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High-Intensity High-Power (HIHP) lon Accelerator Facility

1. Challenge and key technologies of State-of-the-art
2. World-wide HIHP ion accelerators
3. HIAF&CIADS and key technology R&D

4. Summary



Applications of high-intensity high-power ion beams

Particle physics : .
: Material science
Nuclear physics . Advanced nuclear power

HED physics Bioscience and medicin

. . Condensed matter physics
(Intens.& lumin. frontier) ® Neutron beam. neutron source ® ADS

® Neutrino factory ® Muon beam and muon source ® Advanced nuclear-fission
® Muon source ® Detection and irradiation power

® Collider » ® |sotope production ® Heavy ion driven fusion
® Rare Isotope facility ® Particle and radiation imaging ® Neutral beam for MCF

® Secondary beam o ... ® Fusion material irradiation




Technical routes of high-intensity and high-power ion accelerators

B High-intensity and high-power (Frontier of intensity and luminosity)
-- SCion linac (1-10 MW, < 3 GeV,>5 mA)
Injector 1 10 Mev Main Linac 1.0 Gev

Ton HWR 010 " Ellipi. 063 Ellip. 082
source LEBT MEBTI=f 10MeV 16.2..5M.Hz MEBT2 500MeV ‘55(‘)“92 1.0 GeV 650 MHz
12 cavities 42 Cavities .
\ ' 76 Cavities

®m High-energy and high-power (Frontier of high energy)
-- RCS synchrotrons (1-3 MW, >3 GeV/A)

Several synchrotrons

and storage rings for
acceleration and

Target accumulation, compression,
and finally to the target

Linac injector

RCS booster

B High-intensity and high-power cyclotrons (1-3 MW, <1 GeV/A, <5 mA)



Key issues & challenges of beam dynamics and technologies

B Key issues and challenges of beam dynamics
® |[nteractions between charged-particles;
® |[nteractions between ion beam and electric-magnetic elements
® Space-charge effect, instabilities, collective effect, wakefields ...
® Extremely low beam-losses for HIHP ion beam, <1 W/m

B Technical challenges

A few accelerators coupled and connected together, or hundreds

SRF cavities, stripping foil for H- and heavy ions 1“""3

{- ||H
0 50 100 150 200

107 -

Beam loss rate 10-4-10-,

CW: 1015-10% pps, pulsed: 102-10%° ppp

Stabilization of RF frequency, phase and voltage amplitude
(hundreds SRF cavities)

Beam dynamics--LLRF control--beam loss detection--machine ~
protection-- automatic recovery of beam trips — fast feedback and
diagnostics (tens us) , for long-term operation

Long-term stability and availability with MW beam

AI&ML .....

[y
(=]
'*I

Beam loss rate

..............

AAAAAAAAAAA

Beam halo Beam distortion

410’

4 10°

(AP ABxouy

10'
250 300

Position (m)
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How to produce high-intensity ion beams --lon source

B \\What is an ion source?

lon source is a plasma device for producing ion beam. lons can be produced by electron-
Impact ionization and the electrons are generated from plasma

B \What are the most important parameters for an ion-source user ?

Beam intensity and beam emittance(beam brightness): related to ion source itself
(plasma parameters), beam extraction system and LEBT.

B lon source system: ion source, extraction, beam transport and analyzing ,
beam diagnostics, control, power supply, vacuum, .....

2.45 GHz microwave-driven

‘ \ Highly-charged ECR
lon source




Chalk River golenoits
/ N Accel

Gas Feed Electrode

Taylor &Wills

Beginning of
'90s

Microwave
Feed Decel

Electrode
m Plasma Chamber

FIG. 1. Microwave-driven Chalk River proton source.

75 kV Extraction Gap ~ fil:5

Solancid Magnets —,

K RF Vacuum \Window —
RF Waveguide Break

J. Sherman, et al., RSI,
69, 1003 (1998)

Table 1. Summary of the proton source operation.

SORNAE] T ORMATOR  CTAACESTU  aatg o rasus Breakthrough
g | \ b simple design
‘ AOA  \ BAGD [
..’(l ‘;!_\ILALI,. l l.lI[ ,.r A 1' " 1
il e All successful
[ | N ae  sources are
. L seccron ¢ based on it
1080 T COUPLER ) .Ln:/‘y‘ RENNS |

T. Taylor and J. Wills, Proc. Linac’92, Ottawa

Ion Source Parameter Value
H, gas flow, Qy» (sccm) 4.1
lon source pressure (mTorr) 2
Ion source gas efficiency (%) 24
Discharge power, 2.45 GHz (kW) 1.2
Ion source solenoid 1 (A) 87.2
Ton source solenoid 2 (A) 89.2
Axial magnetic field, calculated (G) 863
Beam energy (keV) 75
High voltage power supply current (mA) 165
Electron trap voltage (kV) -1.95
DCI current (mA) 154
Beam current density (mA/cm’) 265
Beam power, cw mode (kW) 11.6
Proton current at DC1 (mA) 139
Duty factor (%) 100
DC2 current (mA) 120
Injector emittance, 1rms norm. (nmm-mrad) 0.18
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2@% Development of IMP 2.45 GHz microwave-driven ion source

2017-2023

Neutron Source

H* beam: 20-100 mA
Beam energy: a few tens keV
Emittance(rms): 0.1-0.2 Trmmrad

9

Neutron Source




i ECR 1on sources for highly-charged ion beam production

ECR: Electron Cyclotron Resonance

Negative biased disc  Chamber wall coating

Min-B Magnet

Microwave frequency
Microwave power

HCl beams Extraction
MW power / Gas pressure e —
and gas .
H Gas mixing=—
Plasma
Electrode

Magnetic field configuration

Plasma
Chamber

Plasma electrode position

ECRH Plasma

w,; = 10-60 GHz
B =1-16 T

Chamber size

Multi-Mode Cavity ? o
Y W, Py, B, = n T, 7_, nT, T, |

i "i / i | i i
250000 il?l‘l?‘"' ‘“\‘\““‘\'\"‘"‘"':""\\"‘ "’""

I ,n\\m
. . . . zoooo.o] ’I,’,/,‘”" 7
B Confinement of high density highly-charged plasma il
--- long-time confinement for electrons and ions ---Minimum B structure

B Electron stepwise collisional ionization producing highly-charged ions :
--- high density and hot elelctons with required energy distribution --- high power microwave ECR heating

10



25 Development of IMP highly-charged ECRIS

2000-2016-present 2015-2024-present

oy

- 7 AN llE.

SECRAL




SECRAL&

SECRAL-II
lon species Charge state 24~28 +18 GHz
6-10 kW
[epA]
40Ar 12+ 1420
16+ 620
18+ 15
BKr 18+ 1030
28+ 145
129Xe 26+ 1100
30+ 365
42+ 16
209Bj 31+ 680
41+ 100
238U 34+ 620
35+ 545
46+ 61

o5+ 13

U®5* Beam Intensity Evolution

28 GHz SECRAL-II ‘/_

28 GHz SCECRIS/RIKEN

U35t 545 epA

24 GHz SECRAL-II

28 GHz VENUS

28 GHz SCECRIS/RIKEN

28 GHz VENUS
(oven + URe, alloy)

g

24 GHz SECRAL

U35+ Intensity (epA)

High Intensity U35+
€ High performance ECRIS
4 Reliable high-T oven >2000°C

14.5 + 10 GHz AECR-U
(oven + URe, alloy)

SECRAL-II
24-28GHz



SWE A\ cceleration of high-intensity low-energy ion beam by RFQ

RFQ Is a typical low-energy accelerator for high intensity ion beam acceleration

Transversal Beam Focusing Longitudinal
and shaping bunching AESIEI

. 5 5 . . 2
et £ OSREY R e L ) S - A - P et

b TN g e P A Y D b ) e Bt : A

¥y .'":1 s -,.,;:-if A'-»‘-.f R S by ‘-" '.‘_:#:.:.., .kt G - W 3 < _;.‘_,‘ -

* PR .'_,-_ ? ._ Lty ‘, ey D e 5 = . -

Four vane
RFQ

Key issues
B Stable and high-power electric-magnetic fields for beam focusing, bunching and acceleration
B Interaction between the electric-magnetic fields and the high intensity ion beam in RFQ



Proton and heavy ion RFQ accelerators developed by IMP

2.1 MeV/H* 10 mA, 2011—2014, 3 such RFQs were built and being operated at IMP
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N - L y //4/ g HB g Y
" e Y - 03 s y <
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" - . g = o c o0 0 e o S 8 o GiiR
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P )~ — | ~- >, Y —/ O N . g /_/
n ) i ~ v e ‘| AP 3 i ‘D e
- | ([ 1 B AL < - - % ® NN A
4 \ 5 gt - f . X - s, ¢ X
| \ o \ ( A ) =
10 A it
T, )
) ] ° -~ - >
A > »
' I’
f
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I

o)
£
2Lt

o

|

7
o = _ SLLE
L - W ‘ it
o % of
s o S—— | == "
Mz o -I [ <l | °
o
L
sl?-. o b asle

=\g 7 f - - $\0d qw\*
0.5 MeV/A, AIQ=2-7, 2015-2024, 1 mA O°%*, 0.2 mA Bi3®>*, 2 such heavy ion RFQs were built for LEAF and HIAF
The world best-performance proton and heavy ion RFQs In terms of beam intensity

y 7
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SRF cavities for high intensity beam acceleration achieving higher E

Key issues

B Generate high electric-field gradient (E,.) with h;:gh Q. low RF power loss, low electric
and magnetic peak field (E ., . B,ea) and stable RF frequency. phase and voltage
amplitude by optimization ot Cavi y structure and cavity surface processing.

B Realize acceleration and transmission of high intensity ion beam almost no any beam loss.

Typical SRF cavities
for ion acceleration

15



B6E10 [

T T T -
Avg Q @ 21 MV/m: \. 1
4.7E10 I o e e e e e ]
5E10 | . ° * . » =
N - - ]
L - o - ]
s - 4 iy « ]
L - . 3 - ] v . 4 - ]
o L - -
4E10 :— > B! - -, - ‘. —
& <+ * 1 % " LCLs-II/HEavg L
T Q at21 MV/ma o - ]
I T 3.2E10 E
3E10 F = I CEPC spec —
[ LCLS-II&SHINE spec & LCLS-II-HE spec 3
3 ®  N11 mid-T LCLS-1I avg LCLS-I1I1-HE avg f
2E10 | | < N12mid-T Eace 22 MV/m Eoce 27.1 MV/mM
[ 4 N13 mid-T l 1 ]
[ v N14 mid-T
- : E:I[g 2:3:1 Qg value corrected for stainless:steel ﬂange: loses (0.8 ng)
1E10 - 1 1 1 1 1 1 1 1 .
o] 5 10 15 20 25 T 30 35

© Weimin Pan IHEP E cc (MV/mM) avg E, .. 27.7 MV/m

® 1.3 GHz 9-cell prototype built by IHEP ® B=0.82.5-cell prototype built by IMP
Q, 4.9 x10%, E,~31 MV/m in VT, Q, 1 x 10°, ~30 MV/m in VT. 650 MHz

B Gradient E,  and Q, to be improved, for both bulk-Nb, and thin films:
higher-T operation (less He + cryo power)

B Recent surface processing and thin film advances (surface coating Nb & Nb,Sn,
electro-polishing, N-doping/infusion ...) potentially enable much higher
performance

16
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| —— 10W POWER DISS.
| IMP HWR-002
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HWRO15 by IMP

and Q, to be improved, for both bulk-Nb,
and thin films being developed by IMP

B New structure, new material and surface coating Nb
& Nb;Sn may further advance the performance

17



5 SRF Cryomodule

Integration of SRF cavities, SC solenoids, BPM, powers couplers, frequency tuners, LHe vessel,
cavity support, magnetic shielding, multi-layer thermal shielding, .....




mp Accelerator SC magnet: Development and State-of-the-Art

o Dipole Field for Hadron Collider

18 100TeV, 16-20T/
16 HTS (Bi2122,REBCO, Iron-Based) k FCC/Sppe
£ 1 Two approaches
T s
= 12 HL- = LTS (Nb3Sn
2 Nb,Sn Qﬂc | ( )
I 10 . = 14TeV, 11-12T-16T = HTS (REBCO) conductors
= ° Nb-Ti ,,,—55561 LHC (14TeV, 8-9T)
S 6 Tevatron '3 Fr,—"' pHIC ® !—Iigh field SC magnet Tech.
4 = ERA in China not as advanced
2 le==="" as those in US and EU !!!
0 SPS & Main Ring (resistive)
1975 1985 1995 2005 2015 2025 2035

Year

B Nb;Sn Q-magnet: 11-12T, in small series production; 12-16T dipole in prototyping
m HTS Bi2212, REBCO, solenoids >20T, 16-20T dipole in prototyping




>d. Future high field SC magnets: HTS magnet

B Possible to realize J >1000 A/mm2, B> 20T, T > 20K
B HTS conductors: ReBCO, BSCCO(Bi-2223,2221), IBS

B Key issues: degradation, quench losses and quench
protection, cost

tape-stack cable racetracks

CERN insulated

B Accelerator demands: field quality, reproducibility,
stability, uniformity

BN CEAMI ’\\I ) E
P Racetrack

BERKELEY LAB

B HTS/LTS hybrid technology: Possible cost saving but
still need 1.9 or 4.5K for LTS

6 T insert coils by IHEP




High-Intensity High-Power (HIHP) lon Accelerator Facility

2. World-wide HIHP ion accelerators



SNS Accelerator Complex

TN

Front-End: 1GeV Accumulator Ring;_____'(j_ ;

Produce a 1-ms LINAC Compress 1 ms long l 4
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H- beam e = = i
1000 MeV R 1
2.5 Mev | ]
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Target 7

Chapper system
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1 me
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Current
Current
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ORNL SNS

T4

CiADSEiEAE S B AR - 1
BROEFES MRS - my Sy

e 9. ) oars

145Gz AVF /K70

Fixed-energy mode (Kr, Xe, U)

b 8T1 Variable energy mode (Ca, Zn..)
oo RICRIB . AVF injection mode (d, N, 0.)
ideuterons)

RIKEN-RIBF

Main Injector

120GeVv

Rec v Ring.
8G : ey
Slip Stacking % Short Baseline Neutrino:

Rebunchi MicroBooNE W) 1 ’ TR ; Hmh,(m
; (ICARUS, SBND) ikl ] s Hallé
Switchyard - X ) : -,
witchyard: :
SeaQuest, LArIAT, | LINAC
test beam == 400 MeV &

Long Baseline Neutrino: s Main Ring
NOVA, MINERVA (LBNF/DUNE) e X ¥ e %0 GeV
Neutrino o

Muon Campus: : y ' « .b

g-2(Mu2e)

AN

| PSI cyc.otrons FNAL proton accelerator complex JPARC

T ey > “Targ on'e
High Power p -,
S0keV 3 MeV llnen,v!:«eiera(or' * He-gascooledrotating Sy~
BAIS . REQ SMev - Wotarget (SMW average
L e O e P EREnerEYZGeV ) T s
2 LRET * Rep.Rate:14 Hz 4 ‘2 b”
o 20 + Clirrent:62.5 mA Yilewss N
LEDY “". T T ." 3 -~ o ACCELERATOR Loop
s o : inaaziaTion
s 2 ; oot
H < R
: RCS : " 1.k
= \ - [ es
= L6GeV,62.51a25Hz = s 16 Instruments in - %--55 T
o ‘. .' Comt_mc(ivonrbucigﬂ ‘ 'T' -
s % <
Neutron instruments ., - -

/l N 7 it -
/ LRI Committed to deliver 22
N\ Py=100 kW B
{&’M < R instruments by 2028
.\ Target station Y

9{ Péak flux ~30-100 brighter
e

' | than the ILL
(R}

" IHEP CSNS

FAR m=u =
FAIR accelerators nens P
BEEREK g b =R
Primary beam chain: UNILAGSISIEISISI00 et HFRS(180 m) s B N
i RS ) o\
[ ) J N

n
[ — <3 X
| - S 3
R ARRENSHT ¥
= L Snanser, N
A il

=
) ‘7/. S /7, £ E - ' y 3 5 SRR J?/‘
O L / - Production of rew a7 \ .ﬁw-»",}.‘
=0 pf e NG ﬁ‘_! BRing ) R -
: : A1Ls90m X iLinac K S SECR
100 N, &% P :
maters

e . ) L ==l

T s HIAFETRERESEIR E
N AR
'S r"ﬂ?{’(..“ ERFASEELR

POy e

[ .
W rannedtocuey
| [ES—

«  NUSTAR:Race isolope beams "
 PANDA: Antiproton besms

GSI FAIR (construction) MSU FRIB IMP HIAF (construction)
22




e ORNL-SNS average beam power 1.7 MW

-

he highest power proton accelerator protons accumulated via 1,7507
The highest p atedvi
1.4 MW 1.8 MW charge exchange injection

' - 1,500

erials science

Produce neutrons for mat :
a liquid mercury

research via spallation on

target
1,250

7507

Power on Target (kW)
(=]
)
(=]
(=]

”
=)
ol

Over 1 ms, 1000 pulses of H-beam
are accelerated to 1.3 GeVor0.91c

700 ns pulse of 1.44 E14 IO
protons is extracted to target 60 times a

second - 30 kJ per pulse

To be upgraded to 2.8 MW

The world most powerful
proton accelerator facility

N. Evans, ORNL-SNS, IPAC’25 talk



Spallation
‘Neutron Source
SINQ

C¢ckcroft7walto_h
870 keV, 30 mA

.

-

Meson
Facilities

L

| Gantry 2| [ Gantry 1]

R =S\

COMET-Cyclotr

Ultra Cold
Neutron Source

Ring Cyclotron
590 MeV, 2.4 mA

Isotope Production

beam power [kW]

[
(=1
=

Injektor 2-Cyclotron
72 MeV, 2.7 mA

©Joachim Grillenberger, PSI, talk at HB2023
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1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018 2022

year

Ultimate goal is 3.0 mA
Corresponds to 1.8 MW

*

3 resonators

Being upgraded to 1.8 MW

beam current [pHA]



ESS 5MW average beam power Commissioning

o g s 5 SC linac 2 GeV/5 MW

i He-gas cooled rotatmg
Linear Accelerator: Wt proma
Energy:2 GeV arge ( average

Rep. Rate: 14 Hz 4';°:; 22, por£;‘> M > ® 2014 start construction, 3 phases.

C Olaaus T4 R 7 ® Beam on target milestone requires
capability for 1.4 MW at 571 MeV with
nominal pulse structure

® Start Of User Operation requires

16 Instrumentsin - .
Canctriction Budget capa!olllty for 2 MW at 870 MeV with
—— nominal pulse structure
Committed to deliver 22 ® Full scopeis 5 MW at 2 GeV with 2.86 ms

instruments by 2028 Iong pulses at 14 Hz

Peak flux ~30-100 brighter
than the ILL

<:| 3I22MHz [ > < ] 70442MHz |

25m 46 389m «——— 559m — «—767m — €——— 1789m
LEBT A HEBT
m resr)-{ o "||||||||||||H||'|||||| ||||||||||||||||||||

75 keV 3.6 MeV 90 MeV 216 MeV 571 MeV 2000 MeV




RILAC

@ Highest energy of CW heavy ion accelerator complex
— RIKEN Heavy-ion LINAC @ Used to be a highest power heavy ion accelerator
3 lnjectors (1980 / 16MV) - ,
AVF oy —
RILAC? (1989 / K70) 4 booster ring cyclotrons
(2011 / 4.8 MV) s =l g

History of accelerator performance
Our goal: 1puA (6 x 10'2 #/s) for all elements
RRC W [ 4Ca 736 nA ] th 629 nA ] [124x9 173 nA] [ 238 117 nAJ
b > 7.4kW
N 4 RIKEN Ring Cyclotron > 122kW | > 15.2kW
/ (1986 / K540) - .

= 9.6 kW
// 7 > w - S008 320 AMeV 4He‘180.
< . " F
'-P

12.2 kW

15.2 kW
48Ca 70Zn (fixed-energy mode)—"
73Kr‘13.1 kW __2 — /74 KW
Zn % 9skw
/ 100 o {//,/‘
- / = y 86Kr 124X e e o Upgrade of RRC
. 4 — Graphite-sheet stripper] Ccavity & gas stripper
< / - :
€ 10 He-gas stripper / Be-disk
o stripper / fRC upgrade
; 238
W 44 SC-ECRIS with 28-GHz
1/ v N ) heating @ RILAC2 @ Variable energy mode
te) » \ /L. 'SC-ECRIS with 18-GHz heating @ ® Fixed energy mode
-~ R 6-GHz RILAC (test operation) V¥ AVF injection mode
fRC SRC N i
0.1
fixed-freq. Ring Cyclotron Superconducting Ring Cyclotron ?07 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
(2006 / K570 => K700) IRC (2006 / K2600)
Intermediate-stage Ring Cyclotron
(2006 / K980)

(year)
First Beam (2006/12/26) L

Availability > 90% (2013~) 7

1) AVF-injection mode (< 440 MeV/u) : d, He, O, ...

2) Variable-energy mode (< 400 MeV/u) : Ar, Ca, Zn, K, ...
3) Fixed-energy mode (345 MeV/u) : Xe, U ...

© H. Okuno, RIKEN, talk at HPTW2023



eys® GSI-FAIR heavy ion accelerator complex Construction

FAR =1
FAIR accelerators

Primary beam chain: UNILAC/SIS18/SIS100

Ring Ring accelerator
Linear

s QA e /) 2028-2030
Y v__/\ o operation

4 g / y ) Production of new
/ i , \ atomic nuclei
N 7/ p g 2
, Production of
/ antiprotons
/ \_/ / 4

. Existing facility

Experiments

e APPA: Atomic/Plasma physics B rianned facility
e CBM: Nuclear matter physics

e NUSTAR: Rare isotope beams . Experiments

e PANDA: Antiproton beams

® 23828+ 1.5 GeV/A, 5x10" ppp



MSU-FRIB Heavy ion SC linac

ECR lon Sources
Room Temperature RFQ Accelerator

3=0.041 Quarter Wave Resonators

=0.085 Quarter Wave Resonators

Target Beam Delivery System

Superconducting Bend

3=0.53 Half Wave Resonators

=0.29 Half Wave Resonators

Cryogenic Distribution Line

Charge Stripper

® 200 MeV/A—400 KW heavy ion beam, now 25 kW
® Designed U beam 8-10 puA

The world most powerful

heavy ion accelerator! ® Started routine operation in 2022



S IMP HIAF&CiADS Construction

CIADS

BAIR MR
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HIAF & CIiADS could be one of the world best-performance HIHP ion accelerators




High-Intensity High-Power (HIHP) lon Accelerator Facility

3. HIAF&CIADS and key technology R&D



Operational Accelerator Facility at IMP: HIRFL

Heavy lon Research Facility in Lanzhou (HIRFL)

7 I“'.

SFC (K=69) SECRAL II (28 GHz)

4 10 AMeV (H.1.), 17~ 35 MeV (p)
b

SSC (K=450)

100 AMeV (H.1.), 110 MeV (p)

T&E CsRe 1281, -,

b} *-\"5*:"’“ . J
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e HIAF&CiADS brief introduction

® HIAF: High Intensity heavy ion Accelerator Facility ® Two of 16 large-scale scientific infrastructure
® CiADS: China Initiative Accelerator Driven System facilities approved by China Government

® Being built by IMP in Huizhou of Guangdong Prov. during the 12t 5-year-plan 2016-2020

B HIAF: Nuclear physics research B CiADS: Nuclear waste transmutation

B Total budget: 2.8 B CNY ¥ (424 M USD %) B Total budget: 4.0 B CNY ¥ (606 M USD $)
B Schedule: 2018-2025 B Schedule: 2021-2027

B Construction started officially Dec. 2018 B Construction started officially July. 2021




S HIAF&CIADS Construction Site
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%%}—-— High-Intensity Heavy lon Accelerator Facility-HIAF HIAF

major national science and technology infrastructure
@ Radioactive beams _Q‘_"_‘ A
. physic ,-f: =

L e . =5 :.' T

High energy experiment
station

* Hyper nuclear physics

* Phase diagram of
strongly interacting
matter

spectroscopy

Spectrometer ring
Circumference: 273m

Fast cycle ring
Circumference: 590 m
Rigidity: 34 Tm

711 ISECR:
Superconducting
ECR source
Superconducting linac

Low energy nuclear structure
and irradiation terminal

BIM (Building information model) of HIAF facility  construction started in 2018
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S Main parameters & science motivation HIAF>

T T~

To provide very high intensity heavy ion beam

SECR iLinac BRing HFRS SRing
Length / circumference (m) 114 569 192 277
Final energy of U (MeV/u) 0.014 (U3>) 17 (U3s) 835 (U%H) 835 (U%*) 835 (U9%%*)
Max. magnetic rigidity (Tm) 34 25 15
: : 2x101 35+ 05. 2
Max. beam intensity of U 50 ppA (U3*) | 28 ppA (U%) @ﬂﬁ;gg ((335+)) ------- ( (0.5 1&;;%9) PPP
N 5
: fast ramping (127T/s, Momentum- :
Operation mode DC CW or pulse 3H2) resolution 1100 DC, deceleration
Emittance or Acceptance 0 +30mrad(H)/+15 | 30/30, 1.5% (normal
(H/V, = mm mrad, dp/p) /5 ALY, B mrad(V), £2% mode)

HIAF: for advances in nuclear physics and related research fields

B Questions of nuclear physics: B Slow extraction beam with wide energy range for
* To explore the limit of nucleus existence applied science, phase diagram of strongly interacting
* To study exotic nuclear structure matter, hyper nuclei physics

Understand the origin of the elements B High energy and intensity ultra-short bunched ion

B High charge state ions for a series of beams for high energy and density matter research
atomic physics programs.



Challenges of HIAF accelerator complex
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Thin vacuum chamber

0.3 mm, <7x10-2 mbar >1.7 emA U35+

SC-ECR |bn sourc.e

Fourth generation high

current ion source
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> Accelerator components: Warm Front-end

lon Source Platform RFQ and MEBT
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&% Accelerator components: iLin

BRing injection line

-

V<“.




é}% Accelerator components: BRing

Full energy storage PS Extractlon Kicker PS RF Power Station Controls and Electronics
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Accelerator components: HFRS
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HIAF construction time schedule

2019 2020 2021 2022 2023 2024 2025 2026
Civil construction
Electric power, cooling water, compressed air, network, cryogenic,
supporting system, etc.
ECR design & fabrication SECR installation and commissioning * First beam
Linac design & fabrication iLinac installation and commissioning
Prototypes of PS, RF cavity, chamber, BRing Complete
P ma ’nets otc Y. ’ fabrication installation and P )
gnets, etc. commissioning Installation

HFRS installation &

commissioning

& COo

SRingr]Jnstallation

missioning

*

Complete
Installation

ay one
exp

Terminals installation

» Theion source SECR has provided first beam at the end of 2024
» Firstion beam in iLinac is expected in Sept.2025
» Scheduled beam commissioning in BRing is in Oct. 2025




m@ CIADS-China Initiative Accelerator Driven System

; \
.3

Accelerator-driven subcritical systems (ADS) is considered to be the most effective and promising method
to solve the nuclear waste. CIADS will be the world’s first prototype of ADS facility

Megawatt level to explore the safe and proper

(@ High power lead-bismuth @ Sub-critical lead-bismuth technology of nuclear waste disposal

eutectic (LBE) spallation eutectic (LBE) fast reactor
~—— * Beam Energy:
target @ s B

: ‘ 500 MeV (upgrade to 2.0 GeV)
< \@) < e Beam Current:
- ,“;‘ -

. 5mA (upgrade to 10 mA)
e Total Power: <10 MW
/ Wth react power

terminals

The total budget is
7 4.0 billion CNY

Construction period:
2021-2027, 6 years

The same campus
with HIAF

High power Target experimental Facility
Muon experimental Facility; v
Multifunctional Irradiation Research Station;
Nuclear Data Experimental Terminal

ISOL for upgrade .
v (@ Superconducting proton

linear accelerator



v, CIADS SC-linac and its challenge

CIADS linac ~250 m, 232 SRF cavities
Beam: proton, 500 MeV, CW 5 mA, 2.5 MW .

oy spe - N Ellip082x7
Beam availability >85% and fast MPS< 20 us - pUoe
. 28 cavities

o Ellip062x10

5.820m

3 cavities
HWR040x10 4.480m
- 6 cavities+2 solenoids '
HWR019x4 6.038m
6 cavities+6solenoids
\Y
HWR010x1 6.038m ection =300 Me
9 cavities+9solenoids ducting . S Ay ) e
con ‘ & Ly gy S
162.5MHz 6.038m Supet™™= g de Sy Y Lo

[0 Beam loss and control: <106

O SC section stability: A¢/$<0.1°, AV/V<0.1%

43



Physics design of CIADS proton linac

162.5MHz 325MHz

ECRIS LEBT RFQ MEBT pRgi%i{oxlol7oxke) HWRO040 Ellip062 Ellip082 HEBT
I
I I I

i i
0.02MeV 2.1MeV

Trace¥in - CEA/DRF/Irfu/DACK

X & Y (mm)
O O RN

650MHz

Beam
dump

Target&
Reactor

Parameters of the SRF cavities

|
500MeV

HWR010 HWR019 HWRO040 Ellip062 Ellip082

100

P (deg @162.5 MHz)

50 100 150 200 250 300 350

Position (m)

wn o4
P PR

100

IIIIIIIIIIIWHW%IIIIIIIIIIII| i
i [TTTTTITTTTTT |

0 50 100 150 200 250 300 350

Position (m)

Beam envelope along the linac

Freq. (MHz) 162.5 162.5 325 650 650
Quantity 9 24 60 30 28
Dyna. load @ 2K 2.9 4.4 5.7 23 25
Ep @ op. (MV/m) 26 28 28 29 29
Ep @ cp. (MV/m) 31 32 31 31 32




CIADS technical challenge

» Minimize the beam loss and maintain a long-term high reliability and availability of the high power
proton SC linac (500 MeV/5mA)

» High power spallation target (2.5 MW). Phase I: LBE target; Phase Il: Granular flow target

» Coupling between the reactor, the target and the high power proton beam

Key technology R&D and Prototyping

B 17-20 MeV/CW 5-10 mA ADS front-end demo-facility
B Target prototype R&D ( LBE target and granular flow target)

B Prototyping for fast subcritical reactor vessel, heat exchanger and LBE centrifugal Pump




CiADS SC-linac construction (1)




CiADS SC-linac construction (2)

Proton source and RFQ




CIADS planed milestones and time schedule

2020 | 2021 2022 | 2023 i 2024 i 2025 2027
1za:saaagwunpzalsuaagmuulzal,ﬁnsgmnnlza: 6789101012345 675 9WNRI23456780WIN123456759101R1234567809H1D
L 2 Appl oval of subcn’rlcﬂl r cact(jl design cutlmc
i & | Appr (Wﬂlﬂf preliminary: dcmgn cstlmﬂtc
Q: Accclcl':ﬂtcl EIA ccmpqllctlcn
¢’ Release of Eﬂccclcratcr Eﬂ[ilS'l'l'll('.’l'iﬂ]] dl‘ﬂ‘ﬁ;fi]]g
. 4 ;Accclcrﬂtcr hu:ilding starts cclilstructicn
Preparation ci' PSAR ¢ | | '
Ccnstructmn pcrmlthCD *
Civil ﬂcccptﬂncc of acceler ﬂtc-l and cxpcrlmcntal terminal 0
Rcactcr bmldmg capping 0
Initial chﬂm ccmmlssmnmg of accclccatcr * Delayed

Ccup]mg of acceler ﬂtcl and spﬂllatlcn target- Spﬂllﬂﬂﬂn target acceptance

Instﬂllﬂilcn of spﬂllﬂhcn target in reactor

¢

.

¢

—

T

The ]cln't ccmmlssmnmg conditions cﬂ reactor, ﬂccclcl ator and spﬂllﬂtmn target ﬂlc available
CiADS pl oject ﬂcccptﬂncc ®
12345678 ﬂlﬂllllill.ﬁl.l:'- 678 i'lil]ll!il T34 5467 Hﬂlﬂllltil T3 4567 Hﬂlﬂllllil!.ﬁl.li 678 i'lil]ll!il TIL 56T Hilli.'llllll 13 45 1‘5?1{!1112123 45678 2101112
2020 | 2021 | 2022 | 2023 | 2024 ! 2025 | | 2027




LEAF — FECR+RFQ, 0.5 MeV/A
Front-end demo for HIAF

2021
17-20 MeV@5-10mA, CW
= 13}

2016
10MeV@1.T1mA CW

SC proton linac — 20 MeV/10 mA
Front-end demo for CIADS linac

2015
5MeV@3mA CW



Low energy accelerator for high intensity heavy ion beams: LEAF

nghvoltage pIatform




LEA// The world first 45 GHz ECRIS --- FECR

FECR Parameters

45 GHz FECR e De Specs. Unit 45 GHz ECRIS
, o Frequency GHz 45
RF Power kW 20
" -'-. . Chamber ID mm >(140
Mirror Fields T >6.4/3.2
Quasi-optical to ovable Triode B..4 T >3.2
0 : - Mirror Length mm ~500
= - ' | ! | B,,., in conductor T ~11.8
Magnet coils / Nb;Sn
000 1420 mm | |[5 Nb;Sn J>1500 A/mm*@12T
" [ el Cooling W 100
g 8 E S I 11 Capacity@4.2 K '

€ H. W. Zhao, Review of Scientific Instruments 89, 052301 (2018)
@ L. Sun, Journal of Physics: Conference Series 2244(1), 012021(2022).

A@ B LEAFBG 52, 22 ] 51/97



FECR Nb,;Sn magnet

Vacuum shield

The magnet mechanical structure was designed by T
collaboration with ATAP magnet group at LBNL (Strain GaugedN

Bladder & Keys assembly

Iron Master

YOKE-SHELL

ALIGNMENT PINS
MASTER-KEY PLATES

SOLENOID
STRUCTURE
SUBASSEMBLY,

COIL-PACK

SUBASSEMBLY Sextupole ID=200mm, L=857 mm

Solenoids ID=336mm, OD=430 mm

AXIAL-LOAD
END PLATE SHELL-YOKE Twin injection Solenoid coil
SUBASSEMBLYS SUBASSEMBLY solenoid coils \ su-asembly
COIL END (Shell is strain gaug Middle
solenoid
BLOCKS LOAD-KEYS

Extraction =

BLADDER solenoid

SUBASSEMBLY Sextupole coil
sub-assembly
L)
Sextupole
a COLLARS coils

SEXTUPOLE
. e COILS

Solenoid ~ Sextupole  Solenoid
Collars intercostals load-pads  load-pads



FECR Nb,Sn magnet development

From prototyping to operational machine (2015-2023)

Key technologies y % Prototype Coldmass

* Coils fabrication ¢ Quality control and
* Keys & Bladder analysis

e Quench protection

* Know-how of Nb;Sn
coil

¢ SG assisted mechanical
assembly

* Quench protection
e Reliability

To demonstrate 80~85% of
FECR coldmass performance

Full Sized coldmass

e Quality control of mass
production

e Quench protection
e Reliability
e System integration

FECR Magnet

e System integration
¢ Coldmass alignment
¢ Reliable operation

Operational FECR Nb;Sn magnet

8 years R&D for FECR magnet



25 FECR full-scale Nb;Sn magnet status

But need to verify the quench protection system, one sextupole coil
In the cold-mass insulation problem!







Magnetic field measurements of FECR hybrid magnet

FECR Magnet Training

FECRmagnet _a

25 1

FER cold-mass
In test-dewar

Bz (T)

2 4

1.5 4

1 4

Quench Percentage

0.5 9

1]

T T T T T T T T J
200 300 400 500 600 700 800 900 1000 1100 1200

; 5 N ) - . Axial mirror field at measured the axis

Quench No.

Max. Deviation: 1.7%

25
2
15
1
0.5
0 T T T T T
1 2P0 250 300 350

Theta (mm)

90%--Br (T)

Sextupole field measured at r=65 mm




LEAF- 45 GHz FECR
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LEAF- RFQ (1)
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LEAF-RFQ (2)




Disde iron powsr supply(CW)

W 20, 00 2| B Threshold: (g o |

o i F
=3 l]hn sellanki Mazs sumber: 1600 |5 Fuakfind  Identify spectrua
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ﬂ 1 o
200 A HEZ+ O
oA

50 60 70 80 %0 100

FECR: 1.6 emA OFf*

The world first demonstration
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CW beam acceleration of 1.0 emA 1606+

* RFQ transmission efficiency ~90%
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1>*CW b leration by LEAF-RF
e 0.23 emA “9Bi3>* CW beam acceleration by -

00 e o e e s e .

O 3+ 3 2 +3 1 + O 2+ % Igi »Tisun;tr;iwﬁ?gc; v?;:pa;g ;Lmsm,,; G2 LEAF FECR AdjustBeamopi [ TIMING Lopi 2/ SRARLERT.opi 2 Temperature.opi 127 *<Not saved to file> 12 “<Not saved to fie> 53 E; fl %‘%

o 334 ﬂ n 30+ :| & :
< 34+ ﬂ gl 3
z |\ 25+ o 171
Z’ 5 36+ ﬂ 27+
Em 37+ ) %hg
£ ds EEL 0.23 emA Bi3S*@60 mins
WY

0 AR

95 125

DM1 Current (A)

FECR: 330-350 epA 209835+

6.5 kW 45GHz+5.5 kW 28GHz 1 hour stability demonstration of CW 230 epA Bi®** beam
accelerated by the LEAF-RFQ

* RFQ transmission efficiency ~90%
The world first demonstration
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® 2014, 2.1 MeV RFQ+single HWR cavity
® CW 2.5 MeV/10 mA

2
©2014-2015, RFQ+6 HWR cavity o
® CW 4-5 MeV/4 mA

. |

©2016, RFQ+12 HWR cavity
® CW 10 MeV/2 mA

4

o4 ©2017-2019, RFQ+23 HWR cavity
E% 7 e CW 15-25 MeV/2 mA

©2019-2021, RFQ+23 HWR cavity
® CW 20 MeV/10 mA
7.3 mMA@126 kW, 108 hours

The world first
demonstration
for CW proton
linac

—




B 2011-2017.SC linac 10-25 MeV/ CW 0.2-1.1 mA
2021

IMP collaborated with IHEP.
17-20 MeV@5-10mA, CW
B 2018-2021. Upgrade to 20 MeV/CW 10 mA
7
Demonstrate 10 mA CW beam n"f, t}?
2019 1 [ Ny

16.AMeV@2.1TMA CW o™ e
2017 _—
25MeV@0.2 mA CW

2016
10MeV@1.1mA CW

2015
5MeV@3mA CW

P, H', a
Frequency 162.5 MHz
Current 10 mA
E., RFQ 40 keV
E,.. RFQ 3.1 MeV
E,,. SClinac 20/30/40MeV
Cryo. Temp. 45K

ECR \S . « . P ”
Supported by “Strategic Priority Research Program” of the
Chinese Academy of Sciences. I

2014-2021 Beam time (hours)

=, total -



mailto:25MeV@0.2

High power CW SC proton linac reliability demonstration

Operation from Jan. 20 to Mar. 10,2021 | e world first demonstratlon URF fare  Pump felre TimingsystomPC

Attempt to 10mA,

Attempt to SmA, Attempt 100~200kW, long-term operation
tuning LLRF improving RRS and stability of SRF
—

overcome BL, test RRS
The first CW 5 mA The first CW 10 mA Several attempts to 108 hrs, CW, 8 12 hrs, CW, 10

e e proton beam T proton beam = T long-term operation =~ mA operation -~ mA operation

g-
X
o
N
= @7
o
Q
=] =

00 10 20 30
L i i 1

Avallablllty 126.1 kW, op. time 108 hs, availability 93.6%
Beam current: 174.4 kW, 10.08 mA, op. time 12 hs
High power: 20.18 MeV, 10.18 mA, beam power 205.5 kW

N — —

melu%la(n 18MeV@~7.5mA)
Il .f T T ]
W‘ <I [ICW 785mA |
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B Many applications for HIHP ion accelerator in scientific research and national demands
B Technically challenging for HIHP ion accelerator, key technologies need R&D, such as
high intensity ion sources, high performance SRF cavities, high field SC magnets,

high power targets, diagnostics, LLRF, MPS, AI&ML..

B Many HIHP ion accelerators being operated and planed, globle collaboration necessary.

B HIAF&CIADS being built after many years R&D. Expected to reach the designed performance
and could be one of the world best-performance HIHP ion accelerators

Thank you for your attention !
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