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Abstract
The first radiation from the cryogenic permanent magnet

undulator (CPMU17) has been observed in December 2018
at BESSY II storage ring at HZB, and since then this device
has served as a light source for beamline commissioning. It
is the first in-vacuum undulator installed at BESSY II, and a
new in-vacuum APPLE undulator (IVUE32) is planned to
be installed in near future. Thus, a detailed study of the inter-
actions between such an in-vacuum device and the electron
beam is required. Beam-based measurements using orbit-
bump and tune-shift methods have been applied to estimate
the vertical impedance of CPMU17. For CPMU17 the first
results of broad-band impedance studies are presented.

INTRODUCTION
The constantly growing requests of various research fields

for synchrotron radiation with higher photon energies de-
mands designing undulators with smaller magnetic periods
and gaps. After succeeding in constructing and optimiz-
ing small gap in-vacuum undulators (IVUs) in the last two
decades, the challenging impacts of such small gaps on beam
dynamics can nowadays be estimated and mitigated using
modern experimental techniques and high-power numeri-
cal calculations. These studies are specially required for
complex structures, short bunches and variable polarization
IVUs such as CPMU17 and IVUE32. One of the most impor-
tant related issues is the wake fields effect. Wake fields arise
when the relativistic electrons travel inside chambers with
nonuniform geometrical cross-section or a resistive wall.

IMPEDANCE BY VARIABLE BEAM
OFFSET AND CURRENT

A particle beam that travels off-axis through a vacuum
chamber section with a nonzero broad-band transverse
impedance will be deflected due to the electromagnetic
forces of the wake fields generated by the particle beam itself.
In frequency domain and in case of transverse impedance,
such a beam-impedance interaction can be represented by a
quantity called transverse kick factor defined by [1]

𝑘⊥ =
1

2𝜋

∫ ∞

−∞
𝑍⊥ (𝜔)ℎ(𝜔)d𝜔, (1)

where 𝑍⊥ (𝜔) is the frequency-dependent transverse
impedance and ℎ(𝜔) = 𝜆(𝜔)𝜆∗ (𝜔) is the bunch power spec-
trum, with 𝜆(𝜔) the Fourier transform of beam linear density
𝜆(𝑡). The kick factors can be calculated for both horizontal
and vertical directions. However, in our studies the focus
is on the kick in the vertical direction, because a small gap
∗ maryam.huck@helmholtz-berlin.de

in-vacuum undulator comprise a flat geometry (two parallel
plates), i.e. the width of the structure (46 mm in our case)
is larger than its height (half gap of 3 mm-11 mm). And the
interaction of the electrons with surrounding structure in
the vertical direction is stronger than in the horizontal one.
This interaction will cause a linear kick of the beam vertical
momentum as follows

Δ𝑦′ = 𝑒𝑞𝑘⊥𝑦0/𝐸, (2)

where 𝑞 is the beam charge, 𝑦0 is the beam vertical offset,
𝐸 is the beam energy, and 𝑒 is the electron charge. Based
on Eq. (2), a method called orbit bump method has been
developed in 1999 at Budker Institute, Novosibirsk [2] to
estimate the transverse kick factor of an individual section.
The closed orbit distortion (COD) due to an impedance at a
section can be expressed by [1]:

Δ𝑦(𝑠) = Δ𝑞

𝐸/𝑒 𝑘⊥𝑦0

√︁
𝛽(𝑠)𝛽(𝑠0)
2𝑠𝑖𝑛𝜋𝑄𝑦

𝑐𝑜𝑠( |𝜇(𝑠) − 𝜇(𝑠0) | − 𝜋𝑄𝑦),
(3)

where 𝑄𝑦 is the vertical betatron tune, 𝛽(𝑠), 𝜇(𝑠) and
𝛽(𝑠0), 𝜇(𝑠0) are respectively the betatron function and
phase through the whole ring and at the location of the
impedance. 𝑦0 can be varied by introducing a closed-orbit-
bump using correction coils. The orbit distortions Δ𝑦(𝑠)
can be measured using beam position monitors (BPMs)
at a high and a low beam current with a charge varia-
tion of Δ𝑞. By measuring and subtracting Δ𝑦(𝑠) in 4
states i.e. combination of high-, low-current and with-,
no-bump: Δ𝑦(𝑠) = (Δ𝑦𝑤𝑏ℎ − Δ𝑦𝑛𝑏ℎ) − (Δ𝑦𝑤𝑏𝑙 − Δ𝑦𝑛𝑏𝑙),
a COD equal to Δ𝑦(𝑠) is obtained which is directly pro-
portional to 𝑘⊥.

Contributions of dipole and quadrupole components in
a wake field expansion have different effects on beam dy-
namics and can be distinguished by different measurements
and models. Due to crossing terms in field expansion in a
non-symmetric structure such as an IVU, 𝑘⊥ (𝜔) in Eq. (3)
is determined with both dipole and quadrupole terms [1].
However, the quadrupole impedance manifests itself only
in multi-bunch interactions [3]. The orbit bump technique
is based on the single-bunch effect, yielding the contribu-
tions from geometric and resistive-wall broad-band dipole
impedance. This technique or a variation of it has been
implemented at several other institutes such as APS [4], EL-
LETRA [5], Diamond light source [1], Photon Factory at
KEK [6], and ALBA [7].

IN-VACUUM CRYOGENIC UNDULATOR
The new in-vacuum cryogenic permanent magnetic undu-

lator CPMU17 has been installed in summer 2018 at BESSY
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Figure 1: Schematics of the vacuum components inside the CPMU17 undulator chamber, including the tapered part and the
taper section (left), and a bellow with an extra tapered octagon-ellipse transition part at ID down- and upstream (right).

II, and in fall 2018 the first undulator radiation from this
device was detected. The characterization and implemen-
tation of this device has been presented in [8]. In order to
reduce the geometrical discontinuities, the magnets are cov-
ered with a two layer RF-shielding foils made of Copper
and Nickel. The 50 µm Copper is coated on a 50 µm thick
Nickel foil. The Nickel side is attracted by magnetic forces
whereas the Copper side faces the electron beam. The choice
of Copper is to reduce the resistive impedance of the device.
Furthermore, due to the small skin depth of Copper espe-
cially at high frequencies, electromagnetic radiation does not
penetrate deeply into the Copper and will be damped in the
first 0.6 µm of its surface at 10 GHz and 6 µm at 100 MHz.
Another foil made of a Copper-Beryllium alloy connects
the magnet part to the taper section (Fig. 1). The special
construction of the taper section (Fig. 2) enables a variable
taper which at one end has a fixed height of 11 mm and at
the other end has a height equal to the variable magnetic gap.
Down- and upstream the ID, there are bellows with cooled
Copper tubes with variable cross section inside, both for the
purpose of heat transport and for RF shielding the bellow
discontinuities. Along the bellow, the wall cross-section is
tapered from elliptical shape to an octagonal one, and there
are two such transitions at either sides of the CPMU17 and
two more at either sides of the UE48 (another ID downstream
the CPMU17).

Figure 2: CAD model of the taper section used for the CST
simulations.

CST Simulation
The taper section enables a variable tapering system to

reduce the geometrical impedance, but it also introduces
small discontinuous regions which might cause RF reso-
nances inside the structure. The effects of this issue on wake

fields has been estimated [9] using the wake field solver of
the CST studio-suite simulation tool [10], and been taken
into account during the design of the ID. Simulation showed,
that the electromagnetic power deposited by the beam on
the structure increases at larger distances of 𝑑 shown in
Fig. 2 [9], as do the kick factors. In operational cooled state
𝑑 ≈ 2.35 mm at 6 mm gap, and 𝑑 ≈ 3.35 mm at 22 mm.
Preliminary simulation results for the taper section, tapered
part and magnet part with resistive Cu foils at gap of 6 mm
suggests a total kick factor of 𝑘𝑦 ≈ 2 × 1014 V/C/m. The
contribution of the 4 bellows, 3 BPMs, and the other vacuum
components and resistive walls should be added to this value.
For this simulation, a rms bunch-length of 𝜎 = 8.4 mm and a
beam charge of 8×10−9 C is used and the simulation follows
the approach described in [11, 12] and used in [13].

BEAM BASED MEASUREMENTS
Two different beam-based methods are used to study the

short-range wake fields of the CPMU17. One measurement
used the orbit bump method and the other one vertical beta-
tron tune-shift with bunch current change, both with a single
bunch electron beam.

Orbit Bump Measurement
For this measurement the storage ring current was

switched to low current already 3 hours prior to measuring
CODs, reducing obit drift due to the temperature changes

Figure 3: Vertical orbit bump at gap of 22 mm and 6 mm.
The inset figure shows the bump shape closer; vertical blue
lines show the place of the CPMU17 and the circle data-
points shows the position of the 3 BPMs within the bump.
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Figure 4: Three examples of closed orbit distortion Δ𝑦(𝑠) at gap of 22 mm, 13.6 mm and 6 mm, respectively from top to
bottom. The longitudinal positions of the bump in ring is marked with vertical dashed black lines at 161.1 (downstream)
and 167.9 m (upstream). The ID in ring is located between 162.87 m and 164.67 m.

of the machine. The orbit- and tune-feedback systems were
turned off, but the tune feed-forward was still applied. A
bump was generated using 4 steerers covering a section over
a total length of about 6.4 m. The height of the bump was
restricted by the machine protection system to about 0.8 mm.
Two example bumps at gap of 22 mm and 6 mm are shown in
Fig. 3. The bump was optimized at the gap of 22 mm with al-
most no disturbance outside the bump, but at the other gaps,
a distortion of up to 50 µm has been observed. The ampli-
tude of this distortion increases by decreasing the gap. This
behavior was expected due to strong focusing effects while
the steerers remain constant. The beam used for the mea-
surement was a single bunch with a beam current of 4 mA
and 16 mA, (low- and high-current states); corresponding
to a charge difference of Δ𝑞 = 9.6 × 10−9 C and an average
charge of 8.0 × 10−9 C.

Three example CODs at gaps of 22 mm, 13.6 mm and
6 mm are shown in Fig. 4. In these graphs, the blue dots show
average values of 18 measurements taken for 36 seconds.
The standard deviation of the BPM signals over this period
of time was very close to zero, the accuracy is about 1.5 µm.
The red solid line is the orbit deviation calculated using
the Eq. (3). It can be seen, that the amplitude of the COD
at gap of 13.6 mm has the smallest value among the three,
and it increases with increasing or decreasing the gap. This
is a reasonable trend, because the height of the following
section is 11 mm. Hence, the tapered part is flat at a gap
with a height closer to this value and the impedance is the

smallest. Determining the exact kick-factor minimum needs
more detailed studies at gaps around 11 mm.

A fit of the measured data with the theoretical formula
in Eq. (3) yields kick factors of (6.8 ± 0.4) × 1014 V/C/m,
(4.0 ± 0.3) × 1014 V/C/m, and (4.2 ± 0.4) × 1014 V/C/m,
respectively at the gaps of 6 mm, 13.6 mm, and 22 mm. They
are calculated excluding BPMs at longitudinal position from
zero (70 m downstream the bump) to 64 m; At this area,
there are obvious phase discrepancies between the measured
data and the theory at gaps larger than 6 mm. Possible source
for this discrepancies could be the ID focusing-effects on
betatron function and phase, and linear optics-distortion due
to the gap variation, not taken in to account in these analyses.
Used parameters are a vertical betatron tune of𝑄𝑦 = 6.726, a
beam energy of 1.7 GeV, an average bump height of 0.73 mm
measured with respect to the mechanical aperture of the U17,
and an over the bump length averaged betatron phase and
function of 𝜇(𝑠0) = 28.7 rad and 𝛽(𝑠0) = 1.65 m at the lo-
cation of CPMU17. Because inside the undulator the beta
function has a very small variation (Fig. 5), a constant value
for 𝛽(𝑠0) in Eq. (2) has been used. The vertical betatron func-
tion at the straight section of CPMU17 was (already before
the installation) adjusted to low values with a local lattice
modification to exclude a fatal beam scraping at the mag-
netic structure [14]. Installing an IVU in such a mini-beta
section implies the advantage that the beam orbit will have
less distortion due to the wake fields according to Eq. (3).
The phase advance along the ID was 1.21 rad, less than 1𝜋;
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this condition is required for using the orbit bump method,
so that the sections with the same impedance and with a
phase difference of 𝜋 do not lead to zero orbit deviations
outside the bump [1, 2].

A length of 1.8 m inside the bump region is already cov-
ered by the undulator itself, and in the rest of the region there
is not any significant geometrical discontinuities which could
contribute to the measured impedance. The major sources of
the geometrical and resistive wakes in this region lies within
the undulator itself, mainly at the taper section, the tapered
part and also four tapered transition parts shown in Fig. 1,
and 3 BPMs within the bump.

Figure 5: Vertical betatron function and phase advance
within the bump. Dashed lines display the location of
CPMU17 and its surronding BPMs.

Tune Shift Measurement
In our second studies, the variation of the vertical betatron

tune was measured vs. single bunch current change. The
slope of this variation is an indication of the vertical dipolar
kick factor 𝑘⊥ according to the following equation [5,13,15,
16]:

𝑑𝑄𝑦𝐹

𝑑𝐼𝑏
= − < 𝛽 > 𝑘⊥

4𝜋𝜈𝑟𝑒𝑣 (𝐸/𝑒)
, (4)

where 𝐼𝑏 is the bunch current, 𝜈𝑟𝑒𝑣 = 1.249 MHz is the
revolution frequency, 𝑄𝑦𝐹 is the coherent fractional vertical
tune [15], and 𝐸 is the beam energy. Both dipole and
quadrupole wakes contribute to the coherent tune shift, but
theoretically the quadrupole term is smaller than the dipole
one, and it can be detected by introducing quadrupole field
oscillations [15].

We used conventional strip-line kickers to induce ver-
tical dipolar oscillations, and the vertical fractional tune-
shift was measured using the beam diagnostics system
for two cases with ID open and closed. The tune feed-
back system was off, while the tune feed-forward table,
for compensating the undulator focusing effect, was still
applied. This table corrects the gap-dependent vertical
tune-shift of about Δ𝜈𝑦 = 2.8 kHz (moving from gap of
22 mm to 6 mm) with an accuracy of about 𝑑𝜈𝑦 = ±0.7 kHz.
The resolution of the betatron frequency measurement was
𝑑𝜈𝑦 = 140 Hz (rms of the statistical errors). At each cur-
rent, the betatron frequency was measured for several times
and averaged (Fig. 6). The slopes of the linear fits are

Figure 6: Tune shift by current change. Dots are the mea-
sured data with statistical errors, solid lines are linear fits.

(−1.2864± 0.076) A−1 and (−1.2954± 0.011) A−1, respec-
tively at closed and open gaps, resulting in a slope differ-
ence of (9.1 ± 13.6) × 10−3 A−1 between the two cases.
By substituting this value in Eq. 4, we get a kick value of
(1.5 ± 2.2) × 1014 V/C/m. The large error shows, that the
contribution of the CPMU17 to the total dipole vertical kick-
factor of BESSY II is too small, to be resolved by this mea-
surements accuracy. Applying the difference of kick factors
at open and closed ID derived by the OBM method above,
Δ𝑘𝑦 = (2.6± 0.5) × 1014 V/C/m to Eq. (4), slope difference
of (16±3)×10−3 A−1 is deduced which corresponds to a tune
change of 𝑑𝑄𝑦𝐹 = (1.5 ± 0.6) × 10−5 (when the bunch cur-
rent sweeps by 1 mA). Hence, a betatron frequency change
of 𝑑𝜈𝑦 = (20 ± 4) Hz is expected, for which a measurement
accuracy in the same order is required.

CONCLUSION
The major impedance contributors of the first cryogenic

permanent undulator at BESSY II have been identified, and
the impact of the taper section, magnets-shielding and ta-
pered foils on the impedance have been separately approx-
imated using CST simulations. The vertical kick factors
have been experimentally evaluated using orbit-bump and
tune-shift techniques. The two measurement methods and
preliminary simulation results agree to a good extent. Fur-
ther studies with more accurate measurements, data analyses,
simulations and theoretical models are being carried out, to
determine and compare the contributions of all ID parts to
the impedance. Furthermore, a modification of the vacuum
chamber is under development to investigate possible reso-
nances by installing RF antennas in ID vacuum chamber. In
addition, studies of coupled bunch instabilities, in particular
growth-damp measurements are planned. The impedance
evaluation will be also conducted with few-bunch and multi-
bunch fill patterns.
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