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Abstract

With in view the design of the CLIC long transfer
lines, we develop a formal approach for the optimisa-
tion of a straight FODO line. Optimum phase advance
and cell length depending on beam parameters are de-
rived for power consumption, overall cost and sensitivity
to quadrupole misalignment.

INTRODUCTION

In the CLIC project, the drive beam and the main beam
will travel from their central production sites towards the
head of the main linacs over a straight distance L > 20 km
[1]. With such long lines, a systematic approach must be
used in order to optimize many parameters. This includes
optics, beam dynamics, operational issues like reliability,
diagnostics and safety with respect to beam losses. Finally,
the cost of the equipment and the power consumption are
major issues. In this paper, an attempt to optimize a long
line is presented. We consider a line made of FODO cells
and search for the minimum of afew figure of meritswhich
depend on optics functions. We identified the sensitivity
of the beam emittance to quadrupoles misalignment, the
number of cells and the electrical power which supply the
magnets. We briefly discuss further steps of optimization
which require a study of parameters which are beyond pure
optics studies. We finally discuss some choices of parame-
ters which are partly specific to the CLIC transfer lines.

FODO BASICS

We consider asymmetric FODO cell of length L ., which
starts and ends in the middle of focussing quadrupoles
(QF). A de-focussing quadrupole (QD) is located at the
center of thecell. Thegradient of the quadrupolesare equal
in magnitude, i.ek = kqr = —kqp. Wefurther consider a
thin length approximation, with the focal length f = 1/kl.
QF and QD are separated by a drift (D) of length L./2.
The cell contains no dipoles, because we consider astraight
beam line. A derivation of several formulae can be found
in [2] and a summary in [3], with in both cases dlightly
different notations than here. The length of thelineis L..
Thetransfer matrix of the horizontal plane through the cell
is obtained with M = Mg o MqMqqMaMqs /o Which ex-

pands to
L2
mu)_< 1-£&5 L+
- L. Lc L2
e —ap(l-35)  1-g5p
]

The right side of Eq. (1) is then identified with the
parametrization of Courant-Snyder for a periodic and sym-

mii
Mrpr =
ma1
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metric structure (o = 0)

_( cosp PBsinp
MFF - ( % COos [t ) (2)
With Egs. (1) and (2), cospt = 1 — &5 and
L Le
sin g = vk 3

The 3-functions reaches its maximum at the extremities of
the cell. We write 5 = 3 and identify m 5 in Egs. (1) and
(2) using Eq. (3). We get

1+sin%.

B =L, . (4)
Sin
Considering the transfer matrix from QD to QD,
§ 1—sink
f=L,—2 )
Sin

At this point, we note that Eq. 2 contains two free param-
eters, namely 6 and p. While other choices might be con-
sidered, optimization shall preferably be made with using
optic functions proper, here 5 and 1, instead of say, L . and
f- We will see below that this choice is indeed good. It
allowsto expressall the useful quantities and our figures of
merit with functions which allow to separate the variables,
e A(B, 1) = F(B)G(p). )

The focal length is expressed as a function of 5 and p
with Egs. (3) and (4) :

f = Bt ©)

~ "4sink(1+sink)

and the number of cellsis

N L _Lltsng @
L. 3 sinp
The chromaticity of acell isCcen = —tan § /7 [2, 3]. The
chromaticity of thelineis C' = NC... With Eq. (7), we
obtain
L 1+sin§

C=—-——=
2w cos? &

®

OPTIMIZATION

In order to preserve the emittance at best, the displace-
ment A of the beam at the end of the line must be min-
imized. The main source of displacement comes from
quadrupoledisplacement (' parasitic kicks'). If the momen-
tum width +4,, of the beam is not negligible, a parasitic
dispersion D is associated to A and smears the beam. A
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large chromaticity aggravates the smearing by filamenting
the beam. The effect of parasitic kicks is computed be-
low, while the chromaticity C(B, u) isgiven by Eq. 8. The
number of cells N is given by Eqg. 7. We do not explore
explicitely the cost optimization of the vacuum system, be-
causeit is quite case specific. If the need for beam aperture
is small, the radius of the vacuum chamber may be fixed
to alarger value for adequate conductance. In other cases,
theradiusis fixed by collective effect issues. We therefore
limit our evaluation to different hypothesis for the choice
of the radius, see below the section on magnet power.

Parasitic Kicks

The displacement A of the beam at the end of the line
(B(L) = f), which results from random kicks éz’ =
(kl)dx = 6z/ f associated to ar.m.s. displacement §x of
the quadrupolesis

2N
— NV AR i Sl Ny — P
A—; B0 sin¢; dx; with ¢; = Nu i3 9
The average quadratic sum of A is

2N 2N
< A? >:Z <AZ>= %Zﬁﬁisinzdn <oz > .
1 ) 1 ) (10)
With alternating QF (3 = 3) and QD (8 = £3), and normal-
izingto o3(L) = ¢f3, the figure of merit is the normalized
displacement (squared) :

< A% >
A? = —
€8 < 6z >

A =\ 2N
+ .
= waf) Zsm2 O;. (11)
With /2 < /2, Z?N < sin®¢; >~ N. Using N from
Eq. 7, f fromEq. (6), 3+ = 2L,/ sin y fromEgs. 4and 5

and using the trigonometric relation sin y« = 2sin 4§ cos &,

we get
[< A2 > 4L 1+sink
k e /3 V/sinpicos & (12)

Parasitic Dispersion

A estimator of the parasitic dispersion is obtained by
modifying the phase advance for chromatic error in Eq. 9,
i.e. with ¢ = iu/2 — inCs,/N, with C the chromaticity
of the line, see Eq. 8. We then write

BB+ B)

< A(dp)2 >= 27']02

2N
Z < sin?(ip/2 — inC6,/N) >

With the condition 7C'§, < 1,

2N
‘ A2 C?52N
d o< QNQPZZQZNJF% (13)
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Then by definition of D, we get
A A S\ 1/2 1/2
2 BB+ B) N
Dé, = (Tz x 2wC 3 o,  (14)
With the relations used to get Eqg. 12 and C' from Eqg. 8, we
finally obtain in the limit of validity 7C'd,, < 1
Do~ (L) _(tsing)
e B V/3sin pcos? &

Its relative dependence with 1. (Fig. 1) fits rather well with
aMadX codesimulation, but it underestimatesit by afactor
~ 25%. Thisrequires further refinement.

<oz >1?  (15)

Overall Magnet Power

The current I of a resistive quadrupole scales with I ~
(kl)a®? = a?/f, where a is the coil radius. With 2N
quadrupoles, the total power P of the line is proportional
to P ~ 2Na*/f?. With Eq. 7 for N, Eg. 6 for f and
disregarding constant factors, we get the figure of merit

5 La* (14+sink)?

Ap(B; 1) (16)

(33 4sinpcos? &

As for the radius a and writing A, = F(3,a)G(u), we
may consider different cases, namely X

- Radius fixed by beam size, or a ~ 65 = a* ~ 32. Then,
Fi(B,a) = Fy(8) ~ 1/B.

- Radius fixed by external criterion , e.g. vacuum conduc-
tance. Here, a = const, such that F»(3,a) = F»(3) ~
1/6.

- A CLIC case: multi-bunchresistive wall instability. This
case is discussed in [4]. The trgjectory error grows across
thelinewith 6z, ~ 3%/2 /a®. Keeping dx = const, we get
a~ (Y% and F3(5,a) = F3(3) ~ 1/37/3.

Results

Table 1: Thefiguresof merit with, assplit with their depen-

dence F'(3) and G(u), and disregarding constant factors.

Case F(B) G(p)
1 1+sin %
N cells 577 s
. 1 1+sin %
Pearas. kicks 3 Tl
D 1 (1+4sin &)
33/2 V/3sin pcos® &
Power :
N 1 (1+4sin £)®
a~0og 3 4sinpcos? 5
— 1 »
a = Ccst. 5
1 n
n-bunch res. 575

The figures of merit Ay, D, C, A, and N are given in
Figs. 1, 2, 3 and 4 as a function of the phase advance.
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Figure 1: The beam displacement A (red) and the para-
sitic dispersion D (blue) as a function of the phase ad-
vance of the cell 1 [°] and at the end of the line, resulting
from trajectory errors in the quadrupoles. Both functions
are normalized to their respective minmum value r.m.s.
quadrupol e displacement.
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Figure 2: The Chromaticity C in a.u. asafunction of s.

A summary of the F' and G functions is found in Ta
ble 1. Asfor parasitic kicks (Fig. 1), aminimum is reached
near 1 = 7/4, while the parasitic dispersion D is mini-
mized near u = 7 /8. The power is aso minimized near
u = /4, see Fig. 3. The number of cellsis not minimized
at p = mw/4, but N(w/4)/Npin = 1.18 is acceptable. On
the other hand N (7/8) /Nmin = 1.86, somewhat conflict-
ing with aminimization of D. It seems therefore quite ob-
vious to choose a phase advance of i = 7/4, whichisalso
useful for being a half of the often mandatory p = /2 for
some correction systems. Then quite obviously, with al the
functions varying with 1/3”, with 1 < n < 3, the largest
possible value of 3 must be preferred.

THE CASE OF THE CLIC MAIN BEAM
TRANSFER LINE

Thetransfer lineof CLIC Main Beamis constrained only
at the extremities of the line, where 3 must be matched to
synchronous curved lines. With L = 21 km, it is there-
fore economical to foresee a matching section at each ex-
tremity. The radius of the vacuum chamber will be fixed
to alarge value in order to limit multi-bunch resistive wall
instabilities[4]. Therefore a large 5 = 860 m is consid-
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Figure 3: The overall magnet power (a.u.) as a function
of u.
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Figure 4: The number of cells (a.u.) asafunction of 1.

ered. With y = 7 /4 the cell lengthis L. = 438 m which
is half of the sectorization length of the tunnel. But with
so long cells, some parasitic effects must be further worked
out, like the impact of the earth magnetic field. With these
value, the chromaticity isC = —5.3. Thephaseerror &t the
edge of the momentum band 6, = 0.01 isd¢ = 270,C =
—18° and the chromatic error §3/8 < 1%. The vertical
emmitance of the main beamise,, = 20 nm[1]. At 9 GeV,
thebeam sizeis s = 31 um. With u = 7/4, D ~ 0.02 m,
such that the chromatic smear is D5 = 200 um with
dxq = 100 um. With aratio D/63 = 6.5, a beam based
alignment remains necessary even with the optimized line,
but its performanceis not too demanding.
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