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Abstract
The CLIC Damping Rings baseline design aims to reach

an ultra-low horizontal normalised emittance of 500 nm-rad

at 2.86 GeV, based on the combined effect of TME arc cells

and high-field super-conducting damping wigglers, while

keeping the ring as compact as possible. In this paper, an

alternative design is described, based on TME cells with

longitudinally variable bends and an optimized Nb3Sn high-

field wiggler. The impact of these changes on ring optics

parameters and the associated optimisation steps are detailed

taking into account the dominant effect of intrabeam scatter-

ing.

LAYOUT AND DESIGN REQUIREMENTS
The CLIC Damping rings (DRs) have to accommodate

a 2.86 GeV beam and should damp it down to normalized

horizontal and vertical emittances of 500 nm-rad and 5 nm-

rad respectively. The longitudinal normalised emittance

should be kept below 6 keV·m. The requirements for ultra-

low emittances in all three planes give rise to a series of

collective effects [1], with intrabeam scattering (IBS) being

the dominant one.

The DRs’ layout consists of a racetrack with two arcs and

two long straight sections (LSS). The arcs are composed by

theoretical minimum emittance (TME) cells and the LSS

by FODO cells filled with damping wigglers. Space is also

reserved for RF cavities, injection and extraction equipment

[2]. The lattice functions between the arcs and the straight

sections are matched from the dispersion suppressors and

beta matching sections.

In this paper, an alternative design using longitudinally

variable bends in the arc TME cells and an optimized high-

field wiggler in the FODO cells is proposed. Through this

approach, it is possible to achieve the desired output parame-

ters and at the same time decrease the ring’s circumference.

LONGITUDINALLY VARIABLE BENDS
Longitudinally variable dipoles, whose magnetic field

varies along their length, can provide lower horizontal emit-

tances than a uniform dipole of the same bending angle [3,4].

Actually in order to achieve that, the bending radius ρx of a

variable bend should have an evolution similar to the one of

the uniform dipole’s dispersion invariantH (s) [5–9]: maxi-

mum magnetic field should be applied at their center, and it

should be decreasing towards the edge of the dipole.

Two examples of variable bends are presented in this

paper, they are described by the bending radii forming a step

(green line) and a trapezium shape (blue line), as shown in

Fig. 1. They are characterised by two lengths L1 and L2

with different bending radii ρ1 and ρ2. The evolution of the

Figure 1: The evolution of the dispersion invariantH (s) along the

uniform dipole (black line) and the bending radius evolution along

the variable bends- coloured with green for the step and with blue

for the trapezium profile.

bending radius ρst and ρtr, for the step and the trapezium

profile, respectively, are:

ρst(s)=
{
ρ1, 0 < s < L1

ρ2, L1 < s < L1 + L2

ρtr(s)=
{ ρ1, 0 < s < L1

ρ1 +
(L1 − s)(ρ1 − ρ2)

L2
, L1 < s < L1 + L2

The emittance reduction factor FTME = εTMEuni
/εTMEvar is

the ratio of the absolute minimum emittances of a uniform

with respect to a variable field dipole, and its parametric

behaviour can be obtained using analytical expressions

for the TME cells [9]. For this study, it is useful to define

the lengths and bending radii ratios as λ = L1/L2 and

ρ = ρ1/ρ2, respectively. In Fig. 2, the FTME is parametrized

with ρ and λ with the restriction of λ > 0.1, for the step

(left) and the trapezium (right) profile. The areas where

FTME is high are blue-colored, while red-colored are the

Figure 2: The parametrization of the emittance reduction factor

FTME with ρ and λ for the step (left) and the trapezium (right)

profile. The black contour lines correspond to different values of

the horizontal phase advance.

areas where the reduction is insignificant. For both profiles

the highest possible reductions are localized in the limits

where λ → 0.1. The reductions achieved for the trapezium

profile are higher than the ones for the step profile [7].

In the case of non uniform dipoles, even for the TME

optics conditions, the horizontal phase advance μx always

depends on ρ and λ. It is clear that remarkable reductions

are reached for phase advances lower than the unique phase

advance of the uniform dipole’s TME (μx = 284.5◦). This
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is important because lower phase advances correspond to

smaller chromaticities that is one of the main goals for the

optimisation of low emittance cells.

The total bending angles for the step θst and the trapezium

profile θtr are:

θst =
L(λ + ρ)
ρ1(1 + λ)

, θtr =
L(λ(−1 + ρ) + ρ ln ρ)
ρ1(−1 + ρ)(1 + λ)

(1)

If the dipole’s bending angles (i.e. the total number of

dipoles Nd), length L and minimum bending radius ρ1 (i.e.

maximum bending field) are fixed, these equation show that

there is a dependency between λ and ρ. This constraints

even further the problem for finding the appropriate ρ (or

λ) for reaching a large reduction factor FTME. Varying the

bending angle, while keeping L and ρ1 fixed, changes also

the relation between λ and ρ and so the FTME . As shown

in Fig. 3, when reducing the number of dipoles, the reduc-

tion factor takes in general smaller values for both step and

trapezium profiles. On the other hand, the dependence of

the reduction factor FTME with the length ratio λ becomes

smoother. In that way, a wider range of λ values gives simi-

lar emittance reductions, providing thus more flexibility in

choosing the characteristics of the bends.

Figure 3: The emittance reduction factor FTME as a function of

ρ (left) and λ (right). The solid lines are for Nd = 100 and the

dashed ones for Nd = 80, for the step (green) and trapezium (blue)

profiles.

ARC CELL OPTIMIZATION
The variable bends allow the reduction of the number of

dipoles (i.e. total number of TME cells) from the existing

arc, while the required emittance is still achieved, thereby

resulting in a shorter ring (Fig. 3). A pair of (λ, ρ) that gives

large reduction factors for Nd < 100 is chosen. The dipole

length is set to be the same as the one of the present design

(L = 0.58 m) and the maximum dipole field is set to be

1.77 T for a normal conducting magnet. As soon as the

dipoles’ characteristics are fixed, the free parameters left for

optimizing the TME cell are the drift space lengths. Aiming

to solutions with low chromaticities and small quadrupole

strengths while keeping the cell compact, several iterations

for different drift space lengths and Nd were performed [10].

The optimal solutions are found to be Nd = 96 and Nd = 90

for the step and the trapezium respectively.

FODO CELL OPTIMIZATION
The damping wigglers are necessary for achieving the

low emittance within a fast damping time. Each FODO

structure of the LSS accommodates two wigglers. The use of

super-conducting technology is mandatory in order to have a

high wiggler field and a relatively short period for obtaining

low emittances and fast damping time. It was shown that

targeting higher wiggler fields not only the emittance but

also the IBS effect can be reduced [11]. The plots in Fig. 4

show the parametrization of the steady state emittance and

the IBS effect with the wiggler peak field Bw . For both

profiles the wiggler field growth corresponds to a decrease

of the IBS effect. Based on the results shown in Fig. 4 and

Figure 4: Dependence of the steady state emittance (ε x;IBS) and

its ratio with the equilibrium one (ε x;IBS/ε x0) on the wiggler peak

field Bw , for the step (right) and the trapezium (left) profile.

on the technological restrictions, a new working point for

the damping wigglers is proposed to be at 3.5 T and with

49 mm period length. This design necessitates a different

wire technology using Nb3Sn material [12]. Under this

choice, the FODO cells per LSS can be reduced from 13

down to 10. The final lattices are produced for both profiles.

The matched optics of one arc TME cell followed by the

dispersion suppressor-beta matching section and one FODO

cell are given in Fig. 5 for both profiles. The two rings

parameters as compared to the original design are displayed

in Table 1. The rings become quite shorter (around 15 % for

the step and 20 % for the trapezium variable bends), whereas

the damping times are reduced drastically. This is beneficial

for all collective effects including IBS. In fact, both lattices

reach the target emittances including IBS as calculated by the

Bjorken-Mtingwa formalism through MADX [13], whereas

the horizontal emittance of the original design is larger 1.

Figure 5: Optical functions of one TME cell, the dispersion

suppressor-beta matching section and one FODO cell when us-

ing in the arcs the step (left) and the trapezium (right) profile.

1 Using the Piwinski formalism, the original design was also reaching the

target horizontal emittance.
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Table 1: Design Parameters for the CLIC DRs for the Original and the Improved Designs with Variable Bends

Parameters, Symbol [Unit] uniform step trapezium

Energy, E [GeV] 2.86

Bunch population, N [109] 4.1

Circumference, C [m] 427.5 374.1 359.4

Basic cell type in the arc/LSS TME/FODO

Number of arc cells/wigglers, Nd/Nw 100/52 96/40 90/40

Dipole field (max/min), B0 [T] 0.97/0.97 1.77/1.01 1.77/0.72

Norm. gradient in dipole [m−2] -1.1

Horizontal, vertical tune, (Qx ,Qy ) (48.35,10.40) (47.39,9.45) (44.15,9.23)

Horizontal, vertical chromaticity, (ξx ,ξy ) (-113,-82) (-135,-76) (-126,-72)

Wiggler peak field, Bw [T] 2.5 3.5 3.5

Wiggler length, Lw [m] 2

Wiggler period, λw [cm] 5.0 4.9 4.9

Damp. times, (τx , τy , τl ) [ms] (2.0,2.0,1.0) (1.2,1.3,0.6) (1.2,1.2,0.6)

Mom. compaction, αc [10−4] 1.3 1.3 1.2

Energy loss/turn, U [MeV] 4.0 5.7 5.7

Norm. horizontal emit., γε x [nm-rad] 681 502 500

Norm. vertical emit., γεy [nm-rad] 5.0 4.9 4.9

Energy spread (rms), σδ [%] 0.12 0.13 0.13

Bunch length (rms), σs [mm] 1.8 1.6 1.6

Long. emittance, ε l [keVm] 5.9 6.1 6.0

IBS factors hor./ver./long. 2.2/1.5/1.2 1.4/1.5/1.1 1.4/1.5/1.1

RF Voltage, VRF [MV] 5.10 7.25 6.97

Stationary phase [o ] 51.4 51.3 54.2

Synchrotron tune, Qs 0.0072 0.0081 0.0075

Harmonic number, h 1425 1248 1199

DYNAMIC APERTURE
The dynamic aperture (DA) of the ring was computed

for particles tracked with the PTC module of MADX [13].

Fig. 6 shows the initial positions of particles that survived
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Figure 6: The on momentum dynamic aperture of the DR for the

step (right) and the trapezium (left) profile.

over 1000 turns, normalized to the horizontal and vertical

beam sizes, at the point of calculation (σx = 277.5 μm,

σy = 39.9 μm). Regarding the fact that the magnets fringe

fields are taken into account while the magnet error effects

are neglected, the resulted DA seems to be comfortable

enough for both profiles. A working point optimisation with

simulations including the non-linear effect of wigglers and

the space charge tune-shift, including working point optimi-

sation is needed to fully qualify the non-linear performance

of the new design.

CONCLUSION
By using TME cells with variable field bends for two

different profiles (bending radius following a step and a

trapezium shape) and Nb3Sn high-field wigglers (3.5 T),

two alternative DR designs are proposed. They achieve all

target parameters, for reduced circumferences. The effect of

IBS is proved to be well under control and the reduced damp-

ing times could certainly be beneficial for all instabilities

and feedback system’s specifications. As the chromaticities

are kept quite low, the new designs proposed here achieve

adequate DAs that can be improved after a non-linear opti-

mization and a further working point analysis.
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