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Abstract

The Jefferson Lab design for an electron-ion collider
(JLEIC) requires crabbing of the electron and ion beams
in order to achieve the design luminosity. The Center for
Accelerator Science at Old Dominion University has
designed, fabricated and successfully tested a crab cavity
in 2012 under very early machine design [1-3]. The
JLEIC machine design and parameters have matured over
a couple of years. The crab cavity design has also evolved
to provide the best crabbing option. A number of options
for the crabbing cavities have been explored [4, 5], and
the one which has been selected for the proof-of-principle
is a 952.6 MHz, two-cell rf-dipole (RFD) cavity. This
paper summarizes the electromagnetic design of the
cavity and its HOM characteristics.

JLEIC LAYOUT AND PARAMETERS

Jefferson Lab proposes to build an electron-ion collider
(EIC) facility called Jefferson Lab Electron-lon Collider
(JLEIC), having a peak luminosity over 10** cm? s, and
a collider center of mass energy range ~20 to ~100 GeV
upgradeable to ~140 GeV. The JLEIC ion ring is based on
an innovative figure-8 synchrotron design as shown in
Fig. 1. JLEIC maximally leverages the existing CEBAF
capability for production of polarized electron beams.
Figure 1 also shows a local crabbing scheme which is a
crucial part of JLEIC design to achieve the high
luminosity [6].

High Ur:c'gy{
Booster

Interaction
point

lon collider
ring

& Interaction
8
point

— Low energy
Booster

— Electron collider.

100m ring

952.6 MHz
Superconducting
Crab cavities

Electron source

=

Figure 1: JLEIC machine layout.
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Required crabbing transverse voltage is determined by
the following equation [7].
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The beam parameters of highest energy case are listed
in Table 1.

Table 1: Beam parameters [6]

Parameter Unit Electron Proton
Frequency, f;r MHz 952.6
Crossing angle, ¢ crap mrad 50

Beam energy, E, GeV 12 200
Beam current A 0.39 0.75
ﬁj?t;;ron function at cm 6.6 21
Betatron function at

crab cavity, g5 m 200 650
Total crabbing

voltage per side per MV 4.2 21.5

beam

CRAB CAVITY DESIGN

Design Optimization

Several rf geometries of crabbing cavities with different
shapes and operating frequencies have been evaluated as
shown in Fig. 2 [5]. Dimensional constraints and design
requirements related to peak surface fields, impedance
threshold, higher multipole components, higher order
mode management, and an aspect of fabrication were
taken into consideration in designing the crabbing cavity
geometry. After comparison, a 952.6 MHz two-cell RFD
crabbing cavity was chosen with anticipation of upgrade.

Figure 2: Crabbing cavity geometries considered for
JLEIC. (A) 476.3 MHz Single Cell RFD Cavity, (B)
952.6 MHz Single Cell RFD Cavity, (C) 952.6 MHz 2-
Cell RFD Cavity, (D) 952.6 MHz 3-Cell RFD Cavity, and
(E) 952.6 MHz Squashed Elliptical Cavity.

Figure 3 shows the geometry of the final cavity design



and Table 2 summarizes its rf properties at its highest
energy of each beam.

423 mm
Figure 3: Final design of JLEIC crab cavity.

Table 2: 952.6 MHz two-cell RFD properties

Property Unit  Electron Proton
Beam energy GeV 12 200
e ey a2 o
No. of cavities - 3 12
Voltage per cavity MV 1.4 1.9
Peak electric field MV/m 26 35
Peak magnetic field mT 53 71
Surface resistance nQ 95 95
Shunt impedance TQ 0.27 0.27
Dissipated power W 7.3 134

Multipacting Analysis

Multipacting analysis was done using Track3P package
in SLAC ACE3P code suite [8]. Resonant particles are
traced for 50 rf cycles with impact energies of 50-2000
eV. Most of the resonant particles have low impact
energies and resonance occurs at much lower transverse
voltage than the operating voltage. Past experience with
other RFD cavities has shown multipacting levels can be
processed easily and completely. Figure 4 shows the
analysis results.
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Figure 4: Impact energy vs. volatage and resonant particle
locations.

HOM Damping

Each HOM’s R/Q was calculated to identify its impact
to the beam. Figure 5 is showing categorized HOMs and
their R/Q values. The same order mode turned out to be
easy to manage thanks to its small R/Q.
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Figure 5: R/Q of HOMs.

After grouping the field shapes of the modes,
conceptual HOM couplers (see Fig. 6) were added with
the consideration of keeping the cavity as symmetric as
possible.

Figure 6: HOM couplers.

To see the effectiveness of the HOM couplers,
wakefields were simulated for different energy and
current cases. Figure 7 is the longitudinal wakefields with
thresholds. A couple of modes of high R/Q modes need
improvement for high current beams.
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Figure 7: Longitudinal wakefields
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Vertically polarized fields are well damped (see Fig. 8)
but horizontally polarized fields need further investigation
due to insufficient decay of wake potential (see Fig. 9).
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Figure 8: Transverse vertical wakefields
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Figure 9: Transverse horizontal wakefields

Optimization of HOM couplers will be needed to damp
all HOMs below thresholds.

RF Power Coupling

In crabbing cavity, if the beam is exactly on the electric
center of the cavity there is no longitudinal field which
takes energy off from the beam. However, when the beam
is off this axis, additional rf power has to be supplied as
expressed by the equation below [9].
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Where, lp is the beam current, V; is the transverse
voltage per cavity, R; is the transverse shunt impedance of
the cavity, k is the wave number, Ax is the beam offset, g
is the coupling coefficient. The cavity will be at a phase
offset (¢c) of 90° with the beam and will be in phase with
the generator (a.). Qv is the loaded quality factor.
The maximum power is required at 5 GeV and 3.5 A
electron beam case. The power requirement by loaded Q
(Qu) is plotted in Fig. 10.
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Figure 10: Input power requirement for electron beam of
5 GeV energy and 3.5 A current.

To cover all range of energy and current, the power
coupler should have loaded Q between 6x10* — 2x10° for
electron ring and 4x10° — 2x108 for proton ring. The
cavity design allows the coupler location on the beam
pipe with the adequate coupling strength (see Fig. 11).

Figure 11: Input coupler, this particular coupler has
loaded Q of 8.25x10%.

Lessons Learned from SPS Crab Cavity Test

The Center for Accelerator Science at Old Dominion
University and SLAC collaboration designed the RFD
crab cavity for LHC high luminosity upgrade [10]. The
prototype with a full set of HOM dampers was
successfully tested at JLab. Two prototypes of the other
design for the LHC high luminosity upgrade (DQW
cavity) was tested at SPS with the proton beam. The
experience of fabrication, cavity treatment, and beam test
for SPS tests has been incorporated in JLEIC crab cavity
design. JLEIC will benefit even more from future SPS
test of RFD cavity.

CONCLUSION AND PLAN

The Center for Accelerator Science at Old Dominion
University designed 952.6 MHz two cell RFD cavity for
JLEIC after extensive design survey. The final design
provides required crabbing transverse voltage while it
satisfies other requirements such as multipoles, dynamic
aperture, and multipacting behaviour [11]. The cavity’s
HOM spectrum has been characterized and the damper
design has begun. The bare cavity design is complete and
the fabrication has started.

Continuous effort is being made to improve HOM
damping along with further wakefield analysis. Bench
tests with the bare cavity will be performed, which will
give confidence in simulations.

ACKNOWLEDGMENTS

Authors would like to acknowledge the support from
JLEIC impedance group at JLab. The group has been
providing numerous guidelines and feedback.

REFERENCES

[1] A. Castilla, J.R. Delayen, and G.A. Krafft, “Design of
electron and ion crabbing cavities for an electron-ion
collider,” in Proc. 3rd Int. Particle Accelerator
Conf. (IPAC’12), New Orleans, LA, USA, May 2012,
pp. 2447-2449.

[2] A. Castilla and J. R. Delayen, “Tests of an rf dipole
crabbing cavity for an electron-ion collider,” in Proc.
North American Particle Accelerator Conf. (PAC’13),
Pasadena, CA, USA, Sep. 2013, pp. 859-861.

A. Castilla, H. Park, and J. R. Delayen, “Cryogenic test of
a 750 MHz superconducting rf crabbing cavity,” in Proc.
5th Int. Particle Accelerator Conf. (IPAC’14), Dresden,
Germany, Jun. 2014, pp. 2672-2674.

[3

—_



[4] H. Park et al., “Analyses of 476 MHz and 952 MHz crab
cavities for JLAB electron ion collider,” in Proc. 7th Int.
Particle Accelerator Conf. (IPAC’16), Busan, Korea, May
2016, pp. 2348-2350.

[5] S. U. De Silva, H. Park, J. R. Delayen, “Higher order
multipole analysis for 952.6 MHz superconducting
crabbing cavities for Jefferson Lab electron-ion collider,”
in Proc. 8th Int. Particle Accelerator Conf. (IPAC’I7),
Copenhagen, Denmark, May 2017, pp. 1177-1179.

[6] Y. Zhang et al., "JLEIC: A High luminosity polarized
electron-ion collider at Jefferson Lab," presented at the
10th Int. Particle Accelerator Conf. (IPAC’19), Melbourne,
Australia, May 2019, paper TUPRB112, this conference.

[7]1 Y.-P. Sun et al., “Beam dynamics aspects of crab cavities in
the CERN Large Hadron Collider,” Phys. Rev. ST Accel.
Beams, vol. 12, p. 101002, Oct. 2009.

[8] K. Ko et al., “Advances in parallel electromagnetic codes
for accelerator science and development,” in Proc. 25th
Linear Accelerator Conf. (LINAC’10), Tsukuba, Japan
(2010), pp. 1028-1032.

[9] K. Akai and Y. Funakoshi, “Beam-Loading Issues and
Requirements for the KEKB Crab RF System,” in Proc.
5th European Particle Accelerator Conf. (EPAC’96),
Barcelona, Spain pp. 2118-2120.

[10] S. U. De Silva, H. Park, J. R. Delayen, and Z. Li, “RF
tests of rf-dipole prototype crabbing cavities for LHC high
luminosity upgrade,” in Proc. 18th Int. Conf. on RF
Superconductivity (SRF’/7), Lanzhou, China, Jul. 2017,
pp. 509-511.

[11] S. U. De Silva et al., "Analysis on higher order multipoles
of the 952.6 MHz rf-dipole crabbing cavity and effects on
Jefferson Lab electron-ion collider,” presented at the 10th
Int. Particle Accelerator Conf. (IPAC’19), Melbourne,
Australia, May 2019, paper WEPRBO76, this conference.



	jleic layout and parameters
	crab cavity design
	Design Optimization
	Multipacting Analysis
	HOM Damping
	RF Power Coupling
	Lessons Learned from SPS Crab Cavity Test

	conclusion and plan
	acknowledgmentS
	References
	[7] Y.-P. Sun et al., “Beam dynamics aspects of crab cavities in the CERN Large Hadron Collider,” Phys. Rev. ST Accel. Beams, vol. 12, p. 101002, Oct. 2009.


