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Abstract. The FEL performance strongly correlates with the undulator field quality. The
definition of mechanical tolerances for the undulator magnets allows us to achieve the wished
field quality. These mechanical tolerances should be defined both on short and long-range
errors. With long-range errors, we address problems like deformations of the yoke caused by the
support structures or unwanted tapering, which can arise in the positioning procedure of the
ideally parallel undulator coils. In this contribution, we quantify the effect and set tolerances of a
few types of long-range errors on the FEL radiation generated specifically from superconducting
undulator coils.

1. Introduction

European XFEL has identified the development of superconducting undulators as a crucial area
of research for future facility improvements. Specifically, the organization plans to install a
superconducting afterburner at the exit of the permanent magnet undulators (PMUs) on the
SASE2 hard X-ray beamline. This afterburner will consist of six modules, each containing
two 2 m-long superconducting undulators interleaved with a phase shifter [1]. The intersections
between the modules will resemble that of the permanent magnet undulators on the SASE2
beamline. Currently, a pre-series module called S-PRESSO has been specified and contracted
to Bilfinger Noell GmbH. Long and short range deviations from the ideal geometry of the
superconducting undulator (SCU) coils impact negatively the performance of the Free-Electron
Laser (FEL). Short range errors are caused by deviations in pole and groove width and height,
as well as misalignment of winding packages and result in local field errors. The short-range
errors related to S-PRESSO have previously been examined in [2, 3, 4]. Conversely, long-range
errors can arise from yoke misalignment during installation or as a result of forces exerted on
the undulator’s support structure. The purpose of this contribution is to evaluate the impact
of long-range errors on the FEL performance and to establish an acceptable tolerance range for
such errors. Within the technical specification document of S-PRESSO, a precision of +10 pm
(20 pm absolute deviation) has to be achieved by the support structure fixing the magnetic gap.
The spacers, which are part of the support structure, are placed every 10 periods.

The first section of this contribution outlines the magnetic simulation methodology used to
calculate the extent of long-range errors. The second section describes the preparation of FEL
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Figure 1. FEMM model used for the long range error simulations.

simulations. The third section presents the findings of the FEL simulations, and the study
concludes with a summary of the results.

2. Magnetostatic simulations

Magnetic simulations with FEMM [5] were performed to establish a correlation between the
amount of height deviation and the resulting changes in the magnetic field and K value compared
to the case in which the undulator has no deviations. The undulator parameter K can be derived
from the effective magnetic field of the undulator obtained from the simulations B.y; and the
period length of the undulator A,, which in the case under study equals 18 mm, using the

following relation:

e
K = 5 BeppAu = 934 - Bo[T] - Au[m] (1)

where e is the elementary charge, m is the electron mass and c is the speed of light. The model in
Fig. 1 was defined for this task. In this model, the position of every single pole and groove can be
controlled independently. Thanks to this feature, a linear taper was applied to the gap, keeping
at the undulator’s central position the nominal gap value of 6.5mm. Two simulations with

Figure 2. Undulator with a geometry leading to a linear taper error.

linear taper (see Figure 2) were performed with displacement A respectively: 400 pm, 500 pm
and 700 pm. The resulting correspondent deviation of K was 0.206 for A = 400 pm, 0.256 for
A = 500pm and 0.358 for A = 700pm. The following fitting function links the simulation
results:

AK =5.122 x 107* - Alum) (2)

Eq. 2 can be therefore exploited to find the equivalent absolute deviation on the K parameter
on the undulator for a certain deviation expressed in um to be defined in the FEL simulations.
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Figure 3. Distribution of the undulator parameter used in the Genesis simulations AW
within the two SCUs in the first cryostat for the different deviation amounts considered. The
distribution of the undulator parameter within the following SCUs is the same as the one shown
in this figure.

3. FEL simulations

3.1. Simulation parameters

3.1.1. Electron beam For the simulations, a beam with a constant current of 5kA and
longitudinal slice beam parameters (emittance and energy spread) was considered. The assumed
normalized emittance was 0.4rad pm, the energy spread 3 MeV, the average beta function was
30m and the length of the flat-top bunch was 1 pm. The electron beam arrives from the linear
accelerator with an energy of 16.5 GeV.

3.1.2. Lattice The beamline layout consists of two sections. The first part represents the
SASE2 beamline of the European XFEL with 31 active PMUs with a period length of 40 mm
and length of 5m for the single module. The intersection between consecutive PMUs is 1.08 m
long and it includes two couples of steerers, an absorber, a beam-position monitor (BPM), a
quadrupole magnet and a phase shifter. The second section describes the afterburner with 12
SCUs wound with NbTi wire, 2m long each and with a period length of 18 mm. Each cryostat
of the six hosts two SCUs and a superconducting phase shifter in between. The cryostats are
interleaved by the same warm intersection described for the first stage. The PMUs are set to
a K parameter of 1.109, which corresponds to a magnetic peak field on the axis of 0.297T,
in order to amplify the radiation at 40keV through the Self-Amplified Spontaneous Emission
(SASE) process. The afterburner SCUs have a K of 2.276, corresponding to a magnetic field of
1.354 T, which further amplifies the radiation at 40 keV.

3.2. Long-range errors

To estimate the FEL performance in presence of different kinds of long-range errors on the SCUs,
the code ”Genesis 1.3” version 2 was used [7] in combination with Ocelot [6]. In the following,
instead of using the undulator parameter K, it will be used the AW parameter which is the input
for the lattice file in Genesis and for a planar undulator is defined as: AW = % [8].

Besides the linear taper, also the quadratic taper and the sinusoidal long-range errors were
studied. The sinusoidal error approximates the effect of the forces acting on the gap, with
the zero points of the deviation corresponding to the positions of the spacers of the support
structure, as assumed in [9]. For each SCU approximately 11 supports are applied, one each ten
full undulator periods.
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Figure 4. Evolution of the FEL pulse energy along the SCU beamline. For each amplitude of
the sinusoidal deviation, 25 simulation runs with different shot noise were performed, in the plot
it is shown the averaged value and it is compared with the result for a SCU beamline without
considering errors in the undulator parameter.

3.3. Simulation results
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Figure 5. Final FEL pulse energy as a function of the number of support structures in the
SCU.The planned afterburner will have 22 support structures (red arrow).

3.8.1. Sinusoidal error Various configurations of the sinusoidal error have been simulated,
representing the cases with 2,3,5,9,17, and 33 support structures. When there are two support
structures only, the K parameter of the undulator is described by a single peak of the sine, when
there are 3, there will be two peaks and so on. In the studied cases, support structures at either
end of the SCU (coil) are assumed, resulting in an unperturbed K parameter at these locations.
Simulations have shown that as we decrease the number of support structures, the FEL pulse
energy degrades. In addition, the degradation of the FEL pulse energy sets earlier (in terms of
the number of support structures) for a larger error amplitude. As an example, the simulation
with only 3 support structures is shown. Figure 3 shows the undulator parameter profile applied
to the twelve SCUs. Figure 4 reports the pulse energy averaged over 25 SASE runs with different
shot noise for the different deviations applied to the undulator parameter compared to the case
in which there is no error applied of the SCU afterburner. Figure 5 summarizes the simulation
results in terms of FEL pulse energy for the configurations with the different number of support
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structures analyzed. Considering that the required precision for the support structure for S-
PRESSO is +10 pm, the simulations show that the FEL pulse energy is not affected. However,
for absolute deviations above 30 pm the FEL pulse energy starts to degrade.

3.8.2. Linear and quadratic error A linear (Figure 6) and quadratic taper (Figure 7) on the K
parameter has been studied as well, considering the same deviation amounts as the sinusoidal
error. In tablel the resulting FEL pulse energy at the exit of the SCU afterburner is given.
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—— Deviation=62.5pm

r -/ [ end 1st SCU
16051~/ end 2nd SCU

1.600

100 200 300 100
Half period number

Figure 6. Linear taper of the undulator parameter used in the Genesis simulations AW within
the two SCUs in the first cryostat for the different deviation amounts considered.

For deviations above 30 pm the quadratic error on the K parameter gives a faster FEL energy
degradation compared to the linear error. Simulations show that for a deviation of £10um the
FEL pulse energy is not affected. In conclusion, allowing a maximum deviation of +10pm in
case of a linear or quadratic error guarantees to keep the performance of the FEL.

4. Conclusion and Outlook

The presented study confirms that a tolerance of 210 pm on the deviation between parallel
yokes of an SCU guarantees the FEL performance. The analyzed errors include a sinusoidal and
quadratic error which resemble the effect of support structures along the SCU module, and a
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Figure 7. Parabola taper of the undulator parameter used in the Genesis simulations AW
within the two SCUs in the first cryostat for the different deviation amounts considered.
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Table 1. FEL pulse energy at the exit of the SCU.

A [pm] Ercerror [pJ] Elinear [DJ] Equadratic [pJ]

- 51.9 - -

2.3 - 52.4 52.3
15.6 - 51.8 50.1
31.2 - 49.5 44.4
62.5 - 41.5 274

linear error. The study of the sinusoidal errors shows that the FEL pulse degradation decreases as
the number of support structures increases. Considering the case of S-SPRESSO with 11 support
structures, one does not see any effect on the FEL pulse energy even up to 62.5 um absolute
deviation. Also with the linear and quadratic error a tolerance on the maximum deviation
between the alignment of the two yokes of one SCU of 410 pm is sufficient. However, a linear
error impacts less the FEL pulse energy compared to a quadratic error.

We plan to study possible correction schemes for the long-range errors, in particular the
correction scheme based on the tuning of the phase shifters placed between the SCUs or even
upstream of the afterburner.
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