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Abstract

Increasing the beam charge and repetition rate leads to
appearance of beam break-up instabilities in conventional
ERLs. At this stage the highest current achieved in the
SRF ERL, is around 300mA and to increase it a single
turn, dual axis, compact Asymmetric Energy Recovery
LINAC (AERL) has been proposed [1-4]. It has been
theoretically predicted that this concept enables the use of
electron beams with peak currents >1A, allowing high
flux radiation to be generated using conventional ap-
proaches. The AERL works by limiting the feedback
between the deceleration and acceleration stages and thus
increasing the start currents of the beam destructive insta-
bilities. This is partially achieved by tuning cells to allow
only the operating mode to be uniform inside the cavity
and splitting the accelerating and decelerating stages [1].

Magneto-optical system (a)

Accelerating section Cryo-module

Interaction point

v

/
Decelerating section X-ray/THz

AScalaaling S6chon,

Decelerating section
Resonant coupler

Figure 1: (a) Schematic diagram of the SCRF ERL sys-
tem proposed to generate high luminosity photons [2]. (b)
photograph of the 7-cell aluminium cavity.

INTRODUCTION

Here we present the studies of a 7 cell, aluminium alloy
prototype of the asymmetric cavity and discuss the first
preliminary experimental results. We show the results of
measurements of the cavity eigenmodes in pass band
frequency range from 1.27GHz to 1.3GHz and compare

07 Accelerator Technology
T07 Superconducting RF

the measurements with CST MW predictions. The field
structures of operating and high-Q asymmetric modes
were measured and also compared with numerical predic-
tions. The experimental results observed are in good
agreement with theoretical predictions.

BASIC CONCEPTS

High luminosity and high intensity coherent radiation is
typically associated with national scale facilities like
FELs and Synchrotrons, i.e., large sites costing circa
£0.5B. These ultra-high flux photon factories are capable
of generating from THz to X-ray radiation, and are pre-
dominantly used for high resolution imaging. They are
vital for many branches of science and industry but with
the limited number and availability of such facilities the
research progress is slow. The development of systems
which could complement such factories can be beneficial
for all users. To achieve the required luminosity and in-
tensity, a high average electron beam current is needed [5,
6]. Also, to meet the demand for cheaper and more eco-
nomical systems, energy efficiency of all systems is an
important issue. One possibility of reducing the energy
consumption, while still driving high currents, is to em-
ploy Energy Recovery LINACs (ERLs). Such system’s
components are made of superconducting materials and
require additional cooling, cryogenic systems while the
bunch current limitations for these systems can be severe
[7,8]. Increasing the average electron beam current above
some threshold value (usually 100 mA) will lead to de-
velopment of beam instabilities and beam transportation
termination. To solve this problem and make ERLs more
attractive an asymmetric dual axis cavity has been pro-
posed [1-4] and here we present a 7-cell prototype of the
novel cavity. The prototype is discussed and the results of
the cavity preliminary RF studies are compared with
theoretical predictions.

In Fig. 1, a schematic of the concept of high brightness
and high intensity light source based on the dual axis
cavity under consideration is shown [2]. To make the
system compact (reducing electron beam dump size) and
energy efficient, it is attractive to add the energy recovery
stage and locate accelerating and decelerating stages in a
single cryo-module (blue area in figure la). Let us note
that in conventional operating systems for accelerating
and decelerating stages the same cells of a single-axis
cavity are used. In this case the system is prone to devel-
opment of the BBU instability [7], as HOM readily accu-
mulate inside such a cavity. The use of dual-axis “U-
shaped” (Fig.1) asymmetric superconducting cavity for a
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single turn ERL is suggested as an alternative to the con-
ventional design to limit the regenerative BBU instability.
Both accelerating and decelerating sections of this ERL
consist of the same number of cells but individually tuned
to ensure only overlap of the partial modes which form
the cavity operating eigenmode. After the decelerating
stage, the beam having relatively low energy (below ma-
terials’ activation threshold) is damped on a distributed,
passive collector [4] designed to passively disperse and
withstand high power electron beam.
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Figure 2: Contour plots are showing absolute values of E-
field distributions for (a) operating mode at 1.299 GHz
and (b) asymmetric mode at 1.298 GHz.

PRELIMINARY EXPERIMENTAL STUDIES

To conduct proof-of-principle studies, validate the ex-
perimental results against the numerical predictions and
demonstrate the scalability of the concept a 7-cell alumi-
num cavity has been constructed (Fig. 1(b)). The 7-cell
cavity was machined in the University workshop using
computer controlled machinery. The photograph shows
“3+3+1” configuration, in which 6 cells are similar to a
conventional 1.3 GHz elliptical cavity cell, linked by a
resonant coupler. The coloured dots indicate the electron
bunches at different stages i.e. before and after accelera-
tion and deceleration. The energy of decelerating elec-
trons is fed back into the accelerating section of the ERL
via a resonant coupler which can also be seen on the Fig-
ure 1b. The cells coupling by a resonant coupler means
that the sections are only strongly coupled at the set of
frequencies that are common for all the three components,
i.e. the coupler and both sections.

We note that prior to the conducting set of experiments
the CST Microwave studio was used for numerical stud-
ies. Due to the tuning of the cell the only symmetric mode
is operating one (Fig.2a) while the other (non-operating
modes) modes including modes from the pass band inter-
val [1.27GHz; 1.3GHz] as well as high-order modes are
asymmetric and have typical asymmetric field distribution
as shown in fig.2b. The contour plots of electric field
intensities of symmetric and non-symmetric modes locat-
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ed at F=1.299GHz and 1.298GHz are shown. The plots
are generated using full 3D code CST MW studio. The
modes are 6 and 7 (Fig.3) of the pass band and are the
operating and the highest Q modes respectively. The cavi-
ty was assembled by combining two halves and securing
them with pins and screws. The cavity was machined
from two blocks of aluminium using a computer con-
trolled milling machine. The cavity was also polished and
cleaned before positioning on the RF test table. One notes
that the way the cavity was machined is different from the
conventional SC RF elliptical cavity. It is important to
state that such a machining was done only for warm RF
studies conducted outside the vacuum, to develop new RF
test technique for the novel cavity and carry out basic
verification of theoretical concepts [5-7]. Such machining
is extremely convenient for RF studies as it did not affect
the frequency positions of the modes and their general
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Figure 3: Graph illustrating S;; parameter as measured
(solid line) between ports 1 and 4 in the frequency range
from 1.27 GHz to 1.305 GHz and predicted using coupled
modes (Fano) approximation (dashed line). The solid dot
at the S;; maxima illustrates the position of the
eigenmodes as predicted by the CST MW studio.
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Figure 4: The graph are illustrating the normalized field
intensity of the operating mode (a) and the nearest mode
with the highest Q-factor (b) along axis 1 as measured
(solid lines) and calculated (dashed lines) using CST MW
studio.
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features and properties. The RF tests of the cavity were
started with identification of the eigenmodes, i.e., their
frequency and Q-factors were measured, and the data
compared with theoretical predictions. In Fig. 3 a graph
illustrating S4; parameter in the frequency range from
1.27 GHz to 1.305 GHz is shown. Inside this frequency
range 7 eigenmodes were identified using CST MW stu-
dio a good agreement between numerical predictions and
measured maxima (i.e. mode location) is clear. To build
theoretical curve (dashed line) Fano model [9-11] of cou-
pled oscillators was used. In this case the modes can be
defined by the following set of coupled equations describ-
ing dumped oscillators which are experiencing external
force:

Xy + VoXg + 0%, + gx, = Fpe®t (1)

%+ ypxy + Wl xy + gxg = Fyel®t )
where x,, are the variable amplitudes of oscillator a and
b, g is the coupling between oscillators and all other pa-
rameters are the same as discussed above. We note that a
number of coupled modes (or oscillators in this case) can
be more than two, but for the clarity reasons only two
modes are considered in (1,2). By solving the equations
(1,2) under the assumption of zero external force F,, =0
and considering a wave solution i.e. X, ~e't one gets
the expressions for Qg, T}, G,, which are functions of
w&, 08, Y4, ¥y, g and the amplitude A, in the following
form [9-11]:

—_qn _qn 2
Al = A3 (G +2770 /144 (52) 3)

where A} is a constant which can be defined from either
initial conditions or can be normalised. Using the Tailor
expansion and the same approach as before (superposition
of the solutions S;; = ¥ A,,(Qg, [}y, G, @) calculated for a
narrow frequency windows), the theoretical curve can
now be constructed.

Sp1 =
A+ Ao+
—_qn —am\2
s 1S21mal (Gn +22528)/ 1+ 4 (457) )

We note that in the figures presented f = w/2m. The
theoretical (dashed) line in Fig.3 describes S; measure-
ments well and predicted positions of the eigenmodes
(indicated by dots) are in a good agreement with the max-
ima measured (solid line). A good agreement between
measured transmission coefficient and reconstructed as
well as eigenmode positions predicted by MW studio
(solid dots) is clear.

To study the eigenmodes’ field structure along the lon-
gitudinal coordinate the RF bead-pull test table has been
used and results have been compared with theoretical
predictions observed using CST MW studio 3D model. In
the bead-pull measurements a small (as compared with
the operating wavelength) dielectric spherical bead is
moved slowly from port 1 to port 4 (for clarity). The bead
interferes with the field inside the cavity and the strength
of the interference is measured via measuring S,; parame-
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ter. The square of the reflected electric field is propor-
tional to the relative shift of the eigenmode frequency,
while the relative change in the frequency is also propor-
tional to the tangent of the phase of the Sy; [12]. Using
this technique the mode profiles (Fig.4) along one of the
cavity axis (ports 4-1) were studied. In figure 4 the exper-
imental measurements (solid lines) are compared with
numerical prediction (dashed lines). Taking into account
the finite accuracy of manufacturing, the agreement be-
tween measurements and theoretical predictions is good.

CONCLUSION

The first prototype of a novel dual-axis, asymmetric
cavity was manufactured and studied. The eigenmodes of
such a cavity were identified using numerical model and
compared with experimental measurements. A good
agreement between theory and experiment has been ob-
served and demonstrated. The next steps will be: con-
struction and study of the copper 11 cell cavity; the design
and the test of RF couplers for operating and HOMs.
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