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ESRF DBA Cell Present ESRF lattice 
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Low emittance: 
Careful tuning of 𝛽x and 
𝜂x in the dipoles (where 
the radiation occurs) 
 
𝛽x: envelope function 
𝜂x: dispersion 

Courtesy of Raimondi 

Dipole 



Comments 

•  Dispersions at the undulator positions are 
not zero 
– Smaler at lower horizontal beta 

•  There are dispersions at all positions of 
sextupole so that local chromatic 
correction is possible 

•  Dispersion and horizontal beta are 
minimized at dipole positions 
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DBA -Lattice 
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With βmin and s* the emittance for 
the DBA-lattice is: 

 

 

In reality however it is a factor 3 to 
4 higher.  
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              DBA - Structure 
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TME –Lattice gives the smallest emittance 
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The emittance is by a factor of 3 smaller as for the 
DBA structure 
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              TME - Structure 
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Introduction to Lattice Design 
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  Longitudinal Bending Gradient   
{	..-Programme\Storage	Ring.-Progr\OPA\Dateien\SLS\Andreas-SLS-lgcell5.opa	}
	
{-----	Global	parameters	(units:	GeV,	m,	rad)	-------------------------------}
	
	
Energy	=	2.400000;
	
				BetaX			=	4.1584271;	AlphaX		=	0.0000000;
				EtaX				=	-0.0006142;	EtaXP			=	0.0000000;
				BetaY			=	5.7335963;	AlphaY		=	0.0000000;
				EtaY				=	0.0000000;	EtaYP			=	0.0000000;
				OrbitX		=	0.0000000000;	OrbitXP	=	0.0000000000;
				OrbitY		=	0.0000000000;	OrbitYP	=	0.0000000000;
				OrbitDPP=	0.0000000000;
	

2.5	GeV

φ = 12

TME-Cell, E = 2.5 GeV, ε = 1.79 nmrad

Qf
Qd Qf

Qd
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  Longitudinal Bending Gradient   

TME-Cell with longit. and transv. gradient, E = 2.4 GeV, ε = 0.48 

φ = 12 degrees
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2.5o 2.5o

ACHROMAT, L = 34 m, ϕ=30o

Unit Cell MatchingSectionMatchingSection

The	layout	for	the	diffrac1on	limited	light	source	u1lizing	the	MBA	structure.	
The	bending	magnets	in	the	unit	cell	with	a	deflec1on	of	5	degrees	and	the	
matching	sec1on	with	an	angle	of	2.5	degrees.	The	la@ces	got	the	acronym	DIFL	
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Towards	a	Diffrac-on	Limited	Light	Source		



QF QFSh ShSv SvDefoc. - Bend

The	arrangements	of	the	magnets	within	a	unit	cell	of	the	mul1	bend	
Achromat	and	the	corresponding	machine	func1ons.	The	parameters	of	the	
magnets	are:	Bending:	L=0.931482	m,	ρ=10.674	m,	B	=	0.93749	T,	k=-0.900	m-2	;	
QF:	L	=0.35	m,	k=1.992	m-2,	g=19.92	T/m,	g*L	=	6.972	T;	Sh:L=	0.1	m,	
m=53.347m-3,	ΣSh*L=5.335	m-2	;	Sv:	L=0.2	m,	m	=	-42.730	m-3,	ΣSv*L=8.546	m-2	

      Unit Cell of DIFL-Lattice   

TME Structure, E = 3.0 GeV, ε = 0.5 nmrad, φ = 5 degr. 



Emi\ance	of	the	unit	cell	as	
a	func1on	of	the	strength	of	
the	focusing	quadrupole.	

Horizontal	chroma1city	
of	the	unit	cell	of	the	
la@ce	DIFL	

      Characteristics of Unit Cell    
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Dynamic	aperture	of	the	unit	
cell	for	the	energy	devia1ons	
of	Δp/p	=	-3%		(green	line),	Δp/
p	=	0%	(blue	line),	Δp/p	=	3%	
(red	line).	
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      Characteristics of Unit Cell    

  Low Emitt.-Lat.-Design: MBA-Designs, D. Einfeld                                                                         Barcelona: 23-24th April 2015 



Machine	func1on	of	the	chosen	la@ce	DIFL	for	
the	proposed	diffrac1on	limited	light	source	

             Lattice of DIFL (7BA)    
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E=3.0 GeV, ε=500 pm*rad, C=404 m, N=12 



Dynamic	aperture	of	la@ce	DIFL	for	
the	energy	devia1ons	of	Δp/p	=	-3%		
(red	line),	Δp/p	=	0%	(black	line),	Δp/
p	=	3%	(blue	line).	

           Characteristics of DIFL    

X(s)=2*1.33*η(s)*(ΔE/E) 

A(s)=(X(s)^2)/ β(s), (ΔE/E)=3% 

A=5 mm*mrad, β(s=0)=5.2 m/rad 
⇉ E(0)= +/- 5.2 mm 
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                 Summary (1995)     

 1995:According to this investigation it should be possible  
to build Synchrotron Light Sources with an reduction of the 
emittance by a factor of 10 in comparison to the existing 
machines. 
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Parameters:	

E	=	3.0	GeV	

C	=	287.2	m	

N	=	12	fold	

ϕ	=	4.67	degr.	

εx=	1.2	nmrad	

l		=	4.6	m		

βx=	7.6	m/rad	

βy=	1.7	m/rad	
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      First proposal of MAX IV (2003)     
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      Layout of MAX IV (2014)     
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MAX-IV: 7-MBA Structure, E = 3.0 GeV, ε = 326 pmrad, N = 20, C = 528 m 
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      Layout of MAX IV (2014)     
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Simon	C.	Leemann
6th	Low	Emi1ance	Rings	Workshop,	SOLEIL,	October	26–28,	2016

3	GeV	Storage	Ring	Commissioning	(cont.)

41

• First	a1empts	at	measuring/adjusEng	linear	chromaEcity
• First	light	seen	on	diagnosEc	beamline	Nov	2

Photo	courtesy	Å.	Andersson

IPAC’16,	WEPOW034



• First	a1empts	at	measuring/adjusEng	linear	chromaEcity
• First	light	seen	on	diagnosEc	beamline	Nov	2
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3	GeV	Storage	Ring	Commissioning	(cont.)
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Sigma polarized SR, 632.8 nm, SRW calculation (left) and measured image (right). The simulation is

done for εx = 320 pm rad, βy = 1.5 m.

Both figures show a 2 x 2 mm^2 area of the image plane.

The fringe pattern is too weak to be visible.

Optical magnification of m=-2.28 is taken into account in the SRW model

Horizontal opening angle: 6 mrad

Vertical opening angle: 8 mrad

Exposure time: 2.9 ms Courtesy	J.	Breunlin

SRW	simulaLon Measurement

εx	=	320	pm	rad,	βx	=	1.5	m 2	mm	×	2	mm

IPAC’16,	WEPOW034

to avoid image blurring from mechanical vibrations during
long exposure times.

The beamline front-end outside the radiation shielding
holds an optical table with a polarizing beam splitter (Glan-
Taylor prism), wavelength filters and the CCD camera. By
using the ordinary ray from the polarizer time resolved mea-
surements of SR with a sampling oscilloscope or a photo-
diode can be done simultaneously to SR imaging.

MODELING THE BEAMLINE
Images of the electron beam with SR in the IR-vis-UV

range are highly dominated by effects inherent to SR emis-
sion and diffraction. These effects are theoretically pre-
dictable and it is thus possible to derive both the horizontal
and vertical electron beam sizes from imaged SR. The theo-
retical calculations were done in the Synchrotron Radiation
Workshop (SRW) [5,6]. SRW is based on near-field calcu-
lations and preserves all phase information of the SR witch
is emitted by the ultra-relativistic electron beam along its
curved trajectory in the bending magnet. The SRW model
of our beamline contains the varying bending magnet field
as well as relevant optics such as apertures and the lens.

VERTICAL BEAM SIZE
MEASUREMENTS

Vertical intensity profiles of imaged π-polarized SR offers
vertical beam size resolution by evaluating the intensity ratio
of maxima and minima in the diffraction pattern, see [1].
Such a profile is shown in Fig. 3 for an imaging wavelength
of 488 nm at 1 nm bandwidth. Since in the present state
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Figure 3: Vertical profile of imaged π-polarized SR at
488 nm wavelength. Measurement (blue dots) and SRW
calculation (red lines). The vertical beam size is 11.5 µm.

of the MAX IV 3 GeV storage ring coupling and spurious
vertical dispersion are not yet minimized it is not required to
image in the near-UV. The diagnostic beamline is, however,
prepared for wavelength ranges down to 250 nm in order to
resolve vertical beam sizes less than 3 µm.

By introducing diffraction obstacles that cover various
vertical angles of the SR (see Fig. 4), complementary mea-
surement methods with a potentially higher sensitivity to

the vertical beam size become available [2]. The obsta-
cle heights range from 4.5 mm to 9 mm (from 1.83 mrad to
3.66 mrad vertical angle). A vertical profile measured using
the obstacle diffractometer is shown in Fig. 5.
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Figure 4: Schematic of the obstacle diffractometer technique.
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Figure 5: Vertical profile of imaged σ-polarized SR with
5 mm diffraction obstacle at 488 nm wavelength. Measure-
ment (blue dots) and SRW calculation (red lines).

When using a double-slit with a narrow slit widths 2a the
SR diffraction pattern can be predicted by analytical expres-
sions [2, 4], see Fig. 6. These analytical expressions hold as
long as the intensity variation over the slits, originating in the
non-isotropic emission of SR, is small. Due to the narrow
slits the intensity on the detector is, however, decreased by a
factor 5 compared to a diffraction obstacle of same height.

Table 1: Summary of Vertical Beam Size Measurement
Results

obstacle σy [µm]
height [mm] π-pol. σ-pol.
- 11.5 ± 0.23 -
4 11.3 ± 0.17 10.5 ± 0.20
5 11.3 ± 0.21 10.7 ± 0.18
6 11.0 ± 0.15 10.7 ± 0.17
9 11.3 ± 0.21 10.6 ± 0.16

The beamsize results achieved with π-polarized imaging
and with the obstacle diffractometer methods are shown in
Table 1. With the combined result for the vertical beam
size of 11.0±0.4 µm combined with beta functions from first
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σy	=	11.5	±	0.23	μm
εy	=	6.4	±	0.9	pm	rad



• Cell packed with magnets 

• Stronger focusing: tunes 36.44/13.39 → 75.66/27.60 
• Chromaticity: -130/-58 → -102/-75 

• Smaller 𝛽 functions Chromaticity correction needs 

• Smaller dispersion stronger sextupoles 

• Less radiated power (x2 less) 

New lattice 
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Preliminary features: 

• 2 dipole families 
• 1 with gradient 

• 7 quadrupole families 

• 2 sextupole families 

• ID straight: 

5 m long instead of 

7.84 m (in “6 m” section) 

• No more alternating high- 

and low-𝛽 sections 

New lattice 
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New Lattice 
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• Weak bending magnet with strong gradient 

• Equivalent to a quadrupole of 33 T/m offset by 1.5 cm 

• Strong quadrupoles 

• Strong sextupoles 

• Dynamic aperture comparable (factor 1-3 smaller) with 

the present lattice 

- Chromatic correction made with “standard”sextupoles 

- Total bend length more than doubled => energy lost 

in synchrotron radiation halved 

 

ESRF New lattice 

Dipole [T] 0.86 0.49 

Quadrupole [T/m] 17 (25) 112 

Sextupole [T/m2] 460 1650 



Summary 
•  We have seed how the lattices were evolved from DBA, 

TME to MBA, HMBA. There are many key innovations, 
among them, 
–  Compact magnets 
–  Stronger transverse gradient bends 
–  Longitudinal gradient bends 
–  “-I” paired chromatic sextupoles 
–  Dispersion bumps 
–  Harmonic sextupoles 
–  Better chromatic corrections 
–  Resonance mitigations and cancellations 

•  Lattice design is also an art. There is its intrinsic beauty.  
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