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A 1. Introduction
R

RIKEN RI-BEAM FACTORY
Mission : Expand the availability of heavier RIB

Beams: Wide Mass Range from deuteron to uranium
Primary Beam Energy < 345 MeV/u
High Beam Current 1 particle yA(c.w.)

RRC since 1986

Vol

RIBF since 2006
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A 1. Introduction
R

RIKEN RI-BEAM FACTORY
Mission : Expand the availability of heavier RIB

RILAC a, Ca, Zn

Beams: Wide Mass Range from deuteron to uranium
Primary Beam Energy < 345 MeV/u
High Beam Current 1 particle yA(c.w.)

RILAC2 (-2012) Kr,Xe, U

o?'\\/
7 ™ :

RRC since 1986
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1. Introduction

RIKEN RI-BEAM FACTORY
Mission : Expand the availability of heavier RIB

Beams: 180 230, 250,294,345 MeV/u

160 300 MeV/u
4N, 12C_250 I\/IeV/u i

Physics experiments requiring high precision with
| nolarized deuteron beams have been performed.
13/SEP/2016 Cyclotrons16 @ Zurich
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A 1. Introduction
R

Deuteron-Proton Scattering at RIKEN RIBF (Sekiguchi et al.)

Good probe to study the dynamical aspects of 3NFs. dp @ 190 \/[ev/nuclegn

d +nucleon
elastic scattering |

d,a
dQ

() Direct Comparison between Theory and Experiment 0.0

() Extract information of 3NFs
[mb /sr] g
0.2

v’ Momentum & Spin dependence 70 MeV/A

' —0.4f
v’ Iso-spin dependence : only T=1/2 107 F 4 9 ) )/ :

Cross Section and Spin Observables

B 82 o.o:
ek ,1411,420,422,12] | 0.2
mmmmm NN (CDBonn, AV18, Nijm LI - pad
s TM'(99) 3NF + i 06|
NN(CD Bonn, AV18, Nijm L,II) aZha: - % il | |
i 55 N 0 50 100 150 0 50 100 150
Urbana IX 3NF+AV18 6. . [deg] 0. Taea] 6L Ak

Spin observables of dp elastic scattering have measured at RIBF
with deuteron energies of 190, 250, 300 MeV/u
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A 1. Introduction
R

Deuteron-Proton Scattering at RIKEN RIBF (Sekiguchi et al.)

a good probe to study the dynamical aspects of 3NFs. i 5 dp @ 190 MeV/nucleon

0.0

—0.2

longitudinal directions and some azimuthal angles in
horizontal plane.

—0.4f
v' Iso-spin dependence : onl :

=1/2

Cross Section and SpirfObservables g

—0.2}

mmmmm NN (CDBonn, AV18, Nijm LII) B

s TM'(99) 3NF +
NN(CD Bonn, AV18, Nijm LII)
=== Urbana IX 3NF+AV18
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Spin observables of dp elastic scattering have measured at F
with deuteron energies of 190, 250, 300 MeV/u
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| TI E AR 1. Introduction
Polarized Deuteron Source From the
e\/ector and tensor polarized deuteron beams provided by RIKEN PIS ‘ECR o
eSpin rotation by a Wien filter prior to acceleration Wifﬂ Filter y5 F j\ =
—The size of the magnet for spin rotation is very compact. : KQ‘ AN R e
£ & Y () 04 I~ , ¥
Accelerators and a spin-rotator ;. )\ l : L ; ;
: _ U Y 0.2 | —
eCyclotron cascade of AVF, RRC and SRC - RN die \/\xf IEES E
. LR % i) S Q) 00
D-v << e _ _
PlS _ “‘ \2a A O iﬂl j_HV 2;(;0' 553 '2510' s '3(10' it '3570':
I Rebuncher H=hH e Owr(P) Wien Filter Angle ¢ (deg.
BC clotron
Spin-Rotator ZXf is 2xf "ﬁ’ T fYI ;
Pre-Rebuncher == . = H=5 >t ‘ - ‘ | Y

RFT fr : /‘.( ’\* RF2 ZFTrf S :
L V. : -
il ('(‘l» D 2xfrf 0\'> v %“ e \ = K\\F‘ 2
fre RF L § Y 4 Senat , BESEEES g\l%
) get Single-Turn Extraction -
AVF = RRC CHZTargé RC fhsass x
Cl s DPOL Y 4

Single-Turn Monitor \

Beam Dump
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1. Introduction

Setup of accelerators and monitors

Polarized Deuteron Source

e\/ector and tensor polarized deuteron beams provided by RIKEN PIS

eSpin rotation by a Wien filter prior to acceleration

—The size of the magnet for spin rotation is very compact.

Accelerators and a spin-rotator
eCyclotron cascade of AVF, RRC and SRC

e[ he cyclotron magnetic field causes precession of the deuteron spin
resulting in a deviation between its spin orientation and the beam

propagation direction.

PIS
|

Pre-Rebuncher =

Spin-Rotator

Rl frf |
L BB
H=2 7

AVF .

13/SEP/2016

vaevi
\ X
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From the
ECR ionizer

Wien Filter

I T T T T
e
Qf 0.4

L P N
A Q ‘ \ B Vector polarization on the target

Pole length 275 mm

4/’X 0.22—\
“EF_/;:::> = . ;

' I\
+HV&> % "HV R
O 9 (ﬁg) 200

250

300 350

i | Wien Filter Angle 6, (deg.)

" P T Eidotm
ey, (2oL

CH» Target Single-Turn Extraction
4|

oL || Strict single-turn extraction for each cyclotron is
required. Requested turn purity is >99%.
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‘-\XCID\IIZ | TIENE AR 2. Polarized lon Source and Cyclotrons
RIKEN POLARIZED ION SOURCE
The RIKEN atomic-beam-type polarized ion source (PIS) D‘SS°°‘a*°f\ e
is a copy of one developed at TUNL*, modified at IUCF**. L /\
*T.B.Clegg,AlPConf.Proc.187(1989)p1227. **V .P. Derenchuk et al., AIP Conf. Proc. 343(1995)p72. “Gspr
1. Dissociation \@

Skimmer ——

o 2 TMP
k/¥/ Sextupole

2 Magnet #1

D2 gas Is dissociated, cooled by cold nozzle and formed
iINnto atomic beam. Strong Field

! ! RF Transitions
2.Selection of electron spin
Electron spin of deuterium atoms is selected by

Sextupole

2” Magnet #2

)—

R Y
@)

N> N\

__ _=,_
! I|I
Sl

3. RF Transition Tew et
RF transition apparatus tlips the deuteron spins using eyrox chamber IR S
Stern-Gerlach separation magnets. ECH lonizeg 7:/ e
4. lonization dumnlignes | ém:gt;%ﬁm\ :
Spin-selected deuterium atoms are ionized by the 2.45 e <,/£ el
GHz ECR ionizer. ot @ IS :
Beam intensity 30 pA (< 100 pA), Polarization 80% cncocsatc_—| | gt | |
5. Spin-rotation =
The orientation of the deuteron spin can be tilted and
rotated to any direction by Wien filter. Wien Filter -
xB Spin Rotator i
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2. Polarized lon Source and Cyclotrons

SPECIFICATION OF MAGNETS OF CYCLOTRONS

SRC

K-number(MeV)
Number of Sectors
Sector Angle
Maximum Magnetic Field
Rinj/Rext

13/SEP/2016

AVF RRC

70 540
4(spiral) 4
50 deg. 50 deg.
17T 1.55T
Inflector/0.712 0.89/3.56

Cyclotrons16 @ Zurich

25 deg.
3.8 T

3.56/5.36
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2. Polarized lon Source and Cyclotrons

A
SPECIFICATION OF RF SYSTEM OF CYCLOTRONS

| K E
SK/NisH
4 -c N—F

I_I_l_

RF Resonators 2 (Double gap) 2 (Double gap) 4+FT (Single gap)
Dee Angle 85 23.5 -
Frequency 12-24 MHz 18-40 MHz 18-38.2 MHz

Harmonic Number 2 5 S
Operation Frequency fre 2Xfrs 2Xfrs

13/SEP/2016 Cyclotrons16 @ Zurich 7/16
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yN- JH NA 3. Beam Tuning
4 C ER

|
N T
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Tuning of Cyclotrons,g T Fital sk esracto toogh BBy _
AVF=RRC=SRC ; - -

1.Injection (Main radial probe)
2.Tuning of isochronous field (Phase probe)
Tuning of RF voltage and phase

958 Xlw om . ]
(Differentia radial probe) i ’ ﬂ \
3.Centering acceleration ifi, Radial probe JUM Mw

i —

e =
Beams f H\Differential Probhe i

Beam Density [a.u.]

N o v " UUEUUY TUN | '
4. Betatron oscillation control \ BECICIEEEIES ' Example of beam turn pattern
5' EXtraCtlon PlS 0.5 mm 3T = Radiallsl?c())be Positiof?l(’)nm] s
I Rebuncher H:5 17Nov2014
Spin-Rotator fo 25 f "@
Pre-Rebuncher == f . = Ak ‘ ,_)‘

RFT fr'

,«f

FT I
y==

. A
H=2 @d : %‘
frf SN ¢ e
AVF %, i SRC CHBTigs)Ft’OL
C21 \ DPOL > Target ’ \

Single-Turn Monitor
Beam Dump

Elaborate tuning was made recursively until a good turn separation was obtained.
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NA 3. Beam Tuning
4=

: Tuning (AVF)

Radial Probe Graph — - - - ‘ T
— _WmT—

B 2015/05/10 23:45:43|

Radial Probe Graph o
: DISP | MEASURE MODE RiNo. 1 I\\_/ ( \
Radial Probe Nam...l rp:A_MDP

— m—

@ rp:A_MDP:scan_ai0.VAL START [
VERTICAL MODE HORIZONTAL_POSITION @ rp:A_MDP:scan_ail. VAL
- ol e END I Save Hold

AUTO SCALE v | |DEFAULT POSITION |w| O rpA_MDPscan_ai2.VAL

o rp:A_MDPiscan_ai3. VAL DIFFERENCE I

0.0mm 500.0mm

\ =
\\ " Inflector
ALTO SCALE ; im | ; | i | i | ; | ; | P‘Sitifl PS"IIIZ s P

RF1 Tre

Radial probe

=]
) SU7LFa—T

Phase slit

RF No.2

II&IIQIUI@I{*IW IIIII-IIIIIIIIIIIIIIII IIIIIIIIIIII II IIMWWWIIIW |

I | I | I L I | I

~ ' Phaseslit cuts the longitudinal emittance at theinjection.
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REEKEEN .
NiSHINA 3. Beam Tuning
CrEN-T-ER

['uning (RRC)
Radial Probe Graph
Radial Probe Graph
[ ] MEASURE MODE
-MDP R —  STA [3139.0
HO - R ~ mp Ba6l4 | Sawe | | Hold || [Release
| [ma [~] :: b £ paza
0000000000000000000000000000000000000000
LSW
999999 | t | [ [ [ [ [ | | | | | | [ [ [ [ [ [ i | | | ‘] [ [ [ [ [
ZXfr-f

bt b b o

0000000000000000000000000000000000000000

It is unclear the turn separation at the extraction region is enough or not.
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3. Beam Tuning

ccccc Deflected beam

r
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3. Beam Tuning

ccccc Deflected beam
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‘-\%CN 'NKTiE ZAR 3. Beam Tuning
Single-Turn (AVF)

I—I—‘_

Single-Turn Extraction:
Beam bunches are extracted passing through EDC with a certain turn number N of orbital motion.

:Single-turn

TO = 1/fbeam

0
)

|
|
| NG X QT() A
|

> 1
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L-\XCN 'NK TIENZAR 3. Beam Tuning
Single-Turn (AVF)

I_I_l_

Single-Turn Extraction:
Beam bunches are extracted passing through EDC with a certain turn number N of orbital motion.

2 X 1g :Delay

0
0

| N x 21
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L-\XCN 'NK TIENZAR 3. Beam Tuning
Single-Turn (AVF)

I—I—I_

Single-Turn Extraction:

Beam bunches are extracted passing through EDC with a certain turn number N of orbital motion.

p—
N

EDC s

c) Extracted beams partly advanced by 1 turn

| VI 2

> 1
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3. Beam Tuning

Single-Turn (AVF)

Single-Turn Extraction:

Beam bunches are extracted passing through EDC with a certain turn number N of orbital motion.

Tuning is made by observing chopped bunch time structure of the extracted beams.

|

a) Chopped beams before injection

]

—
——
—_—

Ché)pedbunches y a fast electrostatic choer

b) Extracted beam bunch partly delayed by 1 turn

1 Wt oMydeiaved | ||

> 1

) Extracted beams partly advanced by 1 turn

N-2{((( H=2 |

N-1 21X T() :Advance >(
W

|

W

K K 3 ‘ | 2xTp advanced :H_ ‘ K

A A

> 1

-

C > N-1

13/SEP/2016 Cyclotrons16 @ Zurich
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' TIE NAR 3. Beam Tuning

: Single-Turn (AVF)

|_|_| —.w

EXN

Single-Turn Extraction:
Beam bunches are extracted passing through EDC with a certain turn number N of orbital motion.
Tuning is made by observing chopped bunch time structure of the extracted beams.
Single-turn can be confirmed by observing the second bunch from the tail and top bunch.

a) Chopped beams before injection  *Rise time of the chopper: 15 ns

fEme=ee

Ea—

Leor i Cfgpedbunches y a fast electrostatic choer" " W

> 1

100F

b) Extracted beam bunch partly delayed by 1 turn

BERN ﬂ: 2xlo delayed |

LW W o L ‘MM

) Extracted beams partly advanced by 1 turn

AN s WL | [ ] ‘ | 2xToadvanced ] l |

0 SErEemwa 500 e ' 1@@@ EEEE "1560' LW W W N
TOF (channel)

e

13/SEP/2016 Cyclotrons16 @ Zurich 13/16
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A 3. Beam Tuning
R

Single-Turn (RRC, SRC)

/\
H TO e 1/fbeam
@ = -

O O
EDC N N

RRC

There is no bunch at adjacent turn.
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o IE NA 3. Beam Tuning
N
Single-Turn (RRC)
RRC ‘
Mixing rate was 1.8%
N k—sd
EDC ’I-\I\ N-1 _ ’I\T N
s TOF -
= _ = CURSOR VALUE
9 1 = 1 12sd 3
= el 12 1360 0
3 - 1SUM 156090 (395.08)
CE i3 o968 0
10° _ 1 ‘ n — 4 1064 0
B | | 1SUM 2812  (53.028)

3 4 1 2
0.0 0.5 1.0 1.5 20
X10°

i Mixing rate 1 s 80/ O
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L IE NA 3. Beam Tuning
N'T E R
Single-Turn (SRC)
@ Mixing rate was reduced to 0.4%
o >
EDC N N
TOF TOF
10° | 10° |
Vil ES - Tk G 1k 27
©  CURSOR VALUE C .05 1) ?  CURSOR VALUE
10° = —§ 1 1284 3 Tunlng 107 §_ i i _§ 1 1264 0
w0  AaRStan : * o [ iz | 1ge8 0
3 2 1SUM 156090 (395.08) E B i | " i 1SUM 42606 (206.41)
10° i B — 10° : IR —
: 1 13 968 0 § {1 | 13 968 0
10° ‘ n < 4 1064 0 10° | = 4 1056 0
Tk | 1SUM 2812  (53.028) g ‘ | | (1 [ iSUM 168  (12.961)
0.0 0.5 1.0 2.0 0.0 0.5 1.0 1.5 2.0

X10° X10°

Channel M|X|ng Sa 1 . 80/0 Eer MIXlng rate O » 40/0
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‘-\%(IJ\I INIEITIENZ'AF% 3. Beam Tuning
Single-Turn (SRC)

m_

E4(MeV/u) 190 250 300
foeam (MHZ) 12.3 13.7 14.5
Vace (KV/turn) 1403 1482 1461
ARext (Mm) 76 55 4.3
Mixed rate <0.1% <0.5% <0.1%
8 S A T s N T 0 6 I R B 23 0% SR, 3 5 S 08 0 i T Apr2009 0 i 0 O [ S Feb2012
10 AR | el | L1 el | [ R | [ T | | P E| | | o T 1 | I Je 1 1 | LR | | T K | 1l |E 106 ?I_I [ | | ) | 1 h | == | JE P | I |_|§
104 — £ -
10° 100 & =
103 — : :
10% - - 104 —
- e iEm - =
1% g 103 isassecccseecce ’. .......... tocecccccccellleccccccccchoshoces afeceees g ..}.(.). ..... SRR S coscesesceseitescece g...I.O.S.. i esssissassrostociadiilisotostasiosirdestcs ik tivetantrhs L.E 1%
o AT EHEE T E
0.1% 107 ‘;-"- """""" | b el e "'-‘-;" ----- - 9"‘?’" sl e s e '-'-'Ti'-'-'-mﬁ' =Lt CTRYT  mmtdatrye -'-'-'-'-_;' 0.1%
: - 3 100 = - -
: I | | | L | I I | | | - I: 10_1 ?I | | I I | | I | | ] | | I I | | I IE E| I | | | I | | I | | I I | | I I | L 11 |E
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500 0 250 500 7750 1000 1250 1500
TDC,, [channel] TDC,, [channel] TDC, [channel]
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A 3. Beam Tuning
R

Purity of Single-Turn (SRC)

Obtained turn purity was >> 99%.(=satisfy the requirement!)
Single-turn operation was stable so that extracted turn was successfully
maintained during the experiments for a couple of days.

Mixed rate

= NN N 111 =
0 200 500 7750 1000 1250 1500 0 250 500 750 1000 1250 1500 0 250 500 7750 1000 1250 1500
TDC,, [channel] TDC,, [channel] TDC, [channel]
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SUMMARY

0 Versatility of primary beams is one of the advantages ot RIBF.

O Polarized deuteron beams with energies of 190, 250, 300 MeV/u have been provided to

physics experiments requiring high precision.

JSince spin rotation was made prior to the acceleration by cyclotrons:

Spin control is realized by very compact system. (Pro)

Single -turn extraction operation is crucial for all the cyclotrons of AV

:{

sliFmn

1O Single-turn monitor system measured their purity of extracted turns instantly.

36 (Con)

O Single-turn operation was feasible for these series of experiments even with an energy of

190 MeV/u which was below the lower limit of the designed magnetic tield of the SRC.

1 The purity of the single-turn was satisfactory (>>99%) and the accelerators were

stable enough to perform the experiments.
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ELECTROSTATIC BEAM CHOPPER
DRIBEN BY FAST SWICH

Two trans-coupled type.

Switching Module N HVO‘SSOV
Voltag.e.:O—5OOV(3C) AL L e———
Repetition rate <1 MHz =
Rise time 15 ns -t % % H :
Duration time 100-250 ns. : Delayed pulse ' Z 200k
AVF | / 200%
SG | puise |
—p generator Trans-coupled swilch -s. A s dés
20 n§ =N
30 ns : \ -
g | SEH
Leading pulse .
! ]
H .v_79_99_~.___'%”
N. Inabe et al., RIKEN Accel. Prog. Rep. 28(1995)p160.
13/SEP/2016
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3. Single—Turn Extraction

Single-Turn Monitor (SRC)

106 _'_""""'i""""""_'_ 1()6 SaaERml ""i"" RiEEE S
81.3ns(1/12.6 M - . et
~ iz FWHM 0.75 ns | :
| - 10° &= : —
FWHM 0.95 ns = | i | =
iR | - I 3
- ; | i
104 i 104 \ | | —=
) 7)) = ' | | =
E = : : i : -
. { B3 | : {sEs=s
O 8 = | | | =
= | . | =
10< G5 10° L : § : —
M:lm ’ le
2 | ! | g}

| i |
i 101 = | | I ~=
= | : | =
= | ' | =
100 ||||‘||| |||‘||||‘i|||| _|||:|‘||||‘||||‘|||| =

0 250 500 750 1000 1250 1500 ~1000 —500 0 500 1000
TDC, [channel] TDC,—TDC, [channel]
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