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The C-ADS (China Accelerator-Driven Subcritical

System)projectis a strategicplan to solvethenuclearwasteand

resourceproblemsfor nuclearenergyin China.

ü CW proton linac

ü SuperconductingaccelerationstructuresexcepttheRFQs

ü HWR / Spoke/ Elliptical cavity

üReliability

üRobust design: robust beam dynamics &&  all hardware 

systemsdesign 

üRedundancy:  toleratefailures

ü30% for compensation

üRepair ability

1. Introduction: C-ADS

Particle Proton

Energy 1.5 GeV

Current 10 mA

Beam power 15 MW

RF frequency (162.5)/325/650 MHz

Duty factor 100 %

Beam Loss <1 W/m

Beamtrips/year
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<25
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10 s<t<5 m

t >5 m
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Injector  I

MEBT2 10MeV

1500 MeV

2. 1 MeV

3. 2 MeV

35 keV

35 keV

Target
HEBT

Main L inac 

39 MeV 150 MeV 400 MeV



ü Keepperiodphaseadvanceat zero-currentů0

< 90£ in all planesto avoid structureand

space charge driven resonances: envelope

instability or 4th order resonances;

ü Keep ñsmoothòphaseadvanceand provide

goodmatchingbetweensectionsin all planes

to minimise emittancegrowth: balanceEacc

andphaseadvance

ü Keep ůLå1.25 ůT to stay away from the

dangerousparametric resonanceůT = ůL/2

and avoid emittance exchange between

transverseand longitudinal planesvia space

charge;

ü Keep tune depression>0.5 to avoid SC-

drivenresonances& instabilities

ü Low enoughsynchronousphasesto get large

longitudinalacceptance

2. Linac design: rules for beam dynamics
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2. Linac design: Accelerating structure

RFQ Spoke012 Spoke021 Spoke040 Ellip063 Ellip082 Total

Energy (MeV) 3.2 10 38 149 399 1504 1504

Cavity no. 1 14 36 60 42 100 252

Focusing structure RS RSR R2SR2 R3FDF R5FDF

CM no. 2 6 15 14 20 57

Synch. phase -35~-25 -42~-30 -27~-22 -20~-18 -15~-14

Section leng. (m) 10.006 39.024 57.84 84.336 191.8 383

Å Injector
ï ECR-IS

ï RFQ(162.5 MHz/ 325MHz)

ï Spoke012/HWR009

ÅMain linac

ïSpoke021

ïSpoke040

ïEllip063

ïEllip082
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2. Linac design: Beam dynamics simulation

Emittance growth: 12% /12% /16% 
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3. Beam loss prediction: Beam loss mechanism

ÅFortunately, Proton

ÅEmittance growth
ïNon-linear space charge

ïResonances

ïAnisotropy

ï Instability

ïMismatch

ï Initial density profile mismatch

ïΧ

ÅRandom errors

ÅBeam outside bucket 

(longitudinal acceptance)

7 10-8/m

Å Intra -beam stripping 

Å Residual gas stripping

Å Field stripping

Å H+ capture and acceleration

Å and so on

╗ only

VErrors analysis
VMisalignment
VField errors

VMismatch study
VMismatch in one plane
VMismatch in coupling



3. Beam loss prediction: Errors analysis (1)

Error No. Error description
Tolerance

Static Dynamic

1 Magnetic 

element 

displacement 

(mm)

Quadrupole 0.1 0.002

Solenoid (cold) 1 0.01

Bending magnet 0.5 0.005

2 Magnetic element rotation (mrad) 2 0.02

3 Magnetic element field (%) 0.5 0.05

4 Cavity displacement (cold) (mm) 1 0.01

5 Cavity rotation (mrad) 2 0.02

6 RF amplitude fluctuation (%) 1 0.5

7 RF phase fluctuation (Á) 1 0.5

8 BPM uncertainty (mm) 0.1

9 Bending magnet field error (%) 0.1 0.01

ÅError analysis
ïMisalignment

ÅAll elements

ÅResidual orbit && Correction

ÅCavity field & asymmetry (spoke cavity)

ïField error

ÅMagnet

ÅCavity
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3. Beam loss prediction: Errors analysis  (2)

Å Injector-I as an example
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3. Beam loss prediction: Errors analysis (3)
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3. Beam loss prediction: Mismatch study
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3. Beam loss prediction: Mismatch study
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üReliability

üRedundancy:  toleratefailures

ü30% accelerating gradient  for 

compensation

ü Injector

üñHot-standbyò OR. Parallel

üMain linac

üLocal compensation-rematch

üGlobal compensation-rematch

4. Compensationïrematch of major element failures
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ÅGlobalcompensation-rematch
ï Retuning and rephrasing of all following elements, a few 

minutes [1] (SNS)

ï Lattice update every time

ï Little redundancy, save cost

ÅLocal compensation-rematch
ï Independence and locality

ï Retuning and rephrasing of neighbouring elements

ï 30 % accelerating gradient redundancy, ~70% power 

supply margin [2]

4. Compensationïrematch of major element failures

Cost!

[1] Sang-ho Kim, MO103, Proceedings of LINAC08, Victoria

[2] F. Bouly, et al., MOPP103,Proceedings of LINAC2014,Geneva

üLarger period phase advance 

means more difficult to rematch 

üFewer cavities in each period 

means more difficult to 

compensation-rematch

üLow energy section is difficult to 

compensation-rematch



4. Compensationïrematch of major element failures

Spoke021 section
Spoke
021
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4. Compensationïrematch of major element failures

Spoke021 section Spoke040 section

ÅFor spoke021 section and the beginning periods of spoke040 section, if two neighbouring cavities fault, local 

compensation-rematch method is not well effective, big emittance growth;

ÅFor high energy section, even two neighbouring cavities fault, local compensation-rematch method is effective

@ SUN Biao



4. Compensationïrematch of major element failures

ü Severalscenariosstudiedwith multiple cavity failures in different section @ SUN Biao

ü The fault recoveryschemeis a feasibleeverywherein the CADSmain linac to compensation-rematchfor

the lossof a singlecavityor evenof twoneighbouringcavitiesin high energysection



ÅSC-Solenoid failures in spoke021 section

ÅSC-Solenoid failures in spoke040 section
ïJust rematch with neighbouring solenoids, no need cavity reverse phase

ÅElliptical section with quadrupoles
ïChange FDF to FD structure, rematch is easer, but need dual polarity current supply for magnet 

4. Compensationïrematch of major element failures

Spoke
021

Matching elements

M

Spoke
021

Cav-1 Cav-2 Cav-3 Cav-4 Cav-5 Cav-6 Cav-7 Sol
Sol
1

Sol
2

Sol
3

DFD       FD

ü Reverse first cavityôs synchronous phase to positive value, to help match in transverse plane

ü Lower second cavityôs synchronous phase to keep the longitudinal acceptance  

@ SUN Biao



4. Compensationïrematch of major element failures

1. Initial operation

Operational injector 1: RF + beam ON 

Warm stand by injector 2: RF on, beam on FC
Need check status frequently 

2. A failure is detected anywhere

Beam stopped in injector 1 by MPS by Chopper

3. The failure is localized in injector and can 

not  recover in few seconds (diagnostic )

The switching 
magnet polarity is 
changed (1~2 s)

4. Beam is recovered

beam on FC 

Injector 2 operational with in 10 s 

Injector 1 to repaired or re-commissioning

Injector 



4. Compensationïrematch of major element failures

A failure is detected 
Beam is stopped by the MPS by Chopper in injector

The fault is localized, then diagnostic system determine the 

fault can recover in few seconds without any other change 

(A) or need compensation-rematch (B)

Recover facilities

Beam recover  (< 10 s)

The failed cavity is detuned (to avoid the 

beam loading effect) or magnet closed

Cold Tuning System

New V/ű setting-points are updated in 

cavities by compensation-rematch method

Two methods to discussion

A B

Steady state

Spoke
021

Matching elements

M

Spoke
021

Spoke
021

Cav-2 Cav-3 Cav-4
Spoke
021

Sol
Sol
1

Sol
2

Sol
3

Cav-1
Spoke
021

Spoke
021

Sol Spoke
021

Spoke
021

Sol
1

Example:

Spoke012: designed bandwidth is about 232 

Hz, and measurements are within 10% range

If detuned 100*bandwidth~23 kHz, need 

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



ÅThere are two methods to get the compensation-rematch results
ïTable lookup method: Setting-points determined in advance, then save into database, if detected 

the failed index signal, find the right setting-points

ÅSimple, stabilization, controllable

ÅNeed a lot of works in advance for simulation and database establishment (should avoid human error)

ïHardware compensation and rematch: using FPGA to calculated online

ÅArithmetic computing speed is higher, as an integratedcircuit device consisting of logic gates, an FPGA 
is able to realize parallel calculating and synchronous processing.

ÅInstantaneous compensation and rematch is easier. It is an easier way to connect with the low level RF 
system and other types of hardware facilities etc.

ÅGood portability and repeatability, no need a lot of calculation in advance.

ÅErrors between models in FPGA and dynamic simulation 

ÅUncontrollable, need more consideration and judge on the results 

4. Compensationïrematch of major element failures

@ SHAO Yong

@ XUE Zhou

Take injector-I as an example:

It takes 9.2s to find the best result under 20MHz with 

hardware method. However the system clock is 

200MHz, it needs continuous optimization to reduce 

the whole time.

Twiss 

parameters
nominal

After compensation and 

rematch Mismatch Factor

Beta-x 1.9548 1.9245
3.72%

Alpha-x 0.5476 0.4683

Beta-y 1.9856 1.9687
3.94%

Alpha-y 0.5599 0.4787

Beta-z 1.2822 1.3623
3.90%

Alpha-z -0.3446 -0.3181



ÅLEBT commissioning 

5. Beam commissioning of CADS injector-I

Current Ŭ ɓ Ůn,r

mA mm/mrad ḿm.mrad

RFQ entrancematched beam 10 2.41 0.0771 πȢς

Measured beam 11.5 2.18 0.0774 0.14



ÅRFQ commissioning
ï325 MHz

5. Beam commissioning of CADS injector-I

Beam duty factor: 70%

Beam transmission efficiency: 95%

Beam current@RFQexit: 10.6 mA

Beam duty factor: 90%

Beam transmission efficiency: 90%

Beam current@RFQexit: 11.0mA

31 kW



ÅCM1 commissioning

ïECRIS+LEBT+RFQ+MEBT1+CM1 (7 spoke012/7 cold BPM/ 7 solenoid)+Beam dump line

5. Beam commissioning of CADS injector-I

Beam duty factor: 2ă (2Hz/1ms)

Å CM 1 output energy with 7 cavities : Eout=6MeV

Å CM1 transmission̔ 100%

Å RFQ+CM1 transmission: 88.4%

Å Output current: 10.6mA

RFQ output /CM1 input beam

current (ACCT)̔5.3*2=10.6mA

CM1 output beam current

(DCCT)̔5.3*2=10.6mA



5. Beam commissioning of CADS injector-I

ECRIS+LEBT+RFQ+MEBT1+CM1+CM2+Beam dump line

10.6 mA

TOF̔10.67MeV

Bunch rms energy spread: 0.32%

5Hz/20 us


