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Design of the gq/A=1/2 K100 compact heavy-ion cyclotron

Main parameters of the K100 ¢ = /qcleon =K, (100 MeV)-(q/A)? = 25 MeV/u (fixed by B-p)

Parameter Value - a single-particle cyclotron!
E (MeV/u) 25 :
foratn (MA) >2 i 4 a2 14N]7+ 16()8+ 20N@10+ 36A,18
No of Sector 4 *q/A=1/2 ions = e.g.) H,*, 4He?*,D*, 14N+, 1608+ 20Nel0+ 36Ar1S+
Bhin (T) 20 RF frequency variation for different ions
| .
Harmonic 4
f (MHz) 71.4 *lhax > 2 MA for protons
Wiotar (tons) 165
Rex(m) 1.2 Trajectory of a centered orbit

ECR ion source
lon sources for
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Schematic layout of the K100 facility (based on beam currents)

Low currents

....................................................................................................... : High currents
H2+, 4H62+, D+’ 14N7+” 36Ar18 E . ............. H+D+. ............................. .
Microbeams Space radiation i: 20 =
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Layout of the horizontal & vertical microbeam lines

H2+, 4H62+, D+,
14N7+, 36A1‘18, .

» Horizontal focusing (two quadrupole doublets)

Vertical focusing (quadrupole triplet)

Object slit Image plane (hor.)
Doublet 2g F1H

Space radiation effect:

>

SE (Single Event)
microdose effects

1500,00

/L
7

Triplet 1

Radiobiology study:

F1V Image plane (ver.) ) .
targets in vacuum or in air



Linear beam optical design of the microbeam lines

Linear optics (TRACE-3D & TRANSPORT) for the beam lines (D,, > 10)

Initial beam Value Demagnification Value
parameter (FO) (F1V,F1H)

Xo 10 um Dx (vertical) 11.2

Oo 0.1 mrad Dy (vertical) -10.0

Yo 10 um Dx (horizontal) 26.5

@0 0.1 mrad Dy (horizontal) 12.2

e= 1 n-ym-mrad

at FO TRACE-3D calculation (*2C®*, 25 MeV/u)

1.0 mm (Horiz)

Horizontal beamline

1.0 mm (Vert)

Length= 9081.5%mm

Doublet 2
9 10 Elu 1E|13 14—
T— ’ " F1H
I o /,'
1.0 mm (Vert) wur\\f"’lenquh= 5840. 00mm
1.0 mm (Horiz) U0 e tena Vertical beamline
D1 Qo D2 Tripletl
—F—O—-:E - | Q | ki | ﬂ {1;‘ ﬂ |
1 —727*“_*:3'—————-%4?17146, 7| 8 ol 11 1z 13 f T4 s U/m’;
T T—— <77 F1V
— /

Magnet Aperture: @ 80 mm (Doublet 1, Q0), 15 mm (Doublet 1, Triplet 1)

Vertical line by TRANSPORT
(assuming Ap/p=0)

Lwx= 0.00m Lwy 0.00 m
Chix=0.0deg (0.0000) Chiy= 0.0deg (0.0000)
Epsx = 0.00* Pi mmmmrad Epsy = 0.00* Pi mmmrad

At FO
B R e
Xm= 0.1mm X'm= 0.1 mrad Ym= 0.1mm Y'm= 0.1 mrad
D= 00mm D'= 0.0 nrad
*BEAM* 2= 0000m C6+
Lwx= 0.00m Lwy= 0.00m
Chix = -49.4 deg (-0.7590) Chiy= -50.5 deg (-0.7721)
Epsx = 0.00 * Pi mmmrad Epsy= 000 *Pin d
X ¥
AtF1V {
R I L A A A B A}
Xm= 0.1mm X'm= 1.6mrad Ym= 0.1 mm Y'm= 1.2mrad
D=-00mm D= 0.1 mrad
*DRIFT*  z= 9163 m




Particle tracking in the horizontal microbeam line using TURTLE

Nonlinear terms in optics codes

Field component TRANSPORT TURTLE

Dipole 2nd 2nd
Dipole fringe 2nd 2nd 8
Quadrupole 2nd 3rd §
Quad fringe 2nd 3rd -
Hexapole 2nd 2nd
Octopole No 3rd
Doublet 1 Doublet 2

Tracking from the object (FO) to image

(F1H) plane
10 T T 1 T T
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8 — —
o, FO
-
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&
o Xy >10
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o
©
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U ] 1 Jll 1
-30 -20 -10 0 20

Beam position (um)

Total particle number of 2x108
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Beam dispersion in the vertical microbeam line (TRANSPORT)

« AE/E by sinusoidal RF voltage in cyclotron: ~1x10-3
» Dispersion-free design, but difficult to be perfect in forming microbeam
- Use two slits to keep micro-sized beam

15.
Y (mm) ;
.l | | |
> u
6.1 d 0= -6.9 mm/%
3.'/FO \
3.t " Z(m) ]
6. [ . .
9.1 —dispersion nnn
12.x (mm) d..=12.7 E'rﬁm/%

15.



# of particles (x 10°)

Particle tracking in the vertical beam line using TURTLE

At FO: -10 ~ 10 pm

Microbeam spread out even with

small dispersion

1 T I I ) 1 T

6 -4 2 0 2 4 6

Beam position at F1V (um)

Slit 1: -10 ~ 10 ym

Slit 2: -10 ~ 10 ym

Triplet 1

v FLV

Fraction of particles:~1.4x10* at F1V

after passing the two slits
| I | |

N
o

=
g 00
I I
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= = =
N
T I

# of particles (x 10°)
o
T

F1V (x103)

Slit 1 (x102)

Slit 2 (x103)

O N B O 00
T

(8]
o
no
o

-10 0 10
Beam position (um)

20

30

- Microbeam is fully recovered by using two slits



Optical aberrations in forming microbeam

The positions of ions at the image plane:
X, 095 Yo, 9y 1nitial phase space values

(
x; = (xx)x0 + (x]0)8g + (x168)6,60 + (x]6°)65 + (x109*) o5 + ..

Yi = @»)Yo + @1@Ipo + (198 9e8o + (V9 eg + (71629065 @ot ..
Chromatic Spherical aberrations
\§ aberrations y,

- Chromatic aberration coefficients at the vertical beam line:
(x/00) = -236 um/(mrad%)
(vlpd)= 181 um/(mrad%)

5 o(Ap/p): ~ +0.1% due to sinusoidal RF voltage and a beam phase
width of roughly +£20° in RF

- Beam tracking shows chromatic effects become negligible with the use of two slits.

- Spherical aberration: Use of highly linear region of the beamline magnets

- Parasitic aberration & astigmatism: Symmetry of the focusing system should be well kept by
precise manufacturing and alignment of the magnets



Target chamber system for the vertical beamline

Microbeam focusing point
either in or out of the

vacuum chamber Mlcrod03|meter for beam diagnostics

l «— H.V. switch

‘ “ «—— Scanning coil

S | ”‘:‘_- —

SEM

E degrader
(& micro slit)

Sample

Microscope

Beam diagnostics
(microdosimeter)

2.3 x 2.3 mm? microdosimeter array
consisting of 2500 cylindrical diodes
From Univ. of Wollongong Website

Beam envelope to F1V (TRANSPORT)
- Beam size < 1 mm inside the chamber

0.4
Location of microdosimeter 0.35

j 0.3
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0.2
0.15
0.1
.05

(ww) az1s weag

-0.35

-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0\

Distance (m) F1V



Beam ranges and straggling in Si & H,O at 25 MeV/u (by SRIM)

Beam characteristics in silicon for the K100 cyclotron

Ions H “He 12C 20Ne 36AT
E (MeV) 25 100 300 500 900
Stopping power (keV/um) 394 15.7 140 388 1248
Range (mm) 3.55 3.56 1.21 0.741 0.454
Lateral straggling at end (um) 148  75.3 14.2 6.8 3.38
Range in Water (um
Stopping ranges of g/A=1/2 ions _ Toooa g™} TS MV T - 71
at 25 MeV/u versus LET in silicon and water fi, 10007 _._E;:b‘:,':,sio,,s ‘{“‘;;w
10%F A AL BN T £
? g P d S
L i b ; 5Mev\‘/ = e
- . & 107 ZMeV / \{\'
o - . / 20N\
—_ 1035_ E b i /: - :\,&ﬂ 20 MeViu
g- E E '.6 1 : .4'—".’\/' EM@U%/I 10 NeViu
:; o i = 1 2 MeV/u n/ -
ao L 4 g 0.1 d \
T
= 102 o in H,0 E T 0.01.i «/a - 80.5 MeV proton beam
E inSi E o : - © - 80.5 MeV/u carbon beam
B 7 5 1E-3 tTvmm T T T --..1 L -.u-l T T ..-ul T
o] | | | | ‘ 0 Rhter ThidRRes (o 1900
10" 107 lelT (kewuml}o ' 1 1o G. Du et al., The first interdisciplinary experiments at the

IMP high energy microbeam, NIM B 348 (2015) 19




Microbeam facilities in Asia & Australia

Institute of Modern Physics (IMP) TIARA facility of JAEA Takasaki
AVF Cyclotron (K110)
Separated Sector < 27 MeV/u

Cyclotron < 100 MeV/u

Ton
Beam

. Focusing
- quadrupoles

Quadrupole
triplet

High voltage

‘tube

Vacuum § |

wsAs [0uod pue uonsmboe weq

Beam position Divergence. |
chamber vacuum FS- ; Defining Slits I fi1 (2 <
focus B | |
lon detection =
i e 1L
= Quadrupole |||
. 500llm F— Magnet r[
in-air focus

Target [ T

from M. Oikawa et al., NIM B 210 (2003) 54

New nuclear microprobe-Confocal
Heavy lon Micro-Probe (CHIMP)

C S

ANSTO microprobe facility

« Microbeam spatial resolution:
* 0.6 um x 1.5 ym for 3 MeV H*
* 1.5 uym x 1.5 pm for 6 MeV He?*




Heavy-ion SEE beamlines for space radiation study

Berkeley Accelerator Space Effects (BASE)
88-Inch Cyclotron of LBL (K140)

S

*a

s

Large area irradiation (TID)

MARS-D

Heavy ion-induced Single Event microdose effect (SE-micr

Silicon MOSFET

s 88-Inch Cyclotron

lon LET’s vs. Range in Si for cocktail beam

i Bragg curves in air (20 MeV/u)
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Multidisciplinary utilization of the K100 cyclotron

Neutron Yield [n/ion]

1. Neutron productions

A Compact Accelerator
Neutron Source (CANS)
10 ~70 MeV, p

1.000000

0.100000 |
0.010000 |
0.001000 | /|

0.000100 |

0.000010

Low Z

25 Me¢

{

Transition

Beryllium ——pt—
Vanadium ——m—
Paladium =
Tantal
Lead —o—
Gold =——g@—
Tuu:lgsten —h—

Lithium =g

20
Pri

20 50 80 100
oton Energy (MeV)

A tantalum target with fin-like
M-channel structure (HBS)

K100 cyclotron:
Neutron flux: ~2x1013 n /s
for 25 MeV, 2 mA

2. Theranostics medical isotope

Cross section (mb)

1= 7.2 h for Targeted a Therapy

(‘ﬂv - Lethally toxic

1500
1000+
500
."-/ ‘v
0 T T
20 ,5 30 35 40
Eq, MeV

Cross section (Barns)

21IAt using He?*

225Ac using d* (n, 2n)

25
2.0
1.5

1.0
0.5

)

5

10

15 20 25
Neutron E (MeV)

226Ra (n,2n) »> 225At

30

35

Neutron yield (n/uC)

3. Boron Neutron Capture
Therapy (BNCT)

K100:
2.6 MeV 25 MeV
(Tandem) 30 MeV

1 cIcIotron
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1 1o ll
1 N
10t T R s
THEIIIL N
1 Lo O P
1 BT |
1010———+- Ql\'— LB +—
(N |
» > | l’.'. l
, 1 |
100 #X /7 i i
& 1K |
? 3 [E N |
a! R 1
10% 1 o |
1 [N |
1 [N |
107 L L B
1 [N 1
1 [ |
106! 1 | B |
1 10

Proton Energy (MeV)

100



Conclusions

« Horizontal and vertical microbeam lines designed for space radiation effects and
radiobiology studies using linear beam optics

* Microbeam in the vertical beam line can be very sensitive to small errors and
aberrations in keeping the micro-size.
—>Two slits at large dispersions can recover microbeam in the vertical line (TURTLE)

 Vertical target chamber for bio samples needs to be designed incorporation with its
users.

Space radiation ﬁ

effects
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(< 10 MeV/u)



