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➤	Mo'va'on:	To	improve	communica'ons	
					●	SAD:	TRISTAN,	KEKB,	J-PARC,	SuperKEKB,	FCC-ee,	…	
					●	Bmad/PTC:	CESR,	ERL,	…	
					●	MAD/MAD-X/PTC:	PS,	LEP,	LHC,	FCCs,	…

Asia:	SAD|PTC

Europe:	MAD/MAD-X/PTC

America:	Bmad/PTC
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➤	Mo'va'on:	To	improve	collabora'ons	on	projects	
like	SuperKEKB	and	FCCs

Ref.	F.	Zimmermann	et	al.,	IPAC’14,	MOXAA01.
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➤	References	for	this	topic	
					●	D.	Zhou	et	al.,	“La#ce	transla,on	between	accelerator	simula,on	
codes	for	SuperKEKB”,	in	Proceedings	of	IPAC'16,	Busan,	Korea,	May.	
08-13,	2016.	
					●	D.	Zhou,	“SuperKEKB	la#ce	transla,on”,	MAD-X	mee'ng,	CERN,	
Sep.	22,	2016,	h`ps://indico.cern.ch/event/565330/.	
					●	D.	Zhou,	“Recent	progress	on	la#ce	transla,on	from	SAD	to	
MAD-X	for	FCC-ee”,	47th	FCC-ee	design	mee'ng,	Feb.	24,	2017.	
					●	D.	Zhou,	“SAD-MAD	converter	survey	and	needs”,	FCC-ee	design	
mee'ng,	Mar.	03,	2017.	
					●	D.	Sagan,	“The	Bmad	Reference	Manual”,	h`ps://
www.classe.cornell.edu/~dcs/bmad/manual.html.	
					●	SAD	Home	Page,	h`p://acc-physics.kek.jp/SAD/.	
					●	MAD-X	user’s	guide,	h`p://mad.web.cern.ch/mad/	
					●	SAD	manual	under	edi'on,	h`p://research.kek.jp/people/
dmzhou/SAD/Manual/	

1. Introduction

http://mad.web.cern.ch/mad/


2. Current status
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➤	Efforts	for	lagce	transla'ons:	SAD	<->	MAD/MAD-X	
					●	MAD	->	SAD:	H.	Koiso(KEK),	Y.	Wang(IHEP),	et	al.	
					●	MAD-X	->	SAD:	A.	Morita(KEK,	2008)	
					●	SAD	->	MAD:	Y.	Wang(IHEP),	et	al.	
					●	SAD	->	MAD-X:	A.	Morita(KEK),	K.	Oide(KEK),	Y.	Wang(IHEP),	et	al.	
					●	…	…	
➤	Efforts	for	lagce	transla'ons:	Others	
					●	SAD	<->	Bmad:	D.	Sagan(Cornell),	E.	Forest(KEK),	et	al.	
					●	Bmad	<->	UAP	<->	MAD-X:	D.	Sagan(Cornell),	et	al.	
					●	Bmad	<->	MAD/MAD-X,	Bmad	<->	PTC,	MAD-X	<->	PTC:	D.	
Sagan(Cornell),	E.	Forest(KEK),	P.	Skowronski,	et	al.	
					●	SAD	->	AT:	N.	Carmignani,	S.M.	Liuzzo(ESRF),	et	al.	
					●	…	…
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➤	Efforts	for	lagce	transla'ons	
					●	SAD	and	PTC:	developed	at	KEK,	many	shared	features	(transfer	
maps,	symplec'c	integrator,	…)	
					●	PTC	integrated	into	MAD-X	and	Bmad

MAD-X

Bmad
PTC

AML/UAP

SAD

MAD

NOTE:	
The	widths	of	the	arrows	
indicate	“translatability”.
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➤	Archive	for	examples	of	lagce	transla'on	
					●	MAD-X	svn	repository:	h`p://svnweb.cern.ch/world/wsvn/madx/
branches/madX-SAD/tools/translators/	[Thanks	to	L.	Deniau	and	I.	Tecker]	
					●	Alterna've:	h`p://research.kek.jp/people/dmzhou/SAD/Translator/	
					●	Classified	by	routes	of	transla'ons	
					●	Used	programs:	MAD-X/PTC,	SAD,	Bmad/PTC,	UAP	
					●	Sample	jobs	prepared	for	demonstra'on	and	benchmarks

NOTE:	Please	inform	me	IF	there	are	possible	
copyright	viola'ons!

http://svnweb.cern.ch/world/wsvn/madx/branches/madX-SAD/tools/translators/
http://svnweb.cern.ch/world/wsvn/madx/branches/madX-SAD/tools/translators/
http://svnweb.cern.ch/world/wsvn/madx/branches/madX-SAD/tools/translators/
http://research.kek.jp/people/dmzhou/SAD/Translator/
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➤	Archive	for	examples	of	lagce	transla'on	
					●	Sub-directories	for	SAD	to	MAD-X	transla'on:
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➤	A	benchmark	of	MAD-X	and	SAD:	CLIC	FFS	
					●	Condi'ons:	
									*	Track	“orbit”	for	a	test	par'cle	
									*	No	sou	edge	fringe,	no	solenoid	
					●	Hard	edge	fringe:	SAD	=	PTC	≈	MAD-X	
					●	For	longitudinal	transforma'on:	SAD	=	PTC	≈	MAD-X	(Segngs	for	
PTC:	ICASE=6,	TIME=true)

Courtesy	of	Paul	Thrane

3. Cases of benchmark studies



➤	A	benchmark	of	MAD-X	and	SAD:	CLIC	FFS	
					●	Condi'ons:	
									*	Twiss	with	momentum	offset	
									*	No	sou	edge	fringe,	no	solenoid	
					●	Hard	edge	fringe:	Negligible	
					●	SAD:	High-order	chroma'city	due	to	DRIFT	
					●	MAD-X/PTC:	ICASE=5	(Need	proper	segngs?)

For	a	DRIFT:	

11

�(�, s) = �0 +
s2

�0(1+�)2

Courtesy	of	Paul	Thrane

3. Cases of benchmark studies



➤	A	benchmark	of	Bmad,	PTC	and	SAD:	SuperKEKB	sler_1689	
					●	Benchmark	done	in	2015	
					●	Great	agreement	in	closed	orbit,	even	in	the	complicated	IR	
					●	“Time	patching”	was	treated	differently	
					●	Closed	orbit	(or	“fixed	point”)	is	the	first	thing	to	compare

12

3. Cases of benchmark studies
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Bmad SAD

➤	A	benchmark	of	Bmad	and	SAD:	SuperKEKB	sler_1684	
					●	Benchmark	done	in	2014	
					●	Similar	size	of	dynamic	aperture	
					●	Details	are	different,	showing	minor	differences	for	nonlinear	
maps

13

3. Cases of benchmark studies



➤	A	benchmark	of	Bmad	and	SAD:	SuperKEKB	sler_1684	
					●	Benchmark	done	in	2014	
					●	Similar	footprint	of	tune	spread	
					●	Details	are	different,	showing	minor	differences	for	nonlinear	
maps
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3. Cases of benchmark studies

Bmad SAD



➤	A	benchmark	of	Bmad	and	SAD:	FCC-ee	
					●	Recent	study	by	L.	van	Riesen-Haupt	
					●	Great	agreement	between	MAD-X	and	SAD

15

3. Cases of benchmark studies



➤	A	benchmark	of	Bmad	and	SAD:	FCC-ee	
					●	Recent	study	by	L.	van	Riesen-Haupt	
					●	Discrepancy	against	PTC	might	be	due	to	slicing	(and/or	
integra'on	scheme)?

16

3. Cases of benchmark studies
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➤	Old	findings	
					●	My	talk	to	20th	KEKB	Accelerator	Review	Commi`ee,	Feb.	23,	
2015.

4. Some applications
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4. Some applications
➤	Old	findings	
					●	My	talk	to	20th	KEKB	Accelerator	Review	Commi`ee,	Feb.	23,	
2015.
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➤	Nonlinear	op'miza'on	with	chroma'c	constraints	[by	H.	
Sugimoto,	SuperKEKB	mini-op'cs	mee'ng,	Sep.	8,	2016]	
					●	Chroma'c	βx,y	and	νx,y	correspond	to	RDTs	of	h2000e/h0200e	(X),	
h0020e/h0002e	(Y),	and	h1100e	(X),	h0011e	(Y),	respec'vely

4. Some applications
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➤	Resonance	driving	terms	(RDTs)	indicate	lagce	nonlinearity	

4. Some applications
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➤	RDTs	indicate	lagce	nonlinearity	

4. Some applications
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➤	RDTs	indicate	lagce	nonlinearity	

4. Some applications



23

➤	RDTs	indicate	lagce	nonlinearity	

4. Some applications
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➤	RDTs	indicate	lagce	nonlinearity:	Analy'c	theories	
according	to	J.	Bengtsson,	SLS	Note	9/97	
					●	Linear	chroma'city:	

						●	Chroma'c	beta	func'ons:	

							●	Chroma'c	dispersion:

4. Some applications
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➤	RDTs	indicate	lagce	nonlinearity:	Analy'c	theories	
according	to	J.	Bengtsson,	SLS	Note	9/97	
					●	First	order	geometric	terms	(amplitude-dependent):

4. Some applications



➤	Integra'on	of	RDTs	along	the	whole	ring	
					●	Almost	perfect	cancella'on	of	3rd	order	RDTs	in	the	arc	sec'ons

26

νx-2νy	[(Jx)1/2(Jy)] νx	[(Jx)1/2(Jy)]

νx	[(Jx)3/2]3νx	[(Jx)3/2]

4. Some applications



➤	Integra'on	of	RDTs	along	the	whole	ring	
					●	FFS	contributes	most	of	residual	RDTs
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3νx	[(Jx)3/2] νx	[(Jx)3/2]

νx-2νy	[(Jx)1/2(Jy)] νx	[(Jx)1/2(Jy)]

4. Some applications



➤	Integra'on	of	RDTs	along	the	whole	ring	
					●	Almost	perfect	cancella'on	of	3rd	order	RDTs	in	the	arc	sec'ons

28

3νy	[(Jy)3/2]

2νx-νy	[(Jx)(Jy)1/2] νy	[(Jy)3/2]

νy	[(Jy)1/2(Jx)]

4. Some applications



➤	Integra'on	of	RDTs	along	the	whole	ring	
					●	FFS	contributes	most	of	residual	RDTs

3νy	[(Jy)3/2]

2νx-νy	[(Jx)(Jy)1/2] νy	[(Jy)3/2]

νy	[(Jy)1/2(Jx)]
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4. Some applications



➤	Detuning	along	the	whole	ring	
					●	w/	constraints:	chroma'c	correc'on

30

dβy/dδ

dνx/dδ dνy/dδ

dβx/dδ

4. Some applications



➤	Detuning	along	the	whole	ring	
					●	w/	constraints:	chroma'c	correc'on

31

dβy/dδ

dνx/dδ dνy/dδ

dβx/dδ

4. Some applications



➤	Detuning	along	the	whole	ring	-	second	order	
					●	w/	constraints:	chroma'c	correc'on

32

d2βy/dδ2

d2νx/dδ2 d2νy/dδ2

d2βx/dδ2

4. Some applications



➤	Detuning	along	the	whole	ring	-	second	order	
					●	w/	constraints:	chroma'c	correc'on

33

d2βx/dδ2 d2βy/dδ2

d2νx/dδ2 d2νy/dδ2

4. Some applications



➤	Dispersion	along	the	whole	ring	
					●	w/	constraints:	No	special	control	on	chroma'c	dispersions?

34

dηy/dδ

d2ηx/dδ2 d2ηy/dδ2

dηx/dδ

4. Some applications



➤	Dispersion	along	the	whole	ring	
					●	w/	constraints:	No	special	control	on	chroma'c	dispersions?
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dηx/dδ dηy/dδ

d2ηx/dδ2 d2ηy/dδ2

4. Some applications



➤	Chroma'c	coupling	along	the	whole	ring	
					●	w/	constraints:	Chroma'c	coupling	controlled

36

d2R/dδ2

d3R/dδ3

dR/dδ

4. Some applications



➤	Chroma'c	coupling	along	the	whole	ring	
					●	w/	constraints:	Chroma'c	coupling	controlled

37

dR/dδ d2R/dδ2

d3R/dδ3

4. Some applications



➤	px2py	term:	Compare	SAD	
					●	Hard-edge	fringe	fields	of	final	focus	quads	are	important	sources

38

4. Some applications



➤	px2py	term	
					●	How	quad.	hard-edge	fringes	contribute?

39

Vert.	offsets	in	FF	quads

N.	Ohuchi	et	al.,	IPAC’13

4. Some applications



➤	px2py	term	
					●	How	quad.	hard-edge	fringes	contribute?

40

COD

4. Some applications



➤	px2py	term	
					●	How	quad.	hard-edge	fringes	contribute?	
									+	Magnet	offsets	+	COD	=>	3rd	geometric	terms

41

4. Some applications



➤	Luminosity	calcula'ons		
					●	~1/3	caused	by	px2py	term	(from	FFS,	strength	calculated	by	PTC)	
					●	~1/2	caused	by	chroma'c	effects	(including	interplay	with	
geometric	nonlineari'es?)	
					●	~1/6	minor	contribu'on	from	other	nonlineari'es

42

4. Some applications



➤	Luminosity	calcula'ons		
					●	Important	chroma'c	nonlinear	terms	(specific	to	sler_1689.sad):	
									py2δ,	ypyδ,	pxyδ,	xpyδ	
					●	Basically	SuperKEKB	is	sensi've	to	Y-mo'on	coupled	to	X-	and	Z-
direc'ons

43

4. Some applications



Quadrupole:

Reference	synchronous	par'cle:	

5. Symplectic tracking in SAD

44

➤	Hamiltonian	
					●	Hamiltonian	for	a	rela'vis'c	par'cle	in	an	electromagne'c	field	
in	Cartesian	coordinate	system:	

					●	Hamiltonian	used	in	SAD:	

H =
q
(~p� q ~A)2c2 +m

2
0c

4 + q�

H(x, px, y, py, z, �) =
E

P0v0
� (1 +

x

⇢x
+

y

⇢y
)
q

(1 + �)2 � (px � Âx)2 � (py � Ây)2 � (1 +
x

⇢x
+

y

⇢y
)Âs

P0 = �0m0v0

p = P/P0 = 1 + � px = Px/P0, py = Py/P0

Âx =
qAx

P0
=

Ax

B⇢
, Ây =

qAy

P0
=

Ay

B⇢
, Âs =

qAs

P0
=

As

B⇢

~A ⌘ (Ax, Ay, As) = (0, 0,
1

2
B1(y

2 � x2))
B1 = @By/@x

K1 =
B1

B0⇢
=

eB1

P0Solenoid: ~B = (0, 0, Bs)

~A ⌘ (Ax, Ay, As) = (�1

2
Bsy,

1

2
Bsx, 0)
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➤	A	DRIFT	(L)	is	nonlinear	…	
					●	Hamiltonian	for	a	DRIFT:	

					●	Symplec'c	transforma'on	(exact	solu'on):	

H(x, px, y, py, z, �) =
1

v0

s

p2c2 + (
m0c

2

P0
)2 �

q
p2 � p2x � p2y

x2 = x1 +
px1p

p2�p2
x1�p2

y1

L,

px2 = px1,
y2 = y1 +

py1p
p2�p2

x1�p2
y1

L,

py2 = py1,
z2 = z1 � ( pp

p2�p2
x1�p2

y1

� v
v0
)L = z1 + (1� pp

p2�p2
x1�p2

y1

)L� v0�v
v0

L
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➤	A	DRIFT	with	solenoid	field	(L,	BZ)	
					●	Hamiltonian	for	a	DRIFT	+	solenoid	field:	

					●	Symplec'c	transforma'on	(exact	solu'on):	

				●	The	SOL	element	in	SAD	is	special:	NO	a`ribute	of	L	
				●	The	next	case:	L≠0,	BZ≠0,	K0≠0,	SK0≠0	[Solvable]

H(x, px, y, py, z, �) =
E

P0v0
�
q

p2 � (px + 1
2bzy)

2 � (py � 1
2bzx)

2 bz =
eBz

P0

x2 = x1 +
(1+�) sin�

bz
pxi +

(1+�)(1�cos�)
bz

pyi,

y2 = y1 � (1+�)(1�cos�)
bz

pxi +
(1+�) sin�

bz
pyi,

px2 = pxi cos�+ pyi sin�� bz
2(1+�)y2,

py2 = �pxi sin�+ pyi cos�+ bz
2(1+�)x2,

z2 = z1 +

p
1�p2

xi�p2
yi�1p

1�p2
xi�p2

yi

��v

�
L

� = bzL
(1+�)

p
1�p2

xi�p2
yi

,

pxi = px1 +
bzy1

2(1+�) ,

pyi = py1 � bzx1
2(1+�) ,

�v = v0�v
v0
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➤	Fringe	fields:	Bend	sou	edge	fringe	(From	Bmad	manual)



5. Symplectic tracking in SAD
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➤	Fringe	fields:	Quad.	sou	edge	fringe	(From	Bmad	manual)



5. Symplectic tracking in SAD
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➤	Fringe	fields:	Hard	edge	fringe	(From	Bmad	manual)

Note:	
This	equa'on	is	general,	
applying	for	BEND,	QUAD,	
SEXT,	…	to	arbitrary	order.	
But	BEND	is	special!



5. Symplectic tracking in SAD
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➤	Fringe	fields:	Hard	edge	fringe	for	BEND	
					●	Two	models	found	for	hard-edge	fringe	
								*	E.	Forest:	“Parallel-plate”	shape	(popular	theory)	
								*	Y.	Cai:	Round	shape	(SLAC-PUB-11181,	apply	for	SC	magnets?)

SC	magnet	
(From	S.	Russenschuck’s	textbook,	2010)

Usual	case	
(From	SuperKEKB	TDR)



5. Symplectic tracking in SAD

51

➤	Fringe	fields:	Hard	edge	fringe	for	BEND	
					●	Maxwellian	solu'on	for	hard-edge	dipole	field	
								*	G.	Lee-Whi'ng	et	al.	=>	E.	Forest	et	al.	
								*	S.	Caspi	et	al.	=>	M.	Basseg	et	al.	=>	Y.	Cai	et	al.

The	model	for	harmonics	expansion.	
The	field	is	confined	inside	a	circle	

with	r<r0	
(From	S.	Russenschuck’s	textbook,	

2010)

The	model	for	wide	magnet.	
The	filed	is	confined	at	region	of	

	-b<y<b	and	-∞<x<∞
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➤	Fringe	fields:	Hard	edge	fringe	for	BEND	
					●	Maxwellian	solu'on	for	hard-edge	dipole	field	
								*	G.	Lee-Whi'ng	et	al.	=>	E.	Forest	et	al.	
								*	S.	Caspi	et	al.	=>	M.	Basseg	et	al.	=>	Y.	Cai	et	al.

Ay 6= 0Ay = 0
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➤	Fringe	fields:	Hard	edge	fringe	for	BEND	
					●	Maxwellian	solu'on	for	hard-edge	dipole	field	
								*	G.	Lee-Whi'ng	et	al.	=>	E.	Forest	et	al.	
								*	S.	Caspi	et	al.	=>	M.	Basseg	et	al.	=>	Y.	Cai	et	al.

Field	distribu'on	with	hard-edge:	Field	distribu'on	with	hard-edge:	



5. Symplectic tracking in SAD
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➤	Fringe	fields:	Hard	edge	fringe	for	BEND	
					●	Maxwellian	solu'on	for	hard-edge	dipole	field	
								*	G.	Lee-Whi'ng	et	al.	=>	E.	Forest	et	al.	
								*	S.	Caspi	et	al.	=>	M.	Basseg	et	al.	=>	Y.	Cai	et	al.

Implemented	in	SAD:

Apply	for	LHC	and	FCCs?:



5. Symplectic tracking in SAD
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➤	Solenoid	region	
					●	The	most	complicated	part	in	SAD	
					●	SAD	uses	GEO	and	BOUND	to	define	a	solenoid	region	
					●	Acceptable	elements	inside	solenoid	region:	DRIFT,	
BEND(ANGLE=0),	QUAD	and	MULT	
					●	To	simplify	the	transforma'on:	In	a	SOL	region,	the	coordinate	is	
shiued	on	the	axis	of	the	solenoid,	no	ma`er	how	the	design	orbit	
bends	there.
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➤	Solenoid	region	
					●	DRIFT	with	BZ≠0	
					●	BEND	with	BZ≠0:	L≠0,	K0≠0,	SK0≠0,	ANGLE=0	[Solvable]	
					●	QUAD	with	BZ≠0:	L≠0,	K1≠0,	SK1≠0	[Solvable?]	
					●	The	general	case:	MULT	with	BZ≠0	[Need	mul'-step	integra'on]	
									*	Step	1:	Solenoid	fringe	at	the	entrance	
									*	Step	2:	Rota'on	of	coordinate	to	cancel	SK1	
									*	Step	3:	Calculate	the	number	slices	for	tracking	
									*	Step	4:	Nonlinear	Maxwellian	fringe	map	at	the	entrance	
									*	Step	5:	Linear	sou	edge	fringe	at	the	entrance	
									*	Step	6:	Body	part	using	“driu-kick-driu”	integra'on	
									*	Step	7-11:	Maps	at	exit



Solenoid	axis
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➤	Tilted	solenoid:	FCC-ee	as	an	example	
					●	SAD:	Orbit	patching	

					●	Beam	line:	(-ES3L	-LX2	-ES2L	-LX1	-ES1L	-IP	IP	ES1R	LX1	ES2R	LX2	ES3R)
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➤	Lagce	transla'on	
					●	Translators	collected	
					●	Examples	uploaded	to	MAD-X	svn	repository	and	my	webpage	
					●	Benchmark	of	SAD,	Bmad	and	MAD-X/PTC	for	several	projects	
➤	Applica'ons	
					●	Synchrotron	radia'on	simula'on	using	Bmad	(Synrad3D)	
					●	RDT	calcula'ons	using	PTC	
					●	Analysis	of	lagce	nonlinearity	in	SuperKEKB	and	simula'ons	of	
beam-beam	with	nonlinearity	
➤	Future	plan	
					●	Translators	to	be	improved	(joint	efforts)	
					●	Accelerator	design/simula'ons:	Applica'ons	


