NUSTAR Annual Meeting 2016

Report on HIAF and CIADS Projects

Xinwen Ma
Institute of Modern Physics, CAS

GSI Darmstadt, Germany, February 29 - March 4, 2016

WD IBIFRIF  Institute of Modern Physics




Outline

v Background

v HIAF introduction

v CIADS introduction

v Progress of R & D related to the Projects
v" Site of the Projects

WD IBIFRIF  Institute of Modern Physics




HIAF: High Intensity heavy-ion Accelerator Facility

One of 16 large-scale research facilities proposed in China in
order to boost basic science.

e Proposed by IMP in 20009.

e Put in the priority list by the central government in the
end of the 2012.

e Design Report (v1.0) was published in July 2014

e The final approval was on the 31t December of 2015
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The 16 priority national Projects for
Science and Technology for the 12t
5-year Plan in China

China Initiative Accelerator Driven System
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High Intensity heavy-ion Accelerator Facility
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HIAF Introduction

HIAF Scientific aims

® To explore the limit of nuclear existence

® To study exotic nuclear structure, to learn nuclear force

® To understand the origin of heavy elements in the universe

® To explore QED effects in strong Coulomb fields

® To learn the ultrafast dynamics in relativistic electromagnetic fields
® To study the properties of High Energy Density Matter

® To explore the heavy ion beams in material sciences



http://www.ph.ed.ac.uk/~maliotta/teaching/movies/novae_accretion.mov�
http://www.hongen.com/art/twdg/cyztm/img/tc0008a.jpg�

ERL: Energy Recovery Linac
electron machine

"

BRing: Booster ring
Circumference: 440 m
Rigidity: 34 Tm
Beam accumulation
Beam cooling
Beam acceleration

CRing: Compression ring
.+ Circumference: 880 m
e Rigidity: 43 Tm
- Barrier bucket stacking
~ Beam compression
Beam acceleration
In-ring experiment
i
",-r' 0 4m

-,

" .. SRing: Spectrometer ring
“w** Cireumference:250m
o Rigidityr23Tm
. inac— Electron/Stochastic cooling

.. o Two TOF detectors

Three operation modes

iILinac: Superconducting linac
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N Length:180 m
Energy: 25MeV/u(U3#*)
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Due to the approved budget, the HIAF project is divided into two phases.

’,—”‘\\ _

\

WD IBIFRIF  Institute of Modern Physics




15t phase of HIAF e
i s

Nuclear structure spectrometer
Low energy irradiation target

Electron-ion recombination
spectroscopy

RIBs beam line
High precision spectrometer ring
External target station
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SECR U3* 14 keV/u 0.05 pmA
iLinac U3 17 MeV/u 0.028 pmA
BRing U3 0.8GeV/u |~1.0x10%ppp
CRing Us4+ 1.1GeV/u ~5.0x10%ppp
o2+ 4.1 GeV/u ~2.0x10" ppp
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7M. SRing: Spectrometer ring

BRing: Booster ring r’;uﬂ Circumference:240m
Circumference: 450 m /. \ Rigidity: 13Tm
Rigidity: 34 Tm A A\ Electron/Stochastic cooling

Beam accumulation
Beam cooling
Beam acceleration

ILinac: Spectrometer linac

Length:180 m
Energy: 17MeV/u(U34+)

- Beam dynamic design optimization
- Challenge of injection and two extraction modes
- Nonlinear beam dynamics considerations
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1°t phase (MRMB)

ILinac 360
BRing 350
High energy electron cooling
Beam transfer line 50
Experiment setups 240
Cryogenics 80
Civil engineering 190
Tunnel construction 160
Contingency cost 100
Total of facility 1530(central govern.)
Land & infrastructure 1400 (local govern.)
Total 2930

(1.5 x 10°, 2.9 x 10°, RMB)




v vy v Vv
Critical Points  Plan pEEmEL L Commissioning
N Operation

construction
Key technologies R&D

Idea design
] Conceptual design
]
DeS|gn Design report
preparation, Detailed
submission, design &
approval prototype
. Civil construction
Construction Equipment construction, Fabrication s——————————
and :
; ]
Installation Installation
iLinac, BRing, CRing commissioning S
.. Combined commissioning ——
Commissioning
Start of operation

Budget periods SR BP3 BP4
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CIADS Introduction

0 Nuclear energy is an inevitable strategic option to meet China energy
demand in the future
e Chinais the largest energy consumer in the world and coal is the major
resource for electricity production (79% in 2011)
* Nuclear power is a relatively clean energy without green-house gas emission
* Nuclear power started in the mid-1980s with Qinshan Nuclear Power Plant

0 Current status of China nuclear power
e 22 nuclear power reactors in operation, 18.056GWe (6t in the world)
e Produced electricity: 104.8TW.h, 2.1% share in 2013, (5% in the world)
e 27 units under construction, 26.756GWe, (1%t in the world)

0 The planned NP development in China (2011-2020)
e By 2015, the installed capacity reaches 40GWe and 18GWe under construction
e By 2020, the installed nuclear capacity will be increased to 58GWe (~7%), and
30GWe are under construction

By 2050, 350~400GWe (~20% ), comparable with the total NP capacity in the
world (375GWe in 2014).
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0 Management and safe disposal of nuclear waste
0 Fuel supply (Uranium~100 years for LWR)

“The ADS has the advantage that

it can burn pure minor actinides 7% Jam 0 T ¢ SUEAET nenron

while avoiding a deteriorationof | L= PE e

the core safety characteristics.” e A
— ADS and FR in Advanced ‘ '’ - @

Nuclear Fuel Cycles — A i %

Comparative Study, NEA/OECD, " "

2002 N el

Accelerator Driven System
(ADS) is a promising path to
resolve the problems

Global distribution of Uranium resources (Uranium 2014)
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0 ADS was proposed for nuclear waste transmutation and nuclear power
generation since late 1980s - early 1990’s

0 ADS consists of a high power proton accelerator, a spallation target, and
a sub-critical core, which produces intensive, hard spallation neutrons by
bombarding high energy protons on target to drive the sub-critical core

- . ses 8 & [T -

High Current Proton Accelerator
Spallation Target

ADS
Consumption

Togrid Electricity Transmutation

Schematic drawing of ADS

WD IBIFRIF  Institute of Modern Physics

100,000

=
o
[=]
(m]

radiotoxicity (relative)

0.1 F

0.0

10,000 F

100 ¢

spent fuel befare
and after transmutation

Uraniurm ore

10

]
100 1,000 10,000 100,000 1,000,000

time (years)



China Initiative Accelerator Driven System

The overall conceptual design of CIADS facility has been worked out
LINAC: 250 MeV@10 mA with CW mode
Spallation Target: granular flow spallation target, 2.5 MW

e Sub-critical core: 10 MWt, LBE cooled

Superconducting Linac

=z 2 N \”\
4 N

|'\| , .
Pos _ an
D
\*.?%‘;,E’n Sub-critical reacto \
& e

@ Spoke040
U Injector ® Spoke063 ‘
» M Spallation target
D ML ® Experimental terminal PR
@ Spoke021] @ HEBT
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e ADS consists of high power proton accelerator, spallation target &
subcritical core.

/— Accelerator - bzirid

Proton

beam y A ADS and FR in Advanced
C> > Nuclear Fuel Cycles — A

Comparative Study,
- Generator
S NEA/OECD, 2002
Steam —
Subcritical A\ generator Z_Condenser

Spallation
target

Accelerator Driven Advanced

* Accelerator Driven System was proposed for: ... Energy System

— Nuclear waste transmutation (ADS)

— Isotopes production (ex. Breed, ISOL, APT) ADANES Burner
— Energy Amplifier (ADTR)...
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ADANES - Perspectives of future

Paths to the future for nuclear fission energy

107 _ Future system We proposed
’?’ _--"" J»Advance FRES \
ADANES:
o P ; Accelerator
c 3 - I : .
s 1 / wmox ? Driven Advanced
2 : Usedin FR :
= A Nuclear Energy
5 ! | i System
§ 1L / MOX o __ Transmutation
[0 ] LWR Usedin LWR strategy
o Once through
suraeey Fuel supply:  >103yr
Radiotoxicity: <500 yr

0.1 e e e et H e e .
0.1 1 10 o | Volume of NW: < 4%

Radiotoxicity reduction
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P _ <2021 - \
\_ ~1MW Close \‘ .
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Site of HIAF & ADS projects
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HIAF site

‘I

© 2014 Mapabc.com)
\ Image © 2014 DigitalGlobe |
. 71 8R Image © 2014 TerraMetrics
HIAF site . .

View of the HIAF camw
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Layout of HFRS at HIAF

Projectile Up to U with 800MeV/u
Projectile fragmentation &
Method Fission
Bp-AE-Bp method
Max. magnetic rigidity 15Tm
Resolving power 1500
Acceptance x/y 40mmmmrad
Momentum acceptance +2.5%
Angle acceptance +40mrad (>8/)& +20mrad
Beam spot at target +1mm(x) & *2mm(y)
(1 sigma)
Max. envelope +200mm* £ 100mm
Total length 156m

/Production target
]

¢, Degrader

~

e, R Degrader
Iy, -l-i"'"-_'-'

Pre-separator Main-separator



Pre-SeparatOr Horizontal beam envelopeaes Maln-SeparatOF

0.20000
[rm]

=0 20000004

7.000
[rm]

-7 .000

PF1 PF2 PF3 PF4 MFL  MF2 " MF3 MF4

Wertical beam envelopes

Max. Bp=15Tm Acceptance: 40mmmmrad & +2.5%
Magnification: 1 Resolution power: 750 & 1500

Horizontal Wertical
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24 Sextupoles
16 Octupoles
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> RIB: 100550+ Projectile

EXeRt 100G 50+
1000MeV/u d
3.33E10pps
Target 4g/cm? C
3564 f--m-tommdomeheedo o =
= 30E-4 i mle o Caus Ritofoheetl b
ézzij ””””” e PF2: 5.7 g/cm? Al degrader
= o ittt MF2: 2.85 g/cm? Al degrader
Sioeal - £ e S
e e e = e - ‘
s SRt P b A. Production rate: 7.8e-3pps
020000 142000 144000 146000 148000 150000 B. Transmission: 19.48%
Qe C. Purity: 28.2%

Momentum distribution of 100Sn%0+ after target

WD IBIFRIF  Institute of Modern Physics




None of existing highly charged ion sources can meet HIAF requirements at present
But the 41 Generation ECRIS seems to provide a feasible solution

lon

HIAF Beam
Intensity (euA)

World Record
Intensity (euA)

3rd Generation
Sources

Gain for HIAF

1500

422(720)

SECRAL/
24 GHz

2.1

1500 1
1400 4
1300 A
1200 A
< J000 |
o]
900 -
800 -
700 -
600 -
500 A
400 -
300 A
200 -
100 -
0 T L) L) L) T T
42 26 28 30 32 34 36 38
lon Charge State

1700

400

Beam Intensity (

Intense heavy ion beam production
» New magnet configuration based on the
traditional loffe-bar layout can minimize the highest
field inside the magnet coils, and maximize the
efficient field inside the plasma chamber.

» Possible utilizing the matured NDbTI technique
instead of the cutting edge Nb,Sn technique will be
more cost efficient and technical feasible.

MR BIFRIT
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® Highest pulse current of superconducting ion linac in the world,
the peak current is four times higher than at FRIB (CW mode)

® [ow-Beta SRF cryomodules design and prototype development.

There are four types of superconducting cavities developed at IMP
162.5 MHz Half-wave Cavity

Niobium Assembly

162.5 MHz CH cavity

EM model EM model Exploded View

81.25 MHz Quarter-Wave Cavity 325 MHz Spoke cavity

® The average uncontrolled beam loss should be limited to below 1 W/m level
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The 2.5-MeV Demo o

f Superconducting LINAC

® RFQ operated successfully at 10 mA, CW mode, for many times. the record was 4.5 hours. The
rms emittance is 0.2~0.3 pi.mm.mrad, transmission efficiency is 97%.

® MEBT and TCM operated at CW 10 mA 2.5 MeV for 1 hour. HWR operated successfully @
Ep=25MV/m, the design value.
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Commissioning of 162.5-MHz CW RFQL_f

® June 6%, the first beam, energy is 2.15 MeV

® June 30, 10 mA, CW beam, 4.5 hours, beam power 21.6 kW

® July 18t-19th, tested and peer reviewed by CAS

® July 24th, 18 mA, pulse beam, 37.8 kW, transmission 87%

® Total operation time is ¥1000 hours including CW@10mA around 10 hours
® Record of non-trip operation is ~220 hours
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Beam commissioning of MEBT & CM6

ADS Injector || Commissioning Setup(5MeV)

- - Scraperl BAMZ  S1i {2 WireH EFMS BFW4 EFMS EFME 3 EFM3 EFl3 EPM10 ACCTZ EFMii BFMi2 FC& FFC EAMI3
Test chamber FC1 g DOCTL ACCT M-pump Crvopmp L— | 51 Fire=Vg_ranerid
¥ platfers [] I!-"Z’C?2 i Wire—HEY

il

- ‘G AEUBR.

it i A" A B A B o - -
. .
Fize—V il

Q1 2R3 @ Irbox 93 Q5 Q7 S0t

ECRIS 30L1/|Gate wvalue S0U2 chopper Cryopump :mleﬁ Mpu=p

SoL2 SOL3 SOL4 3015 &

Buncherl Buncher? ICT/FCT-1 HWRL HWR2 HERS H#B4 HERS HERS

Slit e
ECRIS LEBT RFQ MEBT CM1 Moveable Dplat :

o
nd CM6

 Lattice settings of MEBT a
« HWR Phase scan

e Tuning with 10 mA pulse beam and 2.7 mA CW beam
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2.7 mMA CW beam of MEBT & CM6

60 - 8 -4 60 460 - 60
Dplate DCCT (mA)>
i Water temperature of Dplate FC (C) 1 i
S5 | Temperature of Dplate DCCT flange up (C) 4155 455 < 55
L Temperature of Dplate DCCT flange down (°C) 4 .
50 |- 6 Temperature of Dplate DCCT flange west (C) 450 450 4 50
Temperature of Dplate DCCT flange east (‘C) )
45 |- r""‘"""""" 445 445 15 445
L 4 _ J
40 L CW 4mins ang 440 440 4 40
| e CW 5mins 40seconds ) ’
2.7mA 2.7mA
35 - . 435 {35 5 435
2t I' ! 7
T -—H—’# 9 b
30 | F 430 430 30 4 30
25L 0 . 25 425 25 425

2:49:06  2:53:53 2:58:53 3:04:03  3:08:43
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Dynamic vacuum

Collimator prototype development
Chamber vacuum test Collimator vacuum test Mechanical test

\;‘.a v AF N

Beam test: Xe?’*

w1 'y
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vacuum chamber

Thin wall vacuum chamber prototype

Due to high ramping rates, thin wall vacuum chambers are needed for all magnets to keep
eddy currents at a tolerable level.

To withstand the atmospheric pressure the thin
walled vacuum chambers are supported by ribs
parallel to the magnetic field lines.

0.3 mm vacuum chamber prototype
e 500mm, 1/5
o Elliptical aperture
* Stainless steel

0.3 mm vacuum chamber desian  Ribs supporter parallel to the magnetic field lines
WMRWIBIFRRIF  Institute of Modern Physics




Vacuum chamber

NEG coating system

NEG dipole chamber coating facility

Non-Evaporable Getter thin films (NEG) is an excellent solution for conductance
limited chambers, for the stabilization of the dynamic vacuum pressure. For this
purpose, three is a proposal to develop the chamber coating facility. A dipole chamber

coating facility has been designed for HIAF.
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EM design

TS AT ALY

uuuuuuuuuuu

....... < »
Current (A) 11000
|||||||| - *
Total turns 4*3

. PN SN Storage energy (MJ) 0.4

ol | \ Inductance (mH) 7.6

OE-04 f 3

OE-04 K,fj \\\,

=] \ Iron weight (Ton)

1.0E-04 'H
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Low loss superconducting cable
Nuclotron Type Cable Superconducting cable parameters

CACC: Cable-around-conduit-conductor m_

» Cu-Ni pipe: inner radius 6 mm with thickness Twist pitch 120 mm
0.5 mm
* NbTi superconducting wire: diameter 0.7 mm D 6 mm
* NiCr (0.3 mm) wire is close winded for oD 10.2 mm
Overbanding o . . Advantages:
*  One layer polyimide film (0.1 mm) is half v'Good performance of mechanical stability
‘4Vrapp9d . . v'Lower eddy current loss
» Two layers of glass-fiber tape (0.1 mm) is then v Good .
half wrapped 00 p_e_rformance of cooling
D — v'Low critical current degrade
o Mo "“""““‘”“"‘/ o Disadvantages:
Cu-Nipipe | \ L ow engineer current density

*Expensive than rutherford cable
*Hard to bend and wind
Difficult to make joints

Liquid helium channel

Supercritical or two-
phase helium force-flow
cooling




Superconducting dipole prototype
+» Based on the Super-FRS dipole's design;

L0

. . . Up coil
% Racetrack coil winded with nuclotron type cable; R aaa e
46 i LHe outlet@® o
=== || | Lie inlet -]
Wi == e B - ——— === —_—
e
Sc join N2
S LHe outlet® ot {}
T\ AN
Down coil
|
—» LHe direction —— SC cable
COiI Cross_section Coil case is broken with — Current direction -ee- LHe pipe

G10 bar to reduce eddy
current

Electric and cooling circuit for the two coils

¢ Thermal shield Supporter

‘\
Cryostat

Installed into the Super-FRS
yoke

Cryostat design
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¢ Finished the coil winding
and expoxy impregnation;

*» The cryostat has been
fabricated and assembled

*» Waiting for the feeding box,

cryogenic system, current
e S leads and power supply to do
W % cryogenic testing

&/ gl
N r—— s o e
) = 'ﬁ”’;f"{'%ﬁﬁ,ﬂ?ﬁﬁ‘j ‘,\_\ns
¥
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Electron cooling for
BRing, CRing and SRing 3

Sketch of the magnetized
Electron cooling system for HIAF

E-energy: 100-250 keV
l-energy : 180-450 MeV/u : _
Ecurrent: 0.1-0.2A R g

T

o i T
.

. ‘ i ‘
E-energy: 10-80 keV ; X | — AR T ) - o L | |
i . o \ ! 4 s " iLinac .

l-energy : 18-150 MeV/u ,/VM/ N AN

Ny
Ecurrent: 1-3A

CSRm e-cooler CSRe e-cooler

E-energy: 4-35keV
I-energy :7-50MeV/u
E current :1-3A

E-energy:10-300keV
I-energy:25-500MeV/u
E-current:1-3A
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QDTS
Pickup tank |

'T: ............

Kicker tankl yt=2.629

RF )
Space is very

y Iimit_e(_i be_cau_se of

busy ' E--Cooler e From CSRm'® Iniection fine

Kicker tank2 | Septem " -

Figure 1 layout of the CSRe

» Cooling ions: Rl beam

* Energy range: 350MeV/u- 420 MeV/u
 Momentum spread after cooling: = 5.0e-4
» Emittance after cooling : 5~10 7 mm-mrad

* Bandwidth
200 MHz-600 MHz@phasel, 200 MHz-1.2 GHz@phase2
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%, Stochastic cooling at CSRe

=
B as =

Control system

Combiner station : Power amplifier
v -' [ :

W= arIge INSTILULE v) Jnouern \)}n-y;su,o‘ -40-



Preset | b Replay - | ) Run -

= pectrurn o |[E=)TER
umnsfling: 1 +Peak v Spectrogra Show Off |C\Ear |
F s 7 0.0 -
o REW:
1.00 kHz
WEW:
0.0 -
0.0 -
0.0 -
0.0 -
b o SR 7 ; : i : E d 5 0o - .
2443732 MHz & Span: 1.000 MHz o CF: 244,573 MHz = Span; 1.000 MHz

C6+, 380MeV/u, N=7.0e7
Ap/p (rms) : =% 8.0e-4 = % 3.0e-4
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CT//\)% CSRe transverse stochastic cooling

AMEKr1 -736.8 kHz
Ref 46.90 dBm -4.468 dB Ref -46.90 dBm

reliminary: preliminary

Center 200.6050 MHz Span 1.200 MHz Center 200.605 MHz Span 2.000 MHz
Res BW 11 kHz VBW 11 kHz Sweep 1.000 ms (1001 pts) Res BW 18 kHz VBW 18 kHz Sweep 1.000 ms (1001 pts)

Wsa | 1File <no cooling1136.csv> saved STATUS msG 1/File <tof 1225 400uA1.csv> saved

Injected beam, large sideband After cooling, sidebands disappear
Yellow line: after longitudinal and

transverse cooling
Blue line: after heating only in longitudinal
phase space
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A novel type of 2.76 m long slotted pick-up was developed (in cooperation

with CERN and GSI) for CSRe stochastic cooling.

‘ (spectrum (=]
Ref Level -70.00 dem @ RBW 20 Hz
j ALt 25 dB  SWT 94.8 ms VBW 200 Hz Mode Auto FFT
@ 1Rm Avglog

M1[1]
#0

=80 dBm

=100 dém

=110 der

CF 243.115 MHz S000 pts

Beam signal

CF 243.115 MHz Span 50.0 kHz

= B for CSRe stochastic cooling.

Pickup electrode
R wameaoragsmr  Institute of Modern Physics

Frame # 0
Marker
No| I\fpe] Kef| Ircl Frame | Stimulus Hesponse ] Function ] Function Result |
[1] ] T 0 | 243.118 MHz |  -00.84 dBm [Band Pow... | -56.68 dam
- ]

The beam test (1'Sn°%*, 253 MeV/u )
results show it is a well-suited structure



New possibilities

ADS + HIAF

Intense radioactive beam facility

“ ..-. e
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China Spallation
Neutron source

(CSNS)




HIAF and CIADS Projects

IMP-CAS, Lanzhou, China: HS Xu Y H Zhang, X H Zhou, X W Ma, Z G Hu, Y He,
L Yang, G Q Xiao, ......

Y J Yuan, J C Yang, J X Wu, L J Mao, J XWu, JW Xia, HW Zhao, W L Zhan, ......
GSI, Darmstadt, Germany

J-Lab, USA

MSU, USA

BINP Russia

TRIUMF, Canada

Juelich, Germany

France

Thank you for
your attention!
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