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Abstract
There are two main sources of high-frequency longitudi-

nal impedance: coherent synchrotron radiation (CSR) and
high-frequency NEG-coated resistive wall impedance. They
can drive microbunching instability, which is a potential
risk to maintaining stable and low energy spread beam. To
address this, these effects are now integrated into the par-
ticle tracking code mbtrack2. This paper examines their
impact on beam stability in the SOLEIL II storage ring,
considering the combined influence of intrabeam scatter-
ing, low-frequency longitudinal impedance, and a harmonic
cavity.

INTRODUCTION
SOLEIL II [1, 2], a 2.75 GeV fourth-generation light

source upgrade with a design horizontal emittance of 𝜀𝑥 <

100 pm rad (< 60 pm rad with full betatron coupling) is
presently in the construction phase. Two operation modes are
planned: 416 bunches with 1.2 mA per bunch; 32 bunches
with 6.25 mA per bunch. In our previous paper [3], we
addressed microwave instability (MWI) arising from broad-
band longitudinal impedance up to 100 GHz in the presence
of intrabeam scattering and harmonic cavity bunch lengthen-
ing. At least two potentially important contributions were not
included, namely, coherent synchrotron radiation (CSR) [4–
7] in dipole magnets and the high-frequency part (< 5 THz)
of the impedance of NEG-coated vacuum chamber [8–10].

SIMULATION AND IMPLEMENTATION
DETAILS

Impedance Model
Details of the broadband SOLEIL II impedance model

(< 100 GHz) can be found in [11]. It consists of two com-
ponents: resistive wall contribution (computed with IW2D)
and geometric contribution (computed with CST Studio,
GdfidL and ECHO3D). Table 1 shows the dipole magnet pa-
rameters relevant to CSR impedance and wakepotential com-
putation. SOLEIL II design includes 178 reverse bends with

Table 1: SOLEIL II Dipole Magnet Parameters Relevant to
CSR

Dipole type Number 𝐿dipole 𝑅bending ℎhalfgap

short dipole 40 0.44 m 10.74 m 8 mm
long dipole 64 0.88 m 12.80 m 8 mm
superbend 12 0.87 m 12.68 m 4 mm

a bending radius of > 40 m, length < 0.15 m and shielding
half-gap of 6 mm. Due to the large bending radius and short
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Figure 1: Total impedance (free space and shielding con-
tribution from CSR and NEG-coated resistive wall (RW)
impedance), real part (a), imaginary part (b).

length, reverse bends contribute only a negligible amount to
CSR impedance and, thus, are ignored.

Figure 1 displays the extension of the resistive wall com-
ponent to higher frequencies (< 5 THz) and the contribution
of CSR to the impedance (only the real part is shown in
the plot). In SOLEIL II, we are expecting CuCrZr vacuum
chamber (𝜌CuCrZr = 2.08 × 10−8 Ωm) with an effective ra-
dius [12] of 𝑟eff = 5.83 mm for closed gaps of insertion
devices. NEG-coating with 0.5 µm thickness and resistiv-
ity of 𝜌NEG = 1.25 × 10−6 Ωm is expected. Variation of
thickness along the vacuum chamber does not change the
impedance significantly for our value of resistivity, contrary
to [9, 10], where the resistivity value is higher, and the THz
peak is narrower and higher.

First estimation of CSR-driven MWI can be given an-
alytically based on the dipole magnet parameters [7, 13],
assuming

𝐼th = 𝐼𝐴
𝛼𝑐𝛾𝜎
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where 𝐼𝐴 ≈ 17 kA is the Alfven current, 𝛼𝑐 is the momentum
compaction, 𝛾 is the Lorentz gamma, 𝜎𝑠 is the rms bunch
length, 𝜎𝛿 is the rms energy spread.

With this formula for worst case dipole parameters of
SOLEIL II, the threshold estimation is 𝐼th = 1.6 mA for
𝜎𝑠 = 15 ps and 𝜎𝛿 = 8.547 × 10−4. For SOLEIL nominal
parameters, we would obtain a larger value 𝐼th = 5.3 mA
mainly because the momentum compaction factor is four-five
times smaller for SOLEIL II. This implies that CSR is more
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Figure 2: Benchmark of mbtrack2 implementation of CSR
wakepotential per unit length for parameters 𝑅bending =

5.36 m, ℎhalfgap = 12.5 mm, 𝜎𝑧 = 1.45 mm (4.8 ps) [19].
a) Free space component of CSR wakefunction; b) free
space component of CSR wakepotential; c) parallel plates
shielding component of CSR wakefunction; d) parallel plates
shielding component of CSR wakepotential.

important in SOLEIL II than in SOLEIL for operational
parameters.

CSR Wakepotential Implementation
CSR contribution is usually divided into free space CSR

and the effect of shielding. The free space CSR wakefunc-
tion has a very sharp peak around 𝑡 = 0 [14, 15] with a
magnitude ∝ 𝛾4

𝜖0 𝜋𝑅
2
𝑏𝑒𝑛𝑑𝑖𝑛𝑔

. After a characteristic time, the
CSR wakefunction changes its sign and asymptotically de-
cays to zero. This requires either a very fine sampling of
bunch charge distribution and the wakefunction or a specific
approach in calculating wake potential [16–21]. For our
implementation in mbtrack2, we follow the wakefunction
antiderivative-based approach outlined in [19, 20].

Figure 2 shows mbtrack2 CSR wakepotentials, and their
benchmarks with the results of [19]: free space CSR wake-
function (a), free space CSR wakepotential for a Gaussian
bunch (b), parallel plates CSR wakefunction (c), parallel
plates CSR wakepotential for a Gaussian bunch (d). Free
space and parallel plates shielding components are shown
separately. The total CSR wakepotential is always the sum
of the two.

For this benchmark, a Gaussian bunch with rms bunch
length 𝜎𝑧 = 1.45 mm was used with SOLEIL storage ring
parameters assuming a bending radius of 𝑅bending = 5.36 m,
and full gap of shielding plates ℎhalfgap = 12.5 mm.

For free space CSR, the bunch will lose energy at the
tail (negative wakepotential in mbtrack2) and gain energy
in the bunch head. In addition to [19], we compare free
space CSR wakepotential with an analytical formula given
in [14]. The perfect agreement between our results, the data
of [19], and the analytical formula in Fig. 2 validates the
implementation of CSR wakepotential in mbtrack2.
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Figure 3: Convergence study for SOLEIL II CSR impedance.
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Figure 4: Convergence study for SOLEIL II impedance
model excluding CSR contribution.

Simulation Parameters
All simulations are using parameters of SOLEIL II [2],

different from the more computationally demanding case of
SOLEIL (low momentum compaction mode), used in the
previous section for benchmarking the implementation.

Figure 3 shows a convergence study on macroparticle and
bin numbers for simulating CSR for SOLEIL II parameters.
In this convergence study, only the CSR wake is included
as a source of beam instability or bunch lengthening. All
curves in Fig. 3 overlap indicating that for CSR already at
𝑁bin = 256 bins and 𝑁mp = 1 000 000 macroparticles the
convergence is reached.

Figure 4 shows a convergence study on bin and macropar-
ticle numbers for the impedance model of SOLEIL II, ex-
cluding CSR contribution. The displayed curves converge
towards an instability threshold ≈ 4 mA. The threshold does
not change with an increase in the number of bins, indicating
that THz component of the impedance model does not drive
MWI. Without the narrow peak in THz frequency region,
the simulation parameters are determined by the require-
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ments to resolve CSR impedance. This results in a relatively
modest requirement on the number of macroparticles and
bins. In that case, the instability thresholds are determined
by lower frequency impedance. For the resistive-wall-driven
MWI, the results are identical to the ones with impedance
< 100 GHz [3]. The THz peak does not affect the threshold
due to low NEG resistivity, in agreement with [9].

For all simulations, we are using our code mbtrack2 [22,
23], including the following effects: radiation effects (damp-
ing and quantum excitation), intrabeam scattering, trans-
verse one-turn map, chromaticity, and interactions with RF
cavities, longitudinal short-range wakefields, and CSR wake-
fields. Sufficient sampling of wakefunction is chosen (0.1 ps)
to resolve the THz frequency region. It was necessary to
implement CSR wakefields in mbtrack2 to have the combi-
nation of all relevant effects in the simulation.

Based on a convergence study, 10 000 000 macroparticles
are tracked for 25 000 turns in all simulations; the bunches
are sliced longitudinally into 512 bins for the wakefield and
IBS interactions. The binning of the bunch for wake compu-
tations is done dynamically in mbtrack2, so the simulation
starts with 512 bins to account for the eventual bunch length-
ening (from zero-current 9 ps rms to ≈ 30 ps rms with all
effects included, (≈ 0.5 ps maximal bin width)).

SOLEIL II RESULTS
Figure 5 shows equilibrium rms energy spread, including

the effects of CSR, IBS, and impedance. The shaded region
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Figure 5: Energy spread (rms) as a function of bunch current.

of each curve shows the minimal and maximal energy spread
during the bursting behaviour of MWI. Similar to [3], we
consider the MWI threshold to be determined by the start
of energy spread oscillations, as the mean value of energy
spread will steadily grow with current due to IBS. The MWI
threshold is 𝐼th ≈ 2 mA without taking into account IBS,
which is close to the analytical prediction of 𝐼th = 1.6 mA.
CSR is shown to be the dominant contribution to the insta-
bility threshold. With all effects included, the energy spread
increase at bunch currents 𝐼𝑏 ≲ 3 mA is dominated by IBS.
Similar to [3], IBS also seems to decrease the bursting effect
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Figure 6: Bunch length (rms) as a function of bunch current.

after the instability threshold and to slightly increase the
instability threshold itself. With CSR included, the equi-
librium energy spread does not change for the 416-bunch
operation mode but will slightly increase for 32-bunch mode.

Figure 6 shows the rms bunch length, including the effects
of CSR, IBS and impedance. In the case of bunch length, the
dominant contribution is from the impedance model, with
CSR only increasing the bunch length a little bit further.

In our simulation study, we do not observe any effect of
the THz peak of resistive wall impedance. This is attributed
to a low NEG resistivity value expected for the SOLEIL II
vacuum chamber, while the THz-driven microwave insta-
bility is expected for high-resistivity NEG [9] but can be
mitigated if realistic NEG coating thickness distribution is
considered [10].

CONCLUSION
CSR wakepotential was implemented in mbtrack2 and

benchmarked with previously published results and an ana-
lytical formula. The effect of CSR on microbunching insta-
bility threshold was investigated for the case of SOLEIL II
storage ring. We find that in SOLEIL II the MWI thresh-
old is dominated by the CSR contribution. CSR threshold
is found to be above the 416 bunch mode nominal current
(1.2 mA per bunch) without the effect of IBS. For 416-bunch
mode, the energy spread is determined mostly by the IBS.
For 32-bunch mode, the energy spread is determined by a
combination of impedance, IBS and CSR. We find that in-
clusion of CSR in the simulation will slightly increase the
bunch length and energy spread at bunch currents larger than
3 mA.
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