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High performance 39 generation ECRIS

30 years continuous development

State of the art ECRIS:
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Very successful development and operation ! G1 G2 G3

(1970~1980) (1980~1990) (2000~now)

H.W. Zhao, ICIS’25  2/40



% Uranium beam record intensities produced by the 3"4 G. ECRIS

Record uranium beam intensities

Intense U beam production with technology advancement produced by the 3rd G. ECRISs
_ _ SECRAL- | Records as
. U*>* Beam Intensity Evolution U+ 545 epA 2023 of 2022 | Contributors as of 2022
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1. W. Luetal., Rev. Sci. Instrum. 90, 113318 (2019)
2. J. Benitez, et al., ECRIS2012, THXO02-talk
3. T Nakagawa, Cyclotron’22, invited talk
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The 3'Y G. ECRIS enhances performance of HI accelerators significantly
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Global heavy ion accelerators need more intense HCI| beams

g, = o ol
e P i
= 7"“’6%1;2!""“

SRing

il k 3
a - /<% SRing: Spectrometer ring
SenElad™ c 276m

E\;ﬁ Bp: 15Tm . >460 e“A U46+, CW
- >1emA U%", pulsed

IMP HIAF (under construction)

-:: 4 e
- B ™
RS SN
(.&i:n‘ < &\\
&”." BRing: Booster ring N
& “Ew " 2 2

. /, C: 569 m x : § — —
i/ Bp: 34 Tm 100 M - SECR
1 E: 0.834 GeV/u, 1) 3 ; eV/u m
\ I+ 1.0x10"" ppp (U%*) i . = M)
ey psehs ' 2 = g SECR: Superconducting
) ECR ion source
lons: H~U RILAC
CW:10 ppA 2384s+) ,—| RIKEN Heavy-ion LINAC /
pulsed : 50 puA 2383+ 3 injectors (1980 / 16MV) - . N
= ) )
AVF e ‘
RILAC2 (1989 / K70) £y 4 booster ring cyclotrons I

(2011/4.8 MV)

ECR lon Sources
Room Temperature RFQ Accelerator

RIKEN Ring Cyclotron

B=0.041 Quarter Wave Resonators (1986 / K540)

B=0.085 Quarter Wave Resonators

Target Beam Delivery System

L Superconducting Bend

y
75
~ 7
R A //
ve Resonators ~

3 fRC SRC
fixed-freq. Ring Cyclotron Superconducting Ring Cyclotron
B=0.29 Half Wave Resonators M S U F R I B (2006 / K570 => K700) IRC (2006 / K2600)
Intermediate-stage Ring Cyclotron
Cryogenic Distribution Line (2006 / K980)

: cr,a,ges‘,;ppe, ) >4OO 9|JA U35+-’ EW RIKEN RIBE . >500 el..IA U35+’ CW

—— T

The 3" G. ECRIS is not able to routinely deliver these beams for long-term operation!
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0772 HCI ECRIS can improve performance-cost effectively for a new HI accelerator

A CW SRF heavy ion linac for 150 Me/A Uranium beam, What ECRIS would be built?

(1). 28 GHz ECRIS. Low efficiency and lifetime problem for the stripper

Stripper Not considering Multi-charge
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(2). 45-60 GHz ECRIS, higher charge state. Without stripper

SCA:Ll SC:_Z
(SECR O‘( LEBT O‘( RFQ O‘( MEBT ()-( QWRO007 O‘.)‘.)'( HWRO040 ( >21I53(:‘2A3Vl;'2am
238 J56+ 238 J56+ 23856+, >2 puA

2.5 puA =|' 4t G. ECRIS ‘
6




HCI ECRIS generation evolution in terms of frequency and magnetic field

The next generation high-intensity HI accelerator demands the 4" even 5" G. ECRIS

WECR  Bpax

Charge State
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The 4" and 5" G. ECRIS only for very high charge state and current

Estimated beam intensities produced by the 4t and 5" Gen. SC ECRIS

4th Gen. SC ECRIS 5th Gen. SC ECRIS
45-60 GHz/20-30 kW  65-84 GHz/50-60 kW

lon Charge

species  state

- [epAl [epAl

n ~1000

BAr g ~100 ~300
30+ ~1000

EXe o ~100 ~300
45+ 20 ~60

o 35* ~1000
45+ ~300 ~1000
55+ ~80 250
35+ ~1000

sy A6+ 250 ~800
50+ ~160 ~500
56+ ~60 200
60+ ~10 ~50

Actually most of heavy ion accelerators do not need the 4" and 5" G. ECRIS.
Only dedicated to high-intensity and high-power heavy ion accelerators



22 Schematic layout of the 4" and 5" Generation ECRIS

4t and 5" G. ECRIS
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S8 Technical Challenges of the 4th and 5" Generation ECRIS

Key parameters Unit 4% G. Challenges

frequency GHz  45-60 65-84 B High frequency high power
microwave ECRH

Operational RF Power kW 20~30  50-60? B High power chamber cooling
Becr T 1.6-2.1 2.3-3
B T 3.2-4.2 4.6-6
Binj T 6.5-88  9.3-12 ~ m Reliable high field SC magnet with
By T 3.4-45  5.0-6.5 min-B field configuration
Maximum B field at SC conductor T 12-15 17-22
Plasma Chamber ID mm #3150 @#2007?
Us6+ ppA ] A B Intense highly-charged ion beam

production with small emittances
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SC magnet structure of the 4" Generation ECRIS

45 GHz IMP-FECR

Conventional structure

Nb,Sn single-wire or mini-cable
Brittleness and strain dependence
Complicated mechanical-structure
Sophisticated and challenging for
quench protection

© mEEEENE

45 GHz LBNL MARS-D

The closed-loop sextupole coil is worth exploring
since it has many advantages.

A successfully developed NbTi closed-loop coil may
provide a new magnet structure for future ECRISs

Closed-loop sextupole coil — innovative structure
Closed-loop coil provides radial + solenoid fields

Higher field in hexagon “Corners” with hexagon chamber
Complex, labor-intensive and challenging for winding
NbTi or Nb,;Sn

Janilee Benitez, PIBHI25 presentation, Italy, April, 2025
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45 GHz FECR : Nb,Sn Magnet Cold-Mass Structure

Design in collaboration with
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SEXTUPOLE RS M. Juchno, et al., IEEE Trans. Appl.

COILS Supercond., 28(4), 2018, Art. 4005506

Key technologies and tests completed in close collaboration with XSMT in China (since 2016)




45 GHz FECR : Completed full-scale SC magnet Coldmass

Completed full-scale FECR Nb;Sn magnet coldmass

B Stress over-shoot during pre-loading (assembly)
B Sextupole coil leads broken

Full-scale FECR Nb;Sn+NDbTi hybrld magnet coldmass




=l 15 GHz FECR preliminary commissioning results with hybrid magnet
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at r=94 mm
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Cryocoolers
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Vacuum

He Re-Condenser -

45 GHz LBNL MARS-D
© Janilee Benitez, PIBHI25 presentation, Italy, April, 2025
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SC magnet structure of the 5" Generation ECRIS

Optimized closed-up coil structure (MARS-D upgraded version)

CCT or DCT sextupole under study

(Canted or Discrete Cosine Theta)

HTS option for 70-84 GHz

Sextupole-inside-solenoid

Solenoid-inside-sextupole
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S Optimized closed-up coil structure for the 65 GHz 5th G. ECRIS
- Optimized on basis of 45 GHz MARS-D

Both solenoids and sextupole coils are 2x4
Ruthford mini-cable with @0.62mm Nb;Sn strand

Boeak =12.2 T on Injection Solenoid
Inject Sol: J=280/165 A/mm?

Mid Sol: J= 400 A/mm?

Extra Sole: J= 300 A/mm?

Stored Energy = 1.94 MJ

Sextupole hexagonal coil dimensions:

Minor ~ 110 mm, Major ~ 127 mm

Hexagon chamber: Min: 83 mm and Maj: 93 mm

Take advantages of the “V-shape” Sextupole and
the hexagon plasma chambet




By Preliminary magnetic field calculation for the 65 GHz 51" G. ECRIS (1)

Axial and Radial Fields
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= Prcliminary magnetic field calculation for the 65 GHz 5th G. ECRIS (2)
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HTS magnet for the 5t Generation ECRIS >65 GHz

Possible to realize J. >1000 A/mm?, B > 20T, T > 20K

HTS conductors: REBCO, BSCCO (Bi-2223, 2221), IBS

REBCO (+ BSCCO) commercially available, although expensive
Interests from other communities (eg. fusion, NMR, high-field science)
Demonstrations with REBCO high-field solenoids:

solenoids (28 T Bruker; 27 T IPP-CAS) , toroidal coils (20 T)

Key issues: degradation, quench losses and quench protection, cost ... . ... 4 by IPP-CAS.
ECRIS demands: field quality, reproducibility, stability 277,020 mm
Develop/validate REBCO cable + learn how to wind, insulate, load, cool, quench protection

Many labs over the world involved in high field HTS magnet development



>4 Conclusion

e Very successful development for the 3" G. ECRIS (28 GHz) since 2000, being operated and had
enhanced performance of the world-wide HI accelerators.

e The next genenration high-intensity HI accelerator demands the 4t (45-60 GHz ) even the 5"
(65-84 GHz) G. ECRIS for higher intensity and charge state with performance-cost effectiveness.

e Gyrotrons up to 100 GHz/100 kW are achievable .

e The 4™ G. ECRIS could rely on LTS Nb;Sn technology or innovative magnet-structure with NbTi
technology, which are quite challenging technically for both option.

e The 5" G. ECRIS (> 65 GHz) can only rely on HTS magnet technology which needs very
intensive R&D world-wide.

e The current engineering path by increasing magnetic field and operation frequency to enahnce
performance of the highly-charged ECR source may end soon unless HTS magnet technology
would achieve significant breakthrough.

e Fundamental physical path is the only way to continue the ECRIS future development on both
the charge state and beam intensity
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Thank you for your attention !



g 28 GHz SECRAL-Il operation improved E & | of HIRFL significantly

SECRAL-I delivered 238U%* beam to increase
energy and intensity from SSC-linac and SSC.
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