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I. RIKEN Radioactive Ion Beam Facility

Two 28GHz SC-ECRISs

RRC fRC

28GHz RILAC? 18.25 MHz 54.75 MHz

IRC
25
SC-ECRIS 355 MHz -

36.5 MHz

-y

320 AMeY 4He !
36.5 MHz 1000, ee.ﬂ(‘

1w fixed-energy mode
pii® I

8 GHz
SC-ECRIS_

r’._.."’|
o’
Ty

-

I's

0.6 kW
(T3~ GARIS3

~_ E. 10 Hf-gﬁ sn;irﬂptrf Be-disk

RILAC(3MeV/u) SRILAC(+4 MeV/u) s - stripper  fRC wpgrade |
SCECRIS with 28-GHz : |
1 heating @ RILAC2 @ Variable energy mode

(H)RIKEN RIBF (P ------ U) SC-ECRIS with 18-GHz heating ¢ Fixed energy mode

s.CHz  @RILAC (test operation) Y AVF injection mode

s
2009~2018,U beam (X100) e ECHIBRIAC

2008 2009 2010 2011 2012 2013 2014 2015 2006 2017 2018 :uw'zm i
(year)

N. Fukunishi, JPASJ 17 (2020)236

g’gmi Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)



N I1. Synthesis of Super-heavy elements

Two 28GHz SC-ECRISs

RRC fRC IRC 36.5 MHz
28GHz RILAC? 1%;@14: 54.75 MHz SE.SMHZ

SC-ECRIS 365 MHz

"\ BIigRIPS

8 GHz
SC-ECRIS_

Lt
RILAC(3MeV/u) SRILLC(+4 Heviu)

Metallic ion beam || ( Ti, V, Cr.....)

(I)Synthesizing new elements(Z=119,120....)

48Calo* for RIKEN RIBF
SOTq3+ SIVI3* ete for synthesis of super-heavy elements

yﬁgé Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)



NS I1. Synthesis of Super-heavy elements

Two 28GHz SC-ECRISs

RRC fRC IRC 36.5 MHz
28GHz RILAC? 1%;@14: 54.75 MHz SE.SMHZ

SC-ECRIS 365 MHz

BigRIPS

8 GHz
SC-ECRIS_

Lt
RILAC(3MeV/u) SRILLC(+4 Heviu)

g [16]

Metallic ion beam || ( Ti, V, Cr.....)

(I)Synthesizing new elements(Z=119,120....)

48Calo* for RIKEN RIBF
SOTq3+ SIVI3* ete for synthesis of super-heavy elements

Ww+Mcm g B

side — En:-::l:u-:l
' a0 L T

V+Cm—Z=119(Super
heavy element)

Small production cross
section

—==1 Need intense beam

Eex [MeY]
M. Tanaka et al, JPSJ 91, 084201(2022)

yﬁgé Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)




Brief history ( time revolution of beam intensity)
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Brief history ( time revolution of beam intensity)
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A Upgrade plan (increase of the beam intensity)
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28GHz SC-ECRIS
U35 ion beam : >300emA

The beam intensity of upgrade plan is 2pmA of U 1on beam on target. To
obtain this bema intensity, we need to produce at least 300 emA of U>*ion
beam from the ion source.

0. Kamigaito et al, Cylotron 2019, Cape Town, South Africa, MOBO01
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For production of the V and U vapour, we used the high temperature oven. To obtain enough temperature for
evaporating the materials, the detailed simulation was carefully done and successfully obtained high enough
temperature to produce the vapour.
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Crucible (High temperature oven)

Old crucible New crucible

LB43 LB691

Old crucible : J. Ohnishi et al, Rev. Sci.
Instrum. 87, 02A709 (2016)

New crucible: J. Ohnishi et al, in the
proceedings of ECRIS2018

For long term operation, we fabricated
new crucible, which has almost two
times larger volume than the old one.
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Crucible (High temperature oven)
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Consumption rate

Beam intensity as a function of
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Beam intensity of highly charged U 1ons as a function of microwave power
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Charge state distribution
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Time evolution of the U3>* ion beam intensity

-
E n He-gas stripper / Be-disk
e stripper | fRC upgrade
BB with 28GH _ |
1 heating @ RILAC2 @ Variable energy mode -
SC-ECRIS with 18-GHz heating # Fixed energy mode
gl @RILAC (test operation) Y AVF injection mode
| ECRISGRIAC | il
, (.;ng ‘;lﬂi 2009 2010 2011 2012 2013 2014 2015 2006 2017 2018 2019 200 2020
(year)

2021

ﬁg& Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)



Time evolution of the U3>* ion beam intensity
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Time evolution of the U3>* ion beam intensity
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Emittance vs. microwave power
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It seems that the no relevance
between the emittance and
the microwave power

nnnnnn



NISHINA Emittance
CENTER

Emittance vs. microwave power
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larger with increasing the
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(space charge effect?)
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Space charge effect
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Space charge effect
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Y. K. Batygin, NIMA 539, 455 (2005).

Ion source emittance

U35+

To obtain more accurate
value, we need the
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lower extraction current
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Space charge effect

Eeff— \/8 + K(I (ﬁ)/)) geff_\/;\-l_ CIext extraction current

Y. K. Batygin, NIMA 539, 455 (2005).

U35+
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Space charge effect
U35t emittance <0.1 p mm mrad ?
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Test experiments (Xe?*) for lower

Beam intensity of Xe?** ~30emA
0.2

Ion source emittance | 136Ke20+

e
i
(7

=
=

To obtain more accurate
value, we need the
measured emittance at
lower extraction current 003,
Text(mA)

To obtain smaller emittance, we need lower
extraction current
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C R

E

— — 0T

N

Existence of plasma potential dip

Plasma potential
Ili'inj Beer Br  Bpin Bext . — o -
| Vo / f oz
E. '|I \ ! I| l'\__IH
. 7 - .
\ / . il
Microwave sep | L,...—‘.L\ o _ ' g
S . J} 8
Cing m—p = o -
A II"' Fxirachon elecirode _. —

& Plisirris chisridar Solenodd coils }ﬁd p—— I’|:|-|'|I..-| clectrode L

mezNeEezy <
L) CodoSo oo o
010 -
= A ey wuse g
= . oo0s rru-l]
= E .
8 Eoos- [
o = J 1
-~ Eﬂuq- |
< E r L
[+ | 1
é 0.02 . P Ty
g B
=~ r’
Q_‘ ﬂ' T T T T | E—
3 2 -1 0 1 2 3

Physics of Particles and Nuclei Letters, 2021, Vol. 18, No. 3, pp. 370-377
V. Mironov et al.,

@gé Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)



Ion trap
qV (charge state x potential dip)
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Reduction of extraction beam current ( smaller emittance)
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Extraction beam is mainly O 1ons ( lower charge state)
We may reduce the extraction beam using smaller extraction hole

1 | Extraction hole ( 10 mm in diameter)
E 400 F 1
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Extraction beam is mainly O 1ons ( lower charge state)
We may reduce the extraction beam using smaller extraction hole

| Extraction hole ( 10 mm in diameter)

E 400
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E

Extraction beam is mainly O 1ons ( lower charge state)
We may reduce the extraction beam using smaller extraction hole

A | Extraction hole ( 10 mm in diameter)
~ 400 .
3 .
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z |
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= 200f
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Analyzing magnet current(A) S¥ Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)



E

Extraction beam is mainly O 1ons ( lower charge state)

We may reduce the extraction beam using smaller extraction hole

Beam intensity (epA)

| Extraction hole ( 10 mm in diameter)

B

o

=
T

2001

' /I O 1ons ‘ (2+~5+) Larger beam size

' /I U 1ons ‘ (31+~40+) Smaller beam size

DIII..III.H;DI
Analyzing magnet current(A)

If we use smaller extraction hole, the total
extraction current may be reduced while
keeping the beam intensity of U3>*
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High performance ECR ion sources development at RIKEN and their
AR impact to heavy ion accelerators.

T. Nakagawa (Nishina center for accelerator based science, RIKEN)

SRC
RRC fRC IRC 36.5 MHz
28GHz  RILAC2 1&3.; l\_ﬂl—l‘z+ 54.75 MHz 36.5MH2

SC-ECRIS 365 MHz

"\ BigRIPS

oy

‘T3~ GARIS3
S’
RILAC(3MeV/u) SRILAC(+4 MeV/u)

GM-JT refrigirator
Solenoid coils
Hexapole magnet

Dielectric coupler GM refrigirators

Mode filter ¢ preak

| Beam extraction
electrode

4. Production of V ion beam(SHE) s e
1. Beam intensity(consumption rate) A
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Consumption rate of V and Ti1 ( High temperature oven)

Y2O3 To obtain metal vapor (Ti and V), we used the
inner Crucible High temp. oven. To avoid the chemical reaction
between the crucible and material (Ti and V), we
used theY,O; inner crucible.

Vanadium

10

oTi The  consumption rate  increases
oV exponentially with increasing the oven
7 ‘ power. The consumption rate of Ti is

much higher than that for V. it is due to
the difference of the melting point.

‘/ / Melting point of Ti: ~1670 K
Melting point of V: ~1940 K

o0

dM/dt (mg/cm2/h)
AN (@)
\

2
0
500 600 700 800 900
Power (W)
J. Ohnishi et al, ECRIS2018, Catania, Italy, WEB4 ‘9:‘9
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V13" intensity(consumption rate vs. microwave power)
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T. Nagatomo et al, RSI 91, 023318(2020)
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V13" intensity(consumption rate vs. microwave power)

3.0

Microwave power (kW)

2.0+

1.0 4

10 , 20)
Consumption (mg/h)

T. Nagatomo et al, RSI 91, 023318(2020)
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Beam intensity(epA)

Many combinations of microwave power
and material consumption rate to produce
same beam intensity
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V13" intensity(consumption rate vs. microwave power)

3.0 600
— 500 Many combinations of microwave power
500 —_ . .
E <  and material consumption rate to produce
20 400 &)3; same beam intensity
2 400 ey
n
2. 3 5 Microwave power :~2.4 kW
% | 200 B k= Consumption rate: ~4 mg/h
S 200 =
S 10l S Microwave power :~1.4 kW
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| |
0

10 . 20
Consumption (mg/h)
T. Nagatomo et al, RSI 91, 023318(2020) &K Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)
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V13" intensity(consumption rate vs. microwave power)

Double oven system ( metal V: 4 gr max)

/ One month operation without break
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— 500 Many combinations of microwave power
500 —_ . .

E <  and material consumption rate to produce
20 400 @j; same beam intensity
2 400 2
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V13*ion beam — microwave power dependence, charge distribution-

150 | The beam intensity linearly increases
V13+ 1 with increasing the microwave power
i 1< 10001 | up to ~3.5 kW. It should be stressed that
B 1000 ) @ the beam intensity is not saturated at
2 I = | highest power. Therefore we have
E 18 _ Vit | possibility to obtain higher beam
= I 12 500l  viar | N3+ +Vil+ intensity at higher power.
g 500 1E 1 ]
R i 14 I Vv1o+ N2+ We do not find strong peak of highly
| L N4+ Vor v+ | charged N ions in the spectrum to
I /JW J\‘ 1 produce ~ImA of VI3*
0 . - 0 L
2000 3000 50 70
Injected microwave power (W) Analyzing magnet current(A)
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Zn 1on beam(Nh production) vs.V13+ beam (Z=119 production)

7OZn15+,16+ ~50emA
~3pmA

Nh 19(+19, -10)fb (~150day/counts)
K. Morita NP A944 (2015)30
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Zn 1on beam(Nh production) vs.V13+ beam (Z=119 production)

07Zn15H160 .50emA Syt ~1emA
~3pmA ~T5SpmA

The beam intensity of V!3*ions is

Nh 19(+19, -10)fb (~150day/ t = ?
T e ycounts) Z=119° 7 days/ counts over 20 times higher than that of

K. Morita NP A944 (2015)30
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High performance ECR ion sources development at RIKEN and their
AR impact to heavy ion accelerators.

T. Nakagawa (Nishina center for accelerator based science, RIKEN)
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8cHz  RILAG2 1:3;1\_;1534 5475MHz 365 MHz
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GM-JT refrigirator
Solenoid coils
Hexapole magnet

Dielectric coupler GM refrigirators

Mode filter ¢ preak

| Beam extraction
electrode

4. Production of V ion beam(SHE) Gooron2s6ite

Mode converter  Vacuum window
Plasma chmaber,| Solenoid coil

2. Emittance and emittance slit
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A Low Energy Beam Transport (LEBT) (I)

RILAC upgrade |

] l ~2017 I

'!ll.-- o ”I. o
Metallic ions to RRC

2019~ SHE
E: 6.5 MeV/u for M/q=5

7.5 MeV/u for M/q=4
28GHz SC-ECRIS
+ LEBT 12 MeV/:rforM/q‘Z

aen

) Intense metallic
ion beams to RRC
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S/NISHINA Emittance Slit
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Beam trajectory -
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For safe operation of intense beam for long term, it is .o SL2 =% 7 mm
important to minimize the beam loss in the - SL3 =£10 mm

accelerators. Therefore, we installed the emittance
slits at the beam focus point (F1) which can cut off

) T. Nagatomo et al, RSI 91, 023318(2020)
the beam in the phase spaces (x-x’ and y-y’)
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High performance ECR ion sources development at RIKEN and their
impact to heavy ion accelerators.

T. Nakagawa (Nishina center for accelerator based science, RIKEN)

SRC
RRC fRC IRC 36.5 MHz

8cHz  RILAG2 1:3;5_;15‘:* 5475MHz 365 MHz
SC-ECRIS 365 MHz

"\ BigRIPS
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‘T3~ GARIS3
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RILAC(3MeV/u) SRILAC(+4 MeV/u)

GM-JT refrigirator
Solenoid coils

Dielectric coupler GM refrigirators

Hexapole magnet

Mode filter ¢ preak

_Gyrolron(ZSGiiz)
Mode converter  Vacuum window
Plasma chmaber,| Solenoid coil

5. Conclusion and Next step
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Conclusions and Next step

1. Pro.du.ct.ion of intense U E}nd V ion beam with Charge state I (enA) Microwave | Consumption
optimizing the consumption rate of the power (W) | rate (mg/h)
material (metal vapor) 13 346 3240 129

33+
; gsm ;(S)OGHAA 35 250 3170 10.9
: ~20em
3. The beam intensity of U3*(28GHz SC- 42 62.6 3000 4.74
ECRIS) is about 100 times higher than 46 36.2 2990 2.68
that with 18GHz RIKEN ECRIS >0 20.1 2980 1.48
4. SIVB*f~lemA 54 10.4 3000 0.78

5. The beam intensity of V13" ions is over

20 times higher than that of Zn ion beam

used to produce Nh (Z=113)
2. It is not so difficult to produce 300emA of U3>* at present stage. The problem is that we need to install
large amount of material in the plasma chamber ( 3or 4 oven system ?)
3. It seems that emittance size is affected by the space charge effect, especially extracted beam of the ion
source
To reduce the emittance size, it 1s essential to reduce the extraction current.
Use of smaller extraction hole

NSH‘Q‘?NA Cyclotron 2022 (Dec. 5-9, 2022, Beijing, China)
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