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Overview of HIAF SC Magnet system
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45 GHz ECR ion source magnet (Nb;Sn)
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What is ECR ion source?
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History & Future of SC ECR ion source
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» Sextupole in solenoids
> Peak field 12 Tesla

» Nbs;Sn conductor
» Low operation current with single wire

Wire: OST M-Grade Nb3Sn @1.3 mm with 0.13 mm S-glass

Specs.
frequency

Becr
Brad

Binj
Bunin
Bext
Warmbore ID
Mirror Length
Cooling Capacity@4.2 K

. State of the art

Unit

GHz

%gHHHHH

ECRIS

24-28

0.86~1.0
1.8~2.2
3.4~4.0
0.5~0.7
1.8~2.2
120~170

420~500

0~6.0

FECR

45

1.6
>3.2
>6.4

0.5~1.1
>3.4
>160
~500

>10.0

Iron
Iron Pad Iron core Master

Sextupole
Coll

EM design of FECR

Bmax=11.3T
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Magnetic field of Sextupole coil Magnetic field of solenoid



Mechanical Design of FECR

Twin injection Solenoid coil

> Al alloy shell-based structure sty R B GR™
> Bladder & key prestress assembly . wlenoid SO
» Maximum stress < 160 MPa solenoid B

Sextupole coil

AXIAL ROOS sub-assembly
(Strain GGUQMI/ Sextupole N
i coils f
YOKE-SHELL / ]
ALIGNMENT PINS :

SOLENOID |

MASTER-KEY PLATE S‘l \ Solenoid ~ Sextupole  Solenoid

Collars intercostals load-pads  load-pads

STRUCTURE N\ \
SUBASSEMBLY, \
COIL-PACK \ X
SUBASSEMBLY \
\ l\‘ X
AXIAL-LOAD :
END PATE ey 'SHELL-YOKE
SUBES SUBASSEMBLY
, (Shell is strokn gouged)
(OAD-KEYS

RT Assembly Cool down (4K) Energized (4K)
B P\
. \ \ \ \\ \\\ Azimuthal stress [Pa]
D n U = i
Courtesy of LBNL L | | )—' = CgoEid
/ / / / g
FECR magnet assembly Sl +... ’/ - == AT
\\\\\4 T A - A '
Juchno, Mariusz, et al. “Mechanical Design of a Nb3Sn Superconducting Magnet System for a )
45 GHz ECR lon Source.” IEEE Transactions on Applied Superconductivity 28, no. 3 Bladder 300K 4K  Energized
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R&D Road Map of FECR

2015

2018

2016 2017

2018

Phase1

Axial-load

Magnet design and
optimization

R&D of Nb3Sn Sextupole coill
Bladder & key based mirror

structure
316 LN SS

; Coil end plate
e
~/

Extraction endshoe

C5100 Alloy

Iron+Ti alloy
Pole

Nb3Sn wire
(1000 A@12 T)
Coil block
C5100 Alloy
. h
G10 Injection endshoe

Coil insulation plate

316 LN/S‘S

Coil end plate

Coil insulation plate

Yokes sub-assembly

Sextupole coil

cnd~plates

2019

2020

2020

Phase2

Load Pads3

Injection

Design of half-length
prototype

Load Pads2 Load Pads!

Load Pads4
So

Quench detection
and protection
Assembly technology
based on Bladder &

key

2021

York-shell

Solenoid coil ~Sub-assembly

sub-assembly
with load-pads

Sextupole
coil-pack
Axial-load
end-plates

N\

Phase3

* Fabrication of full-scale
magnet

« Assembly of full-scale
magnet

» Cryostat fabrication and
magnet integration

2022

York-shell
sub-assembly

\

2 Masters & Load-keys

Pizza-box Z /”’/
‘e \ - \
& Bladders
- al
Injection o Sextupole coils
L ]
o )’

Extraction

Extraction

Axial rods
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2017.02 2017.08

Impulse test(800 V)

Half length sextupole coil prototyping

Insulation Q&A

Wind & React technology of Sextupole Coils

I Refer to the details in POSTER:-WED-PO2-716-05
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Current (A)
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Half length sextuple coil has been
energized to 800A without a quench

0 . L N L N L L
00:00 00:14 00:28 00:43 00:57 01:12 01:26 01:40

Current [A]

1800
1600
1400
1200
1000
800
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0

—Ic -WST wire @ 4.2K
——Load line
- --Margin e

10T, 803A | |

2 4 6 8 10 12 14 16
Coil peakfield [T]

Full size
sextupole coill

Shimming

Radial preload

Axial preload

Cool down

—B1/T

Full size sextuple coil has been energized
to 600A without a quench

—B2/T

—I1/A

700

500

400 E
300 &
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Assemble of Half-length Prototype

> V2 prototype consists of two solenoids

Refer to the details in POSTER: WED-PO2-716-06

Extraction

and one set of sextupole el . .
Solenoid coil G v ®
» Assemble using Bladder & Key e P N
with loa -pa >
technology origin from LBNL P fﬁ;ﬁ L
. . . . end-p]ates > - Axial ro:
» Strain monitored with strain gauge ,__, "\ ;
\Q. Bladders
and Rayleigh-backscattering w - Load-kgs
Collars
. . . S b Sextupole coils
interrogated optical fibers Injection ® © @ =

Strain (pe)

Sextupole coil

assembly & shimming Sextupole coil assembly

Bladder & key assembly

S#

=
=15
20

—

4#) 75

275
|-(MPa)

—— Inflation pressure

Strain distribution along the circumference
of Al shell during bladder inflating


dic://inflation%20pressure/

Test and Quench Protection of 2 Prototype

5 Refer to the details in POSTER: TUE-PO1-708-07

0.2 Isolated analog FPGA
input channel U1 - .
0.1 NI-9215 168¢ S o 5 . .—r
jom - a ) .
. . i [ g
¢ \ i — — | Qi h Quench signal
% * : Lowpass i'i: _: Median i\ | Average || De‘l’::l?on t ?::3::‘ L NI0474 (24V)
0.1 | | Filter | (HEE: Filter 1 Filter ‘ Logic | Optical signal
> r Isolated analog Iy "W B [ [
‘\ 2 input channel U16 y - 3 > - ”
0 NL9215 =] i ] = T E——
@ jom :
0.3 l l c:::r::li : | i:l;:t': | controller |
Command Decoder T Vs ¥,
o4 rate [ | J Circular n g . ]
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. e ] 1 [} E—
1
Frequency and large Voltage Quench detection system Il ey
H H ! module 1
spikes due to flux jump based on c-RIO FPGA ' !
1
————————— - 1
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. 1
1
The training history of FECR half-length prototype Voltage and current changes of Sextupole during quench @ 614 A : 1
et 100 o 1
800 ] ' ‘ ‘ ‘ ‘ ‘ ' ! 5 1 |Riosossandits| 1
° 2 1
: ! 90 - | accessories
®e o am | ! 700 |-PN---domeee- . ] . 1
7 U 1] o< S U 10 [ [ E— . oo e —Voltage [V] | |
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400 |ocssrssmssssadabossssnay] | ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ': y : i | ' ——klITs 70 I N
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5 0 ‘ [ ! ‘ : : £ 300 © R
o [ 3 11'0 15 20 25 30 35 ] i ) 3 )
3 : 3 3 3 E 30 . —i "
-200 """"""" [\ """ \ """"""" \gp's# """""" U 200 '"“"ﬁ NI 9215 _
| . Spring Festlval S ' D i i 20 + 16 ADC - 16 bits
| i twarmed ud The magnet : replacgd with | ' "’\ . a10V
sag0; Frosmsenndilrad r,',‘?,g,','f ,,,,,,,,,,,,,,,, l,s,,r,e,a,ssgmb!e,d,, ,,,,,,,,,, SPBE. . 100 4 10 e « Fs=A420kHz
| | ' : | “/ g “ * Simultaneous sampling
| ! A o / x NI 9474
| i 1 : A A \ 8 Logic Out (24V) o
-600 - L - : : : 0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2 Al < ':O system ?nd
Quench Number Time [s] Optical Ot the accessories

Quench protection scheme

Training of %2 prototype at 4.2 K Quench protection discharge of sextupole coil @ 614 A for FECR ' prototype 14



Nine full-length sextupole coils have
been wound, reacted and impregnated.
three of them are for backup.
Four solenoids will be available soon.
Shimming of the coil-pack sub-

assembly have been completed.
Components are now ready for the final

assembly and test.

FARO arm and Fuji paper are used to

The shimming of sextupole coils check the assembly effect Main parts of the FECR magnet
in mid-plane & ID of collars

15



03 Strong focusing solenoids for SC Linac
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Maximize [ B,*dz with limited space between Cavity

cavities

Active shielding design to minimize fringe

field at cavities’ region

XY steering dipoles are integrated

item

bore diameter

Mechanical length

Operation Temperature

Stary field (95 mm distance from end flange)
integral squared field

integral squared field error (80% aperture)
peak field along axis

current

Loadline margin

Solenoid coil inductance

Excitation time
ramping rate

induced voltage
Power supply voltage
Power supply current
integral field

peak field along axis
current

Loadline margin

coil inductance
Excitation time
ramping rate

induced voltage
Power supply voltage
Power supply current

DCH/DCV

~
(72}

>—|§|><<>V’I

>P<<>Po I
@

QWRO007

Specifications of Focusing Solenoid

By,

[

Cg‘t

—_—
f
Solenoid
Between RF cavities for beam focusing and steering
HWRO015
40 40
362 676
4.5 4.5
0.018 0.0183
10 27
1.8% 0.4%
7.2856 7.5865
82.05 77.58
15.6% 13.4%
7.427 21.36
120 120 HWRO007 (B0=7.3 T) 200 Gs line
0.68 0.65 :
5.08 13.81
0.02 0.06
0.1116 0.1212 '
40 45.57 i
71.2% 68.8%
0.166 0.421
5 5
8.00 9.11
1.33 3.84

HWRO015 (B0=7.6 T) 200 Gs line



Mechanical Design of Focusing Solenoid

Mounting bracket

Leads port

Helium vessel

Main coils

Bulking coil

End plate

CF Flange
Steering dipoles

Beam pipe

Transition end plate
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8 0.12
SOL field(T)

For more efficient operation and

fast lattice recovery in case cavity 7R - = - povieldm | o,
trip, focusing solenoids capable of gi ' %
fast ramping are required B +
Fast ramping prototype with low
AC loss NbTi/Cu/CuNi conductor T e

has been developed Fast ramping of solenoid and steering coils

Ramping rate of 1T/s reached

SOL field(T)
= « = Current(A)

1037 1210 1382

Ramping test with different rates

Cuurent (A)

.

%

Prototype of Fast Ramping Focusing Solenoid

I
IF Bl
| ]

} :
& h
; ]
H [ 7]
r kg
|
il
1 |

b

w1
s
-7-\\>

~f

.
Pl

19



Dipoles and Multiplets for HFRS
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» First full superconducting beam
line system in China

» Magnetic Rigidity: 25 T-m

» 180 m long, 24 sets of cryostat

» 600 W@ 4.5K, 6800 W @ 50K

24 feed in boxes

Cryogenic transfer line

Distribution valve box

21



> Large good field region (+=160X =60 mm?)

» Superconducting coil & warm iron yoke

Effective length
Gap

Central field
Operation current
Inductance
Weight of Iron
Cooling method

Operation temperature

SC caoil

2.74 m

160 mm
1.6 T
210 A
20 H
40 t

LHe bath cooling

42 K

50

46

37,05
11, 05

Cross section of SC caoil

9000

8000 *

7000

a

E 6000

<

S 5000

& 4000

£

£ 3000

3
2000

1000

Type A: 7 sets

Field(T)

Load line & working
point (28.2%@1.6T)
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s Status of Large bore SC Multiplets

> Cold iron design is the most Comparison of existing and ongoing Fragment Separator Projects
popular choice from A1900(1990s) A1900 BigRIPS | SuperFRS | IF s3
(NSCL) (RIKEN) (GSI-FAIR) | (RISP) (GANIL SPIRAL2)
Cos. of cold iron superferric design: 6.2 T-m 9T'm 20 T'm 10 T'm 1.8 T'm
Length 22 m 77m 129 m 38 m
B Large cold mass. Heaviest cold mass of  porizontal  +100mm  +£120mm  £190 mm  +130 mm  +150 mm
aperture
one module is about 40 tons. It will need Magnet Superferric Superferric  Superferric  Superferric 3D Cosine theta coil

type

long time to cool down and warm up;
W Difficult for cold mass support and

alignment. Triplets, sextupole and steering

dipole integrated into modular cryostats.

The longest magnet column is about 7 m.

B Large helium containment will cause big

pressure rise after a quench; MSU/NSCL A1900 Triplet RIKEN Big-RIPS Triplet ~ GSI/FAIR Super-FRS Multiplet,



Light and Compact Multiplets for HFRS

» Innovative nested Discrete Cosine Theta (DCT) & Canted Cosine
Theta (CCT) EM design

DCT quadrupole for shorter ends and higher efficiency

CCT sextupole for easier fabrication and winding

Warm iron: field shielding, good field linearity and smaller cold mass

1/10 cold mass weight of superferric design
Nested design reduce the beam line length SC coils of HFRS multiplets

V V VYV Y VY

' ) Vs

Quadrupole [

)

Sextupole L ) Octupole (DCT) Steering dipole
(DCT)

Superferric (40 tons) Nested DCT & CCT (4 tons) Cryostat for HFRS Triplets




Half Aperture Prototype

» 200 mm prototype fabricated and tested

Refer to the details in POSTER: THU-PO3-108-02

» After only one quench, reached design current

+ Two layers of CCT quadrupole
| + Two layers of CCT sextupole
+ Al alloy mandrel

a7

Sextupole

Current (A)

Kapton for inter mandrel
insulation

Installation of outter mandrel

Sextupole coil winding

The quadrupole coil reaches the design target of SO0A

The sextupole coil reaches 395A,
exceeding the design target of 385A

Quadrupole
Sextupole

Time (min)

Quadrupole and Sextupole energized
to design current simultaneously




Full-Size Prototype

» 6 around 1 insulated cable embedded in grooves Refer to the details in POSTER: TUE-PO1-705-01
» GFRP coil former, CNC machined grooves s2
» Dump resistor combined with Quench back effect from center copper heater for 5L I—;"]
quench protection. Overcome the heat conduction problem of GFRP former o Ls t []R
Wind with gl fib d < = ——Superconducting wire D1
—~ imgregnat;g v?/isti re:irnan B Heater wire s QT ; Rs Rh {5
Tl\/lilling GFRP R < Gt \
groovei/ 000 5 f.r>—
— Non-linear quench back protection
SS steel Support tube
e . "1,=350A k,=0.85 Varistor ¢ 0

350 -

- 350
quench-back (soild line) ]
300 -

1
w
o
o

250 -

~ 4 -

T~ . >Without quench-back 1

N
a
o

200 -

1
N
(=
o

150

Operating current (A)
]
]
1
1
2

100 |

1
Hot-spot temperature (K)

With quench-back
50 |- 50

—40

1 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0
Time (s)

Winding process

| Evolution of current and hot-spot
Octupole Quadrupole temperature with and without quench back ¢



Cryogenic Test of the Full-Size Prototype

e dmead o ench protection | _aeo arilstor
> After 8 quenches, 403 A reached 5 ] By Mm: _
> Due to helium shortage, training was _ ., U O I | g ) —r
interrupted £ 0 ! £l

» The quench simulation data agree I § wl
well with experiments R !

» Strain measured with resistance = R B T aes fOF U ot
strain gauge & optical fibers o

Comparisons of simulated and

Training history of the full-size prototype measured current of a quench at 350A

CT S 350
T CC&:uench protection I°=35°A. k=085 | 500 : Varistor k;=0.85 r: r:::x: {1

g™ yorer B oo SO L
3 g 400 - 9 + — - —1,=466A( Target current) &
° < <
g 200 |- é
e B
2 -300 + S
5 £
g -
S a0t E
S Q
>

- S e B

-600 | quench-back

Djo 011 Djz 013 0j4 015 ojs °j7 0j8 ojg 10 0.0 0?1 DfZ 0:3 0.‘4 0:5 0:5 Oj7 0:8 0t9 1‘00
Time (s) Time (8)
Comparisons of simulated and measured voltage- Evolution of current and hotspot
to-ground of a quenched magnet at 350A temperature of different current
Loop 1 Loop 2 Loop3

BE — e
880883888

Strain (ue)

Convert to polar
coordinates

bhd
8§88

Strain (ue)

=300

Refer to the details in POSTER: THU-PO3-108-01 . - - Measured sirain around (e Al shell

Strain along the optical fibers during charging (200A, 390A) 27




Status and Outlook

=
[ o § & J o J « B o J o J o § « @B o J a J o J o« § o f o J o J « |

| - Done

FoS test |

o B s
Dipioles ~-9
1 .
Instolled into tunnel and commisioning

R&D of Triplet prototype

Multiplets coils pack seres production and vertical testing

HFRS
Multiplets Series production of Triplet eryostats

Cold testing of triplet eryostats

Production of Vo.lve; box and eryogenic tronsfer line

Installation and commissioning of eryogenic system

e R

Series cold testing
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