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We present the detailed description of a successful design and cold testing of the dielectric assist
accelerating (DAA) structure. The DAA structure consists of ultralow-loss dielectric cylinders and disks
with irises which are periodically arranged in a metallic enclosure. The advantage of the DAA structure is
that it has an extremely high quality factor and a very high shunt impedance at room temperature since the
electromagnetic field distribution of accelerating mode can be controlled by dielectric parts so that the wall
loss on the metallic surface is greatly reduced. A prototype of the five-cell DAA structure was designed and
built at C-band (5.712 GHz), and cold tested. Three types of dielectric cell structure, “regular,” “end,” and
“hybrid” dielectric cells, are fabricated by sintering high-purity magnesia. The prototype was assembled by
stacking these cells in the hollow copper cylinder, whose two ends are closed by copper plates. The
resonant frequency of the prototype was tuned to the desired frequency by machining only end copper
plates. The unloaded quality factor of the accelerating mode was measured at 119,314 and the shunt
impedance per unit length of the prototype was estimated from the experimental results of the bead pull
measurement as Zsh ¼ 617 MΩ=m, which were within 2 percent of the design values. The field distribution
of accelerating mode was also measured by the bead pull method, and its results agreed well with
simulation results.
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I. INTRODUCTION

Room-temperature radio-frequency (rf) linac structures
are widely used in industrial and medical applications, such
as material and radiation processing [1,2], cancer therapy
[3], or imaging [4], as well as the basic research such as
synchrotron radiation-based science [5] and particle col-
liders [6,7]. In future linear accelerators, such as an energy
frontier electron positron collider, higher gradient and
higher power efficiency accelerating structures are required
towards compact and cost-effective devices for accelerating
beams to extremely high energies.
Over the past several decades, disk-loaded copper struc-

tures have been a subject ofmuch research. Recently, several
groups demonstrated a high accelerating gradient of
100–150 MV=m in both traveling-wave and standing-wave
cavities at X-band frequency with rf pulses of 100s ns
[8–10]. Much higher accelerating gradients, up to
300 MV=m were obtained at 115–140 GHz, though with
very short rf pulses of a few ns [11]. However, compared to
superconducting cavities which realize a much higher
quality factor (Q0) and a higher shunt impedance (Zsh),

normal-conducting rf linac structures are substantially less
advantageous in terms of the power efficiency. A room-
temperature rf linac structure with Q0 and Zsh much higher
than those of present conventional normal-conducting
rf linac structure, if realized, would put forward a major
breakthrough for future accelerator. Thus, there still
is notable room for technological innovation of room-
temperature operating rf accelerating structures.
A potential alternative to conventional disk-loaded

copper structure is dielectric based accelerating struc-
tures. The most popular structure among them is a
dielectric loaded accelerating (DLA) structure [12–14],
which comprises a simple geometry where a dielectric
tube is surrounded by a conducting cylinder. The
simplicity of the DLA structure offers a great advantage
for high frequency (>X-band) accelerating structures as
compared with conventional metal structures which
demand extremely tight fabrication tolerances [12].
Another advantage of DLA is that the beam-induced
deflection modes are easily damped with a simple
structure design [15].
Since the basic theory of DLA structures were first

proposed in the 1940s [16–18], numerous studies have
examined the use of dielectric materials in accelerating
structures [19–27]. Recently, new concepts of dielectric
based accelerating structures with improved performance
have come along, such as a dual-layered DLA structure
[21], a hybrid dielectric and iris loaded periodic accelerating
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structure [22], a multicell disk-and-ring tapered structure
[23,24], an over-mode hybrid photonic band gap acce-
lerating structure [25], and a multilayered DLA structure
[26,27] which is operated by a higher order mode. Thus, the
possibilities of dielectric based accelerating structures
are gradually expanding. In addition, they are presently
drawing renewed attention due to remarkable progress in
new ceramic materials with high dielectric permittivity
(εr > 20) and low loss (tan δ < 10−4) [28–30], and,
more recently, in ultralow-loss types [31–33]. However,
at present the conventional copper structures are still
superior in the power efficiency and the highest accelerating
gradient.
Among many dielectric based accelerating structures, a

dielectric assist accelerating (DAA) structure [34] appears
to be very promising in terms of power efficiency.
A conceptual illustration of a multicell DAA structure
is shown in Fig. 1(a). It is a higher-order TM02n mode
standing-wave accelerating structure, which consists
of ultralow-loss dielectric cylinders and disks with irises
which are periodically arranged in a metallic enclosure.
The advantage of DAA structure is that it has an
extremely high quality factor and a high shunt impedance
at room temperature since the electromagnetic field
distribution of the accelerating mode can be controlled
by dielectric parts which greatly reduces the wall loss on
metallic surface [34]. A simulation result of a five-cell
DAA structure with an existing alumina ceramic indicated
an unloaded Q factor of the accelerating mode over
120,000 and a shunt impedance exceeding 650 MΩ=m at
room temperature [34].

This paper provides a detailed description of the
design, fabrication, and cold tests of a series of multicell
DAA structures. The paper is organized as follows. In
Sec. II, we present the rf design of a five-cell DAA
structure, including frequency tuning structure. In Sec. III,
we describe the fabrication and preliminary cold tests
of the DAA structure, where its resonant characteristics
were measured by using an electric field coupling
monopole antenna. Section IV presents the rf design of
an input rf coupler and cold tests of a complete DAA
structure including the coupler and the mode convertor.
Section VI gives the conclusions. Results from the high
power test that is currently in progress will be reported in
a separate publication.

II. DESIGN OF DIELECTRIC ASSIST
ACCELERATING STRUCTURE

A. rf design of DAA structure

The DAA structure comprises two types of cell
structures: a regular cell and an end cell. The areas
enclosed by blue and red lines in Fig. 1(b) indicate a
regular cell and an end cell, respectively. The regular
cells provide the beam with accelerating field. Therefore,
the design of the regular cell plays a dominant role in
determining the accelerator parameters such as the
quality factor and the shunt impedance, while the end
cells, arranged at the two ends of the DAA structure, are
provided to reduce the rf dissipation on the surface of
both conducting end plates and they do not contribute to
beam acceleration.
In the following, this paper deals with a “five-cell”

C-band DAA standing-wave structure which was
designed as a prototype model, consisting of five regular
cells and two end cells, to operate at the C-band
(5.712 GHz) frequencies in the π mode. With consid-
erations on the dielectric properties (e.g., a relative
permittivity εr and loss tangent tan δ), production cost,
and mass productiveness of ceramics, we selected poly-
crystalline magnesia as the dielectric cell material. The
magnesia ceramic which was used for the prototype
model has the purity of 3N class. From the resonant
characteristics of a dielectric resonator made with the
same material, we have estimated its relative permittivity
εr and tan δ near 10 GHz as 9.64 and 6.0 × 10−6 at room
temperature, respectively [35]. The geometric parameters
were optimized by a down-hill simplex algorithm [36] to
maximize the shunt impedance per unit length Zsh of the
prototype. A design procedure of the prototype is
detailed in Appendix A. Table I presents the computed
accelerator characteristics of the designed prototype,
including the unloaded quality factor, Q0, and the shunt
impedance per unit length, Zsh. Here, the E0, Emax, and
Hmax represent an average accelerating gradient, a peak
surface electric field, and a peak surface magnetic field,
respectively.

(a)

(b)

FIG. 1. (a) Conceptual illustration of a multicell DAA structure.
(b) Longitudinal cross section of the DAA structure. Blue and red
areas represent the regular cell and the end cell, respectively.
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B. Frequency tuning structure

The resonant frequency of DAA structure could be tuned
by machining a concentric circular groove on the surface
of the end copper plates. Figure 2 shows the conceptual
illustrations of the end cell containing a frequency tuning
structure. The inner and outer radii of the concentric
circular groove are set to r1 and a1, respectively. The
depth of the groove is defined as d. Shifts of the resonant
frequency Δf0 and shunt impedance ΔZsh as functions of
the groove depth d is shown in Fig. 3. The resonant
frequency of the prototype can be tuned down by up to
about 30 MHz if the grooves are made 4 mm depth. In
addition to the effect of frequency tuning, the shunt
impedance Zsh can be improved by up to about 2.2 percent.
Figure 4 shows the normalized longitudinal electric field
strengths on the beam axis in the prototype models with
d ¼ 0.0 mm and d ¼ 4.0 mm. It indicates that while the
peak strengths of the accelerating field in the first and the
fifth regular cells is decreased by 5.8 percent, the distri-
bution of the on-axis accelerating field as a whole is hardly
influenced by this tuning. Taking all these calculations

into consideration, the preferred construction scenario
of this structure is to fabricate the dielectric cells for
frequencies slightly higher than the design frequency
and compensate it with appropriate tuning on the end
copper plates. The tolerances of geometrical parameters
were also studied and some representative results were
described in Appendix B.
In addition to designing the prototype of the DAA

structure, an input coupler must also be designed sepa-
rately. The input coupler was designed with inputs obtained
from the preliminary cold tests of the fabricated prototype
using an antenna feeder. The detailed design of the input
coupler was described in Sec. IV.

FIG. 2. Conceptual illustrations of the end cell containing a
frequency tuning structure. The inner and outer radii of the
concentric circular groove are set to r1 and a1, respectively. The
groove depth of it is defined in d.

FIG. 3. Shifts of the resonant frequency Δf0 and shunt
impedance ΔZsh as functions of the groove depth d. The shifts
of resonant frequency are defined as Δf0 ¼ f0ðdÞ − f0ð0Þ.
The shifts of shunt impedance are defined as ΔZsh=Zsh ¼
fZshðdÞ − Zshð0Þg=Zshð0Þ.

FIG. 4. Normalized longitudinal electric field strengths on the
beam axis in the prototype models with d ¼ 0.0 mm (blue line)
and d ¼ 4.0 mm (red line).

TABLE I. Basic cavity and accelerator parameters of an
optimized five-cell DAA structure.

Parameter Five-cell DAA structure

Dielectric material Magnesia
εr 9.64
tan δ 6.0 × 10−6

Accelerator type Standing wave type
Accelerating mode TM02-π mode
Operation frequency 5.712 GHz
Number of accelerating cells 5
Total cavity length 157.5 mm
Q0 126,400
Zsh 630 MΩ=m
Emax=E0 2.92
Hmax=E0 2.74 mA=V
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III. FABRICATION AND PRELIMINARY COLD
TESTS OF THE DAA STRUCTURE

A. Fabrication of the DAA structure

In order to experimentally verify the extremely high
quality factor and a very high shunt impedance of the
DAA structure at room temperature, we developed a
prototype structure. Metallic parts of the prototype were
fabricated using an oxygen-free-high-conductivity (OFHC)
copper hollow cylinder closed at each end by OFHC copper
circular plates. For the dielectric cell structures, we fab-
ricated three types of specially designed structures in which
the dielectric cylinderswere integrally formed on the surface
of a dielectric disk in a vertical direction. The fabricated
dielectric cell structures are shown in Fig. 5. The dielectric

cell structures shown in Figs. 5(a) and 5(b) correspond to a
regular dielectric cell and an end dielectric cell, respectively.
The dielectric cell structure shown in Fig. 5(c) is a hybrid
dielectric cell, which has the regular and the end dielectric
cells integrally formed through a dielectric disk. These
dielectric cell structures were fabricated as follows: First,
a fine magnesia powder was combined and kneaded with
a ceramic binder. Next, the granulated powder was filled
in a metal mold die, and columnar raw ceramic compacts
were produced by a pressure molding method. Then these
compacts were machined by a lathe into appropriate shapes
while taking into account the shrinkage factors during
sintering, and the machined ones were sintered at a temper-
ature over 2000 K. Then the prototype structure was
assembled by stacking the end dielectric cell, the four
regular dielectric cells, and the hybrid dielectric cell in
the hollow copper cylinder.
For high power testing of the prototype, its whole interior

must be evacuated into an ultrahigh vacuum. A space
between the dielectric layer and metallic enclosure, how-
ever, can hardly be evacuated from a central part of it.
Therefore, a number of vacuum holes (Figs. 10 and 11) are
introduced on the copper cylinder and copper circular
plates, rather than on dielectric ceramic cells. The sizes
of the holes are chosen to be small enough so as not to leak
the rf power while securing sufficient vacuum conductance.
Then the prototype would be placed in a vacuum chamber,
and its interior would be evacuated from these holes.

B. Preliminary cold tests of DAA structure

The dielectric cells, after fabrication and sintering, were
geometrically measured and the cell-to-cell variations
of their dimensional parameters were found to stay within
�0.1 mm. However, with respect to design values, some
of the measured geometrical parameters exhibited
systematic errors of 0.3 mm or more. Calculations have
shown that the prototype to be assembled with these cells,
as they are fabricated, will have the resonant frequency of
5.7264 GHz, approximately 14 MHz higher than the
operating frequency of 5.712 GHz.
In the preliminary cold tests of the prototype, rf power

was fed and detected by an electric field coupling monop-
ole antenna. This antenna feeder was inserted through a
beam hole in parallel to the beam axis. We measured the S11
(reflection) elements of the scattering matrix by using a
vector network analyzer (VNA) while the coupling coef-
ficient β between the DAA structure and antenna feeder
was adjusted by changing the insertion depth on the
antenna feeder. The rf coupling between the prototype
and the antenna was always kept to be undercoupling
so as to prevent changes of the resonant characteristics.
Figure 6(a) shows the frequency dependence of the mea-
sured jS11j on the frequency from 5.729 GHz up to
5.731 GHz. Figure 6(b) shows the Smith chart for the
measuredS11. The coupling coefficient βwas approximately

FIG. 5. The fabricated dielectric cell structures: (a) regular
dielectric cell, (b) end dielectric cell, (c) hybrid dielectric cell.
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0.19 during these measurements. The loaded and unloaded
Q factors of the DAA structure are calculated from the S11
curve and Smith chart. Since this structure is always
undercoupled with the antenna feeder present, the coupling
coefficient β is related to the minimum S11 value, S11;min, as
β ¼ ð1 − S11;minÞ=ð1þ S11;minÞ. The loaded Q factor QL ¼
f=Δf can be determined from the frequency bandwidth. The
unloadedQ factor isQ0 ¼ ð1þ βÞQL.Q factors were also
calculated by Ginzton’s impedance method [37] for com-
parison. By using this method, the loaded Q factor, the
unloaded Q factor and the external Q factor can be
independently calculated from the input impedance plotted
on the Smith chart [37]. A more detailed description can be
found in Ref. [37].
Figure 7 shows the dependence of the resonant fre-

quency f0 and the unloaded Q factor Q0 on the coupling
coefficient β. Figure 7(a) indicates that the resonant

frequency of the prototype is in the range of 5.73010 to
5.73022 GHz and tends to almost shift lower in proportion
to the insertion depth of the antenna. Considering an
equivalent circuit of a cavity resonator, the frequency shift
due to insertion of the antenna is caused by an increase of the
capacitive component of the cavity. The resonant frequency
of the prototype unperturbed by the insertion of the antenna,
thus, is estimatedwith a linear function fitting of the resonant
frequency f0 as a function of the coupling coefficient β as
shown in Fig. 7(a). From the intercept of the fitting function
(β ¼ 0), the unperturbed resonant frequency of the proto-
type was estimated as 5.73020 GHz. This is higher (by
3.8 MHz) than the resonance frequency as predicted from
the measured geometrical sizes of individual cells
(5.7264 GHz) as discussed earlier. The difference in these
frequencies is considered attributable to some factors as
follows: (i) position errors of the dielectric cells in the copper
enclosure, (ii) warpage of the dielectric cells, (iii) deviations
in the relative permittivity of the dielectric cells. These slight

(a)

(b)

FIG. 6. (a) Frequency dependence of the measured jS11j. The
horizontal axis indicates the frequency (GHz) and the vertical axis
indicates the S11 in decibel units (dB). (b) The measured S11 in
the format of the Smith chart. The coupling coefficient β was
approximately 0.19 during these measurements.

(a)

(b)

FIG. 7. Dependence of (a) the resonant frequency f0 and (b) the
unloaded Q factor Q0 on the coupling coefficient β.
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differences of the dielectric cells described in items (ii) and
(iii) might be caused by a spatial nonuniformity of sintered
density of them due to their complex structures. If the
frequency difference is to be accounted for by only the effect
(iii), the deviation of relative permittivity should be
0.03 ∼ 0.04. Figure 7(b) indicates that the unloadedQ factor
and coupling coefficient β are not correlated and these
measured values are consistent with each other within 5
percent. The average value of the measured Q0 is 114,000,
while the simulated Q0 considering the dimensional errors
of each dielectric cell is 125,000. It is seen that the
experimentally measured Q0 is approximately 10 percent
lower than the simulated Q0. This difference can be
attributed to additional losses in the prototype structure
due to imperfect electrical contact between the copper pipe
and the end plates. For development of the DAA structure
coupledwith awaveguide input coupler, the contact portions
between the copper parts were designed to be small and
mirror-polished surfaces to improve the Q0.

IV. FABRICATION AND COLD TEST OF DAA
STRUCTURE WHICH IS ON-AXIS COUPLED

WITH WAVEGUIDE INPUT COUPLER

A DAA structure which is on-axis coupled with a
waveguide input coupler was developed on the basis of
the results of the preliminary cold tests presented in Sec. III.
Figure 8 shows a conceptual illustration of the rf input
coupler including a TE-TMmode converter. The rf power is
transmitted from the rectangular waveguide to the circular
waveguide through the TE-TM mode converter. This mode
converter consists of a rectangular waveguide with a short-
circuit terminal and the circular waveguide which is
perpendicular to it. There, the propagating TE10 mode in
the waveguide is converted into the circular TM01 mode.
Then the DAA structure is electrically coupled with this
circular waveguide via an on-axis coupling slot between the
waveguide and the end cell.

A great advantage of this input coupler design is its
structural simplicity [38]. Regarding the mode converter,
owing to its simplicity, the circular waveguide could be
made detachable from a section of the rectangular wave-
guide closed by a short-circuit terminal. As a result, the
coupling coefficient β between the DAA structure and
the circular waveguide can be freely tuned by changing the
coupling structure.
The coupling between the DAA structure and the circular

waveguide was calculated by using the Slater’s tuning
curve method [39] with SUPERFISH code [40]. First, the
resonant frequencies of the one-port cavity resonator which
consists of the DAA structure and the circular waveguide
were calculated while changing the position of an electrical
short boundary on the side of the circular waveguide. Then
the resonant frequency f0 and external Q factor Qext of the
DAA structure were estimated from the tuning curves
which were obtained from the above simulations of the
one-port cavity resonator. Since the resonant frequency f0
and the external Q factor Qext depend on the radius of
coupling slot rc and the groove depth d, we calculated f0
andQext for various combinations of rc and d. In the design
of the input coupler, the coupling coefficient β between the
DAA structure and the circular waveguide was chosen to be
about 2.5, so that its filling time is sufficiently shorter than
10 μs which is the maximum pulse width easily attainable
from the C-band klystron at KEK.
Figure 9 shows the dependence of the resonant fre-

quency f0 and the external Q factor Qext of the DAA
structure on the groove depth d. In this case, the groove
depth of the end plate opposite to the input coupler was also
set at d. It shows that by assuming the radius of coupling
slot rc to be 9.8 mm and the groove depth d as 3.2 mm, the
f0 matches with the C-band frequency (5.712 GHz). The
Qext (externalQ factor) in this case will be 46,560, which is
equivalent to β ¼ 2.45 if the measured Q0 is used for the

FIG. 8. Conceptual illustration of the rf input coupler including
a TE-TM mode converter.

FIG. 9. Dependence of the resonant frequency f0 (red dot line)
and the externalQ factorQext (blue dot line) of the DAA structure
on the groove depth d. The radius of coupling slot rc is 9.8 mm.
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coupling calculation. This also matches the target value.
The input coupler for our prototype was fabricated with
these parameters.
Figure 10 shows a schematic half-cross section of the

DAA structure assembly, including the input coupler and
the TE-TM mode converter. This structure was assembled
by stacking in turn the end dielectric cell, the four regular
dielectric cells, and the hybrid dielectric cell in the hollow
copper cylinder, and one pipe end was terminated by an end
plate and the other pipe end was connected to the input
coupler. The contact surfaces between the copper pipe and
the input coupler were mirror polished kept small sized, so
that they contact firmly by pressing from both sides. The
mode convertor and the rectangular waveguide were brazed
together. The circular waveguide, brazed with an input rf
coupling end plate and the mode convertor, were connected
by a flange structure. The DAA structure and the input
coupler are held by a pair of stainless plates and four stud
bolts as shown in Fig. 10 (illustration) and Fig. 11 (photo).
The S11 curves of the DAA structure on-axis coupled

with a waveguide input coupler were measured by using
VNA. Awaveguide-to-coaxial adapter was used to attach a
coaxial cable which connects the DAA structure with the
VNA. The VNAwas calibrated at the connection surface of
the rectangular waveguide by using one-port short-short-
load waveguide calibration. The dependence of the mea-
sured S11 frequency indicated that the resonance frequency
was 5.7150 GHz, which was 3 MHz higher than C-band
frequency. The Smith chart of S11 measured by VNA
indicated that the DAA structure was overcoupled. The
external Q factor was estimated from the measured S11 as
Qext ¼ 42,900, which is about 14 percent lower than
the design value. This frequency shift can be tuned by
changing the groove depth of only the end plate opposite to
the input coupler.

Several end plates, with different groove depths, were
tried and resonant frequencies of each configuration were
measured by the VNA for frequency tuning. Then the
dependence of the frequency shift on the groove depth was
estimated for the fine-tuning of the resonant frequency. As
a result, the resonant frequency changed substantially
linearly to the groove depth, so that an average change
rate of the resonant frequency to the groove depth was
estimated as Δf=Δd ¼ −3.2 MHz=mm. Finally, we suc-
ceeded in tuning its resonant frequency to approximately
C-band frequency by grooving a concentric circular groove
with 4.2 mm depth (d ¼ 4.2 mm) on the surface of one end
plate, and frequency tuning of the cold test model was
finished.
The frequency-tuned DAA structure was cold-tested

again to accurately estimate the Q factors and the
coupling. The measured S11 curves of the frequency-tuned
DAA structure were shown in Fig. 12. The comparison
between the design and the measured cavity parameters of
the DAA structure is shown in Table II. The measured Q0

was in agreement, within −5.0 percent, with the simulated
value. The coupling coefficient β between the frequency-
tuned DAA structure and the input coupler was also in
good agreement between the measured and the simulated
values.
The electromagnetic field distribution of the resonant

mode at about 5.712 GHz in the DAA structure was
measured by a bead pull method [41], which is based on
the Slater theorem [37]. In this measurement, a small
metallic or dielectric object attached to a string is pulled
through the rf structure, while a small rf power is fed into
the structure at the frequency of the resonant mode. The
frequency shift due to the insertion of the perturbing object
is measured during the passage of the bead. The relative
change in resonant frequency is proportional to the relative
change in stored energy and it can be expressed as Eq. (1)

FIG. 10. Schematic half-cross section of the DAA structure
assembly including the input coupler and the TE-TM mode
converter.

FIG. 11. Photograph of the fabricated DAA structure assembly
including the input coupler and the TE-TM mode converter.
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as a function of the local electric and magnetic field
strength, E0 and H0 [41–43]:

Δf
f0

¼ FH
μ0jH⃗0j2

U
− FE

ε0jE⃗0j2
U

; ð1Þ

where Δf ¼ f − f0, and ε0 and μ0 are the dielectric and
magnetic constants of the free space, U is the stored energy
in the structure, and FE, FH are the geometry factors
associated with the bead shape for the E field and H field. In
the case of the DAA structure, the magnetic field strength
of TM02 mode near the beam axis is very small (jH0j ∼ 0).
Consequently, the electric field strength of TM02 mode on
the beam axis can be expressed as

jE⃗0ðzÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ploss ·Q0

2πε0FE

�

−
ΔfðzÞ
f20

�

s

; ð2Þ

where Ploss is the total rf loss in the DAA structure, z is the
position of the bead along the beam axis. In this approxi-
mation, the electric field strength is directly proportional to
the relative change in the resonant frequency.
In this measurement, a 2.0 mm diameter aluminum bead

was mounted on a nylon wire whose diameter is 0.1 mm. In
case of a metallic sphere, the geometry factor is FE ¼ πr3,
with r being the radius of the bead. This wire with the bead
was aligned along the beam axis of the DAA structure and
pulled through the beam hole with a motor. The rf power is
fed through the waveguide input coupler. The VNA
recorded the resonant frequency shift of the signal reflected
from the structure.
Figure 13(a) compares the simulated and the measured

values of
ffiffiffiffiffiffiffiffiffiffi

−Δf
p

=f0, which are expected to be in propor-
tion with the maximum electric field on the beam axis. The
simulation values were obtained by calculating the fre-
quency shift of the accelerating mode due to the passage of
the bead on the SUPERFISH code. Figure 13(b) compares
the simulated longitudinal field distribution of the accel-
erating mode along the beam axis for the DAA structure
and the experimental result of the bead pull measurement.
The experimental results (blue dots) show normalized
ffiffiffiffiffiffiffiffiffiffi

−Δf
p

=f0, which are scaled by using the maximum
value of

ffiffiffiffiffiffiffiffiffiffi

−Δf
p

=f0. The simulated results (red line) show
normalized longitudinal electric field strength of the
accelerating mode along the beam axis, which are scaled
by using a maximum value of EzðzÞ. Both Figs. 13(a) and
13(b) show very good agreement between the simulation
and the measurement. We concluded that the resonant
mode which was tuned at 5.712 GHz is the desired
accelerating mode.
The values of the R=Q and shunt impedance per unit

length, Zsh, of the DAA structure were also estimated from
the above experimental results of the bead pull measure-
ment. By using Eq. (2) for the accelerating field, the R=Q
value of the DAA structure is expressed as

R
Q

¼ ðR L
0 jE⃗0ðzÞjdzÞ2
PlossQ

¼ 1

f20

2

3πε0

1

ΔV

�

Z

L

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−ΔfðzÞ
p

dz

�

2

; ð3Þ

TABLE II. Comparison between the design and the measured
cavity parameters of the DAA structure on axis coupled with a
waveguide input coupler.

Parameter Design values Measured values

f0 (GHz) 5.7120 5.71192
Q0 125,000 119,314
Qext 48,803 46,246
QL 35,112 33,328
β 2.56 2.58

(a)

(b)

FIG. 12. (a) Frequency dependence of the measured jS11j. The
horizontal axis indicates the frequency (GHz) and the vertical axis
indicates the S11 in decibel units (dB). (b) The measured S11 in
the format of the Smith chart.
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where ΔV is the volume of the bead, L is a total length of
the DAA structure. The R=Q value of the DAA structure
was calculated by substituting the measured ΔfðzÞ for
Eq. (3). As a result, the R=Q value was estimated as R=Q ¼
853 Ω. Shunt impedance per unit length of the DAA
structure was also calculated by using the estimated R=Q
and the measured unloaded Q factor, and estimated as
Zsh ¼ 617 MΩ=m.

V. DISCUSSIONS

The preceding studies of dielectric based accelerating
structures encountered dielectric joint breakdowns at micro-
gaps [44], and rf power absorption due to single-surface
multipactor when the accelerating gradient approached a
fewMV=m [45,46]. Charge accumulation in dielectric parts
due to the beam halo has been also known [47]. These

problems may occur also in the DAA structure, and if they
do, they need to be addressed before the DAA structure is
used in real accelerators. Thus, studies on the following
subjects will have to be conducted: (1) bonding between
copper and ceramic; (2) the surface coating of dielectric
materials so as to reduce their secondary electron emission
coefficient; (3) sintering of some ceramic materials for
reasonably high dielectric permittivity (εr > 20) and low
loss tangent (tan δ < 10−4). The bonding between copper
and ceramic will eliminate microgaps and improves con-
ductive cooling of dielectric cells. Microgaps between
adjacent dielectric cells may be eliminated or reduced also
by positively isolating each dielectric cell. Surface coating
technology will be effective in reducing the multipactor
discharge. However, it will also reduce theQ factor and the
shunt impedance, and that will call for additional research
and development of ceramic materials with reasonably
high dielectric permittivity (εr > 20) and low loss tangent
(tan δ < 10−4). If Bað Mg1=3Ta2=3ÞO3-Bað Mg1=2W1=2ÞO3

ceramics [48] could be used for dielectric cells, a DAA
structure with much higher shunt impedance than what has
been attained with the prototype described in this paper can
be realized. Therefore, by using such a ceramic material and
surface coating technology for dielectric cells, a new DAA
structure which has high shunt impedance as high as that of
this prototype and can deal with a problem of multipactor
may be realized.While deepening our understanding of new
ceramic materials and coating technologies and so on,
we would like to work toward practical use of the DAA
structure.

VI. CONCLUSIONS

This paper presented the design, construction and cold
testing of a prototype of five-cell C-band DAA structure
performed at KEK. The DAA structure is a higher-order
TM02n mode standing-wave accelerating structure and
consists of ultralow-loss dielectric cells periodically
arranged in a metallic enclosure. The advantage of the
DAA structure is that it has an extremely high quality factor
and a very high shunt impedance at room temperature. The
design of the prototype DAA structure was optimized by
the down-hill simplex algorithm to attain a high shunt
impedance. As a result, the Q0 and Zsh of the designed
prototype were estimated by the simulation to be more
than 120,000 and 600 MΩ=m, respectively. The resonant
frequency of the DAA structure was tuned by machining
a concentric circular groove on the surface of the end
copper plates.
A prototype of DAA structure was subsequently built in

order to validate the electromagnetic characteristics and
the frequency tuning scheme. Three types of dielectric
cells (“regular,” “end,” and “hybrid” dielectric cells) are
fabricated by sintering high-purity magnesia. The proto-
type was assembled by stacking these cells in the hollow
copper cylinder, where was closed by end copper plates.

(a)

(b)

FIG. 13. (a) Comparison between the measured (blue dots) and
the simulated (red line) values of

ffiffiffiffiffiffiffiffiffiffi

−Δf
p

=f0. (b) Comparison
between the simulated longitudinal field distribution of the
accelerating mode along the beam axis for the DAA structure
and the experimental result of the bead pull measurement. The
experimental results (blue dots) show normalized

ffiffiffiffiffiffiffiffiffiffi

−Δf
p

=f0,
which are scaled by using the maximum value of

ffiffiffiffiffiffiffiffiffiffi

−Δf
p

=f0. The
simulated results (red line) show normalized longitudinal electric
field strength of the accelerating mode along the beam axis,
which are scaled by using a maximum value of EzðzÞ.

FABRICATION AND COLD TEST OF DIELECTRIC … PHYS. REV. ACCEL. BEAMS 20, 091302 (2017)

091302-9



The rf input coupler was designed and fabricated to be
overcoupled considering the premeasurement results, while
compensating for the frequency shifts in manufactured
cells. Finally, the resonant frequency of the accelerating
mode was tuned to the C-band (5.712 GHz) by machining a
concentric circular groove on the surface of the two end
plates. The unloaded quality factor of the accelerating
mode was measured at 119,314, which was within 5
percent of the designed values. A bead pull measurement
of the prototype using the metallic beads moving along the
beam axis showed good agreement with the simulated
longitudinal electric field profile. Shunt impedance per unit
length of the prototype was also estimated from the
experimental results of the bead pull measurement as
Zsh ¼ 617 MΩ=m, which was within 2 percent of the
simulated values. Further optimizations of the DAA struc-
ture to improve the shunt impedance and investigations into
the damping scheme of higher and lower order modes for
high current beam applications are under way.
Going forwards, the resonant frequency of accelerating

mode will be more accurately tuned to the desired fre-
quency considering the frequency shift due to evacuation
and temperature variation in the DAA structure for a high
power testing. The high power test of the DAA structure,
currently in progress at KEK, will be reported in a separate
publication.
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APPENDIX A: DESIGN PROCEDURE
OF THE PROTOTYPE

This Appendix describes the procedure followed in
determining the geometrical parameters of the cells that
comprise a standing-wave five-cell DAA test structure to
operate at the C-band frequencies.
A regular cell, as illustrated in Figs. 1(a) and 1(b),

consists of dielectric cylinders with the inner radius a1, the
outer radius b1 and dielectric disks with a thickness D. The
beam hole irises have a diameter of h and are arranged at a
constant interval L. The cells are contained in a cylindrical
metallic waveguide of the radius c1. The end cell consists of
dielectric disks with a thickness D and dielectric coaxial
dual cylinders with the length l1. The inner and outer radii
of the first and second cylinders are h, r1, a1 and b1,
respectively.
The eight geometrical parameters above are determined

in the following manner. First, the phase shift of π per cell

was chosen for the accelerating structure. The requirements
from the energy of an injected beam and operating
frequency determined the interval between adjacent dielec-
tric disks, L ¼ 26.24 mm:

ωL
c

¼ π;

where ω ¼ 2πf0, f0 ¼ 5.712 GHz is the operating fre-
quency, and c is the speed of light. Considering the
effective reflection of electromagnetic wave from the
dielectric disks, the thickness of dielectric disk D was
chosen as being a quarter of the resonant wavelength in this
dielectric material. The iris diameter, h ¼ 10.00 mm, was
chosen for compatibility with the size of the electron beam
available at a test bench of the KEK linac. The remaining
five geometric parameters (l1, r1, a1, b1, c1) were opti-
mized by using a down-hill simplex algorithm [36]. An
evaluation function in this algorithm was defined to search
an optimized model whose shunt impedance might become
maximized. The eigenmode of the accelerating mode and
the accelerator parameters (e.g., unloaded quality factorQ0,
shunt impedance per unit length Zsh) were calculated by the
SUPERFISH code.
The optimization method of the DAA structure is as

follows. Reference [34] has shown that the resonant fre-
quency f0 is sensitive to b1. Therefore, the four geometrical
parameters (l1, r1, a1, c1), except for b1, were changed in a

(a)

(b)

FIG. 14. Magnitude of (a) the longitudinal electric field dis-
tribution and (b) the rotating magnetic field distribution in the
optimized DAA structure. The longitudinal cross section of
the DAA structure is shown. This field intensity is shown in
arbitrary unit.
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down-hill simplex algorithm and the resonant frequency of
the prototypewas tuned to the desired f0 by adjusting the b1
on each simplex point. Then the evaluation value was
calculated based on the accelerator parameters. This process
was repeated until a relative change ratio of the smallest
evaluation value became less than 10−5.
The computed accelerator characteristics of the designed

DAA structure, including the unloaded quality factor, Q0,
and the shunt impedance per unit length, Zsh are shown in
Table I. Figures 14(a) and 14(b) show the electric and
magnetic field magnitude of the accelerating mode in the
resulting optimized DAA structure, respectively.

APPENDIX B: THE TOLERANCE OF
GEOMETRICAL PARAMETERS

This Appendix gives a short discussion on the tolerances
of their geometrical parameters of dielectric structure cells.

The tolerances were studied by calculating the dependence
of f0 and Zsh on the geometrical parameters by using the
SUPERFISH code. There, the deviations of resonance
characteristics caused by changes of a certain geometrical
parameter from x to xþ dx were evaluated. It was found
that the resonant frequency of the prototype is especially
sensitive to b1 and D. Figures 15(a) and 15(b) show the
amount of shifts of the resonant frequency (Δf0) and shunt
impedance (ΔZsh) as functions of the outer radius b1 of
dielectric cylinders and the thickness D at the dielectric
disks, respectively. Figure 15 indicates that a deviation of
0.15 mm in either 2b1 orD causes frequency shifts of more
than 10 MHz. Therefore, in building our prototype we set
the fabrication errors of 2b1 and D to be −0.1mm=þ0mm
and −0.05 mm=þ0 mm, respectively. This is so the target
value of the resonant frequency (5.712 GHz) can be
attained by tuning the groove depths on end cells as
discussed in the main text.
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