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1. Introduction

About TIARA

Takasaki lon accelerators for Advanced Radiation
Application (TIARA) facility was constructed to provide
high-energy ion beams mainly for research in

biotechnology and materials science, and started full
operation in 1993.
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lon sources

Ml 13 horizontal and 4 vertical
beam irradiation ports




1. Introduction

3 MV Tandem
Sl 3 MV Single-ended

| .
-
400 kV Implanter sl
i '

Triple beam
irradiation




1. Introduction

3 MV Tandem
Sl 3 MV Single-ended

| .
-
400 kV Implanter ; siall
i

. -
Microbeam 'ijr‘::éigﬁig‘ _ ¥ Microbeam
(Heavy-ion) Triple beam (Light ion)

irradiation




M
2. Microbeam Application (ESA)

A microbeam with a spot size about 1 um is a powerful
tool to analyze and/or irradiate a microscopic area.

Quadrupole Focal

Divergence-defining slits lenses \ lane
Object slits Verg ning sl Y

Tens MeV Heavy lon Microbeam Line MeV L|ght lon microbeam Line
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2. Microbeam Application (ESA)

A microbeam with a spot size about 1 um is a powerful
tool to analyze and/or irradiate a microscopic area.

In-air Micro-PIXE
(Particle Induced X-ray Emission)

X-ray detector

microbeam

Vacuum

Polycarbonate thin film
(5 um thick)




2. Microbeam Application (ESA)

A microbeam with a spot size about 1 um is a powerful
tool to analyze and/or irradiate a microscopic area.

In-air Micro-PIXE
| X-ray Emission)

X-ray detector

Bovine aortic endothelial (BAE) cell
60um

3MeV H*
microbeam

—)
60um

Vacuum
V

Polycarbonate thin film
(5 um thick)
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2. Microbeam Application (Cyc)

High LET (Linear Energy Transfer) heavy ion beams

Microbeam Application to biotechnology

Elucidation of Cellular Radiation Response

Damage in DNA T

2 Hundreds MeV Mammalian
heavy ions cultured cell

Mammalian

cell
%i;

Cytoplasm < Nucleus
5~10 um

Cell nucleus

* Investigation of cell-to-cell communications such
as "bystander effects”

» Analysis of cellular spatial sensitivity, interaction
of damages, dynamics of cellular repair and
intra-cellular process like apoptosis
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2. Microbeam Application (Cyc)

High LET (Linear Energy Transfer) heavy ion beams

Microbeam Application to biotechnology

Elucidation of Cellular Radiation Response
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Cytoplasm < Nucleus . A _ on
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intra-cellular process like apoptosis
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3. Microbeam Formation Technique

Microbeam formation using a collimator

Collimator

@
Cell
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Microbeam formation using a collimator
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Microbeam formation using a collimator

M _‘ Cell

~
A . -Limitation of aperture size
(20 um for C, 5 um for Ar)

- Scattering at the edge
(20 to 30%)
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3. Microbeam Formation Technique

Microbeam formation using a collimator

@
. Cell

e oidh - - Limitation of aperture size
“ - o (20 um for C, 5 um for Ar)
1000 hits of the 220 MeV '2C on CR-39 ( -Scattering at the edge

(20 to 30%)




3. Microbeam Formation Technique

Microbeam formation using focusing magnets

90° bending
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3. Microbeam Formation Technique

Microbeam formation using focusing magnets
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3. Microbeam Formation Technique

Microbeam formation using focusing magnets
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4. Cyclotron Development

= -3
Energy spread AE/E =2 x 10 On the order of 10-4
(30 MeV proton, for example)

Energy gain

>
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= -3
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phase
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phase width
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4. Cyclotron Development

= -3
Energy spread AE/E =2 x 10 On the order of 104

Energy gain

(30 MeV proton, for example)

1. Control of acceleration
phase

2. Reduction of beam
phase width

3. Magnetic field

4. Flat-top acceleration stabilization

5. Quick change of ion species
(Cocktail beam)

>

RF phase
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4. Cyclotron Development

B wbﬁ"‘p L

Spec. of the Cyclotron

T

Kb 110
Kf 95
Extraction radius (m) 0.923
Max. Average Field (T) 1.64
RF (MHz) 11-22
Acceleration Harmonics 1,2 and 3
Span Angle of Dee (deg.) 86
Maximum Dee Voltage (kV) 60
Proton Energy (MeV) 10 to 90
Heavy-ion Energy (MeV/n) 2.5t0 27
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4. Cyclotron Development

Spec. of the Cyclotron

Kb 110
: i —/ Kf 95
‘ . Deflector - -
Bt brobe .‘ Dee Electrode BIohe Extraction radius (m) 0.923
‘ \ S Max. Average Field (T) 1.64
/Inflector RF (MHz) 11-22
/ Acceleration Harmonics 1,2 and 3
IVIagnetlc Channel Span Angle of Dee (deg.) 86
Probe Maximum Dee Voltage (kV) 60
1 } . Magnetic Proton Energy (MeV) 10 to 90
/ 1 Channel Heavy-ion Energy (MeV/n) 2.5t027
; Main Coil | 4

Magnet Yoke

Gradient *
Corrector
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4. Cyclotron Development

Cyclotron

Bending magnet

Main coil

&5 Magnet Spec. of the Cyclotron

: Scanner - = Kb 110
|y | andlens Resonator Kf 95
...... ' Extraction radius (m) 0.923
(o) Max. Average Field (T) 1.64
= Target RF (MHz) 1122
o Acceleration Harmonics 1,2 and 3
A SSD P- Ch opper | Span Angle of Dee (deg.) 86
¥ Maximum Dee Voltage (kV) 60
J@—H |:|—JT | Proton Energy (MeV) 10 to 90
—)' : Heavy-ion Energy (MeV/n 2.5t0 27
START/ .7 T - 2y (MeVn)
STOP Injection beam
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Controller lon source




Energy Gain per Turn (arb.unit)

4. 1 Control of Beam Phase
Measurement of acceleration phase

» Good isochronous field (within 5 deg.
* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing
the RF by Af/.
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5 4 3 2 1 0 1 2
RF Phase ¢ (rad.) Afff x 107
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4. 1 Control of Beam Phase

Measurement of acceleration phase

« Good isochronous field (within 5 deg.)
* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing
the RF by Af/.
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4. 1 Control of Beam Phase

Measurement of acceleration phase

« Good isochronous field (within 5 deg.)
* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing
the RF by Af/.
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4. 1 Control of Beam Phase

Measurement of acceleration phase

« Good isochronous field (within 5 deg.)

* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing

the RF by Af/f.

Beam Current (arb. unit)

Energy Gain per Turn (arb.unit)
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4. 1 Control of Beam Phase

Measurement of acceleration phase

« Good isochronous field (within 5 deg.)
* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing
the RF by Af/.
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4. 1 Control of Beam Phase

Measurement of acceleration phase

« Good isochronous field (within 5 deg.)
* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing
the RF by Af/.
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4. 1 Control of Beam Phase

Measurement of acceleration phase

« Good isochronous field (within 5 deg.)
* Negligible voltage distribution along the acceleration gap

Measure the beam current in the cyclotron changing
the RF by Af/.
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4. 1 Control of Beam Phase

R =865 mm —— Original Differential probe

1.25 — Ol R S
= | 10 L —Ongmall i
Gt.) 1L i 2 After tuning
S 2 o8 | i
€075 | - 5
S £ 06 ﬁ A ﬂ -
- O
E o T £ 04 f I )Q i
E +15 deg. — -1 deg. 3
£025t T ; { | ] 02 t | Reduction of energy spread | -
b

0 " REPEE E BE I| " P B B 0.0 PR I T NN T NN T R “ L
5 4 3 -2 -1 0 1 2 3 4 5 0 10 20 30 40 50 60 70
Afffx 107 Deflector Probe Position (mm)

Estimation of beam phase width A&
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h=1 i p=2 \
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4. 1 Control of Beam Phase

R =865 mm —— Original Differential probe

1.25 d v r L —=— After tuning ] : . I : : C; ) II
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Estimation of beam phase width A&
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“Phase compression” ." h =2 )
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4. 2 Magnetic Field Stabilization

Unstable phenomena : Measures

A beam current decreased by half - Cutting off thermal conduction
several hours after magnet excitation . Stabilizing temperature of the

magnet pole and yoke
Trim coill

Magnet yoke

Correlation between the magnetic field
and yoke temperature changes

;6 0 L 9 )
~ 4 Time constant e 0]
0] - o 14 o
= 1=35hours _~~ =
g 33— L e
O ' —

o 2t _~Time constant 2 °
S ,r _ . —
2 e v=33hours | it
GJ wd
g— 0 /. L 0 &
£ 0 10 20 30 40 &
= Time (hours) =
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4. 2 Magnetic Field Stabilization

Thermal msulation plate

10 20 30
Time (hours)
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4. 2 Magnetic Field Stabilization

Unstable phenomena : Measures

A beam current decreased by half - Cutting off thermal conduction
several hours after magnet excitation . Stabilizing temperature of the

magnet pole and yoke
Trim coill

Magnet yoke

Correlation between the magnetic field
and yoke temperature changes
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4. 2 Magnetic Field Stabilization

Magnetic field variation
measured by an NMR probe

Starting up

the cyclotron |AB/B = 1 %10
— —_\ [/

f After
/stabilization

Before |

95 50

Time (hours)

Measures

 Cutting off thermal conduction

» Stabilizing temperature of the
magnet pole and yoke

Trim coill

Magnet yoke

B

A‘-

—

Water-cooled copper plate

Temp. 22 -25°C
28°C (weekend)
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4. 3 Flat-top Acceleration

Flat-top (FT) acceleration using Low power dissipation
5th harmonic frequency Compact resonator
. > : 2 —

Capacitive tuner

Movable short L1 »%

Fundamental

Dee electrode
]‘ (86 deg.) resonator
Inﬂector
Dummy dee
electrode
Flat-top resonator
Dee voltage C5: Coupling electrode

pick up L5: FT movable short
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4. 3 Flat-top Acceleration

Flat-top (FT) acceleration using

Plot 0

5th harmonic frequency
. > . 2

Capacitive tuner

/

& Short L1

= Dee
@ Movable short L1
?SJ St | N | i | Tom | .. | sty |

L
%

Dee electrode  Fundamental
]‘ (86 deg.) resonator
Inflector
Dummy dee
electrode
Flat-top resonator
Dee voltage C5: Coupling electrode
pick up & L5 FT movable short

Resonance frequency

i Coupling C5

FT resonator

Seleet to plat
- shapes # materials . both

e | Anto plot
/| Elements
Display style... | Box
Z
—1 V| Cells
b::nw S e
st | (T
Update | All views
Close Tconify Help...

[Create 3D Plot

[

55-110 MHz

Movable gap range of the
coupling capacitor (C5)

6 -50 mm

Size of the electrode of the
coupling capacitor

130 mm x 150 mm

Movable range of the shorting

250
plate (L5) mm
Inner tube diameter 70 mm
Inside diameter of outer tube 300 mm

Maximum output power of
amplifier

3 KW (50 ohm)
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4. 3 Flat-top Acceleration

Flat-top (FT) acceleration using
5th harmonic frequency

V,i:V pwer=1:1/n?

Capacitive tuner

/

Movable short L1 »%
Dee electrode  Fundamental
(86 deg.) resonator
Inflector
Dummy dee %
electrode
Flat-top resonator
i i —
Dee voltage C5: Coupling electrode | e
pICk " 71; LS FT movable short 500mv €2 7M10.0ns A Chl L 210mv




4. 3 Flat-top Acceleration

Voltage distributions along the dee gap

Optimum voltage ratio at the tip of dee

1.2 30
—e—h=1
1 28 —_—— h = 2 )
—e—h=3
26 |
—_ Lo
s 0.8 2
S = 24 |
o i)
c__S) 0.6 5 22 i
)
> [0}
o S 20 i
o 04 =
) —@— 59.2 MHz g
—l— 80.7 MHz 18 - |
0.2 —€— 95.9 MHz
—A— 105.2 MHz 16 .
0 | | | | 14 | | | | |
200 400 600 800 12 14 16 18 20 22
Frequency (MHz)

Diatance from the Tip of the Dee (mm)

The fifth-harmonic voltage needs to be optimized at each frequency to uniform the overall
energy gain of the beam bunch just before extraction.




4. 3 Flat-top Acceleration

Voltage distributions along the dee gap ~ Optimum voltage ratio at the tip of dee

1.2 30
—e—h=1
11 | 28 | —e—ho| -
—e—h=3
26 | ]
— o
s 08 | i =
S T 24| .
S © Caused by dee
£ 0.6 1 1 & 227 | span angle of 86°
()
- S 20 | |
o 04 | i 3
Q —@— 59.2 MHz 9 v
—l— 80.7 MHz 18 | o= ]
02 | | 959MHz i
—&— 105.2 MHz 16 | .
0 | | | | 14 | |
0 200 400 600 800 1000 10 12 14 16 18 20 22
Frequency (MHz)

Diatance from the Tip of the Dee (mm)

The fifth-harmonic voltage needs to be optimized at each frequency to uniform the overall
energy gain of the beam bunch just before extraction.
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5. Microbeam Irradiation Experiment

FT acceleration of 260 MeV 2°Ne’*
(h=2,17.475 MHz, 32 kV)

1.2

FT OFF | |

AE/E 0.1%

Beam Current (uA)
o o
~ O
|| ||

] ] ] ]
20 30 40 50 60 70
Deflector Probe Position (mm)




5. Microbeam Irradiation Experiment
FT acceleration of 260 MeV 2°Ne’*

(h =2, 17.475 MHz, 32 kV)

0.5

Beam Current (LA)
o o o
N w I

o
—

o

il

U

ﬂ

V

|

U

ﬂ

|

AE/E 0.05%
\

FT ON

20

1
30

I —
40
Deflector Probe Position (mm)

50

1
60

70




5. Microbeam Irradiation Experiment

FT acceleration of 260 MeV 2°Ne’*
(h=2,17.475 MHz, 32 kV)

Targeting accuracy of 0.7 um

0.5 | | | | UREEEE e AF--—-—=—g-------1
_ 04| AE/E 0.05% TONT | | i
< g R
=2 | : i |
£ 031 ﬂ ﬂ ﬂ ” ﬂ . B St
: \ | I R R
= d 1 L : 1
e %2 - R
= e
e u i | : | i :

0.1
V u b RO Rt TR <
O 1 1 N/ 1 5 Mm
20 30 40 50 60 70 S

Deflector Probe Position (mm)

_ ' 5 x 5 Single-ion Hit Pattern
Beam spot size of 0.7 um was formed!  ;, cR-39 fim (after etching)
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5. Microbeam Irradiation Experiment

Cell irradiation experiment in the air.
Microbeam is scattered in the air and a vacuum
window (Si;N,, 200 nmt) layers.

Photomicrograph of HelLa cells Automatic detection of cell
dyed by CellTracker Orange positions
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5. Microbeam Irradiation Experiment

Cell irradiation experiment in the air.
Microbeam is scattered in the air and a vacuum
window (Si;N,, 200 nmt) layers.

"nl o~
‘\ . . s

) - ~ « ¥ -
e - 4 i , . {

10 ion hits/cell

Photom _== _ on of cell
dyed by 2 HM Beam size =2 to 3 um

- ot b
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6. Quick Change of lon Species

It takes about 8 h to form the microbeam. It is
difficult to change the microbeam in a beam time.

Cocktail beam acceleration technique was
Introduced to quickly change the ion species.
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6. Quick Change of lon Species

Mass (u)  M/Q

LET in water
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Magnetic rigidities of the ion species are identical; therefore, lens
parameters of the beam transport line need not to be changed.
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6. Quick Change of lon Species

LET in water
I M M/ MIOY(M/ RF (MHz
on ass (u) Q AM Q)M IQ) (MHz) (keV/um)
N NE 14.0031 2.80007  _1.942%107> 17.8210 186.6
20Ne™ 199924 285551 0 17.4750 387.2
WAL 309624 2.85391 —5.603%107* 17.4848 1143
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m 50 - | '_ g L S
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The microbeam was successfully changed in half an hour
without deteriorating the beam spot size, as a result.
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7. Summary

€ The acceleration phase was easily controlled, and the beam
phase width was effectively narrowed to about 5 deg. by phase
compression in the central region (h = 2).

€ The magnetic field was highly stabilized to AB/B = 1 X 10 by
keeping the temperature of the magnet yoke constant.

€ The energy spread of the beam was reduced to AE/E = 0.05%
by the FT acceleration.

€ Microbeam with a spot size less than 1 um was formed and
single-ion hit irradiation was successfully carried out.

€ lon species of the microbeam was quickly changed by the
cocktail beam acceleration in half an hour.
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