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Effects of machine errors on the ILC main linac *
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Abstract: For a practical linac, the beam property is affected seriously by any machine imperfections. In

this paper, the effects of several main errors in the ILC main linac, such as quadrupole misalignment, magnet

strength error and cavity misalignment, were studied by a theoretical method. The tolerance for each error

was also obtained. Comparison with the numerical simulation result is made and the agreement is quite good.
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1 Introduction

The ILC Main Linacs accelerate the beam from 15

GeV to a maximum energy of 250 GeV over a com-

bined length of 23 km [1]. The linacs utilize L-band

(1.3 GHz) superconducting technology, with nine-cell

standing-wave niobium cavities operating at an aver-

age gradient of 31.5 MV/m in a 2 K superfluid he-

lium bath. The optics consist of simple FODO cells

and the beam line components relevant to beam dy-

namics are accelerating cavities, quadrupole magnets,

steering magnets and beam position monitors. Every

quadrupole magnet has a steering magnet and a BPM

(beam position monitor) attached closely, making a

“magnet-BPM package”. All beam line components

are aligned to the vertically curved line, following the

earth’s curvature. Table 1 lists the key beam param-

eters of the main linac.

To achieve the required luminosity in a future e+

e− linear collider, one has to produce two colliding

beams at the interaction point (IP) with extremely

small transverse emittance and precise beam trajec-

tory. Once a beam of this small emittance is produced

at the exit of the damping ring, the emittance in-

creases through the long main linac, the preservation

of the small emittance and orbit stability becomes im-

portant. Many studies have been carried out to try

to answer these questions [2–9]. In Ref. [10], we have

studied the basic emittance growth in a perfect linac

due to the dispersive effect and the wakefield effect.

Here, we will go on to study the effects of imperfec-

tions that are the main sources of dilution and orbit

deviation in a real machine.

Table 1. Nominal beam parameters of the ILC

main linacs.

parameter value

initial beam energy/GeV 15

final beam energy/GeV 250

particles per bunch 2×1010

beam current/mA 9.0

bunch spacing/ns 369

bunch train length/µs 969

number of bunches 2625

pulse repetition rate/Hz 5

initial γεx/µm 8.4

final γεx/µm 9.4

initial γεy/nm 24

final γεy/nm 34

σz/mm 0.3

initial σE=E(%) 1.5

final σE =E (e−, e+)(%) 0.14, 0.10

beam phase wrt RF crest/(◦) 5

In order to solve the orbit deviation resulting from

the machine errors, such as quadrupole offset error,

magnet strength error, cavity offset and cavity tilt,

we consider each kind of error as a random kick per-

turbation. The error kick transfers from the location

S1 to S2 by
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the offset response at S2 introduced by an upstream

kick δ at S1 is
√

γ1

γ2

√

β1β2 sin∆ϕδ.

In this paper, we will use this basic relation to cal-

culate the final rms orbit deviation for the ILC main

linac where the beam is accelerated from 15 GeV to

250 GeV. Then the emittance growth can be esti-

mated approximately by (2) [10] when the orbit de-

viation is very small,

∆ε≈
〈y2

f 〉
βf

δ2

0 . (2)

2 Quadrupole offset error

The kick given by a quadrupole offset is

δ = K1Lqyq, (3)

where δ is the kick angle, which comes from the mis-

aligned quadrupole, K1 and Lq are the normalized

strength and the length of the quadrupole, and yq

is the quadrupole’s offset error. The kick from the

quadrupole will be transported to the end of the linac

and yield an orbit deviation. Assuming the misalign-

ment of all of the quadrupoles is completely random,

so the rms orbit error at the end of linac will be

〈y2

f〉 =

〈{

Nq−1
∑

n=0

K1nyqLq

√

βnβf
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where βn/βf and γn/γf are the beta functions and the

relative energy factors at the misaligned quadrupole

and the end of the linac, K1 and β are the average

quadrupole strength and the average beta function,

and Nq is the total number of quadrupoles. Further,

we can use (2) to get the emittance growth. We can

see that the rms final orbit offset is proportional to

the integrated quadrupole strength and the misalign-

ment of quadrupoles, and is the square root of the

average beta function and the total quadrupole num-

ber. If we consider the approximation

|K1Lq|β ≈ 2

cos(ϕc/2)

Ref. [11], the rms final orbit offset will be propor-

tional to the square root of the integrated quadrupole

strength. Thus a weaker focusing lattice is more wel-

come according to quadrupole misalignment.

For ILC, Nq=278, K1 ≈ 0.045 m−2, β = 80 m,

Lq=0.67 m. So the rms relative vertical orbit offset

is
√

〈y2
f 〉

βfεf,0

=

√

γf〈y2
f 〉

βfεN,0

=

√

〈y2
q〉

εN,0

(K1Lq)2β(γ0 +γf )Nq/4

= 0.14⇒
√

〈y2
q 〉= 12 nm, (5)

where εf,0 is the nominal emittance at the end of the

linac, and εN,0 is the normalized emittance.

We limit the rms orbit error to 0.14σ0 because

it refers to 3% luminosity reduction. Usually, the

theoretical estimation for orbit offset error is more

accurate than the analytical emittance growth, be-

cause the connection (2) from orbit deviation to emit-

tance growth is a linear approximation [7]. Usually,

we should rely on the numerical method to get the

precise emittance growth.

To check our theoretical analysis, we used the

simulation code SLEPT [12]. SLEPT is a tracking

simulation code for high energy linacs, especially for

the main linacs of linear colliders, written by Kiyoshi

Kubo (KEK). It can be used for ultra-relativistic

beam in approximately straight lines, including drift

spaces, quadrupole magnets, dipole magnets, acceler-

ating cavities and beam position monitors. Because

the relative longitudinal positions of the high en-

ergy particles (E >1 GeV) in the bunch are fixed,

SLEPT uses slice-macroparticle beam to save the

computer disk space and cpu time, in which each

bunch is divided into several slices and each slice

consists of several macro-particles according to differ-

ent energy. In fact, there are three other simulation

codes ILCv/BMAD, MatLIAR, and PLACET besides

SLEPT. Benchmarkings among these four programs
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gave good agreement (sub-nano difference for ILC ML

even with complex DFS correction). So any of these

is fine for our simple tracking without a correction

algorithm.

The simulation results for quadrupole position er-

rors are shown in Fig. 1. From Fig. 1, we can see

that our theoretical calculation and simulation result

agree very well.

Fig. 1. RMS relative orbit offset and the ver-

tical emitance growth vs. quadrupole offset

error (random seeds=50). The diamonds are

the simulation results and the square is the

theoretical estimation.

3 Magnet strength error

The magnet strength error is important, espe-

cially for a curved linac, because there are non-zero

designed dipole kicks to steer the beam along the

earth curvature and each corrector is combined with

the neighboring quadrupole as a package supplied by

a shared power source. The magnet strength error

can make the final orbit error and emittance grow

even without alignment errors.

3.1 Quadrupole strength error

Replacing K1n in (4) by ∆K, we can get the final

orbit error at the end of the linac due to the strength

errors of the quadrupoles,

〈y2
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3.2 Corrector strength error

For a quadrupole attached corrector, its kick error

will produce a final orbit change. This orbit error can

be expressed as

〈y2
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Each quadrupole and the attached corrector share

a power supply. Using the same relative strength

error,
∆G

G
=

∆K

K1

=
∆θ

θ
,

we can get the collective effects,
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where θ is the average dipole kick of the correctors.

Fig. 2. RMS relative orbit offset and vertical

emitance growth vs. magnet strength error

without quadrupoles’ misalignment (random

seeds=50). The diamonds are the simulation

results and the square is the theoretical esti-

mation.
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To limit the orbit offset to 0.14σ0, the tolerance

for magnet strength error is

√

〈
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=
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√
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G

)2

= 0.006% , (9)

where we have neglected the quadrupole misalign-

ment. So there is only the correctors’ contribution.

The simulation results for the magnet strength errors

are shown in Fig. 2 [12]. (The quadrupole and its at-

tached corrector are set with the same strength and

the quadrupole misalignment is not included.) We

can see that the theoretical estimation (9) and the

simulation result agree very well. Here, we want to

discuss the implications of Eq. (8). If there is no

misalignment, the strong focusing lattice is good for

the corrector strength error because the rms orbit er-

ror is the square root of the average beta function.

When the misalignment is included, the additional

item about quadrupole strength error will welcome

the weaker focusing, just like the discussion of Eq.

(4). So the designers have to make a compromise.

4 Cavity misalignment

4.1 Cavity offset

The kick by an offset cavity can be expressed ap-

proximately as

δ =
Ne2W⊥1(zc)Lc

m0γ(s)
yc, (10)

where W⊥1(zc) is the short-range transverse wake

function at the bunch center, Lc is the cavity length,

and yc is the cavity misalignment. Then the rms final

orbit change is

〈y2

f 〉 =

〈{

Ncavity−1
∑

n=0

Ne2W⊥1(zc)Lc

m0γn

yc

√

βnβf

√

γn

γf

sinϕnf

}2〉

=

(

Ne2W⊥1(zc)

m0

)2

Lc〈y2

c 〉ββf

1

γf

1

2

Ncavity−1
∑

n=0

Lc

γn

≈
(

Ne2W⊥1(zc)

m0

)2

Lc〈y2

c 〉ββf

1

2γf

∫L

0

1

γ(s)
ds =

(

Ne2W⊥1(zc)

m0

)2

Lc〈y2

c 〉ββf

1

2γf

1

g
ln

γf

γ0

. (11)

Still, we want to limit the orbit error to 0.14σ0.

The resulting tolerance for random cavity offset is

Fig. 3. RMS relative orbit offset and vertical

emittrance growth vs. cavity offset error (ran-

dom seeds=50). The diamonds are the simu-

lation results and the square is the theoretical

estimation.

28 µm compared with 25 µm from our simulation

(shown in Fig. 3 [12]). From Eq. (11), we can con-

clude that a stronger focusing lattice and a higher ac-

celerating gradient will loosen the tolerance for cavity

offset error.

√

〈y2
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βfεf,0

=

√

〈y2
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(
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= 0.14⇒
√

〈y2
c 〉= 28 µm. (12)

4.2 Cavity tilt

Besides the cavity offset, cavity tilt can also intro-

duce final orbit error and emittance growth. Here, we

just care about the angle error around the x axis be-

cause only this angle has a vertical effect. Assuming

the cavity is aligned with a tilt angle θ, the resulting

kick will be

δ =
eEaccLc

2m0γ(s)
θ =

gLc

2γ(s)
θ, (13)

where Eacc and g are the accelerating gradient ac-

cording to the electric field and relative energy factor,

respectively.
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So,
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Again, strong focusing is welcome for cavity tilt.

But quick acceleration will aggravate the difficulties

of mechanical alignment and beam-based alignment

due to the cavity tilt influence.

Fig. 4. RMS relative orbit offset and vertical

emittance growth vs. cavity tilt error (ran-

dom seeds=50). The diamonds are the simu-

lation results and the square is the theoretical

estimation.

The tolerance for cavity tilt is 420 nrad, which

refers to 0.14σ0 orbit error. Again, it agrees with the

simulation result (shown in Fig. 4 [12]).

√

〈y2

f 〉
βfεf,0

=

√

〈θ2〉
εN,0

1

8
gβLc ln

γf

γ0

= 0.14⇒
√

〈θ2〉= 420 nrad. (15)

5 Conclusion

In this paper, the influences of quadrupole mis-

alignment, magnet strength error and cavity mis-

alignment on the final beam orbit error and emit-

tance growth in the ILC main linac were studied. We

obtained the explicit formulae to show how the final

orbit deviation and the emittance growth are con-

nected to each kind of imperfection and the machine

parameters. Also, we gave the tolerance for each fast

error (summarized in Table 2), which will provide an

essential reference for the design of feedback systems

because the fast motion cannot be cured by the tra-

jectory correction technique. The theoretical results

have been checked by our simulation studies. In addi-

tion, we found that a stronger focusing lattice is help-

ful to loosen the tolerance of corrector strength error,

cavity offset error and cavity tilt error while it is bad

for the quadrupole offset and quadrupole strength er-

ror. So the final optics should be a balance of all of

the imperfections.

Table 2. The tolerance of fast motion refers to

3% IP luminosity loss.

0.14σ0RMS

orbit change
achieve in reality

quadrupole offset 12 nm impossible

magnet strength 6×10−5 easy

cavity offset 28 µm difficult

cavity tilt 420 nrad impossible
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