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Abstract: A resonant buildup of beam-induced fields in a superconducting radio frequency (RF) cavity may

make a beam unstable or a superconducting RF cavity quench. Higher-order mode (HOM) couplers are used

for damping higher-order modes to avoid such a resonant buildup. A coaxial HOM coupler based on the TTF

(TESLA Test Facility) HOM coupler has been designed for the superconducting RF cavities at the Proton

Engineering Frontier Project (PEFP) in order to overcome notch frequency shift and feed-through tip melting

issues. In order to confirm the HOM coupler design and finalize its structural dimensions, two prototype HOM

couplers have been fabricated and tested. Low-power testing and measurement of the HOM couplers has shown

that the HOM coupler has good filter properties and can fully meet the damping requirements of the PEFP

low-beta superconducting RF linac.
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1 Introduction

A superconducting RF (SRF) accelerator is part

of the accelerating structure of new-generation parti-

cle accelerators [1–5]. The accelerating mode of a SRF

accelerator built with an elliptical cavity is TM010 π.

Aside from the TM010 π mode, there are a lot of

other eigenmodes in a SRF cavity, which are called

HOMs and can be excited when a particle beam

travels through the cavity. The main superconduct-

ing RF linac HOM-related issues are beam instabili-

ties and the HOM-induced power [6], which increases

the cryogenic heat load and may cause SRF cavity

quenching. The HOM couplers are used to dampen

the HOMs to prevent a resonant buildup of beam-

induced fields by extracting the HOM-induced power

from a cavity into room temperature loads.

There are three main kinds of HOM couplers used

to remove HOM-induced power from a SRF cavity:

the waveguide HOM coupler with dissipative loads

used in the CEBAF (Continuous Electron Beam Ac-

celerator Facility) cavity at the Thomas Jefferson Na-

tional Accelerator Facility (JLab), the fluted beam

tube leading to ferrite dissipative loads used at the

CESR (Cornell Electron-positron Storage Ring) cav-

ity and a coaxial loop-type TTF HOM coupler using a

notch filter to reject a fundamental mode [7]. Due to

its smaller size, simpler structure, lower heat load for

a cryogenic system and easy notch frequency tuning

compared to the waveguide HOM coupler, the TTF

HOM coupler is used in many multi-cell cavities, such

as the TESLA cavities, the SNS (Spallation Neutron

Source) cavities, the Low Loss cavities at the ILC (In-

ternational Linear Collider), the High Gradient cavi-

ties at the ILC, the CEBAF upgrade cavities, etc.

Even though a TTF HOM coupler has been suc-

cessfully used on many cavities, two faults were found

during the VTA (Vertical Test Area) testing and the

cryomodule testing for some SNS cavities at JLab,

and the SNS commissioning at ORNL (Oak Ridge
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National Laboratory): notch frequency shift and

melting of the capacitive coupling copper feed-

through tip. These faults caused two SNS SRF cavi-

ties to become unpowered and ten SNS SRF cavities

to operate at a reduced gradient [8–10]. JLab tried to

change the copper feed-through into a niobium feed-

through in a Renascence Cryomodule. The test re-

sults were that a quenching happened instead of the

tip melting.

A low-beta superconducting RF cavity (βg=0.42)

is being considered in order to accelerate a proton

beam at 700 MHz in the PEFP linac and its extended

project [11–15]. HOM analysis of the PEFP low-beta

cavities shows that the HOM coupler’s external qual-

ity factor Qext is lower than 3×105, thus reducing the

influence of dangerous modes on the beam instabili-

ties and the HOM-induced power [16]. Table 1 lists

the specifications of the PEFP HOM damping.

Table 1. HOM coupler specifications for the

PEFP low-beta cavity.

parameter value

M23, M31, M32,
HOM damping modes

M33, D11, D32*

Qext for HOM damping mode 6 3×105

HOM average RF load 6 1.0 W

Qext for TM010 π mode > 6.26×1010

fundamental π mode RF load at

Eacc=8 MV/m (in a macro-pulse)
6 10 W

*Here, ‘Mm’ and ‘Dm’ mean the m-th mode of the monopole

and the dipole of the MAFIA calculation, respectively.

In order to satisfy the PEFP HOM damping re-

quirements, and to avoid the shortcomings of the

TTF HOM coupler, a new coaxial HOM coupler

with one hook and two rods has been designed for

the PEFP SRF cavities. This coupler can satisfy the

HOM damping requirements of the PEFP SRF linac

and has a good filter property, low electromagnetic

fields at the inner conductor ends and it is easy to

tune and control a notch frequency. In order to con-

firm the HOM coupler design and finalize the inner

conductor penetration depth and angle between the

cavity axis and the hook of the inner conductor, two

prototype HOM couplers have been fabricated and

tested with a copper prototype cavity. The testing

and measurements of the HOM couplers have shown

that the new HOM coupler can fully meet the damp-

ing requirements of the PEFP low-beta supercon-

ducting RF linac. Based on the test results, the final

dimensions of the HOM couplers have been deter-

mined.

2 PEFP HOM coupler design

Figure 1 shows a TTF coaxial HOM coupler for

the SNS cavities [8, 17]. The HOM-induced power

is coupled out by a coupling capacitance, which is a

gap of about 0.76 mm composed of a feed-through tip

and a cutting flat face on the inner conductor. The

3-D simulation showed that there was a high electro-

magnetic field in the coupling capacitance gap. After

high power measurements in the VTA at JLab, tip

melting in some of the cavities was observed. Be-

cause the HOM coupler 2 is located opposite the

fundamental power coupler (FPC), the melted tip

could drop onto the FPC inner conductor or win-

dow, and create big bursts of gas in the FPC, which

causes vacuum-related interlock trips. In addition,

the melted tip could become welded to the inner con-

ductor, this results in excessive fundamental power

coupled through the HOM signal. These vacuum-

related interlock trips and the excessive fundamental

power coupled through the HOM signal were observed

during SNS SCL commissioning. The excessive fun-

damental power coupling caused two SNS cavities to

be unpowered [10].

Fig. 1. SNS HOM coupler scheme.

The notch frequency is controlled by adjusting the

notch frequency filter capacitance, which is a gap of

about 0.53 mm between the inner conductor end and

the outer conductor cover. For the SNS prototype

cavities and the first medium-beta cryomodules, by

pulling or pushing the nipple on the outer conduc-

tor to obtain a physical deformation and to setup

notch frequency, after cooling down the cryomodules,

due to thermal shrinkage of the outer conductor, the

physical deformation was lost. Finally, the notch fre-

quency shifted for some HOM couplers. From the sec-

ond medium-beta cryomodules, a one-direction locker

was used to fix the notch frequency by holding the

nipple, the results were that the notch frequency of
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some HOM couplers was fixed, but some HOM cou-

plers had shifted. This notch frequency shift results in

abnormal fundamental frequency signals being trans-

mitted through the HOM couplers, which was ob-

served during cryomodule testing in the test cave at

JLab, and also in the SNS tunnel during the SCL

commissioning, and caused 10 SNS cavities to oper-

ate at reduced gradients and/or repetition rates [10].

In order to avoid the same disasters in the PEFP

HOM couplers, a new type of coaxial HOM coupler

needs to be designed for the PEFP cavities. The new

coupler should meet the PEFP HOM damping re-

quirements, the notch frequency shift should be easily

controlled and melting of the feed-through tip should

be eradicated.

2.1 HOM coupler structure

The PEFP HOM coupler design is based on the

TTF type coaxial HOM coupler, as shown in Fig. 2.

The feed-through for coupling out the HOM induced

power is directly installed on the inner conductor in

order to avoid the feed-through tip melting, as ob-

served in the SNS HOM couplers. Two stubs are

used to adjust the notch frequency and to optimize

the electro-magnetic distribution during the coupler

3-D design. The rod of the inner conductor is used

to couple the electric components of the HOMs and

the hook of the inner conductor is used to couple the

magnetic components of the HOMs.

Fig. 2. A cutaway of a 3-D PEFP HOM coupler.

Based on the tuning and operating experiences of

the SNS HOM couplers, a nut-type notch frequency

tuner was designed for the PEFP HOM couplers. The

tuner holds the nipple on the outer conductor of the

HOM coupler. By screwing the nut-tuner, the gap

of the notch frequency filter capacitance is changed

causing the the notch frequency filter capacitance to

be changed. Because the nut can be screwed in two

directions, this tuner can tune the notch frequency in

both directions.

The outer conductor, the inner conductor and the

feed-through are made of a high RRR niobium (Nb).

Because NbTi alloy has almost the same thermal

properties as Nb, but has better mechanical prop-

erties than pure Nb, we chose NbTi alloy to fabricate

the notch frequency tuner and the flange of the feed-

though of the coupler.

2.2 HOM coupler optimization

The basic rules to optimize the coaxial HOM cou-

pler are:

a) The notch frequency is the cavity operating fre-

quency.

b) The notch of the operating frequency should

be as deep as possible.

c) Filter notch frequency sensitivity should be as

low as possible.

d) There should be a uniform electric field or mag-

netic field in the coupler.

e) Notch frequency can be easily tuned and con-

trolled.

Normally we use an out-coupled power with dB

to evaluate the filter properties of a HOM coupler.

Based on the above rules, we simulated the out-

coupled power for different angles between two rods,

and for different distances between two rods, between

the up-rod and the filter end, between the down-rod

and the inner conductor head, and for different hook

shapes, as well as for various outer conductor diame-

ters and inner conductor positions and diameters by

using a 3-D MicroWave Studio (MWS)[18]. Accord-

ing to the simulation results of the out-coupled power

Fig. 3. A MWS mode of a PEFP HOM coupler.
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and by considering the cavity space for the HOM cou-

pler installation and HOM coupler fabrication diffi-

culty, we finalized an optimized HOM coupler struc-

ture simulation, as shown in Fig. 3. The filter notch

sensitivity of the PEFP coupler is 105 MHz/mm,

which is 46% lower than that of 226 MHz/mm found

in the SNS HOM couplers.

Figure 4 shows the out-coupled power curves of

the PEFP and SNS HOM couplers. Fig. 4 reveals

that the PEFP HOM coupler has only one deepest

notch and the same out-coupled power as that of the

SNS HOM coupler.

Fig. 4. Out-coupled power comparison between

a PEFP HOM coupler and an SNS HOM cou-

pler.

Unsuitable strong electromagnetic (EM) field dis-

tribution of the TM010 π mode in a HOM coupler

could induce strong electric field emission from the

inner conductor surface, multipacting in the coupler

and an electron load in the capacitive gaps that could

cause SRF cavity quenching or unpowered cavities,

such as found with the SNS HOM couplers. There-

fore, we need concentrate on reducing the EM field on

the inner and outer conductors’ surface during their

design. A 3-D MWS cavity with two HOM couplers, a

fundamental power coupler (FPC) and a field probe

were used to simulate the EM field distribution in

the cavity and in the couplers. In the simulation, two

HOM couplers were installed on a PEFP SRF cav-

ity with a relative azimuthal angle of about 90◦ to

ensure damping of both polarizations of the dipole

modes. One coupler was attached to each end of the

cavity, as shown in Fig. 5.

Fig. 5. A 3-D MWS mode of a PEFP low-beta

cavity with two HOM couplers, an FPC and

a field probe.

Table 2 lists the simulation results of the maxi-

mum EM fields on the cavity surface, on the FPC

head and on different parts of the HOM couplers of

a PEFP SRF low-beta cavity and an SNS medium-

beta cavity. The results show that the maximum EM

fields in the PEFP HOM coupler are approximately

one tenth that of the fields in the SNS medium-beta

cavity at the same peak surface electric field on the

cavities.

Table 2. The electromagnetic fields in the SNS HOM coupler and the PEFP HOM coupler at the same cavity

surface peak electric field.

position
SNS PEFP

E/(V/m) H/(A/m) E/(V/m) H/(A/m)

cavity surface 1.00×107 1.85×104 1.00×107 1.51×104

FPC head 8.65×105 697 4.54×105 946

HOM coupler inner conductor head 3.29×106 1863 5.30×105 575

HOM coupler inner conductor top 1.25×106 0 9.93×104 0

HOM coupler feed-through tip 5.81×104 1128 N/A N/A

3 Prototype HOM coupler

After HOM analysis of the PEFP low-beta cavi-

ties, specifications for the PEFP HOM couplers were

obtained [15]. In order to confirm the HOM cou-

pler design, to finalize its inner conductor penetra-

tion depth and its angle between the cavity axis and

the hook of the inner conductor, and to analyze the

PEFP HOM damping results, two prototype HOM

couplers were fabricated. A copper prototype cavity

with two HOM ports with a relative azimuthal angle

of about 90◦ was fabricated, and tuned to produce a
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field flatness of 1.43% at 700 MHz [19].

Figure 6 shows the HOM coupler prototype. A

flange with three 60◦ circular slotted holes on the

HOM coupler body is for changing the angle between

the coupler hook and the beam axis. Each HOM port

on a cavity beam pipe has a flange with 24 screw holes

that can make a hook angle change with 15◦ steps.

Two types of washers with three 60◦ circular slotted

holes with a thickness of 0.1 mm and 1.0 mm were

inserted between a coupler flange and a HOM port

flange, as shown in Fig. 7. By varying the washer

number, the penetration of an inner conductor of the

HOM coupler is varied. By changing the relative an-

gle between the HOM coupler flange and the HOM

port flange on a cavity beam-pipe, the angle between

the hook and the beam axis can be varied.

Fig. 6. A PEFP prototype HOM coupler. (a) the prototype HOM coupler; (b) the inner conductor and

feed-through; (c) the vacuum feed-through.

Fig. 7. An assembly of the HOM coupler, wash-

ers and cavity on the FPC side.

4 Measurements of the HOM cou-

plers’ characteristics

Figure 8 shows a setup to measure the Qext of the

HOM couplers. Two HOM couplers were installed on

the prototype cavity with washers. We used a net-

work analyzer to measure the cavity-loaded quality

factor QL and the reflected coefficients S11 and S22 of

HOM couplers 1 and 2, and we used a Smith chart to

distinguish if the coupler was over-coupled or under-

coupled [20]. Then we obtained the coupling coeffi-

cients of the couplers using the following equations:

βe1 =
1+S11

1−S11
(for over-coupled)

or

βe1 =
1−S11

1+S11
(for under-coupler),

and

βe2 =
1+S22

1−S22
(for over-coupled)

or

βe2 =
1−S22

1+S22
(for under-coupled).

Here βe1 and βe2 are the coupling coefficients of cou-

plers 1 and 2, respectively. Then we had an intrinsic

quality factor Q0 of the cavity:

Q0 = QL(1+βe1 +βe2).

The external quality factors of the couplers are:

Qext1 = Q0/βe1 and Qext2 = Q0/βe2.
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Fig. 8. External quality factor Qe measurement

setup of HOM coupler 1.

4.1 Measurements of the filter characteristics

Measurements of the HOM coupler’s filter charac-

teristics include the filter properties of the HOM spec-

trum and that of the TM010 π mode. Due to fabri-

cation errors, the original notch frequency was not at

700 MHz. For example, the notch frequency of HOM

coupler 1 (field probe side) was 718.723 MHz, and

that of HOM coupler 2 (FPC side) was 768.598 MHz.

By using the notch frequency tuner, we tuned the

notch frequency to 700 MHz. The cross-talk method

was used to measure the notch shift and filter prop-

erties for the HOM spectrum, specifically, when mea-

suring the filter property of HOM coupler 1 (or 2),

we input the scanning frequency signal from a Field

Probe (or FPC) and collected the transmission signal

from HOM coupler 1 (or 2). The test results reveal

that the HOM couplers’ filter properties are almost

the same as in the simulation design.

We used S21 and S11 to measure the HOM cou-

pler filter properties for the TM010 π mode, namely

the Qext at 700 MHz. The specification for the filter

for the TM010 π mode in Table 1 is: Qext >6.26×1010.

The tested results are: for HOM coupler 1, its Qext =

9.16×1012; for HOM coupler 2, its Qext = 1.59×1011.

This means that our new HOM coupler can meet our

filter requirements.

4.2 Hook angle and penetration testing

By changing the hook angle, we obtained a curve

of the HOM couplers’ Qext versus the angle between

the hook and the beam-axis. Fig. 9 shows the Qext

versus the hook angle of HOM coupler 1 for HOM

M23, D11, D32 and Q14. Here, Q14A, Q14B, Q14C

and Q14D are the four components of quadruple 14.

Because Q14C can only be measured for several an-

gles, we did not plot its curve here. According to

the test results and the theoretical analysis, and by

considering the final HOM coupler feed-through as-

sembly, 45◦ was chosen as the final angle.

Fig. 9. External quality factor Qext of HOM

coupler 1 for different hook angles with the

cavity axis.

Table 3. Measurement results of the PEFP HOM coupler damping for dangerous HOMs.

frequency/MHz QL value with QL value without R value with R value without
HOM

from FPC to FP HOM couplers HOM couplers HOM couplers* HOM couplers*

dipole 11 1743.783 No -3dB 5.03×106 1.36 MΩ/cm2

1745.611 3.57×102 7.55×106 96.8 Ω/cm2 2.05 MΩ/cm2

quadrupole 14 2446.8 7.19×102 2.21×104 0.092 Ω/cm4 2.83 Ω/cm4

2450.648 1.17×103 2.58×104 0.15 Ω/cm4 3.30 Ω/cm4

2453.73 1.52×103 7.18×104 0.194 Ω/cm4 9.19 Ω/cm4

2456.976 1.36×105 1.50×105 17.4 Ω/cm4 19.2 Ω/cm4

monopole23 2769.363 1.57×103 1.36×104 82.5 Ω 715 Ω

dipole 32 2817.555 3.58×103 3.09×104 100 Ω/cm2 863 Ω/cm2

2818.304 No −3dB 2.64×104 737 Ω/cm2

∗ Here the impedance R’s for the multipoles are evaluated at the position of 1 cm from the axis and their units are Ω/cm2 and

Ω/cm4 for dipoles and quadrupoles, respectively.
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By changing the washer number, the inner con-

ductor penetration of the PEFP prototype HOM cou-

pler was changed. According to the measured results

and by considering the fundamental power leak and

the effects of the inner conductor on the beam, the fi-

nal washer thickness was chosen as 5.32 mm for both

of the HOM couplers.

4.3 HOM damping measurements

After fixing the HOM coupler’s hook angle and

inner conductor penetration depth, we measured the

Qext of the HOM couplers. The HOM damping spec-

ification is that a HOM coupler’s Qext 6 3 × 105

for the HOMs. If there are no HOM couplers, the

HOM is damped by the fundamental power coupler

and field probe. Table 3 lists the HOM’s QL (sup-

posing Q0 ∼ 109) and impedance with and without

HOM couplers for dangerous and potentially danger-

ous HOMs. We find that the new HOM coupler can

damp the HOMs efficiently. The measurement results

show that the new HOM couplers can fully meet the

PEFP HOM damping requirements.

5 Conclusion

A new type of coaxial HOM coupler with one hook

and two stubs has been designed for PEFP SRF cavi-

ties. This HOM coupler is able to overcome the notch

frequency shift and feed-through tip melting issues

found in the SNS HOM coupler. The 3-D simulation

shows that this coupler has a good filter property

and low electromagnetic fields on the inner conduc-

tor ends. The low-power testing and measurements

of the prototype HOM couplers have demonstrated

that this coupler is easy to tune and control in regard

its notch frequency, and can fully meet the damping

requirements of the PEFP low-beta superconducting

RF linac.
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