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Progress and Facility Capability

R&D on the Key Accelerator Technigues
Experimental Setups and Major Physical Aims
Facility Location, Budget and Time Schedule
Perspectives of Expansion

Summarization



c%:v Project Progress

Progress of the HIAF Project

2010 May, 2011 December, 2015  April, 2017 2018
National call for Recommendation of Approval by the Accomplishment of the Startup of the
projects, and HIAF 16 top priority projects governmentand technical assessment construction
proposed by IMP including HIAF locating HIAF for HIAF

The major goals identified for HIAF: exploration of the nuclear chart and study of
exotic nuclear structure, synthesis of super-heavy nuclides, understanding the origin
of heavy elements in the Universe, and heavy-ion applications

Fundingagency: The National Developmentand Reform Commission (NDRC) 16 . 712,7[',



%p Accelerator Complex

A Budget of 1.67 Billion CNY Authorized Officially

Booster Ring: Spectrometer Ring SPectrometer Ring:

» Circumference: 569 m
» Rigidity: 34 Tm
» Aaccumulation
» Cooling & acceleration

» Circumference: 270.5m
» Rigidity: 15 Tm

» Electron cooler

» Stochastic cooler

» Deacceleration

Booster Ring

Fast ramping rate operation Superconducting lon Linac:

» Length: 180 m

» Energy: 17 MeV/u (U3#)
» CW and pulse modes

Phase |



Scientific Drivers & Faclility Capability

Scientific Goals Common to All Existing and Future Facilities
to explore the hitherto unknown territories in nuclear chart,
to approach the limits of beam intensities and experimental precisions,
to open new domains of physical researches in experiments, and

to develop new ideas and applications beneficial to the societies.

Typical Beam Parameters From the Booster Ring

“ Energy(GeV/u) Intensity (ppp)

P 9.3 2.0x10%?

= O 2.6 6.0x10%
BK 19 1.7 3.0x10%
ALY 0.85 1.2x10%
238 34+ 0.8 1.0x10%

Higher beam energies available on a tradeoff of the beam intensities



Capabillity of Producing Nuclides

10'®

Nuclides Available (Production Yield) at HIAF

One of the world’s most powerful facilities to explore the nuclear chart

| 107

10

8Ni: ~0.4/s
100Sn: ~0.3/s
1328n: ~1069/s

10

Proton Number

10°

10°

Boundary of Known Masses 10°

107

Neutron Number

]

Prolific sources of nuclides far away from the stability line will be provided using projectile
fragmentation, in-flight fission, multi-nucleon transfer, and fusion reactions. The limits shown are
the production rate of one nuclide per day, which enable the “discovery experiments”



R&D on the Key Accelerator Techniques



c%:v R&D on the Key Accelerator Techniques

HIAF builds upon the expertise and achievements of the HIRFL

See thetalk by L. J. Mao



First 45 GHz ECRIS In the World

Next-generation Type 45 GHz ECRIS

For the very heavy ion beams, such as Bi and R S i
_— . . 1300 +
U, the existing highly charged ion sources can 1200 4
. Z 1100 ¢
not meet HIAF requirements 3199 1
15w GM §
SW GM LT CWoc?olem SW GM J-T E
Cryocooler Cryocooler . S 1
T e om i
""" 04 . — ; ; :
Nb;Sn magnet with Injection tank with 2 2 3?on Char?éze State H % %
four solenoids and wave guides, biased
one sextupole disk and ovens

N Microwave 45 GHz/20 KW
s 45+3i1l GHz lltllicrogvave

coupling with mode
it s o e O Magnet conductor Nb,Sn

window ] .
~ Axial fields (T) 6.5/1.0/3.5

Solenoid lens

e

Sextupole field (T) 3.8@r=75mm

To 45 GHz/20 kW . :
| w:ve generator Maximum field (T) 11.8T

[V

50 kV 4 electrodes
extraction system

Magnet bore (mm) #161~165

Quasi-optical wave

1350 mm transmission

Extraction (kV) 50
Produce intense highly-charged heavy ions Typical beam 1.0 emA U




c%v High-power Linac

SRF Cryomodule Design and Prototype Development

3 =0.03 B =0.07 8 =0.19
:O— Low energy sect|o _|.>
0.5 MeV/u 2.3 MeV/u 17 MeV/u
QWR cavity HWR cavity HWR cavity
B =0.052 B=0.10 B=0.15
f=81.25MHz f=162.5MHz f=162.5MHz
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The average uncontrolled beam loss should be limited to below 1 W/m level




@%‘; Thin Wall Vacuum Chamber Prototype
Prototype of Thin Walled Vacuum Chamber

Due to fast ramping rate operation of BRing, thin walled
vacuum chambers are needed for all magnets in order to
keep eddy currents at a tolerable level

»

0.3 mm thick vacuum chamber prototype

* Elliptical aperture

« Stainless steel

0.3 mm chamber design * Rib supporters in parallel with the magnetic fields




c%; Collimator of Dynamic Vacuum

Design of Collimator for High Vacuum at Booster Ring

~101! mbar vacuum in Booster Ring Beam loss mechanism:
~101 238y particles stored Charge exchange of ions due to collision

with residual gas in the pipelines

Bending magnet

Beam

Challenges: to get near 100% collimation efficiency!

A dedicated dynamic vacuum simulation software has been developed in
collaboration with GSI for the optimization of the collimator design



c%:v Collimator of Dynamic Vacuum

Test of the Collimator Prototype
Test platform for desorption measurement

P y

diagnostic chamber pump chamber measurement chamber
. ll');" \ 144:2 Vacuum Value of PC /mbar  ¥acuum Value of TC/mbar [ ¢ vaam I ?
I . W11 Vacuometer \mbar [3.92¢- IE" T Vaaumm
First Beam Test @CSR: sy oo o

Beam: Sn26+

Injection Energy:3.7 MeV/u T
Extraction Energy:150 MeV/u € i
DCCT: 80 UA (2*107) |

{
555555

-




D Electron Cooler

Design of Electron Coolers @HIAF

Collector Well-established electron

= S—— ;i

cooling at existing CSR

- sy | Eneligy: 4-35 keV
m\,\\m\m\\\\\\\\\\\\\m “ Current :1-3 A
It ';/ 1 F
LTl

DC magnetized electron coolers

e

|

200 keV & 2 A e-cooler at Spectrometer Ring Q) “12)-300' keVie
tI-3A

Hollow e-beams were obtained at the coolers@CSR, which partially solve the problem
of space charge effect and reduce the recombination between the ions and electrons



Experimental Setups and Major Physical Aims

15



c%:v Major Physical Aims

Major Physics

to explore the hitherto unknown territories in nuclear chart,
to find exotic nuclear properties and recognize the physics behind,
to understand the origin of chemical elements in the Universe, and

to depict the QCD phase diagram of nuclear matter



Experimental Setups

High Energy Irradiation Terminal Fragment Separatorand Spectrometer

Possible extension to
Pre-Separator Main-Separator dipole magnet

Possible hypernuclear setup at HIAF e 5. ; | | |
Straw copes == o . = boam i i i
: @ ' @

DR Spectrometer

Electron '
beam Electron Cooler
atthe CSRm R}

s = ms /&

Primary beam A%
Recombined
heam A1

TTTTTTE] §
e I

TIRREZaNEL

Setup for
Hypernuclear Study

Superconductive Dipole ToF Detectors

Drift Chamber __f}-
Target & I I = ,
T, Detector g

Setup for B
Nuclear Matter Study

Si Pixel Detector

Calorimeter|
i detects

| In-ring Reaction Set-up

Gas-filled Recoil Separator

Projectiles |

Pumping System

R CBg  E@% B B
i i i K Primary Beam ol Pl e
-—lw == Quadrupole Double P gt
o i) Deflection Dipole
i3 Bl

Low Energy Spectrometer

S analyze,

Low Energy
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Re-ionization Laser
..

Neutralization
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s»,-,q \ & R
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Experimental Layout @ILinac

Low Energy Stations

The iLinac works Iin two modes:

Pulse Mode: inject beams into the Booster and provide pulsed beams for TSR
CW Mode: deliver intense heavy-ion beams for low-energy experiments

“lons | Energy (ev/u)|_itenity(em)

H, 48 1.0
1806+ 36 1.0
TR 19t 30 1.0
2091+ 30 1.0

238734+ 17 1.0 1
@-LEBT QWRO005 ‘I"HWROlO ‘[‘HWROlS 1—'

0.014 MeV/u 0.5 MeV/u 2.4 MeV/u 5.3 MeV/u Adjustable 17 MeV/u

The TSR built by the Max-Planck Institute for Nuclear
Physics might be moved to HIRFL and then to HIAF, to
conduct investigation of nuclear structure, reactions of
astrophysical relevance, and atomic physics

Eur. Phys. J. Special Topics 207,1-117(2012)



Experimental Layout @ILinac

Multi Nucleon Transfer Reactions and Fusion Reactions

114

Products of fusion reactions

162

82

Products of MNT reactions

50 » To synthesize new isotopes
» To measure nuclear masses and lifetimes
82 » To build the decay schemes
28 » To map out the drip lines

» To root the decay chains of the SHN

» To build a bridge to the island of SHN
» To simulate the rp and r processes

» To study the evolution of shell structure

20 50

o0 28

8
The low-energy intense beams will enable producing very n-deficient nuclei by fusion reactions

and particularly heavy and super-heavy n-rich nuclei by multi-nucleon transfer reactions



Experimental Layout @ILinac

Multi Nucleon Transfer Reactions

T00_____
V. |. Zagrebaev etal. PRC 87, 034608 (2013). B NS 106
1000 7 i N 104 —
; 4 /7 /,/— VSR S 108
N St Y
& 10 100 S/ A \;{\;C NP N
() = Vs / 4 AN X0 N\
0 B 3 10F - / s AV N NN
E - — / ” /}( “.
=1 1 05 L AS 1F &
c r 3 238 248
100.’. 2 oif Z=100 U +248¢Cm
= 2 E.m=770 MeV
9 r g 0.01F
9 - 0.001
S o5t 001 Ao=1.0x10%1s
C 1074F 70=0.5x107 s~
90F 1075F
: 10-6F
of T T I [T | ST Lt
85 - 240 250 260 270 280
- fragment mass number
80 05
198p¢ 4 238y

1 -
12 130 140 15 16 170 180 104:_ E¢m. = 700 MeV
neutron number

~ 3L
MNT reactions would be the optimum method = ¢
to produce n-rich nuclei (SHN and N~126) § 0¥

Bridge to “the Island of Super-heavy Stability” 2 10;-

Understand the rp astrophysical process
Study the evolution of N=126 magic number

M 1 s o b v ol v o ol o v bl o ol o 1 L
185 195
mass number




Experimental Layout @ILinac

Multi Nucleon Transfer Reactions
238 + 248Cm @ 750 MeV

1400

1200

1000

800

E_(MeV)

600

400

200

10 20 30 40 50 60 70 80 90

Lab. angle (degree)
Very broad distributions of recoil energy and angle, and charge state!
Experimental challenge: How to separate the products efficiently?



c%: Experimental Setups @iLinac

Separation and Identification of Products from MNT Reactions

Rotating target system
Gas stopper

Sextupole ion beam guide
RFQ cooler and buncher
Mass analyzers

Laser ionization device

30 KV High Voltage Platform

Isotopic Selection

Magg
Re-ionization analyze,.

------------------------------------------------------------------------------------------------------------------------------------------------------

: The separator provides pulsed low-energy, high-quality n-rich beams with mass and atomic
: numbers well identified, and then distributes the beams to various measuring apparatuses

-------------------------------------------------------------------------------------------------------------------------------------------------------



Experimental Setups @iLIinac

How to suppress the intense projectiles from elastic scattering?

238(J + 248Cm

T M ey
[ B, = 750 MeV

Helium Gas

\l Grid electrode
Vi / Beam Dumper
e S A Beam / I

mags number —

'I'?'I

TEKE | MeV )

—— ¥ b} \
L4t primary fragments with A = 270 .
. {events, linear scalc) Targ et \
MNT Products :

: Scattered particles

Thin window

=

Sextupole ion beam guide

. IR TR T
L Ly 20 an Al ] [ b Bl
lab. angle {deg)

For 238U + 248Cm, the kinetic energies of the target-like products are much lower than those of
the scattered projectiles, and therefore their penetrating ranges in the gas cell are very different

The grid electrode separates the gas cell into two parts, and the scattered projectiles deposit
their major energy in the right part, hopefully reducing the plasma effect in the left part



Experimental Setups @iLIinac

Experimental Devices Coupled to the Separator

> For neutron-rich nuclides: Synthesis of new isotopes, study of decay properties, measurement
: of nuclear mass and lifetime, and determination of charge radii and nuclear moments :
> For heavy and super-heavy atoms: Atomic structure (ionization potential, excitation spectra)

*
---------------------------------------------------------------------------------------------------------------------------------------------------------



c%: Experimental Setups @iLinac

Exploitation of Low-energy Fusion Evaporation Reactions

Quadrupole Doublet

Main Dipole

Projectiles

By coupling with a gas cell followed by a RFQ cooler and buncher, pulsed high-quality, low-
energy beams are available for mass spectroscopy and collinear laser spectroscopy

-----------------------------------------------------------------------------------------------------------------------------------------------------------



Major Physics @iLinac

Is there a limit, in terms of proton and mass numbers, to the existence of nuclei?
Unprecedented opportunities for the synthesis of new isotopes and structure studies

Fusion reactions: - e 1
T
50Tj + 249Bk — 299119* 119 N SHN
[ 118 i |
o 50T + 249-251Cf _y 299-3011 D(O* " i Island
= . 16 750[257[292]293 7
5 64N|j + 249-251Cf _y 313-3151 2@G* - BRI o o o o 9
5 RS il
‘§ . *Ca+237NE—> 113 ‘ . —
- @9 = - 0000 000009
@ IK+ZU—> Rgt | ( X ) J 000000000
@ ZCa+* ==+ bsti0 00000 09000009
@ Cl+Z=U—> w100 000 00000000
@ s:zy—> Hsios o0 00000009
Bh107 00000000
e 00000000 MNT reactions:
Dp1gS | | 0000000 238|J4+248Cm. 249Bk. 251Cf
Rf 104
150 151 152 153 ‘154 155 ‘156 ‘157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184
Neutron number
» Search for new elements and isotopes » Perform chemistry with the heaviest elements

» Bridge to the Island of Super-heavy Stability > Hunt for new K-isomers
» Measure nuclear masses and lifetimes » Obtain information on the single particle states



Experimental Layout @Booster Ring

High Energy Stations

Typical Beam Parameters From BRing@HIAF

ons L eneryioev) | mensty (pp)

Stable beams directly provided by the Booster
DC-type (slow) extraction from the Booster

The high-energy stable beams are ideal to
produce hypernuclei and nuclear matter

We are now seeking for financial support to
build the detector systems

See the talks by T. Saito

Heati
stage

stage

P 9.3 2.0x1012
1806+ 2.6 6.0x1011
BKr1?* 1.7 3.0x1011
20931+ 0.85 1.2x101
il il 0.8 1.0x101

Fast extraction (pulse width 250ns/3s)
2380U: 800AMeV@ 10" ppp, Carbon target
Heating | Cooling

|
250ns 2.0s » time

0x=0.8mm; cy=1.6mm ox=1.6mm; cy=3.2mm

ng --

ox=0.8m

Cooling ! n

o) o ©

Carbon target sustainable to intense beams.



X Setups and Physics @Booster Ring

.- a .. . a o '. a
Prod 0 s OId O Dero 0 4/( A s
DE el are produced D °
palescence o 0 -
energy peripheral co 0 .\“.(..’.
OO
gh-energ . e
. ‘.g.'.‘.
0 0 aoub .‘
DE s an pe proauced
projectile
0 mea s 2 |ITe e and
pDINAING enerqgy o DE s

Possible hypernuclear setup at HIAF

Straw T‘V
super-conductin "
Solenad mognet  #2C Expected reconstructed rate

dipole L
h lei magnet
Si :E:::-leceilfex ; - ZONe * IZC at 4.25 A GeV
1 Beam intensity: 107 /s
target Single-A Double-A
residues hypernuclei hypernuclei
per day
plastic barrel
per week
associated n and K i per month



Setups and Physics @Booster Ring

Open New Domain: Hypernuclei with Double Strangeness

Production of AA hypernuclei
- => nAA

d
1-
3He
‘He

oLi  +

+ + +
(] [ [1]

|
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X1 [11 [ [
]
v

'
|
v

11 [1l

]
|
v

nnAA
“AnH
>AnH
7 AHe
8,AHe
10 Li
11 Li
11 Be

IZAA Be

Decay of AA hypernuclei
NnAA -> 3He + - + 7~
nnAA -> ‘He + 1~ + ©-
‘YaH->p+3He + - + &~
S AH->p +?%He + - + -
"aAHe -> Be + = + 7~
8,AHe -> *He + *He + n~ + &~
10, ALi -> 1B + = + 7~
1 aLi-> 1B + - + 7~
11, ,Be ->11C + - + 1~
12, \Be -> 12C + 1~ + -

The invariant mass method is used to identify the precursor hypernuclei
The half-life can be deduced from the distribution of the decay vertex

Courtesy: T. Saito



Setups and Physics @Booster Ring

f RHI‘C

— " FAIRNICA quark-gluon plasma
>
C
> = RHIC Critical Point and
: 160 Symmetry Energy |
o Mg = 500 MeV
3
©
o)
O 80
£
()
-

0 1

0 500 1000 1500

Baryon Chemical Potential ug (MeV)

Superconductive Dipole ToF Detectors

Drift Chamber [}~

Si Pixel Detector
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___,Calorimeter
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ToF Detectors

Costof ~100 million CNY supported hopefully by CAS

(MeV)

sym

Study of the QCD Phase Structure and Symmetry Energy

05 10 15
Baryon Density (p/po)

Moderate temperature, high density
nuclear matter can be produced at HIAF

energies, complementary to the studies
at RHIC and CBM

CEE Collaboration (CSR External-
target Experiment) was established,
including over 10 institutions in China

Courtesy:N. Xu  Science, 2011,332: 1525.



c%; Experimental Layout @HFRS

High Energy Fragment Separator (HFRS)

» Radioactive ion beams are produced by HFRS
» Separator and injector for the Spectrometer Ring using fast extracted beams
» Separator and spectrometer using slow extracted beams from the Booster

Typical Beam Parameters From BRing@HIAF

m Energy(GeV/u) Intensity (ppp)
P 9.3

2.0x1012

186+ 2.6 6.0x101
BKrl* 1.7 3.0x101
20931+ 0.85 1.2x101

B3 0.8 1.0x10"



pa Physics @ HFRS

Physics Cases @HFRS

New isotopes in the south east of 2°8Pb (Projectile fragmentations of 2°*Ph and #25U)

Neutron dripline up to Ni isotopes (Projectile fragmentations of Kr and Xe)
New isotopes by U fission (In-flight fission of U)

New isotopes using two step projectile fragmentations

Synthesis of neutron rich hypernuclei

Study of tensor interactions: a basic change in structure model

Particle decay in flight of unbound nuclei

Nuclear matter radii (Interaction cross sections)

© o N o Rk 0P

Nuclear proton radii (Charge changing cross sections)

10. Charge exchange reactions and 3 decay of r-process nuclei
11. Nucleon excitations in nuclei

12. Giant resonance of neutron rich nuclei

13. Elastic scattering and transfer reactions

14. Spectroscopy of meson-nucleus bound system

15. ...
Various experiments can be done at HFRS



Experimental Setups @ HFRS

Requirements from Physics
20 — 45— — [l Mom. Resol. [%)]
=18 B AngAcc.[mrad] | © 4| ] BomAcc. (%) || wﬂ? =
£ 16 33.5 S 04 —
=14 g 3 03
12 a 5035 B
3 2.5 s 03 .
210 o 2 'téoz i ) |
S 8 g E 02l ]
E o 215 1. 0. Eo
= 5 £ 0.15 ]
g 41 | TRRER T E 014
g qu 20'5]: 1100 l 5005 ] l l
0 0- — 01 - |
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Experiments Erperiments Experiments

Production, Magnetic Rigidity, Agular and Momentum Acceptance, and Momentum Resolution

Synthesis of neutron rich hypernuclei
Nucleon excitations in nuclei

Giant resonance of neutron rich nuclei B BP:25Tm
Spectroscopy of meson-nucleus bound system

Unique Experiments at FAIR and HIAF!



c%: Experimental Setups @HFRS

Pre-Separator Main-Separator
E.E"‘%..‘

e -%‘-EE‘E-’*

- Secondary target
"" Tertiary target
@ | Degrader stations

P o

/ Degrader

/ Working Modes Detector systems
¢  Achromatic Mode _
 Production Target « Dispersive Mode - Experimental areas

Separator + Spectrometer

‘_ === ===

Characteristics of HFRS R Sy

Pre-Separator

+ 30 mrad (X)
+ 15 mrad (y)

Momentum acceptance + 2.0%

Angular acceptance

—

-0.16000f

_ Beam envelope and dispersion curve
Momentum resolution 750, 700, 1100 —

Total length 180 m | - : et

-7.000




c%:v Experimental Setups @HFRS

Main-Separator: Separator + Spectrometer

Achromatic Mode Dispersive Mode
Momentum resolution;1100 Momentum resolution:700, 1100
%Qk Degrader =comn Target JE—
o g Target 5P

Target w, _ Ty
"'%_‘ ‘ - Degrader %_,. I s

The peculiarities of the HFRS:
A maximum magnetic rigidity of up to 25 Tm, and thus high-energy secondary
beams available with energies over 2 GeV/u
High primary-beam suppression power and high separation power of nuclides up to
Z=92, and fully stripped ions of all elements available
Versatile spectrometer modes by different combinations of separator sections

Synthesis of neutron rich hypernuclei
Bp=25Tm Nucleon excitations in nuclei

Unique Experiments Giant resonance of neutron rich nuclei
- ® Spectroscopy of meson-nucleus bound system




e%; Major Physics @HFRS

High-resolution Separator and Spectrometer
Detectors

Pre separator First stage Second stage

Target
D A: Achromatic focus
A D l D D: Dispersive focus

Separator Detectors Spectrometer

Target

In charge-exchange reactions, A-resonances in nuclei can be produced
The A-resonance is a AS =1, Al =1 spin- and isospin-flip intrinsic excitation of the nucleon

Courtesy: H. Lenske

meson cloud

e

core

+ ‘qqq)‘ znKK ) + ‘qqq) ‘ qq > ‘ gg...)

Are the masses and lifetimes of N*-resonances modified in nuclear medium? How deep is the
N*-nucleus potential? What is the isospin dependence of resonance potentials? ...

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

The setup can be extended to study of meson-nucleus bound system and neutron-rich hypernuclei

g
o



c%; Major Physics @HFRS

To explore the hitherto unknown territories and find new phenomena

_ [Systematic measurements of mass and Iifetime]
Nuclear Structure and Dynamics P _——

'Shape evolution along the N=Z Iine]

:In—flightdecayof unbound nuclei] 5 [ Nuclear size and matterdlstrlbutlon]

FB_ZFJIEvolutlon of single particle state ]

New forms of collective motion and shape coemstence]

:Isospin symmetry breaking]

:New np paring]

[New isotopes and neutron drip Iine]

[Clustering, halos and giant neutron halos with > two neutrons]

What are the limits to nuclear existence (particularly in the neutron rich side)?

What are new forms of nuclear matter to appear far from the stability line?

How do the quantum levels evolve into the very neutron rich regions?

What are new forms of collective motion far from the stability line?

What do dynamical symmetries appear in exotic nuclei (particularly along the N=Z line)?

o
[ P ———



Revealing Tensor Force

The tensor forces are essential to bind nucleonstogether in light nuclides, but they
are not treated explicitly in models such as mean field models and shell models

----------------------------------------------------------------------------------------------------------

=4 g -~ 2 A - ) — )
The pion interaction: i 01490929 = 3 SlQ(Q) T 301 029
~ The tensor force is as important as the central forces!
In a three-body model 102 . : —
g He
6Lj 6He © Ui ]
d -

10 | AN -
= ? \\
1o® [ Without tensor ]
a + n + p a + n + n 10710 i W. Horiuchi and Y. Suzuki
ol Phys. Rev. C 76,024311 .
The tensor force leads to a strong correlation between a np R > 4 6 8 10
pair and high-momentum nucleons in nuclei. While the high- k [fm™]

momentum nucleon is picked up by a particle, the correlated
nucleon may be emitted and measured using (p, pd), (p, nd),
and (d, pt) reactions

The momentum distribution of relative
motion of the two nucleons in éLi and ¢He,

reflecting the effectof tensorforces
Proposed by l.Tanihata and S.Terashima



Nuclear Matter and/or Charge radil

Measurements of nuclear matter and/or charge radii provide the most original
evidences for neutron and proton halos, neutron skins, and new magic numbers

Halo

Halos in heavier nuclides

Giant neutron halos with > two neutrons
Deformed halos

Coupling of continuum and discrete states

# Neutron distributions or radii

Nuclear size evolution of n-rich nuclides
New shell closures in n-rich regions
Constrains on nuclear theories

EOS for cold asymmetric nuclear matter

Nucleon distributions or radii —
Total interaction cross sections
Elastic proton scattering

Proton distributions or radii
Isotope shifts
Electron scattering
u atom
Charge changing cross sections = Skin

--------------------------------------------------------------------------------------------------------------------------------------------------
* *
*

The equation of state (EOS) for cold asymmetric nuclear matter:

E(o, 9)=E(p,0)+PEgym(p)+ )  5=(pu-p)l(ontpy)

: A systematic change of neutron skin thicknesses provides sensitive constraints on
- the EOS, which is of upmost importance for nuclear physics and astrophysics

.
. .
--------------------------------------------------------------------------------------------------------------------------------------------------



Low-g Experiments with an Active Target

Proton scattering or light particle scattering with low-momentum transfer provides
crucial information on nuclear matter distribution and incompressibility of nuclide

Pilot IKAR experiments performed at FRS.

100 3 100
10" '§' 101 :
E ' He matter = : imaier ;
g v : E 10% 3
& i He o« i 9L| ]
10'45 104F
 ®He core — . » Licore—
S 1 L I, VP - -5 I 1 1 L
e 0 1 2 3 4 5 6 g 8 9 10 10 0 2 4 6 8 10
r [fm] r [fm]

In inverse kinematic reactions using an active target, precisely measure the angular distribution
in a broad angular region including the first diffraction minimum

In the center-of-mass frame, proton wavelength of ~ 1 fm at an incident energy of 500 MeV/u

----------------------------------------------------------------------------------------------------------------------------------------------------
*

Measurements of the nucleon density distribution by elastic proton scattering

Study of the N/Z ratio dependence of the saturation density; the nuclear density
near the maximum of r?p(r) sensitive to the saturation density of nuclear matter

)
-----------------------------------------------------------------------------------------------------------------------------------------------------



c%:v Properties of Un-bound Nuclides

Nuclei beyond the drip-lines show interesting phenomena, and their surviving time
are determined by the centrifugal and Coulomb barriers and nucleon correlations

Nucleon and cluster emissions from the ground and excited states of nuclides

Ze?
4meg-R +

Directly determine the drip lines
Study the pp and nn correlations
Understand the decay mechanism
Study the n-n and p-p interactions

Reveal the properties of neutron matters

The experiments can employ secondary reactions from a nearby unstable beam to produce the

nuclides of interest, and the merits are relatively large cross section and low background

-------------------------------------------------------------------------------------------------------------------------------------------------------------

: The in-flight decay technique coupling to inclusive measurement is most suitable for

: the study of particle emission of unbound nuclei with lifetimes from ~1 psto 1 ns

------------------------------------------------------------------------------------------------------------------------------------------------------------



Few Nucleon Removal Reactions

In order to understand the properties of nuclides far away from the stability, it is crucial
to precisely locate the position of single particle states near the Fermi surface, and to
iInvestigate the degree to which their wave functions reflect pure single-particle motion

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
. .
0 °,

The momentum distributions of fragments following one- or two-
nucleon removal is the spectroscopic method well established, that
gives knowledge on the wave function of the initial nucleons

Using very low intensity beam (~10/s)!

N R RN RN RN N RN RN NN RN N RN RN NN RN RN RN RN N RN RN RN R E A R R AN RN NN AN SN AN NN AR NN AN NN AN ENSNEANANNENAENSNSANEENESEEEEEESEEEEEEsEsEsEsmssmssnssssnnass®

bl b ry Systematic study along isotopic
gg B ond/orisotonic chains:

e o » Evolution of single particle states?

f f f - » Robustness of the shell closures?

» T=0, S=1 proton-neutron pairing?
» Coupling to the continuum?
» Heavier Halos and giant halos?

P ESEEfameey

S|

i



c%z Experimental Layout @ Spectrometer Ring

Spectrometer Ring: Multi Working Modes of Storage Ring

Spectrometer Ring:
» Circumference:188.7 m
» Rigidity: 13 Tm

» Electron cooler

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

» Stochastic cooler

» Deacceleration

<y
‘ \,} Experiments:

» Isochronous Mass Spectroscopy

» Schottky Spectroscopy

» DR Spectroscopy

» In-ring Nuclear Reactions

» Exotic Decay of Highly Charged lons



c%:: Experimental Layout @Spectrometer Ring

Spectrometer for Dielectronic Recombination

Dielectronic Recombination: While the ion A% captures a free electron with well defined energy provided by
the electron cooler, a bound electron is excited simultaneously. It is a resonant process. The capture rates
versus the relative electron-ion collision energy reflectthe level structure of the highly charged atom

ESR storage ring at GSI: DR of Li-like Nd°7*

Electron Cooler
at the CSRm

A=142 <r>=4.914 fm C. Brandau, et al., ]
—— A=150 <r>=5.047 fm PRL 100 (2008) 073201

56+ 2
4} Nd*(1s'2p,,181)

—:L":f
3k

———n=18

k,l
sy

Rate coefficient ( arb. units)

.tJ ﬁ jLJ 1 L 1L t ) ;
To tune precisely the electron energy and then count the 1 1 52 52

Jj=3/2

recombinedions, fine or even hyperfine spectraare obtained ST Y >

Electron-ion collision energy ( eV )

Recombination Rate: a(E ) oc N(AGD+)/N(A)



c%:v Experimental Layout @ Spectrometer Ring

Isochronous Mass Spectrometer and Schottky Spectrometer

Decay Station
“Injection Extraction @

Electron cooler
Isochronous Mass Spectrometer

Measurements of nuclear mass
With double TOF detectors, improve
precision by velocity correction
Singleion sensitivity

f _ 1dm/q) ( _y?\dv

t m/q
SMS:dv — 0 1 IMS:y — vy

d7 1 d(m/q)

\_ T —y? m/q )

Schottky Spectrometer
Measurements of mass, lifetime, and
rare decay
In isochronous mode, measure masses
and lifetimes simultaneously
Single ion sensitivity

TOF detector TOF detector

—

Schottky resonator

See thetalk by Y. H. Zhang



Development of New Techniques

New Techniques of Ring Spectrometry under Development

IMS with double ToF detectors New Schottky Spectrometry
The circulating length of the stored ion is determined Conventional Schottky Spectrometry:
using the revolution time T; and velocity v : Non interceptive resonator —

L =T -v. no energy loss of stored ions v/
1 1 1 Cooling down of the stored ions—
T, corresponding to the central orbit is obtained as: long time of preparation x
2
_ 7 [‘0 — Lj .
) =T +17 - (1 - _tzj o Conventional IMS Spectrometry:
Vi g Interceptive timing detector —
Fragments of °8Ni projectiles energy loss of stored ions x
22Mg 150) 19Ne Without cooling down of the stored ions—
400F . -
80 000 _ Very quick preparation v/
- 200} Measured
40 500 _
0 0 200 Single-ion sensitive Schottky resonator
40t 1 150§ simulated working in isochronous mode of a
500 100 = 5
20 50} with single ToF storage ring: _
. 0 0 Long survival time of the stored ions v/
200 4000f 1004 Measure immediately after injection v/
100 2000 500 Simulated Measure mass and Iifetime simulta_neo_usly!
o o . with double ToEs Applicable to nuclei with broad lifetimes
608.50 608.60 615.55 615.65 619.75619.85
Revolution time [ns]
High precision mass spectrometry! Mass and lifetime spectrometry!

In collaboration with GSI and MPI



Development of New Techniques

Proof of Principle for the Schottky Spectrometer in an Isochronous Mode

0.015 "
New Schottky pick-up at CSRe 8
2 o0010f & E§ g.j'_’
5 g ¥ 5
g 5 5
’E 0.005F & j§$ 4 | : 5 | 2 . 8|
g S ® Yo ‘ L \ g \ ﬁm
= I ﬂ 5 \ o
H M “ q\ ‘
RSN i

o

243.2 243 4 243.6 243 8 2440 244 2 244 .4
Frequency (MHz)

13

12}
Rl
§ 1.0 [l b BEL
£ 0.9 11
s 08
07l
N oel

T.,=44.0(27) Minutes
5.10.15.20125.30
Time after injection (min)
Nuclear mass and lifetime were measured simultaneously, an important proof-of-principle step.
Efforts should be devoted to developing single-ion sensitivity and then apply it to short-lived ions




c%p Experimental Layout @ Spectrometer Ring

Setup for In-ring Nuclear Reactions

— Nuclear Astrophysics:

- 3 Simulate the r process

Understand the rp process
(waiting point, cycle and end point)
Measure the key reaction rates
Study the origin of the p-nuclei

Injection

After baked
AE/E: 1%

counts
LR R BRAN AN LR RARS LA AR

200 %
(R & : rp-process
channel o 1 SO(G,Y)19NG
2 o
er’ luminosity = breakout
& monitor
e
&, 27
AR S
........... .. gas target
,.O'E. i “
iy B o — = slits
q- o " ;
Sistrfp =~ fragment \\\Y p.t.d,alpha
N
Sj tEIesCO 5
P P— a-reaction
Si detector s 1He

150(a, v)1°F , 8Ne(a, p)?INa,

Nuclear Reactions: (P, V), (o, p), (o, n),(a, y), etc.

(p, P), (P, P), (P, V), (a, p), and (a, y) reaction rates
Solid target and active target with ion energy compensation



Major Physics @Spectrometer Ring

Experimental Measurements:

o Nuclear Masses with Highest Priority
o Nuclear Half-lives 20 R —— R A —
« Exotic Decay Modes [ S0 e e Szn 2

- FRDM95, Moeller
— HFB24, Goriely
~ - RMF, Geng

- WS2.4, Wang
= KUTY05, KOURA
= G-K Equation, Janeke
Masson1988
Thomas-Fermi, Myers
¥ AME12, Wang

N
(%)}
I

-
o
I

0
I

1
%))
I
|

measured masses

Difference from DZ28 (MeV)
o
|

Systematically measure nuclear
masses in broad regions -

_20 llIIIIIIIIIIIIIlllllIlllllllllllllllllllllll

40 60 80 100 120
Physics: Neutron number, N

map out the mass surface in broad regions and determine the drip lines

reveal the evolution of the effective interactions while changing the N/Z ratios
study the quenching of the known shell gaps and development of new ones

find out the deformation change and onset of exotic shapes along isotopic chains
simulate the rp process and r process



Major Physics @ Spectrometer Ring

How are the elements from iron to uranium produced in the Universe?

Core collapse supernovae

&
<@ e Masses
,‘0 o Half-lives Merging of two neutron stars
'&'Q e Capture rates

e Decay paths
Neutron Number

>

:'By reproducing the observed abundance distribution, the network calculations with precision‘l

I nuclear inputs would put constraints on the environments in which the r-process may happen :


http://www.google.com.hk/url?sa=i&rct=j&q=gold&source=images&cd=&cad=rja&docid=FBKCMeySsVrK6M&tbnid=Ip3vJojhQ2YHPM:&ved=0CAUQjRw&url=http://jewellerstrade.com.au/2012/impressive-year-for-gold/&ei=j8enUcHiC83QlAWrrIGgDg&psig=AFQjCNHGjEyZAhgrsh-TBPPDvcQt8z4wLQ&ust=1370036479228195

Facility Location
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Location

The construction was already started, and the official announcement for the
startup of construction is scheduled on Dec. 23, 2018



gy 3 Location

o il

Huizhou city and Guangdong province will cover the expenses for buying land,
preparing land, building roads, building electricity and water supply stations,




A L ocation

New Branch of IMP

;‘l,l; \

miltmmmm. -

About 5.0 kilometers to the downtown area of Huizhou City
Under construction now!




v, Budget

ltems (15! phase) Cost
iLinac 360
Booster Ring 350
Beam line 50
Experimental setups 380
Cryogenics 80
Civil construction 350
Contingency 100
1670
(Central government)
Infrastructure & deficiency (Local gg\?eornmen 0
Total 2670

Unit: Million Chinese Yuan (one U.S. dollar = 6.5 Chinese Yuan)



p Time Schedule
 20-109]10] 111213114115 | 1601718 | 1912021 22|23 | 24
v v v v

Critical Points  Plan Approval Construction Commissioning

Key technology R&D
Preliminary design
Conceptual design

Design Approval s
ssssssssms Detailed design & prototype

Civil construction mes——
Construction Fabrication
and
Installation

|nstallation —— s s ss———————————————
Sub-system commissioning ee——

Facility commissioning s

Commissioning .
Operation

Budget periods BP3 BP4

The groundbreaking ceremony of HIAF is scheduled in December, 2018



c%:v Perspective of Expansion

To develop an ISOL-type facility by combing the CIADS facility

Use the powerful proton Linac of the
CIADS as a driver (500 MeV@10mA)

Phase Il



bt Summary

HIAF is one of the two storage-ring based facilities for radioactive ion
beam physics (FAIR and HIAF) in the world, complementary to other
future heavy-ion research facilities

HIAF will potentially incorporate with an ISOL source driven by a high
energy powerful proton Linac, and consequently HIAF can turn into
the first “full featured” facility capable of producing RIBs using target
spallation, projectile fragmentation, in-flight fission and even the hybrid
method

Domestic and international collaborations are expected to play a key
role in defining the physical program and building the detector systems
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S48 Acceleration of Heavy Long-lived Beams

Feasibility for Acceleration of Heavy Long-lived Beams
Example: *43Am, t,,,=7360 years

oo, WIS quons  —woto T ks T

0.014MeV/u 0.5 MeV/u 2.4 MeV/u 5.3 MeV/u Adjustable 17 MeV/u

Assuming beam intensity of 1012 particles/s

In the sections of superconducting cavities: beam loss < 0.01%
For an experiment of 100 hours: 0.01% beam loss in the cauvities,
Resulting in total radioactivity of about 100/s, distributed in about 100 meters.

In the injecting section from ion source into the front-end RFQ: beam loss ~1%
For an experiment of 100 hours: 1% beam loss in the injection point,
Resulting in total radioactivity of about 104/s, severe contamination!

Also the ion source is badly contaminated!

Solutions:
To replace the inner cavity of ion source and injecting device after experiment.
To use the ISOL ion-source technique to deal with the radioactivity.



Physics @ HIAF-Linac
Physics along the N=Z line

N=Z Test the Isospin Multiplet Mass Equation
Te(52)
| Unknown sn(s0) T Charge-dependent effects.
B without mass and life Cd(Té‘;g) Degenerate if no charge-dependent
B Without mass - 46’)‘9(47) Interaction and D, corrected for. 1
Rh(45) |
|| Mass accuracy >10keV $:((:;)’ . -3/2
Mo(42 PR
. Mass accuracy <10keV 2140) NE(T%{: e 1/2
r \ e
Y(39 ‘ e —— o
B stable srse) [T Sy +1/2
Kr(36)Rb 37y \ | (A,T,Jp) S
BI(35) + 3/2
se3d) | | ||
As(33) | | |
Ge(32) |
_— Ga(31) o s M(T, A T)=a(T,A)+b(T, DT, + (T, )T} +d(T, DT
Cu(29) | | | 54 60
NI(28) l 52 I I I I I I 1 1
Fe?;é)m 50 50 Y H.Zhang, et al., PRL 109,102501 (2012). .
Mn(25) | | 48 __ 4 -
Cr(24
Vesy i > 30 i
Ti(22) [ 42 x fk .
s P 5 wf t
T14 16 18 20 22 24 26 28 30 32 34 36 38 Isobar ob--@cooeaos 80 --@f----L--- i .............
0 LI
10k -
H H ~20 1 1 L L L L 1 1
> Understanding of the rp process path and end point. e 3 s o

» Shape evolution for the nuclei along the N=Z line.

» Study of the isospin symmetry breaking and its mechanisms.
» Search for the new form of n-p paring.

» Precision tests of the shell model around 1%0Sn,

Atomic Number

Complementary to the related researches at the high-energy branch.



ﬂ%‘; Bound-state B decay of 20>T[81*

Understanding of the solar pp neutrinos

LOREX project: 2°°Tl in lorandite at Allchar mine is used for long-time detection of solar pp neutrinos with the by

far lowest threshold of netrino energy of 52 keV.
The neutrino caputure cross sectiono,, can be deduced from the half-life of bound-state B decay of 05T+,

LOREX: 205 4 p, —»205pp* 4 o —— <P, -0, >
Share common M

Bp decay: 20581+ —>205Ph* 4 o~ 4 Ve Oy,

Understanding of the abundance of 295Pb

N(205Pb)/N(2°4Pb)=P(205Pb)/P(2%Pb) X T(2°5Ph )/ T
~103 Sl ~2.5-103
in inter-stellar media s-productionratio  lifetime raio of the Galaxy

In the s-process enviroment:

205pPp is strongly reduced by free electron capture.

The mean lifetime of 2%°Tlis determinde by A, of bare 2°°TI.
e Is 205Pb counter-balanced by the 3, decay of bare 2%5T|?

S-process



CEE Concept

Superconductive Dipole ToF Detectors

Si Pixel Detector -

- -7

Drift Chamber __-| |

ToF Detectors

FARER 1) f#MEEERNE (R IfsERE)

BEME 2) SitEsiE YT ERNsE (EHXRF. PERFERAKRZF)
3) B S AR IR SR (FRRIBR 38 & IR AT
4) HEFIERN RS (FERFRAKE)
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Day One Experiment @ HIAF

Synthesis of New Isotopes 143Er, 157Yb and 153Hf

Quadrupole Doublet

Main Dipole

i | Quadrupole Doublet

J

Deflection Dipole -

(N.2)

Devices: The superconducting iLinac.
The Gas-filled Recoil Separator.
‘SﬁT Reactions: 49Ca + 19°Cd — “3Er + 3n.
S8Ni + °°Mn — 157Yb + 3n.
~ - : “Fe + 102pd — 153Hf + 3n.

'y

=]

-l

Ty

RS : Expected cross sections: 20~300 nb.
ey Expected half-lives: 100~300 ms.

Beta-delayed proton decays.




pa Day One Experiment @ HIAF

Mass Measurements of N-rich Nuclides around 78Ni

Ge(32)
Zn(30) o0
Ni(28) s
Fe(26) 0 58
Cr(24) Ololololololo | 54 2%
Ti(22) 52

28 30 32 34 36 38 40 42 44 46 48 50

Production: Fragmentation of Projectile 8Kr Using the HFRS.
Measurement: The Isochronous Mass Spectrometer with Double ToF Detectors.

Systematically measure nuclear masses with a precision of ~ 50keV, and deduce
one-neutron and two-neutron separation energies.

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

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



Experimental Setups @ HFRS

Requirements from Physics
20 — 45— — [l Mom. Resol. [%)]
=18 B AngAcc.[mrad] | © 4| ] BomAcc. (%) || wﬂ? =
£ 16 33.5 S 04 —
=14 g 3 03
12 a 5035 B
3 2.5 s 03 .
210 o 2 'téoz i ) |
S 8 g E 02l ]
E o 215 1. 0. Eo
= 5 £ 0.15 ]
g 41 | TRRER T E 014
g qu 20'5]: 1100 l 5005 ] l l
0 0- — 01 - |
12345678910111213 12345678 910111213 12345678910111213

Experiments Erperiments Experiments

Production, Magnetic Rigidity, Agular and Momentum Acceptance, and Momentum Resolution

Synthesis of neutron rich hypernuclei
Nucleon excitations in nuclei

Giant resonance of neutron rich nuclei B BP:25Tm
Spectroscopy of meson-nucleus bound system

Unique Experiments at FAIR and HIAF!



Experimental Setups @ HFRS

Capability of Particle Identification

56 70

600: sn

54— 60 -

i 50 500

52— -

40 400~ i

N 50__ -

30 300_—

48— C

r 20 200_—

8 10 100

i il il o _III[]ITHIIVI-lE-I[I-lﬂ l-l-lllll
434 245 25 2.55 26 2.65 27 275 28 235 29 9,5 2.55 26 2.65 2.7 2.75 2.8
A/Z A/Z

Detector performance: Time resolution: 20 ps (single), position resolution:
0.2 mm, and energy resolution: 1.0 %

The peculiarities of the HFRS:
It has a maximum magnetic rigidity of up to 25 Tm, and thus high-energy secondary beams
are available with energies over 2 GeV/u
It provides high primary-beam suppression power and high separation power of nuclides up
to Z=92, and also provides fully stripped ions of all elements
It provides versatile spectrometer modes by different combinations of separator sections



Revealing Tensor Force

The tensor forces are essential to bind nucleonstogether in light nuclides, but they
are not treated explicitly in models such as mean field models and shell models

----------------------------------------------------------------------------------------------------------

=4 g -~ 2 A - ) — )
The pion interaction: i 01490929 = 3 SlQ(Q) T 301 029
~ The tensor force is as important as the central forces!
In a three-body model 102 . : —
g He
6Lj 6He © Ui ]
d -

10 | AN -
= ? \\
1o® [ Without tensor ]
a + n + p a + n + n 10710 i W. Horiuchi and Y. Suzuki
ol Phys. Rev. C 76,024311 .
The tensor force leads to a strong correlation between a np R > 4 6 8 10
pair and high-momentum nucleons in nuclei. While the high- k [fm™]

momentum nucleon is picked up by a particle, the correlated
nucleon may be emitted and measured using (p, pd), (p, nd),
and (d, pt) reactions

The momentum distribution of relative
motion of the two nucleons in éLi and ¢He,

reflecting the effectof tensorforces
Proposed by l.Tanihata and S.Terashima



Nuclear Matter and/or Charge radil

Measurements of nuclear matter and/or charge radii provide the most original
evidences for neutron and proton halos, neutron skins, and new magic numbers

Halo

Halos in heavier nuclides

Giant neutron halos with > two neutrons
Deformed halos

Coupling of continuum and discrete states

# Neutron distributions or radii

Nuclear size evolution of n-rich nuclides
New shell closures in n-rich regions
Constrains on nuclear theories

EOS for cold asymmetric nuclear matter

Nucleon distributions or radii —
Total interaction cross sections
Elastic proton scattering

Proton distributions or radii
Isotope shifts
Electron scattering
u atom
Charge changing cross sections = Skin

--------------------------------------------------------------------------------------------------------------------------------------------------
* *
*

The equation of state (EOS) for cold asymmetric nuclear matter:

E(o, 9)=E(p,0)+PEgym(p)+ )  5=(pu-p)l(ontpy)

: A systematic change of neutron skin thicknesses provides sensitive constraints on
- the EOS, which is of upmost importance for nuclear physics and astrophysics

.
. .
--------------------------------------------------------------------------------------------------------------------------------------------------



Nuclear Matter and/or Charge radil

A New Approach for Determining Nuclear Charge Radii

Charge Changing Cross Section (CCCS) Measurement at Relativistic Energies + Glauber Model

Angeli,Marinova, ADNDT 99, 69 (2013)  N=Z

Experimental uncertainty T - — Charge rad“
. (fm) Fe:z‘ca:}D “ v - =0 . .
005 ) : [ @ > electron scattering
N e - ~ uatoms |
- o5 . » K X-ray isotope shifts
! s e g » optical isotope shift
P{15) < 132
MQ(‘:I;UE) o i 30
Na(11 | 4
Ne(10) ~ 26 —_— —-ag t
Nmos in - 5 ja o] 22 # Nﬂut - Nin e cc
e HH Event-by-event
_;em 5 12 14 18 —_—
;Z(Z}E‘ B 10 - E )
CCCSat high energies: | | e
identify and count target n anc coun
\(/:Vleak energ_y depe nhder_lce incident nuclei t (cm?2) outgoing nuclei
ean reaction mechanism Nin (A,Z) Nom(Z)

Statistic, N;,,> 10°

-------------------------------------------------------------------------------------------------------------------------------------------------------------

: At high energies, CCCS, reflecting interaction probability between the valence protons and the
: target nuclide, is sensitive to the proton distribution in the projectile nuclide. Analogous to the :
: total cross section measurement, nuclear charge radii can be deduced from the CCCS

B
------------------------------------------------------------------------------------------------------------------------------------------------------------

Proposed by B.H.Sunand I.Tanihata



Low-g Experiments with an Active Target

Proton scattering or light particle scattering with low-momentum transfer provides
crucial information on nuclear matter distribution and incompressibility of nuclide

Pilot IKAR experiments performed at FRS.

100 3 100
10" '§' 101 :
E ' He matter = : imaier ;
g v : E 10% 3
& i He o« i 9L| ]
10'45 104F
 ®He core — . » Licore—
S 1 L I, VP - -5 I 1 1 L
e 0 1 2 3 4 5 6 g 8 9 10 10 0 2 4 6 8 10
r [fm] r [fm]

In inverse kinematic reactions using an active target, precisely measure the angular distribution
in a broad angular region including the first diffraction minimum

In the center-of-mass frame, proton wavelength of ~ 1 fm at an incident energy of 500 MeV/u

----------------------------------------------------------------------------------------------------------------------------------------------------
*

Measurements of the nucleon density distribution by elastic proton scattering

Study of the N/Z ratio dependence of the saturation density; the nuclear density
near the maximum of r?p(r) sensitive to the saturation density of nuclear matter

)
-----------------------------------------------------------------------------------------------------------------------------------------------------



c%:v Properties of Un-bound Nuclides

Nuclei beyond the drip-lines show interesting phenomena, and their surviving time
are determined by the centrifugal and Coulomb barriers and nucleon correlations

Nucleon and cluster emissions from the ground and excited states of nuclides

Ze?
4meg-R +

Directly determine the drip lines
Study the pp and nn correlations
Understand the decay mechanism
Study the n-n and p-p interactions

Reveal the properties of neutron matters

The experiments can employ secondary reactions from a nearby unstable beam to produce the

nuclides of interest, and the merits are relatively large cross section and low background

-------------------------------------------------------------------------------------------------------------------------------------------------------------

: The in-flight decay technique coupling to inclusive measurement is most suitable for

: the study of particle emission of unbound nuclei with lifetimes from ~1 psto 1 ns

------------------------------------------------------------------------------------------------------------------------------------------------------------



Few Nucleon Removal Reactions

In order to understand the properties of nuclides far away from the stability, it is crucial
to precisely locate the position of single particle states near the Fermi surface, and to
iInvestigate the degree to which their wave functions reflect pure single-particle motion

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
. .
0 °,

The momentum distributions of fragments following one- or two-
nucleon removal is the spectroscopic method well established, that
gives knowledge on the wave function of the initial nucleons

Using very low intensity beam (~10/s)!

N R RN RN RN N RN RN NN RN N RN RN NN RN RN RN RN N RN RN RN R E A R R AN RN NN AN SN AN NN AR NN AN NN AN ENSNEANANNENAENSNSANEENESEEEEEESEEEEEEsEsEsEsmssmssnssssnnass®

bl b ry Systematic study along isotopic
gg B ond/orisotonic chains:

e o » Evolution of single particle states?

f f f - » Robustness of the shell closures?

» T=0, S=1 proton-neutron pairing?
» Coupling to the continuum?
» Heavier Halos and giant halos?

P ESEEfameey

S|

i



Charge Exchange Reactions

High-resolution Separator and Spectrometer
Detectors

Pre separator First stage Second stage

Target
D A: Achromatic focus
A D l D D: Dispersive focus

Separator Detectors Spectrometer

Target

» At low energies: to measure the distribution of the Gamow-Teller transition strengths (BgT)
» At high energies: to study nucleon excitations in nuclei hitherto studied in (near) stable nuclei

Courtesy: H. Lenske

meson cloud

e

core

+ ‘qqq)‘ znKK ) + ‘qqq) ‘ qq > ‘ gg...)

Are the masses and lifetimes of N*-resonances modified in nuclear medium? How deep is the
N*-nucleus potential? What is the isospin dependence of resonance potentials? ...

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

The setup can be extended to study of meson-nucleus bound system and neutron-rich hypernuclei

g
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c%; Spectroscopy of Mesonic Atoms

The masses of u and d quarks are nearly 2 orders of magnitude smaller than nucleonic
masses, produced by spontaneous breaking of chiral symmetry for massless quarks
subject to the strong interaction

The properties of bound mesonic states in heavy atoms are
related to the meson-nucleus interactions, and can contribute
to the understanding of the QCD vacuum structure

—
.‘/0’
a ?'_—o)

+

* Pion-nucleus interaction
- binding energy, width, mass shift
» Difference of s-wave potential
-* restoration of chiral symmetry?
= reduction of chiral order parameter {7
+ Partial chiral restoration in nuclear medium
- well-defined quantum states
= normal nuclear density
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and

n bound nuclei

(p, d), (d, 3He) or (p, 3He) reactions
Method: missing mass spectra

The experiments:
v" Look for the existence of the states
v" reveal modification of meson
properties inside nuclear matter




Glant resonance of neutron rich nuclel

High excitation energies
Example: dipole strength distribution in very heavy n-rich systems

Core vs. neutron skins & halos 9 density / asymmetry
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Courtesy: T. Aumann

HIAF Workshop, Lanzhou (China), July 2016 Christoph Scheidenberger — GSI



Glant resonance of neutron rich nuclel

A systematic change of neutron skin thicknesses provides sensitive constraints on
the EOS, which is of upmost importance for nuclear physics and astrophysics

The low-lying E1 strength (PDR) in n-rich nuclei constrains the neutron-skin thickness
The oy is a robust and less model dependent observable to extract neutron-skin thickness
he [~ o(E)

The electric dipole polarizability: =
PRIEp Joan 27 Jo  E?

Giant dipole resonance of n-rich nuclei: a precise determination of neutron skins
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Glant resonance of neutron rich nuclel

Radioactive beams of energy higher than 1-2A GeV provide new opportunitiesto
study giant resonances in asymmetric nucleiincludinga new mode (isoscalar E1)

SDR GDR
. valence
= neutrons ®
. S protons Lt
core neutrons
nucleus
A
=
o
c
)
§ =
m .
Excitation Eneray
(7,9 (0,0) (1,0)

0. 1) (1,1

- &
~ New? (B0 @) &

AN n

Giant resonates in macroscopic view

Is a neutron skin decoupled from the core?

> If it is not decoupled

> If it is decoupled

Oscillation potential become wider and
thus excitation energy comes down.

Oscillations decouples and
gives two different frequencies.

e




c%v High-power Linac

SRF Cryomodule Design and Prototype Development

3 =0.03 B =0.07 8 =0.19
:O— Low energy sect|o _|.>
0.5 MeV/u 2.3 MeV/u 17 MeV/u
QWR cavity HWR cavity HWR cavity
B =0.052 B=0.10 B=0.15
f=81.25MHz f=162.5MHz f=162.5MHz
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: 125 MeV proton Llnaem*
The average uncontrolled beam loss should be limited to below 1 W/m level




@%‘; Thin Wall Vacuum Chamber Prototype
Prototype of Thin Walled Vacuum Chamber

Due to fast ramping rate operation of BRing, thin walled
vacuum chambers are needed for all magnets in order to
keep eddy currents at a tolerable level

»

0.3 mm thick vacuum chamber prototype

* Elliptical aperture

« Stainless steel

0.3 mm chamber design * Rib supporters in parallel with the magnetic fields




Superconducting Magnets

HIAF prototype dipole based on
nuclotron-type cable

ADS linac, 5T SC solenoids
26 sets completed

LHe-free 7T, SECRAL Il magnet
3X107 @1 cmd



pa Stochastic Cooling

Prototype of Stochastic Cooling Device

A novel type of 2.76 m long slotted pick-up was developed (in cooperation with GSI) for
stochastic cooling. The key components were fabricated and installed in CSRe

DIPO1  KICKER i L DIP20
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Pickup and kicker

The beam test (253 MeV/u 117Sn3+) results show that it is a well-suited structure
for stochastic cooling at HIAF



D Electron Cooler

Design of Electron Coolers @HIAF

Collector Well-established electron

= S—— ;i

cooling at existing CSR

- sy | Eneligy: 4-35 keV
m\,\\m\m\\\\\\\\\\\\\m “ Current :1-3 A
It ';/ 1 F
LTl

DC magnetized electron coolers

e

|

200 keV & 2 A e-cooler at Spectrometer Ring Q) “12)-300' keVie
tI-3A

Hollow e-beams were obtained at the coolers@CSR, which partially solve the problem
of space charge effect and reduce the recombination between the ions and electrons



c%? Two Planes Painting Injection

Simultaneous injections in H and V planes using tilted septum

Y " Tilted ES
ES
. Incoming beam
Incoming beam
l @ X Z\\ X
Acceptance
Acceptance
Energy Injection current Injection Single

lons 2
(MeV/u) (emA) P turns injection
H 33 3.3x1010
SHJeAA 17 2.0 \/ 16 1.6x1010
H+V 150 2.0x101

Conclusions:
The beam intensity could reach 2.0 x10% from simulation results,

nearly 10 times over the conventional single-plane injection



c%:v Fast Ramping Rate

Fast ramping rate mode of BRing

Due to space charge and dynamic vacuum effects, ions stored
should be launched to high energy as soon as possible

A

B/T

151'/5' 15T/s

» t/ms

Repetition rate: 5-10Hz



Perspective of Expansion

Build a ring to produce bunched heavy-ion beams of short pulse and high power for
HED physics, and then add a high-energy electron ring for e-A collisions

Properties of the High Energy Density Matter
Electron lon Collisions
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U+U Collision (Decay of the Vacuum)
Develop merging beams of bare Uranium
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[ h‘-/@ Use the powerful proton Linac of the
R X CiADS as a driver (500 MeV@10mA)

Phase Il or |l



g lon-ion Merging Facility
First lon-ion Merging Facility in the World

“8” shape of two rings

Advantages:

- Ultra-low background

- Small collisionangle

- Sharing injection
- Sharing cooler

Bare heavy ions of 238U9%2*
Z,+7Z,=1842173

Decay of the Vacuum (U + U collision)

Parameter

lon

Energy (MeV/u)
Circumference (m)
Frequency (MHz)
Crossing angle (°)
C.M energy (MeV/u)

Particle number

Exms/€yms (TT MM mrad)
B*/B"(m)

et Dy T
Laslett tune shift

Hourglass factor

Luminosity(cm=2s-1)

Merging beam parameters

Value

238 U92+

637(800)
483.8
0.50(0.52)
6.8
6(8)
7(8) X 1010
1/1
1/0.03
1/0.173
-0.1(-0.077)
0.9

4.4(5.4) X 1023



D U + U Collision

Decay of the Vacuum (Theoretical prediction)

In heavy ion collision, super atoms might be formed instantaneously. If the atomic
number (ZjeciitetZtarged) IS larger than 173, a critical electric field is realized. Under
the circumstance, the bound electron states dive into the negative continuum and
the vacuum is excited and consequently the positron-electron pair is produced

et E |Ikev]

positive energy continuum
S OO e e

Free pair

bound I

e S0 S
— —— . .
— U »—¢— negative energy continuum

I— e—e— . ;
o] occupied with electrons
=

-1000 -

Bound pair

Ideal experiment: merging beams of
fully striped Uranium ions




