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1. Intieduction: C-ADS ABDS praton linae

The C-ADS (China AcceleratoiDriven Subcritical Particle

System)projectis a strategicplanto solvethe nuclearwasteand
resourceproblemsor nuclearenergyin China Energy 1.5

U CW proton linac Current 10 mA

i Superconductingacceleratiorstructuresexceptthe RFQs Beam power 15 MW
u HWR /Spoke/ EIIipticaI Cavity S4E fEhllEe | (162.5)/325/650 MHz

. e Duty factor 100 %

i Reliability - -
. : _ Beam Loss <1 W/m
U Robust desigmobustbeam dynamics && all hardware

Systems]esign _ <25000 1 s<t<10 s
i Redundancvioleratefailur 'njector 1 Beamtrips/year <2500 10 s<t<5 m
u Reau acy.oeaealue RFO <25 t>5m
U 30% for compensation 1625“"“2 —
: : 1t 35 keV 2.1 MV Main Linac
U Repair ability

35 keV 3.2 MV
39 MV 150 weVv 400 MV 1500 MV

RFQ
E 325.0MHzi P Tt @& H% T‘ﬁ {r? %}f{&rm /r'(
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2. Linac dedign: fulks for beam dynaumics

U Keepperiodphaseadvanceat zerccurrentl,
< 90£ in all planesto avoid structureand
space charge driven resonancesenvelope
instability or 4™ order resonances

U Keep fismootlo phaseadvanceand provide | | |

P4t
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goodmatchingbetweensectiondn all planes

to minimise emittancegrowth balancekE
andphaseadvance

U Keep U,a 1.25 (; to stay away from the

acc

dangerous Uy = 0./2
and avoid between

transverseand longitudinal planesvia space 1——-
charge

0.8

U Keep tune depression>0.5 to avoid SG 3"
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2. Linac dedign:Accelarating stiructure

A Injector
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I RFQ(1625MHz/ 325 MHZ) 325MHz 650MHz ‘“Iv\\,\l\l\k
I Spok&®12HWRO009 ( sipoes )
A _ - - - © - e - L__%_[]_;':_ ‘_%‘ﬂ__/‘_::
Main linac - | g Main linag - s 1 - —
i Spok&21 !r@! !ﬁ!ﬁ! O
[ [ R [ [ R [625] 625 [625] 300 —X
i SpOk@ 40 . 484 wa , 100 839 839 gzsoa 7Y750
, —— I HHD - -
i Ellip063 ! .
i Ellip082 ) /\W R
glooMMM TﬁfFT 20
_- Spoke012 | Spoke021| Spoke040 | Ellipo63 | Ellipos2 - L
Energy (MeV) 1504 1504 : WWWWWW
Cavity no. 1 14 36 60 42 100 252 L
Focusing structure RS RSR RS RFDF  RFDF V Transverseacceptance
CM no. 2 6 15 14 20 57 V Aperture/ RMS envelope> 10
Synch. phase -35~25 -42~30 -27~22 -20~18 -15~14 V Acceptancé:M/ACCeptanCRT > 2
Sectionleng (m) 10.006 39.024 57.84 84.336 191.8 383 f (@\ #4
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2. Linac dedign: Beaun dyinafiiassmmulhdaioon

AD'S wr@i@m linae
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3. Beamllossprediction Beau loss imaedhaisam

A Fortunately Proton Sy 7 10%m {10 7 only
A Emittance growth 9 : A Intra -beam stripping
i Nortlinear space charge 210'5'; m A Residual gas stripping
i Resonances g , 02§ A Field stripping
I Anisotropy @ ' A H* capture and acceleration
= 10 ®
i Instability 5 | S A and so on
i Mismatch o |‘ .
i Initial density profilenismatch 10=-F 10
- 50 250 300
I X Position (m)
A Random errors e m o m ==
A Beam outside bucket I/ Errors analysis | |V Mismatch study :
(longitudinal acceptance) V Misalignment -V Mismatch in one plane |
| . : . inone p
V Fielderrors I V Mismatch in coupling .
J

GaES & ESS § Emm § s = mm Y _l_l_b_-,,/’l;ma’/v

e -.;-4./
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3. Beamlloss)preédiction Eiais analysis (1)

A Error analysis

I Misalignment
A All elements
A Residual orbit && Correction
A Cavity field1<§c asymmetry (spoke cavity)

| Fleld error — » — Solenoid rotation 1 mrad
Cavity displacement 0.678 mm
08 | =+=Cavity rotation 11.6 mrad
A Magnet £ [ — ~— Solenoid displacement 0.3112 mm
A Cavity £ |
ﬁ 06 r
. ] i
v -
E 3 I
T 04}
m 3
2 L
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£ L
r 02}
ook L
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T, - gaan) g ) LY
- ° 2. o ° 2 9~
. b {éqBL BN BAgB G ., 2p B B
Solenod o__ “f O i B o 5 2
olen Xc,rms 2(l+z§f2) g% 2 $: fF()) (;%R g > E}a:)f 4 % %>

b 1 ’ AgpET
- A

Cavity X .0 ———— 2
Y 0+a,?) by, \/age mc? (b

MV 263 264 265 266 267 268 MV
| IR

263 264 265 266 267 268 MV
[ RIS |

y /mm

)¢

ek AR ===
235 201510 5 0 5 10 15 20 25
x/mm

Static Dynamic
Magnetic Quadrupole 0.1 0.002
’ e'leme”t  Solenoid (cold 1 e
isplacemen
(mm) Bending magne 0.5 0.005
Magnetic element rotation (mra 2 0.02
Magnetic element field (%) 0.5 0.05
Cavity displacement (cold) (mn 1 0.01
Cavity rotation (mrad) 2 0.02
RF amplitude fluctuation (%) 1 0.5
RF phase fluctuationy( 1 0.5
BPM uncertainty (mm) 0.1
Bending magnet field error (%) 0.1 0.01



3. Beamllossprediction Eimais analysis (2)

AD'S wr@i@m linae

A Injector| as an example
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3. Beamlloss)prediction Erars analysis (B)
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3. Beamllossprediciion Mismatch study

Mismatch defined

Filamentation effect d°a, ... & K
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3. Beamllessprediction Mismateh study

Filamentation effect
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Emismatched Smatched ©f Linac exit

v =

25

@ one plane

- X

—_

-—-Z
=—6D

¥ theoretical

0.2 0.4 0.6 0.8
Mismatch factor of Z

— X
—g—
——
—— D
i theoretical

0.4
Mismatch factor of X

Spacecharge

@ 3planes

0.8-

0.6-

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

E H E

- Quadrupole mode
== High mode
=== Low mode

N\

Mode

mismatch

factor

Matched

m 03 +0.3 +043 0
0.3 +0.08 +0.08 +0.3

+0.2 285 30.0 151

Low

0

0.2

AD'S wrieiem linae

Mismatch factor
X y z % % %

0 0 0 27 32 4.2
239 233 6.9
7.7 9.0 212

-04 -04

Resonances excited by mismatch

—_ 1+da fa,
X X

— 1+da )/ay

—— 1+db/b ||

0 01 02 03 04 05 06 07 08 09 1 °
Tune depression
TraceWin = CEA/DSM/Irfu/SACH
0.3 Ez
0.28 : :y
0.26

o
w~
~

Quadrupole mode

o
~

inces ( Pimmmrad

. rms emittal
°

e
Moo

-

Norm. rms emittances [ Pimm.mrad )
o
~
&

Nori

o
N
w

e o
~
~

High mode

m
o
S

0. 18 T T T T T T T T T TP T T T

50 100 150 200 250 300 350
Position (m)

™ 0.18

T T T T T T T
50 100 150 200 250 300 350
Position(m)

[ [ [ [
100 150 200 250
Position (m)

Tracellin = CEA/DSI/Ir fu/SACH

Low mode

L .7 AL L I Y L .

100 150 200 250 300 350
Position(m)

W% 3 28 22 Y

se Academy of Sciences



4, Compensaiion-rematch of major elementftdilures ADS pration linae

U Reliability jecor 1

0 Redundancytoleratefailures e .

i 30% accelerating gradient for B eV 2.1 MV Main Linac
compensation > 10MEY Spoked40 | Ellip063 HEBT,
U |ﬂj€CtOI’ 325MHz 650M Hz
U N ¢ 3.2 MV
UnHett andbRa@llelOR 35 keV MV 150 NV 400 MV 1500 Nev
0 Main linac B
U Local compensationematch niector | 10007 — NS
¥ i — JAEA
U Globalcompensatiomematch o o MyRRHAL
> = CADS
30 1 30+ | rp— 2 10-
] ] 2
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2 é 104 2 sl ' E é 1 —
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4. Compensationrematch of major elementfailunes

A Global compensatiomematch

I Retuning and rephrasing of all following elements, a few
minutes[1] (SNS)

I Lattice update every time
i Little redundancy: U Larger period phase advance

means more difficult to rematc
U Fewer cavities in each period
means more difficult to
compensatiofiematch
U Low energy section is difficult 1

A Local compensatiocnematch

I Independencandlocality
I Retuningand rephrasing afeighbouring elements

I 30 % acceleratingradient redundancy,70%power
supplymargin [2]

Cavity #n is fauly compensatiomematch
Cavities #n-2, #n-1, #n+1, #n+2 are retuned to recover the nominal beam energy & phase at point M
. . . ) B oo 2 Rl ol B Bkl R ity P
[1] Sangho Kim, MO103, Proceedings of LINACO8, Victoria o R B 2 Wit il

[2] F. Bouly, et al., MOPP103,Proceeding§ LINAC2014,Geneva



4. Compensationrematch of major element failures

AD'S wrieiem linae
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4. Compensationrematch of major element failures ADS prraton linae

Spoke021 section Spoke04Gection @ SUN Biao
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A For spoke021 section and the beginning periods of spoke040 section, if two neighbouring cavities fault, lo
compensatiomematch method is not well effective, big emittance growth;
A For high energy section, eveso neighbouring cavitieiult, local compensatiocnematch method isffective
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4. Compensatioinrematch of major elementftadilures

i Severalscenariosstudiedwith multiple cavity failures in different section @ SUN Biao

Tracelfin - CEA/DSH/Ir fu/SACH
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U The fault recoveryschemeis a feasibleeverywheran the CADS main linac to compensatiorrematchfor
the lossof a singlecavity or evenof two neighbouringcavitiesin high energysection
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4. Compensationrematch of major elementftdilures

A SGSolenoid failures in spoke021 section @ SUN Biao
Matching elerhents 5‘2’ ' | L
0 | T R T T
Position (m)
~ | ] ] | g_ 10-% solenoid failure

Position (m)

U Reverse first phasetoposgitvealus, to hetpmatch mdransverse plane
U Lower second cavityodos synchronous phase

A SGSolenoid failures ispoke040 section
I Just rematch with neighbouring solenoids, no need cavity reverse phase

A Elliptical section witlquadrupoles
I Change FDF to FD structure, rematch is edsgmeeddual polarity current Sup.ply for. magnei —

t \lprm...l u/(

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee




4. Compensationrematch of major elementftdilures ADS prraton linae

3. Thefailure is localized in injectaandcan

1. Initial operation Injector _ . _
not recover in feveecondsdiagnostic)

Operationalinjector 1: RHbeam ON

Tl AR
T NN || ™= =
we e en

- - -

Ig T o =

| S - - magnet polarity is

Warm stand byinjector 2: RF on, beamon FC ) 1o
Need check status frequently changed( S)
2. Afailure is detectednywhere 4. Beamis recovered

Beam stopped mmector 1 by MPS by Chopper Injector 1 to repaired or r&commissioning




4. Compensatiofrematch of major elementftdilures ADS prreton linae

Matching elements,
7 g S~

A failure is detected

Example:

SRRl sles L As e ale b e e e ploksi o s s s sien 1 Spoke012: designed bandwidth is about 23:

Tl deeel s e e e ks ialei s s e ol Hz, and measurements are within 10% rang
(A) or needccompensatiomematch (B) If detuned 100*bandwidth~23 kHz, need

B tuning speed > 2.5 kHz/s, now < 1kHz/s

A

N e w Settingpointsare updated in

The failed cavity is detuned (to avoid t - _
cavities by compensatiei@match methog

Recoveracilities beam loading effecfr magnet closed

Steady state

.5 % $23L 2 R A




4. Compensationrematch of major elementifdilures

A There are two methods to get the compensati@match results

I Table lookup method Settingpointsdetermined inadvance, then save into database, if detected
the failed index signal, find the right setthpgints

A Simple, stabilizatiorgontrollable
A Need a lot of works in advance for simulation and datalestablishmen{should avoid human error)

I Hardware compensation andematch: using FPGA to calculated online @ XUE Zhou

A Arithmetic computing speed is high@san integratedcircuit device consisting of logic gates, an FPGA
Is able to realize parallel calculating and synchronous processing

A Instantaneous compensation and rematch is easier. It is an easier way to connect with the low level RF
system and other types of hardware facilitiesc.

A Good portability andepeatability, no need a lot of calculation in advance.
A Errors between models in FPGA and dynamic simulation
A Uncontrollable, need more consideration and judge on the results

@ SHAO Yong

o~~~ | Take injectodl as an example: Twiss _ After compensationand -

T T STET T ; . parameters nominal rematch Mismatch Factor
ST It takes 9.2s to find the best result unB@MHz with T T —

: —— ; \| hardware methoddowever the system clock is Alphax  0.5476 0.4683 3.72%
o~~~ || 200MHz, it needs continuous optimization to redu Be@y  1.98%6 1.9687 3.04%
T eI T T T T ) Alphay  0.5599 0.4787
W the wholetime. Betaz 1.2822 1.3623 .
e Alphaz  -0.3446 10.3181 3.90%




5. Beamcomniissiahing ot GADB Snihjeciok

A LEBTommissioning

X(mm) - X'(mrad)

i T
-15 -10 -5 0 5 10 15

mA mm/mrad " mm.mrad
RFQ entrancenatched beam 10 2.41 0.0771 ]
Measured beam 11.5 2.18 0.0774 0.14

D Tl T K WY BB R D TP ¥ gD e > I

J)\’ i WS s AL B 7 TR AN U T
— ! ‘

Institute of High Energy Physics Chinese Academy of Sciences




5. Beamcommissioriing of(CADS ifjectorl

HV platform

FC

Gate valve ACCT
-

Coupler

BPM

BPM
I‘\

First slit
—

DCCT _Second slit
|

BPM

Beam DUMP
—_—

A RFQ commissionin '

I 325 MHz

Delete
All

i \. Chopper
I

ECR-IS LEBT RFQ MEBT

\_Gate valve

\ I /
| Sclenoid | DCCT o LecT

ol x| File Control Setup Trigger Measure Analyze Utilities Help 25 Sep 2014 10:46 AM

2 Sep 2014 5:34 PM

L] Sl

FQtH ODCCTAITE5. 5+2=11nA

Beam duty factor: 70%

Beam transmission efficiency: 95%
Beamcurrent@RF@xit: 10.6 mA

Beam duty factor: 90%
Beam transmission efficiency: 90%
Beamcurrent@RF@xit: 11.0mA

31 kW

Beam transmission efficiency (%)

N\

Y(mm) - Y'(mrad)

1 Simulation

204
Beam dumj 1

Simulation

Enrms = 0.137 rmm.mard L Eprms = 0.14 mmm.mard
10 . 10
" / . ee—— |
3 |
—I(lj ‘ -10 |
20 % L 209
04 e e 30 It T T ]
8 6 -4 2 0 i 6 8 6 -4 0 4 6 8
30, 30
Experiment Experiment -
20 g, s = 0.135 tmm.mard 200 &ppps = 0.135 Tmm. mard
10 , 0 .. .
2 | aay K] T
£ o il E ol MBI,
2 A s : ~
10+ ‘%ifﬂi- | -10-
-20 ’ 20
= 0 = -5 0 5
X (mm) y (mm)
==—Measurement
==Trace\Win
Parmteq
b ¢ r r r ¢ r 1 ¢ ¢ I




5. Beamcomnmissiahing 0t GADBSnihjectok

A CM1 commissioning

I ECRIS+LEBT+RFO+MEBT1+CM1 (7 SDOk8012/7 cold BPM/ 7 solenoid)+Beam dump line

EII
G- | XK ¥ 1 i IIIl s E il
@}%HH&E " I 1 =
Ll

ECTIS+LEBT RFQ MEBT1 CcM1 Beam dump line

Beam duty factor: 22 2Hz/1ms)
ACM 1 output energy with 7 cavmesEout 6MeV

—lgjx|
21 Jan 2016 4:18 AM

ACM1 transmissiort  100% ¢ smaniaeotoneon RSN N =
ARFQ+CML1 transmission: 88.4% D e S

AO Utp Ut curren t: 1 O . 6 mA ,,,,,,,,,,,,l,;;L;',;;,;L,,Q,,j;;j;i;;i ,,,,,,,,,,,,

__________________________________________________________




5. Beamcommissiaohing 0t GADB Snihjectok ADS aiaiion linae

ECRIS+LEBT+RFQ+MEBT1+CM1+CM2+Beamump line 5Hz/20 us

10.6 mA
TOF 10.67MeV
Bunch rms energy spread: 0.32%

e @ 44 ek i L 35 1P 72 £y
s ) "f (& 'ﬁ S8BT MR fy(
SUEinE? Institute of High Energy Physics Chinese Academy of Sciences




