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BTF

X-ray   900 - 3000 eV

IR    1.24 meV - 1.24 eV

UV   2 - 10 eV

The	DAΦNE	Accelerator	Complex

LNF	are	also	part	of	the	European	
synchrotron	light	Infrastructures

e+ e-

C ≈ 97 m
ECM = 1.02 GeV (Φ)

Frascati National	Laboratories	(LNF)
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Energy, GeV 0.51

Circumference, m 97.69

RF Frequency, MHz 368.26

Harmonic Number 120

Damping Time, ms 17.8/36.0

Bunch Length, cm 1-3

Emittance, mmxmrad 0.34

Coupling, % 0.2-0.3

Beta Function at IP, m 1.7/0.017

Max. Tune Shifts .03-.04

Number of Bunches 111

Max.Beam Currents, A 2.4/1.4

DAΦNE	Parameters
(original configuration)

FINUDA (DEAR)

KLOE

“Proposal for a Φ-factory”, LNF-90/031 (IR),1990.
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NEW	COLLISION	
SCHEME

KLOE 3.0
FINUDA 1.2
DEAR 0.2

Llogged (fb-1)	2001÷2007

Lpeak had	a	remarkable	evolution	mainly	due	to	several	machine	upgrades
Experiments	took	data	one	at	the	time,	although	DAΦNE	had	been	originally	
conceived	as	collider	with	two	IRs



• β∗y ~ σz  to avoid hourglass effect

• Long-range beam-beam interactions 
causing τ+ τ- reduction limiting I+MAX I-MAX

and  consequently Lpeak and L∫

• Transverse size enlargements due to the 
beam-beam interaction
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Lpeak ~ 1.6 1032 cm-2 s-1 was the maximum luminosity achievable 
in the original DAΦNE configuration due to:

A new conceptual approach was necessary to reach L~1033

Collision scheme based on Large Piwinski angle and Crab-Waist

Rationale for	the	Upgrade
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Lpeak ~ 1.6 1032 cm-2 s-1 was the maximum luminosity achievable in the original 
DAΦNE configuration due to:

A new conceptual approach was necessary to reach L~1033

Collision scheme based on Large Piwinski angle and Crab-Waist

Rationale for	the	Upgrade
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Large Piwinski angle Φ obtained by:
small σx

large  θ

Large Piwinski angle

• low ζx
• Lgeometric gain
• no parasitic crossing

New IR magnetic layout

• Splitter magnets and compensator 
solenoids removed

• New low-β
• Sector dipols around IP rotated
• large collision angle ~ 50 mrd
• Four C type corrector dipoles used to 

mach the vacuum chamber in the arc
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Small βy
* in fact the bunch overlap lenght Σ is:

Lower β*
y possible

New low-β section
•low-beta section based on PM QUADs:

KQD =  -29.2  [T/m]
KQF =  12.6  [T/m]

•e+ e- vacuum chambers separate after QD

• Lgeometric gain
• low ζy
• Vertical synchro-betatron 

resonances suppression

0.54 m

Only 1 parasitic crossing 
εx ~ .26 µm -> ΔxPC~ 40 σx

IP
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Collision with large Φ is not a new idea …..

Crab-Waist transformation is !
(P.Raimondi et al., 2006)

Crab-Waist compensation

sextupole (anti)sextupole

IP

• Lgeometric gain
• x-y synchro-betatron and 

betatron resonance 
suppression

P. Raimondi et al., arXiV:physics/0702033
C. Milardi et al., Int.J.Mod.Phys.A24, 2009
M. Zobov et al., Phys. Rev. Lett. 104, 2010
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Crab-Waist transformation is !
(P.Raimondi et al., 2006)

Crab-Waist Compensation

sextupole (anti)sextupole

IP

• Lgeometric gain
• x-y synchro-betatron and 

betatron resonance
suppression

P. Raimondi , 2° SuperB Workshop, March 2006
P.Raimondi, D.Shatilov, M.Zobov, physics/0702033
C. Milardi et al., Int.J.Mod.Phys.A24, 2009
M. Zobov et al., Phys. Rev. Lett. 104, 2010
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Crab-Waist Sextupole Parameters

Luminosity (arbitrary unit) and Beam tails versus waist rotation χ

χ nominal 0.6
χ used value 0.5  

CW-Sextupoles are high strength magnets

χ = 

L= 0.491         L = 0.898        L = 0.996             L = 1.          L = 1.007        L = 0.968        L = 0.888
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Lifetrack D. Shatilov



DAΦNE
KOE

DAΦNE 
Upgrade

θcross/2 (mrad) 12.5 25

εx (mmxmrad) 0.34 0.26

βx* (cm) 160 26

σx* (mm) 0.70 0.26

ΦPiwinski 0.6 1.9

βy* (cm) 1.80 0.85

σy* (µm) low current 5.4 3.1

Coupling, % 0.5 0.5

Ibunch (mA) 13 13

σz (mm) 25 20

Nbunch 110 110

L (cm-2s-1) x1032 1.6 5

DAΦNE

DAΦNE Upgrade

Beam	distribution	@	IP

DAΦNE	Upgrade	Parameters

•In	2007	the	DAΦNE	accelerator	complex	has	been	upgraded	in	order	to	implement	a	new	collision	scheme	
based	on	large	Piwinski angle,	low–β and	Crab-Waist	compensationof	the	synchrobetatron resonances

•The	upgrade	took	~	five	months
•Since	May	2008	DAΦNE	is	delivering	luminosity	to	the	SIDDHARTA	experiment.
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Crab-Waist Compensation First	Experimental Evidence

Transverse	sizes	(left)	and	luminosity (right)	dependence	
on	the	CW-Sextupole excitation	in	the	e- ring

{
CW	 SXT	OFF

e-

Beam transversesize measured at the	SLM

e+

{

CW	 SXT	OFF

Luminosity from	2	differentmonitors

{CW	 SXT	OFF

{CW	 SXT	OFF

{CW	 SXT	OFF

Luminosity	as	a	function	of	
colliding	currents
CW-Sextupole excitation
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•Large	crossing	angle	and	Crab-Waist collisions	proved	to	be	
effective	in	increasing	luminosity	by	a	factor	3

•The	DAΦNE collider,	based	on	the	new	collision	scheme	including		
Large	Piwinski	angle	and	Crab-Waist,	has	been	successfully	
commissioned	achieving	record	performances

Lpeak=	4.5*1032 cm-2	s-1
L∫1	day=	15.0	pb-1	
L∫1	hour	=	1.033	pb-1	
L∫run~	2.8	fb-1 (delivered	 in	18	months)

Crab-Waist collisions and	SIDDHARTA

Design value 3.1µm
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Peak Luminosity

Specific	Luminosity:
•Drops	with	the	product	of	the	colliding	currents	due	to:

residual	beam-beam	blow	up
bunch	lengthening

•At	low	currents	is four	times	higher than	in	the	original	
configuration	without	Crab-Waist

•improvement	is	underestimated	since	collisions	are	
optimized	mainly	at	high	I

ξy (MAX) ~ 0.0443

105 bunches
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DAΦNE	Luminosity and	Tune Shift

KLOE
(Spt 2005)

FINUDA
(Apr	2007)

SIDDHARTA	CW
(Jun 2009)

Luminosity
[1032 cm-2s-1]

1.53 1.6 4.53

I(ele)	[A] 1.38 1.50 1.52

I(pos)	[A] 1.18 1.1 1

nb 111 106 105

εx [mm	mrad] 0.34 0.34 0.28

βx [m] 1.5 2. 0.25

βy [cm] 1.8 1.9 0.9

ξ 0.0245 0.0291 0.0443	(0.074)
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Weak-Strong	Tune	Shift

CW OFF CW ON Optimal CW
crab=0.5 vs 

crab=0.5
crab=0.8 vs 

crab=0.8
gauss vs 

gauss

ξy = 0.074

Crab-Waist compensation works in weak-strong regime also, 
and measured luminosity is in good agreement with Lifetrack
code (D. Shatilov) predictions
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Strong-Strong	Beam-Beam Simulations

Single Bunch Luminosity

Crab Waist On

Crab Waist Off

about 20% lower

(Damping time = 110.000 turns)

105 bunches

4.53E+32
1523 1002

(K. Homi)



Crab-Waist Collision Scheme &	Luminosity
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ORIGINAL	COLLISION	SCHEME:
KLOE	2005	ψ =	0.6	β∗y =	18.	[mm]
KLOE	2002	ψ =	0.3	β∗y =	25.	[mm]

20% L reduction at high currents because of bunch lengthening due to the 
ring impedance. L ∝1/σ z in Large Piwinski Angle & Crab-Waist regime.

NEW	COLLISION	SCHEME:
Large	Piwinski angle			ψ =	1.9	
Low β∗y                       β∗y =	9.0	[mm]
CW-Sextupoles χ = 0. 6

CW-Sextupoles off
larger transverse beam size blowup
sharp lifetime reduction
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Luminosity at	DAΦNE	2001	÷ 2009

Crab-Waist	
COLLISION	SCHEME

De
sig

n	
Go

al

SIDDHARTA (DEAR)

A	factor	3	higher	luminosity	achieved	
without	increasing	beam	currents

No	evidence	of	vertical	BB	saturation	
with	CW-Sextupoles on	(ξy = 0.044)

LRBB	interaction	cancelled
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Integrating the high luminosity collision scheme with a large
experimental detector introduces new challenges in terms of:

IR	layout
optics
beam acceptance
coupling correction

KLOE-2	run

Crucial	Points:
IR	optics	complying	with:

Low-β
Crab-Waist	collision	scheme
Coupling	compensation
Beam	trajectory	control

IR	mechanical	design	allowing:
Large	crossing	angle
Early	vacuum	pipe	separation	after	IP	inside	the	detector



KLOE-2	IR

SIDDHARTA	IR

10	m

C. Milardi et al 2012 JINST 7 T03002.
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low-β



•The	beam	trajectory	in	the	IR	is	an	order	of	
magnitude	larger	than	in	the	past	KLOE	run	due	
to:

larger	crossing	angle
stronger	first	low-β quadrupole (PMQD)
experimental	solenoidal field

•A	Permanent	Magnet	Dipole is	used	to	keep	
under	control	the	vertical	beam	trajectory.

Beam	Trajectory	in	the	new	IR

Magnetic	 length	 (mm)	 75	 	
field	 (T)	 0,22933	 	
Good	 field	 region	 radius	 (mm)	 15		
Magnet	material	type	SmCo

PMD	consists	of	two	halves	each	of	them:
• Magnetic	length	75.0	mm
• BL	=	0.0168	Tm
• Bx is	directed	inward	and	outward	in	the	e+	and	
e- rings	respectively

• αy ~	10.0	mrad

QUADs	are	centered	as	much	as	possible	on	the	beam	trajectory	
to	improve	beam	acceptance.
Vacuum	chamber	design	is	very	much	simplified: straight	
sections	and	few	bellows
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C. Milardi et al 2012 JINST 7 T03002.

Betatron Coupling	correction
Z from the IP 

[m]
Quadrupole rotation angles [deg]

Anti-solenoid current [A]

PMQDI101 0.415 0.0

PMQFPS01 0.963 -4.48

QSKPS100 2.634 used for fine tuning

QUAPS101 4.438 -13.73

QUAPS102 8.219 0.906

QUAPS103 8.981 -0.906

COMPS001 6.963 72.48 (optimal value 86.7)

In order to have coupling compensation 
also for off-energy particles

Fixed QUAD rotations
Κ is expected to be lower than for KLOE 
past

ΚKLOE1 = 0.2 ÷ 0.3 %

∫KLOEB•dl canceled by 2 anti-solenoids 
for each beam
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Crab-Waist Collisions for	KLOE-2

Operations	with	the	Crab-Waist	collision	scheme	and	the	KLOE	
detector	have	been	organized	in	four	stages:

July	2010	- Dec	2012
• KLOE	rolled	in	and	the	new	IR	based	on	CW	Collision	Scheme	
installed

• Collision	tested	despite	 high	fault	incidence
• Physics	run	with	a	pure	C	target	(100	pb-1)
• Peak	instantaneous	 luminosity	1.52•1032 cm-2s-1

Dec	2012	- Jul	2013
• IR	extracted	mended	and	modified	
• Detector	upgrade	KLOE	->	KLOE-2
• Several	component	and	subsystems
replaced,	maintained	and	upgraded

Jul 2013	- Nov	2014
• Infrastructural	problems	affecting	the	whole	Lab
• Commissioning

Mid	Nov	2014
• KLOE-2	systematic	data	taking
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C. Milardi et al ICFA Beam Dynamics No.67
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Integrated Luminosity



Weekly Integrated Luminosity
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Hourly Integrated luminosity

L∫1	hour	=	0.620	pb-1	

L∫day ≈	14.8	pb-1	

•Collisions suitable for	KLOE-2	
data	taking

•Background	compatible with	
an	efficient acquisition

•L∫1	hour	is the	highest ever
measured with	the	KLOE	
detector
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24	Hours	Integrated luminosity

L∫24	hous≈	14.03	pb-1								delivered

L∫24	hous≈	12.35	pb-1								acquired
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DAΦNE CW upgrade
SIDDHARTA (2009)

DAΦNE CW
KLOE-2 (2015)

Lpeak [1032 cm-2s-1] 4.53 (5.0) 2.1
L∫day [pb-1] 14.98 14.03
L∫1 hour   [pb-1] 1.033 0.62
I-MAX in collision [A] 1.52 1.129
I+MAX in collision [A] 1.0 0.885

Nbunches 105 105

Maximum	Peak	Luminosity	so	far

Still	the	full	potential	of	
the	new	CW collision	
scheme	has	not	been	
completely	exploited



The	new	collision scheme including Large	Piwinski angle	and	Crab-
Waist compensation of	the	beam-beam interactionshas proved to	be	a	
viable approach to	increase the	luminosity of	the	DAΦNE	collider

• It has been succesfully tested and	routinelly used during the	SIDDHARTA	run
when a	factor 2.7	higher instantaneous luminosity has beenmeasured

• Crab-Waist collision scheme has also been the	leading concept in	designing the	
new	IR	for	the	KLOE-2	experiment..		KLOE-2	is currently taking data	profiting
from	a	daily integrated luminosity comparablewith	the	best	ever measured at
DAΦNE,	despite the	instantaneous luminosity gain	is still a	factor 2	lower wrt
the	one measured with	the	SIDDHARTA	optics.

• The	KLOE-2	run has also clearly assessed the	Crab-Waist collision	scheme	
effectiveness	even	in	presence	of	a	large	detector including	high	intensity	
solenoidal field

• The	Crab-Waist collision scheme has been considered to upgrade one of 
the LHC interaction regions

• The design study of several new circular colliders includes the CW  
collision scheme as a main design concept.
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Conclusions
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Thank	you	for	your	attention

M. Schulz

M. Schulz

Simple,
by	using	CW	Collision	Scheme!

LNF™

….	let	me	joke


