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The Waker and Convective Instabilities
This talk is about dipole head-tail modes in a single bunch. 
A. Burov proposes the ABS (Air Bag in a Square well) model to study this phenomenon. 
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Convective Instabilities
Solution to the ABS equations for a step (theta) single-turn wake

4
     TMCI                                            vs.                         Convective Instabilities
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Convective Instabilities
TMCI threshold changes with space charge parameter. 
TMCI and convective instabilities landscape for a step (theta) single-turn wake.
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Waker Experimental Setup

01

6



Waker Experimental Setup
We can control the gain of the Waker after the signal is convoluted with combined BPM signal

7

Oscilloscope

Stripline PickUp

× Gain

+τdelay

+τdelay

× Gain



Waker Experimental Setup: Longitudinal Profile
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Stripline PickUp

Head Tail

A + B ∼ λ(z)
Longitudinal Profile



Waker Experimental Setup: Vertical Dipole Moment
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A − B ∼ ȳ(z) λ(z)
Vertical Dipole Profile

Stripline PickUp

Head Tail



Intensity and Gain Scan

02
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Experiment: Intensity and Gain Scan
Nominal parameters for Waker experiments

11

Intensity [protons per bunch]

Waker Gain



Experiment: Intensity and Gain Scan
We can control the gain of the Waker after the step wake is convoluted with combined BPM signal

12

Oscilloscope

Stripline PickUp

× Gain

+τdelay

+τdelay

× Gain



Experiment: Intensity and Gain Scan
We can control the gain of the Waker after the signal is convoluted with combined BPM signal

13

Waker Start Waker End



Experiment: Intensity and Gain Scan
Scanned Waker gain to find threshold at 4 different nominal intensities

14



Experiment: Intensity and Gain Scan
Relative beam loss against waker gain and initial beam intensity
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Experiment: Intensity and Gain Scan
Estimate maximum incoherent tune shift from longitudinal beam size and vertical emittance

16

ΔQ(inc)
y =

3Nr0RS
4σzβγ2ϵN,95%

Qs = 0.00043

Qs =
heVRF |η |

2πβ2E

S. Y. Zhang, Calculation of Incoherent Space Charge
Tune Spread , Technical Report AGS/AD/Tech. Note No.
449 (Brookhaven National Laboratory, 1996).



Experiment: Intensity and Gain Scan
Wake parameter should be proportional to gain-intensity product.
Instability threshold saturates with space charge parameter.

17

w =
NpW0r0R0

4πγβ2QβQs w ∼ GNp

W0 ∼ Gwaker

     Experiment                                vs.                         Theory



Experiment: Intensity and Gain Scan
Vertical dipole moment for stable beam. Space charge parameter ~ 30, tail-dominated

18

Head Tail

OBSERVATION:
Asymmetry 
towards tail 

for stable beam



• Instability threshold does not change with space 
charge parameter (incoherent tune shift).

• Are we looking at convective instabilities?
• Analyze full dataset (1 TB) of scope data

• Any ideas on how to clean data?
• Dynamic Mode Decomposition for dipole?

• Waker Run in Recycler Ring for 2026-2027
• Get more data at lower space charge 

parameters 
• Try different types of wakes

Future Work and Outlook

19



Backup Slides

04

20



Actively developing code libraries
We have built python libraries for TMCI and Convective instability calculations for the community

21

https://github.com/gonza94/pyNHT
⭐💯  Jake Dulya (Grad Student from IIT)

https://github.com/gonza94/pyABS



Space Charge Parameters in the Recycler Ring
One can calculate the space charge tune shifts for uncoupled modes  and  for a 
given intensity and a given normalized emittance. 

ΔQsc,x ΔQsc,y

22



Experiment #1: Measuring Natural Coherent Tune Shift
Normalize by synchrotron frequency using R:MURSUM (RF Voltage)

23

Qs = 0.00043

Qs =
heVRF |η |

2πβ2E

Δ
Q

(c
oh

)
β

/Q
s



Experiment: Intensity and Gain Scan
Extracted multiwire data and used lattice to reconstruct vertical emittance. 

24



• Long stripline pickup to capture 
dipole motion in both planes

• A+B (Sum: Longitudinal Profile)
• A-B (Difference: Centroid Position)

• Transverse dampers and WAKER 
system are turned off.

• Got data every other turn with our 
trigger system.

• 2.5 MHz RF station is used (as 
opposed to 53 MHz used in high-
intensity neutrino operation).

• Relatively long bunches allowing to 
capture intrabunch motion

Experimental Setup
Used stripline pick-up to reconstruct dipole oscillations and longitudinal beam profile. Saved 
data to oscilloscope and accessed it for offline analysis.

25

Vertical 
A-B

Vertical 
A+B

Horizontal 
A-B

Horizontal 
A+B



Experiment: 
Profile data and dipole moment for stable beam. Space charge parameter ~ 30, tail-dominated

26



Waker Experimental Setup
Profile data and raw dipole moment from scope data. Space charge parameter ~ 30

27



Experiment: Intensity and Gain Scan
Qualitative conclusions from experiments

28

• Instability threshold does 
not increase with space 
charge parameter

• Instability threshold 
saturates with space charge 
parameter

✅ Agrees qualitatively with 
Burov’s convective theory



Experiment: Intensity and Gain Scan
Extracted multiwire data and used lattice to reconstruct vertical emittance

29



Experiment: Intensity and Gain Scan
Estimate maximum incoherent tune shift from longitudinal beam size and vertical emittance

30

ΔQ(inc)
y =

3Nr0RS
4σzβγ2ϵN,95%



Convective Instabilities for a single-turn step wake
TMCI threshold changes with space charge parameter. Nevertheless, at high space charge we 
have to deal with convective instabilities. Solving Airbag in Square-Well Model (ABS model).

31
     TMCI                                            vs.                         Convective Instabilities
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The Waker Experiment
Commissioned new 1 GHz feedback board this run and was able to time and synchronize the system
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Outline
✓ Waker Motivation
✓ Waker Setup and Commissioning
✓ Experiment #1 

✴ Natural Coherent Tune Shift
✓ Experiment #2

✴ Intensity and Gain Scan
✓ Conclusions and Future Work

Experimental Results from Waker Run 2025-2026
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Experiment #2: Intensity and Gain Scan
Retrieving longitudinal beam size
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ΔQ(inc)
y =

3Nr0RS
4σzβγ2ϵN,95%



Convective Instabilities for a constant single-turn wake
TMCI threshold changes with space charge parameter. Nevertheless, at high space charge we 
have to deal with convective instabilities. Solving Airbag in Square-Well Model (ABS model).
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Waker Experimental Setup: Longitudinal Profile
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Stripline PickUp



Experimental Setup: Instability Example
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Experiment #1: Zero Chromaticity Calibration
Find zero chromaticity (first order) and reduce head-tail phase as close to zero
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χ =
ξωβσz

cη

Head-Tail Phase

ξ = 0.00 ± 0.05

χ = 0.0 ± 0.1 rad
χ = 0.0∘ ± 5.7∘



Experiment #1: Measuring Natural Coherent Tune Shift
Increase beam intensity in a single bunch and measure tune. R:MURSUM is RF Voltage.
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Experiment #1: Measuring Natural Coherent Tune Shift
Extract main harmonic from NAFF (Numerical Analysis of Fundamental Frequencies)
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Emittance Blowup Experiment

04
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Experiment #4: Emittance Blowup Experiment
Placeholder subheading (optional)
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Experiment #4: Emittance Blowup Experiment
We found a knob in the MI-8 line that increased the beam size injected into Recycler 
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Experiment #4: Emittance Blowup Experiment
Changed space charge parameter
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Experiment #4: Emittance Blowup Experiment
Profile data and raw difference signal (A-B). Space charge parameter ~ 30
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Experiment #4: Emittance Blowup Experiment
Profile data and raw difference signal (A-B). Space charge parameter ~ 20
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Experiment #4: Emittance Blowup Experiment
Profile data and raw dipole moment. Space charge parameter ~ 20
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