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Abstract

Project-X, a multi-MW proton source is now under development at Fermi-
lab. In this paper we present study of high order modes (HOM) excited
in continues-wave (CW) superconducting linac of Project-X. We investigate
effects of cryogenic losses caused by HOMs and influence of HOMs on beam
dynamics. We find that these effects are small. We conclude that HOM
couplers/dampers are not needed in the Project-X SC RF cavities.
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1. Introduction1

Fermilab is currently developing a multi-MW proton source, Project-X2

(PX) [1], which will provide intense muon, kaon, neutrino and nuclei beams3

for broad and diverse program at the intensity frontier of particle physics. PX4

will allow study of applications of proton accelerators for energy production5

and nuclear waste transmutation in accelerator-driven subcritical systems.6

And, eventually, Project-X may become an integral part and driver for the7

future Fermilab Neutrino Factory and/or Muon Collider. Figure 1 shows a8

general layout of Project-X.9

A key component of Project-X is the CW SRF linac, which accelerates10

bunches of ∼ 16 · 107 H− ions from 2.1 MeV to 3 GeV. The linac layout11
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3 MW @ 3 GeV 
200 kW @ 8 GeV 
2 MW @ 120 GeV 

Figure 1: Project-X layout.

Figure 2: Layout of Project-X CW linac.

is shown in Figure 2. It includes a section of half-wave resonators (HWR,12

Figure 3a) at 162.5 MHz, two sections of single-spoke cavities (SSR1, Fig-13

ure 3b, and SSR2, Figure 3c) at 325 MHz, and low energy (LE) and high14

energy (HE) sections of 5-cell elliptical cavities at 650 MHz (see Figure 4).15

Two designs exist for the LE section, one from JLab [3] and one from Fer-16

milab [4]. The Fermilab design has been used for the calculations in this17

paper. The conclusions of this paper are not expected to vary significantly18

between two design. Table 1 lists nominal beam velocity βG, energy range,19

total number of cavities, number of focusing magnets and number of cry-20

omodules (CM), length of cryomodules, and proposed packaging of cavities21
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and magnets inside cryomodules.22

Table 1: Cavities and cryomodules in Project X linac.

Section βG Freq. Energy Cav/Mag/ Type of cavities,
MHz MeV CM magnets, CM length

HWR 0.11 162.5 2.1–10 8/8/1 HWR, solenoid, 5.26 m
SSR1 0.22 325 10–32 16/8/2 SSR, solenoid, 4.76 m
SSR2 0.47 325 32–160 36/30/4 SSR, solenoid, 7.77 m
LE 650 0 .61 650 160–520 42/14/7 5-cell ellip., doublet, 7.1 m
HE 650 0.9 650 520–3000 152/19/19 5-cell ellip., doublet, 11.2 m
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Figure 3: a) Half-wave, b) single spoke 1 (bare and dressed), and c) single spoke 2 cavities
of Project-X.

RF design parameters of half-wave and single-spoke resonators are listed23

in Table 2. Table 3 presents RF design parameters of the both LE and HE24

650 MHz cavities. In these tables parameter G is cavity geometry constant25

(see, for example, [2], p. 45, eq. 2.52). Parameters Eacc, (R/Q),2 that depend26

on beam velocity β, are shown for the optimal velocity, βopt. Intrinsic quality27

factor Q0 and heat load are given at 2 K.28

1.1. Importance of HOM investigation29

Excitation of high order modes in SRF cavities is always a concern. Heat-30

ing caused by beam power lost to HOMs adds to the cryogenic losses and31

2Note, that in this paper we use accelerator definition of (R/Q) value, as in [2], p. 47.
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Table 2: Half-wave and single-spoke resonator cavities.

Type Beam pipe maxVacc maxEacc Bmax (R/Q) G Q0

�, mm MeV MV/m mT Ω Ω ×1010

HWR 33 1.8 40 62 225 47.7 1.0
SSR1 30 1.95 28 70 242 84 1.1
SSR2 40 3.34 32 60 292 109 1.3

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!-56789:;988!<=>98?@!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!*:;988!<=>98%!"A'*B!!
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Figure 4: Elliptical cavities in Project-X linac: a) LE 650 MHz single-cell prototype cavity
(JLab design); b) HE 650 MHz single-cell prototype cavity (Fermilab design); and c) HE
650 MHz 5-cell prototype cavity.

increases operational cost of the linac. Interaction of the beam with excited32

HOMs deteriorates the quality of the beam.33

One of the ways to reduce HOMs is to equip accelerating cavities with34

couplers, which re-direct and dump HOMs outside of the cavities. The draw-35

back of this solution is that the HOM couplers are vulnerable, expensive, and36

complicated part of the SC accelerating structure and not effective in the full37

range of the HOM frequencies. HOM couplers add extra hardware to cry-38

omodules: cables, feed-through, connectors, loads, etc. They are susceptible39

to multipactoring and damage of feed-throughs.40

Experience with super-conducting proton linac at SNS shows that HOM41

couplers may limit cavity performance and reduce operation reliability. Ob-42

served power loss to HOMs at SNS is very small and HOM couplers were43

found to be not necessary [5].44

Power loss to HOMs and, respectively, their adverse effect on beam qual-45

ity and heat load depend on the beam current, beam spectrum, and the46
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Table 3: 650 MHz elliptical cavities.

Parameter Units LE 650 HE 650
βG 0.61 0.9
Lcav mm 703 1038
(R/Q) Ω 378 638
G Ω 191 255
maxVacc MeV 11.7 17.7
Eacc MV/m 16.6 17
maxEsurf MV/m 37.5 34
maxBsurf mT 70 61.5
Q0 ×1010 1.5 2.0
Maximum heat load W 24 24

Table 4: Incoherent HOM power loss in Project-X, SNS and ILC.

Project-X SNS ILC
Iav, mA 1 1 0.048
Qb, pC 25.6 58 3200
kloss, V/pC 2 1.1 13.4
Pav, mW/cavity 51 64 2065

cavity HOM spectrum. Assuming that each beam bunch excites HOMs in47

cavities independently from the other bunches (“incoherent losses”) an aver-48

age HOM power per cavity can be estimated as following: Pav = klossqbIav,49

where kloss is a loss-factor, qb is a bunch charge, and Iav is an average beam50

current. Table 4 compares incoherent losses in Project-X, SNS, and ILC su-51

perconducting RF structures. One can see that in the ILC linac the HOM52

power loss is very high hence HOM dampers are necessary. All the 1.3 GHz53

ILC cavities are equipped with HOM couplers, that reduce loaded quality54

factors of longitudinal and transverse HOMs to 105 and work successfully at55

DESY. However, some problems with HOM couplers were encountered dur-56

ing long pulse operation [6]. In the SNS cavities no measurable HOM signals57

from beam were observed. Also, analysis of collective beam effects in SNS,58

such as a beam break-up and a klystron-type instability, do not show critical59

influence of high order modes on the beam dynamics [5].60
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1.2. Scope of investigation61

The goal of this paper is to understand the HOM effects on the heat load62

and the beam dynamics in the Project-X superconducting RF cavities, and to63

decide whether HOM dampers are needed in the high and low energy sections64

of the CW linac. We focus our investigation on the following topics: calcula-65

tion of loss factors (Section 2); investigation of beam spectrum for different66

modes of operation of Project-X (Section 3); simulation and measurement of67

cavity spectrum for all sections of linac (Section 4); estimation and measure-68

ment of spread of HOM frequencies and impedances; estimation of cryogenic69

loss taking into account non-propagating and propagating modes; estimation70

of the longitudinal and transverse beam emittance dilution caused by HOMs71

(Section 5); investigation of stability of HOMs with respect to tuning and de-72

tuning of the accelerating mode (Section 6); estimation of longitudinal and73

transverse beam instabilities (Section 7); comparison to the existing proton74

superconducting linacs (SNS); study of effects of microphonics for different75

HOMs (Section 8.1).76

Project-X has complicated beam timing structure. Beam current is rather77

small and beam is non-relativistic. Beam passes linac only once, so there is78

no feedback as in circular accelerators. All the above factors affect excitation79

of high order modes.80

2. Incoherent losses81

Frequency, GHz
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(R

/Q
), 

1

10

210

R0        31.89± 137.7 
f0        0.1515± 1.425 
R0        31.89± 137.7 
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Figure 5: Impedance of longitudinal HOMs in HE 650 MHz section of Project-X cal-
culated with SuperLANS. Data are approximated by an exponential function (R/Q) =
R0 exp(−f/f0), with R0 = 137.7 Ω, and f0 = 1.425 GHz.
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We use SuperLANS [7] program3 to calculate spectrum of HOMs in HE82

650 MHz sections of Project-X. The cavity model and geometry are described83

in more details in Section 4.1. In general, modes with the frequencies above84

the beam pipe cut-off frequency4 escape, or propagate from the cavity into85

beam pipe and can be removed from the accelerator by HOM couplers and86

absorbers. But when multiple cavities are put together in a linac at the87

regular intervals, conditions may arise where some of these modes are effec-88

tively trapped inside the cavity chain. Without experimental data from real89

linac or a complete model of entire accelerator it is not possible to predict90

which of the propagating modes may be trapped. We use a conservative91

approach and assume that all propagating modes are trapped. Impedance of92

propagating modes depends on the length of the beam pipe between adjacent93

cavities. In our calculations we model single cavity with beam pipes attached94

at the cavity ends. The beam pipes are closed with perfect electric conductor95

(PEC) flanges. We vary length of the beam pipes in the range from 10 to96

50 cm in increments of 1 mm and calculate cavity spectrum for each length.97

We then use the maximum value of impedance of the propagating modes98

with respect to the beam pipe length. Figure 5 shows frequency dependence99

of the impedance of the longitudinal HOMs. The impedance quickly drops100

with the frequency and can be approximated by an exponential function:101

(R/Q) = R0 exp(−f/f0) with R0 = 137.7 Ω and f0 = 1.425 GHz, f is the102

HOM frequency.103

The effect of beam velocity on HOMs can be demonstrated using the104

following consideration (see Figure 6). Frequencies (and number) of HOMs105

excited by a beam bunch, passing trough an SRF structure, depend on the106

characteristic size of the EM field distribution on the wall of the beam pipe at107

the cavity entrance, σfield. In linacs with relativistic beam, such as ILC [8],108

XFEL [9] or NGLS [10], the field distribution is essentially disk-like and109

σfield ∼ σbunch. Bunch EM field spectrum has frequencies up to fmax ∼110

3SuperLANS is fast and simple program which allows for quick finding of monopole,
dipole and quadrupole eigen-modes in axially symmetric RF structures.

4The beam pipe cut-off frequency the lowest frequency of the beam pipe waveguide
modes. The lowest propagating TM mode of the cylindrical beam pipe of radius a has the
cut-off frequency fcut-off = ct01

2πa , where c is speed of light and t01 ≈ 2.4048 is the 1st zero
of Bessel function of 0th order: J0(t01) = 0. For example, HE 650 MHz section of Project-
X linac has the beam pipe of radius a = 5 cm and the cut-off frequency fcut-off ≈ 2.3
GHz.
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Non-relativistic beam in Project X linac: 

HE electron linac                              Proton linac (Project X) 
(ILC, XFEL  or NGLS) 
fmax ~   c/!bunch                                   fmax ~   c/a        
 
for !bunch = 50", fmax < 6 THz              for a = 50mm, fmax < 6 GHz           
 

Loss factor depends strongly on the !field! 

Figure 6: Effect of beam velocity on HOM excitation.

c/σbunch. For the bunch size of 50 µm fmax = 6 THz. In case of a non-111

relativistic beam, field lines diverge much more, and the characteristic size112

of field distribution is of the order of the beam pipe radius, σfield ∼ a and113

fmax ∼ c/a. If the beam pipe radius is 50 mm, only frequencies below 6114

GHz are present in the bunch field spectrum. Taking into account rapid115

exponential decay of HOM spectrum as shown in Figure 5, we conclude116

that effectively only HOMs below few GHz will be be excited by the non-117

relativistic beam in the Project-X linac.118

We perform simulation of incoherent losses using time-domain calcula-119

tions [11] in CST Studio program [12]. Results are shown in Figure 7. Losses120

are well below 100 mW/cavity in HE 650 MHz section, and of the order of121

magnitude smaller in LE 650 MHz part.122

3. Beam spectrum123

Amplitude and frequency of the main lines of the beam current spectrum124

directly affect probability of excitation and strength of high order modes in125

superconducting accelerating RF structures.126

The bunch sequence frequency in Project-X is 162.5 MHz. A broad-band127

chopper provides the beam structure needed for the experiments. Three128

regimes of operation are considered:129

1. A bunch timing structure required for muon, kaon, and nuclear experi-130

ments at 3 GeV. Figure 8 shows one full period (approximately 1 µs) of131

the bunch train in this regime. Average beam current is 1 mA. The de-132
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Figure 7: Incoherent losses per cryomodule in LE and HE 650 MHz sections of Project-X
linac.

livered power is 700/1540/770 kW for muon/kaon/nuclear experiments,133

respectively.134

2. A 3 GeV structure combined with 10 Hz 5% duty factor (DF) pulses135

for injection into the Fermilab Main Injector (MI) for the 120 GeV136

neutrino program; 33% of the bunches within pulses are removed to137

match the phase of ∼ 50 MHz of MI RF.138

3. A 3 GeV structure combined with 15 Hz 10% DF pulses, which can be139

used to drive a future Muon Collider; within these pulses, bunches are140

structured in 1 µs “micro”-pulses with a 50% DF. The mean value of141

pulsed current in this mode is 5 mA.142

The spectrum for an idealized 3 GeV beam structure, assuming very143

short bunches of equal charge and the absence of timing jitter, is shown144

in Figure 9. The main lines are harmonics of 162.5 MHz, 20 MHz and 10145

MHz corresponding to the three components of the beam for muon, kaon and146

nuclei experiments. The sideband lines of 1 MHz quickly fall below 0.1 mA.147

Because of the small duty factor of 5% and chopping off 33% of bunches148

during the MI pulses in the mode 2, there are only very minor modifications149
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Figure 8: Beam structure for 3 GeV program.

to the beam current spectrum of the 3 GeV timing structure. Indeed, in150

this case, 10 Hz sidebands are added to 1 MHz lines of the 3 GeV spectrum151

shown in Figure 9. The amplitude of these lines falls quickly from 0.1 mA152

to the sub-µA level. Since we are already considering variations of HOM153

frequencies of the order of 1 MHz, the effect of MI pulses on the power loss154

is negligible.155

The spectrum of the beam current corresponding to the pulses for Muon156

Collider operation is shown in Figure 10. The main lines of this spectrum157

are the harmonics of the bunch sequence frequency, 162.5 MHz, with an158

amplitude of about 1 mA5. The amplitude of the sideband lines, separated159

by 2 MHz (due to 50% DF during the “micro”-pulse), drops quickly below160

0.1 mA.161

4. Cavity spectrum162

In this section we evaluate spectra and impedances of the high order163

modes in the Project-X cavities. The main contribution into HOM losses164

comes from the modes with the highest impedance and the ones with the165

frequencies in proximity of the main lines of beam current spectrum.166

5Note that the average value of pulsed current is 5 mA, but there is a 10% pulse DF
and 50% DF at the 1 µs “micro”-pulse level.
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Figure 9: Beam spectrum of 3 GeV program.

4.1. 650 MHz cavities167

Figure 11 shows a parameterization of geometry of the half-cell of an168

elliptical cavity. There is rotational symmetry with respect to the cavity169

axis (side L on Figure 11). The full accelerating cavity is made of few cells170

that may have different geometry in order to achieve better field flatness on171

the cavity axis. Parameters of half-cells of 650 MHz Project-X cavities for172

β = 0.6 and β = 0.9 are shown in Table 5. The full cavity is made of five173

cells. Attached to the both sides of the cavity is the beam pipe of the radius174

r from Table 5. Length of the beam pipe is a variable parameter in field175

calculations.176

Results of spectrum calculation of 650 MHz cavities using SuperLANS177

code and PEC boundary conditions at the beam pipe ends are shown in178

Figure 12 for non-propagating monopole modes and in Figure 13 for dipole179

HOMs. Figure 14 and Figure 15 show impedances of the same modes.6 One180

can observe, that all monopole HOMs in LE 650 MHz section have impedance181

6We use the following definition of the dipole mode impedance:(
R

Q

)(1)

=

∣∣∫ (5⊥Ez)|x=x0e
iωz/vdz

∣∣2
Wω

,

where ω is the mode circular frequency, W is stored energy, v is beam velocity. The
integral is taken along the line parallel to the cavity axis at the distance x0.
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Figure 10: Beam spectrum of Muon Collider pulses.

Figure 11: Parameterization of geometry of elliptical cavities.

below 10 Ω. In HE 650 MHz section there are two monopole modes, with182

the frequencies of 1988 MHz δf = 2.2 MHz7) and 2159 MHz (δf = 3.9 MHz)183

have impedance of 12 Ω; one mode with the frequency of 1238.6 MHz (δf184

= 0.44 MHz) has impedance of 22 Ω; and one mode with the frequency of185

1241.1 MHz (δf = 2.0 MHz) has impedance of 130 Ω. There are exist three186

dipole modes in LE 650 MHz cavities (f = 974, 978.6 and 1293 MHz) with187

impedance above 104 Ω/m2; and four modes in HE 650 MHz section (f =188

7Here δf is the difference between HOM frequency and the nearest main beam spectrum
line
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Table 5: Geometrical parameters of 650 MHz Project-X cavities.

βG = 0.61 βG = 0.9
Dimension Regular Cell End Cell Regular Cell End Cell
r, mm 41.5 41.5 50 50
R, mm 195 195 200.3 200.3
L, mm 70.3 71.4 103.8 107.0
A, mm 54 54 82.5 82.5
B, mm 58 58 84 84.5
a, mm 14 14 18 20
b, mm 25 25 38 39.5
α ,◦ 2 2.7 5.2 7

946.6, 950.3, 1376 and 1383 MHz) with (R/Q)(1) > 104 Ω/m2.189

Since for a non-relativistic beam HOM impedance depends on beam veloc-190

ity, we also calculated (R/Q) as a function of β. Figure 16 shows dependence191

of impedance on the beam velocity for the potentially dangerous monopole192

and dipole modes in HE 650 MHz cavities.193

We will perform measurements of HOM spectra and impedances of 650194

MHz cavities and compare them to the calculated results when 5-cell proto-195

type cavities will become available at Fermilab later this year.196

4.2. HWR and SSR cavities197

The spectra of HWR and SSR cavities are quite sparse. The HOM198

impedances fall quickly with frequency and are of the order of few mΩ at fre-199

quencies above 2 GHz. We do not expect large HOM losses in these sections200

of the linac.201

An extensive HOM analysis of SSR1 cavities including simulation of spec-202

tra and impedances of monopole, dipole, and quadruple modes as well as203

measurements of spectra and R/Q values of monopole HOMs up to 2 GHz204

of six fabricated SSR1 resonators has been performed and presented in [13].205

The calculated and measured values are found to be in a good agreement.206

The measured HOM frequency spread is within 7 MHz.207

Simulation studies of SSR2 and HWR cavities, similar to these of SSR1208

described above, have been started. We will report results soon.209
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a) b)

Figure 12: Spectrum of monopole HOMs in LE 650 (a) and HE 650 (b) sections of Project-
X linac.

5. Resonance HOM excitation210

A bunched continuous beam passing through a superconducting cavity211

may coherently excite cavity HOMs with high Q-factor, which are close to212

one of the beam spectrum lines. Here we present an estimations for the213

resonance excitation of the monopole and dipole high order modes in the HE214

part of the Project-X linac.215

We require, that the monopole modes should not increase the longitudinal216

emittance of the beam, εz:217

σUHOM
σz/c� εz , (1)

where σUHOM
= 1√

2
ÛHOM is the r.m.s. of energy gain caused by HOM with218

the amplitude ÛHOM , σz is a bunch length, and c is speed of light. For high-Q219

resonances one can get:8220

ÛHOM ≈
Ĩ(R/Q)

4δf/f
, (2)

8We use the following exact expression for the amplitude of HOM with frequency f
and impedance (R/Q) excited by beam harmonic with amplitude Ĩ and frequency f + δf
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a) b)

Figure 13: Spectrum of dipole HOMs in LE 650 (a) and HE 650 (b) sections of Project-X
linac.

where Ĩ is the amplitude of a beam spectrum line, δf is the difference between221

the HOM frequency f and the beam spectrum line frequency. Here we assume222

that δf/f � 1/Q.223

Finally, we obtain an estimation for the frequency detuning, δf , that does224

not lead to a longitudinal emittance growth:225

δf � f
Ĩ(R/Q)σz

4
√

2εzc
. (3)

We have the worst case at the start of the HE 650 MHz section, where226

the bunch length is at the maximum (σz/c = 7.7×10−3 ns), the second pass-227

band monopole HOM (1241 MHz and highest R/Q = 130 Ω), the nearest228

large amplitude beam spectrum line (Ĩ = 1 mA), and the results from Eq. 3:229

δf � 140 Hz, obtained with the value of the emittance εz = 1.5 keV·ns [15].230

Thus, if the distance between the beam spectrum lines is 1 MHz and the231

(see, for example, [14]):

ÛHOM = −i f(f + δf)

(f + δf)2 − f2 − i f(f+δf)Q

Ĩ

2

(
R

Q

)
.
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a) b)

Figure 14: Impedance of monopole HOMs in LE 650 (a) and HE 650 (b) sections of
Project-X linac.
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Figure 15: Impedance of dipole HOMs in LE 650 (a) and HE 650 (b) sections of Project-X
linac.

monopole HOM frequency spread is about 1–2 MHz, the probability that232

the cavity has the resonant frequency close enough to the beam spectrum233

line is less than 10−4 for the baseline of the ProjectX CW linac.234

The cryogenic losses are proportional to the square of the HOM field235

amplitude:236

Ploss ≈
Û2
HOM

(R/Q)Q0

, (4)

where Q0 is an intrinsic quality factor. Therefore, it requires much close237

proximity of the beam spectrum line and HOM frequency in order to get238

significant cryogenic losses. If the HOM mode is exactly at the resonance,239

UHOM = 1
2
Ĩ(R/Q)QL, where QL is the loaded quality factor of the mode.240
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Figure 16: Impedance of the most dangerous monopole (a) and dipole (b) HOMs as a
function of beam velocity β in HE 650 MHz cavities.

Requiring that Ploss is much smaller than the sum of the static heat load and241

the cryogenic losses due to accelerating mode (∼20 W), and assuming that242

the intrinsic quality factor is Q0 = 5 × 109, we estimate that the maximum243

allowable value of the monopole HOM loaded quality factor is QL � 6×107.244

A similar approach can be employed for the analysis of dipole modes245

resonance excitation. The transverse kick caused by an HOM is:246

Ukick ≈
f

4δf

(x0
k

)
Ĩ(R/Q)(1) , (5)

where x0 is the transverse offset of the beam trajectory, k = 2π/λ is the247

wave number, and (R/Q)(1) is the transverse impedance (see definition in248

Section 4.1). Transverse emittance increase δεt may be estimated in the249

following way:250

δεt ≈ ∆x′σx =
Ukick√
2p‖c

√
εtβf , (6)

where εt = 2.5 × 10−7/βγ m is the beam transverse emittance [15], and βf251

is a beta-function near the cavity. Finally, we can rewrite:252

δf � cx0Ĩ(R/Q)(1)

8
√

2πβγU0

√
εt/βf

, (7)

where U0 is the proton mass in eV. The worst case corresponds to the begin-253

ning of HE 650 MHz section of Project-X linac, where the dipole mode has254

highest transverse shunt impedance (f = 1376 MHz, (R/Q)(1) =60 kΩ/m2),255
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proton energy is 500 MeV (βf = 15 m), the beam offset is 1 mm, the near-256

est beam spectrum line amplitude is 0.3 mA, and the resulting frequency257

detuning is δf � 1 Hz. When a dipole HOM is in exact resonance,258

Ukick =
x0
k

Ĩ

2
(R/Q)(1)QL . (8)

Using this and Eq. 6 we estimate the maximum allowable value of the dipole259

HOM loaded quality factor to be QL � 6 × 108. Typical value of QL in260

superconducting RF cavities is less (much less for the most HOMs) than 108.261

Also, condition on δf can be satisfied by cavity spectrum manipulation (see262

Section 6). Therefore, the growth of the beam transverse emittance does not263

look to be a problem for the Project-X linac.264

Figure 17: Variations of monopole HOMs parameters for the HE 650 MHz Project-X
structure.

In order to accurately estimate the probability of resonance HOM exci-265

tation in the Project-X linac by one of the beam component, one has to do266

statistical analysis, which requires spread of the data for HOM parameters267

(frequency, impedance and quality factor). For the ILC cavity the r.m.s.268

spread σf of the resonance frequency is about 6–9 MHz depending on the269
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a) b)

Figure 18: Electric fields distortion of the 5th monopole band for the HE 650 MHz Project-
X structure; a) an ideal structure, b) a structure in presence of misalignments. In both
cases the operating mode is tuned to correct frequency and field flatness.

pass-band, according to the DESY measurement statistics [16]. We do not270

have the experimental data available for Project-X linac yet. One way to271

obtain this information is to perform cavity HOM simulations taking into272

account manufacturing mechanical tolerances. Measurements of the profile273

of 1.3 GHz ILC cavity made in Cornell show that there are deviations from274

the ideal cavity of the order of ±0.2 mm [17]. We take this value as a base275

for our statistical simulation of the Project-X HE 650 MHz structure. Geo-276

metrical parameters of the cavity individual half-cells (as shown in Table 5)277

allowed to randomly vary withint ±0.2 mm tolerances around standard val-278

ues. While running the simulation with an imperfect cavity geometry, we279

tune the individual cell frequency by changing its length and preserving the280

field flatness of the accelerating mode along the cavity at the same time. Fi-281

nally, we calculate HOM spectrum of the derived 5-cell structure, using HFSS282

code [18] with PEC boundary conditions at the beam pipe ends. Data are283

accumulated for further statistical analysis by repeating the simulation for284

multiple random structures. A typical result for the variations of monopole285

HOMs parameters is illustrated in Figure 17.286

Besides the natural spread of the HOM parameters from cavity to cavity,287

random deviations of geometry from the designed shape due manufacturing288

tolerances in real cavity, may significantly change EM field distribution of289
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Figure 19: Calculations of the power losses in the HE 650 MHz cavities.

HOMs from a very narrow pass-band, when cell-to-cell coupling is very weak.9290

This effect is illustrated in Figure 18 for the 5th monopole pass-band of the291

HE 650 MHz Project-X cavity. Some of the modes, such as π/5, 3π/5, and292

4π/5 in Figure 18b, become trapped in the internal cells of a cavity. Such293

a distortion causes (R/Q) and QL of an actual cavity to differ significantly294

from theoretical values.295

By using the predicted deviations of monopole HOMs frequency, QL, and296

(R/Q) we generated 105 random linacs in order to estimate probability of297

the RF losses per cryomodule. The results of this computation for the HE298

650 MHz cavities are presented in Figure 19. The tail of these distributions299

in the region of a high power losses has only a weak dependence on the beam300

energy. Thus, we can neglect the effect of RF losses variation along the linac.301

The cumulative probability of losses per cryomodule is shown in Figure 20302

for three cases, when maximum, theoretical and actual (R/Q) values are303

taken into account. We can see from this plot, that the probability to have304

losses of 1 W is in the range 3×10−5–10−3; or, alternatively, the HOM power305

loss is in the range 0.01–1 W per cryomodule with a probability 10−3. Our306

simulation also shows that main contribution in the region of high losses is307

due to trapped modes of the 5th pass-band.308

9In this case, when geometry of individual cells vary across the cavity, coupling between
cells is weak and also varies from cell to cell, the usual pass-band structure of N modes
of mπ/N -kind, where N is number of cells and m runs from 1 to N ([2], Chapter 7), may
change. The field of a mode may, for example, be concentrated in a single cell, or two
adjacent cells.
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Figure 20: Probability of monopole HOMs power loss per cryomodule for the HE 650
MHz cavities of the Project-X linac; red is maximum (R/Q) w.r.t. the beam velocity for
all HOMs; blue is theoretical (R/Q) for ideal cavity, and green is “realistic” (R/Q) for a
cavity with mechanical errors.

We may conclude that cryogenic losses due to resonant excitation of309

monopole HOM in HE 650 MHz structures is not a problem for the con-310

sidered Project-X parameters, CW regime and 1 mA average beam current.311

Operation of Project-X linac in a high beam current regime. Possible future312

upgrades of Project-X may require to operate linac in a regime of a high beam313

current, when an average beam current is 5 mA or even 10 mA. As it has314

been discussed earlier in this section, monopole high order modes of the 5th315

pass-band of HE 650 MHz structure may become trapped in the internal cells316

of the cavity, leading to a high value of QL. This and the fact that cryogenic317

losses are proportional to square of the average beam current, Ploss ∼ I2beam318

may potentially increase Pcryo up to hundred Watt for the 10 mA average319

beam current.320

Figure 21 shows dependence of bandwidth of the 5th passband on geo-321

metrical beta (a) and aperture (b). An alternative design of elliptical cavity322

with a larger aperture (59 mm) and βG = 0.92 is suggested for HE 650 MHz323

section in order to comply with various upgrade scenarios of the Project X324

linac [19]. Geometrical parameters of the cavity are shown in Table 6. We325

perform a similar statistical analysis of the HOM spectrum for this cavity.326

Figure 22 shows monopole HOM RF losses for the beam current of 1 mA and327
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Table 6: Geometrical parameters of alternative cavity design for HE 650 MHz section of
Project X linac.

βG = 0.92
Dimension Regular Cell End Cell
r, mm 59 59
R, mm 200.05 200.05
L, mm 97.56 106.08
A, mm 84 85
B, mm 90 78
a, mm 13 20
b, mm 28 33
α ,◦ 1.3 1.9
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Figure 21: Dependence of the 5th pass-band bandwidth on geometrical beta, βG (a) and
aperture (b).
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Figure 22: Probability of monopole HOMs RF losses per cryomodule for the present (blue)
and alternative (red) version of HE 650 MHz cavities for Project-X.

5 mA for both present and alternative cavities. The new cavity shape sup-328

presses high QL of the monopole HOM completely and mitigates the problem329

of large cryogenic losses.330

Figure 23: Field distribution for propagating monopole HOMs that are effectively trapped
inside the cavity chain.

It is interesting to note, that in the alternative HE 650 MHz cavity with331

a larger aperture, monopole modes of the 5th pass-band have frequencies332

above the beam pipe cut-off frequency and become propagating modes. We333

perform simulation of RF field in a chain of three cavities interconnected334

with bellows, randomly varying geometry of cavities, as described above. We335

find solutions of our simulation where the field of the propagating HOMs336

is concentrated in the central cavity and the modes are effectively trapped337

inside the cavity chain. Figure 23 shows distribution of RF fields of trapped338
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HOMs.339

5.1. Longitudinal emittance dilution340
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Figure 24: Resonance monopole HOM excitation in the HE 650 MHz structure broken up
by various beam components (red is 1 MHz, green is 10 MHz, blue is 20 MHz).

Baseline Project-X design has a complicate beam structure that con-341

sists of three sub-components (1MHz, 10MHz, and 20MHz, see Figure 8).342

HOM frequencies are not harmonics of the frequencies of these beam sub-343

components. The phase of the voltage of an HOM excited by the resonance344

with one of the beam components is random with respect to two other com-345

ponents of the beam. The idea is illustrated in Figure 24. In case of a346

high-Q resonance, such an HOM may introduce a significant energy varia-347

tion along the beam train. This variation is proportional to the amplitude of348

the beam current spectrum line closest to the HOM frequency. Such effect349

is absent if the beam structure is regular and the beam spectrum consists of350

sub-harmonics of a single frequency.351

a) b)

Figure 25: HOM excitation by beam sub-harmonic; a) - symmetrical and b) non - sym-
metrical options.
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Figure 26: Monopole HOM (Ibeam = 1 mA, QL = 105) excitation by the 10 MHz beam
component, green curve — on resonance, read and blue — of resonance (±3σ) excitations.

The width of a beam spectrum line is much more narrow compared to352

the spread of HOM frequencies. We consider two possible situations, when353

a beam line frequency is close to an HOM frequency:354

1. symmetric, shown in Figure 25a, when a line in the beam spectrum355

coincides with the mean value of the HOM frequency distribution. By356

construction, this is unlikely situation. Energy spread along the bunch357

train does not increase as beam travels along linac.358

2. non-symmetric, when the beam line frequency is shifted with respect to359

the HOM frequency (see Figure 25b). This is very probable situation.360

The energy spread caused by the HOMs excitation accumulates along361

the linac.362

Figure 26 illustrates the principle of compensation (or accumulation) of the363

beam energy spread. The typical process of the longitudinal emittance364

growth is shown on Figure 27.365

We perform a statistical analysis in order to calculate the probability of366

the beam longitudinal emittance growth as the following. We simulate 105
367

Project X linacs (HE 650 MHz section only) with random variation of HOM368

parameters (frequency, impedance, loaded quality factor ) in cavities accord-369

ing to the model described earlier in this Section (see Figure 17). Energy370
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Figure 27: Growth of the energy spread in the beam train along the HE 650 MHz part
of Project-X linac due to monopole HOMs excitations; dotted curves — 1st and 2nd

passbands, dashed — 5th passband.

spread from bunch to bunch and longitudinal emittance growth are deter-371

mined for every simulated linac. The results are summarized in Figure 28 and372

Figure 29 for 1 mA, 5 mA and 10 mA average beam currents. The simulation373

shows that the 2nd and 5th monopole passbands are the most dangerous and,374

thus, require a special care in order to avoid high-Q resonances.375

6. Manipulation of HOM spectra376

It is shown in the previous section, that the probability of one of the377

HOM of 650 MHz cavities to be in exact resonance with a line of beam378

current spectrum is small. In a rare case when it is happened, the following379

approach has been demonstrated to work [20]. HOM frequency can be moved380

by detuning cavity’s accelerating mode by few tens of kHz and then tuning381

operating mode back to resonance.382

A test, described in [20], was performed with 1.3 GHz 9-cell ILC cavity383

cooled to 2 K. The operating mode was detuned by 90 kHz and then tuned384

back. Because of small residual deformation of the cavity, HOM frequencies385
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Figure 28: Probability of longitudinal emittance growth in the HE 650 MHz part of the
Project-X linac for 1 mA average beam current. Data for the present design of the cavity
are shown in blue, data for the alternative design are in red.

a) b)

Figure 29: Probability of longitudinal emittance growth in the HE 650 MHz part of the
Project-X linac for 5 mA (a) and 10 mA (b) average beam current. Data for the present
design of the cavity are shown in blue, data for the alternative design are in red.
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moved by 100–500 Hz after this procedure.386

7. Collective beam effects387

We study two types of collective beam effects caused by HOMs: beam388

breakup, affecting transverse beam dynamics; and longitudinal, klystron-type389

instabilities (see, for example, [21, 22]). In general, we do not expect the390

collective effects to be an issue, due to the following: 1) there is no feedback391

in linac as it is in circular accelerators, each bunch interacts with every cavity392

only once, resonance and amplification conditions can not be realized as in393

circular accelerator when bunches pass that same cavities multiple times; 2)394

we have few different types of cavities with different spectra, HOMs excited in395

one type of cavities do not affect excitation of HOMs in other types of cavities,396

since frequencies of these modes are uncorrelated; 3) there is spread of HOM397

frequencies in each cavity type, caused by manufacturing errors, thus, even if398

a certain HOM is in resonance condition in one cavity, it may be off resonance399

in other cavities; 4) HOM impedances depend on beam velocity, amplitudes400

of excited HOMs vary from cavity to cavity and can only reach the maximum401

possible value in few cavities, where the beam velocity is optimal for HOM402

excitation; 5) beam current is small, power loss to HOMs scales as square of403

beam current (Equation (4)), effects of HOMs on longitudinal and transverse404

beam dynamic are proportional to the beam current (Equations (2) and (5)).405

We focus our study of beam instabilities on 650 MHz section of Project X406

linac, the longest one with the highest beam velocity.407

7.1. Transverse dynamics408

We use a simplified model to investigate transverse beam dynamics in409

the field of dipole HOMs. We assume short bunches. We use lattice design410

as outlined in [23]. Five dipole passbands in LE and HE 650 MHz section411

are taken into account. Misalignment of cavities is random. Beam timing412

structure corresponds to 3 GeV program (Sec. 3, Figure 8). The deflecting413

gradient U ′n+1 at the passage of bunch n+ 1 through a cavity can be written414

as the following:415

U ′n+1 = U ′ne
jωHOMT−T/τ − 1

2
qbR

(1)ωHOM(x− xcav) ,

where qb is the bunch charge, R(1) = Qext(R/Q)(1) is the dipole mode impe-416

dance, x and xcav are the beam and cavity offsets. Then, change of the bunch417
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a) b)

Figure 30: Transverse (a) and longitudinal (b) emittance dilution as a function of HOM
frequency spread.

transverse momentum is418

∆p⊥ = <
(
j
β

ω
U ′
)
.

We run simulation for 1 mA average beam current and 0.5 mm R.M.S.419

of random transverse offsets of cavities. Results of simulation are shown in420

Figure 30 (left). One can see, that the variations of the transverse emittance421

are negligible in the the wide range of HOM frequency spread and Qext.422

7.2. Longitudinal instability423

Similarly, we estimate effect of longitudinal HOMs on the longitudinal424

beam dynamics (the so-called “klystron-type” instability). Figure 30 (right)425

shows results of this simulation. Again, no noticeable changes in longitudinal426

emittance are observed.427

8. Discussion and conclusion428

8.1. Comparison to SNS429

SNS is successfully operated superconducting proton linac. It has two430

(β = 0.61 and β = 0.81) sections of elliptical 6-cell 805 MHz cavities.431

We benchmark our simulation of HOM power loss in 650 MHz sections of432

Project-X linac against SNS. Figure 31 shows comparison of power loss due433

to resonance excitation of monopole HOM for Project-X HE 650 MHz and434

SNS β = 0.81 805 MHz cavities. One can see, that expected HOM power435
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a) b)

Figure 31: Distribution of power loss per cavity for Project-X HE 650 MHz and SNS
β = 0.81 805 MHz cavities. (a) QL = 108, (b) QL = 109.
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Figure 32: Microphonics for the monopole HOM in HE 650 MHz cavity.
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loss in Project-X is smaller than in SNS linac, which is already quite small.436

Since SNS operates in pulsed regime, Lorentz force detuning of cavities dur-437

ing pulses and pulse-to-pulse jitter reduce HOM power loss even more. In438

Project-X linac, which operates in CW regime, similar effect of reduction439

of HOM losses may be expected from microphonics. Figure 32 shows sen-440

sitivity of the monopole HOMs frequencies to the variations of pressure in441

liquid Helium bath for HE 650 MHz cavity. Cavity and Helium vessel are442

optimized in order to minimize effect of microphonics for operating mode.443

High order modes have larger detuning due to pressure variations, which is444

increasing with the mode frequency. Relatively large frequency variations of445

HOMs due to microphonics reduce probability of resonance excitation and446

detune HOMs from resonance if resonance conditions happen.447

8.2. Conclusion448

We study effects of high order modes in Project-X superconducting CW449

linac. The main goal of this study is to answer the question of whether HOM450

couplers/dampers are needed or not in SRF accelerating cavities of Project-451

X. Multiple issues related to the excitation of HOMs and their adverse effect452

on cryogenic losses and beam dynamics are addressed.453

We find that beam breakup and “klystron”-type instabilities are negli-454

gible in 650 MHz section of the linac. Incoherent HOM losses are small.455

Resonance excitation of dipole modes does not look to be an issue. Acciden-456

tal resonance excitation of the monopole modes in HE 650 MHz section may457

lead to the longitudinal emittance dilution, but the probability is small and458

HOM frequency can be moved from the dangerous resonance condition by459

detuning cavity operating mode and then tuning it back.460

Based on this study we conclude that HOM couplers and dampers are461

not needed in Project-X linac.462
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