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Abstract

While the new in-vacuum cryogenic undulator is in its
last commissioning stages, a worldwide new in-vacuum
APPLE II undulator is being designed and constructed for
BESSY II storage ring. Besides the challenging mechani-
cal design of these small-gap and short-period undulators,
challenges arise due to interaction with the electron beam.
Therefore, detailed studies of this interaction is required to
minimize the adverse effects on beam dynamics and the de-
vice itself. For this purpose, the wakefield effects have been
computed numerically for critical parts of these devices i.e.
the RF-shields, flexible tapers and taper sections. A brief
overview of simulation results and discussions are presented
in this paper.

INTRODUCTION

The first cryogenic permanent magnet undulator
(CPMU17) has been installed in 2018 at BESSY II,
and since then this device has served as a light source
for beamline commissioning [1] and recently, for first
user experiments. Beam-based studies to investigate the
impedance of the device using orbit-bump, tune-shift and
grow-damp techniques can be found in [2, 3]. Furthermore,
a worldwide new in-vacuum APPLE II undulator (IVUE32)
with 32 mm period length is under construction [4,5]. The
results of these various studies are required for designing
new in-vacuum devices in future.

CPMU17 STRUCTURE AND SIMULATION

Figures 1 and 2 show the schematics of CPMU17 vacuum
components and CST models. Standard RF-shields made
of a 50 um Copper layer coated on a 50 um thick Nickel foil
screens the discontinuities of the magnets. The thickness
of the Copper coating is larger than its skin depth at the
frequency range of interest. The Nickel side is attracted
by magnetic forces whereas the Copper side faces the elec-
tron beam. A taper made of Copper-Beryllium alloy con-
nects the magnet part to the flexible taper mechanics (ta-
per section). One end of the taper has a fixed height of
g¢ = 11 mm and the other end has a height equal to the mag-
netic gap. Down- and upstream of the ID, there are transition
bellows with cross section varying from elliptical to octago-
nal form. The magnet-shield-length and -width amounts to
LM =1517 mm and w = 46 mm, respectively, and the taper
is LT =119.4 mm long. The small discontinuous regions
inside the taper section (shown in Fig. 2¢ as d) changes its
length in operational cooled state from d ~ 3.13 mm at gap
ofg=22mmtod ~ 3.0 mm at g = 11 mm. There is also
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a rectangle-ellipse transition-part between the taper section
and the entrance and exit flanges of the vessel.

The simulations for both IVUs in this study were carried
out using the wakefield solver of the CST particle-studio
tool [6] with a single-bunch of rms length of ¢, = 8.4 mm
(28 ps), and 8 x 1072 C (10 mA) charge, which are the beam
parameters in our measurements in [2]. The material of
CST model was vacuum, surrounded by a perfect electric-
conductor (PEC) material. An extra end section with length
of Le = 100 mm is used, in the longitudinal direction, ex-
tending to infinity with open boundary condition. The result
of simulations are shown in Fig. 3.

The longitudinal impedance Z_(v) and wake potential
W (z) in Figs. 3a and 3b has been simulated using 140 cell
per wavelength, dz = 0.08 mm mesh size in z plane at taper,
0.17 mm in other planes, and 422 million mesh cells. It
can be seen that Z, increases smoothly at low frequencies
(v<8 GHz) presenting the broadband part of the impedance.
At high frequencies, the longitudinal impedance exhibits
many resonant peaks at different frequencies depending on
the gap size due to cavity like form of the structure. The
minimum impedance is, as expected, at g = 11 mm, where
the taper is flat. The largest impedance ~ 43 Q occurs at
gap of 22 mm, where the taper is steepest, and the structure
has a cavity form. As comparisons, the impedance of the
transition bellow can be mentioned, with a sharp peak of
1.4 k€ at 4.2 GHz. Furthermore, in [7], the Im(Z,) of mode
396 was measured amounting to 373 kQ.

The small bump at the wake potential could be sign of
numerical dispersion affecting the results in terms of loss
factor and it can be resolved by using more mesh cells.

Figure 3c shows the Z,(v) for a shorter bunch with
o, =16 ps and 0.3 mA (0.24 nC) bunch current (low al-
pha mode at BESSY II). The spectrum extends to 20.5 GHz,
and the maximum Z_(v) amounts to 475 Q.

For calculating the transverse dipolar impedance Z,(v),
the beam was located at y, = 0.2 mm, and the test beam
at the center of ID. For the quadrupolar impedance, the
location of the source and test beams was flipped. This
simulation approach has been described in [§—10] and was
alsoused in [11]. Since the dipolar and vertical impedance is

Figure 1: Downstream part of CST model for magnet foils
and tapers, symmetric with the upstream part.
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Figure 3: Simulation results for CPMU17.

larger and more relevant than the quadrupolar and horizontal
one, we present here only the spectra for vertical-dipolar
impedances. The number of cells per wavelength used for
these calculations (~ 20) and total mesh numbers are less
than that used for the longitudinal direction. An example
of Z, spectra for 4 ID gaps is shown in Fig. 3d; It can be
seen, that the spectrum has a peak of Z,(v) = 3.4 Q at
v = 3.3 GHz (at gap of 6 mm), corresponding to mode 4,
derived by eigenmode solver. The electric field distribution
of this mode is shown in Fig. 3e for the half downstream of
ID (symmetric with upstream). The field has a maximum
of 5.7 V/m and is distributed on top and bottom of the RF
shields and taper. At low frequencies (<200 MHz), the
vertical impedance increases fast, and reaches to the amount
of ~ 20 Q at zero frequency.

A vertical offset of the test beam with respect to the source
beam (dy) results in transverse kick factors, defined as con-
volution of transverse wake potential with normed charge
distribution function over z divided by offset dy [2, 6, 12].
The dipolar “geometric” (shields and tapers without resis-
tance), and resistive-wall kick-factors versus ID-gap, and
their sum is shown in Fig. 3f. The maximum of sum kick-
factor amounts to ~ —8 x 10'3 V/Cm at gap of 6 mm. In
addition, the contribution of the taper section (Fig. 2c¢) is
almost equal for all gaps amounting to = 1.5 x 10'4 V/Cm.
For comparison, the kick factor arising from each bellow,
under the same simulation condition, was 1.9 x 1014 V/Cm.
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The results are to some extent in agreement with the ex-
perimental results [2], but an exact comparison needs further
investigation in more details. The resistive-wall impedance
of CPMU17 should also be calculated again considering
anomalous skin depth effects of the thin Copper shields at
cryogenic temperature.

IVUE32 STRUCTURE AND SIMULATION

The structure of the IVUE32 has been described in detail
in [4,5]. Here, we consider only the immediate parts seen
by electrons i.e. the RF shields and tapers. IVUE32 consists
of 4 magnet rows, with horizontal separation of ~ 0.8 mm.
Each magnet row is covered with an individual foil which
is canted at the slit close to the beam axis. The rows are
movable independently in longitudinal direction (for the
polarization adjustment), and individual RF shields follow
the same motion pattern. Differently, the taper foils are

Figure 4: Two CST models for IVUE32 (at downstream
part), each one cut at the horizontal center of the structure.
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Figure 5: IVUE32 impedance spectra and kick factors by variation of different parameters.

made as a single piece. The magnetic length is 2664 mm,
foil width 75 mm, and taper length 150 mm. The material
properties of foils will be similar to those of CPMU17.

2 variants of a CST model for such structure is shown
in Fig. 4. In first model (left), the structure is made of
vacuum and the background is PEC. In second model, the
background is vacuum and RF shields and tapers are PEC
with side walls only at the end sections or along the entire
ID. In this paper the results of the first variant are presented
except for Fig. 5f. An increased number of meshes was used
across the canted slit and along tapers.

Firstly, simulations were done by sweeps over slit width
dy (Fig. 5a) and height y; and foil width w (Fig. 5b) at gap
of 7 mm. The results shows that, except for minor variation
the impedances in 3 planes do not respond significantly to
changes in these parameters

Secondly, withd; = 0.8 mm,y; = 3mmandw = 75 mm,
the impedance spectra in vertical plane Z, (v) (Fig. 5c), lon-
gitudinal plane Z,(v) (Fig. 5f), and dipolar vertical kick
factors (Fig. 5d) were simulated. Resonant peaks can be ob-
served at longitudinal spectra, especially at larger gaps due to
cavity-like form. However, by increasing the mesh numbers,
these peaks get less sharper. In vertical plane resonances
occur at about 1, 3 and 5 GHz.

To simulate the resistive impedance Zp(v), two parallel
Copper plates with a length equal to LM have been used.
As expected, the magnitude of the resistive impedance and
the resistive kick factor were decreasing by increasing the
gap, and Zg (v) increases with the frequency (Fig. Se). In
spite of high conductivity of Copper foil, the resistive wall
impedance of the long undulator with narrow gaps con-
tributes considerably into the kick factor (Fig. 5d), com-
parable to the geometric impedance.

Remarks and Discussion

While the preliminary simulations suggested the results
shown above, it soon became clear that these simulations
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had not yet converged due to relatively low mesh num-
bers. According to an empirical formula for structures with
long tapers, an appropriate mesh size AZ to get a physical
wake potential, would satisfied the accuracy condition of
(AZ)? < af}()%” [13]; with ¢ the taper angle and a = %f
the chamber height. In our case, this condition results in a
mesh size of smaller than 10-20 pm. This small mesh size
leads to huge number of mesh cells about several billions
and increases the simulation time for above several weeks
and requires MPI simulation setup with several cluster nodes.
Due to lack of such tools convergence study of these simula-
tion are not yet complete. As a compromise, also, the mesh
size could be set up to 10 um only at the taper location and
only in the longitudinal direction. Also, a comparison with
theoretical analysis and with other simulation tools such as
ImpedanceWake2D would be useful.

Furthermore, the details of impedance spectra are differ-
ent, when a vacuum background and PEC walls are used
instead of PEC background (Figures 2a and 4. right). Op-
timizing best simulation conditions and closest simplified
model to the reality of such large and complex structure is a
challenge and still in progress. Further simulations are also
ongoing for IVUE32, regarding geometrical tolerances such
as: possible horizontal wiggles of the RF shields (due to
non-perfect adjustment of magnet girder position), possible
misalignment in the horizontal orientation of the foils, and
alternative geometry of slits.

CONCLUSION AND OUTLOOK

The impedance spectra, and vertical kick factors have
been calculated for simplified CPMU17 and IVUE32 models,
and the preliminary results have been presented. However,
these simulation should be repeated with much higher mesh
numbers for a more reliable results. Further simulations
could also be done using another model by assuming the
vacuum tank and the magnet girders together as a round
ridge waveguide [14, 15] as well as heat load computation.
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