
Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 1

Low Emittance Lattices 

Alex Bogacz

Jefferson Lab



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 2

Outline

▪ Radiation Damping re-cap

▪ Lattice optimizations, mitigation of synchrotron radiation effects

▪ Equilibrium emittance and storage ring lattice design

▪ Emittance preserving lattices

▪ Examples of low emittance lattices, natural emittances:

▪ FODO Lattices

▪ Double/Triple/Multi Bend Achromat Lattices (DBA, TBA, MBA )

▪ Theoretical Minimum Emittance Lattice (TME).

▪ Flexible Momentum Compaction Lattice (FMC)

▪ A. Wolski, University of Liverpool and the Cockcroft Institute, CAS 2009.
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▪ When we talk about low-emittance lattices we typically refer to electron or 

positron ring, which suffers significantly from synchrotron radiation and 

develops equilibrium emittances.

▪ Achieving low-emittance is crucial both for e+e− and e −Ion colliders (remember 

the expression for the luminosity), for circular light sources, where smaller 

emittance means better spatial coherence of the delivered synchrotron radiation.

▪ Low-emittance lattices can also be found in non-circular machines: for instance 

to contain the emittance dilution when transporting a highly radiating beam in a 

transfer line, e.g. Recirculating Linear Accelerators and Energy Recovering 

Linacs.

▪ Synchrotron radiation is present also in high energy proton machines (nice 

diagnostic tool in the LHC), but its effect does not perturb the dynamics to the 

point of influencing the lattice design.

Why Low Emittance?
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Radiation Damping  Re-cap

▪ In the previous lecture we have:

▪ Discussed the effect of synchrotron radiation on the 

(linear) motion of particles in storage rings;

▪ Derived expressions for the damping times of the 

vertical, horizontal and longitudinal emittances;

▪ Discussed the effects of quantum excitation, and derived 

expressions for the equilibrium horizontal and 

longitudinal beam emittances in an electron storage ring.
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Radiation Damping − Summary
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Equilibrium Emittances − Summary
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Synchrotron Radiation Integrals − Summary 
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Lattice Examples

▪ Practical implementations, Natural emittace:

▪ FODO

▪ DBA (Double Bend Achromat), TBA (Triple-), MBA 

(Multi-)

▪ TME Theoretical Minimum Emittance)

▪ FMC (Flexible Momentum Compaction)
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Calculating the Natural Emittance in a Lattice
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 

1l
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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FODO Lattice − Natural Emittance 
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DBA Lattice − Natural Emittance 
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1

DBA Lattice − Natural Emittance 

s
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Propagation of  Dispersion through a Dipole + Drift 
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DBA Lattice − Natural Emittance 
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DBA Lattice − Natural Emittance 
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Propagation of  Twiss Functions and Dispersion 
through a Dipole 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 26

DBA Lattice − Natural Emittance 
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DBA Lattice − Natural Emittance 
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TME Lattice − Natural Emittance 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 29

TME Lattice − Natural Emittance 
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TME Lattice − Natural Emittance 
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TME Lattice − Natural Emittance 
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Lattice Examples
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▪ Dispersion suppressed by a single quad flanked by a pair of bends. Additional 

mirror-symmetric pair of doublets provides hor/ver phase stability.

▪ The resulting lattice is mirror-symmetric rather than periodic  

DBA Cell 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 34

▪ To get a periodic cell, use the doublets as matching quads to impose x/y = 0 

condition at both cell ends.

DBA Cell 
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▪ One may extend a periodic cell by adding drifts on both sides, and using the 

doublets as matching quads to impose x/y = 0 condition at both cell ends.

DBA Cell 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 36

▪ A single bend flanked by a pair of mirror-symmetric doublets. Both the dispersion 

and the horizontal  beta are ‘squeezed’ at the bend by the doublets, which also 

provide hor/ver phase stability.

▪ The resulting lattice is periodic, but its is not an achromat  

TME Cell 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 37

FMC (Flexible Momentum Compaction) Cell 

▪ Dispersion suppressed by a quad triplet flanked by a pair of bends. Additional 

singlet provides hor/ver phase stability. The resulting cell is periodic.
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FMC (Flexible Momentum Compaction) Cell 

▪ Adjusting both the quad triplet and the singlet in a periodic cell one can ‘drive’ 

the dispersion negative, which results in a negative momentum compaction, M56. 

▪ This cell architecture supports a vast range of M56 values, hence its name, FMC. It 

can also be tuned to the isochronous condition, M56 = 0. 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 39

( )

13

2

15

0

5 3 2

2 2

55
3.8319 10 m,

32 3

2.818 10 m,

2
,

2 ' '

: 0,

q

c
C

mc

r

HH
ds

H D DD D

total bend of the arc




 

  

 

−

−

= = 

= 

= =  

= + +           

         



h
6

0 5

2

3 2

N

qC r


  


=      

Emittance Growth due to Quantum Excitations

6

0 2

2

3

N

qC r H


 


=     0180 :for arc       =



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 40

52.35990

5
0
0

0

0
.5

-0
.5

B
E

T
A

_
X

&
Y

[m
]

D
IS

P
_
X

&
Y

[m
]

BETA_X BETA_Y DISP_X DISP_Y52.35990

5
0
0

0

0
.5

-0
.5

B
E

T
A

_
X

&
Y

[m
]

D
IS

P
_
X

&
Y

[m
]

BETA_X BETA_Y DISP_X DISP_Y52.35990

5
0
0

0

0
.5

-0
.5

B
E

T
A

_
X

&
Y

[m
]

D
IS

P
_
X

&
Y

[m
]

BETA_X BETA_Y DISP_X DISP_Y

Arc Optics – Cumulative Emittance Growth 

total emittance increase (all 5 arcs):  x
N = 1.25 × 4.5 m rad =5.6 m rad 

   

Arc 1 , Arc2

6 2 2

0 2

2
, 2 ' '

3

N

qC r H H D DD D


    


=                = + +

TME-like Cell DBA-like Cell Isochronous Cell 

Arc 3 Arc 4 , Arc5

3 1.2  10  H m−= 3 8.8  10  H m−= 
3 2.2  10  H m−= 



Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility

Lecture 11 - Low Emittance Lattices USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 41

Equillibrium Emittance − Quantum Excitations
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Summary: FODO, DBA and TME lattices 
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Design for Low Emittance Lattices 
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Summary 
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Summary cont. 
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‘Modern Light Source’ Low Emittance Optics

The upgrade of the European Synchrotron Radiation Facility relies on a hybrid 

7-bend achromat. They achieve equilibrium emittance of about 0.130 nm.
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