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CLIC decelerator (one sector) 

The objective of the decelerator: 

Produce the correct power for accelerating 
structures, timely and uniformly along the 
decelerator, while achieving a high energy 
extraction efficiency 

Uniform power production implies that the 
beam must be transported to the end with very 
small losses 



100 A,   2.4GeV 
up to ~500 
modules / sector 





Input to PLACET from PETS design (I. Syratchev): 
delta wake for fundamental mode for structure 
with high group velocity 
→ any charge distribution can be simulated 
realistically (arbit. bunch shape, bunch phase etc.) 

Energy loss: resonantly built up multi bunch wake  
+ noticeable single bunch effect  

PETS 12 GHz fundamental mode: 

f=12.0 GHz, R’/Q=1147 Circuit-Ohm/m, beta=0.453, 
Q~7000, LPETS = 21.3 cm 

( 1 m PETS for TBTS ) 

From the wake function the steady-state power extracted from beam (ss) can be calculated: 



S=(E-Ě) / E 
  = 90% 

E 

Ě 

Ě = E(1-S) 
=E-NPETSΔÊ = 240 MeV 

tb = 83ps 
σz = 1mm, tz = 3ps 

λ(z) 

Power extraction efficiency (ss) : 

 (short transient + long steady-state) 
tpulse = 240 ns 

Energy profile of the Drive Beam at the end of a Decelerator Sector 



S = “dp/p max“ = 0.90 





  Because of the minimum-loss requirement we 
use as metric the 3-sigma envelope for the 
worst particle, defined as : 

  Simulation criterion for minimum-loss transport:   
r < ½a0 =5.75 mm 
  Factor ½ : margin for unmodelled effects (particularly higher-order 

wake fields) 
  We require pclic>99%.   50 accelerator sectors   ⇒  psector>99.98% 

of simulated machines should satisfy this criterion (!) 

Ideally we want the decelerator to be as robust as a (good) 
klystron – "push the button, and it should deliver the power!" – 

thus we approach the study with "worst-case" scenarios 

Given for maximum of simulated machines (usually 100)  



Emin 

Emax 



Adiabatic undamping in a perfect machine : ∝ √(γi/γi) 

  Relative phase-space orientation of transverse distribution: 
  irrelevant for r 
  emittance growth not necessarily good indication of envelope growth 

  To study the various contributions to the envelope growth it is often 
useful to work with a "pencil beam" of slice centroids only, and we 
denote the centroid envelope as rc 

E1 E2 the two 
cases 
results in ~ 
the same r 

rmin = 3.3 mm  
(factor ~3 increase) 

3-sigma particle in a 
perfect beam, perfect 
machine 

y’ 
y 



  Estimate of centroid amplitude after N quadrupole kicks, for 
particles undergoing adiabatic undamping : 

  Statistical average found by summing over kicks : ∝ √N  

  Worst possible case: ∝ N  
Decelerator: large energy spectrum, parts of beam will “sample the quadrupoles” with a 

certain coherence, and thus drive the beam envelope 

(effects of transverse wakes not included) 



  Baseline + case w/o transverse wakes 

  Quadrupole kicks dominates unsteered envelope  

"Guide" to graphs: red 
will usually mean 
baseline parameters 



Inspecting PETS 
transverse wakes 
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I. Syratchev, D. Schulte, E. Adli and M. Taborelli, 
"High RF Power Production for CLIC", 
Proceedings of PAC 2007 

See also talk ”PETS and drive beam development 
for CLIC”, I. Syratchev  (this workshop) 



  PETS transverse impedance is 
simulated and a set of discrete 
dipole modes are extracted to 
represent the impedance 

  Each mode implemented in 
PLACET (fT, wT, QT, βT) and 
included in the PETS element  

Slide: I. Syratchev 



a0 = 11.50 mm 

p = 6.253 mm 

g = 4.253 mm 



Amplification of centroid 
motion, rc, for each dipole 
mode (beam jittered at 
mode frequency) 

Amplification of total beam 
envelope, r, jitter on all mode 
frequencies (1σ  jitter in total) 

For the CLIC decelerator, the multi-bunch wake is dominant 



  Q-factor larger than the nominal increase multi-bunch wake and 
might lead to instability along the beam (high Q-modes) 

  Illustrated for Q=2Q0 [deemed unacceptable] 

Q=Q0 Q=2Q0 
Conclusions PETS design: 
•  Effect PETS transverse wakes mitigated efficiently for nominal 
PETS parameters 
•  Envelope is now mainly driven by quadrupole kicks 
•  However, Q=2Q0 leads to unacceptable wake amplification 



  Maximum accepted transverse voltage accepted 
if we require rc < 1 mm due to this kick 

We expect to not loose the Drive Beam during a PETS break down if the 
transverse voltage is within ~ 100 kV 

E. Adli, D. Schulte and I. Syratchev, “A Study of Failure Modes in the CLIC Decelerator”, Proceedings of EPAC’08 



  Baseline + case w/o transverse wakes 

  Effect PETS transverse wakes mitigated efficiently for nominal PETS 
parameters.  Envelope is now mainly driven by quadrupole kicks. 
However, Q=2Q0 leads to unacceptable wake amplification. 

  Mitigation is helped by the energy spread: decoherence of the wake kicks 
  However, quadrupole kicks + undamping lead nevertheless to an 

unacceptable beam envelope 

"Guide" to graphs: red 
will usually mean 
baseline parameters 





We require that no single misalignment should drive our centroid (pencil 
beam) envelope more than 1 mm, rc < 1 mm (here max. out of 10000 mach): 

Tolerance Value Comment  

PETS offset 100 µm rc < 1 mm fulfilled 

PETS angles ~ 1 mrad rc < 1 mm fulfilled  

Quad angles ~ 1 mrad rc < 1 mm fulfilled  

Quad offset 20 µm As small as possible, 
within reasonable limits. 
20 µm is within spec. of 
alignment system (rc < 1 
mm ⇒ quad offset of 1 
µm) 

BPM accuracy 
(incl. static misalignment 
and elec. error) 

? 

BPM precision 
(diff. measurement) 

? 

Seems feasible for all misalignment types, except quad offset  
⇒ Beam-Based Alignment of quads necessary 



  Baseline scenario for beam-based alignment: 
  Quadrupoles on movers 
  All quads and all BPM  available for correction 

  After 1-to-1 steering into BPM centers the quadrupole offsets do not matter, and the resulting 
envelope depends linearly on the BPM accuracy 

  As result the centroid also passes in the order of the BPM accuracy from each quad centre 
  However, the remaining quad kicks are enough to build up significantly dispersive trajectories 

so that the envelope is still large after 1-to-1 with BPM accuracy of 20 µm (misalign. + el. error) 

Tolerance Value Comment  

PETS offset 100 µm rc < 1 mm fulfilled 

PETS angles ~ 1 mrad rc < 1 mm fulfilled  

Quad angles ~ 1 mrad rc < 1 mm fulfilled  

Quad offset 20 µm As small as possible, within 
reasonable limits. 20 µm is 
within spec. of alignment 
system (rc < 1 mm ⇒ quad 
offset of 1 µm) 

BPM accuracy 20 µm As small as possible, 
within reasonable limits. 

BPM precision ? 

Beam centroid 

Emin 

Emax 

0.2mm 

-0.2mm 



  Potential solution: seek to minimize the dispersive 
trajectories by applying Dispersion-Free Steering 
(DFS) [Raubenheimer and Ruth, 1991] 

  Our implementation uses response matrices to minimize:  

  We need a test-beam that generates a difference-
trajectory with large energy leverage 
  however: higher energy beam not available and lower energy 

beam will not be stable (with the same focusing) 

  Instead we take advantage of the PETS → reduced 
current, in form of empty buckets, can be used to 
generate test beams with different energy 



Test-beam and nominal beam in the same pulse 

  By adjusting the switching of the drive beam linac buckets, one can generate the test-beam in the 
same pulse as the nominal beam 

Test-beam energy compared to nominal beam 

 Advantages with this method : 
 quadrupole strengths are kept constant – machine unchanged 
 main-beam and test-beam can be combined in one pulse 
 Large energy-leverage 

Example of DFS beam generation scheme: 
Of the 12 initial E+O pulses: 
•  First 3: nominal E+O recombination 
•  Next 3: Delay swithing to ~half of O buckets 
•  Next 3: nominal 
•  Last 3: Delay switching 

Resulting pattern:  

( The example scheme above 
might not be optimal wrt. BPM 
readings →  to be investigated 
further ) 



  After applying DFS we observe that the envelope is almost identical to the 
minimum envelope due to adiabatic undamping -> DFS has efficiently 
supressed the dispersive errors (this graph: resolution of 2 µm) 
  However, the envelope depends linearly on the BPM resolution when this 

contribution becomes significant 
  Start of lattice: DFS not effective, due to the small energy difference of the test-

beam, but does not matter since the dispersive errors are also limited at the start 

Optimal DFS weighting  of absolute / difference trajectories found by simulation 

Beam centroid 

Emin 

Emax 

0.2mm 

-0.2mm 



  We remind of our criterion psector=99.98% 
  Cannot simulate enough machines to test this statistically, so we investigate the tail of 

the the accumulated distribution of the machine envelopes, r 
  For a BPM resolution of few µm the tails have sharp fall off, while for higher 

resolutions tail sizes start to increase.  
  By adopting precision ~ 2 µm we ensure minimal envelope growth due to quadrupole 

misalignment 
Tolerance Value Comment  

PETS offset 100 µm rc < 1 mm fulfilled 

PETS angles ~ 1 mrad rc < 1 mm fulfilled  

Quad angles ~ 1 mrad rc < 1 mm fulfilled  

Quad offset 20 µm Must be as small as 
possible. 20 µm is within 
spec. of alignment system 
(rc < 1 mm ⇒ quad offset 
of 1 µm) 

BPM accuracy 20 µm Must be as small as 
possible. 

BPM precision ~ 2 µm Suppresses significant 
tails in distribution of 
envelopes 

E. Adli and D. Schulte, “Beam-Based Alignment for the CLIC Decelerator”, 
Proceedings of EPAC’08 





•  As a test-case Dispersion-Free Steering was applied to the CTF3 fully loaded linac : 

•  Test-case with large simulated BPM offsets was defined 

• Disperison reduced  by a factor ~3 (to ~5 mm, the minimum achieved without the bump 
as well) 
•  In addition: DFS is mostly oblivious to the BPM readings - in practice : DFS can also give 
indications where problems are located 

E. Adli et al., “Status of an Automatic Beam Steering 
for the CLIC Test Facility 3”, Proceedings of Linac’08 



From Model to Reality: The Test Beam Line (TBL) 
The Test Beam Line (TBL) is under construction as part of the CLIC Test Facility 3 (CTF3).  TBL 

will be a first prototype for the CLIC decelerator. The targets are, among others, to 
investigate beam stability and minimum-loss transport during deceleration with high power 

extraction efficiency.  In addition the TBL will serve as test-bed for Beam-Based Alignment of a 
decelerated beam, and as a general benchmarking of the simulation codes. 

TBL CLIC 



Effect of σPETS  = 100 µm 
•  CLIC: rc = 0.6 mm 
•  TBL: rc = 0.5 mm 

Precise PETS alignment (100 µm) is 
also required for the TBL 

Transverse wake 
amplification 

⇒ 

Amplification of centroid motion, rc, for each 
dipole mode (beam jittered at mode frequency) 

Amplification of total beam envelope, r, jitter on 
all mode frequencies (1σ  jitter in total) 

TBL CLIC 

TBL with σquads = 100 µm CLIC with σquads = 20 µm 

Quad kicks 

1-to-1 gives good enough results; however, DFS is also effective, implying that 
TBL can provide a good test-bed for the decelerator BBA 

⇒ 



  A first prototype for the decelerator 
  With the effects taken into account it will be though to 

transport the 3-sigma core of the beam 

  Hardware test-bed 
  PETS and tanks 
  BPMs, Loss monitors, ps time resolved measurement (charge, energy) 
  Quadrupole movers 
A 3-sigma transport through TBL looks like a difficult task, 
but if we come close to achieving it, it will be a great step 
towards proving feasibility of the CLIC decelerator 

(effect of beam 
jitter  not included) 

Schedule: installations have started, but completion foreseen towards end of 2010 



Relevance for the Decelerator BD studies : the effect of the PETS on the Drive Beam 

( Work in progress – results from 
last Friday ) 

See talk ” First Results from the CLIC Two-Beam 
Test Stand”, R. Ruber (this workshop) 

Ppred 

Imeas Pmeas 

xd,pred 

xd,meas 



  Simulations gives reasonable confidence for possible 
minimum-loss transport of the decelerator beam 

  Beam-Based Alignment is needed, and Dispersion-
Free Steering seems to be an excellent alternative 

  Dispersion-Free Steering comes almost "for free" with 
the use of delayed switching 

  Simulations need to be benchmarked and technology 
needs to be proven: studies in TBTS and TBL are on 
the way 

Thank you for your attention!	




Backup 



Other effects / dynamic effects 
  Quadrupole position jitter 

  For a DFS steered machined (worst case) we can accept up to 1 µm quadrupole jitter without significant 
(< 5%) envelope increase 

  Quadrupole strength jitter 
  We can accept up to  1⋅ 10-3  1 re. field jitter (power ripple) without significant (< 5%) envelope increase 

  Current jitter 
  For a DFS steered machine we can accept up to 1% change in current without significant envelope 

increase (NB: not order of magnitude, but really max. 1%) 
  Beta-mismatch 

  dβ/β=10% accepted (<5% envelope increase) 

DFS performance with current jitter 

  Current jitter versus steering model : 
  Particles undergo up to 130 phase-space 
revolution in the decelerator lattice 
  Therefore, if the model-based steering would be 
performed in "one go“  0.1% current difference 
model/machine would result in a poorly steered 
machine 
  The steering will be performed in bins (max. 
allowed size depending on the current difference) – 
by going to small enough bins the DFS performs 
well for up to 1% current jitter (to the right) 

Inom 

1.001Inom 





PETS: effect of  inhibition 

  Effect of inhibition on the beam dynamics: 
  the lack of deceleration leads to higher minimum beam energy and thus 

less adiabatic undamping and less energy spread 
  dipole wake kicks increase; for a steered trajectory the change of kicks 

will in addition spoil the steering 
  the coherence of the beam energy will increase, and thus also the 

coherent build up of transverse wakes  

  "Petsonov": on/off mechanism 
  Simulated as R/Q=0, QT=2QT0 (worst-case) 

 Negligible effect on beam envelope for up to 1/3 of all PETS inhibited, and even more for a DFS steered machine 

A number of random 
PETS inhibited (averaged 
over 100 seeds) 



Quadrupole jitter and failure 
Losses as function of 
random quad failure 

Envelope increase as 
function of quad jitter 



Lattice focusing 
For a given optics 3% 
change, or more, in initial 
current or energy will induce 
losses 



Origin of wake amplification 
  Further investigation shows the amplification of the 

envelope typically [depending on scenario] is driven by 
particles towards the end of the bunch 



PETS energy extraction 
example for 
Gaussian 
bunch 

if mb assumption is good, 
wake function is recognized 
for particle energy loss of z 

field builds up linearly 
(and stepwise, for point-
like bunches) 

Single particle energy loss: 

PETS longitudinal d-wake, including group velocity: 

Energy loss from leading bunches + single bunch component: 

Approx: sb component equal to mb, and linear field increase: 

Integrating ΔE over bunch gives second 

form factor, and times fb gives extr. power: 

(x 1/2 for linac-Ohms) 



Decelerator contributions to phase 



Dependence on FODO phase-advance 



Simulation overview 
The following effects are included in the simulation studies : 

  PETS transverse effects (baseline) 
  Transverse wakes (long and short range) 
  RF-kicks 
  Adiabatic undamping 

  Lattice component misalignment (baseline) 
  PETS misalignment (offset, angle) 
  Quadrupole misalignment (offset, angle) 
  BPM misalignment (offset, angle), BPM finite precision 

  Beam perturbations (studied separately) 
  Beam offset 
  Beam jitter 

Not included in the simulations for the work presented here : 
  Higher-order wakes 

  Effect should be limited within r < ½a0 (but probably 
worth looking further into)  

  Resistive-wall wake 
  Estimates following the strategy in [B. Jeanneret et 
al.] show that the effect is small 

  Longitudinal effects and phase jitter 
  Some result established in earlier work [D. Schulte] 
  On-going work 

  Background and halo simulations 
  On-going work by M. Fitterer, I. Ahmed 

  Energy spread: Spread is small comparable to PETS induced spread, but to fulfill S=90% E0 should be increased by ~ E0 
(1+3σE) which is “assumed” here 



Decelerator: conclusions 
  Simulations gives reasonable confidence for minimum-loss transport of the decelerator 

beam 
  Beam-Based Alignment is needed, and Dispersion-Free Steering seems to be an excellent 

alternative 
  Dispersion-Free Steering comes almost "for free" with the use of delayed switching 
  Tune-up procedures must be applied 
  Simulations need to be benchmarked and technology needs to be proven: TBTS and TBL 

Tolerance Value Comment  

PETS offset 100 µm rc < 1 mm fulfilled 

PETS angles ~ 1 mrad rc < 1 mm fulfilled  

Quad angles ~ 1 mrad rc < 1 mm fulfilled  

Quad offset 20 µm Must be as small as possible 
to be able to transport 
alignment beam 

BPM accuracy 
(incl. static misalignment 
and elec. error) 

20 µm Must be as small as possible 
to be able to do initial 
correction 

BPM precision 
(diff. measurement) 

~ 2 µm Allows efficient suppression 
envelope growth due to 
dispersive trajectories 

Tolerance Value Comment  

Quadrupole 
position jitter 

1  µm r/r0 < 5 % 

Quadrupole 
field ripple 

1⋅ 10-3  r/r0 < 5 % 

Current jitter < 1% Stability req. only  – 
RF power constraints 
might be tighter. 

Beta mismatch, 
dβ/β

~10 % r/r0 < 5 % 

Static tolerances 
Dynamic tolerances 


