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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.

Keywords: superconducting proton linac, high order modes, beam
dynamics

1. Introduction

Fermilab is currently developing a multi-MW proton source, Project-X
(PX) [1], which will provide intense muon, kaon, neutrino and nuclei beams
for broad and diverse program at the intensity frontier of particle physics. PX
will allow study of applications of proton accelerators for energy production
and nuclear waste transmutation in accelerator-driven subcritical systems.
And, eventually, Project-X may become an integral part and driver for the
future Fermilab Neutrino Factory and/or Muon Collider. Figure 1 shows a
general layout of Project-X.

A key component of Project-X is the CW SRF linac, which accelerates
bunches of ~ 16 - 10" H™ ions from 2.1 MeV to 3 GeV. The linac layout
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Figure 2: Layout of Project-X CW linac.

is shown in Figure 2. It includes a section of half-wave resonators (HWR,
Figure 3a) at 162.5 MHz, two sections of single-spoke cavities (SSR1, Fig-
ure 3b, and SSR2, Figure 3c) at 325 MHz, and low energy (LE) and high
energy (HE) sections of 5-cell elliptical cavities at 650 MHz (see Figure 4).
Two designs exist for the LE section, one from JLab [3] and one from Fer-
milab [4]. The Fermilab design has been used for the calculations in this
paper. The conclusions of this paper are not expected to vary significantly
between two design. Table 1 lists nominal beam velocity (g, energy range,
total number of cavities, number of focusing magnets and number of cry-
omodules (CM), length of cryomodules, and proposed packaging of cavities
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and magnets inside cryomodules.

Table 1: Cavities and cryomodules in Project X linac.

Section | [Bg | 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

HWR, 162.5 MH
(ANL)

a)

SSR1, 325 MHz
(FNAL)

b)

SSR2, 325 MHz
(FNAL)

c)

Figure 3: a) Half-wave, b) single spoke 1 (bare and dressed), and ¢) single spoke 2 cavities
of Project-X.

RF design parameters of half-wave and single-spoke resonators are listed
in Table 2. Table 3 presents RF design parameters of the both LE and HE
650 MHz cavities. In these tables parameter G is cavity geometry constant
(see, for example, [2], p. 45, eq. 2.52). Parameters Eu.., (R/Q),? that depend
on beam velocity 3, are shown for the optimal velocity, By Intrinsic quality
factor (Qy and heat load are given at 2 K.

1.1. Importance of HOM investigation
Excitation of high order modes in SRF cavities is always a concern. Heat-
ing caused by beam power lost to HOMs adds to the cryogenic losses and

ZNote, that in this paper we use accelerator definition of (R/Q) value, as in [2], p. 47.

3
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Table 2: Half-wave and single-spoke resonator cavities.

Type | Beam pipe | max V.. | max Fyee | Buax | (R/Q) | G Qo
Q

&, mm MeV MV/m | mT Q | x101°
HWR 33 1.8 40 62 225 | 477 1.0
SSR1 30 1.95 28 70 242 84 1.1
SSR2 40 3.34 32 60 292 109 1.3

;‘ /"; ;" ’ %
—_- oy / Ll gt i
7 "‘/'f"’u"/’.'u',-‘r,,'};y,'q'l’

Single-cell models: 5-cell model, HE650
LE 650 MHz (JLAB) HE 650 MHz (FNAL)

a) b) c)

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 ¢) HE
650 MHz 5-cell prototype cavity.

increases operational cost of the linac. Interaction of the beam with excited
HOMs deteriorates the quality of the beam.

One of the ways to reduce HOMs is to equip accelerating cavities with
couplers, which re-direct and dump HOMs outside of the cavities. The draw-
back of this solution is that the HOM couplers are vulnerable, expensive, and
complicated part of the SC accelerating structure and not effective in the full
range of the HOM frequencies. HOM couplers add extra hardware to cry-
omodules: cables, feed-through, connectors, loads, etc. They are susceptible
to multipactoring and damage of feed-throughs.

Experience with super-conducting proton linac at SNS shows that HOM
couplers may limit cavity performance and reduce operation reliability. Ob-
served power loss to HOMs at SNS is very small and HOM couplers were
found to be not necessary [5].

Power loss to HOMs and, respectively, their adverse effect on beam qual-
ity and heat load depend on the beam current, beam spectrum, and the
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Table 3: 650 MHz elliptical cavities.

Parameter Units | LE 650 | HE 650
Ba 0.61 0.9
Lecav mm 703 1038
(R/Q) Q 378 638
G Q 191 255
max V. MeV 11.7 17.7
E,. MV /m 16.6 17
max F ¢ MV/m | 375 34
max Bsurf mT 70 61.5
Qo x 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
Iay, mA 1 1 10.048
Qy, pC 25.6 58 | 3200
Floss: V/PC 2 1.1 | 134
Pay, mW /cavity 51 64 | 2065

cavity HOM spectrum. Assuming that each beam bunch excites HOMs in
cavities independently from the other bunches (“incoherent losses”) an aver-
age HOM power per cavity can be estimated as following: P,, = kjoss@olav,
where k45 is a loss-factor, ¢, is a bunch charge, and I, is an average beam
current. Table 4 compares incoherent losses in Project-X, SNS; and ILC su-
perconducting RF structures. One can see that in the ILC linac the HOM
power loss is very high hence HOM dampers are necessary. All the 1.3 GHz
ILC cavities are equipped with HOM couplers, that reduce loaded quality
factors of longitudinal and transverse HOMs to 10° and work successfully at
DESY. However, some problems with HOM couplers were encountered dur-
ing long pulse operation [6]. In the SNS cavities no measurable HOM signals
from beam were observed. Also, analysis of collective beam effects in SNS,
such as a beam break-up and a klystron-type instability, do not show critical
influence of high order modes on the beam dynamics [5].
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1.2. Scope of investigation

The goal of this paper is to understand the HOM effects on the heat load
and the beam dynamics in the Project-X superconducting RF cavities, and to
decide whether HOM dampers are needed in the high and low energy sections
of the CW linac. We focus our investigation on the following topics: calcula-
tion of loss factors (Section 2); investigation of beam spectrum for different
modes of operation of Project-X (Section 3); simulation and measurement of
cavity spectrum for all sections of linac (Section 4); estimation and measure-
ment of spread of HOM frequencies and impedances; estimation of cryogenic
loss taking into account non-propagating and propagating modes; estimation
of the longitudinal and transverse beam emittance dilution caused by HOMs
(Section 5); investigation of stability of HOMs with respect to tuning and de-
tuning of the accelerating mode (Section 6); estimation of longitudinal and
transverse beam instabilities (Section 7); comparison to the existing proton
superconducting linacs (SNS); study of effects of microphonics for different
HOMs (Section 8.1).

Project-X has complicated beam timing structure. Beam current is rather
small and beam is non-relativistic. Beam passes linac only once, so there is
no feedback as in circular accelerators. All the above factors affect excitation
of high order modes.

2. Incoherent losses

137.7 = 31.89
1.425 = 0.1515

max(R/Q), Q

5.5
Frequency, GHz

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) =
RO exp(—f/f0)7 with RO =137.7 Q, and f() = 1.425 GHz.
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We use SuperLANS [7] program? to calculate spectrum of HOMs in HE
650 MHz sections of Project-X. The cavity model and geometry are described
in more details in Section 4.1. In general, modes with the frequencies above
the beam pipe cut-off frequency* escape, or propagate from the cavity into
beam pipe and can be removed from the accelerator by HOM couplers and
absorbers. But when multiple cavities are put together in a linac at the
regular intervals, conditions may arise where some of these modes are effec-
tively trapped inside the cavity chain. Without experimental data from real
linac or a complete model of entire accelerator it is not possible to predict
which of the propagating modes may be trapped. We use a conservative
approach and assume that all propagating modes are trapped. Impedance of
propagating modes depends on the length of the beam pipe between adjacent
cavities. In our calculations we model single cavity with beam pipes attached
at the cavity ends. The beam pipes are closed with perfect electric conductor
(PEC) flanges. We vary length of the beam pipes in the range from 10 to
50 c¢m in increments of 1 mm and calculate cavity spectrum for each length.
We then use the maximum value of impedance of the propagating modes
with respect to the beam pipe length. Figure 5 shows frequency dependence
of the impedance of the longitudinal HOMs. The impedance quickly drops
with the frequency and can be approximated by an exponential function:
(R/Q) = Roexp(—f/fo) with Ry = 137.7 Q and fy = 1.425 GHz, f is the
HOM frequency.

The effect of beam velocity on HOMs can be demonstrated using the
following consideration (see Figure 6). Frequencies (and number) of HOMs
excited by a beam bunch, passing trough an SRF structure, depend on the
characteristic size of the EM field distribution on the wall of the beam pipe at
the cavity entrance, 0f.)q. In linacs with relativistic beam, such as ILC [8],
XFEL [9] or NGLS [10], the field distribution is essentially disk-like and
Ofeld ~ “bunch- Bunch EM field spectrum has frequencies up to fuax ~

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—pff = ;’;—0;7 where c is speed of light and tg; ~ 2.4048 is the 1°? zero
of Bessel function of 0" order: Jy(tp1) = 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 f. 1o ~ 2-3

GHz.
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Figure 6: Effect of beam velocity on HOM excitation.

c/ Obunch- For the bunch size of 50 ym f.x = 6 THz. In case of a non-
relativistic beam, field lines diverge much more, and the characteristic size
of field distribution is of the order of the beam pipe radius, og.1q ~ @ and
fmax ~ ¢/a. If the beam pipe radius is 50 mm, only frequencies below 6
GHz are present in the bunch field spectrum. Taking into account rapid
exponential decay of HOM spectrum as shown in Figure 5, we conclude
that effectively only HOMs below few GHz will be be excited by the non-
relativistic beam in the Project-X linac.

We perform simulation of incoherent losses using time-domain calcula-
tions [11] in CST Studio program [12]. Results are shown in Figure 7. Losses
are well below 100 mW /cavity in HE 650 MHz section, and of the order of
magnitude smaller in LE 650 MHz part.

3. Beam spectrum

Amplitude and frequency of the main lines of the beam current spectrum
directly affect probability of excitation and strength of high order modes in
superconducting accelerating RF' structures.

The bunch sequence frequency in Project-X is 162.5 MHz. A broad-band
chopper provides the beam structure needed for the experiments. Three
regimes of operation are considered:

1. A bunch timing structure required for muon, kaon, and nuclear experi-
ments at 3 GeV. Figure 8 shows one full period (approximately 1 us) of
the bunch train in this regime. Average beam current is 1 mA. The de-
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livered power is 700/1540/770 kW for muon/kaon/nuclear experiments,
respectively.

2. A 3 GeV structure combined with 10 Hz 5% duty factor (DF) pulses
for injection into the Fermilab Main Injector (MI) for the 120 GeV
neutrino program; 33% of the bunches within pulses are removed to
match the phase of ~ 50 MHz of MI RF.

3. A 3 GeV structure combined with 15 Hz 10% DF pulses, which can be
used to drive a future Muon Collider; within these pulses, bunches are
structured in 1 ps “micro”-pulses with a 50% DF. The mean value of
pulsed current in this mode is 5 mA.

The spectrum for an idealized 3 GeV beam structure, assuming very
short bunches of equal charge and the absence of timing jitter, is shown
in Figure 9. The main lines are harmonics of 162.5 MHz, 20 MHz and 10
MHz corresponding to the three components of the beam for muon, kaon and
nuclei experiments. The sideband lines of 1 MHz quickly fall below 0.1 mA.

Because of the small duty factor of 5% and chopping off 33% of bunches
during the MI pulses in the mode 2, there are only very minor modifications

9
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to the beam current spectrum of the 3 GeV timing structure. Indeed, in
this case, 10 Hz sidebands are added to 1 MHz lines of the 3 GeV spectrum
shown in Figure 9. The amplitude of these lines falls quickly from 0.1 mA
to the sub-pA level. Since we are already considering variations of HOM
frequencies of the order of 1 MHz, the effect of MI pulses on the power loss
is negligible.

The spectrum of the beam current corresponding to the pulses for Muon
Collider operation is shown in Figure 10. The main lines of this spectrum
are the harmonics of the bunch sequence frequency, 162.5 MHz, with an
amplitude of about 1 mA®. The amplitude of the sideband lines, separated
by 2 MHz (due to 50% DF during the “micro”-pulse), drops quickly below
0.1 mA.

4. Cavity spectrum

In this section we evaluate spectra and impedances of the high order
modes in the Project-X cavities. The main contribution into HOM losses
comes from the modes with the highest impedance and the ones with the
frequencies in proximity of the main lines of beam current spectrum.

5Note that the average value of pulsed current is 5 mA, but there is a 10% pulse DF
and 50% DF at the 1 us “micro”-pulse level.

10
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Figure 9: Beam spectrum of 3 GeV program.

4.1. 650 MHz cavities

Figure 11 shows a parameterization of geometry of the half-cell of an
elliptical cavity. There is rotational symmetry with respect to the cavity
axis (side L on Figure 11). The full accelerating cavity is made of few cells
that may have different geometry in order to achieve better field flatness on
the cavity axis. Parameters of half-cells of 650 MHz Project-X cavities for
£ = 0.6 and 8 = 0.9 are shown in Table 5. The full cavity is made of five
cells. Attached to the both sides of the cavity is the beam pipe of the radius
r from Table 5. Length of the beam pipe is a variable parameter in field
calculations.

Results of spectrum calculation of 650 MHz cavities using SuperLANS
code and PEC boundary conditions at the beam pipe ends are shown in
Figure 12 for non-propagating monopole modes and in Figure 13 for dipole
HOMs. Figure 14 and Figure 15 show impedances of the same modes.® One
can observe, that all monopole HOMs in LE 650 MHz section have impedance

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

<R>(1) _ U(VLEZ)h:zoeiwz/”dzf

Q Ww ’

where w is the mode circular frequency, W is stored energy, v is beam velocity.
integral is taken along the line parallel to the cavity axis at the distance zg.

The

11
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T

Figure 11: Parameterization of geometry of elliptical cavities.

below 10 2. In HE 650 MHz section there are two monopole modes, with
the frequencies of 1988 MHz 0 f = 2.2 MHz") and 2159 MHz (§f = 3.9 MHz)
have impedance of 12 Q; one mode with the frequency of 1238.6 MHz (0 f
= 0.44 MHz) has impedance of 22 ); and one mode with the frequency of
1241.1 MHz (6 f = 2.0 MHz) has impedance of 130 2. There are exist three
dipole modes in LE 650 MHz cavities (f = 974, 978.6 and 1293 MHz) with
impedance above 10* /m?; and four modes in HE 650 MHz section (f =

"Here 6 f is the difference between HOM frequency and the nearest main beam spectrum
line

12
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Table 5: Geometrical parameters of 650 MHz Project-X cavities.

B = 0.61 Ba=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

o’ 2 2.7 5.2 7

946.6, 950.3, 1376 and 1383 MHz) with (R/Q)" > 10* Q/m?.

Since for a non-relativistic beam HOM impedance depends on beam veloc-
ity, we also calculated (R/Q) as a function of 8. Figure 16 shows dependence
of impedance on the beam velocity for the potentially dangerous monopole
and dipole modes in HE 650 MHz cavities.

We will perform measurements of HOM spectra and impedances of 650
MHz cavities and compare them to the calculated results when 5-cell proto-
type cavities will become available at Fermilab later this year.

4.2. HWR and SSR cavities

The spectra of HWR and SSR cavities are quite sparse. The HOM
impedances fall quickly with frequency and are of the order of few m2 at fre-
quencies above 2 GHz. We do not expect large HOM losses in these sections
of the linac.

An extensive HOM analysis of SSR1 cavities including simulation of spec-
tra and impedances of monopole, dipole, and quadruple modes as well as
measurements of spectra and R/Q values of monopole HOMs up to 2 GHz
of six fabricated SSR1 resonators has been performed and presented in [13].
The calculated and measured values are found to be in a good agreement.
The measured HOM frequency spread is within 7 MHz.

Simulation studies of SSR2 and HWR cavities, similar to these of SSR1
described above, have been started. We will report results soon.

13
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5. Resonance HOM excitation

A bunched continuous beam passing through a superconducting cavity
may coherently excite cavity HOMs with high @Q-factor, which are close to
one of the beam spectrum lines. Here we present an estimations for the
resonance excitation of the monopole and dipole high order modes in the HE
part of the Project-X linac.

We require, that the monopole modes should not increase the longitudinal
emittance of the beam, ¢.:

UUHOMUZ/C L&y, (1)

where oy, = \%UHOM is the r.m.s. of energy gain caused by HOM with

the amplitude Ugour, 0. is a bunch length, and ¢ is speed of light. For high-Q
resonances one can get:®

- _I(R/Q)
UHOM ~ W? (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 I and frequency f + ¢ f

14
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Figure 13: Spectrum of dipole HOMs in LE 650 (a) and HE 650 (b) sections of Project-X
linac.

where [ is the amplitude of a beam spectrum line, é f is the difference between
the HOM frequency f and the beam spectrum line frequency. Here we assume
that 6f/f > 1/Q.

Finally, we obtain an estimation for the frequency detuning, d f, that does
not lead to a longitudinal emittance growth:

[(R/Q)o.
4\/§ezc '

We have the worst case at the start of the HE 650 MHz section, where
the bunch length is at the maximum (o, /c = 7.7 x 1072 ns), the second pass-
band monopole HOM (1241 MHz and highest R/Q = 130 ), the nearest
large amplitude beam spectrum line (1: = 1 mA), and the results from Eq. 3:
df > 140 Hz, obtained with the value of the emittance €, = 1.5 keV-ns [15].
Thus, if the distance between the beam spectrum lines is 1 MHz and the

Sf>f (3)

(see, for example, [14]):

[(f+6]) ;(R) .

Unonm = —i _
Sf(fH6S)
(f+of2— f2—i L0 2\Q

15
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monopole HOM frequency spread is about 1-2 MHz, the probability that
the cavity has the resonant frequency close enough to the beam spectrum
line is less than 10~* for the baseline of the ProjectX CW linac.
The cryogenic losses are proportional to the square of the HOM field
amplitude: A
Ulionm

}:?()SS ~

(R/QQ W
where (g is an intrinsic quality factor. Therefore, it requires much close
proximity of the beam spectrum line and HOM frequency in order to get
significant cryogenic losses. If the HOM mode is exactly at the resonance,
Unom = %f(R/Q)QL, where @Q)r, is the loaded quality factor of the mode.

16
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Requiring that P, is much smaller than the sum of the static heat load and
the cryogenic losses due to accelerating mode (~20 W), and assuming that
the intrinsic quality factor is Qg = 5 x 10%, we estimate that the maximum
allowable value of the monopole HOM loaded quality factor is Q; < 6 x 107.

A similar approach can be employed for the analysis of dipole modes
resonance excitation. The transverse kick caused by an HOM is:

f

F (5)

Ukick =

(22) 1w/,

where x is the transverse offset of the beam trajectory, k = 27w/ is the
wave number, and (R/Q)") is the transverse impedance (see definition in
Section 4.1). Transverse emittance increase de; may be estimated in the

following way:
U ic
V2pje

where &, = 2.5 x 1077 /8~ m is the beam transverse emittance [15], and 3,
is a beta-function near the cavity. Finally, we can rewrite:

Cﬂ?oj(R/Q)(l)
821 Uy e/ By ’

where Uy is the proton mass in eV. The worst case corresponds to the begin-
ning of HE 650 MHz section of Project-X linac, where the dipole mode has
highest transverse shunt impedance (f = 1376 MHz, (R/Q)™" =60 kQ/m?),

(6)

der ~ Ax'o, =

of >

(7)
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proton energy is 500 MeV (f; = 15 m), the beam offset is 1 mm, the near-
est beam spectrum line amplitude is 0.3 mA, and the resulting frequency
detuning is 0 f > 1 Hz. When a dipole HOM is in exact resonance,

Ukick = %é(R/Q)(l)QL : (8)

Using this and Eq. 6 we estimate the maximum allowable value of the dipole
HOM loaded quality factor to be Q; < 6 x 10%. Typical value of @y, in
superconducting RF cavities is less (much less for the most HOMs) than 10°%.
Also, condition on §f can be satisfied by cavity spectrum manipulation (see
Section 6). Therefore, the growth of the beam transverse emittance does not
look to be a problem for the Project-X linac.
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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-
tation in the Project-X linac by one of the beam component, one has to do
statistical analysis, which requires spread of the data for HOM parameters
(frequency, impedance and quality factor). For the ILC cavity the r.m.s.
spread o of the resonance frequency is about 6-9 MHz depending on the
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Figure 18: Electric fields distortion of the 5** 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 not
have the experimental data available for Project-X linac yet. One way to
obtain this information is to perform cavity HOM simulations taking into
account manufacturing mechanical tolerances. Measurements of the profile
of 1.3 GHz ILC cavity made in Cornell show that there are deviations from
the ideal cavity of the order of £0.2 mm [17]. We take this value as a base
for our statistical simulation of the Project-X HE 650 MHz structure. Geo-
metrical parameters of the cavity individual half-cells (as shown in Table 5)
allowed to randomly vary withint +0.2 mm tolerances around standard val-
ues. While running the simulation with an imperfect cavity geometry, we
tune the individual cell frequency by changing its length and preserving the
field flatness of the accelerating mode along the cavity at the same time. Fi-
nally, we calculate HOM spectrum of the derived 5-cell structure, using HF'SS
code [18] with PEC boundary conditions at the beam pipe ends. Data are
accumulated for further statistical analysis by repeating the simulation for
multiple random structures. A typical result for the variations of monopole
HOMs parameters is illustrated in Figure 17.

Besides the natural spread of the HOM parameters from cavity to cavity,
random deviations of geometry from the designed shape due manufacturing
tolerances in real cavity, may significantly change EM field distribution of
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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.’
This effect is illustrated in Figure 18 for the 5 monopole pass-band of the
HE 650 MHz Project-X cavity. Some of the modes, such as 7/5, 37/5, and
47 /5 in Figure 18b, become trapped in the internal cells of a cavity. Such
a distortion causes (R/Q) and @ of an actual cavity to differ significantly
from theoretical values.

By using the predicted deviations of monopole HOMs frequency, @)1, and
(R/Q) we generated 10° random linacs in order to estimate probability of
the RF losses per cryomodule. The results of this computation for the HE
650 MHz cavities are presented in Figure 19. The tail of these distributions
in the region of a high power losses has only a weak dependence on the beam
energy. Thus, we can neglect the effect of RF losses variation along the linac.
The cumulative probability of losses per cryomodule is shown in Figure 20
for three cases, when maximum, theoretical and actual (R/Q) values are
taken into account. We can see from this plot, that the probability to have
losses of 1 W is in the range 3 x 1075-1073; or, alternatively, the HOM power
loss is in the range 0.01-1 W per cryomodule with a probability 1073, Our
simulation also shows that main contribution in the region of high losses is
due to trapped modes of the 5 pass-band.

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 mm/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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We may conclude that cryogenic losses due to resonant excitation of
monopole HOM in HE 650 MHz structures is not a problem for the con-
sidered Project-X parameters, CW regime and 1 mA average beam current.

Operation of Project-X linac in a high beam current regime. Possible future
upgrades of Project-X may require to operate linac in a regime of a high beam
current, when an average beam current is 5 mA or even 10 mA. As it has
been discussed earlier in this section, monopole high order modes of the 5
pass-band of HE 650 MHz structure may become trapped in the internal cells
of the cavity, leading to a high value of (). This and the fact that cryogenic
losses are proportional to square of the average beam current, Pye ~ IZ,.
may potentially increase P, up to hundred Watt for the 10 mA average
beam current.

Figure 21 shows dependence of bandwidth of the 5 passband on geo-
metrical beta (a) and aperture (b). An alternative design of elliptical cavity
with a larger aperture (59 mm) and g = 0.92 is suggested for HE 650 MHz
section in order to comply with various upgrade scenarios of the Project X
linac [19]. Geometrical parameters of the cavity are shown in Table 6. We
perform a similar statistical analysis of the HOM spectrum for this cavity.
Figure 22 shows monopole HOM RF losses for the beam current of 1 mA and
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Table 6: Geometrical parameters of alternative cavity design for HE 650 MHz section of
Project X linac.

Ba = 0.92
Dimension || Regular Cell | End Cell

r, mm 59 29
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

o’ 1.3 1.9

e ow ow o om w om T mem 0T
a) b)

Figure 21: Dependence of the 5" pass-band bandwidth on geometrical beta, g (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-
presses high @, of the monopole HOM completely and mitigates the problem
of large cryogenic losses.
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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 with
a larger aperture, monopole modes of the 5 pass-band have frequencies
above the beam pipe cut-off frequency and become propagating modes. We
perform simulation of RF field in a chain of three cavities interconnected
with bellows, randomly varying geometry of cavities, as described above. We
find solutions of our simulation where the field of the propagating HOMs
is concentrated in the central cavity and the modes are effectively trapped
inside the cavity chain. Figure 23 shows distribution of RF fields of trapped
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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-
sists of three sub-components (1MHz, 10MHz, and 20MHz, see Figure 8).
HOM frequencies are not harmonics of the frequencies of these beam sub-
components. The phase of the voltage of an HOM excited by the resonance
with one of the beam components is random with respect to two other com-
ponents of the beam. The idea is illustrated in Figure 24. In case of a
high-@) resonance, such an HOM may introduce a significant energy varia-
tion along the beam train. This variation is proportional to the amplitude of
the beam current spectrum line closest to the HOM frequency. Such effect
is absent if the beam structure is regular and the beam spectrum consists of
sub-harmonics of a single frequency.

7_,,._7—~| Line of the beam spectrum |

i HOM frequency spread

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 (Iyeqn = 1 mA, Qr = 10°) excitation by the 10 MHz beam
component, green curve — on resonance, read and blue — of resonance (+30) excitations.

The width of a beam spectrum line is much more narrow compared to
the spread of HOM frequencies. We consider two possible situations, when
a beam line frequency is close to an HOM frequency:

1. symmetric, shown in Figure 25a, when a line in the beam spectrum
coincides with the mean value of the HOM frequency distribution. By
construction, this is unlikely situation. Energy spread along the bunch
train does not increase as beam travels along linac.

2. non-symmetric, when the beam line frequency is shifted with respect to
the HOM frequency (see Figure 25b). This is very probable situation.
The energy spread caused by the HOMs excitation accumulates along
the linac.

Figure 26 illustrates the principle of compensation (or accumulation) of the
beam energy spread. The typical process of the longitudinal emittance
growth is shown on Figure 27.

We perform a statistical analysis in order to calculate the probability of
the beam longitudinal emittance growth as the following. We simulate 10°
Project X linacs (HE 650 MHz section only) with random variation of HOM
parameters (frequency, impedance, loaded quality factor ) in cavities accord-
ing to the model described earlier in this Section (see Figure 17). Energy
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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 — 1%* and 27¢
passbands, dashed — 5! passband.

spread from bunch to bunch and longitudinal emittance growth are deter-
mined for every simulated linac. The results are summarized in Figure 28 and
Figure 29 for 1 mA, 5 mA and 10 mA average beam currents. The simulation
shows that the 2" and 5** monopole passbands are the most dangerous and,
thus, require a special care in order to avoid high-() resonances.

6. Manipulation of HOM spectra

It is shown in the previous section, that the probability of one of the
HOM of 650 MHz cavities to be in exact resonance with a line of beam
current spectrum is small. In a rare case when it is happened, the following
approach has been demonstrated to work [20]. HOM frequency can be moved
by detuning cavity’s accelerating mode by few tens of kHz and then tuning
operating mode back to resonance.

A test, described in [20], was performed with 1.3 GHz 9-cell ILC cavity
cooled to 2 K. The operating mode was detuned by 90 kHz and then tuned
back. Because of small residual deformation of the cavity, HOM frequencies
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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.

7. Collective beam effects

We study two types of collective beam effects caused by HOMs: beam
breakup, affecting transverse beam dynamics; and longitudinal, klystron-type
instabilities (see, for example, [21, 22]). In general, we do not expect the
collective effects to be an issue, due to the following: 1) there is no feedback
in linac as it is in circular accelerators, each bunch interacts with every cavity
only once, resonance and amplification conditions can not be realized as in
circular accelerator when bunches pass that same cavities multiple times; 2)
we have few different types of cavities with different spectra, HOMs excited in
one type of cavities do not affect excitation of HOMs in other types of cavities,
since frequencies of these modes are uncorrelated; 3) there is spread of HOM
frequencies in each cavity type, caused by manufacturing errors, thus, even if
a certain HOM is in resonance condition in one cavity, it may be off resonance
in other cavities; 4) HOM impedances depend on beam velocity, amplitudes
of excited HOMs vary from cavity to cavity and can only reach the maximum
possible value in few cavities, where the beam velocity is optimal for HOM
excitation; 5) beam current is small, power loss to HOMs scales as square of
beam current (Equation (4)), effects of HOMs on longitudinal and transverse
beam dynamic are proportional to the beam current (Equations (2) and (5)).
We focus our study of beam instabilities on 650 MHz section of Project X
linac, the longest one with the highest beam velocity.

7.1. Transverse dynamics

We use a simplified model to investigate transverse beam dynamics in
the field of dipole HOMs. We assume short bunches. We use lattice design
as outlined in [23]. Five dipole passbands in LE and HE 650 MHz section
are taken into account. Misalignment of cavities is random. Beam timing
structure corresponds to 3 GeV program (Sec. 3, Figure 8). The deflecting
gradient U], ,, at the passage of bunch n + 1 through a cavity can be written
as the following:

. 1
U1/1+1 = UrlzeijOMTfT/T - §QbR(1)wH0M(IL‘ - Sccav) )

where g, is the bunch charge, RY = Q..;(R/Q)™ is the dipole mode impe-
dance, x and x4, are the beam and cavity offsets. Then, change of the bunch
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Figure 30: Transverse (a) and longitudinal (b) emittance dilution as a function of HOM
frequency spread.

transverse momentum is

Apj_ =R (]éU/) .
w
We run simulation for 1 mA average beam current and 0.5 mm R.M.S.
of random transverse offsets of cavities. Results of simulation are shown in

Figure 30 (left). One can see, that the variations of the transverse emittance
are negligible in the the wide range of HOM frequency spread and Q¢.;.

7.2. Longitudinal instability

Similarly, we estimate effect of longitudinal HOMs on the longitudinal
beam dynamics (the so-called “klystron-type” instability). Figure 30 (right)
shows results of this simulation. Again, no noticeable changes in longitudinal
emittance are observed.

8. Discussion and conclusion

8.1. Comparison to SNS

SNS is successfully operated superconducting proton linac. It has two
(B = 0.61 and 8 = 0.81) sections of elliptical 6-cell 805 MHz cavities.
We benchmark our simulation of HOM power loss in 650 MHz sections of
Project-X linac against SNS. Figure 31 shows comparison of power loss due
to resonance excitation of monopole HOM for Project-X HE 650 MHz and
SNS 8 = 0.81 805 MHz cavities. One can see, that expected HOM power
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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.
Since SNS operates in pulsed regime, Lorentz force detuning of cavities dur-
ing pulses and pulse-to-pulse jitter reduce HOM power loss even more. In
Project-X linac, which operates in CW regime, similar effect of reduction
of HOM losses may be expected from microphonics. Figure 32 shows sen-
sitivity of the monopole HOMs frequencies to the variations of pressure in
liquid Helium bath for HE 650 MHz cavity. Cavity and Helium vessel are
optimized in order to minimize effect of microphonics for operating mode.
High order modes have larger detuning due to pressure variations, which is
increasing with the mode frequency. Relatively large frequency variations of
HOMs due to microphonics reduce probability of resonance excitation and
detune HOMs from resonance if resonance conditions happen.

8.2. Conclusion

We study effects of high order modes in Project-X superconducting CW
linac. The main goal of this study is to answer the question of whether HOM
couplers/dampers are needed or not in SRF accelerating cavities of Project-
X. Multiple issues related to the excitation of HOMs and their adverse effect
on cryogenic losses and beam dynamics are addressed.

We find that beam breakup and “klystron”-type instabilities are negli-
gible in 6560 MHz section of the linac. Incoherent HOM losses are small.
Resonance excitation of dipole modes does not look to be an issue. Acciden-
tal resonance excitation of the monopole modes in HE 650 MHz section may
lead to the longitudinal emittance dilution, but the probability is small and
HOM frequency can be moved from the dangerous resonance condition by
detuning cavity operating mode and then tuning it back.

Based on this study we conclude that HOM couplers and dampers are
not needed in Project-X linac.
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