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Introduc+on	



Motivation: Long-term ground 
motion 

•  Initial beam-based alignment: 

•  Long-term ground motion (> 1 minutes): 

•  Effects on the main linac of CLIC: 
-  Ground motion model: ATL law [1] with constant A of 10-5 µm/m/s. 

-  Emittance increase Δεy ≈ 7.5% / hour (scaling law from simulation). 

-  E.g. Δεy of 100% in 13 hours. 

Orbit feedback steers beam 
onto golden orbit. 

 

Orbit feedback steers beam 
onto dispersive orbit. 

Golden
orbit

Dispersive
orbit



Dispersion free steering (DFS) 
•  Method:  

Step 1:    The dispersion η at the BPMs is measured by varying the beam energy. 

Step 2:    Corrector actuations Δy1 (quadrupole movements) are calculated to minimise  
               dispersion η and the beam orbit b.  

•  Considering many BPMs and quadrupoles leads to linear system of equations [4]: 

•  DFS is applied to overlapping sections of the accelerator (36 for ML of CLIC). 

Corrections Δy are computed 
in least square sense.  

with 

b 



On-line DFS 
•  Goal: Perform DFS parasitically during physics data taking. 

•  Problem:  

-  Only very small beam energy variation δ acceptable (< 1 per mil). 
 

-  Measurement are strongly influenced by BPM noise and usual energy jitter. 

•  Solution:  

-  Many measurements are averaged. 

-  Use of a Least Squares estimate (pseudo-inverse), which can be significantly simplified by 
the choice of the excitation: 
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Op+on	0:	Full	drive	beam	
charge	change	



Energy	change	via	DB	charge	change	
•  Power	produced	by	PETS	

depends	on	charge	of	drive	
beam:		

•  To	change	the	energy	of	the	
main	beam	globally,	charge	of	
drive	beam	can	be	changed.		

•  DB	charge	change	changes	DB	
energy	(beam	loading):	

•  Energy	acceptance	of	DB	complex	is	only	about	1%.		

•  But	larger	DB	energy	change	can	be	corrected	via	beam	loading	compensa+on	with	klystrons.		
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Wake fields problematic with option 0.  

1 3.5 100

10

20

30

40

50

σW F [µm]

∆
ϵ y
/
ϵ y

0
[%

]

global, 0.1%

global, 1%

global, 5%

no DFS

•  At	CLIC,	cavi+es	are	aligned	to	the	
beam	to	reduce	the	wake	fields	(RF	
alignment):	

-  σWF	=	3.5	μm.	
-  Δεy	=	5%.	

	
•  Remaining	wake	fields	causes	
problems	for	DFS.		

•  For	the	target	energy	change	δ	of	
0.1%	the	DFS	correc+on	is	
insufficient.		

	
•  DFS	works	only	for	large	energy	
changes	δ.	



Analysis of wake field sensitivity 
Energy dependence of dispersion 

•  Dispersions of the same dipole kick 
depends is larger for smaller energy 
change δ : 

Dispersion from wake fields 

•  Dispersion from wake fields is small and can 
be neglected for emittance growth. 

•  However,  wake field dispersion deteriorates 
the DFS correction: 

 

-  Dispersion from wake fields, can only 
be compensated by DFS (quadrupoles) 
on average along the beam. 

-  Dispersion with opposite sign remains 
in head and tail. 

-  Wake field dispersion is added from 
many cavities upstream. 

-  This wake field dispersion creates large 
measured signals in the correction bin. 
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Op+on	1:	Drive	beam	charge	
change	per	decelerator	



Local	energy	change	via	DB	charge	change	
of	one	decelerator	

•  Wake	field	effects	can	be	mi+gated	if	energy	difference	is	created	shortly	before	
correc+on	bin.		

•  Therefore,	not	the	charge	of	each	DB	bunch	is	changed,	but	only	charge	of	the	bunches	
that	supply	the	decelerator	before	correc+on	bin.	

•  This	gives	a	complicated	charge	pabern	for	the	drive	beam	injector,	due	to	the	
recombina+on	scheme.		

•  Beam	loading	compensa+on	probably	impossible,	but	charge	change	only	on	per	mille	
level	(as	the	DB	energy).	

N	+	ΔN	 N	N	Op#on	2:		
	

•  Also	rela+ve	phase	of	the	DB	
bunches	change	the	power	
produced	by	PETS.	

•  Use	phase	feed-forward	in	
turn	around	loop	to	adjust	
phase	of	some	bunches.			

Bin	to	be	
corrected	



Improvement of wake field sensitivity 
with decelerator charge option 

1 3.5 100

10

20

30

40

50

σW F [µm]

∆
ϵ y
/
ϵ y

0
[%

]

global, 0.1%

global, 1%

global, 5%

no DFS

local, 0.1%

•  Local	δ	crea+on	decreases	
wake	field	sensi+vity	
significantly:	

-  Wake	fields:	Δεy	=	7.0%		

-  ATL	mo+on:	Δεy	<	0.2%	aher	
3rd	itera+on.	

-  BPM	noise:	Δεy	=	0.2%.	

-  Averaging	+me:		144s	x	3	
itera+ons.	

	
•  Wake	fields	are	under	control	

with	this	scheme.	



Cavity tilts sensitivity with the 
decelerator option 
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•  Aher	1-2-1	steering,	remaining	
emibance	growth	is	due	to	“wake	
field-like”	effect:	

-  σ&lt	=	140	μrad.	
-  Δεy	=	3%.	

	

•  For	global	ΔE	large	energy	changes	δ,	
DFS	correc+on	is	not	influenced	by	
cavity	+lts.	

•  Small	δ	worsen	DFS	performance.	

•  But	especially	local	δ	changes	destroy	
the	correc+on	completely.		



Analysis of cavity tilt sensitivity 
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•  For dispersion measurement, a beam 
energy change δ has to be created: 

-  Energy change δ is created by 
changing cavity gradients. 

-  Gradient change also causes 
change of transverse tilt kicks. 

-  Beam orbit is changed. 

•  Orbit change overlaps with dispersion 
signal in DFS bin. 

•  Orbit change signal is interpreted as 
dispersion and destroys correction. 

•  Higher relative gradient changes 
make the problem worse:  
-  Local scheme is worse than 

global one. 
-  This is not only true for small δ, 

but also for ordinary DFS. 



Counter-measures against cavity 
tilt sensitivity 
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•  Goal:	Remove	orbit	change	due	to	+lt	kick	
change	from	measured	dispersion.	

•  Problem:	Mixture	of	orbit	change	and	
dispersion	in	DFS	bin.	

•  Solu#on:	Predict	orbit	change	Δbbin	in	DFS	
bin	from	BPM	measurements	in	upstream	
bin	Δbup:	

1.  Fit	orbit	change	Δbup	in	upstream	
DFS	bin	by	virtual	quadrupole	offsets	
Δxup.	

	
	
	

2.  Use	only	few	singular	values	for	the	
SVD	inversion	to	improve	
robustness.	

3.  Predict orbit changes Δbbin in DFS bin via the 
corresponding orbit response matrix: 

4.  Finally, the predicted orbit can be removed: 



Improvement due to cavity tilt 
counter-measure 
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•  Removal	of	the	orbit	change	
decreases	+lt	sensi+vity	
significantly:	

	

-  Tilts:	2.5%	

-  Wake	fields:	Δεy	=	9.0%		

-  ATL	mo+on:	Δεy	<	0.2%	aher	
3rd	itera+on.	

-  BPM	noise:	Δεy	=	0.2%.	

-  Averaging	+me:		144s	x	3	
itera+ons.	

	
•  Wake	field	effect	is	worsened,	

because	removal	technique	
also	acts	on	wake	field	signals.	



Op+on	2:	PETS	on/off	



Energy	change	with	PETS	on/off	
mechanism	

•  Wake	field	effects	are	s+ll	the	
dominant	Δε	source.		

•  This	can	be	further	reduced	by	
crea+ng	ΔΕ	even	more	local.		

•  Individual	super-structures	can	be	
turned	off	with	the	PETS	on/off	
mechanism.		

•  Addi+onal	advantage:	DB	does	
not	have	to	be	changed	

•  But,	cavity	+lts	are	expected	to	be	
worsened.	

•  And	PETS	on/off	mechanism	for	
some	structures	has	to	be	fast	
enough	for	according	structures.		



Wake	field	sensi+vity	aher	+lt	
alignment	

•  As	expected	the	
sensi+vity	to	wake	field	is	
reduced.	

•  	Δεy	for	3.5	μm	WFM	
resolu+on:	
-  No	DFS:	4.4%	
-  Local:	9.3%	
-  PETS:	5.5%	

•  With	PETS	on/off	variant,	
wake	field	effects	are	
nearly	invisible	to	DFS.	



Cavity	#lt	alignment	
	

•  Since	only	a	few	cavi+es	are	used	in	the	
PETS	on/off	op+on,	an	alignment	can	be	
foreseen.	

	
	

super
-struc

ture	

Scanning	procedure		
	

	
•  Idea:	If	the	cavity	+lt	is	zero,	the	turning	off	

does	not	change	the	orbit	immediately.		
	
	
•  To	find	zero	+lt	posi+on	a	scan	is	

performed:	
–  Loop	over	set	of	cavity	+lts	(2D):	

1.  Change	cavity	+lt.	
2.  Record	10	BPM	reading	

downstream.	
3.  Turn	off	cavity.	
4.  Record	10	BPM	readings	

downstream.	
5.  Save	orbit	difference.	

–  Fit	parabola	to	2D	data	.	
–  Find	minimum	of	fibed	func+on.	

	

•  If	several	cavi+es	are	turned	off,	they	can	
be	on	average	compensated	with	only	one	
cavity	on	movers.	

•  But	it	is	beber	to	use	2	structures	per	bin	
due	to	the	phase	advance	difference	for	
different	structures.		

	

	



2D	firng	problem	
	

•  Firng	with	a	general	second-order	func+on	(minima	can	be	easily	found	analy+cally).	

•  Ini+ally	it	was	tried	to	find	the	coefficients	A	with	na	op+misa+on	method.	But	results	
were	not	sa+sfying	if	noise	was	included.		

•  Beber	results	were	obtained	if	the	data	are	wriben	as	a	linear	system	of	equa+ons:	

	
•  Then	the	coefficients	that	minimise	the	firng	error	of	this	system																				in	a	quadra+c	

sense	are	given	by:		
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Cavity	+lt	sensi+vity	aher	+lt	
alignment		

•  Before	+lt	
alignment:	Δεy	is	
off	the	scale.	

•  Aher	+lt	alignment	
Δεy	of	2.3%	for	
3.5μm	WFM	
resolu+on.	

•  Sa+sfying	result.	

•  Compared	to	local	
variant	which	gives	
an	Δεy	of	0.8%.		



Sensi+vity	of	+lt	alignment	to	BPM	
resolu+on	

•  To	be	perform	the	
orbit	removal	(local)	
or	+lt	alignment	of	
PETS	on/off,	the	BPM	
noise	has	to	be	around	
5nm.		

•  This	corresponds	to	an	
averaging	of	100	trains	
(2	sec)	with	50nm	
BPMs.	

•  Tilt	alignment	takes	
about	1	hour.		



Conclusion	
•  Wake	field	and	and	+lt	effects	are	the	main	limita+on	for	on-line	DFS.	
•  DFS	with	a	global	energy	change	does	not	work.		
•  This	is	equally	true	if	on-line	DFS	is	performed	within	one	bunch	train.		
•  Two	working	op+on	have	been	worked	out	that	perform	very	well:			

ΔE	via	decelerator	charge	
	

•  Gives	very	good	results:	
•  WFM:	Δεy	of	5.0%	
•  Tilts:			Δεy	of	0.8%		

•  But	injector	has	to	be	capable	
of	producing	complicated	
charge	paber.		

ΔE	via	PETS	on/off	
	

•  More	localised	ΔE	change.	
•  Gives	even	beber	results:	

•  WFM:	Δεy	of	1.0%	
•  Tilts:			Δεy	of	2.3%		
	

•  But	a	+lt	alignment	strategy	
has	to	be	performed	(movers)	
and	the	changed	PETS	have	to	
be	fast.		

Future	work:		
•  It	would	be	very	good	if	only	on-line	DFS	could	be	used	for	all	correc+on	(one	system	solu+on).		
•  The	only	imperfec+on	that	is	not	addressed	at	the	moment	is	the	ini+al	BPM	misalignment.		
•  Test	were	made	but	no	sa+sfying	result	yet.		



Thank	you	for	your	aben+on!	


