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Integration of Crab Crossing to IR



Outline

• Approach & requirements.

• A word on hardware.

• Simplifications on the Interaction Region.

• FFB and phase advance (1st Order).

• Synchro-Betatron coupling.

• Transverse coupling.

• Particle tracking methods.
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The MEIC Luminosity Approach

• Short bunches for both species.

• Small transverse emittance.

• Ultrahigh collision frequency CW beams.

• Staged electron cooling.

• Small final focusing 𝜷∗.

• Large beam-beam tune shift.

• Crab crossing.
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The Interaction Region
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*MEIC Design Summary (2015).
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*R. Palmer, SLAC-PUB-4707 (1988).
.

The Crabbing Concept
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Meet the candidates

Exotic zoo of crab cavities developed in about 4 years (BNL, CERN, CI-JLAB, FNAL, KEK, ODU/JLAB, SLAC)
Three cavities remaining after down-selection.

R. Calaga, Chamonix ‘12

*Slide taken from Q. Wu from BNL at IPAC2015
.



Transverse Kick

(e.g. 750 MHz SRFD)
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750 MHz Crabbing Cavity

• Crabbing cavity for proposed 

Medium-Energy Electron-Ion 

Collider (MEIC)

• Desired net deflection

– e- beam: 1.35 MV

– p beam: 8 MV

Parameter 750 MHz Unit

Nearest mode to π mode 1062.5 MHz

Deflecting voltage (VT
*) 0.2 MV

Peak electric field (EP
*) 4.29 MV/m

Peak magnetic field (BP
*) 9.3 mT

Geometrical factor (G = QRS) 136.0 Ω

[R/Q]T 125.0 Ω

At ET
* = 1 MV/m
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𝒑

𝒆−

MEIC Crabbing Requirements

𝑉𝑇 =
𝑐𝐸𝑏 tan

𝜽𝒄
2

𝜔𝑟𝑓 𝛽𝑥
∗𝛽𝑥
𝑐

Parameter Units Electron Proton

Beam energy 𝐸𝑏 GeV 5 60
Bunch frequency 𝑛𝑏 MHz 750.0
Crossing angle 𝜑𝑐 mrad 50
Betatron function at the IP 𝛽𝑥

∗ cm 10

Betatron fn. at the crab cavity 𝛽𝑥
𝑐 m 300 1400

Integrated kicking voltage 𝑽𝑻 MV 1.35 8

• High repetition.

• Big crossing angle.
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“New” Crab Cavities for MEIC

o Up to 100 GeV polarized protons and 10 

GeV polarized electrons

o 𝓛~𝟕. 𝟓 × 𝟏𝟎𝟑𝟑𝐜𝐦−𝟐𝐬−𝟏

Crab cavities 100 GeV proton 10 GeV e-

freq [MHz] 952 952

Ncavities 6 2

Vdefl [MV] 14.48 1.76

Based on RFD design (SRF technology):

Full crossing angle 𝛉𝐂= 50 mrad

Ion Source

Booster

Linac
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Simplified IR Layout
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*MEIC Design Summary (2015).

- Simplifying for both electrons and protons a 

symmetric IR with respect to the IP

IP
Drift = 7m Drift = 7m

FFB FFB
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Linear Crabbing Matrix
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𝑀𝐶𝑟𝑎𝑏 ≅

1 0 0
0 1 0
0 0 1

0 0 0

0
tan  𝜃𝐶 2
𝐹

0

0 0 0
0 0 0
0 0 0

tan  𝜃𝐶 2
𝐹

0 0

1 0 0
0 1 0
0 0 1

• Mixing of  x’ with z and z’ with x.

• F = 7 m, 𝜽𝑪 = 𝟓𝟎𝒎𝒓𝒂𝒅.
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Linear Crabbing Matrix (2)
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IP

• Instantaneous change on x’ not x at the crab.

• Exchange of x’↔ x throughout the drift.
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1000 Passes (protons)
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IP
Drift = 7m Drift = 7m

FFB FFB
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FFB and Phase Advance

• All cases in the literature assume ∆𝝍𝒙𝟏,𝟐 = 𝝅, then in the 

transfer matrix from the 1st to 2nd crab 𝒎𝟏𝟐 = 𝟎.

• But, comparing the transfer matrices:

 One obtained from direct matrix multiplication (RHS)..

 Other using the Courant Snyder parameterization (LHS).

• So 𝐬𝐢𝐧 ∆𝝍𝒙𝟏,𝟐 = 𝟎, implies 𝜷𝑪𝟏𝜷𝑪𝟐 → ∞, where 2D

denotes the distance from one crab to the other.
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𝒎𝟏𝟐 = 𝜷𝑪𝟏𝜷𝑪𝟐 𝐬𝐢𝐧 ∆𝝍𝒙𝟏,𝟐 = 𝟐𝑫
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IP
Drift = 7m Drift = 7m

FFB FFB

2*Betatron Fractional Tune

Synchro-Betatron Coupling
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IP
Drift = 7m Drift = 7m

FFB FFB

Synchro-Betatron Coupling (2)

• Synchrotron fractional tune present in the 

xz-correlation due to crabbing.
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Transverse Coupling
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IP

• Solenoids between the crabs and the IP will cause 

vertical and horizontal coupling, this will have a 

repercussion on the crabbing angle.
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Transverse Coupling (2)
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• The solenoid strength 𝑩𝑺𝒐𝒍 = 𝑲𝑳, where L

is the solenoid length, 𝑲 ≡
𝒒𝑩𝑺𝒐𝒍

𝟐𝑷
, with q the 

particle charge, and P its momentum.
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Transverse coupling 
at the IP



Twin Crabs
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• The simplest solution is to rotate the crab by the 

proper 𝑲𝑳 angle, for a fixed value of 𝑩𝑺𝒐𝒍.

• If the solenoid strength needs to be cover a range, 

a solution is a superposition of kicks: “twin 

crabs”.
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Twin Crabs (2)
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• If not compensated, the 

crabbing correction “leaks” 

to the transverse plane. 

• Using the twin crabs:
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Particle Tracking
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• We find the ring (no IR) linear transfer matrix with 

MADX.

• Describing the IR with standard linear elements in 

ELEGANT and the ring as the zero-length transfer 

matrix.

• The crabs as RF multipole at zero-crossing, (i.e. 

MRFDF with 𝝋 = 𝟐𝟕𝟎°).

RINGIR
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IR Layout (protons)
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• The crabs are the only non-linear elements in this 

model.
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Tracking w Crabbing (2)
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• 1st half of the IR, crabbing.

IP
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Tracking w Crabbing (3)
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Pure Dipole Small Sextupole Large Sextupole



Non Linear Analysis
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Y. Papaphilipou, Target errors in the LHC. 
http://arxiv.org/pdf/1406.1545.pdf

• Next steps with Sextupoles + 

crab cavities:

– Frequency Map Analysis.

– Diffusion Map Analysis. 

Target Errors for the LHC



Thanks
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Center for Accelerator Science-ODU

MEIC collaboration meeting, 5 -7 Oct 2015.A. Castil la

10



References

29

• A. Castilla, et al, Modeling Crabbing Dynamics in an Electron-Ion 
Collider, presented in IPAC2015.

• A. Castilla, et al, Multipole Budget of Crab Cavities for an Electron-
Ion Collider, presented in IPAC2015.

• A. Castilla, et al, Employing Twin Crabbing Cavities to Address 
Variable Transverse Coupling of Beams in the MEIC, in Proceedings 
for IPAC2014.

• A. Castilla and J. Delayen, Multipole and Field Uniformity Tailoring of 
a 750 MHz RF Dipole, in Proc. for LINAC2014.

• M. Borland, ANL-ELEGANT Users Manual.

• Y. Papaphilippou, Detecting chaos in particle accelerators through 
the frequency map analysis method, arXiv:1406.1545v1, 2014.

• Q. Wu, Crab Cavities: Past, Present, and Future of a Challenging 
Device, IPAC2015.

MEIC collaboration meeting, 5 -7 Oct 2015.A. Castil la



How Does It Looks Like?

Images courtesy of Niowave, Inc.
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750 MHz Crabbing Cavity

• Multipacting levels were 

easily processed at 2 K.

• Design requirement of <2 

MV can be achieved with 1 

cavities

• Achieved fields at 2.0 K
– ET = 13.5 MV/m

– VT = 2.7 MV

– EP = 60.08 MV/m

– BP = 125.69 mT
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Transverse Coupling (…)
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• The solenoid strength 𝑩𝑺𝒐𝒍 = 𝑲𝑳, where L

is the solenoid length, 𝑲 ≡
𝒒𝑩𝑺𝒐𝒍

𝟐𝑷
, with q the 

particle charge, and P its momentum.
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Transverse coupling 
at the IP



ELEGANT MRFDF
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*ANL-ELEGANT USER MANUAL
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http://www.aps.anl.gov/Accelerator_Systems_Division/Accelerator_Operations_Physics/manuals/elegant_latest/elegant.pdf


ELEGANT MRFDF (2)
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• The (2*i)th-pole component 𝒃𝒊 is defined as: 

∆𝒑𝒙 =
𝒆

𝒎𝒄𝟐
 

𝒊=𝟏

𝟓
𝒃𝒊
𝒌𝒊
𝒙𝒊−𝟏 𝐜𝐨𝐬 𝝋𝒊

where

∆𝒙′ =
∆𝒑𝒙

𝒑𝒛
,    𝒑𝒙/𝒛 = 𝜷𝒙/𝒛𝜸 ,

𝒌𝒊 =
𝝎𝒊
𝜷𝒄

and
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