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® High Charge State lon Sources
® Intense HCI Beams Production with
SECRAL

— ~emA HCI beams
— Metallic ion beams

— Beam quality

@ SECRAL I
® Scope of 4th G. ECRIS




@iﬁf HCI Sources

Heavy ion Linac inquires ion sources of highly
charged ions and intense beams

@ E~Q for linac

lon Source_, * Higher power

[ o+ Eq « Simpler acceleration strategy

( Q ) Beam quality, reliability, availability...

Developing intense highly charged ion source is both
performance-effective and cost-effective.
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c%? HCI Sources

Gas Superconducting solenoid

Min-B Magnet

Electron Electron
‘ collector repeller

H T I HCl beams
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e s . —
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Drift tubes I - s |
Electron Plasma
gun ‘ ‘ Electron T Electrode
beam L

Electron Beam lon Source
C*=3.36 X 10" |_LE,

ECRH Plasma

Chamber

Electron Cyclotron
- Easily produces high intensity low duty factor Resonance lon Source
HCI beams 1 n?qgeV )
* Very high charge state ions (from EBITs): Iji=—-— p — < W,
v SuperEBIT (LLNL)=>~100 U®* jons/s 2 7;
v Tokyo EBIT-> Bi8'*
« Narrow charge state distribution, peaked on B Irreplaceable machine for CW and
interested charge state high duty factor highly charged ion
« Beam production of any species and intensity beams
independent of species B Long term stability reliability
« Low background contamination (charge B No life span issue
breeder) B Technology and physics advancing

« [Fast beam species switching (~1 second)
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ECRIS: as HCI beam injectors

World wide ECRISs and Applications
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c%? ECRIS: State of the Art
__Cyclotrons |NCIinacs i TN EE
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-- Existing Facility
— New Facility

GSI FAIR: intense HCI uranium beam

CIME Cydlotran
Acceleration of RI Beams
E <25 AMeV

| Direet beam lne CIVME-

- Praduction Cave
Coonverter+ UC, farget
= 10" fissione's

¥

Superconducting LINALC -
E =145 AMeV lor heavy lons Ag=] Heavy-lon ECR
E =40 MeY for denterons source {Adg=3), ImA

1.0 emA g/A=1/3 and intense heavy
ion beams of q/A=1/6~1/7 (optional)
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SSC-Linac
~1 MeV/u U7+ SFC (K=69)

.....
‘‘‘‘‘‘‘‘
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-t

........

/,
Existing HIRFL
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HCI Beam Production: SSC-Linac needs

ECRIS: . Main parameters of SSC-Linac
® Intense heavy ion beams
- A>40 Parameters Values
® High charge states Designed ion YRS
— Ni9*, Bi36é+, U3+, .. :
’ ’ Preferred ion 28T
RFQ 4-rod
Frequency 53.667 MHz
Input energy 3.728 keV/u
Output energy 143 keV/u
Inter-electrode voltage 70 kV
RF power 35kW
Max. current 0.5 emA
IH-DTL KONUS
Frequency 53.667"MHz
Input energy 0.143 MeV/u
Output energy 1.025 MeV/u
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% HCI Beam Production: HCI ECRISs at IMP

2002-2005—

LECR4
2010-2014—

® Room temperature ECRIS
Permanent magnet ECRIS

Evaporative cooling ECRIS
SC-ECRIS

LECRI 1990 1995— LAPECR?2 2003-2006—
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% HCI Beam Production: SECRAL Design

Cryocooler LHe supply tower SEC RAL magnet
SECRAL source dl _“ % Ma meﬂct FieLLd kﬁoogter Unlque DeSIgn Wlth
Sextupole coil o e Reversed Structu re
Magnetic field shielding N rvester
3l Solenoid lens
IgmuJi‘ g g)tb‘ iOQmS ;C 3 mdﬁgvﬂ tahm cvj Qov\/ee> al m /ﬁf Tﬁ -
| KRR | ¥
gw L Il Advantages
! Of Tyl % ® Lower/simpler interaction forces
L] | % = ® compact magnet size and cryostat
Turko purp i Turko purp ® Simpler fabrication and lower cost
600 /s Axial coil 2 %% 1600 /s
Axial coil 1 pxial coll 3\ —— ® [ow Stray ﬁeld

/Sextupole Coll o e el e IR
I SECRAL Structure ‘I
|
| Sextupole :
: Coail ,
! I
: Injection I
| Solenoid :
| :
| Extract. Solenoid :
N - Middle Solenoid P
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c% HCI Beam Production: SECRAL Specs.

EICINEEHES SECRAL

w,¢ (GHz) 18-24
Microwave power (kW) 3 tw:;i g:z
Axial Field Peaks (T) 3.7 (Inj.), 2.2 (Ext.)
Mirror Length (mm) 420
No. of Axial SNs 3
B, at Chamber Inner Wall (T) 1.7/1.83
Coldmass Length (mm) ~810
SC-material NbTi
SECRAL ion source Magnet Cooling LHe bathing
(since 2005) Warm bore ID (mm) 140.0
Chamber ID (mm) 116.0/120.5
4.2 K cooling power with ~1 5
external recondenser (W)
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% HCI Beam Production: SECRAL Status

HIRFL Facility

4= LAPECR1.:

Annual ECRIS beam time  ®'=°7
B SECRAL

6000 EEAPECRT

000 - e Averagely 7,000 hours beam time

2000 - from all ECRISs

1000 - e Total beam time of SECRAL up to
0 - 25,000 hours as of summer 2016

2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Beam Time (hours)
w koW
2
o
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% HCI Beam Production: SECRAL Status

Beam List for HIRFL

Beams Delivered for HIRFL

ithium
3
Li

6.941

Beams Available

titaniim vanadium

22 23
Ti| V|Cr
44,955 47857 50.042 51.906
ronfium yitrium Zirconmum nicbum | molybcenum ruthenium
37 38 39 40 41 42 44
Rb | Sr Y | Zr | Nb [ Mo Ru

85468 a7.62 £8.006 91,224 92.006 9504 101.07 102.91 106.42 107 .87 112441 114.62
cassium Banum Iuitestiam hatniurm Laralrm ungslen mienium asmilm Inclium platinum gokd mefoury thallium
55 56 57-70 Ik 72 73 74 75 76 77 78 79 80 81
132.91 131.33 174,97 1768.49 | B D 183,84 1861 190,23 192732 195,08 196,97 200 59 24,38

franchim radium lawrmncium |rutherordiuml — dubalum | seaborgium bohrum hasshum mesinarium | unenniiom | ousenuniem | onunblom

89-102 103 105 106 107 110 1 112

87 88 104 108 109
Fr|{Ra|x*| Lr| Rf | Db| Sg| Bh| Hs | Mt Uun|UuuUub

1223 |26 [262] [261] [262) [266] [#64] [269] 1271] [272] [277]

Im‘lrg}mm cesriém W!E?Im nemgﬂmi.lm pmsmhhm mngzrlum GLTOp m uaioﬁl‘lali.lm lerghs.lm d\'ﬂghlm hurén?hlm r.-(gllsm mgl;rn vﬂe;lalum
*Lanthanide series { ty
La|Ce| Pr|Nd(Pm|Sm|Eu|(Gd|Tb |Dy|Ho| Er [Tm| Yb
138.91 14012 140.81 144,24 (145 150,36 151,96 157,25 158.93 162.50 164,93 167.26 168,93 173.04

aclinium thoimim proladiniem naplunism phatonim SMERCm airiim beerkeliim califomiam | ainstainiom larmium | mencdelavium]  pobelium

F____________

*% Actinide series 89 90 94 95 9 o7 98 99 100 10 102
Ac| Th Pu|/Am|Cm| Bk | Cf| Es |Fm|{Md| No
— o el 2 ol i et gzt iz | pon ) g L owea |
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%é HCI Beam Production: SECRAL Status

High Charge State Ar Beams with SECRAL

10000 = = = = = = = —
-@®-SECRAL-2006
1000 |- — @—mmm - — — ——__________ -
3
L
T U e, U
5
k= + 18 GHz test
=, L.+ DualWGof18GHzwithP=32kW ___________
m
g » Sufficient magnetic confinement
g
S
0.1
8 9 10 11 12 13 14 15 16 17 18

Charge State
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% HCI Beam Production: SECRAL Status

High Charge State Ar Beams with SECRAL

10000 p====--c-e-——--eecmmmmm——ememmmmm————mm e m—— =
-@-SECRAL-2006
~B-SECRAL-2009

1000 |- - - @e————— - == = — === — -

E

T U e, L. PP

o

]

ks

= 24 GHz + 18 GHz

310 p--- 0 SEEEETAEEEE oo

< * Frequency effect

= « P, =5kW

1 b-—-—— e
0.1
8 9 10 11 12 13 14 15 16 17 18

Charge State
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%é HCI Beam Production: SECRAL Status

High Charge State Ar Beams with SECRAL

10000 == = = = = — e e —m——— -
-®-SECRAL-2006
=B-SECRAL-2009

1000 ke e @ AT =4=SECRAL-2015 _
3
%‘ 1) R e e R T TP
o
0]
=
% 0 kbo__" New microwave couplingmode
m .
< * Better cooling
= « P, =TkwW

1 = — — . o o - - e
0.1
8 9 10 11 12 13 14 15 16 17 18

Charge State
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HCI Beam Production: SECRAL Status

4000

ann

X

(euA)
2]
D
D

»n
o
S

Xe2Beam Intesnity

TED

J. W. Guo, MOEOO1, ECRIS’16

- Better microwave coupling efficiency

 Higher ECRH efficiency in terms of HCI production
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HCI Beam Production: SECRAL Status

1800
1600
1400

euA)

= 1200
1000
800
600

lon Beam Intesnity

400

200

Production of 1.40 emA Ar'2~with SECRAL 24 GHz lon ‘Intensity (euA)

_________________ 11 1.0 emA Ar'?*for Arttt 1620
"'""""""1'2'"10'/04+ _____ SPIRAL 2 Arl2+ 1420
——————————————— T R X 930
Il Ari4+ 846

Arté+ 350

Ari’+ 50
Xe26* 1100

e e e Nbitrawuéfs e e Xe?7* 920
Xe30* 322

Xe34 90

Recent test of tapered waveguide @20 mm with
VENUS/LBNL gave very promising performance *‘Based on @20 mm TE,,
improvement, see D. Xie, THAOO01, ECRIS’16

L. Sun, R.S.I. 87, 02A707 (2016)
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HCI Beam Production: Metallic ion beams

\5 -

"
A

- = Resister oven

(500°C- 1500°C)

Cartridge Heater oven
(100°C- 700°C)

High Temp. oven
(500°C- 1900°C)

Matured technique
Low loading capacity
~100 euA metal ion beams

Allows precise control
High loading capacity
Good for emA metal ion beams

For ion beams of very
refractory metals, i.e. U
High loading capacity
Limited operation life span
Under R&D phase

L. Sun, LINAC’16, Fast Lansing 20



HCI Beam Production: Metallic ion beams

000 [
10+ /d+
a00 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,(;,a,,, /,O

o T1] | 10euAcatt 30 710
1070 S Calar o 31 680
400 [ T 32 610
33 500
34 424
IO 10 P _ 36 320
-193 -188 —‘\BBArbitraw Unit—‘\?ﬂ -173 -168 B I 38 1 60
- T 41 100
209B;j o a0r |berjon 45 49

lon Beam Intesnity (euA)

200

" o || 680 eua Bist 48 16.6
I 71 5 kW@24 GHz 50 10.7
%‘- 5000 f----mmmmmmmmmeee £ BE—— Nz 51 7
: | B 54 3.4
: 11 710
= ﬂ C 12 670
| N d 13 480
' M\ 14 270

=
=

~11 mg/hr@400 euA Bi3'* L. Sun, R.S.I. 87, 02A707 (2016)
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Sputtering method for

intense U beams

240

200

160

Beam Intesnity(epA)
o =
= =

.
=

=

1 803+

33+ 1502+

1802+
238U

-191

-186

-181 -176
Arbitrary Unit

-171

-166

For more reliable intense

U ion beams:

Resister HTO oven
Inductive heating oven
Electron beam heating oven

Laser ablation tech.
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%é HCI Beam Production: Metallic ion beams

e w [

(5] (=] 4]

(=] o (=]
I L

lon beam intensity (suA)
[
o
(=]

Long Term Operation Stabilty Monitoring 1504
1l pesrsesscrme s mrs s s s e s i SR S S i i R S S S S R S S S S s mn S 100 4
1 Bi*'* stability <*+3%
1.2

1 2 3

Time (Hours)

Normalzied Beam Intensity

B Typically: 50~150 epA
0 5 10 15 Time (day) 20 25 30
Gaseous beams: Metal beams: ° Source conditioning

* Oven stabilit
® Fairly reasonable stabilities y

* Material dissipation
* On-call tuning
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Emittance vs. beam intensity .
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0 100 200 300 400 500 600 700
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B
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High order aberration
compensation

Beam coupling

SECRAL

LY

Steering
magnet

olenoid

(¢X ¢

High order
aberration

80

Before compensation

After compensation

L L | L) L) I L) 80
604 163+ i 60 -
404 O g~ . 40 -
20 4 " 20 4
® ] 8
E J £
; -20 4 =~ -204
: X
O Test chamber S -40 1
Slits h .
-80 T rrrrrrrrrTrTnrTTan’T -80 T T T T T T T
© 20 15 10 -5 0 5 10 15 20 20 .15 .10 -5 0 5 10 15 20
110° Analyzing
magnet
- C lusi .
onciusions.
L ]
[ ] ) )

High order
aberration

lon beams from high charge
state ECRIS are transversely
coupled

High order aberration mostly
comes from sextupole
component of ion source

High order aberration can be
compensated

L. Sun, LINAC’16, East Lansing
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% SECRAL lI: Magnet Design

Parameters SECRAL I SECRAL
w, (GHz) 18-28 18-24
Axial Field Peaks (T) 3.7 (Inj.), 2.2 (Ext.) 3.7 (Inj.), 2.2 (Ext.)
Mirror Length (mm) 420 420
No. of Axial SNs 3 3
B, at Chamber Inner Wall (T) 1.7/1.83
Coldmass Length (mm) ~810 ~810
SC-material NbTi NbTi
Magnet Cooling LHe bathing LHe bathing
Warm bore ID (mm) 140.0
Chamber ID (mm) 125.0 116.0/120.5
Dynamic cooling power (W) 0

L. Sun, LINAC’16, East Lansing




=2 SECRAL II: Test Bench Layout

2013-2015

L. Sun, LINAC’16, Fast Lansing 27



c% Beam Commissioning: Oxygen & Xenon

05 Intensity (emA)

N

n

Ey

w

[e0]

Beam intensity vs. Microwave Power Comparison Between Sources

o7+ 3.5 13.0 1.57
Xe?’* 3.5 8.0 0.51

® Total beam transmission efficiency is 84% for 1.8 emA 0%*/8.0 emA
drain current, and 86% for 450 euA Xe2?7*/7.0 emA drain current

® ~10 days conditioning to produce 510 euA Xe?™*

L. Sun, LINAC’16, East Lansing
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% Scope: Future development

SRing: Spectrometer ring
Circumference:290m
Rigidity: 13Tm
Electron/Stochastic cooling
Two TOF detectors

Four operation modes

HIAF
2017-2023

MRing: Figure “8” ring
Circumference: 268 m
Rigidity: 13 Tm

lon-ion merging

iLinac: Superconducting linac
Length:100 m

Energy: 17MeV/u( 238U35*)
Intensity: 30 ppA

L] L]
1l.inac
: L
AN

.
N — ﬁd T T T AT T T A A AT ' =1

o )V("O.P
; & .

d

Rigidity: 34 Tm
Beam accumulation
Beam cooling
Beam acceleration
E=0.8 GeV/u, w7
I=1.5x10" ppp ( U3%*) g‘jﬁ

SURF: 45 GHz ECRIS
Energy: 14 keV/u ( 238U35*)
Intensity: 20 puA CW/50 puA pulsed
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%? Scope: Future development

H. W. Zhao, MOBOO01, ECRIS’16

Challenges:
1.5 w GM (2015—2019)
Cryocoolers * Nb,Sn sextupole magnet
- . SWGM J-T 3 )
Sc‘fyﬁ%i]ef : : Cryocooler * 45 GHz microwave
| e coupling
s — « >20 emA beam extraction

and transmission
* Cryogenic solution

Nb;Sn magnet with g

four solenoids and
one sextupole

Injection tank with
wave guides, biased
disk and ovens

e

H"m..h_ﬁ e .
Solenoid lens // 45+34 GHz microwave
s coupling with mode
—a / converter and vacuum
________________ window -
>20 emA

' To 45 GHz/20 kW
|| wave generator
Gy

U HCI bea

&l

50 kV 4 electrodes
extraction system

Quasi-optical wave
transmission

1350 mm

L. Sun, LINAC’16, Fast Lansing 30



g sy

& State of the art ECRISs can produce HCI beams of emA
currents

€ High performance SC-ECR ion sources are reproduceable

€ Challenges lie in the production of high current, high quality
reliable metallic ion beams

& 4th generation ECRIS is under development for next generation

heavy ion Linacs

L. Sun, LINAC’16, East Lansing 31



Thanks for your
attention
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