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Abstract

We describe a base-line optics for a 3-TeV CLIC final-
focus system. The proposed system consists of an ini-
tial beta matching region, two chromatic correction sec-
tions, and a final transformer, and it provides a total de-
magnification by a factor 90 horizontally and 346 verti-
caly. The length per side amounts to 3.3 km. The ef-
fect of synchrotron radiation and higher-order aberrations
is minimised by an odd dispersion function in the chro-
matic correction section. For atotal flat energy spread of
1%, the system promises aluminosity of about 80% of the
ideal. The 20-30% spot-size dilutionsin thetwo transverse
planes reflect a trade off between Qide effect and higher-
order chromo-geometric aberrations.

1 INTRODUCTION

The compact linear collider (CLIC) under study at CERN
[1] shall bring into collision low-emittance electron and
positron beams at centre-of-mass energies extending up to
5 TeV. Table 1 compares the design beam parameters at the
interaction point (1P) for a3-TeV CLIC with those actually
demonstrated at the SL C and those envisioned for a 1-TeV
NLC [2]. The NLC luminosity represents an increase by
4 orders of magnitude compared with the SLC, while the
CLIC 3 TeV parameters surpass this by about another fac-
tor of ten. The high luminosities are achieved by increasing
the number of bunches per rf pulse and, mostly, by reduc-
ing the IP spot size. For the latter, one can explait the nat-
ural reduction in geometric emittance at higher energies,
but in addition reduced IP beta functions and a significant
decrease in the normalised emittances are required.

The task of the final-focus system is to focus the two
main beams, after acceleration in the linac, to the trans-
verse design spot sizes of 43 nm, horizontally, and 1 nm,
vertically, at theinteraction point (1P). The full momentum
bandwidth of the final-focus system should be of the order
of 1%, in order to accommodate the beam energy spread
expected from the linac. The final-focus optics described
in this paper nearly fulfills the requirements. Tight toler-
ances on magnet-position and field stability are implied by
the small IP spot size. Optics calculations and the toler-
ance analyses| 3] were performed using the computer codes
FFADA [4] and MAD [5].

2 OPTICS

Figure 1 displays the base-line optics for a 3-TeV CLIC
final focus. The system consists of beta matching region,
horizontal and vertical chromatic correction sections (CCX
and CCY), and final transformer. The total length is about
3.3km per side.

The final focus decreases the initial beam size 90 times
and 346 times in the two transverse planes. Most of this
demagnification occurs in the final transformer, which is
made from two quadrupole doublets and which alone de-
magnifies by afactor 15 horizontally and 50 vertically.

A high gradient of the final quadrupole prior to the IP
is necessary in order to confine the doublet chromaticity,
which is closely related to the strength of higher-order
aberrations. For our base-line design, we have asssumed
a quadrupole gradient of 450 T/m. To set this into per-
spective, an NL C permanent magnet prototype has demon-
strated a gradient of 500 T/m [6], and higher values, up to
5000 T/m, are thought to be feasible [7]. For alarge aper-
ture s.c. quadrupol e the assumed gradient would constitute
a30% increasefrom present designs[8]. A third possibility
is a pulsed quadrupole, which could also achieve gradients
of the order of 1000 T/m [9].

With the assumed quadrupol e gradient, the chromaticity
of the final doublet is 6900 in the horizontal and 27000

Table 1: Comparison of |P beam parametersfor SLC, NLC
andCLIC.

parameter sym. SLC NLC CLIC
c.m. energy [TeV] E 0.1 1 3
luminosity L 0.0002 13 10
[103* em=2s71]

repetition rate [HZ] frep 120 120 100
bunch charge[10'°] Ny 3.7 1 0.4
bunches/rf pulse np 1 95 154
bunch spacing [ng] Ay — 28/1.4 067
beam power [MW] P, 0.04 9 14.8
hor. emittance[um]  ~e, 50 45 0.68
vert. emittance [pm] e, 8 01 0.02
hor. beta[mm] o 2.8 12 8
vert. beta[mm] B, 15 0.15 0.15
hor. spot size [nm] ok 17007 235 43
vert. spot size [nm] o 900f 4 1.0
bunch length [mm] o, 1 0.12 0.03

1998 average value



CLIC 3-TeV Final Focus (90x346)
10 HP/UX version 8.23/02

B B D D !
9 " " I .09

inawLamn isannanlly

09/04/00 22.20.44
T T .10

D (m)

! "
8 n n + .08
" "

o [
7 " i k.07

B (m) [*10**( 6)]

n
6 i o I .06

54 o P L .05
[ !

[ ! !
44 [ vy .04
3 [ P L .03
I 1 !
Lo
2 b [ b .02
[
o -
ay SN ot
0.0 S R +—= T 0.0
0.0 1000. 2000. 3000. 4000.

s (m)
de/ poc = 0.
Table name = TWISS

Figure 1: Betafunctionsand dispersion for the entire final -
focus system as afunction of the longitudinal position. The
interaction point is on the right.

in the vertical plane. Here chromaticity is defined in
the linear-collider sense as the relative spot-size increase
(added in quadrature) divided by the rms energy spread.
The beta functions at the entrance to the final quadrupole
of 15 km horizontally and 88 km vertically correspond to
rms beam sizes of 59 ym and 24 ym. Thistrangatesinto a
beam stay clear of 50-140 ¢ for a permanent magnet with
3.3-mm bore radius and 450-1100 ¢ for a superconducting
quadrupolewith 2.7 cm radial aperture.

The large chromaticity of the final doublet is compen-
sated in the two chromatic correction sections, which fea-
ture an odd dispersion function as proposed by Oide [10].
Either chromatic correction section comprisesapair of sex-
tupoles, separated by a — 1 transformation and placed an
integer multiple of 7 in betatron phase away from the fi-
nal doublet. The dispersion is nonzero only at the second
sextupole of each pair. This has two advantages: (1) it re-
duces the number of bending magnets and the amount of
synchrotron radiation by a factor of 2, and (2) it avoids
many of the 5th order chromo-geometric aberrations aris-
ing from the chromatic breakdown of the —I between the
sextupoles, which limit the momentum bandwidth. Thanks
to the — I separation the individual sextupole pairs do not
generate any 3rd order geometric aberrations. The 2nd or-
der dispersion from the CCX is adjusted so as to cancel the
2nd order dispersion producedin the CCY. Theratio of dis-
persion values, or, aternatively, the ratio of bending angles
in CCX and CCY is thus constrained. In the present de-
sign the net bending angles for the dipole regions in CCX
and CCY are 63urad and 230urad, respectively. The peak
beta functions at the CCY sextupoles are about 1000 km,
50 times larger than the peak betafunctionin the SLC final
triplet, and the maximum value of the dispersionis 0.1 m.

The initial beta functions of 65 m horizontally and 18 m
vertically are chosen equal to the beta functions at the end
of the main linac.

In the final transformer the beta functions vary rather
dramatically with energy, asisillustrated in Fig. 2. This
effect must be taken into account when choosing magnet
and beam-pipe apertures.

L 0 L 0

Figure 2: Beta functions in the final telescope for energy
offsets of —0.5% [left] and +0.5% [right].

The system was optimised by varying the total length,
the ratio of CCX and CCY lengths, the bending angles,
and the strengths of the last two quadrupoles, in order to
maximise the luminosity for a 1% flat energy spread. The
final parameter choiceis a trade-off [11] between Oide ef-
fect[12,13] (vertical beam size increase due to synchrotron
radiation in the last quadrupoles, favoring a weak second-
to-last quadrupole Q2) and the momentum bandwidth in
the horizontal plane (demanding a small horizontal chro-
maticity and, thus, a strong quadrupole Q2).

The geometric luminosity, without pinch, is calculated
using FFADA by tracking two random sets or particles
through the entire system to the interaction point, and con-
volving them there on a grid. The luminosity so obtained
is displayed in Fig. 3 as a function of the full-width mo-
mentum spread assuming a flat energy distribution. For the
anticipated energy spread close to 1%, it is about 80% of
the ideal value that would be attained for a perfectly linear
and achromatic optics without synchrotron radiation and
aberrations.

Figure 4 depicts the dependence of the transverse rms
spot sizes on the full energy spread érw. The vertical spot
size is about 30% larger than the ideal value, only dlightly
increasing with energy spread. The 30% blow up is due
to synchrotron radiation in the second to last quadrupole
magnet Q2. For small energy spread dxw the horizontal
spot size is close to the ideal value. However, the latter
increases rapidly with increasing o pw . Asindicated above,
the strength of Q2 as well as the bending angles in CCX
and CCY have been adjusted such that for the nominal 1%
energy spread the horizontal blow up is comparable to the
vertical.

Figure 5 displaysjitter and drift sensitivities (i.e., thein-
verse tolerances) for the vertical magnet position. Jitter
sensitivities refer primarily to the induced orbit shift at the
IP, which could be corrected over a few pulses. Drift sen-
sitivies are calculated from the IP spot-size increase and,
thus, they apply over atime interval of several minutes, at
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Figure 3: Relative luminosity loss as a function of the full-
width energy spread for a flat distribution. The luminos-
ity was calculated by tracking two random distributions of
5000 particles through the final focus to the IP and there
convolving them on a grid. The ideal reference luminosity
without pinchis Ly = 4.6 x 1034 ecm~2s7 1,
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Figure 4: Relative rms spot sizes as a function of the full-
width energy spread for aflat distribution with and without
synchrotronradiation. Theideal linear spot sizesareo .o =
43 nmand oo = 1.0 nm.

which the spot size can be re-tuned. All numbers in the
table correspond to a 2% luminosity loss per magnet. The
tightest jitter tolerance is 0.2 nm, for the last quadrupole.
Various stabilising techniques as well as intra-pul se feed-
back can be employed to meet this tolerance [14]. Drift
tolerances are much looser and of the order of 100 nm. Fi-
nally, with sensitivities as shown in Fig. 6, typical field sta-
bility tolerances are about 10 —°, comparing favorably with
the 10~ 6 precision of LHC power converters[15].

3 SUMMARY
We have presented a base-line final focus for 3 TeV. It is

3.3 km long and promises satisfactory performance.
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Figure 6: Sensitivities to arelative change in field strength
for all final-focus magnets. Again, the full and open bars
represent jitter and drift tolerances, respectively.
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