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Part	I Error	Studies	for	the	
v20r	Baseline	LaEce



• IdenGfy	modeling	tools	➔	ideally	independent	tools	to	benchmark	&	cross-check	

• Define	and	disGnguish	error	models		
• Prepare	workflows	➔	producGon	runs,	specificaGon,	iteraGon	
• Define	data	formats,	provide	post-processing	tools,	etc.	

• In	order	to	verify	the	above,	use	"mock	cases"	

• At	this	point	we	do	not	intend	to	demonstrate	we	have	all	the	
answers,	but	we	do	want	to	show	
–we	are	asking	the	relevant	quesGons	
–we	see	the	path	ahead	that	will	get	us	from	conceptual	to	
detailed	design
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Error	Studies	–	at	a	"conceptual	level"

�3



• Magnet	laEce	translated	from	elegant,	linear	opGcs	agree	well	
• 20	BPMs	inserted	according	to	current	vacuum	design	
• 18	(thin)	CM	pairs	installed	@	all	RBs	and	sextupoles	(➔	#CM	<	#BPM)
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Tracy-3	la9ce	&	model	set	up	for	v20r	baseline
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Tracy-3	la9ce	&	model	set	up	for	v20r	baseline
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A	first	simple	Tracy-3	error/correcTon	model
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• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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Linear	opTcs	correcTons	will	be	required

• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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Skew	quadrupole	correcTons	will	be	required

• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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Verify	BPM/CM	layout	allows	for	successful	OC

• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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And	what	are	the	associated	CM	requirements?

• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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SensiTvity	–	which	specs	do	we	focus	on?

• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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Derive	beam	physics-moTvated	specificaTons

• For	all	pure	quads	&	sextupoles:	
– 25	μm	rms	in	x/y	
– 0.2	mrad	rms	roll	

• No	alignment	errors	on	bends	or	
RBs	
• BPM	errors	set	to	zero	
• No	girders,	no	girder	
misalignments	
• For	all	pure	quads	&	sextupoles:	

– 0.05%	rms	field	error	on	
primary	component	

• Gaussian	with	cut	at	±2σ 
(20	seeds)	
• So	far	no	mulGpole	errors	
• Misalignments	scaled	up	in	steps	
to	facilitate	finding	closed	orbit	
– For	each	step,	orbit	corr.	
applied	in	three	iteraGons	
–No	linear	opGcs	or	skew	
quadrupole	correcGons
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• Girders	
• InserGon	devices	(laEce	tunability,	stability)	
• FOFB	
• Power	supply	topology	and	stability	

• Most	important	next	steps:	
– Linear	opGcs	correcGons	
– Commissioning	simulaGons	➔	Thorsten's	presentaGon
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Not	menToned,	but	not	forgoXen
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Part	II Alternate	ALS-U	LaEce
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Se9ng	the	Scene:	Baseline	La9ce	v20r

• ALS-U	baseline	calls	for	2	GeV,	500	mA,	and	<75	pm	rad	(in	both	planes	
@	full	coupling)	inside	the	exisGng	ALS	tunnel	(<200	m	circumference)	
• Baseline	relies	on	“pseudo-hybrid	MBA”	laEce	with	9	bends	(➔	110	pm	

rad)	&	offset	focusing	quadrupoles	(reverse	bending)	➔	92	pm	rad
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Courtesy:	C.	Sun

Se9ng	the	Scene:	Baseline	La9ce	v20r	(cont.)

• But	this	kind	of	ultra-high	brightness	approach	comes	at	a	price:	
– Strained	linear	opTcs	➔	larger	peak	β/η	funcGons	drive	natural	
chromaGcity	and	aperture	requirements	➔	increases	magnet	gaps	
➔	weakens	focusing	➔	breaks	MBA	feedback	cycle

�16

Peak	βy	limits	vac	acceptance	
&	drives	chromaTcity

Peak	ηx	limits	max	achievable	MA
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Se9ng	the	Scene:	Baseline	La9ce	v20r	(cont.)

• But	this	kind	of	ultra-high	brightness	approach	comes	at	a	price:	
– Strained	linear	opTcs	➔	larger	peak	β/η	funcGons	drive	natural	
chromaGcity	and	aperture	requirements	➔	increases	magnet	gaps	
➔	weakens	focusing	➔	breaks	MBA	feedback	cycle	
– Small	DA:	believe	can	be	tolerated	by	virtue	of	on-axis	injecGon	
from	low-emioance	accumulator	ring	(swap-out)

�17

Courtesy:	C.	Sun

w/o	misalignments

~1	mm	DA	
required	for	
injected	
beam	with  
ε	≈	2	nm	rad, 
β	≈	20	m
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Se9ng	the	Scene:	Baseline	La9ce	v20r	(cont.)

• But	this	kind	of	ultra-high	brightness	approach	comes	at	a	price:	
– Strained	linear	opTcs	➔	larger	peak	β/η	funcGons	drive	natural	
chromaGcity	and	aperture	requirements	➔	increases	magnet	gaps	
➔	weakens	focusing	➔	breaks	MBA	feedback	cycle	
– Small	DA:	believe	can	be	tolerated	by	virtue	of	on-axis	injecGon	
from	low-emioance	accumulator	ring	(swap-out)		
– Limited	MA:	major	problem	in	low-E	rings	where	(despite	potenGally	
large	RF	acceptance)	Touschek	scaoering	severely	limits	lifeGme 
(top	off	isn’t	silver	bullet:	>4	hrs	lifeGme	at	30	s	injecGon	interval	allows	for	1	mA	deadband)

• High-E	rings	get	decent	Touschek	
despite	low	LMA	(RF	acc	limited	so	
large	LMA	serves	no	purpose)  

• Low-E	rings	need	large	MA	to	get	
decent	Touschek	(LMA	needs	to	
exceed	naturally	larger	RF	acc)

�18

Courtesy:	C.	Sun
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Se9ng	the	Scene:	Baseline	La9ce	v20r	(cont.)

• But	this	kind	of	ultra-high	brightness	approach	comes	at	a	price:	
– Strained	linear	opTcs	➔	larger	peak	β/η	funcGons	drive	natural	
chromaGcity	and	aperture	requirements	➔	increases	magnet	gaps	
➔	weakens	focusing	➔	breaks	MBA	feedback	cycle	
– Small	DA:	believe	can	be	tolerated	by	virtue	of	on-axis	injecGon	
from	low-emioance	accumulator	ring	(swap-out)		
– Limited	MA:	major	problem	in	low-E	rings	where	(despite	potenGally	
large	RF	acceptance)	Touschek	scaoering	severely	limits	lifeGme 
(top	off	isn’t	silver	bullet:	>4	hrs	lifeGme	at	30	s	injecGon	interval	allows	for	1	mA	deadband)

• High-E	rings	get	decent	Touschek	
despite	low	LMA	(RF	acc	limited	so	
large	LMA	serves	no	purpose)  

• Low-E	rings	need	large	MA	to	get	
decent	Touschek	(LMA	needs	to	
exceed	naturally	larger	RF	acc)

�19

Courtesy:	C.	Sun

⌧ts ⇠ �3
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Outline	for	an	Alternate	Design

• Main	problem	of	ALS-U	baseline	laEce	is	poor	off-momentum	
performance	resulGng	from	excessive	chromaGc	beaGng 
(even	in	perfect	HMBA	phase	advance	between	sextupoles	required	for	-I	transformaGon	breaks	down	off	energy)	
• MAX	IV-style	MBA	
– leverages	distributed	chromaGc	correcGon	to	ensure	large	MA	
– employs	octupoles	to	limit	tune	footprint	and	hence	maximize	DA	

• However,	MAX	IV	laEce	is	too	relaxed	to	meet	ALS-U	target	emioance	
(scaled	to	energy	&	circumference:	2850	pm	rad)	➔	push	to	its	limits	by	
– adding	longitudinal	gradients	to	the	dipoles	
– leveraging	reverse	bending	to	minimize	emioance 
(within	limits	set	by	momentum	compacGon	deemed	acceptable)	
– tuning	linear	opGcs	of	the	unit	cell	so	that	overall	MBA	sector	
becomes	higher-order	achromat	(geom.	aberraGons	/	RDTs	minimized	within)
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• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)
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La9ce	&	OpTcs
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• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)	
– 2	pairs	of	dispersion  
suppressors	(DS)	&  
matching	cells	(MC)
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La9ce	&	OpTcs	(cont.)
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• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)	
– 2	pairs	of	dispersion  
suppressors	(DS)	&  
matching	cells	(MC)	

• Longitudinal	gradient	bends 
(LGB)	and	reverse	bends	(RB)  
minimize	emioance	while	also  
prevenGng	laEce	from	becoming 
isochronous	
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La9ce	&	OpTcs	(cont.)

�23

I5 =

I
H

|⇢3|
ds, H = �⌘2 + 2↵⌘⌘0 + �⌘02

"0 / �
I5

I2 � I4
/ I5

Jx U0

↵c =
1

C

I
⌘

⇢
ds



• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)	
– 2	pairs	of	dispersion  
suppressors	(DS)	&  
matching	cells	(MC)	

• Longitudinal	gradient	bends 
(LGB)	and	reverse	bends	(RB)  
minimize	emioance	while	also  
prevenGng	laEce	from	becoming 
isochronous	
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La9ce	&	OpTcs	(cont.)
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• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)	
– 2	pairs	of	dispersion  
suppressors	(DS)	&  
matching	cells	(MC)	

• Longitudinal	gradient	bends 
(LGB)	and	reverse	bends	(RB)  
minimize	emioance	while	also  
prevenGng	laEce	from	becoming 
isochronous	
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La9ce	&	OpTcs	(cont.)
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• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)	
– 2	pairs	of	dispersion  
suppressors	(DS)	&  
matching	cells	(MC)	

• Longitudinal	gradient	bends 
(LGB)	and	reverse	bends	(RB)  
minimize	emioance	while	also  
prevenGng	laEce	from	becoming 
isochronous	

La9ce	&	OpTcs	(cont.)
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TME Cell optimisation 

Parameters Highest field section Lowest field section 
Length (cm) 2.143 5.900 
Field (T) 2.321 0.685 
Radius (m) 4.111 13.937 
K (m-2) -1.100 -1.100 

M. Dominguez, F. Toral 

IEEE	Trans.	Appl.	Supercond.	28,	3,	2018,	4004704

SLS-2 Conceptual Design and SLS status                                    ESLS-XXV, Dormund, Nov. 21-22, 2017 28/34 

Magnets 1 - compound LGB 
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• Distributed	chromaGc	correcGon	➔	7BA	implemented	as	
– 5	unit	cells	(UC)	
– 2	pairs	of	dispersion  
suppressors	(DS)	&  
matching	cells	(MC)	

• Longitudinal	gradient	bends 
(LGB)	and	reverse	bends	(RB)  
minimize	emioance	while	also  
prevenGng	laEce	from	becoming 
isochronous	

• Set	UC	tunes	2π	×	(3/7,1/7)	&  
detune	RB	angle	for	acceptable	αc 
(1.27°	➔	ε0	=	89	pm,	αc	=	–1.25×10-4)
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La9ce	&	OpTcs	(cont.)
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• ε0	=	89	pm,	αc	=	–1.25×10-4	

• Jx	=	1.74,	U0	=	457.7	keV	
• εx,y	=	57	pm	rad	(fully	coupled)	
• σx,y	=	14/12	μm	@	ID	
• νx	=	39.36,	νy	=	14.38 
(chosen	with	consideraGon	to	NL	dynamics)	

• ξx	=	–106.0,	ξy	=	–35.9	
• Peak	β	≈	10	m,	η	<	27	mm
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Linear	OpTcs	Summary
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• Large	no.	of	sextupoles	at	various	phase	advances	➔	cancel	residual	
RDTs	enGrely	within	achromat:	3	SF	&	4	SD	in	UCs	(SH	&	O	in	MCs)	

• 7	chromaGc	sextupole	knobs,	5	can	be	chosen	freely	
• Tune	sextupoles	for:	
– linear	chromaGc	correcGon:	–106/–36	➔	–1/–1	
– 1st/2nd-order	RDTs	(weighted	SVD	to	cancel)	
– 2nd/3rd-order	chromaGcity	(weighted	SVD	to	achieve	target	values)	

• Adjust	octupoles	to	tailor	ADTS	(matrix	inversion	➔	achieve	target	values)
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Nonlinear	OpTcs
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•	Strongest	SF:	b3	=	1464	1/m3	
•	SDs	substanGally	weaker	
•	Strongest	Oct:	(b4l)	=	9168	1/m3
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Expected	Performance:	DA

• Verify	in	6D	tracking	that	DA	large	on	&	off	momentum
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• Verify	DA	preserved	in	real	machine,	i.e.	when	incl.	imperfecGons

/34
Simon	C.	Leemann	•	ALS-U	Beam	Physics	Technical	Review	•	April	5,	2018

Expected	Performance:	DA	with	Errors
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Quads	&	sextupoles:	
•	25	μm	rms	in	x/y	
•	0.2	mrad	rms	roll 

Quads:	
•	0.05%	rms	gradient	variaTon

•	Gaussian,	±2σ	cut	
•	20	random	seeds  

➔	Orbit	corrected	
➔	No	skew	correcTon	
➔	No	beta	beat	correcTon
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Expected	Performance:	LMA	&	Touschek

• LMA	from	6D	tracking	with	errors	➔	large	overall	MA	possible	
provided	sufficient	RF	acceptance	available	
– LMA	somewhat	asymmetric	due	to	beoer	DA	for	δ>0	
–Overall	MA	calculated	assuming	0.83	MV	➔	δrf	=	3.5%	
– 6D	Touschek	tracking 
➔	5.2	hrs	incl.	HHCs  
(5.8	hrs	if	IBS	@	500	mA	included)

�32
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Expected	Performance:	LMA	&	Touschek	(cont.)

• LMA	from	6D	tracking	with	errors	➔	large	overall	MA	possible	
provided	sufficient	RF	acceptance	available	
– LMA	somewhat	asymmetric	due	to	beoer	DA	for	δ>0	
–Overall	MA	calculated	assuming	0.83	MV	➔	δrf	=	3.5%	
– 6D	Touschek	tracking 
➔	5.2	hrs	incl.	HHCs  
(5.8	hrs	if	IBS	@	500	mA	included)	

– First	error	runs	indicate 
➔	2.5+	hrs	incl.	HHCs	
– And	ALS	RF	sGll	provides 
headroom	to	exploit	
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What	does	this	leave	us	with?

• The	ALS-U	7BA	is	only	a	preliminary	physics	design	
–Would	need	to	be	thoroughly	opGmized	for	brightness	&	lifeGme 

• Baseline	v20r	has	seen	substanGally	more	opGmizaGon	and	is	more	
mature 

• However,	this	alternate	design	shows	a	lot	of	potenGal	
– Large	DA,	beoer	lifeGme,	and	potenGally	very	high	brightness	
– Associated	engineering	challenges:	LGBs,	strong	sextupoles,	
vacuum	chamber	design  

• Does	the	7BA	show	enough	potenGal	to	warrant	further	study	effort	
during	the	upcoming	PDR	phase?

�34
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Backup	(Part	I)



• Magnet	laEce	translated	from	elegant,	linear	opGcs	agree	well	
• 20	BPMs	inserted	according	to	current	vacuum	design	
• 18	(thin)	CM	pairs	installed	@	all	RBs	and	sextupoles	(➔	#CM	<	#BPM)
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Tracy-3	la9ce	&	model	set	up	for	v20r	baseline
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• Magnet	laEce	translated	from	elegant,	linear	opGcs	agree	well	
• 20	BPMs	inserted	according	to	current	vacuum	design	
• 18	(thin)	CM	pairs	installed	@	all	RBs	and	sextupoles	(➔	#CM	<	#BPM)
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Tracy-3	la9ce	&	model	set	up	for	v20r	baseline
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Tracy-3	la9ce	&	model	set	up	for	v20r	baseline
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Courtesy:	C.	Sun

Se9ng	the	Scene:	Baseline	La9ce	v20r	(cont.)

• But	this	kind	of	ultra-high	brightness	approach	comes	at	a	price:	
– Strained	linear	opTcs	➔	larger	peak	β/η	funcGons	drive	natural	
chromaGcity	and	aperture	requirements	➔	increases	magnet	gaps	
➔	weakens	focusing	➔	breaks	MBA	feedback	cycle
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Large	βy	limits	vac	acceptance	
&	drives	chromaTcity

Large	ηx	limits	max	achievable	MA

Many Short Cells
for a given circumference

Small Bend Angle

Low EmittanceLimited Aperture Required
for decent MA and Touschek lifetime

Small Magnet Gaps
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(courtesy*A.*Streun,*PSI)
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Expected	Performance:	Tune	Shi^s

• ResulGng	tune	shi�s	small	across	relevant	range	(acceptance)	➔	small	
tune	footprint,	clear	of	harmful	resonances	(proximity	to	coupling	res.	for	round	beam)
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Expected	Performance:	Tune	Shi^s	(cont.)

• ResulGng	tune	shi�s	small	across	relevant	range	(acceptance)	➔	small	
tune	footprint,	clear	of	harmful	resonances	(proximity	to	coupling	res.	for	round	beam)
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Expected	Performance:	FMA

• Compact	tune	footprint	results	in	homogeneous	low	diffusion	rates
Diffusion Map (on momentum)
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Expected	Performance:	LMA	&	Touschek

• LMA	from	6D	tracking	with	errors	➔	large	overall	MA	possible	
provided	sufficient	RF	acceptance	available	
– LMA	somewhat	asymmetric	due	to	beoer	DA	for	δ>0	
–Overall	MA	calculated	assuming	0.83	MV	➔	δrf	=	3.5%	
– 6D	Touschek	tracking 
➔	5.2	hrs	incl.	HHCs  
(5.8	hrs	if	IBS	@	500	mA	included)	

–Overall	MA	dominated  
by	RF	acceptance 
➔	δrf	=	4.0%	(0.91	MV)  
renders	8.0	hrs

⌧ts / �3acc
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Expected	Performance:	DA	with	Errors

• Verify	DA	preserved	in	real	machine,	i.e.	when	incl.	imperfecGons
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Quads	&	sextupoles:	
•	25	μm	rms	in	x/y	
•	0.2	mrad	rms	roll 

Quads:	
•	0.05%	rms	gradient	variaTon

•	Gaussian,	±2σ	cut	
•	20	random	seeds  

➔	Orbit	corrected	
➔	No	skew	correcTon	
➔	No	beta	beat	correcTon


