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Abstract
It has been proposed that a new arc, called T20, should

be installed for a third fan of undulators at the European X-
ray Free Electron Laser (EuXFEL) in the next decade. Due
to geometric constraints this arc will need to be at a much
larger angle than for the existing arc, called T1. It is expected
therefore that coherent synchrotron radiation effects (CSR)
in T20 on the bunch emittances will be considerable. To
preserve the x-ray beam qualities in any downstream un-
dulators, this effect will need to be understood and ideally
mitigated. In this paper the status of the T20 beamline de-
sign is discussed, the expected downstream beam properties
are shown and possible strategies for improving the beam
quality are outlined.

INTRODUCTION
X-ray free electron lasers (XFELs) require ultra-bright

electron beams to achieve the desired photon beam charac-
teristics. This means that ultra-short (high peak current)
electron bunches with small transverse emittances and en-
ergy spread are necessary. However, the impact of coherent
synchrotron radiation (CSR), in which radiation from the
bunch’s tail interacts with its head and subsequently dilutes
the bunch’s emittance, mandates linear machines. Running
counter to this is the desire for multiple undulator beam-
lines and user experiments. For this reason, XFEL facilities
around the world typically branch at relatively small angles
(a few degrees with respect to the linac) after acceleration
to two or more undulator lines. Still, the effects of CSR
on the beam when diverting to these separate lines must
be accounted to maintain performance in the downstream
undulators.

The EuXFEL [1, 2] splits into three beamlines (T1, T2
and TLD) after the collimation section at the switchyard.
Directly ahead of the switchyard lies T2, where SASE1
and SASE3 are situated. To the left lies T1 and SASE2,
and downwards lies TLD and a beam dump. An additional
beamline that branches to the right, called T20, and with it
a new set of undulators is planned for the end of the decade.
The switchyard and the beam distribution system, including
the proposed T20 beamline, were mostly developed during
the initial EuXFEL design process [3–5]. The use of CSR
mitigation techniques was limited in the T1 arc design due
to its small total bending angle (2.3°) rendering them less
necessary. Whilst the T20 arc is much larger at 6° to 7°,
the T20 design was frozen after considering only the linear
optics, without studying collective or non-linear effects. For
this reason the impact of CSR on bunches passing through
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the T20 arc must be investigated, and possible mitigation
strategies developed and implemented. In this paper design
considerations for transporting ultra-bright bunches in the
T20 beamline to new sets of undulators are discussed.

THE T20 BEAMLINE AND COHERENT
SYNCHROTRON RADIATION EFFECTS
The T20 arc design mostly developed during the EuXFEL

design process outlined in Refs. [3–6] forms a baseline for
the performance of subsequent T20 arc designs, as it meets
the most fundamental constraints on any such arc—it bends
the bunch sufficiently, it matches the upstream optics, and
it doesn’t overlap with any of the existing magnets, tunnel
walls or infrastructure.

To understand the design’s performance with regards
CSR I tracked 14 GeV, 250 pC Gaussian bunches with ini-
tial transverse emittances of 0.6 mm mrad and consisting of
two hundred thousand macroparticles with peak currents
of 3 kA, 5 kA and 7 kA using ocelot [7] and its 1D CSR
model. I justified the use of the 1D CSR model by eval-
uating the Derbenev criterion [8] along the entire arc and
found that it was satisfied everywhere. The result from this
peak current scan is shown in Fig. 1. The local linear dis-
persion’s effect on the emittance at each observation point
is accounted for by tracking, without collective effects, each
bunch to the end of the arc (where 𝜂 = 𝜂′ = 0) before
calculating the emittance. The changes in the emittance,
Δ𝜀𝑥, are 0.37 mm mrad, 1.3 mm mrad and 3.7 mm mrad at
3 kA, 5 kA and 7 kA, respectively. As expected, this is worse
than the simulated impact of CSR on the smaller-angled T1
arc [9], where the simulated projected emittance growth
is on order of 1.1 mm mrad in the 7 kA case. The vertical
emittances are not discussed here as 𝜃𝑥 ≫ 𝜃𝑦 for the T20
arc.

The development of the emittance growth can be broadly
split into three regions, first the Lambertson kicker-septum
scheme up to the 30 m point, the middle six dipoles centred at
50 m and the final three dipoles centred at 70 m (the last two
dipoles are vertical). Whilst the emittance growth is clearly
dominated by the second two set of dipoles, the impact of the
extraction system cannot be neglected, causing the emittance
to grow by 0.6 mm mrad to 0.9 mm mrad in the 3 kA to 7 kA
range.

The beamline layout, the switchyard, and its position
within the tunnel and hall are shown in Fig. 2 and demon-
strates the spatial constraints imposed upon the T20 lattice
design. The railing at (𝑧, 𝑥) = (2120 m, −3.5 m) is 16.3 m
from the upstream wall and is angled at 6.6° with respect to
the straight ahead (i.e., T2) direction. The angle of this wall
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Figure 1: The original T20 design’s simulated emittance
and energy spread growth along the beamline due to CSR
for a range of peak currents. The dispersion-free emittances
at the generally dispersive observation points in the beam-
line were calculated by directly mapping the bunch at each
point to the end of the line before calculating the emit-
tance. The Gaussian bunch’s initial transverse emittances
were 0.6 mm mrad, and the bunch charge used was 250 pC.
Dipoles and quadrupoles are shown in blue and red, respec-
tively. Unpowered magnets are shown translucent.sdsa

and the size of the opening into the hall are the immediate
fixed constraints on the necessary bending angle. In this
design most of the bending is done in the upstream tunnel
using relatively weak magnets 0.64 T, meaning much of the
space is taken up just by dipoles. For an upgrade of this mag-
nitude, one can reasonably assume new, stronger magnet de-
signs and a maximum field of 1.5 T for a normal-conducting
dipole. For the maximum possible future EuXFEL energy
of 22 GeV, this corresponds to a minimum bending radius
of 𝜌 = 49 m, or a maximum curvature of ℎ = 1.17 ° m−1.

MITIGATION OF COHERENT
SYNCHROTRON RADIATION EFFECTS
There are several approaches to mitigating emittance

growth due to CSR. Three possible approaches are outlined
in this section, however the list here is not exhaustive and
other techniques [10–12] may also need to be considered,
although all but the first method following rely on cancelling
out a CSR kick in one or more dipoles with one or more
additional dipoles further downstream.

Beta Function Waist
The simplest approach involves introducing a waist in the

𝛽 function in the bending plane of the magnet to minimise
the non-linearity of the CSR field and so-called phase mix-
ing [13]. Minimising phase mixing preserves slice emittance
whereas other methods only prefer its projection. For this
reason for any applied CSR mitigation technique, it is gener-
ally useful to also have such waists. Additionally, it is useful

to consider that when sufficient phase advance is needed
between dipoles, a waist in the first dipole will be beneficial
as 𝛿𝜑 ≈ 𝛿𝑠

𝛽 , i.e. it will maximise the phase advance going
into the downstream section. This approach was applied in
the design of the FLASH2 extraction arc [14] as there was
insufficient space for other approaches, which tend to require
more quadrupoles. To examine the benefits of such a waist,
I tracked 250 pC bunches at three different peak currents
through a 1 m-long 1.5 T dipole field. The sensitivity to the
central 𝛽-function is particularly stark at the higher currents,
and is shown in Fig. 3.

Point-kick Analysis
The point-kick analysis outlined in [15,16] describes an

approach in which the CSR kick can be cancelled completely
in the linear regime over a single double bend achromat
(DBA). Perfect cancellation for two identical dipoles, on top
of the usual achromatic conditions, additionally requires that

𝛼1 − 𝛼2
𝛽1

≅ −12
𝐿 , (1)

where the subscripted Greek letters refer to the Courant-
Snyder parameters in the middle of the dipoles, and 𝐿 is the
dipole length. Figure 4 shows the range of optical parameters
that satisfy Eq. (1), and specifically show that satisfying
this condition is difficult at such large energies due to the
relatively weak quadrupole focusing. Large regions of the
space have unrealistic optical parameters either in the first
or second dipole.

Optical Balance
This involves balancing the Courant-Snyder parameters

and phase advances between consecutive dipoles (either
(2𝑛 + 1)𝜋 or 2𝑛𝜋) depending on the dipole polarities) so
that the CSR kicks cancel each other out in aggregate [17,
18]. This cancellation can occur over several dipoles. This
approach is similar to the previous one, in that both schemes
rely on a linear proportionality between the magnet length
and the CSR-indcued energy spread. For a Gaussian bunch
the CSR-induced energy spread is given by

Δ𝜎𝐸 = 0.2459 𝑒𝑄𝜇0𝑐2𝐿B

4𝜋𝜎4/3
𝑧 𝜌2/3

(2)

where the symbols have their usual meanings [8]. More to
the point, Δ𝜎𝐸 ∝ 𝐿B.

To ensure that such an approach can be applied, I tracked
three different peak currents through various dipole lengths
at 1.5 T, shown in Fig. 5. The impact of the nonlinear tran-
sient effects is clear for small magnet lengths, but the re-
sulting energy spread is sufficiently small to be neglected.
Beyond this there is a linear relationship between the mag-
net length and the induced energy spread, suggesting the
applicability of such cancellation techniques even at such
short bunch lengths.
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Figure 2: A blueprint for the tunnel and hall in the region of the switchyard at the EuXFEL with the various beamlines
superimposed on top. For clarity, only the magnets of the T2 and T20 beamlines are displayed. Dipoles and quadrupoles
are shown in blue and red, respectively. Unpowered magnets are shown transparent.
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Figure 3: Waist scan at 22GeV for a 250pC bunch for various
peak currents, with 𝐿B = 1.5 m and 𝜃 = 1.7°, which corre-
sponds to a maximum reasonable magnetic field of 1.5 T.
The beta waist is in the middle of the dipole and the emit-
tance is sampled 2m past the end of the dipole to account
for transient effects.

CONCLUSION

I described the proposed T20 arc discussed its challenges.
The main challenge is the strong CSR effect on bunches
in the arc due to the large bending angle, which leads to
unacceptable emittance growth at large peak currents. There
are several solutions, but they all require strong focussing.
This is difficult for two reasons, firstly space is at a premium
in the tunnel, and secondly quadrupoles will be effectively
quite weak due to the very high beam energy. For these
reasons cancelling the CSR kick over two or three achromats
may be necessary. Additionally, the EuXFEL is designed for
bunch energies up to 1 nC, and the performance of any arc
design will need to consider this much higher bunch charge.
Finally, a full analysis of chromatic effects will be needed to
achieve the required ±1.5 % energy acceptance.
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Figure 4: The required Courant-Snyder parameters in a dou-
ble bend achromat with 1.5 m dipoles to achieve perfect
cancellation in the linear regime given the condition in Eq.
(1).
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Figure 5: The CSR-induced energy spread in a 250 pC Gaus-
sian bunch for magnets with a range of lengths and 𝜌 = 48 m,
the minimum plausible bending radius at 22 GeV and using
normal-conducting magnets.
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