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1. 52 kW CW Proton Beam Production by CYCIAE-100

a) Introduction about BRIF & First Proton Beam from CYCIAE-100
b) 52 kW CW Proton Beam Production

c) Dual Beam Extraction simultaneously for Multi-applications

2. General Design of High Power, High Energy
Circular Accelerator (2GeV, 6MW)
1. General Consideration and Beam Dynamics
2. R&D for Key components (HT SC Magnet, HP RF System)

3. Other Cyclotron Activities for Medical Applications
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From Cyclotron to CW FFAG, 60 Years Isochronous Road
toward High Energy and High Power at CIAE

;ﬁﬁ ::;alsgs(), 12 Accelerators
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Beuing _ ISOL 29000 mass /
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Trim Coil Helium Cooling Top Yoke Central Centering Phase Vacuum Return
> CW System Cryopanel Region Cail Probe Chamber Yoke
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Radial Probe/ Generato Support \ Amplifier

Injection Line | Injection Line
First stage:  70MeV~100MeV, 200~500 pA: 20kW~50kW

RF Cavity il

Second stage: 30 MeV ~ 100 MeV, 1mA, 100kW.
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CYCIAE-100
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Construction
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Beam Intensity can be fine adjustable from 10pA, nA to a
few LA, with about 1% stability for one week continuous
- operation.
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12 hours running test with extracted beam current > 23 A,

on July 25, 2014
Inflector Sparking

20 Power Supply Failure
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52 kW CW Proton Beam
Production

[0 The multi-cusp ion source on the
test stand:

0 18mA, 30 keV
0 = 10mA, 40 keV

CYCIAE-100

e
lon source

filament

Improvement
of the
extractor &
cusp

.——'—— New ground

electrode &

| |F L XY magnet
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Double layer pumping system for main vacuum improvement
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52 kW CW Proton Beam
Production
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52 kW CW Proton Beam
Production

Nov. 23, 2018, More than 200pA Proton Beam and Its Efficiency were

measured
Beam Intensity
Extracted Beam Efficiency (Incl.
on s e - - 5 Energy acceleration, Extraction
on Source NEOEIREE eam Dump :
MeV and Transportation
(mA) (UA) (UA) (MeV) . )
2.44 215 213 100 99.07%
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Nov. 29, 2018, External Experts Tested for National Acc;'c anA |
Proton Beam Extracted
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52 kW CW Proton Beam
Production

Beam evolution

Nov. 29, 2018, External Experts Tested for National Acceptanc'e andSZOuA

Proton Beam Extracted
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High Power Proton Accelerator:

Cyclotron, LINAC and RC Synchrotron

The average power of the three different types of constructed accelerators currently is from
0.2MW to 1.4MW

2 GeV CW FFAG

2 C cpPC 0 C
RAL ISIS 800 200 250 30 S se
JAERI/KEK J-PARC 3000 500 167 ét SNV | Short pulse
ORNL SNS 1000 1400 1300 60 Sport pulse
LANL LANSCE 800 1000 1000 100 \«“MLong pulse
PSI SIN 590 1400 2400 - C
. 8™

TRIUMF ISAC 500 200 400 B o i (4

Z
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The road map
of higher
power

machine Cyclotron (Isochronous) Linac RCS FFAG
(Isochronous)

CW beam

FF magnets

Fixed RF

>1 GeV

Y. Ishi, Overview of FFAG, FFAG-2018
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I T T

Compact structure Large footprint Large footprint
small footprint

Lower construction costs Higher construction costs Higher construction costs
High Energy Efficiency Low Energy Efficiency Low Energy Efficiency
Fixed Magnetic Field Varying magnetic field High energy SC LINAC
CW Beam Low repetition rate Could be CW
Intensity up to a few mA Low average intensity Theoretically up to 100mA
Isochronous Limitation Easy to increase energy Easy to increase energy

Energy<1GeV
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Summary

Beam power efficiency

& Beam power efficiency is an issue for high
intensity accelerator.

& BPE>30% for P,>10MW. otheise
¢ Environment problem:CO2

¢ ADSR becomes nonsense ; Creating nuclear wastes
more than treating!

& Superconducting magnet

& High temperature SC is very attractive.
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25 Fermilab & ENERGY | e

The Energy Efficiency of High Intensity
Proton Driver Concepts

Vyacheslav P. Yakovlev
The 8 International Particle Accelerator Conference — IPAC’17
19 May 2017

1l Nuclear Corporation
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Ring Cyclotron: 590 MeV

2.4 mA
CyC|OtI‘OI‘I 1.4 MW
186 turns

8 sector magnets

B Beam

® RF cavities
RF source
Rectifier

B Magnets

m Cooling

W Losses in magnet
power sources

i—--!r; 1! S—

_—_—f_‘_"] !? - —Te

Cockcroft-Walton: 10 mA,
870 keV

O Total power of PSI Cyclotron ~8MW , 1.4 MW protOn beam, beam/grid
efficiency: 18%, after upgrade: 24%
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Front-End Systems Accumulator Ring
(Lawrence Berkeley) (Brookhaven)

SC LINAC *‘“\

-
- -
Test Facility ~Office Buildings, 1380 % -
(RF & Cryogenics), 2200— s - Vol

—— Front-end Building, 250 ; q
eutron ___ L i i
Instruments rg?;‘],;?'c l_l nac - \

Building, 3060

Target

¥ (Oak Ridge)

¥ .

--‘-'

(Los Alamos and <
___ Klystron ’dfe”o",

Accelerator: 20.5 MW Gallery, 1460

Conventional Utility Building \ (Argonﬂe aﬂd oai R’dgf)

(water & air handler), —
2100 (for all facilities)

LINAC portion: 16.3 MW [ RIET, / , .
gh Votage Instrument Systems .

O Total power of SNS LINAC ~16.3MW , 1.4 MW proton beam, beam/grid
efficiency: 8.6%
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LINAC+RCS

Hadron Beam Facility

Materials and Life Science
Experimental Facility

Transmutation
(Phase 2)

MR/NU

(24MWh) MR 59 MWh

36%

LI/RCS/MLF
(35MWh)

Neutrino to
Kamiokande

3 GeV Rapid Cycle

Synchrotron
(RCS)

(25 Hz, 1MW)

30(50) GeV Main
Synchrotron Ring (MR)
(0.75 MW)

O The power of LINAC+3GeV RCS in JPARC~32.6MW , 1 MW proton beam,
beam/grid efficiency: 3%
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B B

f

f

accelerating time accelerating time

Cyclotron Synchrotron FFAG
* sochronous *const. closed orbit *tvarying closed orbit

(varying mag. field) (const. mag. field) F




Problem: Rapid Cycling

Ff

Challenge: Isochronism for
Higher Eneryg, Tune Diagram

HIGH (ORLOW) ENERGY
LA ORBIT

LOW (OR HIGH )'_ENERGY
ORBI

/ 7 7, )
: ’ ’
/ . o~ |
f‘l‘:{t’*(ﬁ;’w)mfw rhrhr)e / -~
- /' STRAIGHT
(o) com (502 44 77) / SSEGTION & e >

. 2z . / D
o (7o9rJ;_J,r3)+ / (ZERO FIEL )N

]x{ez' il Z} ,,'
T .- POSITIVE A
”(%YX’ FIELD

CENTEROF
MACHINE ‘-~ ==ccrmm e e

b ot A SHL e,
negative k: the orbit go inner during acceleration

Cyclotron: FF; ﬂFf FFAG: FF,)( Rapid Cycling
A high-order varying radial gradient of the | A high-order varying radial gradient of the field

field and FFAG Lattice are introduced to and turn diagram adjustment in cyclotron are
obtain isochronism at higher energy introduced to obtained CW FFAG
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100MeV  800MeV

Pre-Injector Injector CW FFAG

s Main
i Machine

100M eV

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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Comparing with an isochronous cyclotron,

magnetic field and FFAG's FDF Lattice are
Introduced to obtain isochronism at higher
energy and bigger transverse acceptance.

The two 3rd order field distributions, CW FFAG
combining with the traditional spiral angles, Main
angular widths and the fringe field Machine
shimming of the F & D magnets, bring more Mev. 7§

degrees of freedom to realize the S
Isochronism and optimize the tune in the
diagram.

More than 9 meters straight drift for the
installation of up to 10 RF cavities to

Increase the energy gain per turn to 10
MeV. and for the beam injection /extraction.

AW CW Proton Beam
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100MeV  800MeV

Pre-Injector Injector CW FFAG

s Main
i Machine

100M eV

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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arranged strictly in 10-fold symmetry to
avoid driving low-order resonance.

From the PSI’'s experience, the beam
intensity, dominated by the space charge, is CWFFAG
proportional to the third power of the Main
energy gain per turn[8]. Based on that, the Machine
beam intensity is ~ 6mA for 10 MeV energy .
gain per turn & big transverse acceptance
of FFAG.

It is conservatively estimated to be 3mA for e S |
this design.

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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General

Design,

and R& D 100MeV  800MeV
P Pre-Injector Injector CW FFAG
conducted Main
for a 2 GeV SO AL A Machine
isochronous = Pl A e we o

FFAG
recently

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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100 MeV Pre-Injector | 800 MeV Injector 2 GeV FFAG

Type Separated-sector cyclotron  Spiral-sector cyclotron
Overall diameter (m) 6.1 16
Lattice structure FO FO
Magnet Type Warm Warm HTS

Average field(T) 0.36~0.41 0.54~0.90 F:1.5~2.7/D:1.0~2.4
Sector number 4 9 10

Main cavity number 2 5 10
Cavity type Double gap Single gap Single gap
RF Frequency(MHz) 44 4 44 4 44 4
Harmonic number 4 6 26
RF peak voltage(kV) 500 800~1000 ~1200
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(o)
[ B,=0.4221%*(r-23.5)3-1.7247*(r-

> generator 23.5)2+4.7565%(r-23.5)+14.8348

Next generation
—F Magnet

Y

Next parameter |
seed

Choose
solver
Y Y

Analytical-numerical Numerical
solver solver

I |
v

Get isochronous errors
Result analysis and betatron tunes of
selected energy points

A

23.5 24 24.5 25 25.5 26 26.5 27

No

it Radius(m)
Flowchart of B,=-0.6386*(-23.5)3+2.9921*(r-
isochronous FFAG e 23.5)2-9 0592*(r-23.5)-4.6466
optimization -5)°-9.0592%(r-23.5)-4.

==

Developed a multi-objective optimization code, by using beam dynamics solver and parallel genetic
algorithm to achieve FDF magnetic structure for high energy isochronous acceleration.
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2 GeV CW FFAG

)

T T T T T T T T T T

25 _ 4

 Angular width
of the magnet

125

n
o

20 | X N -

=15

ho
e
T

ha
.

Angular width of F-magnet(Degree)

- 221
10 10
1
o5 : W s
- /_
i 05 187}
: i 1.6 i L L i L L
N 1 0 23.5 24 24.5 25 25.5 26 26.5 27
sy 35

L
o
T

spiral angle

M
o
T

-1.5

[
o
T

Spiral Angle(Degree)
o

—_
=]
T

25

-25 -20 -15 -10 -5 0 5 10 15 20 25 5t

1
B,(r,x,0)=B,(r)h(x)=B 0 ' ' ' ' | |
2\ s s 2 3 4 5 235 24 245 25 255 26 265 27
1+ exp (co+clx+czx +c,x" te,x" +egx ) Radius(m)




§3 mEEFENTHSE 2 GeV CW FFAG

miE=m
CNNE CHINA INSTITUTE OF ATOMIC ENERGY

issmsss

*y
Yol
e

T
Fae

T T

asnmmand
P




§3 mEEFER S RS 2 GeV CW FFAG

10

w

w/wg-1(%0)

o

Integrated Phase Shift(°)

]
18, ]

800 1000 1200 1400 1600 1800 2000
Energy(MeV)

800 MeV to 2 GeV, Phase

Integrated Phase Shift< £ 15 °
Local Phase Shift< £+2.5E-4




px(cm)

-20

-40 |

-60

&3 mEEZERN S HRE

miE=m
CNNE CHINA INSTITUTE OF ATOMIC ENERGY

|3'i(cm)

o
U] T
L)
*
.
.
4 o,
.
.
[ } L
. o
]

50 .
. . '®,
(Y L hd
w001 o... ®ee LT T oo
L ‘ee eo®
150 LN - e

The radlal (left) and vertical
(right) phase space at 800MeV

Wational Nuclear Cor

oration

Integfatéd i’has.e‘ShiFt(.‘.’)"

2 GeV CW FFAG
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L o Ricm)
mong these resonances, the first order
resonance v,=3, driven by third harmonic

field B,, is the most sensitive.

* The other one is the 2v,=5 resonances



&3 mEmFEn T SR 2 GeV CW FFAG

WV =10
V=6 4VN=10 |
T r z
V=3 V4V =6
T F k3
4v =10 2V -2V =0
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. . R(cm)

 Among these resonances, the first order
e with 0.5Gs B, resonance v,=3, driven by third harmonic
oot | AN field B,, is the most sensitive.

I L] © The other one is the 2v,=b5 resonances

R(cm)
Resonance Vr=3 There is a risk due to resonance v,=3. We

expect that the energy gain per turn of 15 MeV
will make the resonance crossing fast

2350 2375 2400 2425 2475

o

B;=1Gs  More study needed
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Fundamental

consideration

for the 100MeV  800MeV
extraction, Pre-Injector Injector CW FFAG

emphasizing i Main
on the turn TN AT Machine
separation, 2R Ue<

are

investigated

preliminarily

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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Fundamental
consideration

for the 100MeV  800MeV

extraction, Pre-Injector Injector CW FFAG
emphasizing 100MeV Main
Machine

' \
1K)

Five addltlonal cawtles can be added if needed, and
hence increase the turn separatlon to 15 mm.

on the turn

In the ZGeV machme, the turn separation from 10MeV
energy gain is about 10 mm.

9.4 meters straight drift good for the beam injection
and extraction
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B Rl Resonance
“ | ‘ v,=5/2=2.5

Main Cavities:10
Additional Cavities: 5

* 10 single gap accelerating cavities are arranged strictly in 10-fold symmetry.

* In case the energy gain per turn of 10 MeV is not enough for the extraction in the followin
detail design. Five additional cavities can be installed in five of the ten 9.5 m long straight
drift sections. to increase the enerav aain per turn from 10 MeV to 15 MeV.
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T T T
SRS N 15 cavities, 15MeV energy gain per turn ~ +
A LR LR 10 cavities, 10MeV energy gain per turn ~ ©

)
v
Y
e
.
Vo
- 1
» v
1

P T I

Beam si‘ze(cm)

T T T T
15 cavities, voltage range:15--9MV, radial gradient:-2MV/m

10 cavities, voltage range: 10--6MV, radial gradient:-1.3MV/m 1000 1200 1400 1600 1800 2000

Energy(MeV)

5 Resonance
Pl il | = v,=5/2=2.5
3 ' i | Main Cavities:10
| Additional Cavities: 5
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800

Energy(MeV) Energy(MeV)

« 10 single gap accelerating cavities are arranged strictly in 10-fold symmetry.
* In case the energy gain per turn of 10 MeV is not enough for the extraction in the following

detail design. Five additional cavities can be installed in five of the ten 9.5 m long straight
drift sections. to increase the enerav aain per turn from 10 MeV to 15 MeV.
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A r=Ary+ A xsin(2mnv,.0+¢@,) + x A sin(2rnv,.0+¢,)

+@'_

Initially, 10 Cavities is adopted to obtain 10
MeV energy gain and the turn separation is
about 10mm.




&3 mEmFEn T SR 2 GeV CW FFAG

CNNE

Fundamental
consideration

for the 100MeV  800MeV

extraction, Pre-Injector Injector CW FFAG
emphasizing 100MeV Main st
Machine

on the turn

2> 800MeV e

anl

Five additioné.lu cavities can be added if needed, and
hence increase the turn separation to 15 mm.

In the 2GeV machine, the turn separation from 10MeV
energy gain is about 10 mm.

9.4 meters straight drift good for the beam injection
and extraction
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D-magnet

Fundamental

consideration

for the 100MeV  800MeV
extraction, Pre-Injector Injector

Five additional cavities can be added if needed, and
hence increase the turn separation to 15 mm.

In the 2GeV machine, the turn separation from 10MeV
energy gain is about 10 mm.

9.4 meters straight drift good for the beam injection
and extraction
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China National Nuclear Corporation
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mhekeia

This resonance bring little oscillation growth in radial
direction, maybe due to the high order, may not helpful
to increase the turn separation.

2 GeV CW FFAG

« the beam keeps stay
near the 3Vr=10
resonance for a long
time, expecting to get
larger turn separation.

Resonance
3*v,=10
By 10t" harmonics

N

=9

° “““”W”'”lm "’0|H'H?'W1‘\*\'\'|\"\||'-"|\| oy

Fe PR

A

——with 1Gs B3
--with 0.5Gs B

- - - - without B3

3

B3 shape,

2400

2450 2500 2550 2600 2650
R(cm)
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A r=Ary+ A xsin(2mnv,.0+¢@,) + x A sin(2rnv,.0+¢,)

T T

1

Initially, 10 Cavities is adopted to obtain 10
MeV energy gain and the turn separation is
about 10mm.
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2 GeV CW FFAG

A r=Ary+ A xsin(2mnv,.0+¢@,) + x A sin(2rnv,.0+¢,)

Centered Beam
= = 1cm off-centered beam
—-—-2cm off-centered beam

R(cm)

\
\
-230 - ~6) 1y .
Y N .. % -7
\ _/\‘ |\| 4 \r \
-240 - N %, ’ N
S {“ -‘\"I .
250 - L \ Q :
T HERY'
N
-260 - y A .
\‘__Il
_270 1 | | 1 | | | |
2588 2500 2592 2594 2596 2598 2600 2602 2604

Centered Beam,ex=1 57rmmmrad,A¢0=4.5°
= = 1cm off-centered beam,ex=151rmmmrad,A¢0=4.5°

—===2cm off-centered beam,ex=1 5wmmmrad,A¢o=4.5°

Precessional
motion seems to
work. 1cm off
center injection

10 mm =>
22 mm
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- _ D-magnet
Additional Cavity —y w-ao ‘L F-magnet
-
Fundamental %% B =V | cavity
. . 'A% - A
consideration %% oy

Precession seems to work. 10 mm off center injection
increase the turn separation from 10 mm to 22 mm

03 Five additional cavities can be added if needed, and
hence increase the turn separation to 15 mm.

In the 2GeV machine, the turn separation from 10MeV

02 energy gain is about 10 mm.
01 9.4 meters straight drift good for the beam injection
and extraction



From the PSI’s experience, the scaling law shows

1 [mA]
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Beam Intensity Estimation

average voltage gain per turn [MV]

34 26 2.1 1.7 1.5 13 115
> ' - . L a. i 23 !
4 F
3| |' scaling law Im“ENJ

est. 3.0mA
2 -
" -
05 |
03
3 cavity mode
0.1

150 200 250 300 350 400 450
turns in Ring Cyclotron

M. Seidel et al., Production of a 1.3 MW Proton Beam at PSI,
IPAC2010

ation

2 GeV CW FFAG
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2 GeV CW FFAG

Beam Intensity Estimation Tune Shift Estimation

From the PSI’s experience, the scaling law shows By the space charge of 3mA and 6mA cw beam

average voltage gain per turn [MV]

X 34 26 2.1 17 15 13 118 2.9 ' i — ' '
5 T T T T T T T
4 _ 3 2.85 .
3 | scalinglaw | . BN
2.8 -
2 -
E 275t i
w
1 g vz without space charge
< B 27F vz with space charge: 3mA —— -
E g vz with space charge: 6mA ——
T 05 T 2.65 A
=
) 4 [ R
0.3 26 AVZ :__1 b b i
: +
8 for 10 MeV energy gain per p 1, bla+b)
2.55 -
turn. 3mA
U-! [ 1 I i i i i 2.5 1 | | | 1
150 200 250 300 350 400 450 800 1000 1200 1400 1600 1800 2000
turns in Ring Cyclotron Energy(MeV)

M. Seidel et al., Production of a 1.3 MW Proton Beam at PSl|, Baartman, R A., “Intensity Limitations in Compact H- Cyclotrons” , Proc. of the
IPAC2010 1 14th ICCA, Cape Town, South Africa
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Magnet
Design and
R & D for

1:4 Main

D-magnet

100MeV  800MeV
Pre-Injector Injector

CW FFAG

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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2 GeV CW FFAG

:HH:
T :et'c f'e'td of B=0.4221*(r-23.5)>-1.7247*(r-
s (e magne 23.5)2+4.7565*(r-23.5)+14.8348
g ! — SN 20 | | | | | |
B sk "\\ ——F Magnet
/ A‘ 20 ——D Magnet
Orbit range -
i — ' 107
{]23 5 4 2;.5 N d2.I5 255 () E D L
. — B
-10 ¢
20
L0 ‘“ﬁ_
= <« .. "é% 235 24 245 25 255 26 265 27
-0 Ma netlc fleld 2000MeY Radlus(m)
f t?a o ; B,=-0.6386%(r-23.5)3+2.9921%(r-
(L 01T D magner | 23.5)2-9.0592*(r-23.5)-4.6466

R/m

After obtaining the analytical magnetic field and the basic geometry of the magnets, e.g. the spiral angle,

then the magnet design is initiated, to match the field distribution between the FEM and the analytical model
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—PEM Maodel

netlc fleld of
.| the F magnet
of /
/ Orbit range
23 3.5 4 2‘;.5 Rad2ilf . 25.5 6 265
E_] K
.| ‘Magnetic field

of the D magnet

23 ?.3.5 24.5 25.5 26
R.-"

B/kGs

2 GeV CW FFAG

B,=0.4221%*(r-23.5)3-1.7247*(r-
23.5)2+4.7565%(r-23.5)+14.8348

——FEM @ 26.5m

T T
v —-—--Soft edge model @ 26.5m

—F Magnet
——D Magnet
201 2
—
ALt
201

-30

24.5 25 25.5 26 26.5 27

Field

1 1 1 1 1 1
10 15 20 25 30 35

distribution between FEM

and soft edge model, at r=26.5m
in a single cell

w 235 24
Radius(m)

B,=-0.6386*(r-23.5)3+2.9921*(r-
23.5)%-9.0592*(r-23.5)-4.6466

After obtaining the analytical magnetic field and the basic geometry of the magnets, e.g. the spiral angle,

then the magnet design is initiated, to match the field distribution between the FEM and the analytical model



AR | ee/Diam. (m) | weaht ton) | Magnetc e ) Jf 100MeV:

+D+

F+D+F F Bend ~5.4 ~386 1.5~2.7 435480
D Bend ~5.4 ~266 -1.0~-2.4
CYC-100 6.2 435 0.3~1.36

The weight and dimension of each F / D magnet is

equivalent to the main magnet of CYCIAE-100.

Magnet key tech manufacture, mapping & shlmmlng large range pole profile

1 F=ry, Elliptical pole
2 2 °
h1, uniform gap 7'_2 + 2_2 =1 prOflle of
" a b CYCIAE-100
1
5cm \4cmR1 magnet
-—. —6-C—IIi ——————————————————————————————— 5- EIh— " — r

The large field varying along radius requires a large range
of pole gap varying. Considering successful use of elliptical
gap in 100 MeV cyclotron, the 3" order B, B;, n=3 will be
used in the magnet design.

_ =a,,+ Y a,.r
Curved pole profile of CW FFAG Ek(k=d.f) k.0 ZZ:I: k.

The iron magnet of 2GeV FFAG could benefit a lot from the design and construction experience of

the room temperature 100 MeV H- cvclotron CYCIAE-100.



Why High Temperature Superconducting (HTS) coils?
Smaller size than Copper coil magnets, radiation resistant compared to LTS magnets & low power consumption.

_ Room temperature coil HTS coil LTS coil

Radius of FFAG ring ~34m ~27 m ~18m
Radiation resistance Yes Yes No
Power consumption Very Large Low, easier to remove Medium, need more cooling

heat@30K

HTS magnet design % Scale HTS magnet R&D

A 1/4 scale of the D magnet with the same
curvature and similar magnetic field
distribution in radial direction will be built.
Before that, some elementary technologies will
be experimentally studied on smaller scale HTS
pancake windings. Study on HTS coil winding
and fixing, quench detection, protection, etc.

6000

—a— /7K = 50K

1=400 A @ 2.6 T, 30 K, ~50%
of Ic, large temperature

margin of ~20 K, a thermal

\
5000 | Y
<+ 30K 20K

4000

=== 42K == Load line

-
= 3000

2000 :

stable design, crucial for stable

1000

in

operation
accelerators.

high power

power to remove heat@4.2K
FRIB’s Experience in similar project

Bmax~2.6 T, compatible to FRIBI1],
using REBCO HTS wire, which has
high current density, is superstable,
and easy to handlel2],

[1] S.A. Kahn, et al. Proceedings of PAC2013, Pasadena, USA

[2]J. V. Nugteren, Proc. of MT-25, Amsterdam, The
Netherlands, 2017.

Low temperature
Helium gas
cooling design
demonstrated by
FRIB[3].

HTS:coil.

Helium-gas*
channel.

Coil-bobbin.
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RF System
Design and
R & D for

1 < 3 ER Main

manufacture

100MeV  800MeV
Pre-Injector Injector

CW FFAG

Goal: 2GeV, 3mA, 6MW CW Proton Beam



Preliminary Design of RF System for 2GeV FFAG
(Phase distribution & Amplifier considerations)

The RF system includes all the hardware through
which energy flows from the AC line to the RF cavities,
and it is comprised of ten modules evenly spaced on
the circumference of the accelerator. The RF system CW FEFAG
will start up from the self-excitation mode and then _
change to the drive mode for the beam acceleration 11 Ma'!‘
under the precise control of a fully digital Low-level . Machine
RF controller.

l 4kW 100 kW 800 KW
RF -
MASTER MODULATORS
OSCILLATOR & CONTROLS; 1 D D D
FULL-DIGTAL P4, P.A. PA,
Harmeonic-f Harmeonic-f
Ab=sorber Ab=sorber fu= 44.4 MHz Zﬂﬂ[m-"]-ev
-

n = L/2 Transmission Line

Goal: 2GeV, 3mA, 6MW CW Proton Beam



Preliminary Design of RF System for 2GeV FFAG

(Cavities)

1,rectangular

>
L

2.1m

3,racetrack 4.,boat shape

44 .4 MHz waveguide-type cavities




Preliminary Design of RF System for 2GeV FFAG

(Cavities)

Preliminary design of 2GeV FFAG boat-shaped cavity Benefit from Ring Cyclotron’s RF Cavity 0.85 MV

Cooling
Channels

Flange
vacuum
pump

Resonance frequency ﬁ-vulue\

44.40MHz \921 00 / Resonance frequency Q-value

RF power@ 2MV W/O Beam loading Calculated | Measured | Calculated / Measured\

~200kW 51.040MHz | 50.993MHz | 46054 |\ 45090 )
s

LxW x H=6.09m x 2.10m X 3.44m e

Bigger Cavity, Higher Q Value



Preliminary Design of RF System for 2GeV FFAG

(Cavities)
44.42 44 .41 44.38 44.40
10.08 19.29 20.14

5.38

2.43 2.15 10.41 10.95
743 397 207 199
2.8 2.8 2.8 2.85
0.15 0.15 0.15 0.15
0.8 0.8 0.8 0.8

Yes, multiple Yes, PSIring Not known Not known
Low High Medium High
Medium D|ff|cult

)

3,racetrack

44.4 MHz waveguide-ty_

Low Difficult




Preliminary Design of RF System for 2GeV FFAG

(Cavities)
27 grrrrrrm TITITTTTTT | LALLLLLL TTTTTITTT RLLLLLLLY LLLALLLL LLELARLLL TTTTTTTTTT RLLLLELLE LRLERLLLEC
24 - —— Racetrack shape - --
pf 7 Omegashape 44.42 44.41 44.38 44.40
ol —=— Rectangular shape
S TM110 TM110 TM110  TM110
g 58497 74673 85832 92100
S q2E
= 5.38 10.08 19.29 20.14
a: 2.43 2.15 10.41 10.95
i : 743 397 207 199
3500 1200 500 600 300 0 300 600 00 1200 1500 2.8 7.8 28 2 85
Radial position relative to the beam aperture centre / mm
d 0.8 0.8 0.8 0.8

Yes, multiple Yes, PSIring Not known Not known

3,racetrack 4 boat ¢
44.4 MHz waveguide-ty Tuningiffieuity T Low Difficult  Medium  Difficult
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General
Design,
and R& D 100MeV  800MeV
activities are  Pre-Injector Injector

conducted 100Mev iy Main
for a 2 GeV [( RS & ing Machine
isochronous

FFAG
recently

CW FFAG

Goal: 2GeV, 3mA, 6MW CW Proton Beam



2 mEmzEnTman 2 GeV CW FFAG

Additional Cavit D-magnet
iti Vi .
y P 22 2 ‘L F-magnet
i g 1 ‘

General
Design,
and R & D | From the design of 2GeV CW machine, the
activities are energy limitation of the isochronous
conducted accelerator should be able to increased
for a 2 GeV from ~1GeV to 2GeV, by our beam
isochronous dynamics study for high energy
FFAG isochronous FFAG.
recently -

| | | & o v g, 2000MeV

Goal: 2GeV, 3mA, 6MW CW Proton Beam
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