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Abstract

Accurate measurement of high-order multipoles in in-
sertion devices is crucial for meeting the beam-dynamics
requirements of Swiss Light Source 2.0 (SLS 2.0). A beam-
based method using transverse tune-shift measurements can
effectively identify sextupole, octupole, and higher-order
magnetic components under normal operating conditions,
avoiding the need for dedicated magnetic tests. Among the
upgraded insertion devices — planar, in-vacuum, and knot-
type — only the knot-type device shows significant multipole
components beyond sextupole, reaching octupole order. This
study focuses on the knot-type device, which is expected to
be used in SLS 2.0 and in other modern synchrotron facilities,
presenting measurements and comparisons with simulation
results.

THE INSERTION DEVICES AT SLS 2.0

The Swiss Light Source 2.0 (SLS 2.0) is a 2.7 GeV fourth
generation synchrotron light source currently being com-
missioned at the Paul Scherrer Institute [1]. The machine
lattice is based on a seven-bend achromat scheme including
both longitudinal and reverse bends to achieve a very low
emittance. The storage ring hosts various insertion devices
(IDs), some reused and others newly developed, including in-
vacuum planar IDs and advanced APPLE-X knot IDs. Hard
X-ray performance is improved with shorter period, more
powerful in-house-built in-vacuum undulators. Soft X-ray
beamlines now use APPLE-X-knot undulators [2] — based on
the design from the SwissFEL Athos beamline [3] — which
allow full polarization control and reduce the central heat
load. Their advanced “knot” magnetic structure [4—6] also
suppresses unwanted higher-order harmonics, improving
optical performance and energy resolution. The IDs may
introduce higher-order multipole field components affect-
ing the optics, dynamic aperture [7], and beam lifetime. A
careful evaluation and correction of these effects is essential
to optimize the performance of the machine. In SLS 2.0,
the highest multipole order magnet installed and which can
be used to control the non-linear optics of the machine is
the octupole. Consequently, compensating multipole com-
ponents beyond the octupole order in the undulators is not
straightforward. This is the first time that this kind of ID
is installed in a synchrotron, where high resolution beam-
based measurements are possible, using the fact that the
beam passes through the ID many thousands of times, al-
lowing for a more precise determination of the higher-order
multipoles compared to what is possible in a single-pass ma-
chine. Beam-based measurements in 2025 showed all IDs
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have multipoles no higher than sextupole, except the UE36
knot-type (Apple-X) device, which exhibits more significant
higher-order complexity.

MODELING

We generated a high-resolution 3D magnetic field map us-
ing RADIA [8] with longitudinal step size of 0.5 mm along
the longitudinal z-axis, and transverse steps of 20 um span-
ning from -2 mm to +2 mm and from -0.2 mm to +0.2 mm
in the horizontal (x) and vertical (y) direction, respectively.
The asymmetry of the grid range in the transverse plane is
due to the fact that we restrict ourselves to the analysis of the
normal multipoles in this proceeding. Since the multipoles
have to be computed around the reference trajectory at the
location (z, XTr,YTR), the first step of the analysis is the deter-
mination of such a trajectory. The transverse particle motion
is obtained through a stepwise integration of the field along
z. At each step, the transverse angles x” and y’ are updated
using the local magnetic field components according to:
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where B,, is the magnetic rigidity, and By, B, are the trans-
verse magnetic field components evaluated at the particle
location at the preceding step. The transverse positions are
subsequently updated using the angles:

Xi = Xi—1 +X; Az, Yi =Yi-1+Y; Az (2)

assuming that the angle is sufficiently small to approximate
its tangent with itself. Since the field map does not include
corrections of the first and second field integrals, appropri-
ate initial conditions in both position and angle must be
determined. These are obtained by minimizing the trajec-
tory deviations. Figure 1 shows a comparison between the
uncorrected trajectory in the mid-plane and the optimized
trajectory obtained by adjusting the initial conditions at the
entrance of the ID. In the machine, this procedure corre-
sponds to locally tuning the beam orbit in the ID region
using dedicated orbit correctors. The situation is signifi-
cantly less critical in the vertical plane, where the maximum
beam excursion remains below 5 um.

Following the procedure described in [9] and [10], we
expand the vertical component of the magnetic field at longi-
tudinal position z in a reference frame co-propagating with
the beam as:
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Figure 1: Orbits in the mid-plane of the ID obtained from
the simulated field map, comparing the uncorrected case
and the trajectory with optimized initial conditions at the
entrance of the ID.

where b are the coefficients describing the different orders
of the magnetic field components. For simplicity, the ex-
plicit dependence on z is omitted in the notation. These
coefficients can be determined from the field map extracted
from the model.

Odd terms of b% degrade near the device end due to nu-
merical artifacts. To suppress this noise, we subtract the odd
multipoles computed around the magnetic axis, b2, which
should vanish by left-right symmetry. This improves analy-
sis quality without increasing computational cost, as shown
in Fig. 2. The integrals of b1, computed as described above,
are reported in the title of the corresponding subplot. As
expected [9], the even terms are compensated along the ID,
resulting in integrals that are two to four orders of magni-
tude smaller than their peak values. In contrast, for the odd
terms the integrated values are comparable to their respective
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Figure 2: Evolution of the coefficients of the normal multi-
poles along the ID using the computed field map where the
odd terms computed on-axis are used to remove the noise
background from those computed with respect to the trajec-
tory like defined in the text.
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maxima. We used these coefficients to compute the corre-
sponding high-order magnet strength expressed according
to the MAD-X definition [11]:

1 0"B,
= — . 4
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From Egs. (3) and (4) we obtain:
n!
Kn= poby. )

Table 1 shows I, integrals of the polynomial coefficients
bT and the corresponding K L, integrals of K,, determined
using the field map. We omit in table 1 the terms significantly

Table 1: Integrals of the multipole coefficients and corre-
sponding K L,, values.

Multipole  Order (n) KL, (m™)
0 Dipole 1.4x 107
1 Quadrupole 7.7 x 1073
2 Sextupole 1.03

3 Octupole 850.55

smaller than the maxima of bZ.

The tune shift as a function of the closed orbit bump ampli-
tude by x4 can be expressed in terms of the K L,, coefficients
as:

AQy = fi(Bx, K1) + f2(Bx, K2) xa + f3(Bx, K3) X5, (6)

where By is the average Twiss beta function along the inser-
tion device (ID). Each multipole contributes a different poly-
nomial order to the tune shift: constant for the quadrupole,
linear for the sextupole, and quadratic for the octupole. This
allows extraction of K L,, from tune shift measurements for
comparison with RADIA-based model predictions.

MEASUREMENTS

Tune shifts from closed-orbit bumps provide a precise
probe of lattice nonlinearities, averaging the beam’s response
over many turns effectively averaging out small fluctuations
and enhancing the response to non-linear fields. This enables
the detection of effects that would be difficult to observe in
a single-pass machine. Additionally, closed orbit bumps
systematically probe localized regions of the accelerator,
allowing for the analysis of individual devices.

We employed the Numerical Analysis of Fundamental
Frequencies (NAFF) algorithm [12, 13] in conjunction with
the mixed-BPM method [14] using data from all 115 Beam
Positions Monitors (BPMs) to determine the tunes. We could
rely on excellent BPMs [15], and beam stability mainly due
to the feedbacks and the fact that the majority of the magnets
installed in the ring are permanent magnets.

In the first measurement campaign we imposed closed
orbit bumps of different amplitudes around the ID, while
measuring the tune and the lifetime both at the minimum
and maximum ID gap. We subtracted the latter from the



| PAC 26 Prelimnary proceedings (edited version):

former to exclude the extra tune shifts due to the sextupoles
and octupoles present in the orbit bump in the analysis of
the integrated multipoles.

The first approach we used for the measurements was to
generate closed orbit bumps of different amplitudes around
the ID while keeping both the Fast Orbit Feedback (FOFB)
and the Feed-Forward (FF) table correction active. This en-
sured that the beam remained on the golden orbit outside the
ID, thereby minimizing contributions from non-linearities
in other sections of the machine.

The results of one of these measurements are shown in
Fig. 3.
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Figure 3: Tune shifts as a function of the closed orbit bump
amplitude around the ID. Top: horizontal tune. Middle:
vertical tune. Bottom: beam lifetime. Measurements are
shown for both maximum (open) and minimum (closed) ID

gaps.

In the second campaign of measurements we shifted the
ID instead of performing closed orbit bumps. Figure 4 shows
the difference between the tunes measured at closed and open
gap as a function of horizontal shift of the ID position. We
consider this as the most precise measurement we did until
now, also because this was performed few days after the
verification of the optics the KL, depends on.

COMPARISON

We computed the KL, coeflicients from the field map
and from tune shift measurements, as previously described.
Table 2 compares these values with the minimum and maxi-
mum strengths of the corresponding magnet orders present
in SLS 2.0. During the tune measurements, the tune exhibits
an intrinsic linear drift, which may affect both the offset
and the slope of the measured tune shift. As a result, the
determination of the quadrupole component (determined
from the offset of the tune shift) and the sextupole compo-
nent (calculated from its slope) cannot be considered precise
until this effect is corrected. However, these components
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Figure 4: Tune shift as a function of the offset in the x
direction of the UE36 ID with respect to the position used
during the photon delivery.

Table 2: Comparison of multipole strengths in the SLS 2.0
lattice. The model values are computed from the analysis of
the field map, whereas the measurement values are deduced
from tune shift measurements.

. Model = Measurement .
Multipole (Field Map) (Tune Shift) 2ttic€
Dipole (adim.) 1.4 x 1073
Quadrupole (m~!) 7.7x1073  1.67x1072 0.22-1.16
Sextupole (m~2) 1.03 1.46 67-109
Octupole (m~3) 850.55 898.08 86-1900

were found to be small as predicted in the model, and their
impact on the lattice is limited. The octupole component
(computed from the quadratic term) agrees with the model
predictions at the level of a few percent, and it is not harmful
to the dynamic aperture [7]. Furthermore, no higher-order
components above octupole are observed in the ID from this
measurement, hence we may not need complicated compen-
sation relying on the higher order effects from sextupoles
and octupoles.

CONCLUSIONS

We have presented a beam-based characterization of the
high-order multipole content of the insertion devices in-
stalled in SLS 2.0. This method provides a precise and effec-
tive approach to probe non-linear magnetic components. All
investigated IDs exhibit no significant multipole components
beyond the sextupole order, with the exception of the UE36
knot-type device. For this device, a measurable octupole
component is observed. The comparison with the model
based on RADIA field maps shows agreement at the level of
a few percent for this term. The absence of higher-order mul-
tipoles beyond the octupole confirms the expectations from
dynamic aperture studies and indicates that the impact of the
IDs on machine performance can be effectively corrected
using the available lattice elements.
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