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3The DAFNE accelerator complex

Parameter Value

𝐸0 510 MeV

ℎ 120

𝐶𝑟 97 m

𝑓0 3.1 MHz

𝑓𝑟𝑓 369 MHz

𝑁𝑏 90 - 115

𝑉𝑟𝑓 130 kV

𝐼𝑏
+, 𝐼𝑏

− in 2024
(highest)

1.0, 1.4 A, 
(1.4, 2.4 A)

Experiments with 
synchrotron light
• UV: 2 – 10 eV
• X-ray: 0.9 – 3 keV
• IR: 1.2 meV – 1.2 eV

Experiments using 
𝒆+- 𝒆− collisions
• Spectroscopy of 

kaonic atoms

❑ DAFNE is an electron-positron collider in operation at INFN-LNF since 2001.

❑ Two independent rings intersecting at two IPs for collisions, creating at 1.02 GeV Φ mesons which fast decay in kaons.

❑ The electron beam generates synchrotron light used by experiments for material studies and high-quality radiographies.

❑ DAFNE is in standby in 2025. Further experiments with the SIDDHARTA 2 detector are planned for the second-half of 
2026 or later, and the use of DAFNE as test facility for future circular lepton colliders (e.g. FCC) is considered.



4Beam stability challenges at DAFNE 
❑ High-intensity and stable beams are required to provide the largest possible luminosity to the experiments.

➢ Critical beam features: low energy, high currents, small bunch spacing (2.7 ns), long damping times (𝜏𝑥,𝑦 ≈ 25 ms) already 
reduced using wigglers.

❑ e-cloud is one of the main limitations for 𝑒+ beams, and related coupled-bunch instabilities are mitigated by the horizontal bunch-by-
bunch feedback and by solenoids winded around all the straight sections.

❑ Multi-bunch instabilities due to the HOMs of the RF accelerating cavity are mitigated by the longitudinal bunch-by-bunch feedback.

❑ The bunch-by-bunch feedbacks can be also used as diagnostic tools to better characterize these instabilities.

Bunch lengthening due to 
coupling impedance, 1 𝒆− bunch 

Damping of longitudinal instabilities with collisions (long. feedback off)
103 𝒆+ bunches (130 mA), without collisions (left) and with collisions (right)

Increased Landau 
damping with the 
Crab-Waist 
collision scheme

Potential-well 
regime

Micro-wave  
regime

118𝒇𝟎
118𝒇𝟎 + 𝒇𝒔

Instability 
due to HOMs 
of RF cavity

Instability 
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5Bunch-by-bunch feedbacks as acquisition system

ADC + FPGA + DAC RF amp.

BPM
Beam line

Stripline kicker

ADC + FPGA 
+ DAC 

RF amp.

BPM Beam line

Horizontal bunch-by-bunch feedback

Longitudinal bunch-by-bunch feedback

Cavity kicker

Back 
end

Front 
end

+

-

Feedback signal processor

Courtesy of 
D. Teytelman

❑ Feedback signal processor (DIMTEL iGp) used to 
acquire the positions of each bunch, turn after turn.

❑ Digitized bunch data fetched from the acquisition 
memory linked to the FPGA. A trigger is needed.
➢ Memory with a circular buffer, containing 34 ms 

of data per bunch for a turn-by turn acquisition.
➢ The trigger can be either internal or external.

Bunches data

Bunches data



6Tune shift measurements for e-cloud characterization: procedure

Bunch 1

Bunch 105

Tune 
shift

790 mA

350 mA

❑ e-cloud strength evaluated with horizontal tune 
shift measurements.

❑ Measurements performed in stable conditions 
with the horizontal feedback turned on.

❑ DFT of the bunches transverse oscillations.
➢ 𝑓𝑚𝑎𝑥 = 1.5 MHz, ∆𝑓 = 30 Hz.
➢ Notch at the betatron frequency 𝑓𝑥.
➢ 10−5 resolution in fractional tune [𝑄𝑥] = 𝑓𝑥/𝑓0.

❑ Shift of the notch minimum is the tune shift.

Bunch 1

Bunch 
105

shift

shift

Hor. position vs time (790 mA) DFT, zoom on the notch

Fractional tune along the beam (105 𝒆+ bunches) Notch vs peak (600 mA)

Bunch 
105

❑ Alternative: feedback 
off and white-noise 
injection to excite the 
betatron tune.
➢ Not preferred 

since broad peak 
and stability 
issues for currents 
> 600 mA.



7Transverse tune shift measurements: results in 2024

Hor (Feb ‘24)  Hor (Jun ‘24), no sol.
Hor (Jun ‘24)   Ver (Jul ‘24)
Hor (Jul ‘24)    Hor (‘13), consistent

Positrons

Electrons

Horizontal tune shift vs intensity (Jul ‘24) Transverse tune shift vs intensity for positron beams

3 acquisitions for 
each intensity

❑ Measurements with 105 contiguous bunches. Small shot-to-shot variation and negligible tune shifts for electrons.

❑ Above 600 mA, tune shifts decrease comparing first and last measurements, thanks to scrubbing and machine optimizations.

❑ In the last measurements, tune shifts decrease above 600 mA. Counterintuitive, but also observed e.g. at CESR.

❑ Tune shifts increase when the solenoids are switched off, since these reduce the e-cloud effects.



8Comparison between measurements and e-cloud simulations

Measurement

Simulation

Measurement

Simulation

105 contiguous bunches, 𝑰𝒃
+ = 800 mA 60 bunches (6 filled-6 empty), 𝑰𝒃

+ = 290 mA

❑ Challenging simulations of the e-cloud formation, by using the CERN PyECLOUD code.
➢ Many parameters involved, e.g. bunch spacing, intensity and sizes, secondary electron yield, chamber features.

❑ Simulations 
restricted to the 
wiggler magnets,  
where the e-cloud 
is the strongest.

❑ Good qualitative 
agreement 
between 
measurements 
and simulations, 
considering that 
the wigglers 
occupy just 8% of 
the machine.

Empty buckets



9Grow-damp measurements for e-cloud characterization: procedure

FB 
OFF

FB 
ON

31
91

Mode 0
(∆𝜑𝜇0 = 0°)

Mode 119 
(strongest, ∆𝜑𝜇0= -3°)

❑ e-cloud coupled-bunch instabilities evaluated 
with grow-damp measurements.
➢ Horizontal feedback turned off, then on.

❑ The modal analysis indicates how the bunches 
oscillate with respect to each other.
➢ ℎ = 120 possible modes (𝜇 = 0, …, 119).
➢ The bunch-by-bunch 
      phase shift for mode 𝜇0 is

❑ Example of modal analysis for two consecutive 
bunches oscillating with mode 𝜇0:

Hor. position vs time (800 mA)

1
61

Zoom (expected ∆𝜑1,61 = 180°)

Hor. position amplitude vs time Mode amplitude vs time

105 
contiguous 
𝒆+ bunches

∆𝜑𝜇0 =
360°

ℎ
𝜇0

𝑓1 𝑡 = 𝐴1(𝑡) cos 𝜔𝑡 𝑓2 𝑡 = 𝐴2(𝑡) cos 𝜔𝑡 + ∆𝜑𝜇0
Hilbert transform Hilbert transform 

መ𝑓1 𝑡 = 𝐴1(𝑡)𝑒
𝑖𝜔𝑡

መ𝑓2 𝑡 = 𝐴2(𝑡)𝑒
𝑖(𝜔𝑡+∆𝜑𝜇0)

Phase shift

መ𝑓2𝑠 𝑡 = 𝐴2(𝑡)𝑒
𝑖(𝜔𝑡+∆𝜑𝜇0)𝑒𝑖(−

360°
ℎ

𝜇)

መ𝑓1 𝑡 + መ𝑓2𝑠 𝑡

𝐴1(𝑡) + 𝐴2(𝑡) if 𝜇 = 𝜇0, < 𝐴1(𝑡) + 𝐴2(𝑡) otherwise

Bunch 1
Bunch 61
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Apr ‘24
Jun ‘24, no sol.
Jul '24
2013, consistent

Exponential 
fits of the 
envelopes

Grow-damp measurements in the horizontal plane: results in 2024

Mode envelopes vs time (800 mA)

Mode 0
Mode 119

Mode 0
Mode 119 𝑨𝟏 + 𝑨𝟐

Grow rates vs beam current (105 contiguous 𝒆+ bunches)

❑ The dominant mode is always 119 (or -1), which has been seen in DAFNE since 2005.
➢ This mode is typical for e-cloud created in dipoles and wigglers and having the shape of two vertical parallel stripes.

❑ Exponential fits of the mode envelopes provide the grow rates of the modes.
➢ Estimations can vary by a few percent depending on the envelope portions used for the fits.

❑ Grow rates in general increase with beam current, as expected. Short rise time of 21μs (65 turns) at 800 mA.
➢ Switching off the solenoids at 600 mA leads to lower grow rates, which is counterintuitive. 

FB 
OFF

FB 
ON



11Grow-damp measurements with and without solenoids at 600 mA
❑ The vacuum-pressure detector PL201 is the closer to a wiggler. 

➢ It provides a good indication of the e-cloud strength.
➢ Pressure reduced with solenoids, as expected.

❑ Nevertheless, the mode 119 grows faster with solenoids, and beam 
losses during grow-damp are larger. 

❑ One reason: without solenoids, the beam has a larger 𝜎𝑦 (240 μm vs   
170 μm), so the Touschek lifetime is longer. 
➢ This leads to a lower slope of the current versus time and to 

lower losses when the feedback is switched off.
➢ The beam is also more stable (larger vertical frequency spread).

Vacuum pressure with solenoids off (left) and on (right) 
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Cycle time Cycle time

Grow damp measurement Grow damp measurement Without solenoids
With solenoids

Average beam current vs cycle time

4x lower

Grow
damp Grow

damp

Envelope of mode 119 vs time

Without solenoids
With solenoids

FB 
OFF

FB 
ON



I.FAST Workshop 2024

I.FAST Workshop 2024

❑ The HOMs of the RF accelerating cavity are 
the main contributors to coupled-bunch 
instabilities in the longitudinal plane.
➢ These instabilities are damped by the 

longitudinal bunch-by-bunch 
feedback.

➢ Topic discussed in I.FAST Workshop 
2024.

❑ Grow-damp measurements allow a better 
characterization of these instabilities.
➢ Procedure identical to the one used 

for the e-cloud.

❑ The dominant mode is 𝜇0 = 19 (also found 
in past measurements), with a bunch-by-
bunch phase shift of

12Grow-damp measurements for RF HOMs instability characterization

FB 
OFF

FB 
ON

Mode 18Mode 19
(strongest)

Long. position vs time (580 mA) Zoom (expected ∆𝜑1,4 = 171°)

Long. position amplitude vs time Mode amplitude vs time

107 
contiguous 
𝒆+ bunches

7

1

4

∆𝜑𝜇0 =
360°

ℎ
𝜇0 = 57°

Bunch 1
Bunch 4
Bunch 7

https://indico.scc.kit.edu/event/3742/contributions/15423/
https://indico.scc.kit.edu/event/3742/contributions/15423/
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Mode 18
Mode 19

Fits

Mode 18
Mode 19

Mode envelopes vs time (580 mA) Grow rate and mode amplitude at 3 ms vs current (107 𝒆+ bunches)

Mode 18
Mode 19

❑ As before, exponential fits of the mode envelopes provide the grow rates.
➢ Again, estimations can be slight inaccurate. 
➢ In alternative, the amplitudes of the different modes at a given time provide the strengths of the modes.

❑ Grow rates increase with beam current. 
➢ Rise time of 408 μs at 650 mA, about 10 times longer than the one found for the e-cloud instability.

FB 
OFF

FB 
ON

1.8 1/ms in 2021 
with 100 bunches
(consistent)

Grow-damp measurements in the longitudinal plane: results in 2024



14Frequency of the dominant modes

250 mA, 28.5 kHz
400 mA, 28.2 kHz
580 mA, 28.0 kHz

Zoom

Frequency of mode 19 (HOMs)Frequency of mode 119 (e-cloud)
390 mA, 332 kHz
510 mA, 346 kHz
640 mA, 349 kHz
720 mA, 346 kHz

Zoom
Procedure to 
evaluate the 
frequency of the 
dominant mode 𝝁𝟎
➢ Align the bunch 

signals, shifting 
by a multiple of

➢ DFT of the sum 
of the aligned 
signals.

➢ Modulus of DFT.

−
360°

ℎ
𝜇0

❑ e-cloud: the frequency of the dominant mode 119 is the betatron “average” frequency of the bunches.
➢ It increases with current before reaching an equilibrium.

❑ HOMs: the frequency of the dominant mode 19 is the synchrotron “average” frequency of the bunches. 
➢ It slightly decreases with current: synchrotron frequency shift caused by the inductive impedance of the HOMs. 



15Post-mortem beam measurements in 2024: setup

Average beam 
current

Derivative signal

Average beam current and derivative signal from the DCCT (105 𝒆+ bunches)  

Horizontal feedback 
switched off

Threshold at 30 mV 1 V

A microcontroller generates the trigger for the feedback acquisition system

Input: current derivative 
from the DCCT

Output trigger to vert. and hor. feedbacks: 
signal giving 0 V or 3.3 V (LVTTL)

❑ Post-mortem beam analysis allows to study the phenomenology of beam dynamics in case of machine faults leading to fast 
beam losses. It can then provide indications about the causes of unexpected fast losses.

❑ The feedback acquisition 
system has a circular memory 
buffer, needed to record data 
occurred before the trigger fires.

❑ One difficulty is to rightly trigger 
the acquisition, as the memory 
buffer is limited (34 ms).
➢ The DCCT in DAFNE 

provides a slow (inverted) 
signal for the derivative. 

➢ 30 mV set as threshold. 

❑ 3 typical machine faults 
examined:
➢ horizontal feedback off;
➢ mode-0 feedback of the RF 

cavity off;
➢ injection kickers misfire 

during machine filling.

40 ms



16Positron beam death turning off the horizontal feedback (1/2)
Bunch 1 hor. position vs time❑ 110 contiguous bunches with   

900 mA beam current.

❑ An RF interlock automatically 
triggers for cavity protection, 
due to the beam losses 
occurred few ms before.

❑ At the horizontal betatron 
frequency, the notch becomes 
a peak when the feedback is 
switched off, as expected.

1: 28 kHz = 𝒇𝒔
2: 55 kHz = 2 𝒇𝒔
3: 325 kHz = 𝒇𝒙

1

2

3

318 kHz 1: 28 kHz = 𝒇𝒔
2: 55 kHz = 2 𝒇𝒔
3: 335 kHz = 𝒇𝒙1

2

3

330 kHz 

Bunch 110 hor. position vs time

DFT

FB off
RF interlock

FB off RF interlock

Bunch 
dead

Bunch 
dead



17Positron beam death turning off the horizontal feedback (2/2)
Mode 119 (strongest)
Grow rate = 82 1/ms 
Frequency = 321 kHz

FB off

RF interlock
Beam dead

HORIZONTAL 
PLANE

FB off
RF interlock Beam dead

❑ In addition, 
envelopes of bunch 
oscillations and 
mode amplitudes 
can be examined.

❑ Rise time of just   
12 μs for mode 119 
in the horizontal 
plane. The 
frequency is 𝑓𝑥, as 
expected.

❑ The mode 119 in 
the vertical plane 
has also frequency 
𝑓𝑥, due to the 
strong coupling 
between the 
horizontal and 
vertical planes.

VERTICAL 
PLANE

Mode 1

Mode 119 
(strongest, 327 kHz)

Mode 0

Mode 0



18Unexpected fast beam loss in operation: guess for the fault reason 

Unknown cause
(105 𝒆+ bunches, 870 mA)

Hor. feedback off
(110 𝒆+ bunches, 900 mA)

Injection kickers misfire
(105 𝒆+ bunches, 860 mA)

Mode-0 RF feedback off
(105 𝒆+ bunches, 600 mA)

❑ Beam quickly lost in operation due to an unknown reason.

❑ Post-mortem analysis of the beam compared to the analyses of the three considered machine faults.
➢ Comparison of bunch positions, DFTs, modal analyses etc. Example below: horizontal position of bunch 1 and DFT during fault.

❑ The comparisons indicate that the machine fault is directly related to the horizontal feedback or to a fast horizontal instability which 
this feedback cannot damp.

326 kHz
(dominant)

325 kHz
(negligible)

DFT

337 kHz
(negligible)

DFT DFTDFT

318 kHz
(dominant)

Unknown 
event

RF 
interlock

Bunch dead



19Conclusions
❑ The bunch-by-bunch feedbacks at DAFNE, in addition to allowing the storing of high-intensity and stable 

beams, can be used as important diagnostic tools.

❑ In 2024, these tools helped in the characterization of the e-cloud beam instability for positron beams, which is 
one of the main factors currently limiting the maximum stored current.

❑ Horizontal tune shift measurements revealed a tune shift of about 6 ∙ 10−3 at 600 mA for 105 bunches.
➢ Thanks to scrubbing and machine optimization, the tune shift at 800 mA decreased from 7 ∙ 10−3 to           

5 ∙ 10−3. Tune shifts increased switching off the solenoids, as expected.

❑ Grow-damp measurements for 105 bunches at 800 mA by turning off the horizontal feedback revealed a short 
instability rise-time of 21μs for the dominant mode 119 (12 μs with 110 bunches at 900 mA).
➢ Switching off the solenoids led to lower grow rates and less losses at 600 mA, due for instance to the 

larger vertical beam size which increases the Touschek lifetime and makes the beam more stable.

❑ Grow-damp measurements were also performed to better characterize the RF HOMs instability.
➢ The dominant mode is 19. At 650 mA, the instability rise time is 10 times longer than the e-cloud one.

❑ Post-mortem beam measurements with fast losses were carried out by using the feedback diagnostic tools.
➢ The analysis of three typical machine faults indicated the cause for a current drop occurred in operation.
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