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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 N ® Medical isotope production ® Heavy ion driven fusion

® Rare Isotope facility ® Particle and radiation imaging ® Neutral beam for MCF

® Secondary beam o ... ® Fusion material irradiation
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How can our users utilize the accelerator beams
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How to achieve high-intensity and high-power ion beam with radiation security

B Raise beam intensity from ion source

/" Beam average power: )

B Raise beam energy P=E, .. Iaverage
B Reduce beam loss as low as possible during transmission and

acceleration Beam average intensity:
B Raise intensity through beam accumulation and cooling for | = anp e

synchrotron and storage ring

: . _ _ f, Repetition rate
B Raise repetition rate, pulse peak intensity, pulse length for pulsed \ N, Number of particles per pulse/
lon beam

Significance of exposure to radiation

B Occupational limit of radiation dose: maximum 50 mSv/year in US and China ( <20 mSv/year for 5 year)

B Lab management guideline of radiation dose: 12.5 mSv in US DOE, 5 mSv in China

(Chest CT examination: 5-7 mSv; Whole body PET-CT scan: 15-25 mSv)



Production of 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

lonization 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.

W 2.45 GHz microwave-driven ion source for single-charged ion beam production

Table 1. Summary of the proton source operation.

Chalk River
Taylor &Wills

Beginning of
'90s

T. Taylor and J. Wills, Proc. Linac’92, Ottawa
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FIG. 1. Microwave-driven Chalk River proton source.
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Ton Source Parameter Value
H, gas flow, Q> (sccm) 4.1
Ion source pressure (mTorr) 2
Ton source gas efficiency (%) 24
Discharge power, 2.45 GHz (kW) 1.2
Ion source solenoid 1 (A) 87.2
Ion 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
DC1 current (mA) 154
Beam current density (mA/cm®) 205
Beam power, cw mode (kW) 7~ 116 TN\
Proton current at DC1 (mA) 139
Duty factor (%) 100
DC2 current (mA) 120
Injector emittance, 1rms norm. (mmm-mrad) \ 0.18 /
~———
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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 .
] Gas mixing=
Plasma
Electrode

Magnetic field configuration

Plasma electrode position
Pl _
Chaars;erZr ECRH Plasma W, = 10-60 GHz Chamber size
Bmax =1-16 T
Multi-Mode Cavity ? 35000,
! Wir, Pre, BN, 4= n, Te Loy N; Ti T, |
B Confinement of high density highly-charged plasma )

--- 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
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SECRAL&

SECRAL-II 24-28GHz SECRAL-II ECR ion source
lon species Charge state 24~28 +18 GHz
6-10 kW
[epA]
40Ar 12+ 1420
16+ 620
18+ 15
BKr 18+ 1030
28+ 145
129X e 26+ 1100
30+ 365
42+ 16
209Bj 31+ 680
41+ 100
238 34+ 620
35+ 545
A6+ 61 More than 5000 hours operation each year in the past 10 years
55+ 13 demonstrating high performance and long-term stability
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Typical accelerators for high intensity ion beam acceleration(1)

The compact cyclotron principle recap
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ECR lon Sources
Room Temperature RFQ Accelerator

B=0.041 Quarter Wave Resonators
B=0.085 Quarter Wave Resonators

Target Beam Delivery System

" Superconducting Bend
B=0.53 Half Wave Resonators
B=0.29 Half Wave Resonators

Cryogenic Distribution Line

FRIB/MSU

Charge Stripper

FAIR/GSI

Primary beam chain: UNILAC/SIS18/SIS100

Ring
Linear ‘ ‘ <7 accelerator
P &

UNILAC

Ring accelerator
SIS100

» 5 N\ Production of new
~ w : ) TN atomic nuclei
/ / Production of
antiprotons
e |
100

B existing facility
. Planned facility

. Experiments

Experiments
e APPA: Atomic/Plasma physics
e CBM: Nuclear matter physics
e NUSTAR: Rare isotope beams
e PANDA: Antiproton beams
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2= echnical approaches of high-intensity and high-power ion accelerators (1)

1. High-intensity and high-power (Frontier of intensity and luminosity)
-- SCion linac (1-10 MW, < 3 GeV, 5-10 mA)

Injector | 10 Mev NC or SC SC  Main Linac 1-0 GEV
Ion ) Ellipi. 063 Ellip. 082
source =y 2. 5 MeV 500MeV 650MHz 1.0 GeV 650 MHz
162 S5MHz 42 Cavities arn
_ 76 Cavities

SNS injector, ESS, CIADS, FRIB, SPIRAL2,IFMIF...

HWR 010
MEBTI=f 10MeV 162. 5}[[-12 MEBT2
12 cav:.t:.es

2. High-intensity and high-power cyclotrons (1-3 MW, < 1 GeV/A, <5 mA)
GANIL, PSI, RIKEN, IMP, TRIUMF...

RRC s k540 : .
RILAG2
lation HHE
n Sourt - I
NQ setens 58T3 5T4 BigRIPS
T°" 1RC /K700 IRG / K380
RILAC  ooster SRC 7 K2600
ol NN B GARIS
. AVF /K70 | Fixed-energy mode (Kr, Xe, U)
ECHS 5T Variable energy mode (Ca, Zn..)

e RIICRIB . AVF injection mode (d, N, ..

(deutesons)

» + 7N\
PSI proton cyclotrons RIKEN-RIBF—Heavy ion cyclotrons E\L N ;|\f A 4

ANIL -Heavy ion cyclotrons



;m; Technical approaches of high-intensity and high-power hadron accelerators (2)

3. High-energy and high-power (Frontier of high energy)

-- Linac+ synchrotrons (1-5 MW, >3 GeV/A)

SNS, JPARC, CSNS, HIAF, FAIR,FNAL proton complex, ....

Linac injector

Several synchrotrons
and storage rings for
acceleration and

Target accumulation, compression,
RCS booster and finally to the target
-- Linac+ RCS synchrotrons + colliders (1-3 MW, hundred GeV/A - TeV) lon beam-beam

transfer lines proposed to be
installed inside FCC-hh ring tunnel

experiment experiment

. .MEDICIS

ron collimation

CERN LHC i S=—e—"" ECC-hh/SPPC

collision

e - Polarized Jot Targe
Elecfron lenses 12:0Q o’clock

o ~10:00:0%lock
4{!‘? RHIC

BNL RHIC




High-Intensity High-Power lon Accelerator (HIHPIA)

2. Key technologies and challenges



Key issues & challenges for HIHPIA

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 HIHPIA 1on 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

Beam loss rate 10-4-10-,

CW: 10%1°-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

AlI&ML .....
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Acceleration 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 |l Longitudinal

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
B | ong-term operation (weeks) at CW 10 mA proton and 1 emA heavy ion beams not yet demonstrated
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2.1 MeV/H* 10 mA, 2011-014, 3 such RFQs were built and being operated at IMP (collaborated with LBNL)
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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
CW 10 mA proton and 1 mA O°% beams were demonstrated in hours
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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.

Spoke HWR

Typical SRF cavities for ion acceleration
with low and high

Elliptical multi-cell

17



1E10 —— 10W POWER DISS.

|~ IMP HWR-002 1E10 o - - - - - - - . .
| ~+— IMP HWR-003 —%— TARGET
| 4~ IMP HWR-004 o ANL4K
| IMP HWR-005 — == HWR015-001
|~ IMP HWR-006 — =~ HWR015-002
—o— IMP HWR-007 = v— HWR015-003
|+ IMP HWR-008 HWRO015-004
—+— IMP HWR-009 *— HWR015-005
| ~+— IMP HWR-010 HWR015-006
|~ IMP HWR-011 HWR015-007
—e— IMP HWR-012
IMP HWR-013 =as mgli &:
| - IMP HWR.014
| —o— IMP HWR 015 1E9 4 it
| > IMP HWR.016
|« IMP HWR017 - HWR015-012
|+ IMP HWR018
|~ —IMP HWR-019
—%— IMP HWR-020
| & IMP HWR-021
—7— IMP HWR-022
| % TARGET
| —— SARAF HWR CAVITY
|+~ IFMIF HWR CAVITY
Eacc(MV/M) g8 {4 — ——T——T—— EpeakiMVim)
0 10 20 30 40 50 60 70 80 90 100
~ Uacc (MV) /T 77— 77— T —+—T— T Eacc(Mvim)
2 4 6 8 10 12 14 16 18
I T T 1 T Y T T T T T )
Ep (MVIm) 0 10 20 30 40 50 60 70 80 80 ucnn
0 5 10 15 20 25 30 35 40 45 50 55 r v - - T v T - - - - - - . - , Uaccdv)
— e Bp(mT) 0.0 0.5 1.0 15 2.0 25 30 35 40

70 90 100 10

HWRO010 by IMP HWRO015 by IMP
Gradient E_.. and Q, need to be improved for both bulk-Nb and thin film
New structure and new material need to be developed.

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

® p=0.82. 5-cell prototype built by IMp  much higher performance.
Q0 1 x 1019, ~30 MV/m in VT. 650 MHz
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5 SRF Cryomodule

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




zm:»" Accelerator high-B SC magnet: Development and State-of-the-Art

o . Dipole Field for Hadron Collider

100TeV, 1 6-20T/

18
HTS (Bi2122,REBCO, Iron-Based) FCC/SPPC
16 Two approaches
'::; 4 . LTS (Nb3Sn)
- 12
= 10 Nb,Sn - = HTS (REBCO) conductors
— == 14TeV, 11-12T-16T
g 8 b-Ti et LHC (14TeV, 8-9T
I e o8SC VISTox; ST Demand and challenge
- ) Tevatron R RHIC ® 16-20 T dipole magnets
,,,,,, ¢ ® ¢$1-1.5m, 30 T solenoids
2 == ® 100-kT/s fast ramping dipole
0 SPS & Main Ring (resistive)
1975 1985 1995 2005 2015 2025 2035

Year

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




| PaRAMETER | Unit | MQXFA/B

Coil aperture mm 150

Magnetic length m 4.2/7.15
2

22-28
K 1.9

T/m 1326
KA 16.5
T 1.4
MJ/m 1.2
T 12.4

N.oflayers
o

o ¥« Beamscreen
( ) w/tungsten
4 absorbers
: 4 o

LARP

High
Luminosity
LHC

17000 L e A B S —

| ; 17000 f4———— 17 77— 71— T
16500 | 30min  33min 30min 85gjn S min L™ 304 |1 1 30min  75min 30 min i L.t300A
] X e & 16500 =~ - == @ -==----- b ;" T e '27' ST T, =16230 A
------------------------ _'--":""" e e e L X - Y et -
16000+ ey 2 16000+ il
~15500 1z | : i ] ]
2197 x TC1 ] g 15500 : | mag | |
= 15000 1 4 5 15000- TC2 : f
5) 1 . = Holding current] O ' = Holding current
E 11 rampin : ‘ ' - ‘
= 14500 p g X Trip 14500 - 1 4 ram in' X Trip -
© ] ® Quench T p ig ® Quench T
14000 T T T T T T M T T T ® T i T ]4000 T T T T T v == T ¥ T v T L) T = T
0 2 4 6 8 10 12 14 12 14 16 18 20 22 24 26 28
Ramp Number

Ramp Number

_____

Idini,
, IPAC24,
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L

B Nb,;Sn dipole demonstrator: 17 T achieved

Demonstrators: magnets not having all features of a
short model, but proving a part of the technology
(aperture 50 mm)

B LTS Nb;Sn R&D directions:

- Improve performance / cost
- Nb;Sn / NbTi hybrid magnets at 1.9 K

- Reduce cryogenic system complexity and cost
for 4.5 K operation
- Need intensive R&D: verify reproducibility and

margins, reliable quench protection at high field

; A s | ;
14.5T Dipole by Fermilab



> e Future high field SC magnets: HTS magnet

So many labs involved
Possible to realize J >1000 A/mm2, B > 20T, T > 20K

EUCARD2 Feather M2 (CERN)

| S— — < Y ~ e %

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

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

tape-stack cable racetracks

CERN insulated

Accelerator demands: field quality, reproducibility,
long-term stability, uniformity

SN CEAMI /‘\I Al
8 Racetrack

BERKELEY LAB

HTS/LTS hybrid technology: Possible cost saving but
still need 1.9 or 4.5K for LTS, strong interaction
between the LTS coils and HTS coils.

6 T insert coils by IHEP



Beam Temperature and Beam Cooling

The beam particles are generated in a “hot” source

* Longitudinal beam temperature

2

 Transverse beam temperature

1 1 1
EkBTl = Em(vi) = Emczﬁzyzﬁlz

v (s) €1

Bc B B.(s)

6,(s) =

1 1 1 5o\
—kgT, = §m<v||2> = —mc?p* <—>

S

\ ~
hot beam

cold beam

Beam temperature depends on “momentum spread”
and “emittance”, the phase space volume

B Liouville’s theorem (in Hamiltonian dynamics) states that the volume of phase space is
Invariant under time evolution (conserved).

B Need beam cooling to reduce momentum spread and emittance.




Typical beam cooling methods and technologies

Beam cooling methods are non-Liouvillean processes which are used for a reduction of
beam temperature and improvement of beam quality

« Electron cooling

Principle: momentum transfer
by coulomb collisions between
electron and ion

collector

HV system
1t
L

V4

-
1 deceleration

Magnetic field e-beam

i-beam

Coulomb collisions
between electrons
and ions

» for low or medium energy beams

« strong cooling effects

 very slow for high energy beam
and high beam power.

« Cooling time ~ y3

« Stochastic cooling

Principle: measurement of

deviation from ideal orbit is used

for correction kick (feedback)
— Pickup

Pre-amplifier

filter

*, Power
! amplifier

kicker

for low intensity and hot beams
pre-cooling for secondary ions
limited by bandwidth and beam
density, slow for high energy
and high intensity beam

« Laser cooling

Principle: directed excitation
and random emission result in
a transfer of momentum

hv
Laser mummmmp @—» py+hv/c
P
o N 1 K

~ 7’

p,+hvic —
/7 N

7

P op+hvic ‘

N

ultra fast cooling process

very strong cooling effect
quite particular method, limited
by laser frequency

Coherent electron cooling : use electron beam as cooling media and to cool ions stochastically with bandwidth at f 1-100 THz




Beam cooling challenge

Key challenge and demand: - Fast beam cooling dedicated to particle beams with high energy,
high intensity and high momentum spread, such as for proton, heavy ion
or secondary ion beam, muon beam, not yet demonstrated successfully.
- New ideas, new technology, breakthrough needed urgently.
Coherent electron cooling, ionization cooling..., not yet demonstrated.

‘
@ w SC Solenoid
‘
i
: -
)

Fermilab: induction linac+ring for EIC project, weakly-

magnetized cooling Muon ionization cooling
brotons, 100- 270Gev  Cooling Section, 80-m, 2 kG for muon collider @
( Electron ring (250 m circumference) ) multiple scattering B
.“a(’ ~ @ . ;\ Lar_ge - maHerm' rrrrrr
oW Beam dump ¥ emittance 1,\y.z material LH, [l culol
o il 2
\06\)(3‘.\ a*\ CeC cooler for EIC at BNL ro-aecoleration y Ah'so:ber- ;\ccel:.-rator
o® N Transverse 3 opposite fo moton, purly longitucinal
€\€(' &%N\e Hadron Chicane HL‘ P, Py, Py, AE decrease
o B - beam current: 50~100 A D5 =----- Hagonbeam DS cooling
® - Rep rate: 100~200 Hz (~10° turns
storage time) IIIII Muon Coollng Performance
- Beam power to dump: <400 kW 100{ — IMCC Extension S~ “Tor . i FaiCosing
—— MAP Baseline Codeg’ Cole B R
80 4
£
H H * Hadron beam energy — 275 GeV B E
CO O I I n g fo r E I C h I g h ¢ Electron bame energy — 150 MeV . 604 o Transverse (normalised) emittancg
. . . 42 s From Target decreased by a factor 17000 / 22.5 (which is
ener g y p roton b eam ;/Iv?;;llf;d“lf)n ggm_;th“ 40T;1§ 3 m== the target value) = 756!
. andwidth ~ Z 2 01 ¢ - —
+ 275 GeV proton beam cooling times g
* Horizontal — 1.9 hours -
* Longitudinal — 3 hours 20
©Vladimir N Litvinenko, SBU, HB2025. o] S
OE. Métral, CERN, HB2025 10° 10° 10°

Transverse € [um]



v, Target for high power beam

Utilize high power beam on target to produce secondary particles

Target for spallation neutrons, ADS, py and neutrino beam, ~ MW power
Target for radiactive isotope. tens kw-hundreds kW

Graphite, solid metal, flowing liquid metal, fluidised powders...

Fixed, rotating, Conveyors,...

Key issues:

- Rapid temperature cycling, active cooling e.g. forced flow Helium.
- Extreme high-radiation damage, swelling, structural degradationTarge
- Lifetime and beam window lifetime (Ti/Al, Be)

Target " Ry ook

Viewing ESENE T Vessel
Periscope T H Al shielding

connections
cell

Moderator m M= , Core monolith vessel

Reflector b L Vessel
Assembly

neutron beam
extraction port

Target
Proton e ' assembly,
beam ‘ \ 18 - drive, shaft

window 1 1 segments

target diagnostics
plug

p\'O‘O“ - P L target wheel
pea™

Bulk steel ‘ — ‘ T
Shielding, 1 A 0| = ] %
(5.9 m) —T : T =

Nozzle

Proton 74 \ S Extension

beam p : N

tube ‘ | & AR - Instrument
assembly = Optics

’g[fé'd.r = _°=' * |
PSI target for surface p

ESS 5 MW target

Insert

SNS 2 MW target design



High-Intensity High-Power lon Accelerator (HIHPIA)

3. World-wide HIHPIA and HIAF&CIADS at IMP



et Evolution of proton and heavy ion beam power

100 g

M Proton (cyclotron, linac)
= A Proton (synchrotron, accumulator)
10 | . cAps W
E X Heavyion
[ SNS (PPU)
SNS _ A -
—= 5 HEss
al LANSCE - o LPAC MYRRHA
= _- “AsSNS  pare O
= o x Proton: 1-10 mA, 0.1-5 MW
= M A\ 1-PARC . :
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0.0001
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©J. Wei, FRIB/MSU, HB2023
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SNS Accelerator Complex

TN
Front-End: 1 GeV Accumulator Ring;_____'(j_ i
Produce a 1-ms LINAC Compress 1 ms long l 4
long, chopped, pulse to 700 ns iy /x 3
H- beam =G="1
1000 eV o
2.5 Mev I N
Front-End LINAC - -
p Liquid Hg .«
Target 7
Chopper systam
makes gaps
mini-pulse

!

1 me

\

Current
Current

Design parameters: 60 Hz, 1.4 MW

ORNL SNS

T4
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18-GHz ST1

oo RIICRIE e AVF injection mode (d, N, 0.)
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Main Injector

120GeVv

Rec v Ring.
8G

Slip Stacking

Rebunchi

% Short Baseline Neutrino:
MicroBooNE
_(ICARUS, SBND)

Switchyard:
SeaQuest, LArIAT,
test beam

Long Baseline Neutrino:
NOVA, MINERVA (LBNF/DUNE)

Muon Campus:
g-2(Mu2e)

FNAL proton accelerator complex

‘High Power
Linear Accelerator:
+ Energy:2 GeV
* Rep.Rate:14 H:
+ Clrrent:62.5 mA

arg onle k
* Hegaseooledrotating Sy~
W-target (SMW average 3
% ) Eyo
* &2 beam ports

16 Instruments in

Construction budget

Committed to deliver 22
instruments by 2028

Péak flux ~30-100 brighter

than the ILL
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The highest power proton accelerator

14MW 1.8

produce neutrons for materials science
research via spa

target

Over
area

Protons accumulated via

harge exchange injection
MW charg

llation on a liquid mercury

1 ms, 1000 pulses of H’ beam
ccelerated to 1.3 GeV or 0.91c

700 ns pulse of 1.44 E14
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

https://status.sns.ornl.gov/beam.jsp
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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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year

Ultimate goal is 3.0 mA
Corresponds to 1.8 MW

*

3 resonators

Being upgraded to 1.8 MW

beam current [pHA]



B ESS 5MW average beam power Commissioning

e Pamer TargetStationie ¢ S SC linac 2 GeV/5 MW

* He-gas cooled rotating ™\
Linear Accelerator: W ; 5MW
Energy:2 GeV arge (» average

Rep.Rate:14Hz = '420;"9') LTS e g ) ® 2014 start construction, 3 phases.
|+ Current:62.5 mA s A ports ' . .
- ® 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 long pulses at 14 Hz

Peak flux ~30-100 brighter L.
than the ILL Commissioning

800 MeV beam on target in 2026

3522l MHzC————————, = = 70442 MHzC——,_— Doglé
<25m—=> <«<46m—> <40m-> <—389 m-> <«<559m> <«—767m—> <« 1789 m —
Source LEBT MEBT Spokes Medlum B High B Dump Line

75 keV I 36Mev1 ﬁ ﬁ

1 190 MeVI 216 MeV 1 571 MeV 2000 MeV

© Ciprian Plostinar, ESS,
HB2025




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 g —
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



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 kKW heavy ion beam, now 30 kW
® Designed U beam 8-10 puA

The world most powerful

heavy ion accelerator! ® Started routine operation in 2022



GSI-FAIR accelerator complex

FAR =1
FAIR accelerators

Primary beam chain: UNILAC/SIS18/SIS100

Ring Ring accelerator
Linear */~/ accelerator SIS100

UNILAC

4 ¢ / p \ Production of new
/ i , \ atomic nuclei
N /4 p -
4 Production of
/ antiprotons
/ \_/ / 4

Experiments . Existing facility

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

Construction

Operation
in 2030



e HIAF&CIADS at IMP --- 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




St HIAF&CIADS Construction Site




HIAF general layout and overview
O HIAF IS aimed to prowde the highest intensity heavy ion beams in the world

oA Fast cycle ring At
4 Circumference: 570 m ' |
Rigidity: 34 Tm
%L Large acceptance (250/120)
N\, TWo planes painting |nject|on f J

ILinac:
Superconducting linac
Length:100 m

Energy: 17-22 MeV/u(U35+-46%)

Spectrometer ring
Circumference: 273m
Rigidity: 15 Tm
Electron/Stochastic cooling

Two TOF detectors
Four operation modes

Superconducting
ECR source

0.8GeV/u | 0. 52 o><1o11 00
2.45GeV/u 0. 25-0.5X 101 ppp

B 9.3 GeViu 53X 10%3ppp

Accelerator main components
> 4" ECR ion source (SECR)

» Superconducting Linac (iLinac)
» Fast ramping synchrotron (BRing)

Experimental terminals in Phase-|

@ Low energy nuclear structure terminal
@ High energy experimental terminal

@ High energy fragment separator HFRS
@ High precision spectrometer ring SRing

J ®B) Electron ion recombination terminal

® Radioactive ion beam physics terminal

39



> Y, Major Challenges
HIAF Could be the world most intense pulsed heavy-ion facility

Challenge-1:

Institute Machine Planned Achieved )
Beam dynamics
BNL AGS Booster 5X10° Aus2t
CERN LEIR 9X 108 Pho4+ ‘ Ieads to
JINR NICA Booster 4X10° / Ausz* ]
 Nonlinear effects
GSI S1S18 1.0X 101 ~ 4X 1010 U28+
FAIR SIS100 4.0X 101 / y28+ * Space charge effects
IMP HIAF-BRing  >1.0X 101 / U+  Collective effects
IMP  HIAF-SRing  >5.0X 1012 / o2+ * Dynamic vacuum
IMP HIRFL-CSR 1.0X 109 1.0 X 108 U74+ o
limits

« Beam production : :
Challenge-2 Beam intensity

Technology aspect » - Low energ-y mampmat'_on » Beam quality
« Fast ramping acceleration



HIAF project construction (1)




HIAF project construction (2)

Full energy storage PS * Extraction kicker PS RF Power Station
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Typical

© BDDCCT

000000

uuuuuu

uuuuu
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HIAF Beam Commissioning (1)

nonmetallic ions 180

New High Energy 20 Beam Intensity Record

HIAF:BR:BD42DCCTO1

{EEEEEAR(100HZ) | FRiE==SEE(1kHz) | =Bt (10kHz)

Time(s)

BD42VS03CCD | Camera | Camera

Br@Eegy | 3000

27 (CV time of the |atest frame)
RawData
——— Current_uA

000223 - s s

0002 EAERERT 0 IERRE | 78Hz
<

0.00175 % B42 200mA - | | 200mA
&

00015 = Voltage V RE -0.005 | v

0.00125 MEE 0002 vV 57| uA

0.2 [E] 04
Time(s)
of the latest frame)

connecting (10.10.45.178), please wait... =S - o 20251204 094832

Beam Intensity (ppp)

4.0E+11

BRing Test

3.0E+11

2.0E+11
BRing Design

1.0E+11

0.0E+00

p .3.0X101'@2.
Max. 3.0 X101@2.6 GeV/u




>, HIAF Beam Commissioning (2)

Typical metallic ions 2°Bi

New High Energy “%°Bi Beam Intensity Record

4.0 x 1010

HIAF deSign Average: 3.10 x 10 ppp

_ 3.0 x 1010

§ e® e ® of > o°
5 5 0x 100, . Max. 3.4 X10%° @ 850 MeV/u
<

S1S18 record (4 X10°ppp)

1.0 x 1010 4

e dm e e e




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

. ] * Beam Energy:
(@ High power lead-bismuth (@ Sub-critical lead-bismuth 500 MeV (upgrade to 1.5 GeV)

eutectic (LBE) spallation eutectic (LBE) fast reactor e Beam Current:

target B _ f\ ~— 5 mA (upgrade to 10 mA)

e Total Power: <10 MW

2.5 MW beam power,
5 MWth reactor power

terminals

High power Target experimental FaC| 4.0 billion CNY

Construction period:
2021-2027, 6 years

The same campus
with HIAF

N i

e Muon experimental Facility;
Multifunctional Irradiation Research Station;
Nuclear Data Experimental Terminal

ISOL for upgrade

@ Superconducting proton

linear accelerator

“+9



v, CIADS SC-linac and its challenge

@ Accelerator Length: ~300 m, Complex Cryogenic Distribution System

€ Beam Power: > 2.5 MW (500 MeV, 5 mA), Beam Loss: <1 W/m o :
€ Machine Protection: < 20 ps response to prevent vacuum pipe damage. f
A1 — Ellip082x7
28 cavities
in062
ElhpOG.-.x 10 5.820m
) 3 cavities
HWR040x10 4.480m
e 6 cavities+2 solenoids
HWRO019x4 . : /.qaf;,—'::”:f"ié?i'--"#i iy
6 cavities+6solenoids }{?:fiﬁj?ﬁi%;;‘ .
HWRO010x1 6.038m - .
9 cavitiest+9solenoids ducting
con
162.5MHz 6.038m Super
- .1Mev L
F‘-o“t e“d 2 ﬂﬂﬂﬂﬂ

Critical physics challenges

@ Ultra-low Beam Loss Control : < 107©

Beam current/mA 5~10 € Beam trip Availability: > 85%
Operation mode Pulse & CW
Current stability +2%@100ms
Cavity number 151
CM number 32
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CIADS SC-linac installation

lon source + LEBT + RFQ+
MEBT+11 cryomodules,
Installed at the tunnel.

Total CM numbers:32

18 kW at 4 k cryogenic
domestic-made refrigerator
system installation and
commissioning completed.



Conclusion remarks

HIHPIA, large-scale scientific facility, support for scientific research, the related technologies have a lot
applications in our society. Facing many technical challenges, long-term reliable operation with high
availability significant. Encouraging the young generation to get involved in HIHPIA.

Need very big team working together, efficient and strong collaboration with the team members
International communication and collaboration very important. “Standing on the shoulders of giants™.

Keep the major mission and objective in mind for years long-term and innovative R&D to achieve key
technology breakthrough (3 examples) .
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FECR Nb,Sn magnet development

From prototyping to operational machine (2015-2024)

Key technologies % Prototype Coldmass

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

* Quench protection e SG assisted mechanical
e Know-how of Nb;Sn assembly

coil

* Quench protection
e Reliability

To demonstrate 80~85% of
FECR coldmass performance

b Full Sized coldmass

e Quality control of mass
production

e Quench protection
e Reliability
e System integration

'FECR Magnet

e System integration
e Coldmass alignment
e Reliable operation

Operational FECR Nb;Sn magnet

9 years R&D for FECR Nb;Sn magnet



e LEAF/HIAF - 45 GHz FECR

FECR-1 with hybrid magnet
Nb;Sn solenoids + NbTi sextupole

RN

- | e 3
3R208 1é3o |
| S 0 o

FECR-II Nb;Sn magnet with
Nb;Sn solenoids + Nb;Sn sextupole
being tested at 4 k in 05/2026
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® 2014, 2.1 MeV RFQ+single HWR cavity
® CW 2.5 MeV/10 mA (RFQ collaboration with LBNL)

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

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

gl 4 ©2017-2019, RFQ+23 HWR cavity
s L @ CW 15-25 MeV/2 mA

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

Collaborated with
many labs over the
world

The world first
demonstration

™| for high intensity

CW proton linac




High power CW SC proton linac reliability demonstration

Operation from Jan. 20 to Mar. 10,2021 | € 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 |

3 Temp. rising of dump

a
4 2 0 2
HRTE kM) W
00 200 300 400 500 600

ol ©1 Power calculated by ‘
§_' Tdmpylgl P s A | ] r v - L
1200 0000 200 0000 200 0 oo
2021-03-04 03-05 Ol% 03-06 )3-06 03-07 13-07 08

L
IS arcs, maybe mistake of MPS and RRS Logic

RFQ waveguide temp. alarm PS  Arc, R manually

) I Th # F R LR (17.27MeV@~10mA) [‘t {

7|v|eV/C\q\/ 10 I A
\ 1

WWWT

12hours !

r r T 0 Z v 9 8 0L 2
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;m; 10 years R&D of large-size magnetic alloy core loaded RF for HIAF (1)

B The BRing RF system can only be achieved by large-size magnetic alloy loaded cavity RF technology,
the large-size MA core material is not available in China and forbidden sale to China.

O Over 10 years R&D from small(®@90mm), medium (® 460mm), to large (® 780mm
O Ultrathin ribbons from 18 to 14 um are getting thinner and have better performance

16
y ~
rd ~
é? 12 //
¢l /[ /
z.1//
° === Hitachi ®850mm(t25mm) FT-3L MA Core
4 IMP ®780mm(t35mm) MA Core
0 2 4 6 8 10 12 14 16 18 20
Frequency (MHz)
95 X165 X 25mm 460X 230 X 25mm 780 X 360 X 35mm Parameters of MA core

» The key performance pQf value of the domestic large-sized magnetic alloy ring exceeds the
Internationally best FT3-L magnetic alloy by more than 30% (FT3-L Hitachi product).




Successfully achieved requirements through collaboration with a domestic company

' M MA loaded RF system ]
Large size oil cooled High gradient direct cooling Broad band push-pul Multi harmonic

MA core MA- loaded cavity tetrode amplifier digital LLRF

o \oltage Gradient(kV/
S ES (kV) Length (m) m)
: JPARC-RCS 41 1.78 23
et lh""“ MBS 0T | JPARC-MR 46.7 1.78 26.2
| |-} e S1S18 50 2 25
HIAF-BRing 70 2 35

MA loaded RF system in the HIAF tunnel Total RF voltage: 350kV
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Thank you for your attention !
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