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Abstract
Elettra 2.0 is a diffraction-limited upgrade of the Elet-

tra storage ring, where beam stability requires an accurate
evaluation of the machine impedance. In this work, an up-
dated impedance budget is presented including key vacuum
chamber components such as flanges, beam position mon-
itors (BPMs), the scraper system, and resistive wall (RW)
effects. Numerical simulations performed with CST Studio
Suite and WAKIS are benchmarked against analytical and
semi-analytical models. Good agreement is found among
the different approaches, providing increased confidence in
the updated impedance model and supporting ongoing beam
dynamics studies for Elettra 2.0.

INTRODUCTION
The upgrade of Elettra to a diffraction-limited storage

ring, described in the Elettra 2.0 Technical Design Report
(TDR) [1] and related design studies [2], imposes stringent
requirements on beam stability and collective effects. This
work presents an updated impedance budget based on de-
tailed numerical simulations and analytical models for se-
lected vacuum chamber components. All calculations as-
sume a Gaussian bunch with rms length 𝜎𝑧 = 4–4.5 mm,
corresponding to operation with the third-harmonic cavity
(3HC).

SCRAPER IMPEDANCE STUDY
The scraper system considered in this study consists of

two cylindrical rods mounted symmetrically with respect
to the beam axis inside a rhomboidal vacuum chamber, as
shown in Fig. 1. Previous measurements performed on the
Elettra scraper system already indicated that the scraper
can represent a significant localized impedance source [3],
motivating the more detailed analysis presented here. The
reference scraper assembly has a total longitudinal length of
93 mm, with the rods positioned at the longitudinal center of
the structure and aligned parallel to the beam direction. The
surrounding vacuum chamber has a rhomboidal cross section
with full horizontal and vertical dimensions of 27 mm and
17 mm, respectively.

In the baseline configuration adopted for the Elettra 2.0
scraper, the rod diameter is 𝐷 = 13 mm, and the rods can
be inserted symmetrically down to a minimum full gap of
𝑔 = 3 mm. A parametric study was carried out to eval-
uate the influence of the rod diameter on the longitudinal
loss factor. For the Elettra 2.0 geometry, 𝐷 [Fig. 1(a)] was
varied in the range 1–15 mm. The results showed a non-
monotonic behavior, with the loss factor increasing up to
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about 𝐷 = 5 mm and decreasing for larger diameters, indi-
cating that reducing the rod diameter does not necessarily
lead to lower impedance. This behavior suggests that, in
addition to the rod diameter, other geometric features—such
as the transition between the rods and the vacuum chamber
(step) and the overall asymmetry of the structure—also play
a significant role in determining the impedance.

Based on these considerations and technical constraints,
a rod diameter of 𝐷 = 13 mm was selected for the final
Elettra 2.0 scraper design. The figure provides a schematic
view of the main geometric parameters, while the electro-
magnetic simulations are performed using the full CAD
model imported via STL files in order to reproduce the real
mechanical design as accurately as possible.
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Figure 1: Schematic geometry of the Elettra 2.0 scraper:
(a) transverse cross-section showing the rhomboidal vac-
uum chamber and cylindrical rods, and (b) longitudinal view
along the beam direction. The main geometric parameters
are indicated, including the scraper gap 𝑔, chamber dimen-
sions, and rod diameter 𝐷.

In addition to the geometrical considerations, the numeri-
cal results are compared with analytical expressions for short
iris-like aperture transitions in the optical regime [4]. In the
optical regime, the longitudinal impedance for a rectangular
geometry can be expressed as:

𝑍 rect
∥ = 8

𝑐 ∫
∞

0
sin(𝜋𝑎) cosh(𝜋𝑥)

cos(2𝜋𝑎) − cosh(2𝜋𝑥)

× ln (cosh(𝜋𝑥) − cos(𝜋𝑎)
cosh(𝜋𝑥) + cos(𝜋𝑎)) 𝑑𝑥

(1)

where 𝑎 = 𝑔/𝑏 is the ratio between the scraper half-gap
and the chamber half-aperture. The corresponding longitu-
dinal loss factor for a Gaussian bunch of rms length 𝜎𝑧 is
given by [5]

𝑘∥ = 𝑐
2√𝜋𝜎𝑧

𝑍∥. (2)

The analytical expressions are derived in Gaussian units
and are converted to MKS units by multiplying by the fac-
tor 𝑐𝑍0/(4𝜋). Using these expressions, the analytical loss
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factor was evaluated for different scraper full gaps and com-
pared with the numerical results obtained from Wakis [6]
simulations and CST [7] . The comparison is summarized
in Table 1.

Table 1: Comparison of longitudinal loss factor for different
scraper full gaps 𝑔.

𝑔 [mm] Theory [V/pC] Wakis [V/pC] CST [V/pC]

3 1.935 0.892 0.974
4 1.421 0.762 0.841
5 1.026 0.628 0.696
6 0.697 — 0.555
10 ∼ 0 0.126 0.136

In addition to the longitudinal loss factor, the vertical
transverse kick factor was evaluated. For the analytical esti-
mate, the expression given by Zagorodnov for a rectangular
collimator was used [8]:

𝑘⟂ = 𝑍0𝑐
4√𝜋

𝛼ℎ
𝜎𝑧

( 1
𝑔2 − 1

𝑏2 ) , (3)

For the numerical evaluation with Wakis, the driving beam
was vertically offset by 1 mm from the chamber center in
order to excite the transverse wakefield. The vertical kick
factor was then extracted from the simulated vertical wake
potential. The comparison between the analytical estimate
and the Wakis results is summarized in Table 2.

Table 2: Vertical kick factor for different scraper full gaps.
The Wakis results were obtained with a 1 mm vertical beam
offset.

Gap (mm) Theory V/(pC⋅mm) Wakis V/(pC⋅mm)

3 1.526 1.412
4 0.9554 0.890
5 0.6568 0.613
10 0.1774 0.121

RW IMPEDANCE STUDY
The resistive wall (RW) impedance is one of the domi-

nant broadband contributions in Elettra 2.0 due to the rela-
tively small vertical aperture of several vacuum chambers
distributed around the ring. This contribution is particularly
important since the machine operates with short bunches and
multiple vacuum chambers have narrow vertical dimensions,
making the transverse RW contribution non-negligible. The
Elettra 2.0 vacuum system consists of different chamber ge-
ometries and materials, which can be approximately grouped
into four categories: multipole chambers with rhomboidal
cross section (27 × 17 mm) made of Cu with NEG coating,
dipole chambers with 17.7×15.4 mm aperture made of stain-
less steel with NEG coating, dipole chambers with photon
extraction ports with rhomboidal cross section (27×17 mm)
made of stainless steel with NEG coating, and long straight
section chambers with elliptical cross section (27 × 9 mm)
made of Al with NEG coating. The NEG coating thickness

is 0.5 𝜇m. The analytical RW impedance for the uncoated
beam pipe was first estimated using the classical expressions
for a circular resistive chamber from A. Chao [9]. The longi-
tudinal and transverse impedances per unit length are given
by

𝑍(0)
∥ (𝜔)

𝐿 ∼ 1 − sgn(𝜔)𝑖
2𝜋𝑏 𝛿2 𝜎2

𝑍(1)
⟂ (𝜔)

𝐿 ∼ 𝑐
𝜔

1 − sgn(𝜔)𝑖
𝜋𝑏3 𝛿2 𝜎2

(4)
For chambers coated with NEG, the two-layer resistive wall
model described in [10] was used. Under the condition that
the coating thickness Δ is much smaller than the coating
skin depth, the longitudinal and transverse impedances can
be approximated as

𝑍∥(𝜔)
𝐶 ≃ 𝑍0𝜔

4𝜋𝑐𝑏 [[sgn(𝜔) − 𝑖]𝛿2 − 2𝑖Δ (1 − 𝜎1
𝜎2

)] (5)

𝑍⟂(𝜔)
𝐶 ≃ 𝑍0

2𝜋𝑏3 ([1 − 𝑖 sgn(𝜔)]𝛿2

− 2𝑖Δ sgn(𝜔) (1 − 𝜎1
𝜎2

) )
(6)

where 𝑏 is the effective beam pipe radius, 𝜔 is the angular
frequency, 𝑐 is the speed of light, 𝑍0 is the impedance of free
space, 𝜎1 and 𝜎2 are the conductivities of the coating and
substrate materials, respectively, Δ is the coating thickness,
and 𝛿1 and 𝛿2 denote the skin depths of the coating and
substrate materials, respectively. To benchmark the analyt-
ical model, the RW impedance was also evaluated using
IW2D [?], which provides semi-analytical calculations, and
CST, which performs full 3D wakefield simulations using
realistic chamber geometries.

The comparison between the three methods for the total
vertical kick factor and longitudinal loss factor is summa-
rized in Table 3. The overall agreement between analytical,
semi-analytical, and numerical approaches validates the RW
model used in the updated Elettra 2.0 impedance budget.
The increase observed in the coated case is mainly related
to the additional contribution of the NEG layer.

Table 3: Comparison of total RW contribution obtained with
different methods.

Without NEG coating
Parameter Theory IW2D CST

Ver. kick factor [V/pC/mm] 2.68 2.36 3.19
Loss factor [V/pC] 4.31 4.34 4.69

With NEG coating
Parameter Theory IW2D CST

Ver. kick factor [V/pC/mm] 3.04 2.54 4.09
Loss factor [V/pC] 4.23 4.29 5.76

BPMS IMPEDANCE STUDY
A total of 168 BPMs are foreseen for Elettra 2.0. Their

electromagnetic model is shown in Figure 2. To push the
first peak of the longitudinal beam coupling impedance to
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higher frequencies, the pickups adopt a conical shape. For
an RMS bunch length of 𝜎rms = 4 mm, the corresponding
wake potential and impedance are shown in Figure 3 and 4.
Considering all 168 BPMs, the total longitudinal loss factor
amounts to 0.27 V/pC, while the transverse kick factors are
−0.34 V/(pC⋅mm) and −0.19 V/(pC⋅mm) in the horizontal
and vertical planes, respectively.

(a) (b)

Figure 2: BPM EM model.
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Figure 3: BPM longitudinal wake potential and beam cou-
pling impedance.
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Figure 4: BPM Transverse wake potential and beam coupling
impedance.

FLANGES IMPEDANCE STUDY
Owing to their large number, approximately 250 in the

Elettra 2.0 storage ring, flanges require a careful assessment
of their overall contribution to the machine’s beam coupling
impedance. Two types of flanges have been considered in
the Elettra 2.0 initial design [11]. Both are characterized
by a mechanical gap that interrupts the electrical continuity
between the opposing sides of the vacuum pipe they are
intended to join.

For each flange type, the resulting beam coupling
impedance is governed by the amplitude of the mechani-
cal gap and by the shape and volume of the (parasite) cavity
located behind it. To minimize the longitudinal beam‑cou-
pling impedance, and consequently the RF heating arising
from beam‑induced power loss in the parasite cavity, the

mechanical gap must be effectively shielded from the elec-
tromagnetic field of the beam. A straightforward yet efficient
in‑house solution is the development of an RF‑contact gas-
ket, whose mechanical design and mounting configuration
are illustrated in Figure 5 [12]. The rhomboidal RF gasket
(1) provides the electrical connection between two oppo-
site sides of the flange, closing the gap along almost all its
perimeter. The residual apertures along the RF gasket act as
ports through which beam-induced electromagnetic energy
can enter the parasite cavity. Due to the reduced dimen-
sions of such apertures, the coupling between the cavity and
the beam is almost negligible, as shown by the simulations
reported in Figure 6.

(a)
(b)

Figure 5: Impedance mitigation through RF gasket: (a)
flange assembly before mounting, RF contact gasket (1), CF
vacuum gasket (2), flange (3) and (b) fully assembled.
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Figure 6: Flange longitudinal wake potential (a) and beam
coupling impedance (b) of a flange that mounts the RF gas-
ket.

CONCLUSION
An updated impedance budget for Elettra 2.0 has been

obtained from detailed numerical simulations benchmarked
against analytical and semi-analytical models. The results
are overall consistent with the estimates reported in the Tech-
nical Design Report, confirming the validity and order of
magnitude of the initial impedance assumptions.

The use of realistic geometries in the numerical simu-
lations increases confidence in the impedance evaluation
by providing a more faithful representation of the actual
machine components and their electromagnetic interaction
with the beam. Among the components studied, the RW and
scraper represent the dominant contributions, while BPMs
and RF-contact gasket flanges remain comparatively small.
These results provide a more reliable impedance model for
ongoing beam dynamics and stability studies for Elettra 2.0.
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