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Overview
• Electron Storage Ring (ESR)

• Impedance Budget
• Collective Effects

• Hadron Storage Ring (HSR)
• Impedance Budget
• Crab Cavities

• Summary
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ESR Beam Intensity
5 GeV 10 GeV 18 GeV

Num. of electrons per bunch, 𝑁 1.7x1011 1.6x1010

Bunch Charge, 𝑁𝑒 27.6 nC 2.5 nC
Number of Bunches, 𝑀 1160 290

Single Bunch Current, I! =
"#
$!

2.2 mA 0.2 mA

Bunch Length, σ% 22.7 ps 25.4 ps 30 ps

Peak Bunch Current, 𝐼& =
'(
)*+"

484 A 433 A 34 A

Average Current, 𝐼,- 2.5 A 2.5 A 0.23 A
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ESR – Impedance Budget
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Components Abbreviation Number Status

Bellows BLW 350 ✓ x2 (NEG)
Collimator Ramp1 CLM 16 ✓

Horizontal In-Vacuum Collimator HIVC 3 TBD
Vertical In-Vacuum Collimator VIVC 3 TBD
Crab Cavity CRBCVT 2 ✓

Beam Position Monitor2 BPM 494 ✓

Gate Valve2 GV 30 ✓

Stripline Kicker2 SK 18 ✓

Main RF Cavity2 CVT 23 ✓

Tapered Transition in RF Section TPRD 9? TBD
Multipole Chamber Absorber MPABS 292 ✓

Dipole Chamber Absorber DPABS 250 ✓

Flange Joints FLNG 1500 TBD
Resistive Wall RW - ✓

Coherent Synchrotron Radiation CSR - ✓

1 - SKEKB design
2 - NSLS-II design

✓ - Included into the total W(s) 
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● The strong resonance peak 
at 14GHz corresponds to 494 
BPM.

● FFT of the total longitudinal 
wakefield at 5GeV

(𝜎. = 0.3𝑚𝑚

(𝜎. = 2𝑚𝑚
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 ELEGANT 1.6M (4)
 TRANFT 1.6M (3)
 ELEGANT 1.6M (8)
 ELEGANT 1.6M (16)
 ELEGANT 8M (8)
 ELEGANT 16M (8)
 ELEGANT 32M (8)

Microwave Instability Threshold at 5GeV
Energy, 𝐸 𝐺𝑒𝑉 5 10
Average Current, 𝐼,- 𝐴 2.5
Revolution Period, 𝑇! 𝜇𝑠 12.79
Momentum Compaction, 𝛼 1.33x10-3

Harmonic Number, ℎ 7560
Energy Loss, 𝑈! 𝑀𝑒𝑉 0.95 3.52
RF Voltage, 𝑉/0 𝑀𝑉 12 24
RF Acceptance % 1.156 1.089
Synchrotron Tune, 𝜈. 0.062 0.062
Damping Time, 𝜏1,3 , 𝜏. 𝑚𝑠 134, 67 134, 67
Energy Spread, 𝜎4 5.15x10-4 5.8x10-4

Bunch Length, 𝜎. 𝑚𝑚 6.8 7.6

5

𝐼!",$%

• NSLS-II, APS, … need less than 1M macroparticles & 1 kick per turn for numerical simulations.
• EIC requires, at least, 8M macroparticles and 8 wakefield elements per turn, C>3times longer, momentum compaction 5 times larger, … .

Energy spread 𝜎" and bunch length 𝜎# as a function of single-bunch current

• Microwave instability threshold is 𝑰𝒕𝒉,𝝁𝒘 = 𝟏𝟓𝒎𝑨

A. Blednykh    Accel Phys     FCC-EIC Joint & MDI Workshop,   17-28 October 2022,   CERN



Transverse Mode Coupling Instability at 5GeV Lattice 
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• The TMCI at zero chromaticity
∆𝜈3
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H
<

𝛽3<𝑘3< ≅ 0.7

𝑰𝒕𝒉 = 𝟗𝒎𝑨

𝐸 = 5𝐺𝑒𝑉

𝜔! = 2𝜋 × 78.195𝑘𝐻𝑧

𝜈. = 0.06157
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Total Dipole Vertical Wakefield
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 I0=5mA
 I0=6mA
 I0=7mA
 I0=8mA
 I0=8.2mA

Chromaticity 0/0

• Particle tracking simulations with ELEGANT
• 𝑊||,%&% & 𝑊' are not included
• 𝑰𝒕𝒉 = 𝟖. 𝟐𝒎𝑨

• At 2.2 mA, ∑< 𝛽3<𝑘3< should no exceed 

H
<

𝛽3<𝑘3< = 96.244 𝑘𝑉/𝑝𝐶
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● VRF = 0.5 MV
● VRF = 1.8 MV

• Stabilizing effect of positive chromaticity and bunch–by–bunch feed back
system increase the TMCI threshold in NSLS-II.

• NSLS-II sb current is limited by the vacuum activity at 𝜉1,3 = +7/+7.

TMCI Threshold vs. Chromaticity
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NSLS-II (kZσ[ ≳ 0.7) EIC (kZσ[ ≲ 0.7)
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● +5.4/+5.4
● +3.6/+3.6
● +2/+2

Experimental data
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APS-U (kZσ[ ≲ 0.7)
𝐶 = 792 m & 𝛼 = 3.7×10$% 𝐶 = 3833.93 𝑚 & 𝛼 = 1.33×10$&

𝑘=𝜎. =
2𝜋𝜉3𝜎.
𝛼𝐶 ≳ 0.7

• Two-Mode approximation valid when 

R. Lindberg, Phys. Rev. Accel. Beams 19, 124402

𝐶 = 1100 𝑚 & 𝛼 = 5.66×10$'

• 5GeV lattice
• w/o 𝑊||,:?: & 𝑊@

A. Blednykh    Accel Phys     FCC-EIC Joint & MDI Workshop,   17-28 October 2022,   CERN



HSR Beam Intensity
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41 GeV 100 GeV / 110 GeV 275 GeV
Bunch Length, σ% 250 ps 234 ps 200 ps
Average Current, 𝐼,- 0.38 A 0.69 A 1 A 0.69 A 1A
Number of Bunches, 𝑀 1160 1160 290 1160

Single Bunch Current, I! =
"#
$!

0.3 mA 0.6 mA 0.9 mA 2.4 mA 0.9 mA

Num. of electrons per bunch, 𝑁 2.6x1010 4.8x1010 6.9x1010 19x1010 6.9x1010

Bunch Charge, 𝑁𝑒 4.2 ns 7.6 ns 11 ns 30.4 nC 11 ns

Peak Bunch Current, 𝐼& =
'(
)*+"

7 A 13 A 19 A 61 A 22 A



Longitudinal Impedance Budget at 41 GeV 
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(𝜎^=4mm

Geometric wakefield Geometric and RW wakefields

• Need to add the following components:
• Beam Screen
• Cold BLW + BPM: 250
• Cold BLW + Pump Ports: 250
• Warm BLW: 200
• Arcs: 2880m of Cu
• Warm Straight Sections: 120mm diam StSt with NEG 

coating (1um), L=954m
• RF System + Tapered Transitions: ?
• Collimators: 3
• Septums: 2 low Energy by-pass, 4 SHC, 1 Inj. 1 

Extraction
• Flange Joints (Steps): 1000  
• IR: 1
• Abort Kickers: 4
• Injection Kickers (SL): 20
• Polarimeters: 2 pCarbon & hJet
• Roman Pots: 4 
• Tune Monitors: Bunch-by-Bunch Feedback 1H&1V
• GV: ?
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197 MHz Crab Cavity
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• Instabilities driven by the fundamental crabbing RF mode
• Beta function at 275 GeV is 1300 meters. Injection β=130m.
• Rx/Q= 2400 Ω/m
• 8, 197 MHz crab cavities in IP 6 & 12 planned for IP8
• Large transverse impedance of the crabbing mode
• Transverse impedance enters as 𝛽(𝑍(
• The crabbing voltage scales as 𝑉)*~𝐸/ 𝛽()*+,
• 100 GeV is “easy” 
• 41 GeV runs up against β=200m lower limit set by optics. 

*

tan( / 2)
x crab

crab x x

cEqV q
w b b

=

• Horizontal bunch-by-bunch feedback is required

M. Blaskiewicz

Imaginary part of the tune versus fractional tune for 275 GeV protons. 

• The bunches are modeled as two macroparticles separated by a 
fixed delay 𝜏A

• Black trace is for the nominal parameters of HSR 



Impedance Reduction with RF Feedback 

Yop happens automatically when we couple to E. 
Setting the delay to an integer number of RF periods reduces the effective impedance near 
resonance.
Qeff=4fresTdelay for reasonable phase margin (Boussard & Lambert 1983)

11

Eq. (18)

To include low level drive and feedback take

𝐷B is the total dipole moment driving the cavity

M. Blaskiewicz

𝐷C is the dipole moment from the beam
𝑥! is the effective offset of the coupling loop
𝐼DD is the current generated by the low-level drive 
that includes a variety of multiturn feedback loops
𝑌?& is the operator generating the input signal from 
the cavity onto the feedback transmission line



TRANFT Simulations w/ Feedback

12
A. Blednykh    Accel Phys     FCC-EIC Joint & MDI Workshop,   17-28 October 2022,   CERN

M. Blaskiewicz, “Instabilities driven by the fundamental crabbing mode”, 
BNL-222221-2021-TECH, EIC-ADD-TN-023 • For simulations purpose the long-range transverse wake is 

modeled as the real part of the function

𝜔E are on a uniform grid and 𝑊E obtained using least squares 

M. Blaskiewicz

• 10 resonators are used to fit the blue curve
• A least squares fit is applied



Summary
• Work on Impedance Budget for ESR and HSR is continued
• The Collective Effects Simulations have been performed for ESR w/ up-

to-date Impedance Budget. The instability thresholds are above the 
required single-bunch current of 2.2 mA

• The crab cavities in the ESR and HSR can lead to very strong transverse 
coupled-bunch instabilities. 

• Transverse Bunch-by Bunch Feedback is required during injection and 
ramping in the HSR to suppress the instabilities.

• The proton beam is stable during store due to large synchrotron tune and 
beam-beam tune spread. 
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Back Up



Calculation of the Pseudo-Green Function
• An important part of wakefield simulation is determining the accuracy and numerical resolution required 

for a particular component.
• Codes typically calculate the wakefield from a Gaussian bunch of rms length !𝜎3, so that the numerical 

mesh needs to be small enough.
• To resolve the short-range wakefield accurately, the mesh size requires to be:

• Δ ≲ !𝜎3/20 in GdfidL. Parallel computing. Linux based.
• Δ ≲ !𝜎3/5 in ECHO 3D. Indirect integration method. No option for parallel computing yet.

• The wakefield is used as a pseudo-Green function in tracking simulations to determine the collective 
effects impact on the beam dynamics. 

• The wakefield should be calculated with a source current whose length is !𝜎3 ≈ 𝜎34/15
• The requirements above drive the computer power resources.
• RF heating and/or low frequency modes can be calculated using a source current !𝜎3 = 𝜎34.

16

Review Article, A. Blednykh, G. Bassi, V. Smaluk, and R. Lindberg, “Impedance modeling and its 
application to the analysis of the collective effects”, Phys. Rev. Accel. Beams 24, 104801 (2021).
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Flanges
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Longitudinal wakefield

• Total: ~2000

𝑔 = 1.5 𝑚𝑚
∆= 𝑑 − 𝑏 = 0.05 𝑚𝑚

𝜎 = 7 𝑚𝑚
𝑏 = 18 𝑚𝑚

𝑘F?.. = 5.3 𝜇𝑉/𝑝𝐶

• Slot regime 𝑔 < 𝜎
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ESR Horizontal In-Vacuum Collimator
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Computer Resources Usage

• 3σ- = 0.5 mm → ∆= 20 µm → 88.4×10. mesh  → fdtd 
• 3σ- = 1mm → ∆= 50 µm → 5.3×10. mesh  → fdtd
• 3σ- = 0.5 mm → ∆= 20 µm → 1.3×10. mesh  → ww

Available NSLS-II Computer Resources
23 x 24 CPU’s & 23 x 750 GB RAM 

• GdfidL Algorithms
• Finite Difference Time Domain (-fdtd)
• Moving Window (-windowwake)  

• The total length is 910mm, with a ~370mm taper length.
• The middle section has a rectangular profile. 
• Presently we compute the geometric wakefield only. 
• More information is required on the material choice for the 

movable jaws.

D. Hidas

Longitudinal short-range wakefield W(s)
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Transition

Collimator20 𝜇𝑚

Codes benchmarking: G. Wang, M. Blaskiewicz, A. Blednykh and 
M. Sangroula, IPAC2021 Proceeding, WEPAB032

G. Wang
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ESR Vertical Collimator (WyD)
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𝑘3 = 45 V/pC/m 
for a 7mm bunch 
length

∑< 𝛽3<𝑘3< = 7.4 kV/pC for j=3

M. Valette, A. Drees, C. Hetzel, J. Belong, G. Wang, M. Blaskiewicz

• Contribution of three VCLMs is ~30% of the present total vertical 
impedance budget. 
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