
ANALYSIS OF HIGH ORDER MODES IN 1.3 GHZ CW SRF ELECTRON
LINAC FOR A LIGHT SOURCE

A. Sukhanov∗, A. Vostrikov, V. Yakovlev, Fermilab† , Batavia, IL 60510, USA

Abstract
Design of a Light Source (LS) based on the continuous

wave superconducting RF (CW SRF) electron linac is cur-
rently underway. This facility will provide soft coherent
X-ray radiation for a broad spectrum of basic research ap-
plications. Quality of the X-ray laser radiation is affected
by the electron beam parameters such as the stability of the
transverse beam position and longitudinal and transverse
beam emittances. High order modes (HOMs) excited in
the SRF structures by a passing beam may deteriorate the
beam quality and affect the beam stability. Deposition of
HOM energy in the walls of SRF cavities adds to the heat
load of the cryogenic system and leads to the increased cost
of building and operation of the linac. In this paper we
evaluate effects of HOMs in an LS CW SRF linac based
on Tesla-type 9-cell 1.3 GHz cavities. We analyze non-
coherent losses and resonance excitation of HOMs. We
estimate heat load due to the very high frequency HOMs.
We study influence of the HOMs on the transverse beam
dynamics.

INTRODUCTION AND MOTIVATION
A concept of a Next Generation Light Source (NGLS),

which provides soft coherent X-ray radiation for a broad
spectrum of basic research applications is proposed at
LBNL [1]. Another proposal of a similar facility, Liner
Collider Light Source (LCLS-II) is advocated by SLAC.
The integral part of such a machine is the continuous wave
superconducting RF (CW SRF) electron linac feeding sec-
tions of free-electron lasers (FELs). The linac design is
based on the technology developed for International Liner
Collider (ILC) [2]. It utilizes Tesla-type 9-cell 1.3 GHz
cavities grouped in cryomodules. The full linac is built of
up to 30 cryomodules combined in the injector section and
2 or 3 main sections separated by bunch compressors.

The electron beam with an average current of 0.3 mA is
accelerated up to 4 GeV. The bunch length is 30–50 µm
and bunch repetition rate is up to 1 MHz. The normalized
transverse emittance of the electron beam is 0.6 µm and the
transverse position stability is better than 5%.

In order to achieve design parameters of X-ray laser radi-
ation, it is important to preserve parameters of the electron
beam while it accelerates through the linac. Longitudinal
and transverse beam emittances, stability of the beam trans-
verse position are the most important parameters affecting
quality of FEL radiation.
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Charged beam bunches interact with the accelerating
SRF structures by the radiation of electromagnetic (EM)
fields. Radiated EM field can be considered as superposi-
tion of excited eigenmodes of SRF cavities. These modes,
other than the fundamental cavity mode, are conventionally
called high order modes (HOMs). Field of excited HOMs
acts back on the beam and may deteriorate quality of the
beam. If a very strong HOM is excited it may even affect
beam stability and in the worst case break the beam.

Another adverse effect of the excited HOMs is deposi-
tion of EM energy in the walls of SRF cavities. The ex-
pected heat load in NGLS during normal operation is 120
W per cryomodule at 17 MV/m. The excessive heat load
due to HOM excitation leads to increased cost of building
and operation of the linac.

Analysis and control of the HOMs are important parts of
design of SRF linacs. In this paper effects of the HOMs
in an LS linac based on Tesla-type 9-cell 1.3 GHz cavi-
ties are studied. We estimate incoherent losses and loss
factors. Resonance excitation of the monopole HOMs and
cryogenic heat load are evaluated. We also estimate losses
due to very high frequency HOMs using diffractive model.
Excitation of dipole HOMs and their effect on beam stabil-
ity is studied.

INCOHERENT LOSSES AND LOSS
FACTORS

A bunch of charged particles passing through an RF cav-
ity loses its energy into EM radiation. The radiated field
can be characterized by a voltage induced in the cavity,
which is proportional to the bunch charge, V = 2klossqb
(see, for example [3]). The radiated EM energy is W =
klossq

2
b . The parameter kloss is the loss factor.

If the lost EM energy dissipates during the period be-
tween bunches, or the phase of the EM field in the cav-
ity left by the previous bunches is random w.r.t. to the
bunch arrival time, the single bunch losses can be consid-
ered as independent of the other beam bunches. This is
the case of incoherent losses. The average power loss is
Pav = klossqbIav, where Iav is the average beam current.

The loss factor depends on the longitudinal bunch size
σz . This dependence for Tesla-type 9-cell cavity has been
calculated by T. Weiland and I. Zagorodnov [4]. The total
loss factor for the 50 µm NGLS bunches is 18.3 V/pC. One
can estimate the loss factor of the fundamental cavity mode
only: k0loss = ω(R/Q)/4 ≈ 2 V/pC. Thus, the major con-
tribution into the total loss factor in NGLS linac is due to
the high order modes.

Average incoherent beam power loss in NGLS is 11.5 W
per cryomodule. Comparing this number with the expected

Proceedings of SRF2013, Paris, France THP070

11 High current issues and beam dynamics

V. Couplers/HOM

ISBN 978-3-95450-143-4

1085 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



heat load of about 120 W/cryomodule, we conclude that
incoherent losses should not be a problem for NGLS linac.

RESONANCE EXCITATION OF
MONOPOLE HOMS

CW bunched beam passing through SRF cavity may co-
herently excite HOMs with a high loaded quality factor,
QL. If HOM is excited close to its resonance frequency,
the effect may be significantly higher compared to inco-
herent losses. Also, in periodic structure of multiple SRF
cavities in linac conditions may be realized when HOMs
with frequency above beam pipe cut-off frequency [5] are
effectively trapped inside cavities [6].

We have developed a model for estimation of resonance
excitation of the HOMs and applied this model for the
Project X CW SRF linac design [7–10].

The basic features of our model in application to the
analysis of HOMs in LS linac are the following. We use a
conservative approach and estimate the maximum possible
effect. Since LS bunch timing structure is very uniform, no
significant effects on longitudinal beam dynamics are ex-
pected. Tesla-type 9-cell structure with HOM couplers and
absorbers providing QL < 106 is assumed. We use Super-
LANS RF simulation code [11] to calculate cavity spec-
trum. The worst trapping conditions for the propagating
HOMs, when the (R/Q) values are at their maximum, are
found by the variation of the distance between cavities in
our model. Random variations of HOM frequencies from
cavity to cavity with R.M.S. value σf ∼ 1 MHz are as-
sumed [12]. An idealized beam current spectrum without
time and charge jitter is calculated.

Beam Spectrum
The bunch repetition frequency in NGLS is assumed to

be constant and equal to 1 MHz, and the bunch length is
δt = 70 fs. We suppose that bunches have the uniform
charge distribution with the total charge qb = 0.3 nC.

Calculated beam spectrum is shown in Fig. 1. Spectrum
lines are separated by 1 MHz. One can see, that for the
frequencies below 1 THz the beam spectrum is quite flat.

HOM Spectrum
We evaluate HOM spectrum of Tesla-type 9-cell cavity

using SuperLANS code. HOMs can be characterized as
trapped or propagating by their relation to the beam pipe
cut-off frequency. Frequency of the trapped modes is below
fcutoff, while the propagating modes have frequency above
the cut-off frequency.

Propagating modes can form standing waves in the struc-
ture of multiple cavities and became effectively trapped.
Impedance (R/Q) of such trapped modes depend on where
the standing wave is formed. In order to evaluate (R/Q)
variations with the length of the standing wave, we vary
length of the beam pipe between cavities in our simulation.

Spectrum of the monopole HOMs of Tesla-type 9-cell
cavity is shown in Fig. 2. We approximate dependence of
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Figure 1: Beam spectrum for NGLS in assumption of av-
erage current of 0.3 mA, bunch size of 70 fs and uniform
particles distribution within bunches.
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Figure 2: Spectrum of monopole HOMs of Tesla-type 9-
cell cavity. Green line shows approximation of data with
exponential function. Vertical red line shows location of
beam pipe cut-off frequency.

the impedance on the mode frequency by an exponential
function (R/Q)[Ω] = 37.7 exp(−0.4f [GHz]). It is inter-
esting to note, that the density of the monopole modes in-
creases approximately linearly with the frequency, with the
slope parameter ∼ 7 modes/(GHz)2.

Power Loss Calculation
We simulate 1000 cavities with random variations of the

HOM frequency with R.M.S. value σf = 1 MHz. Dis-
tribution of the power loss caused by the excitation of the
HOMs with the frequency spread 1 MHz and quality fac-
tor QL = 107 is shown in Fig. 3. The mean power loss is
approximately 1 mW per cavity, even when all monopole
HOMs with the frequency below 11 GHz are considered.

Occasionally, due to random variation of its frequency, a
single HOM in one cavity may come close to resonance. In
that case power loss may increase up to 100 mW. We esti-
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Figure 3: Distribution of power loss due to resonance ex-
citation of HOMs with the mode frequency spread 1 MHz
and quality factor QL = 107.

mate probability of the high losses cased by a single HOM
closest to the resonance. Fig. 4 shows cumulative proba-
bility of the HOM power loss for the modes with quality
factor QL = 107. We evaluate, that for the HOMs with the
frequency below 11 GHz and QL < 107 the probability to
have losses above 1 W is less than 10−3.

We conclude, that cryogenic losses due to coherent exci-
tation of monopole HOM are small.
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Figure 4: Cumulative probability of HOM power loss for
the modes with the mode frequency spread 1 MHz and
QL = 107.

VERY HIGH FREQUENCY HOMS
Due to the very short longitudinal bunch size, the LS

beam current spectrum extends into THz range. This
means, that some sizable fraction of EM energy radiated
by bunches is in the frequency region above the energy
gap of Cooper pairs in superconducting niobium, which
corresponds to 750 GHz at 2 K. Absorption of EM radi-

ation above this frequency in niobium breaks Cooper pairs
and increases normal conducting phase, resulting in the in-
creased surface resistance and deterioration of the cavity
intrinsic quality factor, Q0.

In order to estimate losses into very high frequency
modes, we use a diffraction model, following P. Hülsmann
et. al [13]. According to this model, energy lost in a pill-
box cavity of length Lcell by a bunch of longitudinal size
σz and charge qb coming from a beam pipe of radius a is

∆E1cell =
q2b

4πε0a

√
Lcell

2σz
, (1)

where ε0 is permittivity of free space. For LS bunches qb =
0.3 nC, σz = 50 µm, and ∆E1cell ≈ 0.7 µJ. As bunches
travel through consecutive cells in multi-cavity structures
(cryomodules) the losses per cell become smaller, as the
energy density of the bunch EM field in the cell iris ra-
dius decreases due diffraction in previous cells. It has been
shown in [13], that after about 200 cells energy lost per
9-cell structure ∆E9cell ≈ ∆E1cell.

Average power loss is Ploss = fb∆E9cell ≈ 0.7
W/cavity (here fb = 1MHz is bunch frequency). Only a
fraction r of this losses is radiated in the frequency region
above 750 GHz. We can estimate this fraction, assuming
the following frequency dependence of the energy density

of diffracted field: dE
dω ∼ e−σ

2
zω

2/c2

√
ω

. Then

r =

∫ ∞

ωg

dE

dω
dω

/∫ ∞

0

dE

dω
dω ≈ 0.2 , (2)

where ωg is circular frequency corresponding to 750 GHz.
Thus, we expect that the average power loss above the
energy gap of Cooper pairs in niobium is less than 0.2
W/cavity for LS beam parameters.

We conclude that power loss into very high frequency
HOM should not be a problem in LS CW linac.

DIPOLE HOMS AND CUMULATIVE
EFFECTS

A bunch of charged particles passing through a cavity off
the cavity axis excites dipole modes, which interact with
the following bunches. This interaction can be expressed
in terms of additional transverse momentum of bunches, or
transverse kick. If excitation of dipole modes is strong it
may result in the effective emittance dilution over the time
or even beam break-up (BBU) effect.

In this section we evaluate dipole mode excitation in LS
linac, simulate transverse motion of bunches and analyze
dilution of effective transverse emittance.

Dipole HOM Spectrum
We calculate dipole HOM frequencies [14] and the ef-

fective impedances [15] R(1)/Q of Tesla-type 9-cell cav-
ity using SuperLANS code. Fig. 5 shows spectrum of the
dipole modes. The impedance dependence on the mode
frequency can be approximated by an exponential function
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R(1)/Q)[kΩ/m2] = 23 exp(−0.27f [GHz]). The dipole
mode density increases approximately linearly with the
slope paramater ∼ 13 modes/(GHz)2.
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Figure 5: Spectrum of dipole HOMs in Tesla-type 9-cell
cavity. Green line shows approximation of data with expo-
nential function. Vertical red line shows location of beam
pipe cut-off frequency.

Similarly to the monopole HOMs, the propagating
dipole modes may form standing waves in the structure
of multiple cavities. In this case propagating HOMs pro-
duce the same effect as the trapped ones. That is why both
propagating and trapped HOMs should be considered in the
analysis. R(1)/Q of propagating modes depends on where
the standing wave formed. We evaluate this dependence
by simulation of cavities with varying beam pipe length.
We find that only one dipole mode at a time can be effec-
tively trapped. We can safely use 275 kΩ/m2 as the upper
limit for the impedance of the trapped dipole mode. The
impedance of other dipole modes is much smaller and their
effect on transverse motion of beam can be neglected.

Separation between frequencies of dipole HOMs is sig-
nificant compare to the distance between two adjacent lines
in the beam spectrum. Thus each line of the beam spectrum
can interact with only one dipole HOM.

Simulation of Transverse Beam Motion
We assume that transverse and longitudinal motions

are uncoupled and monopole HOMs are not simulated.
LS beam is represented by a continuos train of electron
bunches separated by 1 µs interval. The bunch charge is
0.3 nC.

We setup simulation of the transverse beam motion as
the following. The bunches are accelerated from 350 MeV
to 2 GeV. Cavities are grouped into cryomodules with
8 cavities each. Each cavity has accelerating voltage of
20 MV and synchronous phase of −12◦. The cavity length
is 1.2 m. The distance between cavities is 0.2 m. The cav-
ities axes are randomly misaligned with standard deviation
of 0.5 mm. There is a single quadrupole between cryomod-
ules. Focusing and defocussing quadrupoles follow one af-

ter another. The quadruple length is 65 cm, magnetic field
gradient is 1.5 T/m. The distance between a quadrupole
and the first cavity in the following CM is 40 cm. The dis-
tance between a quadrupole and the last cavity in the pre-
vious CM is 1 m. We consider the HOM frequency spread
to be in the range from 1 Hz to 10 MHz. HOM effective
impedance is 275 kΩ/m2. HOM quality factor is 105.

Results
In the simulations all bunches enter the linac with iden-

tical energy and position. HOMs are not excited before the
first bunch passes through the linac. Final position of the
center of each bunch is recorded. This information allows
to calculate effective transverse emittance dilution. Calcu-
lated value is compared to the initial transverse emittance
of 0.6 mm·mrad.

HOM frequencies have normal distribution. A range of
the frequency spread values is considered. For each case
500 runs of simulations are made. Different positions of
HOM frequency with respect to beam spectrum line are
considered.

The results for the resonance case (when HOM fre-
quency equals beam spectrum line frequency) are shown
in Fig. 6a. There is no emittance dilution if there is no
HOM frequency spread, because in this case each bunch
passing each cavity when electric field of HOM is zero.
Frequency spread introduce emittance dilution. It has max-
imum between 10 and 100 kHz, which corresponds to the
line width: f

Q = 2000 MHz
105 = 20 kHz. The maximum value

is smaller than 1% of initial emittance.
The results for the case when the HOM frequency is be-

tween two beam spectrum lines are shown in Fig. 6b. If the
HOM frequency spread is small compare to the distance
between the beam spectrum lines, the emittance dilution
is very small. The greater the frequency spread, the more
probability for HOM to be close to the resonance. The
emittance dilution increases with HOM frequency spread,
but it is still smaller than 1% of initial emittance.

We conclude, that resonance excitation of dipole HOMs
seems not to an issue for the LS transverse beam dynamics.

SUMMARY AND CONCLUSION
We study high order modes in LS CW electron linac.

Analysis of incoherent losses is performed. With the bunch
charge 0.3 nC and beam size 50 µm incoherent losses are
less than 2 W per cavity. Resonance excitation of longitu-
dinal (monopole) HOMs is considered. We estimate that
the probability of the power loss above 1 W due to excita-
tion of HOMs with frequency up to 11 GHz is 10−3. Ef-
fect of very high frequency HOM excitation analyzed using
diffractive model. We find that the mean power loss in very
high frequency HOMs is less than 0.2 W/cavity. We study
resonance excitation of transverse (dipole) modes and their
effect on the transverse beam dynamics. Relative change in
transverse emittance is found to be less than 1%.

We conclude, that HOMs should not be a problem in LS
CW SRF linac with Tesla-type 9-cell 1.3 GHz cavities.

THP070 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

1088C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

11 High current issues and beam dynamics

V. Couplers/HOM



100 101 102 103 104 105 106 107

HOM frequency spread, Hz
10−20

10−18

10−16

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

R
el

at
iv

e
ef

fe
ct

iv
e

tr
an

sv
er

se
em

it
ta

nc
e

di
lu

ti
on

(a) Mean HOM frequency is 2000.0 MHz.
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(b) Mean HOM frequency is 2000.5 MHz.

Figure 6: Relative effective transverse emittance dilution due to dipole HOM as a function of HOM frequency spread for
the resonance case and the farthest from the resonance case.
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