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Abstract 
LHC High Luminosity Upgrade will be developing two 

local crabbing systems to increase the luminosity of the 
colliding bunches at the ATLAS and CMS experiments. 
One of the crabbing systems uses the rf-dipole cavity 
design that will be crabbing the beam in the horizontal 
plane. The fully integrated crabbing cavity has two higher 
order mode couplers in damping those excited modes. 
Currently two sets of HOM couplers have been fabricated 
at Jefferson Lab for prototyping and testing with the LARP 
crabbing cavities. This paper presents the measurements of 
the higher order modes with the prototype HOM couplers 
carried out at room temperature. 

INTRODUCTION 
The crabbing systems for the LHC High Luminosity 

Upgrade (HL-LHC) will crab the proton beams with 7 TeV 
energy per beam; in order to increase the luminosity by 
allowing head-on collision of the bunches at the interaction 
point [1]. The crabbing cavities are expected to increase the 
luminosity up to 5×1034 cm-2s-1 with an integrated 
luminosity of 250 fb-1 per year. The crabbing system is 
expected to deliver a total transverse kick of 3.34 MV per 
cavity. The crabbing system will include two cryomodules 
per beam per side with two crabbing cavities in each 
cryomodule.  

Fundamental power coupler design and higher order 
mode couplers are critical cavity components in the rf-
dipole crabbing cavity design due to the high energy and 
high current of the proton beams in the LHC. The large 
beam current and the higher bunch population of the HL-
LHC beam sets limitations on the longitudinal and 
transverse impedance thresholds for the cabbing cavities. 
The transverse impedances of modes up to 2 GHz are 
required to be below 1 MΩ/m and the total HOM power is 
required to be below 1 kW [2]. 

HOM COUPLERS FOR THE SPS 
PROTOTYPE RF-DIPOLE CAVITY 

The rf-dipole crabbing cavity is one of the two crabbing 
cavities that will be installed in the LHC machine. The 
cavity is designed with all ancillary components including 
the fundamental power coupler, HOM couplers, adapters 
for the tuner etc. The rf-dipole cavity is designed with two 
HOM couplers named Horizontal-HOM (HHOM) coupler 
and Vertical-HOM (VHOM) coupler as shown in Fig. 1 [3]. 

Figure 1: HHOM and VHOM couplers for the 400 MHz rf-
dipole crabbing cavity. 

The HHOM coupler is a high pass filter that damps the 
horizontal dipole modes and some of the accelerating 
modes and the VHOM coupler damps the vertical dipole 
modes and the other accelerating modes. Figure 2 shows 
the corresponding impedance of the HOMs up to 2 GHz. 

Figure 2: Longitudinal and transverse impedance of HOMs
up to 2 GHz [3]. 

DETERMINATION OF QEXT 
The accurate estimation of coupling between the cavity 

and ports in the cavity is important in estimating the higher 
order mode damping. The coupling of each mode can be 
described by the external quality factor (Qext) and coupling 
coefficient (β) in relationship to the intrinsic quality factor 
(Q0) given by 

0

ext

Q
Q

β = .    (1) 

The intrinsic and external quality factors of a resonant 
cavity are defined as 

0
diss
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ω=  and ext

ext

UQ
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where ω is the resonant frequency, U is the stored energy, 
and Pdiss is dissipated power of each mode. Pext is power 
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coupled out of the port. The loaded quality factor is then 
defined as 

0

1 1 1
L extQ Q Q

= + ,                              (3) 

hence Qext of each mode can be determined by 
11ext LQ Q
β

 = + 
 

.                            (4) 

The loaded quality factor can be determined by the 
magnitude of the forward transmission gain S21 using 
resonance frequency (f0) and the frequency difference 
between the 3 dB down frequencies (f1 and f2) at each side 
of f0 given by 

0
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.                                 (5) 

The coupling coefficient can be determined by the 
reflection coefficients (S11) defined as 
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HOM MEASUREMENTS OF RF-DIPOLE 
CAVITY 

Two prototype cavities of each type have been fabricated 
by Niowave Inc. and completed at Jefferson Lab under US-
LARP. The final welding, chemical processing, and rf 
testing cavities were completed at Jefferson Lab with 
successful demonstration of transverse kicks of 4.5 MV 
and 5.8 MV respectively [4].  Two sets of HOM couplers 
for the rf-dipole cavity have been fabricated at Jefferson 
Lab as shown in Fig. 3. 

  
 

Figure 3: HHOM high pass filter (left) and VHOM coupler
(right). 

The measurements were carried out in room temperature 
to determine the combined Qext through the HHOM and 
VHOM couplers. Figure 4 shows the rf-dipole cavity with 
HOM couplers mounted on the cavity.  

 
Figure 4: 400 MHz rf-dipole cavity with mounted HHOM 
and VHOM couplers. 

A test probe with a coupling of 1.7×107 was used as the 
field probe with a pick up probe of 1011 coupling for the 
measurements. A series of measurements were carried to 
measure the S21 and S11 as listed below for the HHOM and 
VHOM couplers separately up to 2 GHz. 
• S11: from HHOM/VHOM with FPC open 
• S21: FPC to HHOM/VHOM with VHOM/HHOM 

unterminated 
• S21: HHOM to VHOM with FPC/Pick Up open 

 
Figure 5: S21 transmission of HHOM to VHOM coupler. 
Figure 5 shows the S21 transmission of HHOM to 

VHOM. The measurements are in good agreement with the 
simulations. In comparison with the S21 for high pass filter 
the fundamental mode has rejection of less than -100 dB. 

 

 
Figure 6: S11 and S21 measurements on HHOM (top) and
VHOM (bottom) couplers. 

The measurements of S21 and S!1 up to 2 GHz shown in 
Fig 6. The Qext values for both HHOM and VHOM 
(Qext,HHOM and Qext,VHOM) are determined separately up to 2 
GHz following the method described in Eqs. 4,5,6, and 7. 
Some of dipole modes and accelerating modes are coupled 
through both of the HHOM and VHOM couplers. The 
combined Qext for each mode is then calculated as 
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, ,

1 1 1
ext ext HHOm ext VHOMQ Q Q

= + .     (8) 

Frequencies of some of modes were shifted that from the 
simulation, possibly due to deviations in the fabricated 
cavity, deviations in couplers, or frequency shift due to 
thermal shrinkage. Measured Qext matches with 
the  simulation up to ~1.6 GHz (Fig. 7). However, at 
higher frequencies Qext could not be measured accurately, 
especially for modes with higher Qext. 

Figure 7: Comparison of Qext between simulation and
measurements. 

Tuning Sensitivity Measurements of HOMs 

Figure 8: Setup for measuring tuner sensitivity for rf-dipole
cavity. 

The rf-dipole cavity was compressed and pulled at top 
and bottom surface as shown in Fig. 8, to replicate the tuner 
motion. The measured tuner stroke for the fundamental 
mode is 394 kHz/mm and matches with the simulation 
results of 345 kHz/mm [5]. The 760 MHz is one of the 
critical HOMs which falls closer to a beam spectrum line 
[6]. The tuner stroke of the 760 MHz mode is 33 kHz/mm, 
which is very small compared to that of the 400 MHz 
operating mode. 

Figure 9: Tuner sensitivity for 400 MHz and 760 MHz
modes. 

The rf-dipole cavity was pushed and pulled at the top 
surface with frequency shifts of +450 kHz and –150 kHz 
on the fundamental mode. Figure 9 shows S21 transmission 

up to 2 GHz in comparison with the simulation. The 
frequencies of the HOMs are in good agreement with the 
simulation and the frequency shifts due to tuner shifts are 
insignificant. Therefore, the HOMs are insensitive to the 
pushing and pulling of the tuner and gives more control on 
the HOMs.  

Figure 9: S21 transmission of HOMs with tuning of +450
kHz and –150 kHz compared with simulation. 

CONCLUSION 
Jefferson Lab has fabricated two sets of HOM couplers 

including two HHOM high pass filters and two VHOM 
couplers. RF-Dipole crabbing cavity completed at 
Jefferson Lab under US-LARP was used to measure the 
coupling of the HOM couplers, under technical leadership 
of ODU/SLAC. Following a series of measurements of S11 
and S21, Qext of HOMs are estimated up to 2 GHz. The Qext 
measurements are in agreement up to ~1.6 GHz and at 
higher frequencies the frequency shift of the HOMs is 
significant. Also, Qext cannot be estimated accurately at 
higher frequencies. More HOM measurements are planned 
for the rf-dipole cavity at cryogenic temperatures. The 
HOM measurements with the tuner in motion shows that 
HOM frequencies show negligible shift, compared to shift 
in the fundamental operating mode. 
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