from Eigen or Static solver)

— EMS or PS : B-field (Static solver)

yyyyyyyyyyyyyyyyyyyy
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« SKKU 250 — EO check SC: TMeV ~ 239.5MeV
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Particle Frequency (MHz)
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« SKKU 250 — Conceptual design model of SC
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 1st draft model design for SKKU 250 — SC
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Trajectories: PROTOMMASS*C 21 /SART(1-(0.001*/ELMOD/C)" 211 YELECTROMCHARGE
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o Particle acceleration (B+E field)

opera

simulation software
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Particle acceleration (B+E field)
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Iera(\ion (B+E field)
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e TMeV @25526.07mm, +5mm, 3*3 beam

E S FLAEA[LES
KOREA HEAVY [ON MEDICAL ACCELERATOR



N

2.5

2.0

‘e ‘A

1.5

7

1.0

o

0.5

0.0

-0.5

aees

-1.0

-1.5

2.0 é =

he
et

-2.5, ===

55.0 65.0 75.0 85.0 95.0 105.0 115.0

E S FLAEA[LES
KOREA HEAVY [ON MEDICAL ACCELERATOR



T oo

E S FLAEA[LES
KOREA HEAVY [ON MEDICAL ACCELERATOR



SR

. AME AO[2REE HAN

— Kirams-430 130 A|AH HA 5 H
— LMY aF0Of A|AHO| IR HAE

—

Crot ZME MAAM HA A
AME AXM AHE HE2 A H2 HAE =3
SKKU 250 TIAtA AA 2tz THA
MM K& S X278 B A 2e (ZY, MEH 8 5)

_ DEDAIAE B Q1

—

E S FLAEA[LES
KOREA HEAVY [ON MEDICAL ACCELERATOR



. ATE ALO|ZREE Y OI1F AJAH

Deflector 2NHE A E 2ot 2l sEHM BA
AA

. AME AIO|2RE

HI o]
d

FALA 9 DFED A AT B2 BB 24

=8 T™AM(GC, regenerator

ol 0|2l

55 Jje 7

DA ®I|EK

0

x
kN

%*fer 7r; o

Inflector 2 & “74| e = |%E1|O|*._jI

PIG 0|28 4

I_I_—

AOIERE

_IE_g_“O |K[‘I[A_I |A[0-II:r
KOREA HEAVY [ON MEDICAL ACCELERATOR



THANK YOU

0|2 § F LN AT ATME!
KOREA HEAVY [ON MEDICAL ACCELERATOR



E S FLAEA[LES
KOREA HEAVY [ON MEDICAL ACCELERATOR



Operation Principle

« The first cyclotron concept was born by E.O. Lawrence

agrielic Zimes 7
st e g(F4ox B)
(e
- ) ~ m
VAT (geare 2
W A4 muv
B .- = qubB
T R
- v ¢B mu
i w= —=—, R=
Craf’ R T G_B
________ 2

« For the constant g, m and B, the rotation frequency of ions
become constant - independent of ion speed

« However, the orbit radius depend on the ion speed

E S FLAEA[LES

[2] E.O. LawrencnggmHEﬁ%tlgﬂTmEp% uAc |0ﬁ%?55ﬁ§€'&%%rotons without the use of high voltages, Phys. Rev. 40, 19 (1932).



Historical Background

 Isochronism & Axial focusing for classical cyclotron
— isochronism require uniform magnetic field
— axial focusing require decreasing magnetic field
— relativistic effect need increasing magnetic field (E > 20 MeV)

- 1

~08

— 06

— 0.4

0.2

« Using the slightly decreasing magnetic field
— keep the ions in isochronism and axial focusing

— limitation of maximum energy by relativistic effect
_IE_g_“O |Kr'I[A_I|A[0-I|:r

[2] E.O. Lawrence anﬁf&“ﬁﬁ%t‘%”rm%% on O?EL Fé'é";rég%rotons without the use of high voltages, Phys. Rev. 40, 19 (1932).



Historical Background

 Synchrocyclotrons — frequency modulated
— reducing the RF frequency as the particle frequency
— pulsed mode operation not CW any more
— 1 GeV beam but current reduced to max. 1 YA level

-w(t) — _ 4=

m(t)=~(t) = m,

« Phase stabllity
— Particles near synchronous phase stay with the RF
— oscillation around the synchronous phase
_IE_g_"‘Olﬂr'l[A_”A[O-II:r

[3] M.K. Craé%ioc%%ﬁ%yggnrgrm %F&%ksﬁ\a%%glielzcﬁ%z d alternating — gradient accelerators, Rev. Accl. Sci. Tech. 65 (2008).



Historical Background

* Isochronous cyclotrons — radial sector
— keeping the isochronism by increasing magnetic field
— sectors as known as "hills" and "valleys” introduce
— azimuthally varying field(flutter) provide axial focusing
— energy limit at 70 ~ 100 MeV/u

/Cifdé

valley v hill v, valley
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KOREA HEAVY [ON MEDICAL AC%EH’E%]EQORmaS, The paths of ions in the cyclotron, Phys. Rev. 54, 580 (1938).



Historical Background

* |sochronous cyclotrons — spiral sector
— more axial focusing force is needed to overcome the
limitation
— spiraled sector edges work as focusing-defocusing len

> V2 = — 47+ FX(1+2tan’)
— stronag focusmq orinciple

VALLEY
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1 M.K. Craé%iocEkAalﬁldEI%KY§gnrng DF&%%éa\a%gl?lieEcli:{%E d alternating — gradient accelerators, Rev. Accl. Sci. Tech. 65 (2008).



Historical Background

 Isochronous cyclotrons — separated-sector
— maximize the flutter to increase axial focusing force
— only "hills" exist and no iron in "valleys”
— structural limit of acceleration in low energy beam
— injector accelerators are required

o= § TR TAIE" |
[3] M.K. Cr@ﬂ%a%ﬁmﬁmm@ﬁiggmsﬁ@é?éilégﬁmetgﬁltemating - gradient accelerators, Rev. Accl. Sci. Tech. 65 (2008).

tammbac a e feasibility of high power cyclotrons, Nucl. Instr. Meth. B 113, 1 (1996).



Historical Background

Superconductivity for cyclotrons (max. ~ 9 T)

— remarkable size reducing can be achieved (250 MeV, R=1.6m)
— low operation cost

— reducing turn separation

— reducing the flutter for compact cyclotron

ir-l
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Historical Background

Texas A&M Univ. — “Strong Focusing Cyclotron”

— 0.8GeV, 10mA (8 MW beam power) “Strong Focusing Cyclotron”
— Driver for accelerator driven system

— 5 layer, 12 sector banding magnet with 35 focusing channels

— a kind of “Separated-Orbit Cyclotron”

rf quadrupoles

\

800 MeV/lemcnon lines

100 MHz superconducting
cavities
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[20] ﬁgﬁo%ﬁeﬁg& ., A?tr%rl}ggglcgﬁrlfg%ggﬁésiﬁggrén for high—current applications, AIP Conf. Proc. 1525, 226 (2013).



