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Abstract

The sensitivity of the CLIC damping ring to various
kinds of alignment errors has been studied. Without
any correction, fairly small vertical misalignments of the
quadrupoles and, in particular, the sextupoles, introduce
unacceptable distortions of the closed orbit as well as in-
tolerable spurious vertical dispersion and coupling due to
the strong focusing optics of the damping ring. A sophis-
ticated beam-based correction scheme has been developed
to bring the design target emittances and the dynamic aper-
ture back to the ideal value. The correction using dipolar
correctors and several skew quadrupole correctors allows a
minimization of the closed-orbit distortion, the cross-talk
between vertical and horizontal closed orbits, the residual
vertical dispersion and the betatron coupling.

INTRODUCTION

The lattice performance of the CLIC damping ring [1]
has to test with regard to various error sources. In the
real lattice, transverse kicks Δx′, Δy′ caused by transverse
alignment errors ΔX , ΔY excite a nonzero closed orbit. It
is easy to distinguish three types of sources which increase
the vertical emittance via the betatron coupling Cβ or the
vertical dispersion Dz:

1. Transverse quadrupole misalignments, dipole errors and
their effects:

• Dipol tilt errors → Dy

• Dipolar orbit correctors→ Dy

• Vertical closed orbit (CO) in quadrupoles→ Dy

2. Sextupole misalignments and their effects:

• Vertical sextupole displacements→ Dy, Cβ

• Vertical CO in sextupoles→ Dy, Cβ

3. Quadrupole tilt errors:

• Skew quadrupoles→ Dy, Cβ

A non-zero vertical orbit through the sextupole magnets,
vertical sextupole misalignments, or rotational misalign-
ments of the quadrupoles couple the particle motion in
the horizontal and vertical planes. A displaced quadrupole
does not introduce any betatron coupling.

ALIGNMENT SENSITIVITIES

The tracking code BETA-LNS [2] was used to study the
sensitivity of the damping ring lattice to misalignment er-
rors. The misalignment errors were assigned to the ele-
ments by a random generator. Many different ”seeds” of
random numbers have been averaged by the BETA-LNS
code in order to obtain a statistically significant result. In
the simulations, the random errors were generated with
gaussian distributions truncated at ±3σ.

As one can see from Fig. 1, quadrupole vertical mis-
alignments 〈ΔYquad〉 randomly assigned to all quadrupole
magnets have a strong impact on the closed orbit in the
CLIC damping ring if there is no dipole or dispersion cor-
rection. The simulation was done with sextupoles turned
on and at 〈ΔXsext〉 = 〈ΔYsext〉 = 0.
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Figure 1: Correlation between rms closed orbit distor-
tion and quadrupole vertical misalignment 〈ΔYquad〉 with
sextupoles turned on, 〈ΔXsext〉 = 〈ΔYsext〉 = 0,
〈ΔXquad〉 = 0.

The random tilt errors 〈ΔΘarc dipole〉 of the dipole bend-
ing magnets induce quite a small closed orbit distor-
tions (compared to the quadrupole misalignment). For
〈ΔΘarc dipole〉 = 100 μrad, the vertical and horizontal or-
bit distortions are 38 μm and < 0.01 μm, respectively.

Figure. 2 shows the sensitivity of the vertical disper-
sion and zero-current transverse emittances ratio to the
sextupole misalignments. The quadrupole rotations were
set to zero when the effects from sextupole misalignments
were computed. The dashed line corresponds to the fitted
quadratic curve εy0/εx0 = 1.57× 10−4〈ΔY 2

sext〉 The blue
rhombic points and the points with error bar correspond
to the rms dispersion and emittance ratio εy0/εx0, respec-
tively, as computed by the BETA-LNS code. The dashed
lines represent a fit to the data.

As one can see from these simulations, fairly small mag-
net errors introduce unacceptable distortions in the closed
orbit as well as vertical dispersion and coupling, due to the
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Figure 2: a) The zero-current emittance ratio εy0/εx0 in-
cluding contribution from the vertical dispersion and be-
tatron coupling as a function of the rms vertical sex-
tupole misalignment 〈ΔYsext〉; b) RMS vertical dispersion
as a function of the rms vertical sextupole misalignment
〈ΔYsext〉.

strong focusing optics of the damping ring.

CORRECTION

To reach a very low vertical emittance, we need to con-
trol the betatron coupling and dispersion. It is necessary to
develop an effective correction system which will restore
the transverse emittances to the values γεy = 3.3 nm and
γεx = 550 nm (taking into account IBS) achieved for the
ideal machine (without any imperfections).

The CLIC damping ring consists of two 48-cell arcs and
two wiggler straight sections. The arc cell comprises one
dipole magnet, two identical focusing quadrupoles QF, two
identical defocusing quadrupoles QD and three sextupoles
SF-SD-SF located between the quadrupoles [1].

We arranged the horizontal correctors HC as additional
coils in the focusing arc quadrupoles QF, where βx is max-
imum and the vertical correctors VC are set as additional
coils in the SD sextupoles of the arcs. In the dispersion-free
FODO straight section, horizontal and vertical correctors
are located near each focusing and defocusing quadrupole,
respectively. Moreover, three horizontal and vertical cor-
rectors are inserted in each dispersion suppressor. We
installed two BPMs in each arc cell and also near each
quadrupole of the FODO straight section. At these BPMs
the dispersion can be monitored. As a result of this set up,
the total number of BPMs are 292 units. The total number
of horizontal and vertical correctors over the ring are 246

and 146 units, respectively.
Using the BETA-LNS code, we have studied dipole

correction of the closed orbit and the vertical dispersion
which are generated by quadrupole misalignments and ro-
tational errors of the bending magnets. In our simula-
tions the sextupoles are turned on. We assigned tilt er-
rors 〈ΔΘarc dipole〉 of 100 μrad for all bending magnets
and quadrupole misalignment 〈ΔXquad〉 = 〈ΔYquad〉 =
90 μm for all quadrupole magnets. The dedicated dipole
correction scheme provides quite an efficient COD correc-
tion that can reduce the zero-current vertical emittance γε y0

down to 2.2 nm, where 77.5 % and 22.5 % of γεy0 arise
from spurious vertical dispersion and betatron coupling, re-
spectively.

However, these simulations were done without any mis-
alignments of sextupoles. If we assign small random sex-
tupole misalignments of 20 μm, then after COD and dis-
persion correction performed only by dipole correctors, a
large vertical emittance γεy0 = 10.8 nm remains where
82.7 % and 17.3 % of the γεy0 arise from spurious vertical
dispersion and betatron coupling, respectively. The vertical
emittance from the rms sextupole misalignments of 20 μm
is larger than the ones due to the residual closed orbit by
about a factor of 5.

We tested also the tolerance to the rotational error of
quadrupoles of 100 μrad for ΔXsext = ΔYsext = 0. Af-
ter the COD correction at presence of the following errors
— 〈ΔΘarc dipole〉 = 100 μrad, 〈ΔYquad〉 = 〈ΔXquad〉 =
90 μm and 〈ΔΘquad〉 = 100 μrad —, the resulting ver-
tical emittance is 9 nm, where 86.4 % and 13.6 % of the
γεy0 come from spurious vertical dispersion and betatron
coupling respectively.

In the CLIC damping ring, the dominant contribution
to the emittance after closed-orbit distortion (COD) cor-
rection is the vertical dispersion. During correction of
the COD, the kicks from the dipole correctors reveal a
so-called cross-talk between vertical and horizontal closed
orbits [3] (CTCO). The strength of the CTCO is defined
by the difference between the two vertical closed orbits,
when an horizontal corrector HC is turned on and when it
is turned off. Minimization of the effect of the CTCO is
equivalent to the minimization of the coupling. We have
searched a set of skew correctors which minimize the CT-
COs, and vertical spurious dispersion together.

Skew quadrupole correctors are inserted as additional
coils into each second sextupole SD. Thus, 48 units of the
skew correctors are included in the damping ring. The stan-
dard deviations of random errors assigned for the simu-
lations of the correction are listed in Table 1. Note that
in these simulations the random errors are generated with
Gaussian distributions truncated at ±2σ.

The distribution of zero-current vertical emittance γεy0

shown in Figs 3 results after the correction of the COD,
CTCOs, residual vertical dispersion and betatron coupling
carried out by 246 horizontal, 146 vertical dipolar correc-
tors and 48 skew quadrupole correctors. The distribution
of γεy0 along a half of the ring structure was simulated
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Table 1: Random alignment errors assigned to the CLIC
damping ring.

Imperfections Simbol 1
r.m.s.

Quadrupole misalignment 〈ΔYq〉, 〈ΔXq〉 90 μm.
Sextupole misalignment 〈ΔYs〉, 〈ΔXs〉 40 μm
Quadrupole rotation 〈ΔΘquad〉 100 μrad
Dipole rotation 〈ΔΘdipole arc〉 100 μrad.
BPMs resolution 〈RBPM〉 2 μm.

0 20 40 60 80 100 120 140 160

0.6

1.2

1.8

2.4

3.0

3.6

4.2

4.8

5.4

6.0

  γ
ε  

   
  +

 γε
��

�
β

��
�
d

����

Half of the damping ring circumference,  (m)

1/2 ARC  FODO dispersion free wiggler straignt section 1/2 ARC

Figure 3: The deviation of the zero-current vertical emit-
tance εy0 along half of the ring after the closed orbit and
skew quadrupole correction.

for 35 different samples of errors distribution along the
ring. The dashed line corresponds to the mean value. The
mean value of the vertical emittance 〈γεy0〉 is 2.14 nm.
The mean value of the vertical dispersion invariant 〈Hy〉 is
0.248 μm. It means that the contribution of spurious ver-
tical dispersion to the vertical emittance γεy0,d is equal to
1.97 nm when the NdFeB hybrid permanent magnet wig-
glers [4] are used. The mean value of betatron coupling
〈εy0,β/εx0〉 is 0.13 %. The contributions from the vertical
dispersion are roughly 9 times larger than the contributions
due to the betatron coupling.

Taking into account design bunch population N bp of
2.56 × 109, we must include in our simulation the effect
of intra-beam scattering (IBS). The vertical beam size is
dominated by vertical dispersion. We performed IBS cal-
culations based on modified Piwinski theory [5] where we
take the mean values 〈Hy〉 = 0.248 μm, 〈Cβ〉 = 0.13 %,
〈γεy0〉 = 2.14 nm, 〈γεx0〉 = 131 nm, σp0 = 9.15× 10−4

and σs0 = 1.21 mm. The average IBS emittance growth
rates over the ring obtained by calculations for these pa-
rameters are 〈1/Tx〉 = 255 s−1, 〈1/Ty〉 = 119 s−1 and
〈1/Tp〉 = 175 s−1 at Nbp = 2.56 × 109 and rf volt-
age of 2250 kV. Taking into account IBS, the equilibrium
emittances, rms bunch length and rms energy spread after
dipole and skew quadrupole correction are the following:

• Horizontal emittance 〈γεx〉: 530 nm

• Vertical emittance 〈γεy〉: 3.3 nm

• Emittance ratio 〈εy/εx〉: 0.62 %

• RMS bunch length 〈σs〉: 1.63 mm

• RMS energy spread 〈σp〉: 12.35× 10−4

• Longitudinal emittance 〈γmec
2σpσs〉: 4892 eVm

Note that IBS has a strong effect since εx/εx0 = 4.1,
εy/εy0 = 1.54 and σsσp/σs0σp0 = 1.8, where the
subindex ”0” characterizes values without IBS.

Distortion of the dynamic aperture after skew
quadrupole and dipole correction carried out in the
presence of all alignment errors listed in Table 1 is shown
in Fig. 4. The dynamic aperture is expressed in terms of
sigmas of the injected beam equal to σx inj = 270 μm,
σy inj = 34 μm. The simulations were done for 8 different
samples of error distributions along the ring. The mean
value of the dynamic aperture is pointed out by the dashed
line while the thick solid line refers to the dynamic aperture
for the ideal machine.
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Figure 4: Dynamic aperture of the damping ring after
dipole and skew quadrupole correction. The dashed line
corresponds to the mean value of the dynamic aperture.
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