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Abstract
Concepts for reducing on-axis heat load become essential

as photon flux increases in next-generation synchrotrons, es-
pecially in the soft X-ray regime. Therefore, APPLE “knot”
undulators are promising insertion devices, diverting most
energy off-axis without compromising the polarization pu-
rity. The first two APPLE X knot undulators, each 2 m long
and with a period length of 36 mm, were designed and built
at Paul Scherrer Institute (PSI) and installed into the newly
upgraded Swiss Light Source (SLS2.0) electron storage ring.
This contribution presents the final magnetic characteriza-
tion results of both novel undulators and derives photon char-
acteristics, including how effectively the radiation power is
expected to be reduced on-axis in contrast to a regular el-
liptical undulator, especially in linear modes. Further, their
initial performance with the beam is demonstrated, provid-
ing a glimpse of the ongoing beamline commissioning and
future operation.

INTRODUCTION
The latest upgrade of the Swiss Light Source SLS to

SLS2.0 increased the electron beam energy from 2.4 GeV
to 2.7 GeV and reduced the horizontal emittance to a target
value of 157 pm. To exploit the improved beam parameters,
most existing insertion devices are replaced by undulators
with shorter magnetic periods, enabling significantly higher
photon beam brightness. In particular for soft X-ray beam-
lines, this results in an increased radiation power incident
on beamline components, making the reduction of on-axis
heat load a critical issue. To address this challenge, a novel
APPLE “knot” undulator concept was implemented, based
on PSI’s mature APPLE X design for SwissFEL’s Athos
line [1].
The resulting device, a 2 m-long UE36kn, with an undulator
period 𝜆u = 36 mm, was designed to suppress on-axis radi-
ation power for linearly polarized light, similar to figure‑8
undulators, while providing enhanced polarization purity.
This was achieved by a dedicated magnetic configuration
that shifts the main radiation peak, thus higher harmonics,
off-axis [2–5]. The original APPLE knot concept employs
eight magnet arrays in an APPLE II–type configuration. For
UE36kn, the design is adapted to the existing undulator in-
frastructure at PSI by merging the eight arrays into four
combined arrays, with all magnets having the same rema-
nence field 𝐵r = 1.31 T, forming a main undulator period
length 𝜆u = 36 mm. In addition, the magnetic design is
simplified by limiting the number of different magnet types
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to five. A detailed design overview was given in a previ-
ous publication [6]. This paper presents the final results
of the magnetic characterization, including derived photon
characteristics, and the initial performance with the beam in
SLS2.0 at PSI.

MAGNETIC CHARACTERIZATION
A compact measurement system was needed as the fish-

like magnets on the four arrays in an APPLE X configuration
spare only limited space for measuring at small gaps, as Fig. 1
demonstrates in a close-up. To deal with this constraint, a
SAFALI-type system serves as the measurement setup con-
sisting of a 3-axis Hall probe, introduced earlier [7].
After the magnet assembly was completed and before being

able to assess the final magnetic field configurations exper-
imentally, each undulator was aligned in two steps: First,
the Hall probe’s position was corrected for the horizontal
and vertical positions, 𝑥 and 𝑦, as well as pitch and yaw,
respectively, while the beam is pointing along ̂𝑧; all with
respect to the magnetic field, utilizing a newly defined 𝐾
parameter for the knot-magnet design. Second, minimizing
the relative phase among the four rows by correcting the
position of all four arrays to each other, leading to improved
polarization settings, especially in linear modes. As a next
step, the complete magnetic configuration was optimized
by using the flexor/screw system introduced in earlier publi-
cations [1,6]. As commonly done for undulators, the goal
of shimming was to smooth the undulator field and reduce
kicks as best as possible by minimizing the first and second
field integrals and thus the phase error. Yet, the novel AP-
PLE X knot magnet design comes with a challenge linked
to the keeper design with respect to the shimming process:
A single shimming knob consists of a pack of four magnets,
each with a different magnetization direction. With a total of

Figure 1: The APPLE X knot UE36kn and its four magnet
arrays, including the flexor-based shimming system, during
the magnetic characterization at a gap of 13 mm.
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six different knobs, some individual knobs may be strongly
coupled. Consequently, a new shimming algorithm needed
to be developed and tested. A more detailed description
of this complex, novel shimming procedure and the new 𝐾
definition for knot configurations will be published in the
near future, as it would go beyond the scope here.

Experimental Results
Having set up both undulators as described above, the

magnetic fields were assessed for various gaps and polar-
ization modes. A selected subset from more than 1000
magnetic field profile measurements acquired per undulator
UE36kn was then used for the characterization of the princi-
pal polarization modes; these cover linear horizontal (LH),
circular (Circ), and linear vertical (LV) polarization. For the
latter, we distinguish between a parallel and an antiparallel
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Figure 2: Measured UE36kn’s on-axis magnetic flux density
(𝐵-field) for the minimum gap in the principal polarization
modes. Peak field and 𝐾 values agree with calculations.

(LVas) shift. Figure 2 displays 𝐵-fields causing such polar-
ized photons for UE36kn’s minimum gap of 11.5 mm.
Both field components, e.g., for LH, vertical 𝐵𝑦 and hori-
zontal 𝐵𝑥, quantitatively agree with calculations, thus giving
a maximum 𝐾 ≈ 3.6. The undulators’ magnetic field was
calculated and designed using the software Radia [8] and
was briefly presented earlier [6]. As is common for elliptical
fields, the linear fields also have orthogonal components
due to the knot design, helping to shift the main power load
off-axis, as demonstrated later.
It is worth noticing that the smaller field component of

the linear modes still showed some qualitative deviations
from the calculated qualitative curve, e.g., in uniformity.
This may be caused by the following: First, due to time
constraints, the novel shimming procedure was only applied
to the worst outstanding shimming knobs, end regions, and
single groups of knobs to demonstrate the working principle.
Second, a non-perfect perpendicular alignment between the
respective Hall sensors within the used 3-axes Hall probe,
which is given with a precision of ±2 ∘, was demonstrated to
have a non-negligible impact, especially on these 𝐵-fields,
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Figure 3: Calculated angular power density (kW/mrad2)
based on experimental 𝐵-field scans, depicted for a 36 mm
(a)-(d) APPLE X knot (UE36kn) and (e) an ordinary APPLE
X magnet configuration (UE36). Same color bar for all plots.
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caused by the knot-design. Nevertheless, this does not com-
promise the performance in any way, as demonstrated in the
upcoming paragraph.

After having fully characterized both UE36kn undulators,
the experimentally measured data were used as a base for
calculating photon spectra, power, and polarization qual-
ity utilizing the software Spectra [9]. Agreeing once more
with calculations, all principal polarization modes could be
shown to be well above 98.5 % without any further optimiza-
tion over the entire energy range. Equally important was the
verification of the power distribution, directly derived from
the measured fields. Figure 3 shows the power density in
kW/mrad2 for the UE36kn (a) to (d) in direct comparison
with a calculated ordinary, elliptical magnetic configuration
(e); the origin always being the central beam axis in plane.
A clear decrease in on-axis power density can be noted due
to the knot-field, thus changed electron orbits, especially
for the linear polarization modes. These reductions can be
quantified to more than 65 % impacting the central cone.

INITIAL COMMISSIONING RESULTS
In the summer of 2025, the first UE36kn was installed

at the SIM beamline at SLS and was ready for commis-
sioning and operation with an electron beam. The second
UE36kn completed the beamline’s undulator setup in early
2026. Three additional window frame coils, one upstream,
one between, and one downstream, making local corrections
feasible. Additionally, a phase shifter offers the possibility
to use both devices as one 4 m device, located in between
the two 2 m-long undulators.
Initial commissioning measurements in November 2025
demonstrated the perfect agreement between calculations
and operation as shown in Fig. 4 for the linear horizontal
mode. This was an important step as knot-type undulators
come with the peculiar characteristic of a superperiod, equal
to 3𝜆u and non-zero perpendicular field components, also in
linear modes [6]. Consequently, the resonance condition for
an undulator with knot configuration may not be straightfor-
ward and thus, a new definition of 𝐾 was introduced based
on integrating both, 𝐵x and 𝐵y, taking the superperiod into
account (c.f. Fig. 2). Next steps at the beamline will include

Figure 4: Initial photon assessment of UE36kn concerning
photon energy over gap relation at the SLS-SIM beamline.

experimentally verifying the polarization purity and on-axis
power measurements, and finally, the phase-matching. After
the final beamline optics alignment, the first user operation
is foreseen for late summer 2026.

CONCLUSION AND OUTLOOK
New insertion devices are being installed during the

SLS2.0 upgrade to maximize photon beam brilliance while
addressing the associated increase in on-axis radiation power.
This challenge was tackled by the presented UE36kn, the
implementation of an APPLE knot magnetic configuration
within PSI’s APPLE X undulator platform, being an effec-
tive solution.
The final magnetic assessment of both UE36kn undulators
shows an agreement with both the calculated 𝐵-fields and the
beamline requirements, i.e., providing full polarization con-
trol with high polarization purity while reducing the on-axis
power by more than 65 %, without compromising photon
flux. Consequently, both novel undulators were installed in
SLS and are currently undergoing commissioning with the
beam, in which they perform as expected, so far. A more
detailed and complete analysis, as well as a working descrip-
tion of UE36kn to the full extent, is planned in a subsequent
publication, providing the complete picture.
The immediate next step for now is to optimize the two un-
dulators UE36kn for beamline operation, while two more
knot-type devices are about to be manufactured at PSI with
a single piece length of 4 m each, and main magnetic period
lengths of 38 mm and 90 mm.
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