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Abstract

In this paper the nonlinearities induced by the short pe-
riod NbFeB permanent wiggler optimized for the CLIC
damping ring and their influence to the beam dynamics are
studied.

INTRODUCTION

The required beam parameters for the CLIC main linac
were re-optimized in 2004-2005 years. The bunch popula-
tion was reduced to 2.56×109 from 4.2×109. However, the
bunch spacing was also reduced to 8 cm from 20 cm in or-
der to provide the design luminosity at the interaction point.
The new beam parameters for the CLIC are summarized in
the Table 1. The changes of the beam parameters for the
linac do not entail significant modification in the damping
ring optics. The layout of the damping ring remains the
same: two long FODO cell straight sections accommodat-
ing 76 wigglers, two TME cell arcs, and four dispersion
suppressors connecting the arcs and the straights, forming
a racetrack shape.

Taking into account intra-beam scattering that is a strong
effect for the CLIC damping ring, the parameters for the
damping ring RF cavity have been optimized to yield
smaller transverse emittances (see Table. 1). As one can
see from the Fig. 1, highest RF voltage and RF frequency
at fixed betatron coupling of 0.6 % increase the transverse
emittances. Doubling the RF frequency increases both
transverse emittances by about 15 %. At the same time
the longitudinal emittance decreases by about 30 % (not
shown). Moreover, the beam loading at the bunch spacing
of 8 cm can be critical. For this reason, the bunch spacing
of 16 cm was chosen for the damping ring. The beam ex-
traction scenario for the damping ring was revised. Now it
is assumed that two trains are extracted simultaneously and
combined using a subsequent delay line and RF deflectors.
The advantage is a two times larger bunch spacing in the
ring compared with the linac, which alleviates the impact
of electron cloud and fast ion instabilities.

FITTING THE WIGGLER FIELD

An analytic magnetic field expansion is commonly used
to generate a dynamical map for analyzing the particle dy-
namics through a damping wiggler. The analytic series of
the field, fitted to the numerical field map, must be consis-
tent with Maxwells equations.

Assuming, a periodic field in each co-ordinate plane, the
magnetic field model in Cartesian expansion can be ex-

Table 1: CLIC damping ring parameters.

Parameter Symbol Value
Nominal e+ ring energy γmc2 2.424 GeV
Ring circumference C 360 m
No. of bunch trains stored Nt 14
No. of bunches per one train Nb 110
Bunch population Pb 2.56× 109

Extracted hor. emittance γεx 550 nm
Extracted vert. emittance γεy 3.3 nm
Extracted energy spread σδ 1.26× 10−3

Extracted bunch length σs 1.55 mm
Horiz. emittance w/o IBS γεnx0 134 nm
Betatron coupling εy/εx 0.6%
X-betatron tune Qx 69.82
Y-betatron tune Qy 34.86
Synchrotron tune Qs 0.005
Damping time τx/y 2.81 msec
Damping time τs 1.405 msec
Energy loss per turn U0 2.074 MeV
Momentum compaction αp 0.8× 10−4

RF voltage Vm 2.4 MV
RF frequency frf 1875 MHz
Harmonic number h 2250
Revolution time Trev 1.213 µs
Repetition rate frep 150 Hz
Wiggler parameters
Number of the wigglers Nw 76
Wiggler period λw 10 cm
Magnet gap g 12 mm
Pole width Lp 60 mm
Field amplitude Bw 1.7 T
Wiggler length Lw 2 m

pressed by [1]

By =
∑

m,n

cmn cos(mkxx) cos(nkzz) cosh(ky,mny)

By using 2D Fourier transform, the coefficients cmn can be
derived from the field data. The main disadvantage of the
Cartesian expansion is that a large number of modes are
needed to achieve good agreement between the fitted field
and the real field map. Also the requirement of periodicity
in x is not the general case.

The cylindrical expansion of the magnetic field matches
natural periodicity in azimuthal coordinate. Multipole ex-
pansion [2] of magnetic field in cylindrical and Cartesian
coordinates can be expressed by the so-called generalized
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Figure 1: Horizontal and vertical normalized emittance as
a function of RF frequency at the three different rf voltages
which are 2.8, 2.6 and 2.4 MV.

gradients Cm(z) and their derivatives C
[k]
m . It should be

noted, that C
[2k+2]
m = d2

dz2 C
[2k]
m . M. Venturini’s paper [2]

describes the field data representation by using generalized
gradients in details.

It is easy to calculate the generalized gradients from nu-
merical field data, if the radial component Bρ(ρ = R,φ, z)
of the magnetic field is known on a cylindrical surface with
radius R. Then the generalized gradients can be found as

C [k]
m =

1
λw2mm!

∞∑

p=−∞
ik

(2πp/λw)m+k−1

I ′
m(2πpR/λw)

ei 2πpz/λw

×
∫ λw

0

e−i 2πpz/λwBm(R, z)dz (1)

where

Bm(R, z) =
1
π

∫ 2π

0

sin(mφ)Bρ(R,φ, z)dφ (2)

The modified Bessel functions Im(x) grow exponentially
for large arguments which damps the high frequency har-
monics of the magnetic field data.

A tentative design of the NdFeB permanent wiggler [3]
which is based on the wiggler design developed by BINP
for the PETRA-3 ring, is considered for the CLIC damping
ring as a possible variant. The parameters of the PETRA-
3 wiggler (wiggler period, gap, field amplitude) were re-
optimized to meet CLIC damping ring requirements. De-
sign parameters of the NdFeB wiggler for the CLIC damp-
ing ring are summarized in Table 1.

The cylindrical expansion of a magnetic field was fitted
to the numerical field map generated by Mermaid code for

one period of this wiggler. Using the largest radius R =
5 mm, the radial component Bρ(R,φ, z) of the magnetic
field on the cylinder surface was computed. Taking Fourier
integral (2) for the m = 9 mode numbers, the profiles of the
generalized gradient C1(z), C3(z), C5(z) and their deriv-
atives were found as shown in Fig. 2. It is easy to convert
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Figure 2: The Generalized gradient C1(z), C3(z) 3rd (sex-
tupole), C5(5) 5th (decapole) order and the second deriva-
tive of C1(z).

the cylindrical field representation to the Cartesian form by
the following relations: Bx = Bρ cos φ−Bφ sin φ, By =
Bρ sin φ + Bφ cos φ. For example, the expression for the
vertical field components through 4th can be written as:

By = C1 −
(

C
|2|
1

8
− 3C3

)
x2 −

(
3C

|2|
1

8
+ 3C3

)
y2+

(
C
|4|
1

192
− 3C

|2|
3

16
+ 5C5

)
x4+

(
C
|4|
1

32
− 3C

|2|
3

8
− 30C5

)
x2y2

+

(
5C

|4|
1

192
− 5C

|2|
3

16
+ 5C5

)
y4 (3)

The close correspondence between the analytical field
and the numerical field data is shown in Fig. 3. The blue
points represent the numerical field data from Mermaid
code, while the red curves show the results of the analyt-
ical fit Eq. (3) based on the generalized gradients. At the
expected range of validity (Y = 5 mm and X = 60 mm) the
field map is in good agreement with the analytical fit.

A transverse kick produced by the one 10 cm wiggler
period can be evaluated analytically.

x′′ =
−e

p
√

1 + x′2 + y′2

[
y′Bs − (1 + x′

2)By + x′y′Bx

]

y′′ =
e

p
√

1 + x′2 + y′2

[
x′Bs − (1 + y′

2)Bx + x′y′By

]

Determining the particle dynamics, one could assume that
the horizontal X and vertical Y particle displacements
with respect to the reference orbit X0 remain the constant
through one wiggler period. In this case the transverse
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Figure 3: The correspondence between numerical field data
and the analytical fit based on the generalized gradients.

kicks produced by the field in one wiggler period can be
simplified as

∆px =
e

p

∫ λw

0

By(X0(z) + X,Y, z)dz

∆py =
e

p

∫ λw

0

(Bx(X0(z) + X,Y, z) (4)

−dX0(z)
dz

Bz(X0(z) + X,Y, z))dz

The reference orbit amplitude in the wiggler is 55 µm. The
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Figure 4: Transverse momentum kick produced by the one
wiggler period.

vertical and horizontal kicks were computed by Eq.(4) for
the particles whose coordinates do not exceed X ± 30 mm
and Y ± 6 mm as shown in Fig. 4.

DYNAMIC APERTURE

The dynamic aperture of the damping ring in the pres-
ence of the wiggler nonlinearities was computed by the
BETA code [4]. In the BETA code, an insertion device,
for example a wiggler magnet, is described by two inter-
polation tables, which provide the transverse kicks in both
planes as a function of the actual coordinates. Such tables
as an input data file for the BETA code were computed by
using Eq.(1),(2), (3) and (4). Then, the dynamic aperture
of the damping ring for the nonlinear wiggler field model
was simulated by BETA as could be seen in Fig. 5 (in terms
of sigma for the injected beam). The influence of the non-
linear wiggler field on the dynamic aperture has a weak
effect compered to the effect that is produced by the strong
sextupoles needed for the chromatic correction. The lat-
tice of the CLIC damping ring requires a small value of
the optical functions to achieve ultra low emittances which
are γεx = 550 nm and γεy = 3.3 nm. The small beta and
dispersion functions require a sufficient number of strong
sextupoles in order to correct the large horizonal and ver-
tical chromaticities. The sextupoles are arranged by the
second-order achromat when two sextupoles with equal
strength are separated by a −I transformer. However, the
sextupoles introduce significant nonlinearities which limit
the dynamic aperture.
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Figure 5: Dynamic aperture of the damping ring for the
nonlinear wiggler field model.
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