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Abstract

The interaction region (IR) crab cavity system is a spe-
cial RF system designed to recover head-on collision since
there will be luminosity loss caused by the 25 mrad cross-
ing angle at the interaction point (IP) of the Electron-Ion
collider (EIC). The configuration includes six crab cavities
in the Hadron (proton or ion) Storage Ring (HSR) installed
on cach side of the IP, four operating at 197 MHz and two
at 394 MHz, along with one (or two) 394 MHz crab cavity
on each side of the IP in the Electron Storage Ring (ESR).
This paper presents the recent progress in the RF design of
the 197 MHz crab cavity, addressing the geometrical con-
straints, required crabbing voltages, multipole compo-
nents, and the Higher Order Mode (HOM) power and im=
pedance thresholds.

INTRODUCTION

The EIC crab cavities are designed to provide local crab-
bing scheme in the horizontal plane for twio possibleinter-
action points (IPs), with 197 MHz and 394 MHz for hadron
storage ring (HSR) and 394 MHz for/electron storage ring
(ESR). Challenges include large cavity size, longitudinal
and transverse space constraints, in both IPs{ tight imped-
ance budget, and beyond the state-of-art low level RE
(LLRF) control specs [ L4#2]. In this paper, we focus onthe
design of the'197 MHz crab cavity RF components, includ-
ing the Eindamental Power Coupler (FPC), Higher Order
Mode{HOM) dampers, pickup couplers and beamline bel-
lows.

197 MHZz HSR CRAB CAVITY

Both ‘Doublef Quarter Wave (DQW) and RF-dipole
(RFD) designs were adopted in High Luminosity Large
Hadron Collider (HL-LHC) at 400 MHz. For the 197 MHz
crab cavity for EIC HSR, both DQW and RFD were con-
sidered, and the RFD was chosen majorly due to the stiff-
eners and components added to the cavity system are more
complex in the DQW [3]. RFD design is simpler and closer
to the HL-LHC version while comparing with DQW. Two
designs were proposed for the RFD HOM damper, one
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with waveguide absorbers, and the other withycoaxial ab-
sorbers. Coaxial design was chosen over the waveguide de-
sign due to its simplicity on design and mechanical integras
tion [3-5]. Recent progress of the cavity design and fabri-
cation has been covered in [6], in which the cavity optimi-
zation ificludes changing the capacitive poles fromflat sur-
face for the prototype cavity [7].to curved surface for the
production cayity[8] to meet the requirement on multipole
components [9; 10]»Due to this change, the number of co-
axial dampers foreachicavity has inereased from 3 to 4 [8].
In this paper, the RF'design progress of the 197 MHz crab
cavity RE components for EIC will be covered. Figure 1
shows the\RF components of)this cavity, including one
FPC, two HOM dampers on VHOM waveguide, two HOM
dampers on HHOM waveguide, two pickup couplers on
HHOM waveguide, per cavity, as well as two warm-cold
bellows and one cold-cold bellows per cryomodule, with
two cavities per cryomodule.

Pickup ports
(+Y top, -Y bottom)

Warm-cold bellows

FPC

Cold-cold bellows

Figure 1: EIC HSR 197 MHz crab cavity with RF compo-
nents.

FUNDAMENTAL POWER COUPLER

With a beam offset of Ax = 0.6 mm and microphonic de-
tuning of 6f = 50 Hz for a beam current of 1.0 A and cavity
[R/Q]: = 1034 Q, FPC’s external quality factor should be
Qext = 1.75%10° for optimal power requirement. With this
the maximum power required at the cavity is 50 kW, it is



designed to deliver 60 kW power to the cavity with 75 kW
amplifier.

The 400 kW FPC window designed for the EIC ESR
591 MHz SRF cavity is used [11]. With FPC at lower fre-
quency, it performs better with reduced reflection (S;; low-
ered from -40 dB at 591 MHz to -50 dB at 197 MHz). In-
stead of the waveguide to coax transition used in 591 MHz
SRF cavity, a quarter wave (QW) stub will be used in
197 MHz crab cavity to provide water cooling to the inner
conductor due to its simpler and compact structure, as well
as lower cost while comparing with waveguide to coax de-
sign.

The inner conductor diameter is designed to have an im-
pedance of 75 Q in vacuum tapered up to 50 Q near the RF
window, in order to suppress multipacting resonances
without DC bias [8]. The inner conductor is shorter while
comparing with the inner conductor length of the ESR
591 MHz SRF cavity. Thermal contraction from room tem-
perature to cryogenic temperature has been considered so
that the insertion of the inner conductor can provide the
right FPC Qex during operation.

A 5gload in all directions during transportation has been
considered in simulation. Results showed that by adopting
the air-side support that was originally designed for
591 MHz SREF cavity, such a load results in a peak stress of
1.7 ksi in the copper cylinder adjacent to the vacuum-sidé
window ID, which is well below the 2.33 ksi yield stress of
Cu after brazing. The FPC window can be handled and
shipped safely.

To better understand the power dissipation on the Cu or
Cu coated FPC inner and outer conductorprecise simula-
tion on the travelling wave and standingdwave of the cavity
with up to 60 kW RF power, with and without bean load-
ing, is needed. According to Panofsky-Wenzel théorem, the
crabbing voltage V; can be caleulated from th€ gradient of!
the longitudinal voltage V, (y) with 'y the offset: V; =
—i iV//T(y), with the:assumiption that there 1sno longitudinal

voltage with 0offset; V,)(0) = 0. There is a 90% (or -90°
depending on the sign of offset'y) phase difference between
crabbing voltage at its maximum-andlongitudinal voltage,
together with the 90° (or -90° dependingon how the beam
get ‘crabbed) phase ddvance between ‘the crabbing mode
and the crabbing yoltage at its maximum, the phase differ-
ence between the crabbing mode and the longitudinal volt-
age would be either 0° or 180°, meaning that the beam
loading could be either consuming or generating power.
This conclusion‘washapplied to the thermal simulation
for FPC inner and outer conductor [12] together with the
QW stub. Results showed a maximum loss of 197 W and
5.9 W on inner and outer conductors, respectively. The
outer conductor will have a warm-to-cold transition like
the ESR 591 MHz cavity design which can handle this
maximum RF power level. The inner conductor will have
water cooling from QW stub that can handle the maximum
RF power generated on it. For the QW stub, the tempera-
ture on the inner conductor will increase to a maximum of
60°C, on the outer conductor will be 34°C maximum, and

on the Polytetrafluoroethylene (PTFE) that support the in-
ner conductor and isolate it from the outer conductor will
be 118°C. Rexolite® is a good alternative to PTFE if
needed.

HOM DAMPER AND PICKUP COUPLER

Four HOM dampers and two pickup couplers are used in
this cavity. They all use the same RF window design that is
modified from CERN design for LHC crab cavities (see
Figure 2.). Identical inner conductors with flat plates are
used in all HOM dampers to ensure identical vacuum com-
ponents. The two pickup couplerstuse simple straight
probes and are identical. For HOMsdampers, LHC cables
will be used together with commereially, availableyBird®
8726 water-cooled (2 gpm flow) coax loads. RF simula-
tions have been performied using realistic.material proper-
ties of different materials (Nb, Cu coating, ceramic win-
dow) and VSWR of the coax loads, together with different
bunch patterns¢Results are shownyin Table 1, with first part
RF power dissipation on different components and second
part RF power extraction from six différent ports shown in
Figure (1. Both fundamental and HOM power are consid-
ered, with first column showing the effect from fundamen-
tal mode at 11.5 MV deflecting voltage (the extreme case),
second column showing the effect from all HOMs up to
2 GHz for 1160 bunches with 1 Amp and 6 cm bunch
length (HOM Case 1), third column showing the same ef-
fect for a different bunch pattern with 290 bunches with
0.74 Amp and 6 em bunch length (HOM Case 2), and
fourth column showing the first row plus the larger number
from the Second and third rows, the worst case. For the
HOM_power, a maximum of 0.6 mm beam offset with
+0.2% HOM frequency uncertainty (assuming within this
rangeit aligns to the maximum of beam spectrum) is con-
sidered.

Figure 2: RF window for HOM dampers and pickup cou-
plers. Left: JLab version for LHC crab cavities; right: Mod-
ified for EIC crab cavities.

Thermal simulations are done based on the RF power
shown above. Boundary conditions are set with cooling
from 2 K helium vessel, 4 K strap near the HOM ports,
60 K thermal intercept on the HOM cable outer conductor
at 60% of the length from the warm side, and room tem-
perature at the end of the HOM cable. With 3.8 kW power



on a single HOM load, the inner conductor maximum tem-
perature will be 350 K. The actual power on each load will
be less than that, no more than 1.9 kW as shown in Table
1. Temperature on Nb waveguide stub will be below 4.5 K,
and on indium seal at waveguide joint (with 3.4 K critical
temperature) remains below 2.8 K. Per HOM damper, there
will be 1.6 W power dissipation on 60 K thermal intercept,
1.6 W power dissipation on 4 K strap, with 0.6 W from
outer conductor and 1 W from inner conductor. Further op-
timization will be done to identify if the 60 K thermal in-
tercept can be removed.

Table 1: Fundamental and HOM Power Dissipation and
Extraction on HOM Dampers and Pickup Couplers

Funda- HOM HOM Worst

mental Casel Case2 case
Power dissipation [W]
HHOM 2.9e-3  4.7¢-6 2.1e-5 3.0e-3
WG  Stub
(Nb, 4 K)
VHOM 1.0e-5 1.4e-5 1.3e-5 3.0e-5
WG  Stub
(Nb, 4 K)
VHOM an- 0.10 0.52 0.34 0.62
tenna (-X)
VHOM an- 0.17 0.65 0.49 0.82
tenna (+X)
HHOM an- 0.052 0.069 0.35 0.40
tenna (-Y)
HHOM an- 0.040 0.089 0.22 0.26
tenna (+Y)
Pickup an- 0.11  0.0012 £0.0030 0.11
tenna (-Y)
Pickup an- 0.11 0.0011% 0.0030 0.11
tenna (+Y)
Power extraction [W]
VHOM 32:25,°1420.6  1068.4 %,1455.0
port (-X)
VHOM 79.1, < 1807.1 1330.3 1887.0
portd(+X)
HHOM 31.1 1545 850.3 882.0
port (-Y)
HHOM 56.9 185.1 531.1 591.0
port (+¥)
Pickup port 5.0 0.61 2.6 7.6
(-Y)
Pickup port 5.0 0.62 1.7 6.7
(+Y)

RF power emitted from beampipes are calculated using
wake field simulation with HOM ports and beampipe ports.
Beam from both directions (VHOM side to HHOM side
and vice versa since in the cryomodule two cavities are
back-to-back) are considered. Results reveal that RF power
emitted from beampipe ports will be less than 1 W per port.

Tolerance studies were reported previously to suggest
the fabrication and assembly tolerances [13, 14], and there
is no multipacting on the HOM waveguides and coaxial
lines, nor on the FPC waveguide and coaxial line.

HOM power leak through the pickup couplers is not
large (2.6 W maximum) and can be filtered using a low
power low pass filter. Qex of pickup couplers are set at
2.70 ~ 3.24 x10'° to provide 5 W needed by LLRF.

BELLOWS

Bellows for this cavity were previously reported in [15].
Longitudinal short-range wake is small compared with
other components in HSR, while thedransverse short-range
wake needs special attention as it got amplified by the hor-
izontal beta function S, at crab location (1300 m, ~50 times
larger than beam screen location). A'recent study showed
that an unshielded low impedanceydesign proposed by
Wu [16] with 6 convolutions'in a bellows, 3 on each side
that are separated by a straight section, can provide the'lon-
gitudinal (2.2 mm) anditransverse (0.7 ‘mm)ymovements
needed £fox this cryomodule for both warm-cold and cold-
cold bellows. Short-range wake simulation“showed a
0.041 V/pC/mgransverse loss factor k. per bellows, with a
total 12 warm-cold and cold-cold bellows, 12k, =
640 V/p€,-70% of the contribution from the beam screen.
These bellows are aceeptable for beam stabilities and can
beaised both as warm-coldiand cold-cold bellows.

SUMMARY

RFeomponents for EIC 197 MHz crab cavity were stud-
ied.“Power dissipation on FPC including inner and outer
conductors inside and outside the vacuum together with the
ceramic window and QW stub was calculated, thermal sim-
ulation showed that a maximum of 60°C temperature on
metal surface. HOM power leak through the pickup cou-
plessdsmot large (2.6 W maximum) and can be filtered. RF
power dissipation on each component, as well as RF power
extraction through each HOM port, are calculated. Thermal
simulation based on it showed reasonable temperature dis-
tribution on HOM waveguides and coax lines. Unshielded
low impedance bellows can be used both as warm-cold and
as cold-cold bellows in this cryomodule.
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