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Abstract

Single-bunch instabilities are among the major effects lim-
iting beam intensity in synchrotrons. In the case of a light
source with ultra-low emittances, this might be a critical is-
sue causing poor performance of the synchrotron. This study
elaborates on the case of the Diamond-1II storage ring show-
ing the results of particle simulations which include the value
of the threshold current for different configurations of the lat-
est versions of the lattice and the updated impedance model.
The resulting impedance-induced betatron tune shifts, bunch
lengthening, and synchrotron phase shifts obtained in simu-
lations agree with analytical predictions. We obtain optimal
parameters for horizontal and vertical chromaticities for all
possible lattice and impedance configurations considering
chromaticity variation as a measure to mitigate single-bunch
instabilities.

INTRODUCTION

Diamond-1II, the upgrade of the Diamond Light Source, is
a 4th generation synchrotron radiation source. As compared
with the operating machine, the vacuum vessels of Diamond-
II are significantly narrower [1]. Therefore, the strength of
the wake-fields increases [2], arising from the interaction
between the beam and the vacuum chamber. Recent pub-
lications [3, 4] show that, for a 4th generation light source
to meet its design parameters, collective effects should be
accurately assessed.

UPDATE OF IMPEDANCE DATABASE

Diamond-II has a 6-fold symmetry, and there are three
types of straights in a super-period (the update of the
Diamond-II lattice is presented in Ref. [5]), namely 2.9
m Mid Straight, 5.1 m Standard Straight, and 7.5 m Long
Straight. A single girder supports the magnets in each half of
a cell. In total, there are four types of girders, Long-to-Mid
(LM), Mid-to-Standard (MS), Standard-to-Mid (SM), and
Mid-to-Long (ML). Previously, the impedance database and
apertures (demonstrated in Refs. [1, 2]) were based on only
a preliminary LM girder model. This work presents simu-
lation results with the updated impedance database which
contains revised models for LM, ML, and MS girders. Al-
though the SM girder is not complete, it is mostly similar
to the LM. Additionally, dipole vessels on all girders are
assumed to have a new NEG-coated copper design rather
than the previous aluminium with ante-chamber.

The geometric component of the Diamond-II impedance
is calculated using CST [6]. Previously, we used a 3 mm
bunch length in the CST simulations, whereas now it corre-
sponds to 0.5 mm for most elements. Furthermore, the up-
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dated database provides output as geometric wake-functions
with a length of 300 mm.
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Figure 1: Geometric component of the Diamond-II wake-
function when IDs are closed.

An example of the CST simulations is presented in Fig. 1,
corresponding to the total geometric wake normalised with
the beta-functions. In this case, all insertion devices (IDs)
are closed. Blue and red lines (top) represent the transverse
component while the black line (bottom) is the longitudinal
one. Next, Fig. 2 shows the results of the summed resistive-
wall impedance calculated using the ImpedanceWake2D [7]
code.
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Figure 2: Resistive-wall component of the Diamond-II
impedance, IDs are open (left), IDs are closed (right), refer-
ence impedance Z; = 1 GQ.

Both real (black) and imaginary (red) components are
stronger in the case when all IDs are closed (right). The
span of frequencies is 81.92 GHz with a sampling step of
10 MHz in the transverse, whereas in the longitudinal, the
span is 51.2 GHz with a sampling step of 100 MHz.
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Having discussed how to construct the impedance
database, the next section of this work addresses the im-
plementation of the database’s output, namely, geometric
wake and the resistive-wall impedance in Elegant [8] particle
simulations.

SINGLE-BUNCH EFFECTS

This work presents the results obtained with a simulation
model which contains one-turn-map tracking (for single-
particle effects), wake-field elements wake and trwake (for
the geometric components), impedance elements zlongit
and ztransverse (for the resistive-wall components), the RF
cavity, the harmonic cavity (optional), and synchrotron radi-
ation. In this study, the beam contains only a single bunch.
The bunch distribution is represented by 2 - 10° macro parti-
cles. Diamond-II can have various filling patterns resulting
in I = 0.33 mA per bunch nominal currents for the standard
filling pattern and / = 1.6 mA maximum bunch current in a
hybrid filling pattern.

Longitudinal

To separate longitudinal and transverse collective effects,
we start with wake and zlongit wake-field elements only.
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Figure 3: Synchronous phase shift with increasing bunch
current, tracking results and formula.

Here and all figures below, the blue dots, red squares,
green triangles, and black stars represent simulation results
for closed IDs, open IDs, closed IDs with the harmonic cav-
ity, and open IDs with the harmonic cavity respectively. The
tracking results match well with the theoretically predicted
phase shift (solid blue and red lines),
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where I is the bunch current, Z; is the longitudinal
impedance, w = 2 f, h(w) is the bunch power spectrum
(the bunch length is obtained from tracking to reconstruct
this function), f; is the revolution frequency, and Vg is the
RF voltage.
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Next, the bunch lengthening in Diamond-II is calculated
analytically (using Eq. (2) which is Zotter’s formula [3]) and
observed in simulations, results are demonstrated in Fig. 4 as

solid blue and red lines for closed and open IDs respectively.
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Figure 4: Current-dependent bunch lengthening.

Similarly to the results with the previous impedance
model [2], the bunch length increases non-linearly with the
bunch current, which can be compared to the numerical
solution of
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where o, is the bunch length, «.. is the compaction factor,
v, is the synchrotron tune, and E is the energy in eV. A
discrepancy between Eq.(2) and simulation results appears
at/ > 1.5 mA, where the bunch profile starts to deviate from
a Gaussian distribution due to the microwave instability
shown in Fig. 5.
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Figure 5: Momentum spread with increasing bunch current.

In the case of open and closed IDs without the harmonic
cavity, the momentum spread starts increasing when the
bunch current is above the microwave-instability threshold.
The harmonic cavity lengthens the bunch, thereby helping
to mitigate the microwave instability.

WEPL184

MC5.D05: Coherent and Incoherent Instabilities Theory, Simulations, Code Developments 3551

=gz Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-WEPL184

MC5.D05: Coherent and Incoherent Instabilities Theory, Simulations, Code Developments

3551

WEPL: Wednesday Poster Session: WEPL

WEPL184

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

14th International Particle Accelerator Conference,Venice, Italy
ISSN: 2673-5490 doi:

ISBN: 978-3-95450-231-8

Transverse

Now, we can turn to the collective effects which appear
in the horizontal and vertical planes by adding trwake and
ztransverse wake-field elements into the model (longitudinal
effects are also included).
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Figure 6: Current-dependent horizontal (top) and vertical
(bottom) betatron tune shifts.

Figure 6 shows the tune shifts with increasing bunch cur-
rent at zero chromaticity (§, = &, = 0). Simulation results
agree with the analytical shift of betatron tunes (blue and
red solid lines for closed and open IDs respectively) given
by

dve,  (B(s) $h(w)Im(Z,,)dw),

T 41 a,Esﬁh(a})’dw ’ )

where S (s) is the beta-function, (-), is averaging along the
ring, Z, ,, is the transverse impedance. The transverse mode
coupling instability (TMCI) happens when the tune shift
matches the synchrotron tune. Above the threshold (indi-
cated by blue and red dashed lines for closed and open IDs
correspondingly), simulation results can deviate from the
formula.

Then, we demonstrate the behaviour of the threshold for
higher chromaticity in Fig. 7. Here, the black dotted and
dashed lines correspond to the maximum bunch current for
the standard and hybrid filling patterns respectively. We can
disentangle horizontal and vertical instabilities by neglecting
the vertical wake-fields in the horizontal-plane simulations
and horizontal wake-fields in vertical-plane simulations. Pas-
sive measures to control the head-tail instabilities include
operating at higher chromaticity and/or increasing the bunch
length using the harmonic cavity. Unlike reported previ-
ously [2], the case of &, = & y = 2 (without other measures)
is found to be insufficient enough for Diamond-II. As a result,
we might need to increase vertical chromaticity to &, > 3.
This in turn may affect the dynamic aperture and lifetime,
the impact of which remains to be determined.

Furthermore, a safety margin for impedance must be en-
sured. Fig. 8 demonstrates the results of simulations in the
vertical plane where &, = &, = 3 is fixed while the total
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Figure 7: Instability threshold in the transverse plane with
increasing horizontal (left) and vertical (right) chromaticity.
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Figure 8: Transverse instability threshold vs the total
impedance, chromaticities §, = &, = 3 are fixed.

impedance is scaled. In the case of closed IDs, the increase
of the total impedance by a factor of 1.5 already limits the
operation in hybrid mode (the threshold current is smaller
than the hybrid bunch current). However, we can use the
harmonic cavity. In this case, the hybrid-bunch current is
safely below the threshold even if the total impedance is 2.5
stronger. In all cases, the nominal bunch current for the stan-
dard filling pattern remains below the instability threshold.

CONCLUSIONS

We have updated the impedance database and assessed
wake-field effects in single-bunch dynamics. The results
include current-dependent phase shift, bunch lengthening,
momentum-spread increase, betatron tune shifts, and insta-
bility thresholds. In the case of open IDs, the machine can
operate at the nominal value of chromaticity 2, whereas
in the case of closed IDs, the harmonic cavity should be
included for the hybrid filling pattern.
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