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[ Introduction

Particle accelerators are devices that speed up the particles that make up all matter in the universe and
collide them together or into a target. This allows scientists to study those particles and the forces that
shape them.
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[ Introduction

More than 30 facilities are in operation in the world, with the energy range from MeV/u to TeV/u
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[ Introduction

HIRFL: an accelerator complex combined with

Linac, cyclotrons and synchrotrons Built in 2019
a new injector

for SSC

_______________________________________________

Built in 1962
The 1st five year plan

Built in 1988
The 7t five year plan

Built in 2007
The 9t five year plan
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[ Introduction

Precise mass measurement spectrometry of short-lived nuclides <

Principle of IMS
Isochronous Mass Spectrometry
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[ Introduction

Too many isotopes can not be produced, mainly Sn
because of very small cross-section Agd-H
° o ° . - - ])d
A high intensity heavy ion beam accelerator & First meafured n CSR R
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[ Introduction
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- Future Facility:

HIAF

Budget planned: ~2.0B RMB (2013-2019)

Accelerator Components

Motivation

» lon sources: High intensity # Nuclear physics and astrophysics
» SC-LINAC: High pulse intensity_ » Atomic Physics
> Radioactive beam line: Large, acCep;tance » High energy density physics
» CSR-20: Large acceptance with cooTlﬁg o ERing ~ Applications
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[ Introduction

Table 1
-hg'_ HIAF main design parameters of typical U*** ion beam. ppp denotes particle per pulse.
ECR/LIS {% Machine on Enerey imensity Later, a very complicated accelerator complex
ECR source Tiaa 60 kV/q 0.02 pmA .
US source G sk 01 pmaA was proposed, to provide beams for super
HISCL L34+ 25 MeV/u 0.015-0.075 pmA . .
wo  40MeViu  0003-0015 pmA heavy element, high energy density matter,
ABR-45 u:: ;i ge:;u 0.25-13 x 1?0“ ppp . . . .
o e e T ion-ion collision and so on.
u7s 3.4 GeV/u 02-1.0 x 10" ppp
24 44 GeVju ~1.0 = 10" .
SEAE e BEE o i Then, due to budget, the conceptual design
76+ 3.4 GeV/u 12-1.0 x 1 . . o, . .
B 44Vl 0210 x 10" pop has reverted back to its initial state, mainly
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Fig. 1. Layout of the HIAF complex
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[ Introduction

- HIAF (High Intensity heavy-ion

HFRS: Radioactive beam
Accelerator Facility) E

line

e

« Accelerators

super conduction ECR ion source
+ super conducting CW Linac
+ fast ramping synchrotron

Spectrometer ring

Circumference: 273m
Rigidity: 13-15 Tm

i h Electron/Stochastic cooling

Large acceptance (250/120) & 1 Two TOF d.e fectors
. Four operation modes

Two planes painting injection |

e Terminals

# Fast cycle ring _
Circumference: 570 m °
Rigidity: 34 Tm

(1) Low energy nuclear structure terminal

(2) High energy experimental terminal

@ High energy fragment separator HFRS Fast ramping rate (3-10Hz) g/ A iLinac: SECR

: - - . Ry Superconducting linac )
(4) High precision spectrometer ring SRing N Leggth:IOO o & Superconducting
(5) Electron ion recombination terminal Energy: 17-22 MeV/u(U3+45+) ECR source

(© Radioactive ion beam physics terminal E i
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[ Introduction

- HIAF is aimed to provide the ultra-high intensity heavy ion bunches (~1011 ppp)
- Improve the average power as much as possible (operation cycle ~3 Hz)

iLinac BRing SRing FAIR
Length / 114 569 277 1080
circumference (m)
Final energy of U 154 o 00+ 28+
(MeV/u) 17 (U35+) 835 (U35) | 835 (U*?) melliNtiesy)
Max. magnetic
rigidity (Tm) > 5 o
Max. beam Ix10"ppp |(2~4)x10'pp LAY

35+

intensity of U 28 puA (U (U35%) p (U2) (U?%)
Operation mode | CW or pulse fast ramping DC 0.5

(127T/s, 3Hz)

nucleus per pulse (ppp)
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How can we achieve this design goal?
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0 Challenges and solutions

- A powerful ion source is needed

Min-B Magnet
HCl b -
e /"a““‘ Plasma Magnet Microwave
yE Electron Cyclotron Resonance
b Plasma
fectiade | 10N SoUrce
Plasma ECRH Plasma —‘w - - BBCT
Chamber ce
m,
- ECR (electron cyclotron resonance) ion source,

use a magnetic field and microwave to create,
confine and heat a dense plasma, leading to the
efficient production of highly charged ion

- Hot electrons collide with neutral
knock out one or more electrons

gas atoms,

- Longer anion is confined in presence of the hot
electrons, higher charge states become

A highly charged heavy ion could be created with
high magnetic field and high microwave frequency

O VENUS-2011
=©-AECR-U-1997

4h G ECRIS

3 G ECRIS

2" G ECRIS

Charge State

f=45 GHz, B=1.6 T, the 4t generation ECR ion source

1 20 - ] Y e 15

---L. Sun, ICIS 23
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0 Challenges and solutions

- A CW superconducting linac is wonderful

| SECR |- LEBT - RFQ {}[( MEBT | { QWR007

0.8MeV/u 5.3MeV/u 17MeV/u

Linac consists of 6 QWR 007 cryomodules and 11 HWR 015 cryomodules

WR_ 015 cryomodule

i3
f
f

* Pulsed, 28 ppA U35t

Goal: | cw. 15 ppa Uss:

To BRing with 3 Hz pulsed beam

To low energy terminal with CW beam

2 types of cavities: QWR 007 and HWR 015

HWRO15 Cavity
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0 Challenges and solutions

It only takes 12 months from QWRO0O07 cavity processing to stable operation

* The average E, of QWRO007 at CW mode achieves 33.8 MV/m, 20.7% higher than the designed parameter. It
verifies the new process, new method and new route

e Initial beam commissioning for QWR007 section has been completed with 1608+, HWRO015 will be cool down in the

middle of Oct., followed by beam commissioning
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0 Challenges and solutions

- A fast ramping synchrotron is necessary

* Working point (oscillation frequency) for each particle is different
e Beam loss due to resonance or dynamic vacuum effect
* Fast ramping acceleration is a possible way to avoid the beam loss
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0 Challenges and solutions

- Challenges

Whyf) _________ ____Ezf_tf_adifz'!__-r _____ 58T }

Due to space charge H
. Rampin
and dynamic vacuum effect, 127s [}
beam should be launchedto .| | ,
. Trnstien) 4V 366ms
the high energy as soon as T
possible.

Repetition rate: 3-5 Hz, 5-10Hz Acceleration before instabilities

The highest ramping rate for heavy ion synchrotron, challenges for power

supply. RF cavities and vacuum chamber

* Very high current ramping rate up to 38 kA/s for dipole PS, drive 12 T/s magnetic field
ramping rate

* High acceleration voltage up to 240 kV/turn, satisfy to energy gain
* Thin wall vacuum chamber less than 0.3 mm, avoid distortion with eddy current 15
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0 Challenges and solutions

- Fast ramping rate full energy storage power supply for dipoles and quadrupoles

Requirement of magnet power converters featured by fast ramping rate: 12T/s, +38000A/s,
the peak power reaches 230MW totally at full load

Energy from Energy from
capacitor tank 5 ——— magnet load

to magnet load to capacitor
tank

» Energy capacitor will be used to store energy
during the falling, and provide the energy for

3000

e | 2 Joo £ next fast ramping
1000- 1 '5'{’“1°'i , > The energy can be controlled by PWM
) R rectification technology, only active power will
i oo 1500 be taken from the grid!

v T T T —T o T T
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Time(s) 1 6



0 Challenges and solutions

- Reduce the power consumption

Excitation current/voltage

load inductance

Load Resistance

PS of dipoles and quadrupoles in the hall
Current changing rate <+ 38000A/s

120

- | Operation in 3 Hz

TR

80 -

4000

153 PSs
Synchronization:
<40ns

tracking error

3000
60

N I -
VRV RRIRIRIRT I RY 0

-15 -10 -5 (0] 5 10 15 20 25 30
0.0 0.6 12 1.8 24 3.0 3.6 i

Time(s)

Current(A)

Power requirement Conventi | Energy
(MVA) onal storage

BRing bendng magnet

133
=3
(=3
=1

BRing quadruple magnet

Total of BRing 250 41 621 power supplies have been installed and debugged

Total of HIAF 297 28 succ3ssfu|ly. The test results of the power supplies meet the
specified requirements.
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0 Challenges and solutions

- Magnetic ally core loaded RF system

To satisfy fast acceleration, the voltage for
total RF system should be 240 kV

o [l o 70
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Amp. Error < +1%

Cavities in tunnel
B ] so00 }__]”j\: i i) ()
E S 2 -
‘: \- 300 Facilities Voltage (kV) Length (m) Gradient (kV/m)
| — 7 JPARC-RCS 41 1.78 23
HE® | | JPARC-MR 46.7 1.78 26.2
Gradient of traditional ferrite is only ~10kV/m, SIS18 50 2 25
long dispersion-free space is needed, challenges ]
. . HIAF-BRing 70 2 35
for beam optical design
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0 Challenges and solutions

- Titanium alloy-lined thin-walled vacuum chamber

Problem: fast ramping of the magnets induces eddy currents:

B The chamber walls are heated
B Generation of additional harmonics in field

Figure la. One section of vacuum chamber set on a steel
plate with the same curvature as the bending magnet.

. Quadrupole Chamber

Solution from GSI

” Stainless steel-0.3mm
Rib-15mm,one side

Rings inside @ IMP
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O Experimental terminals

Distribution of 6 experimental terminals

High energy experiment
station HFRS: Radioactive beam line
* Hyper nuclear physics

* Phase diagram of ‘r"
strongly interacting &5
matter %

Spectrometer ring
Circumference: 273m

Fast cycle ring

Circumference: 569 m
Rigidity: 34 Tm

SECR:
Superconducting
ECR source

Rt
N

= . | | |
. iLinAc:
Superconducting linac

Low energy nuclear structure terminal 20



0 Experimental terminals

- Low energy nuclear structure terminal

Use the CW beam provided by iLinac for new element discovery

~ MRTOFEIZ{Y
BEFRENE

L=

Gad: 053 5 Limin; 08 bar
8 S, e, O, A

B,I.

LABIERE
BETEUFIER

M EMELE, "REESY

Gas-filled recoil separator
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0 Experimental terminals

Typical beam parameters from the Booster Ring

- High energy experimental sation = o evrgyioeu/o) | menity (o)

P
1806+

78Kl.19+

209Bi31+

238 J34+

Pulsed beam from BRing

93 2.0x1012
2.6 6.0x101
1.7 3.0x101
0.85 1.2x101
0.8 1.0x10M

Silicon tracker Calorimeter

Baryon polarimeter ‘

« | |
@) 4 Au + Au:Collisions at RHIC
* .
0:5% icentrality
ZDC ~ |
= [ HIAF ¢
Magnet o3 :
E I ® net-proton
=:
D 1 d - ®
T | ® SPS:6.5< Vs <17.3 Gé \\\ //./
® FAIR: 2.4< Vs <5.2 Ge *, 4
O - RHIC: 4.8 Vs +14:2-GeV § ¢‘
2 5 10 20 50 100 200

Colliding Energy \s,,, (GeV)

Beam monitor

Study of the QCD Phase Structure

The External Target Experiment Setup

Hyperon-Nucleon Spectrometer (H-NS)
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0 Experimental terminals

- High Energy Fragment Separator (HFRS) Physics Cases @HFRS

v New isotopes in the south east of 208Pb (PF of 208Pb
and 2381))

v" Neutron dripline up to Ni isotopes (PF of Kr and Xe)

v" New isotopes by 238U fission (In-flight fission of

2381) ...

+ 30 mrad (x)

Angular acceptance + 15 mrad (y)

Momentum acceptance +2.0%
Momentum resolution 750, 700, 1100
Total length 180 m

Requirements from Physics

20 45 L =TI
F18 [ AngAce. (mrad) | & 4 |[ [ BomAce %] |
£ 16 T m3sp T I |
‘514- 8 a4 1 4 e 5 SO
212 Bosl || T[]
£10 &5
g 8 | E 24— | I
2154 i

26 - £
& | 14 AR
& 4 E
-5 24 ! s05m . N | I

0 | 0 ||

ol
12345678910111213 12345678 910111213 O HONOR 50 Pro
Experiments Expeciments 12345678 910111213 & TOANMD Crrad Carmens

Experiments

Acceptance, and Momentum Resolution 23



0 Experimental terminals

- Spectrometer Ring: Multi Working Modes of Storage Ring

With fast extracted projectiles from the Booster, HFRS
produces, separates and injects the isotopes of
interests into the Spectrometer Ring

» Isochronous Mass Spectroscopy

Experiments: » Schottky Spectroscopy
» DR Spectroscopy

» In-ring Nuclear Reactions

Spectrometer Ring:
» Circumference:273 m
» Rigidity: 15 Tm
» Electron cooler

» Stochastic cooler




0 Current status

The first dipole was moved into the tunnel in 27t March, 2024
The first beam was injected, accelerated in BRing in 27th October, 2025

TR MNF R 2025.10
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AR 22
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0 Current status

i@ BDDCCT - O X
HIAF:BR:BD42DCCTO1 Booster Ring (BRing)
{RSAIR(100H7) | FisosiR(1kHz) | Emsshuz(10kHz) |
I | I ' | L ' | |
Time(s)
HIAF:SR:BD81DCCTO1 Spectrometer Ring(SRing)

{EIESRER(100Hz) | hisisesbi(1kHz) | SRR (10kH2)

Current vs Time

MMW

2
10 20 30 40 50

Time(s)
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0 Current status

- ion: 1§ 6%

- iLinac commissioning results _ current:  ~400uA
- frequency: 0.2-5Hz
- pulse width: 20-800us
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0 Current status

- ion: 1§ 6
- BRing commissioning results - current: ~10 mA

- particle number: 8 x 1010 ppp

":_""' 7= 52 = = =
| #® ebbpcct 45 O bt

HIAF:BR:BD42DCCTO1 MG 2.86 UA

| UL
| fEEgumR(00Hy) [ EEtRR(IkH) | SEZRIE(10kH?)

Current vs Time

10000

8000

6000

Current{ud)

4000

U ] 1. | ﬂ | 1L | 1L ) I, [ |

0 10 20 30 40 50
Time(s)

2025-11-23 05:09:15443507519 (CV time of the late st frame)




0 Current status

- Dynamic vacuum effect???

30s 1m 5m 15m 30m 1h 4h 8h 1d 2d 1w 2w
—— BRing:VA41VGC11-2.PRE1

—— BRing:VA41VGC12.PRE1

—— BRing:VA41VGC13.PRE1

—— BRiNg:VA41VGC14.PRE1

Se-11

4e-11

3e-11
<

N/

2e-11

le-11

1M 6M YD

1Y Live

injections

Coulomb-Scattering

8e-

00:00 01:00 02:00
Nov 23, 2025
—— BRing:VA41VGC04.PREL

7e-11 —— BRIng:VA41VGCOS.PREL
= BRing:VA41VGC06.PRE1
— BRing:VA41VGC07.PRE1
—— BRIng:VA41VGCO8.PREL
—— BRing:VA41VGC09.PRE1
6e-11 BRing:VA41VGC10.PRE1
= BRing:VA41VGC11-2.PRE1
—— BRing:VA41VGC11.PREL
—— BRIng:VA41VGC12.PREL
= BRINg:VA41VGC13.PRE1
= BRing:VA41VGC14.PRE1
—— BRIng:VA42VGCO1.PREL
—— BRing:VA42VGC02.PREL
= BRing:VA42VGCO03.PRE1
— BRing:VA42VGC04.PRE1
—— BRIng:VA42VGCOS.PREL
—— BRIng:VA42VGCO6.PREL
— BRing:VA42VGC07.PRE1
= BRing:VA42VGCO08.PRE1
—— BRIng:VA42VGC09.PREL
—— BRIng:VA42VGC10.PREL
—— BRing:VA42VGC11.PRE1
— BRing:VA42VGC12.PRE1
—— BRIng:VA43VGCO1.PREL
2e-11 BRing:VA43VGCO2.PREL
——— BRing:VA43VGC03.PRE1

Se-11
<
=3
E3

de-11

3e-11

03:00

41VG12

—— BRIng:VA43VGC04.PREL
—— BRiNg:VA43VGCO5.PRE1
—— BRIng:VA43VGCO6.PREL [ —tleer

le-11 —— BRing:VA43VGCO7.PREL
—— BRing:VA43VGCO8.PREL
—— BRing:VA43VGC09.PREL
—— BRing:VA43VGC10.PRE1

16:45 16:50
Nov 26, 2025

04:00 05:00 06:00

41VG11-2

42VG02

07:00 08:00

/ 41VG13
/ 41VG14

41VG12

16:55 17:00

17:05 17:10

09:00

S0 02003 DR 1ZAE

1E.1F
a

lon induced gas desorption increases the
local pressure

Life time depends strongly on the residual
gas pressure
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0 Current status

10.10 Beam Commissioning 11.30 experiments
O1mA Kr = U . Bi C p Yb
Dec. 2026
iLinac Energy iLinac Intensity BRing Energy BRing Intensity
(MeV/u) (enA) (MeV/U) (ppP)
Phase | 1806+ 33 100 1x1010
2600

Phase Il 1806+ 33 1000 2600 4x1011
78Kr19+ 25 300 1700 5x1010
Phase lll 203Bj31+ 17 400 850 5x1010

2t Ufesn 17 400 835 5x1010



0 Protons

The Energy Transition Factor
denoted by y: is a fundamental
parameter that describes
the relationship between a particle's
momentum and its revolution
frequency in a circular accelerator.

<

Higher energy particles move “faster”
than lower energy particles

=

Higher energy particles move “slowly”
than lower energy particles
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O Future plan

CNUF-China advanced NUclear physics research Facility

. _ O Upgrade of the HIAF I New accelerators
Electron ion collider
| (HIAF-U) B  Under construction
Improve the energy up to Bl New terminal

25 GeV (p) and 9 GeV (U)
OO0 Isotope Separation On-Line

(ISOL)
Provide MW beam for stable
high atomic number elements

e-Injector

0 Electron ion collider in
China (EicC)

Precision measurements of
the structure of the nucleon
in the sea quark region

CiADS

iLinac
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O Future plan

CNUF-China advanced NUclear physics research Facility
z1
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O Future plan

FAIR SIS100
FRIB

NICA-Booster

HIAF

HIAF-U
BRing-S

HIAF-U
MRing
HIAF-U

iLinac

HIAF-ISOL

2025
2021

2023

2025-2027

2027-2032

2027-2032

2027-2032

2027-2032

2381 J28+

238 J76-80+

197 A 32+

238 J35+

238]J76+

Y

23835+
23876+

238J92+

Y

2381 J92+

2381 J46+

H-, H*

2.7GeV/u
200 MeV/u

4.5 GeV/iu

0.8 GeV/u
2.45 GeV/u
9.3 GeV/u
2.95 GeV/u
7.3 GeV/u
9.1 GeV/u
25.0 GeV/u

4.4 GeV/u

150-200 MeV/u

0.5-1. 0 GeV/u

5X 10" ppp
CW 13 puA

4X10° ppp

1.0-2. 0X 10" ppp
0.5-1.0X 10" ppp
5X1013
2.0X102 ppp
1.0 X102 ppp
1.0 X102 ppp
1.0 X104

2 X102 ppp

1 emA

5-10 mA
(2.5~10 MW)
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Thanks for your attention!
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