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Electron-beam current in superconducting radiofrequency energy recovery linear accelerators

(SCRF ERLs) is limited by beam break-up (BBU) instabilities disrupting beam transport and

energy recuperation. The instabilities originate from the accumulation of high order modes

(HOMs) in the cavity and positive feedback between the beam and HOMs which is especially evi-

dent in multi-pass ERLs. Overcoming the beam current limitations due to BBU instabilities is one

of the challenges in accelerator science. A dual-axis asymmetric SCRF ERL has been proposed as

a possible way to drive a high average current electron beam for next-generation light sources and

beam cooling in electron-ion colliders (EICs). In this work, detailed studies on HOMs in the asym-

metric dual axis cavity were carried out. The asymmetric field distribution of HOMs (i.e., confine-

ment to one or another axis) has been demonstrated and their excitation from different axes has

been studied. The results confirm the numerical predictions and theory developed to describe the

asymmetric dual axis cavity. Published by AIP Publishing. https://doi.org/10.1063/1.5060725

Beam acceleration can be achieved using radiofre-

quency (RF) cavities shaped to produce the desired acceler-

ating field profile along the axis. In an energy recovery

LINAC, a beam of electrons is accelerated, used, and recir-

culated back into the cavity. The recirculated particles arrive

180� out of phase with those that are being accelerated and

are hence decelerated. Conventional energy recovery linear

accelerator (ERL) systems have been designed to make use

of the same RF cavities for both acceleration and energy

recuperation.1–7 The use of the same cavity for both pro-

cesses leads to accumulation of parasitic high order modes

(HOMs), affecting the beam dynamics and limiting the beam

current to around 0.5 A due to beam break-up (BBU) insta-

bility. To overcome the limitations imposed by the instabil-

ities, the use of a dual axis8–10 asymmetric cavity has been

suggested.11–14 The asymmetric configuration exploits the

splitting of the accelerating and decelerating processes onto

two slightly different sets of cavity cells centred on two par-

allel axes and resonantly coupled by a bridge cell [Fig. 1(a)].

The set-up allows (as shown in numerical simulations13) the

aversion of mutual excitation of HOMs, minimising feedback

between accelerating and decelerating beams and increasing

BBU instability start current.

The predicted advantage of the dual-axis asymmetric

cavity is the possibility of confining HOMs to either acceler-

ating or decelerating sections implying a decaying electro-

magnetic field on one of the axes. This would prevent the

feedback loop between sets of cells positioned on different

axes becoming closed, thereby achieving the overall goal of

increasing BBU start current and allowing the average cur-

rent driven through such an ERL to be dramatically

increased13,14 whilst meeting efficiency requirements via the

use of an energy recovery stage. This is desirable for next

generation high power light sources capable of generating

high brilliance light in the THz and X-ray frequency

range16–22 as well as for beam cooling in electron–ion col-

liders. In previous works,13,14 theoretical and preliminary

experimental studies of modes in the pass band have been

carried out and some confirmation of the validity of the

numerical model has been demonstrated. In this paper, the

measurements and rigorous experimental studies of HOMs

have been conducted. Improvements of the test set-up and

data analysis to allow HOM studies have been carried out

and improved signal-to-noise sensitivity is demonstrated.

The results observed using the improved set-up are com-

pared with the previous measurements, and significant

improvements are demonstrated.

In this paper, we show that the predictions made about

the localisation of HOMs have been verified experimentally,

and the results of the experimental studies are shown and dis-

cussed. We show that each HOM is localised to one of the

FIG. 1. Diagram of the 7-cell cavity with ports and length scale is shown.

The ports’ locations are schematically indicated by the blue circles and

referred throughout the paper by numbers which are linked to the system

axis 1-3 and 2-4 as labelled in the diagram.

a)Author to whom correspondence should be addressed: ivan.konoplev@

physics.ox.ac.uk

0003-6951/2018/113(24)/243503/5/$30.00 Published by AIP Publishing.113, 243503-1

APPLIED PHYSICS LETTERS 113, 243503 (2018)

https://doi.org/10.1063/1.5060725
https://doi.org/10.1063/1.5060725
mailto:ivan.konoplev@physics.ox.ac.uk
mailto:ivan.konoplev@physics.ox.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5060725&domain=pdf&date_stamp=2018-12-11


axes, with all HOMs having very different field structures

inside the acceleration and deceleration sections of the cav-

ity. The excitations of asymmetric modes including excita-

tions on different axes have been discussed, and the results

are shown. We demonstrate that HOM structures do not

depend on the positioning of the couplers used to excite

them along the axis, confirming numerical studies. In this

work, the measurements of HOMs inside such a cavity illus-

trate the asymmetricity of HOMs (which is essential to

enable the operation of high current ERL), improving the

understanding of the HOM distributions and confirming the

validity of the numerical studies. The results are the next

step towards the development of the high average current

ERLs needed for both fundamental research and industrial

applications.

The RF bead pull test procedure is based on the intro-

duction of a small-volume (compared with the operating

wavelength or volume of the cavity) and typically dielectric

object into a resonant cavity, resulting in a perturbation of

the stored energy within the cavity. The perturbation to the

energy stored varies as the dielectric object is moved from

the high intensity field of the mode to its zero. Measuring the

complex responses of the S11 and S12 parameters, one can

observe sufficient information about the eigenmode field

structure inside the cavity. The measurements of the phase

shift u that occurs when the perturbation is introduced can

be used to obtain the shift in resonant frequency Df

Df

f
¼ tan u

2Q
; (1)

where f is the resonance frequency of the unperturbed mode,

u is the measured phase shift relative to that of the unper-

turbed mode, and Q is the quality factor of the unperturbed

mode. The resonant frequency shift is proportional to the

square of the local E-field at the position of the object, and

for a small (i.e., E field variations are small over the scale of

the bead) spherical dielectric bead, the following relation

between the field amplitude and the shift of the frequency

is true:

U
Df

f
¼ er � 1

er þ 2
e0E0

2; (2)

with U as the total energy stored in the cavity, E0 as the local

electric field for the unperturbed cavity, er as the relative per-

mittivity of the bead, and all other symbols having their

usual meaning. It is clear that if er � 2, expression (2) can

be simplified to avoid uncertainties with the value of the rel-

ative permittivity and improve the sensitivity of the measure-

ments. In the set of experiments discussed, a probe made of

PMMA (acrylic glass) with er ¼ 3:4 was used. The 7-cell

test cavity (Fig. 1)13,14 was set-up upon an optical table,

which was vibrationally isolated so environmental impact

on the measurements could be minimised. Additionally, the

measurements were carried out overnight to avoid other

interferences.

A pair of electric dipole probes (couplers) connected

to the two-port VNA were inserted through specific cavity

ports, and both couplers were used to excite and probe the

EM field inside the cavity. As opposed to the previous set-

ups14 for these experiments, the couplers were inserted verti-

cally through ports which were vertically aligned with the

cavity axes, located along the bridge cell and at the opposite

side of the cavity, as shown by the circles in Fig. 1. In Fig. 1,

the technical drawings of the cavity and schematic position

of the five ports (blue circles) used to study the HOMs and

pass-band modes are shown. We note that the location of the

couplers vertically and not along the axis improved signifi-

cantly the quality of the results observed and their reproduc-

ibility. To locate eigenmode frequencies, the amplitude of

the transmission and reflection coefficients was measured,

i.e., both S11 and S12 parameters. Frequency-response mea-

surements were performed between 1 and 2.5 GHz; peaks in

the frequency-response graph were taken to represent reso-

nance modes. At each identified mode, the amplitude of the

E-field (2) along each axis of the system is measured using

the bead pull method15 with a step of 5 mm whilst the argu-

ment of the S21 parameter is measured repeatedly (to miti-

gate the impact of small timescale random noise due to

vibrations). The tangent of the phase shift gives the change

in the frequency corresponding to the perturbation intro-

duced by the dielectric bead, which is proportional to the

local E0 field at the location of the bead [see expressions (1)

and (2)]. The mean phase shift is used to deduce the local E0

field along the z-axis, and we normalise the field detected

outside the cavity to 1 to obtain the relative magnitude of the

E fields associated with each resonant mode. The main goal

of the experiments was a full experimental investigation and

understanding of the E-field structures for all HOMs detected

between 1.5 GHz and 2.5 GHz across both axes. The results

of these studies are essential prior to finalising the cavity

design and technical drawings for the construction of a

superconducting radiofrequency (SCRF) cavity.

The series of tests was designed to confirm the validity

of the modified experimental set-up as well as the results

achieved in preliminary studies.14 This was also done to

demonstrate the reproducibility of the data and verify the

calibration of the equipment. During the tests, the depen-

dence of the mode excitation on the coupler positioning

(depth of insertion) was examined. This was necessary as

VNA has finite power capabilities, and the efficient excita-

tion of the modes is important to study low-Q modes. In

Fig. 2, it can be seen that the modes’ structures as measured

are similar to those observed in Ref. 14, though with

markedly improved magnitude of response in most cases.

Additionally, we managed to remove the unphysical skew of

the E-field towards one end of the axis for modes showing

a weaker response. The skew of the E-field has been eli-

minated through fine-tuning of coupler position to ensure a

uniform strength of coupling at either end of the cavity (this

was not possible with the previous set-up). All the experi-

ments presented here were carried out using the following

procedure: every mode identified has been investigated with

the bead running along one of the axes of the cavity with the

couplers positioned either along the same or opposite axis.

The axis along which the couplers have been located is

referred to as an “active” axis, whilst the opposite axis is

referred to as the “passive” axis. Once the measurements

have been performed along one axis, the cavity would then
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be moved, ensuring that the position of the couplers did

not change, so that the bead would run along the opposite

(passive) axis, and the measurements repeated at the frequen-

cies identified previously. First, the pass-band modes were

identified and measured. Their structures are shown in Fig. 3

with the red solid line indicating the active axis, i.e., the axis

along which the couplers were positioned while blue dotted

line shows the field structure along the passive axis (no cou-

plers, only the bead pull line). It was found that, while most

of the modes have some degree of asymmetry, only the two

pass-band modes observed at 1.274527 GHz and 1.279228

GHz were shown to have a highly asymmetric structure

with the E-field almost entirely confined to a single axis of

the cavity.

To carry out studies of HOMs, bead pull measurements

and data analyses were carried out according to the same

procedure described above. As before, the couplers and the

bead were swapped between alternate axes. It was expected

that all HOMs outside the pass band, i.e., above 1.3 GHz,

would be localised to either one axis or the other, i.e., a high

degree of asymmetry would be present. The experiments

were carried out and typical results are shown in Figs. 4(a),

5(a), and 6 with blue and red lines showing results of mea-

surements on the passive and active axes, respectively.

Figures 4(b) and 5(b) illustrate the typical spectra of high-

order eigenmodes as measured on the active [Fig. 4(b)] and

passive [Fig. 5(b)] axes. We note some interesting features

shown in Figs. 4(a) and 5(a). In Fig. 4(a), the expected mode

structure is excited on the axis where the couplers are posi-

tioned, while in Fig. 5(a), the expected mode structure is

excited on the passive axis, i.e., the couplers are aligned

FIG. 3. A comparison of the pass-band mode structures on each axis of the

cavity, with the couplers positioned on the axis 4-2 (red line), i.e., the axis

3-1 (Fig. 1) is passive. The figures show the modes having different degrees

of asymmetricity with different fields on the different axes. The negative

values of some of the residual fields outside the cavity come from the nor-

malisation procedure, general asymmetry of the cavity, and losses over the

cavity length.

FIG. 2. Comparison of the pass-band eigenmodes’ field structures as mea-

sured during the preliminary (blue lines) set of experiments14 and using the

current set-up (red lines). The results are shown for modes at (a) 1.279 GHz,

(b) 1.286 GHz, and (c) 1.289 GHz. The previous results14 display a bias

towards one end while the set-up allows overcoming this issue; also, the

noise to signal ratio has been improved.

FIG. 4. (a) The results of the measurement of the HOM’s (at 1.762 GHz)

E field relative intensity along the centre of each axis [red line—active axis

4-2, blue is passive (3-1)]. (b) Zoom up frequency range [1.752 GHz;

1.772 GHz] of the normalised spectrum of the HOMs.

FIG. 5. (a) The results of the measurement of the HOM’s (at 1.794 GHz)

E field relative intensity along the centre of each axis [red line—active axis

4-2, blue is passive (3-1)]. (b) Zoom up frequency range [1.784 GHz;

1.804 GHz] of the normalised spectrum of the HOMs.
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along the opposite axis with respect to the excited field local-

isation. This shows that asymmetry of the modes is irrelevant

to the position of the couplers. While this shows that cross-

axis excitation is possible in these experiments, it is not

expected that electron bunches propagating along one of the

axis will be able to excite the HOM confined to the other

axis. This is due to zero coupling of the bunch to an asym-

metric mode while propagating along the axis to which the

mode is not confined, as the field amplitude on this axis will

be zero. Similarly, for all other sets of experiments in which

higher order modes above 1.3 GHz were studied, we see that

HOMs are not shared across both axes of the cavity, i.e., the

field is almost entirely confined to one axis of the cavity or

the other. The typical results for the field distributions of

HOMs are illustrated in Fig. 6 where a set of five typical

HOM field structures are shown in the frequency range from

1.5 GHz to 2.5 GHz. As before, the dashed blue and solid

red lines show the field distributions along the passive and

active axes, respectively. From the results observed, we can

see almost no evidence of higher order modes with similar

responses across both axes, contrary to what was observed

for some pass-band modes.

Overall, the results agree well with theoretical predic-

tions and are as expected in terms of the mode structure and

their distribution. We observed HOM excitation when

excited by the couplers both on the same and opposite axis,

but because the mode structure itself is largely confined to

either the accelerating or decelerating set of cells in these

cases, this is not a concern when implemented in an ERL.

Indeed, as a zero field means no interaction of electromag-

netic fields with an accelerating or decelerating electron, it is

unlikely that such an asymmetric mode could be excited by a

particle on the alternate axis. To conclude, we note that the

dual-axis studies of the eigenmodes of the dual-axis proto-

type of the SCRF cavity have been carried out, and they

show that, within the pass-band modes of the cavity, the

excited operating mode has a highly symmetric structure and

is not affected by the small changes to the cells’ geometry.

The remaining modes in the pass band have different degrees

of asymmetry. This implies that energy recovery (and cross-

axis transference) through excitation of the operating mode

is feasible while the introduction of RF couplers to suppress

other pass-band modes will be advantageous. The higher

order modes have strongly asymmetric structures and are

entirely confined to either one axis of the cavity or the other,

minimising the possibility of cross-axis parasitic excitation.

These results illustrate that this particular set-up could be a

viable candidate for construction of a high average current

ERL. The consistency of the preliminary theoretical studies

from previous works with the results observed implies that

the results obtained in these rigorous investigations are reli-

able and reputable. Further investigation could continue with

RF studies of a cavity to improve the overall design of the

cavity, e.g., reducing the field stress and R/Q of the modes in

the pass-band, designing additional HOM couplers to further

increase the BBU start current, as well as studying beam

dynamics in such a system. Building upon the work pre-

sented, we conclude that the fundamental features predicted

in the paper13 have been confirmed and next steps such as

optimisation of cavity parameters, construction of supercon-

ducting RF cavity, and RF testing of such a cavity are

required to move forward with the development of a high

average current ERL.
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