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• Driven by the SC harmonic cavity with high QL > 108

• Driven by the main cavity with PI feedback

• Storage rings & double RF systems

• Recap the well-known instabilities
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Ultralow emittance (stronger focusing, smaller 
dispersion); smaller vacuum chamber; high beam 
current.

More challenging collective effects

Intra-beam scattering , Touschek effect

Instabilities: single bunch, multi-bunch

Heating issues: parasitic energy loss

New generation synchro. rad. storage rings

More than sixteen 4th generation light 
source facilities are in operation or under 
construction/planning worldwide.

3rd generation 4th generation

~ nm·rad ~ 100pm·rad

HEPS  HALF In China: 

HEPS

ESRF-EBS

SLS 2
MAX IV HALF

Elettra 2

SOLEIL-II

Diamond 2

ALS-U

APS-U

Sirius

PETRA-IV

ALBA-II

SSRF-U

Spring 8-II

NSLS-II U
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Hefei Advanced Light Facility
Circumference 480 m
Beam energy 2.2 GeV
Beam current 350 mA

Natural emittance 86 pm rad
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• Double RF system：

main cavity & harmonic cavity

Courtesy Francis Cullinan( FLS2023)

500 MHz 

SC cavity

250 kW

HALF double RF system 

Configuration

1500 MHz 

SC cavity

Double RF systems

J. M. Byrd, et al., PRAB, 2001
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HALF, passive, 

~1500 MHz@4K

Single cell, 

w/o coupler

SLS/ELETTRA, SLS 2/ELETTRA 2

Passive, ~ 1500 MHz @ 4K

Two cell, w/o coupler

Cu wall with Nb coating

In 3rd and 4th generation synchrotron storage rings: 

SLS/ELETTRA/SSRF; SLS 2/ELETTRA 2/Diamond 2/Sirius/APS-U/HEPS/HALF

Recap the superconducting harmonic cavities

SSRF/Diamond 2/ Sirius

Passive, 

~ 1500 MHz @4K

Two cell, w/o coupler

APS-U, passive, 

~1408 MHz@2K

Single cell, 

w/ two couplers

HEPS, active, ~500 

MHz @ 4K

Single cell, 

w/ one coupler
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Dominant coupled-bunch modes 

Mode 0 instability oscillation

Mode ±1 instability oscillation

• Cavity fundamental mode impedance

• Of primary interest are the low-order coupled-

bunch modes: 0, ±1

• Mode 0: all bunches oscillate in phase, with zero 

phase difference

• Mode ±1: adjacent bunches have a phase 

difference of 2𝜋/𝑁, N is the number of bunches
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In Chao's book

K. W. Robinson, CEAL-1010 (1964). 

A. W. Chao, Physics of Collective Beam 

Instabilities in High Energy Accelerators 

(Wiley, New York, 1993), p. 162.

A. Gamelin et al., PRAB 28, 054401 (2025).

Growth rate：

Recap the well-known instabilities

The MC is negatively detuned, 

which damps the AC Robinson 

instability.

The HC is positively detuned, 

which drives the AC Robinson 

instability.

⚫ AC Robinson

⚫ DC Robinson

⚫ D-Q coupled Robinson

⚫ Mode 1 & PTBL

⚫ D-mode（cavity mode）

⚫ Mode 0 (beam-cavity-LLRF)
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• Only the generator voltage 𝑉𝑔is capable of focusing the beam

• Focusing: 𝑉𝑔 lies in the third quadrant

• Defocusing: 𝑉𝑔 lies in the second quadrant

T. Yamaguchi et al., PRAB 26, 044401 (2023).

F. Pérez et al., Proc. IPAC’24, WEPR76 

(2024).

S. Sakanaka et al., Proc. IPAC’25, WEPS007 

(2025)

Recap the well-known instabilities

Phasor diagram for the main cavity voltage

As the beam current increases, the detuning increases, and 𝑉𝑔
gradually shifts from the third quadrant toward the second quadrant.

Raise the cavity voltage
With a negative loaded angle 
(−5° to −10°).

bV

gV

mcV

gi

L

gV
bV

𝑉𝑏𝑟 = 2ib𝑅L

𝑉gr = 2ib𝑅L

⚫ AC Robinson

⚫ DC Robinson

⚫ D-Q coupled Robinson

⚫ Mode 1 & PTBL

⚫ D-mode（cavity mode）

⚫ Mode 0 (beam-cavity-LLRF)
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• Dipole mode: bunch-centroid oscillation; 

• Quadrupole mode: bunch-length oscillation

• Triggered when the two mode frequencies coincide

• Mode 0 damper is a must

R. A. Bosch et al., PRST-AB 4, 074401 (2001).

F. J. Cullinan et al., Proc. IPAC’20, WEVIR05 

(2020).

M. B. Alves, PRAB 28, 034401 (2025).

Recap the well-known instabilities

MAX-IV 3 GeV ring

F. J. Cullinan et al., IPAC2020

⚫ AC Robinson

⚫ DC Robinson

⚫ D-Q coupled Robinson

⚫ Mode 1 & PTBL

⚫ D-mode（cavity mode）

⚫ Mode 0 (beam-cavity-LLRF)
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• PTBL/Mode 1: imaginary HC impedance driven; low frequency (no Landau 

damping); scales with 𝑅/𝑄 ⋅ 𝐼0
• Mitigation: choose a low-𝑅/𝑄 cavity scheme → room-temperature TM020 

(low R/Q) / superconducting TM010 (less cavities)

• Calculation methods: tracking simulation & linearized Vlasov equation

• Accurate calculation: centroid + bunch-length perturbations together

Recap the well-known instabilities

J.C. Xiao, et al., NIMA 2026

Year Progress References

2018 Vlasov-based theory, Mode 1, imaginary part of Imp. M. Venturini, PRAB 21

2022 Tracking simulation,  description and definition of PTBL T. He, et al., PRAB 25 (a)

2022 Centroid perturbation theory, approx. threshold formula T. He, et al., PRAB 25 (b)

2024 Experimental observation F. Cullinan, et al., PRAB 27

2025 ALBuMS - an open-source Python package,  fast tool A. Gamelin, et al., PRAB 28

2025 Lebedev equation, Gaussian LMCI, pycolleff M. B. Alves, et al., PRAB 28

2025 PTBL in triple rf systems, SSRM J.C. Xiao, et al., PRAB 28

2026 SSRM-based fast calculation of PTBL J.C. Xiao, et al., NIMA

⚫ AC Robinson

⚫ DC Robinson

⚫ D-Q coupled Robinson

⚫ Mode 1 & PTBL

⚫ D-mode（cavity mode）

⚫ Mode 0 (beam-cavity-LLRF)

A common instability challenge in limiting bunch lengthening in 4th

generation storage rings
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Recap the well-known instabilities

⚫ AC Robinson

⚫ DC Robinson

⚫ D-Q coupled Robinson

⚫ Mode 1 & PTBL

⚫ D-mode（cavity mode）

⚫ Mode 0 (beam-cavity-LLRF)
Next, we will focus on...
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D-mode instability

Driven by the high-𝑄L fundamental mode of 
a superconducting harmonic cavity



HALF 2.2 GeV ring @40 mA, HHC Δfr=5.8 kHz

Bunch centroid

Relative energy error

RMS-bunch length

RMS-energy spread

Self-consistent multi-macroparticle, multi-bunch tracking simulation

Discovered in tracking simulations

• The shorter the radiation damping time is set, the faster the instability grows.

• This is related to the ultra-high 𝑄Lvalue; the oscillation frequency is slightly lower than the harmonic 

cavity detuning frequency.
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Parameters Value

Energy 3.5 GeV

Current 200 mA

Circumference 432 m

Radiation loss 1.7 MeV

Harmonic number 720

Momentum compaction 4.2E-4

Radiation damping 3 ms

Energy spread 1.11E-3

Main voltage 4.5 MV

MC R/Q 44.5 * 3 Ohm

MC QL 1.6E5

MC detuning frequency -2.9 kHz

HHC R/Q 88 Ohm

HHC QL 2e8

SSRF 3.5 GeV ring @200 mA, HHC Δfr=19 kHz

Bunch centroid

Relative energy error

RMS-bunch length

RMS-energy spread

Discovered in tracking simulations
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• The shorter the radiation damping time is set, the faster the instability grows.

• This is related to the ultra-high 𝑄Lvalue; the oscillation frequency is slightly lower than the harmonic 

cavity detuning frequency.



➢ Observed in 3rd rings: ELETTRA/SLS/SSRF

• ELETTRA (2003)

• SLS (2022): Beam loss at 100 mA when detuning <23.6 kHz.

• SSRF (2023):  Beam loss at 200 mA when detuning is close to the resonance.

➢ Tracking for 4th rings: ESRF-EBS/SOLEIL II

M. Pedrozzi, et al.,PAC2003

⑤ Bosch’s theory or approach 1fs

Lukas Stingelin @ HarmonLIP 2022

N. Carmignani, et al., IPAC2017

Which one is correct? How to explain this instability?

ESRF-EBS (2017)

Alexis Gamelin @ HarmonLIP 2022

Some clues for the D-mode Robinson

①Approach +3fs

②Bosch’s theory

③Approach 3frf

④AC Robinson
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𝛺2 − 𝜔𝑠
2 + 𝑖

𝜔0𝐼0𝛼𝑐
2𝜋𝐸/𝑒

෍

𝑝=−∞

∞

𝑝𝑀𝜔0𝑍 𝑝𝑀𝜔0 − 𝑝𝑀𝜔0 + 𝜇𝜔0 + 𝛺 𝑍 𝑝𝑀𝜔0 + 𝜇𝜔0 + 𝛺 = 0
• Single-particle model

• Dispersion equation:

Constraints:   ideal main cavity + passive harmonic cavity & uniform filling

𝛺2 − 𝜔𝑠
2 + 𝑖

2𝛺

𝜏𝑧
+ 𝑖

𝜔0𝐼0𝛼𝑐
2𝜋𝐸/𝑒

× −𝑖
𝑛ℎ𝜔0𝑅𝑓𝑟
𝑄𝛥𝑓𝑟

− 𝜔𝑝
+𝑍∥ 𝜔𝑝

+ −𝜔𝑝
−𝑍∥ 𝜔𝑝

− = 0

ideal MC HC impedancerad. damping

D-mode Robinson instability

17
T. He, et al., PRAB 26 (2023)

𝑔 𝛺 = 𝛺2 − 𝜔𝑠
2 + 𝑖

2𝛺

𝜏𝑧
+ 𝑖

𝜔0𝐼0𝛼𝑐
2𝜋𝐸/𝑒

× −𝑖
𝑛ℎ𝜔0𝑅𝑓𝑟
𝑄𝛥𝑓𝑟

− 𝜔𝑝
+𝑍∥ 𝜔𝑝

+ − 𝜔𝑝
−𝑍∥ 𝜔𝑝

−

HALF @ 40 mA, HHC@ Δfr=6 kHz

Find two minima:
• One close to fs: S-Mode,  Beam-Mode

• The other close to Δfr:  D-Mode,  Cavity-Mode

• Numerical root-finding algorithm 
→ minimize the absolute value

log(|g(Ω)|)



Impacting factors investigation: rad. damp. time; HHC QL & detuning

Insights:

① Shorter rad. damp. time → suppresses S-mode,

promotes D-mode growth, and increases D-

mode frequency.

② Larger 𝑄𝐿 →weakens S-mode, but enhances

D-mode.

③ Smaller cavity detuning → promotes D-mode.

④ When D-mode approaches S-mode, they

merge, causing S-D mode coupled instability

with a large growth rate.

⑤ D-mode frequency is slightly below the cavity

detuning frequency and well above the

synchrotron frequency, so no Landau damping.

D-mode Robinson instability

HALF 2.2 GeV ring @ 40 mA, HHC@ Δfr=6 kHz
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𝛀𝐫 = 𝚫𝛚𝐫𝐧− 𝚫𝛚𝟏

• The D-mode frequency characteristic allows us to simplify 

the dispersion equation and derive a simplified relation 

that includes the main cavity beam loading (𝑗 = 1).
𝛀𝟐 + 𝐢

𝟐𝛀

𝛕𝐳
−𝛚𝐬

𝟐 − 𝐢𝛏 ෍

𝐣=𝟏,𝐧

𝐣𝐙𝐣 𝛚𝐩𝐣
+ − 𝐣𝐙𝐣 𝛚𝐩𝐣

− = 𝟎

• D-mode growth rate:

• For SLS/ELETTRA：
Normal， 𝟐𝜴𝒓 > 𝒌𝐧
D-mode，𝟐𝜴𝒓 < 𝒌𝐧

Radiation damping does promote the D-mode!

Analytic formula for D-mode Robinson

• D-mode frequency:

HC detuning

Why does radiation damping promote the D-mode?
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𝛀𝐢 ≈
𝐛𝐧 + 𝐛𝟏 − 𝟐𝛀𝐫/𝛕𝐳
𝟐𝛀𝐫 − 𝐤𝐧 − 𝐤𝟏

𝐛𝐧 ≈
𝛏𝐧𝐑𝐧𝛚𝐫𝐧

𝟐

𝟒𝐐𝐧
𝟐𝚫𝛚𝟏

𝟐
> 𝟎 𝐤𝐧 ≈

𝛏𝐧𝐑𝐧𝛚𝐫𝐧

𝟐𝐐𝐧𝚫𝛚𝟏
𝟐
> 𝟎

𝐛𝟏 ≈ 𝛏𝐑𝟏 𝐜𝐨𝐬𝟐 𝛙− − 𝐜𝐨𝐬𝟐 𝛙+ < 𝟎

𝐤𝐧

𝐤𝟏
>
𝐧𝟐𝐑𝐧𝐐𝟏

𝟖𝐐𝐧𝐑𝟏

𝛚𝐫𝟏

𝚫𝛚𝟏𝐐𝟏

𝟐

> 𝟏𝟎 𝛀𝐢 ≈
𝐛𝐧 + 𝐛𝟏 − 𝟐𝛀𝐫/𝛕𝐳

𝟐𝛀𝐫 − 𝐤𝐧

𝚫𝛚𝟏
𝟐 −

𝚫𝛚𝐫𝐧

𝟐
+
𝛇𝟏 −𝛚𝐬

𝟐

𝟐𝚫𝛚𝐫𝐧

−
𝛏𝐧𝐑𝐧𝛚𝐫𝐧

𝟖𝐐𝐧𝚫𝛚𝐫𝐧
𝟐

𝚫𝛚𝟏 +
𝛏𝐧𝛚𝐫𝐧𝐑𝐧

𝟒𝚫𝛚𝐫𝐧𝐐𝐧

= 𝟎



Δωr
opt =

FoptI0ωrR

V
h
optQ

Near-optimal detuning 

frequency for bunch 

lengthening

T. He, et al., PRAB 27, 064402 (2024)

• Without PI feedback: NC MC promotes the D-mode.

• With PI feedback: NC MC can suppress the D-mode to some extent.

• SC MC: weak effect on the D-mode.

SLS  MC:  𝑸𝑳~𝟏𝟎
𝟒 SSRF MC: 𝑸𝑳~𝟏𝟎

𝟓

𝟐𝟑. 𝟔 𝐤𝐇𝐳

Application to ELETTRA/SLS/SSRF

• Theoretical Calculations and Tracking 

Simulations for ELETTRA/SLS/SSRF
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(ELETTRA’s results not shown here, see details in this ref.)
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Cavity parameter optimization:

1. Moderately reduce the loaded 𝑄L
2. Choose 𝑅/𝑄 properly according to the target beam 

current, avoiding operation at a low detuning frequency

3. Lower the MC voltage to reduce the HHC voltage 

requirement, thereby increasing the HHC detuning

Cavity voltage 
perturbation 
evolution as 
seen by the 
beam:

Perturbed cavity 
voltage phasor

Oscillation 
frequency

Amplitude 
decay

∆ ෨𝑉𝑐𝑎𝑣𝑒
𝑖∆𝜔𝑟𝑛𝑡𝑒

−
𝜔𝑟𝑛𝑡
2𝑄𝑛

Normal-conducting：QL ~ <1e4；Superconducting：QL ~ >1e8

Guidance for SC HC development:

Nb₃Sn & 4 K → 2 K: 𝑄0 ↑ , 𝑄L → ↑

unfavorable for D-mode stabilization

→ Recommend 𝑄Lreduced to ~107

Suppression of D mode

• Discussion：How to suppress this instability?
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Zero-mode instability

Under the coupled scenario of the beam, 
harmonic cavity, main cavity, and LLRF feedback



• A complex multi-factor coupling problem: beam–harmonic cavity–main cavity 

and its low-level RF feedback (PI controller)

Key issue: How to establish a more realistic mathematical model of the low-level 

RF feedback?

Longitudinal Dynamics

∆෩𝑽 = ෩𝑽𝒔𝒆𝒕 − ෩𝑽𝒎𝒄
𝒌𝒑 + 𝒌𝒊/𝐬

∆෩𝑽/𝑹𝑳

෨𝑰𝒃

MC Voltage

෩𝑽𝒃 + ෩𝑽𝒈 = ෩𝑽𝒎𝒄

HC Voltage

෩𝑽𝒉𝒄 = ෩𝑽𝒃

𝒆−𝒊𝝎𝝉𝒅

𝜟෨𝑰𝒈

෨𝑰𝒈𝟎
+

+

Delay

PI

෩𝑽𝒎𝒄 LLRF
Feedback

෨𝑰𝒈

෨𝑰𝒃

What problem are we dealing with?
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A realistic LLRF model used for tracking simulation 

Modelling the PI controller

SSRF– LLRF block diagram modified from the Fig.1 in 

[Y. Xia, et al., NST 2019]

Pick up-Down conversion-ADC-I/Q Demodulation-FIR Filter---PI---IQ Modulation -DAC- Upconversion

PI gains：Kp, Ki ; Loop delay：𝜏𝑑

Implemented into the STABLE tracking code

T. He et al., arXiv:2601.05541 (2026), Fig. 2. https://github.com/hetianlong-afk/STABLE
24
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Dispersion equation for coupled bunch instabilities

𝛺2 − 𝜔𝑔
2 = −𝑖

𝐼0𝛼𝑐
𝑇0 𝐸/𝑒

෍

𝑝=−∞

+∞

𝑝𝑀𝜔0𝒁𝒕𝒐𝒕 𝑝𝑀𝜔0 − 𝑝𝑀 + 𝜇 𝜔0 + 𝛺 𝒁𝒕𝒐𝒕 𝑝𝑀 + 𝜇 𝜔0 + 𝛺

• Open-loop cavity impedance：𝑍𝑚𝑐
𝑜𝑙 𝜔 =

𝑅𝑚𝑐

1 + 𝑖𝑄𝑚𝑐 𝜔𝑟,𝑚𝑐/𝜔 − 𝜔/𝜔𝑟,𝑚𝑐

𝑍ℎ𝑐 𝜔 =
𝑅ℎ𝑐

1 + 𝑖𝑄ℎ𝑐 𝜔𝑟,ℎ𝑐/𝜔 − 𝜔/𝜔𝑟,ℎ𝑐

• Closed-loop main-cavity impedance： • Effective open-loop gain function： 

𝛿𝜔 = 𝜔 − 𝜔𝑟𝑓𝑍𝑚𝑐
𝑐𝑙 𝜔 =

𝑍𝑚𝑐
𝑜𝑙 𝜔

1 + 𝑇𝑒𝑓𝑓 𝛿𝜔 𝑍𝑚𝑐
𝑜𝑙 𝜔 𝑇𝑒𝑓𝑓 𝛿𝜔 = 𝐻𝑎𝑣𝑔

2 𝛿𝜔 𝐺 𝛿𝜔 𝑒𝑖𝛿𝜔 𝑇𝑑+𝑇𝑏

• Dispersion equation：

Total cavity impedance = closed-loop main-cavity impedance + open-loop harmonic-cavity impedance

25



• Two methods are introduced: a dispersion equation (single-

macroparticle model) and a tracking simulation (multi-macroparticle 

model). Both include cavity beam loading and main-cavity LLRF 

feedback.

• Next, Let’s see Mode 0 instability results for HALF from both methods.
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Case of HALF

• PI feedback parameter scan 𝑘𝑝 𝑘𝑖 → Mode 0 instability occurs over a fairly wide parameter range

• This Mode 0 instability mainly arises from improper selection of the MC PI feedback parameters and 

is independent of the HC operation.

HALF
@350 mA

R/Q
[Ω]

QL Δfr
[kHz]

Main cavity 45 1.1e5 -7 @1.2 MV

Harmonic cavity 40.5 4e8 300/55

Almost no bunch lengthening 4× bunch length
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Why PI gains affect the zero-mode instability?

• Select two parameter settings: 

• With PI feedback:

Impedance behavior near Mode 0 changes

→ from damping to excitation of Mode 0

𝒌𝒑 = 14, 𝒌𝒊 = 𝟎. 𝟎𝟎𝟓 𝒌𝒑 = 2, 𝒌𝒊 = 𝟎. 𝟎𝟏𝟓 
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Summary

• Two types of Mode 0 instabilities have been introduced.

• One is driven by the high-𝑄L impedance of a superconducting passive harmonic 

cavity. Its special feature is that it is enhanced by radiation damping. 

• The other is unrelated to the harmonic cavity and is caused entirely by improper PI 

feedback parameters of the main cavity. It can be avoided by choosing appropriate 

PI gain parameters, or by adopting a dedicated Mode 0 damper like the one at 

MAX IV.

29

Thanks for your attention !
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