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Abstract

In 4th generation low emittance synchrotron light sources,

harmonic cavities are critical components needed to reach

the required performance. However, RF systems with har-

monic cavities can be limited by their own set of instabilities.

An instability dominated by the coupled-bunch mode � = 1

can prevent the RF system from reaching the flat potential

condition, hence limiting the maximum bunch lengthening.

Here we report how this instability impacts the performance

of 3rd and 4th harmonic superconducting cavities for the

SOLEIL Upgrade.

INTRODUCTION

The SOLEIL Upgrade project aims to replace the exist-

ing storage ring by a 4th generation light source [1–4]. In

the framework of the project technical design report (TDR)

phase, self-consistent longitudinal beam dynamics simula-

tions are performed to compare different harmonic cavity

(HC) technological options. So far, the proposed double RF

system comprises:

• A fundamental RF system at 352 MHz, which will pro-

vide the required RF voltage and power to compensate

for the energy lost by the electron beam and achieve

a large enough longitudinal acceptance. It consists of

four normal conducting (NC) cavities of the ESRF-EBS

type [5, 6], each powered with a 200 kW solid state

amplifier (SSA).

• A harmonic RF system, aimed at lengthening the elec-

tron bunches in order to preserve low emittance and

ensure suitable lifetime. It consists of a cryomodule

of the Super-3HC type, similar to that used in SLS

and ELETTRA [7–13], which contains two supercon-

ducting (SC) passive cavities, tuned to the 3rd or 4th

harmonic of SOLEIL (1.06 or 1.41 GHz).

This paper describes the beam dynamics with such a sys-

tem and compares the respective performance in terms of

bunch lengthening of the 3rd and 4th harmonic options for

the main operation mode at 500 mA. The TDR lattice and its

parameters are presented in [2]; the RF cavity parameters are

listed in Table 1. This paper starts with the SC passive HC

theory near the flat potential condition, then tracking simula-

tion results are presented showing stable regime, instability

regime and the impact of empty buckets in the bunch train.
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Table 1: Parameters for the RF avities

Parameters MC HC

Harmonic number � 1 3 or 4

Shunt impedance � (per cavity) 5 MΩ 4.5 GΩ

Unloaded quality factor � 35 700 10
8

�/� (per cavity) 140 Ω 45 Ω

Loaded quality factor 6 000 10
8

Cavity number 4 2

SC PASSIVE HC

Let us assume a RF system composed of two “ideal” cav-

ities: a main cavity (MC) with a voltage �1, a phase �1, an

angular frequency �1 and a harmonic cavity (HC) of the

��ℎ harmonic with a voltage �2 and phase �2. The overall

voltage ���� provided by this system at time � is given by:

���� (�) = �1 cos (�1� + �1) +�2 cos (��1� + �2) . (1)

The condition to ensure energy balance for the synchronous

particle is:

���� (0) =
�����

�
, (2)

where ����� corresponds to the energy loss per turn and � is

the elementary charge. In such a system, one can adjust the

bunch length by controlling the slope of the overall voltage

at the synchronous phase, �1 = ¤���� (0), and its derivative,

�2 = ¥���� (0). Introducing �, as defined in [14]:

� =
−��2 sin(�2)

�1 sin(�1)
. (3)

The system is described by the following equations:

cos (�1) =
�����

��1

+ �
sin(�1)

� tan(�2)
, (4)

�2 = −�
�1 sin(�1)

� sin(�2)
, (5)

tan(�2) = �� tan(�1) . (6)

Expressing �1 and �2 as a function of �:

�1 = ��1 sin (�1)

(

1 −
1

�

)

, (7)

�2 = −�1�1
2

[

cos(�1) − ��
sin(�1)

tan(�2)

]

. (8)

One can see that the value � = 1 cancels both �1 and �2 and

that going from � ≤ 1 to � ≥ 1 implies a change of sign

C

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-WEPOMS003

MC5: Beam Dynamics and EM Fields

D05: Coherent and Incoherent Instabilities - Theory, Simulations, Code Developments

WEPOMS003

2229

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



of the RF voltage slope. The case � = 1 in Eq. (4) to (6),

which corresponds to �1 = �2 = 0 is called Flat Potential

(FP) condition.

If the HC is passive, for a Ąxed �1, its tuning angle �

is the only free parameter, which allows to adjust its beam

induced voltage. Neglecting bunch form factors, �2 can be

expressed as:

�2 = 2�0� cos� ≈ �0
�

�

��1

Δ�
sin� , (9)

where �0 is the beam current and Δ� is the HC detuning.

The FP condition can only be met for a single value of the

��0 product:

��0 =
�1 cos �1

2�2 cos�2
. (10)

More generally, �2 is non-zero and for � = 1 it is Ąxed to:

�2 = −�1�1
2

[

�����

��1

−
�2 − 1

�

sin(�1)

tan(�)

]

. (11)

To distinguish this case (� = 1 in Eq. 4 and 5 corresponding

to �1 = 0 and �2 ≠ 0) from the FP case, it is called the ŞNear

Flat PotentialŤ (NFP) condition. The main consequence of

a non zero �2 is an asymmetry in the bunch proĄles.

In the particular case of a SC passive HC, as the dissi-

pation is negligible, the tuning angle is Ąxed to � ≈ �/2

within the useful tuning range. In that case, the previous set

of equations is simpliĄed to:

cos (�1) ≈
�����

��1

, (12)

�2 ≈ �
�1 sin(�1)

�
≈ �0

�

�

��1

Δ�
, (13)

�2 ≈ −
�1

2�����

�
. (14)

So for a SC passive HC, in Ąrst approximation, the MC

phase is the same as the one used without HC and the second

derivative of the RF voltage �2 can never be cancelled.

SIMULATION RESULTS

In this section, beam dynamics tracking simulation results

are presented. The simulations are done using mbtrack2 [15],

which models cavity physics in a fully self consistent way

with a very similar implementation to that of mbtrack [16].

Stable Regime

Figure 1 shows the stable settings found by tracking for

the 3rd and 4th HC. Each point on that plot corresponds to a

HC tuning for which the beam is stable and its correspond-

ing bunch length and � values have been computed. The

maximum bunch length that can be obtained is about 50 ps

for the 3rd HC and 34 ps for the 4th HC, to be compared to

the natural bunch length of 9 ps without HC. These limits

are reached at diferent � values, � = 1.01 and � = 0.97 for

3rd and 4th harmonic, beyond which the beam starts to be

unstable.

Figure 1: RMS bunch length versus � from diferent track-

ing simulations for the 3rd and 4th HC. The bunch proĄle

associated to the maximum RMS bunch length is shown for

both harmonics.

Another expected efect of HCs is a reduction of the in-

coherent synchrotron frequency �� from its natural value

without HCs ��0. This reduction, in the small oscillation

approximation, can be estimated as:

��
2 ≈ ��

2

0
[1 − �] . (15)

This equation agrees rather well with the tracking results for

� ≤ 0.9. Closer to the NFP, �� computed from tracking does

not decrease to zero but tends to 200 Hz for the 3rd harmonic

and to 360 Hz for the 4th one. As the 3rd HC allows to operate

closer to the NFP, its 110 Hz synchrotron frequency spread

is larger than the 55 Hz one obtained from the 4th harmonic.

SigniĄcant Landau damping can be expected from such a

spread in �� .

Instability

The instability limiting further bunch lengthening is of

the same nature for both harmonics. It is dominated by the

coupled bunch mode � = 1 as shown by the beam coherent

spectrum in Fig. 2.

This instability exhibits the same speciĄcities as the ones

reported in [17] under the name Şcoupled bunch mode � = 1

instabilityŤ using perturbation-theory or in [18] using track-

ing and named Şperiodic transient beam loadingŤ instability.

It seems to happen when the usual stable solution, found

in the case of a uniform beam Ąlling where all the bunches

have the same proĄle, breaks down. Beyond the threshold,

the bunches have diferent proĄles. The system falls back to

a quasi-stable state slowly drifting through the bunch index

space with rather long time period ( � ≈ Hz), which depends

on the cavity parameters. The behaviour this instability is

thus quite diferent from usual coupled bunch instabilities.
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Figure 2: Beam coherent spectrum during the instability.

This situation is described in Fig. 3, where the quasi-

stable state is shown at a given turn. It shows variations of

the RMS bunch length and � along the bunch index during

this instability. Despite the initial uniform Ąlling pattern,

each bunch has a diferent proĄle: the highest � values,

around 1.06, correspond to double bump bunch and other

bunches with lower � values have single bump shapes.

Figure 3: Variation of the RMS bunch length and � along

the bunch index during the instability.

In [18], it is found that the instability threshold increases

with bunch length. As the 3rd HC naturally produces longer

bunches compared to the 4th one for the same � value, it

explains why the threshold is reduced for the 4th HC.

This type of instability has been observed in many simula-

tions for the SOLEIL Upgrade case, for passive SC HC but

also for active or passive NC HC. It has also been observed

in simulations for other machines (Diamond-II, HALF, ...)

and experimentally at MAX IV [19].

Gaps in the Filling Pattern

The instability dominated by the coupled bunch mode

� = 1 seems to be strongly suppressed when the Ąlling pattern

is no longer uniform. When gaps of empty buckets are

introduced in the bunch train to reduce ion trapping, or when

there are strong bunch to bunch current variations induced

by injection imperfections, the transient beam loading leads

to a reduction of the average bunch lengthening compared to

the uniform filling case. In that case, operating close to the

NFP is no longer efficient as it leads to very strong bunch

phase and length variations along the filling pattern.

In all the simulated cases, the different bunch distributions

were stable, i.e. not showing periodic variation as it is the

case for this instability, at least in the limited timescale for

which they were simulated. The values corresponding to the

highest Touschek lifetime in the stable tuning range (for a

typical bunch of the train) are reported in Table 2.

Table 2: Touschek ifetime ncrease actor � with ari

ous ap ength

� Gap length T Mean RMS Mean FWHM

3 no gap 5.7 50 ps 98 ps

3 1 bunch 4.7 40 ps 94 ps

3 2 bunch 4.3 36 ps 85 ps

3 5 bunch 3.5 29 ps 70 ps

3 10 bunch 2.9 24 ps 58 ps

4 no gap 4.2 34 ps 91 ps

4 1 bunch 3.4 28 ps 71 ps

4 2 bunch 3.2 27 ps 66 ps

4 5 bunch 2.7 22 ps 54 ps

4 10 bunch 2.2 18 ps 44 ps

The Touschek lifetime gain factor � is defined as [20]:

� =
�

�0

≈

∫

�0
2 (�)��

∫

�2 (�)��
(16)

where � and � are respectively the mean lifetime and lon-

gitudinal charge density with HC. The subscript 0 on the

same symbols corresponds to quantities without HC bunch

lengthening.

CONCLUSION

Tracking simulations show that, using a SC passive HC,

one can achieve relatively large Touschek lifetime increase

factors for the SOLEIL Upgrade main operation mode (500

mA in uniform filling): up to 5.7 with 3rd HC and 4.2 with

4th HC, limited by an instability dominated by the coupled

bunch mode � = 1 in both cases. Non-uniformities of the fill-

ing pattern suppress this instability but reduce the possible

bunch lengthening. Other operation modes and alternative

solutions (active and passive NC HC) are also being investi-

gated.
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