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Abstract

One of the options considered for the ECFA-CERN-
NuPECC design study for a Large Hadron electron Col-
lider (LHeC) [1] based on the LHC is adding a recirculating
energy-recovery linac tangential to the LHC. First designs
of the electron Final Focus System have shown the need to
correct the chromatic aberrations. Two designs using dif-
ferent approaches for the chromaticity correction are com-
pared, namely, the local chromaticity correction [2] and the
traditional approach using dedicated sections.

INTRODUCTION

The LHeC will provide simultaneous pp and ep colli-
sions. The electron beam will collide at 60 GeV with
the proton one in LHC Interaction Point (IP) 2. In the
linac-ring option, the electron beam will be deflected be-
fore and after the collision point with weak dipole magnets
positioned in front of the superconducting final quadrupole
triplets of the 7 TeV proton beam. A first proposal for the
lepton optics is also made in [2], where two Final Focus
(FF) are presented. In order to obtain the high design lumi-
nosity of L = 1033 cm−2s−1 with an average lepton beam
current of 6 mA, the beam size growth due to the momen-
tum spread must be minimized. Here two new conceptual
designs based on two different approaches are presented,
improving the chromatic correction in [2], with larger sys-
tems. The values for the IP beta functions considered are
β∗x = 2 m and β∗y = 0.05 m. For the electron beam, a nor-
malized emittance of εN = 6 μm and a momentum spread
of σδ = 0.3 × 10−3 are assumed.

CHROMATIC CORRECTION

Considering a final-focus (FF) system consisting of ideal
quadrupole magnets only, for a beam of nominal energy
with zero momentum spread, the spot size at the IP is
σ∗ =

√
εβ∗. When an spread σδ is considered, the beam

size is diluted by the chromaticity of the strong lenses
which form the final doublet (FD). This chromaticity scales
approximately as ξ ∼ (L∗ + Lq/2)/β∗, where L∗ is the
distance from the IP to the last quadrupole and Lq is the
length of the last quadrupole. The design of the final focus
is driven primarily by the necessity of compensating the
chromaticity of the FD.
There are two different approaches to compensate the

chromatic effect, which we call the traditional scheme and
the local correction scheme.

∗Work supported in part by the European Commission under the FP7
Research Infrastructures project EuCARD, grant agreement no. 227579.

Traditional Scheme

The traditional FF system is of modular construction:
The chromaticity is compensated in two dedicated sec-
tions, each of which corrects the chromaticity in one plane.
The separated optics with strictly defined functions makes
the system relatively simple to design. However, as the
chromaticity is not locally corrected the bandwidth of the
system is limited by the off-momentum breakdown of the
proper relations between the sextupoles and the FD.

Local Correction Scheme

An alternative solution addressing the aforementioned
problem was proposed in [3]. The basic idea is to perform
the FD chromatic correction locally, by placing the sex-
tupoles next to the FD. The locally corrected system can
be much shorter in length and the bandwidth significantly
higher than for the traditional scheme. Since the correc-
tion of the FD chromaticity does not require the “transport
of the sextupole kicks” over several (many) quadrupoles,
the generation of bandwidth-limiting higher-order chromo-
geometric aberrations is minimized.

FF WITH LOCAL CORRECTION
The system is 150 m long and consists of two focusing

and two defocusing quadrupoles. Figure 1 presents the lay-
out of the lattice and an optics plot for the β-functions and
the dispersion. Two pairs of sextupoles are placed at every
peak of the β-function, next to the quadrupoles. Bending
dipoles generate the dispersion needed in the final doublet
to correct chromaticity. These bending magnets. which are
longer and weaker than those of the FF shown in [2], result
in a SR power of 83 kW (mostly in the final 9-m long 0.3-T
separation dipole near the IP which is common to all LHeC
FF designs).
The compensation of the chromatic aberrations is illus-

trated in Fig. 2, where the beam size is calculated at dif-
ferent Taylor-map orders both for a monochromatic beam
and for a Gaussian beam with σδ = 0.3 × 10−3. The dif-
ference at orders 1 (linear) and 2 (quadratic) is due to the
sextupoles. It is small because of the compensation of the
geometric aberrations. The beam-size values shown must
be compared with those obtained without any chromatic
correction, which are σ∗x = 11.64 μm, σ∗y = 6.08 μm.

TRADITIONAL FF SYSTEM
In this case the system is about 267 m long and con-

sists a two dedicated chromatic correction sections and a
final transformer containing the FD. Four bending sections
create and correct the dispersion needed for the chromatic
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Figure 1: FF optics with local chromatic correction.
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Figure 2: Beam size for order considered computed by
MAPCLASS [4] for the FF with local chromatic correc-
tion.

correction. These sections are long and weak generating a
synchrotron radiation power of 39 kW, much lower than in
the local correction scheme. Figure 3 shows the layout of
the system together with a plot of the β-functions and the
dispersion.
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Figure 3: Layout of the FFS with dedicated chromatic cor-
rection sections.
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Figure 4: Beam size for order considered computed by
MAPCLASS for the FF with dedicated chromatic correc-
tion sections.

The compensation of the chromatic effects is illustrated
in Fig. 4, where as before we show beam sizes computed
order by order for a beam with a Gaussian energy distribu-
tion of σδ = 0.3 × 10−3.

COMPARISON

Beam Size and Tracking

In Table 1 we list the beam sizes obtained by particle
tracking with PLACET. The numbers are consistent with
the analytical calculation using MAPCLASS [4] and also
with MADX tracking. In the absence of synchrotron ra-
diation, the local correction scheme presents smaller beam
spot sizes.

Scheme σx [μm] σy [μm]
Local 9.34 4.69

Traditional 9.75 4.97

Table 1: Horizontal and vertical beam size for a beam with
momentum spread σδ = 0.3 × 10−3 without synchrotron
radiation evaluated by tracking with PLACET.

Synchrotron Radiation Effects

One of the main limitations of the beam size at the IP is
the synchrotron radiation emitted in the bending magnets
of the FF system. Here we compare the radiation emitted
for both schemes and its effect on the emittance growth and
the resulting IP beam-size blow up.
The dilution of the horizontal IP beam size due to syn-

chrotron radiation can be estimated from [5]

Δ
(
σ∗x

2/β∗x

)
= 4.13 × 10−11m2GeV−5E5I (1)

where E is the beam energy and I is the integral

I =

∫ L

0

H(s)

|ρx(s)3| cos2 Φ(s)ds ≈
∑

i

Li

Hi

ρ3

x,i

cos2 Φi (2)
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where Li and ρi denotes the length and the bending radius
of the i dipole magnet, andH is defined as

H =
D2

x + (D′xβx + Dxαx)2

βx

(3)

with Φ = Δφx(s → L) + arctan (−αx − βD′x/Dx), and
φx the betatron phase advance.
The approximation in (2) of the integral by a sum can be

used if the bending magnets are split into sufficiently short
portions.
Table 2 compares the horizontal IP beam sizes with and

without synchrotron radiation obtained from tracking sim-
ulations with the code PLACET and the analytical estimate
from Eq. (2).

σx [μm] σx [μm] σx [μm]
Scheme w/o synch. w synch. expected
Local 9.41 22.24 22.33

Traditional 10.15 12.84 13.63

Table 2: Synchrotron radiation effects due to emittance di-
lution in the horizontal plane. Numbers in the two first
columns were computed by tracking and those in the third
estimated using (2).

We observe that the influence ot the synchrotron radia-
tion is more dramatic in the local correction scheme. This
is due mainly to the fact that the dipole length and field are
not optimized and they are located in regions where the be-
haviour of the Twiss functions in (3) makes H larger than
in the case of the traditional final focus scheme, where the
Twiss functions are more relaxed in the bending sections.
Although, as we have seen, the chromatic correction in the
traditional scheme is not perfect due to the weaker bending
magnets, the overall result looks better.

Bandwidth
The performance of the FF with respect to small varia-

tions in the beam energy is characterized by the momentum
bandwith. For the local correction scheme a better band-
width is expected [3]. The bandwidth of the FF with local
chromatic corrections is shown Fig. 5, the one for the tra-
ditional system in Fig. 6. Comparing these two figures, the
beam-size growth due to an energy offset (β∗ vs δ ≡ Δp/p)
and due to an energy spread (σ∗x,y vs σδ) indeed are much
larger for the modular system than for the locally corrected
one.

CONCLUSIONS
Two LHeC L-R FF alternatives have been added to those

presented in [2]. The two systems explore two different
chromatic corrections. The local approach is more com-
pact and exhibits a much larger bandwidth. However the
horizontal beam-size increase due to SR emitted in bend-
ing magnets is considerably higher. In the future, we plan
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Figure 6: IP bandwidth of the dedicated section FFS. Nor-
malized betatron functions versus energy offset and nor-
malized beam size (determined by MAPCLASS) versus
energy spread σδ.

to further optimize the performance of the compact system
by adjusting the bending magnets so as to minimize Eq. (2).
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