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Abstract
The Compact Linear Collider (CLIC) is a proposed linear

accelerator designed to collide electrons and positrons at
energies up to 3 TeV. In order to explore new physics and
to be more competitive with other collider projects, CLIC
is exploring the increase of the center-of-mass energy to
7 TeV. The CLIC Beam Delivery System (BDS) transports
the lepton beams from the exit of the Main Linac to the Inter-
action Point (IP). This paper reports on the studies and the
challenges of the new BDS design, such as minimizing the
extent of trajectory bending for collimation and chromaticity
correction to reduce the effects from synchrotron radiation,
ensuring a good transverse aberration control at the IP.

INTRODUCTION
Studies of CLIC with 7 TeV of c.m. energy have never

been done so far. To estimate a target design luminosity we
extrapolate from previous studies up to a c.m. energy of
3 TeV (Fig. 1). The resulting predicted luminosity for the
7 TeV design is about 1035cm−2s−1. The challenges of this

Figure 1: Total luminosity of proposed highest-energy
electron-positron colliders as a function of c.m. energy [1].

new design are minimizing the extent of trajectory bending
for collimation and chromaticity correction to reduce the ef-
fects from synchrotron radiation, ensuring a good transverse
aberration control at the IP. The design of a 7 TeV BDS [2]
involves the process of scaling up the 3 TeV lattice [3] to ac-
commodate the higher energy level. The scaling factor used
in this process is determined by the previous energy level of
3 TeV and the actual energy level of 7 TeV, and it is given
by the rescaling factor 𝛼𝑠 = (7/3)1/3 [4, 5]. This scaling
factor is used as a starting point for adjusting the parameters
of the BDS elements to make them suitable for use at the
higher energy level of 7 TeV. However, to achieve the de-
sired luminosity, discussed above, at this energy level, it may
be necessary to increase the length of the line and further
optimize the BDS elements beyond what can be achieved
by just scaling the 3 TeV lattice with the scaling factor 𝛼𝑠.
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The main sources of synchrotron radiation are the bending
magnets in the Collimation section and in the Final Focus
System (FFS). The bending magnets in the first part of the
Collimation system, called Energy Collimation, are needed
to remove the beam halo due to the off-momentum particles.
The bending magnets in the FFS are necessary to generate
the dispersion for sextupoles to cancel the chromaticity. Syn-
chrotron radiation causes an increase in the square of the
beam size proportional to the fifth power of the product of
beam energy and bending angle, assuming negligible energy
loss [6, 7],

𝜎2
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(𝑚𝑐2 )6 = 4.13 × 10−11m2GeV−5 is a con-
stant. For this reason, it is necessary to reduce the bending
angle as much as possible to minimize this effect. In the
Collimation section, the dispersion must guarantee the colli-
mator (energy spoiler) to remove the particles with an energy
shift greater than 1.3%. Reduction of the energy spoiler gap
will lead to an increase in wakefield effects [8]. In the FFS,
the dispersion must be sufficient to allow the sextupoles to
cancel the chromaticity generated by the lattice quadrupoles.
At the IP, the main source of the beam size growth is the
chromaticity [9],

𝜎∗2 = 𝜖 𝛽∗ (1 + 𝜉2𝛿2
𝑝) , (2)

where 𝜖 is the beam emittance, 𝛽∗ is the beta-function at the
IP, 𝛿𝑝 is the relative momentum spread of the beam and 𝜉 is
the chromaticity at the IP.

SYNCHROTRON RADIATION IN THE
COLLIMATION SYSTEM

Scaling of the Bending Angles
To minimize the radiation generated in the Collimation

system, the bending angles of the dipoles must be reduced as
much as possible which will lead to a reduction in dispersion.
A decrease in dispersion will lead to a reduction in the spoiler
gap [10] and, as mentioned above, to a high wakefield effects
especially the transverse wakefields can lead to a significant
emittance dilution. The kick due to the wakefield effect is
proportional to

< Δ𝑦′ >∝
𝐿𝑠𝑝𝑜𝑖𝑙𝑒𝑟

𝛾
√
𝜎𝑧𝜎𝑍0𝑔3 , (3)

where 𝑍0 = 377 Ω is the vacuum impedance, 𝜎𝑧 is the bunch
length, 𝛾 is the relativistic factor, 𝐿𝑠𝑝𝑜𝑖𝑙𝑒𝑟 is the length of
the spoiler, 𝜎 is the conductivity of the spoiler and 𝑔 is the
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half-gap of the spoiler. Using a spoiler made of the same
material and with the same length as for the 3 TeV design,
the only variables remaining are the beam energy and the
gap:

< Δ𝑦′ >∝ (𝐸 · 𝑔3)−1. (4)
The wakefield effect has been kept the same as the one at
3 TeV, to maintain the same effect on the beam. The half-gap
at 3 TeV is equal to 3.51 mm, then, from Eq. (4) we obtain
that at 7 TeV the half-gap will be 2.6 mm. With this value,
the spoiler gap required to remove beam with energy spread
higher than 1.3% is 𝑔 = 𝛿𝑝 · 𝐷𝑥 = 2.6 mm. Using this
dispersion value at the spoiler (𝐷𝑥 = 0.2 m), it is possible to
reduce the bending angles by 58%, compared to the previous
3 TeV design. Under this design, the horizontal beam size
growth due to the SR is +27%, at the end of the Collimation
system, 𝜎𝑆𝑅

𝑥 = 3.65 µm, compared to the one without SR,
𝜎𝑥 = 2.87 µm. The beam size with the contribution of the
SR is computed using PLACET [11].

Scaling of the Collimation Length
To further reduce the bending angles, keeping the dis-

persion at the spoiler position of 0.2 m, it is necessary to
increase the length of the line. Starting from the bending an-
gles already reduced by 58%, the length has been increased
by 50% in steps of 5%. Increasing the length of the Colli-
mation section, just scaling the length of the elements, the
beam size with SR will decrease, then the aberration not
corrected will dominate and the beam size will increase. For
this reason it is necessary to correct this effect for each step
of the scaling, with the sextupoles and the octupoles in the
Collimation section. As shown in Fig. 2, after the correc-
tion, the beam size with no radiation contribution remains
constant and that which includes the effect of synchrotron
radiation decreases as the length increases. This scaling
will be used to increase the length of the BDS achieving the
target luminosity.

Figure 2: Horizontal beam size, at the end of the Collimation
line, with SR (blue) and without SR (orange) for different
lengths. Sextupoles and octupoles are optimized.

SYNCHROTRON RADIATION IN
THE FINAL FOCUS SYSTEM

The reduction of the bending angles in the FFS leads to a
lower dispersion at the sextupoles. On the other hand, the

relevant sources of beam size growth are the chromaticity
and the higher order aberrations. In Fig. 3, it is shown the
beam size with and without the SR as a function of the
bending factor in steps of 10%. The minimum value of 𝜎𝑥

on the plot is an approximation based on the step size used
in the simulation. To obtain the actual minimum value of
𝜎𝑥 , the results were extrapolated from MADX by making
incremental adjustments to the scale factor in steps of 1%
until the smallest value of 𝜎𝑥 and the highest value for the
luminosity ware achieved. Based on this extrapolation, the
bending factor for which𝜎𝑥 is minimized, and the luminosity
is maximized, is estimated to be -64%.

Figure 3: Horizontal and vertical beam size at the IP for step
of 10% of scaling factors of the bending magnets with and
without the effect of the synchrotron radiation.

The minimum value of 𝜎𝑦 (around -50% bending factor)
was not taken into consideration, as the bending magnets
only act in the horizontal plane and therefore it was necessary
to focus on reducing the effects of SR in that plane.

OPTIMIZATION OF
THE FINAL FOCUS SYSTEM

After reducing the synchrotron radiation effects in the
beam line, the focus shifted to optimizing the FFS to reduce
aberrations affecting the beam sizes at the interaction point
(IP). Due to the scaling of the line from 3 TeV to 7 TeV, the
value of 𝐿∗ increased from the design value of 6 m to approx-
imately 8 m. The first step in the optimization process was to
bring 𝐿∗ back to the design value of 6 m. Next, the positions

Table 1: Phase Advance Discrepancy from the Nominal
Value Between Sextupoles

|0.5 − Δ𝜇𝑆𝐷0−𝑆𝐷4 |
[10−62𝜋]

|0.5 − Δ𝜇𝑆𝐹1−𝑆𝐹5 |
[10−62𝜋]

X Y X Y

7 TeV 4.6 2.1 3.7 8.6
3 TeV 8.2 2.8 3.7 10

and strengths of quadrupoles and sextupoles were adjusted
to minimize the discrepancy of the phase advances between
the sextupoles from the nominal value of 𝜋 (Table 1). Af-
ter scaling the FFS by 64% to reduce the SR effects, the 𝛽

functions and dispersion have been rematched to achieve
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the shape obtained before the elements were moved. This
rematching process is shown in Fig. 4. Sextupoles were then
used to cancel chromaticity, and octupoles and decapoles
were added to reduce higher order aberrations. To evalu-
ate the horizontal and vertical beam sizes without SR, the
transfer map was computed using Mapclass [12–15]. The

Figure 4: 𝛽𝑥 , 𝛽𝑦 and 𝐷𝑥 along the FFS (top). Element
position along the FFS (bottom).

Figure 5: Horizontal and vertical beam size at the IP as a
function of the map order.

Table 2: FFS Parameters at 7 TeV and at 3 TeV

Parameters 7 TeV 3 TeV
𝐿𝐹𝐹𝑆 [m] 1016 770
𝐿∗ [m] 6 6

𝛽∗𝑥/𝛽∗𝑦 [mm] 11/0.24 7/0.12
𝜖𝑛𝑥/𝜖𝑛𝑦 [nm] 660/20 660/30
𝜎∗
𝑥/𝜎∗

𝑦 [nm] 32.4/0.83 40/0.9
𝜎∗
𝑥,𝑆𝑅

/𝜎∗
𝑦,𝑆𝑅

[nm] 39.4/1.8 50/1.5
𝛿𝑝,𝑟𝑚𝑠 [%] 0.3 0.3

results are shown in Fig. 5, where the beam size is shown as a
function of the order of the transfer map considered. Finally,
the optimized FFS parameters at 7 TeV were determined and
are shown in Table 2, along with the design parameters at
3 TeV for comparison.

FULL BDS
The full BDS is obtained assembling in order the Diag-

nostics section, Collimation and FFS. In Fig. 6, four possible
lengths of the BDS have been proposed to achieve a target
luminosity of approximately 1035 cm−2s−1 at 7 TeV. It has
been found that increasing the length of the BDS up to 6
km can achieve this target (see Table 3). The luminosity
values presented in the figure have been calculated using
Guinea-Pig [16].

Figure 6: 7 TeV BDS luminosity for different BDS and
Collimations lengths.

Table 3: 7 TeV BDS Luminosity for Different BDS and
Collimations Lengths. FFS and Diagnostics Length are
Kept Constant, 𝐿𝐹𝐹𝑆 = 1016 m, 𝐿𝐷𝑖𝑎𝑔𝑛𝑜𝑠𝑡𝑖𝑐𝑠 = 547 m

𝐿𝐵𝐷𝑆 [km] 4.5 5.0 5.5 6.0
𝐿𝐶𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 [m] 2937 3437 3937 4437
L [1034cm−2s−1] 8.0 9.3 9.7 10.1
L1% [1034cm−2s−1] 2.68 2.87 2.89 2.97

CONCLUSIONS
The new BDS at 7 TeV was developed by scaling up the

previous design used for 3 TeV. To mitigate the effects of
SR, the bending angles in Collimation and FFS were re-
duced by 86% and 64%, respectively, for a BDS of 6 km
length. Further extending the Collimation section will not
improve luminosity significantly. The FFS has been opti-
mized by bringing 𝐿∗ from 8 m to 6 m, rematching the Twiss
parameters at the IP and optimizing higher-order aberrations
using sextupoles, octupoles, and decapoles. Combining all
systems together results in a luminosity of 1035cm−2s−1.
Further optimization of the systems can be achieved through
additional studies. For the Collimation section, the length
of the betatron collimation could be reduced as it has no
bends. Regarding the FFS, it has been observed that in-
creasing the length of the system can further reduce the SR
effects. However, a preliminary study did not produce better
results, indicating that further investigations are required to
improve its performance. One approach under development
is through the exploitation of the new MAD-NG code [17],
which could offer additional tools and faster speed to opti-
mize the FFS design.
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