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This paper presents the design, fabrication, and low-power rf measurement of an externally powered
X-band dielectric-loaded accelerating (DLA) structure with a dielectric constant εr ¼ 16.66 and a loss
tangent tan δ ¼ 3.43 × 10−5. A dielectric matching section for coupling the rf power from a circular
waveguide to an X-band DLA structure consists of a compact dielectric disk with a width of 2.035 mm and
a tilt angle of 60°, resulting in a broadband coupling at a low rf field which has the potential to survive in the
high-power environment. Based on simulation studies, a prototype of the DLA structure was fabricated.
Results from low-power rf measurements and the comparison with simulated values are presented. A
significant discrepancy was found between measurements and simulations. The detailed analysis on the
fabrication errors which may cause the discrepancy is also discussed.
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I. INTRODUCTION

Over the past few decades, there has been a major effort
to understand the high gradient limits of disk-loaded metal
accelerating structures [1–5], as well as to develop alter-
native structures that may be capable of producing high
gradient [6–10]. One promising concept is the dielectric-
loaded accelerating (DLA) structures which utilize dielec-
trics to slow down the phase velocity of traveling waves in
the vacuum channel. A DLA structure comprises a simple
geometry where a dielectric tube is surrounded by a
conducting cylinder. Because of its simplicity, the DLA
structure can be easily scaled from microwave frequency to
THz regime. Simulation studies [11] have shown that the
ratio of the peak electric field to the average accelerating
field in a DLA structure is about unity, indicating that the
accelerating gradient achieved is potentially higher than
that of disk-loaded copper structures assuming dielectrics
and metals have the similar breakdown limit. Moreover, the

relatively small diameter of DLA structures facilitates the
use of quadrupole lenses around the structures. The DLAs
are also advantageous in terms of the ease of applying
damping schemes for beam-induced deflection modes
[12–13], which can cause bunch-to-bunch beam breakup
and intrabunch head-tail instabilities [14].
The DLA structures were initially proposed in the 1940s

[15–18], and experimentally demonstrated in the 1950s
[19–21]. Since that time, disk-loadedmetallic structures have
prevailed for accelerator research and development because
of their high quality factor and high field holding capability.
Thanks to remarkable progress in new ceramicmaterialswith
high dielectric permittivity (εr > 20), low loss (tan δ ≤ 10−4)
[22–24], and ultralow-loss (tan δ ≤ 10−5) [25–26], studies on
DLA structures are gradually being revived. For example,
fused silica, chemical vapor deposition (CVD) diamond,
alumina and other ceramics have been proposed as materials
for DLA structures [27–29], and experimentally tested with
high-power wakefield accelerating structures at Argonne
National Laboratory [30–31]. In the past two decades,
different kinds of DLA structures with improved perfor-
mance have been reported, such as a hybrid dielectric and iris-
loaded accelerating structure [32] reducing the ratio of the
peak electric field to the average accelerating field to near
unity, a dual-layered dielectric structure [33] and a multilay-
ered dielectric structure [34] achieving a small rf power
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attenuation, a disk-and-ring tapered accelerating structure
[35] enabling a wide range of phase velocities, a dielectric
disk accelerating structure [36] and a dielectric assist
accelerating structure [37–40] realizing a high rf to beam
efficiency.
There are several practical issues limiting the perfor-

mance of DLA structures, such as surface multipactor
[41–46] and breakdown [42]. The surface resonant multi-
pactor has been always observed in experimental studies to
absorb a large fraction of the incident rf power, which is
identified as a problem limiting the gradient in DLA
structures. An effective approach which uses an applied
axial magnetic field to completely suppress this multipactor
in DLA structures has been proposed [44] and demonstrated
[45–46] in high-power experimental studies. In dielectric
breakdown studies, a dielectric surface field breakdown
threshold of 13.8 GV=m has been observed at THz
frequencies [47]. Although there are few direct breakdown
studies for externally powered DLA structures, no break-
down has been observed in several high-power tests carried
out on a DLA structure at a level>5 MW [42–43,45–46]. It
was also found that an rf coupling scheme is of particular
importance to enable efficient coupling power into a DLA
structure without breakdown. A scheme [48] using a
combination of a side coupling slot and a tapered dielectric
layer near the slot was proposed to couple the rf power from
a rectangular waveguide into the DLA structure. The
tapered dielectric matching section is a part of the DLA
structure. However, breakdown was observed for such an rf
coupler in the high-power test because of the strong electric
field enhancement near the slot [49]. In order to eliminate
any field enhancement near the slot, another coupling
scheme was adopted to separate the rf coupler from the
DLA structure [43,50–51]. There are three sections in this
scheme: an rf coupler section, a tapered dielectric matching
section, and a uniform DLA section. Both dielectric
matching section and DLA section were fabricated sepa-
rately and then assembled mechanically. But breakdown
occurred at the dielectric joints between separate dielectric
sections. A microscale vacuum gap in the dielectric joint
may result in the breakdown due to a strong local field
enhancement in it. In order to eliminate dielectric joints, a
new type of structure was developed using a clamped
copper outer jacket to enclose a whole dielectric tube
including a matching section and a DLA section. Such a
structure has been used for many high-power experimental
studies [41–43,45–46]. In [41,45] a strong multipactor was
observed in a tapered dielectric matching section with a
length of >30 mm. At this length, it is a big challenge to
completely suppress the multipactor, requiring a large
solenoidal magnet capable of producing a uniform axial
magnetic field over the whole DLA structure with a tapered
dielectric matching section. This length also occupies
valuable space which could be saved for accelerating
structures. Thus, a compact matching section with a much
shorter length would, if realized, represent an advance for
externally powered DLA structures.

Since the late 1980s researchers from SLAC and KEK
have been pioneering the development of accelerating
structures at X-band (11.424 GHz, 4 times the frequency
of theSLACLinac) for aTeV-scaleeþe− linear collider in the
framework ofNext Linear Collider (NLC) andGlobal Linear
Collider (GLC) project [52–56]. An accelerating gradient of
65 MV=m with 400 ns long pulses was achieved [57–59] at
the end of the NLC=GLC program. In 2004, a key decision
was made by the International Technology Review Panel
(ITRP) to select L-band (1.3 GHz) superconducting tech-
nology for the InternationalLinearCollider (ILC) [60]. There
was a slow-down for the development ofX-band technology
afterwards. However, in 2007 CERN decided to lower the
frequency of the Compact Linear Collider (CLIC) to 12GHz
(previously at 30 GHz) [61], resulting in a renewed and
vigorous interest in X-band technology. To date, the
undamped design of CLICX-band traveling-wave structures
named T24 has obtained a gradient of 120 MV=m with a
pulse length of 200 ns [5,62–63]. This gradient is far beyond
those reached with the present S-band and C-band technol-
ogy. Today X-band technology is rapidly expanding in the
communities of linear collider [64–71], light-source [72–76],
medical therapy [77–79].
Building on these developments, a DLA structure

operating at X-band appears to be very promising for
future linear accelerators. We describe in this paper a
detailed design, fabrication, and low-power rf measurement
of an X-band DLA structure with a compact dielectric
matching section. In order to efficiently couple the rf power
from a rectangular waveguide to an X-band DLA structure,
three modules are adopted (see Fig. 1): a main DLAmodule
at center sandwiched by two mode converter modules
towards rectangular waveguide. The mode converter mod-
ule consists of two sections, a symmetrical feeding dual
ports converting the rectangular TE10 mode to the circular
TM01 mode, and a choke connection toward the DLA
module side. The DLA module consists of three sections,
the main, uniform DLA section connected to the compact
dielectric matching sections at both ends being extended by
circular pipe to the connection to the converter module. The
compact dielectric matching section provides a good match
for the impedance of the TM01 mode between the circular
waveguide and the DLA structure. A choke flange sepa-
rates the DLA structure from the mode converter and thus

FIG. 1. Conceptual illustration of an externally powered DLA
structure connected with two matching sections and two
TE10-TM01 mode converters with choke geometry.
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makes the mode converter independent of the dielectric
properties. In this case, the mode converter can be reused
for similar experiments operating at the same frequency.
Section II presents detailed rf design of an X-band DLA
structure and compact dielectric matching sections using
MgTiO3 ceramic. Section III shows the fabrication process
for obtaining the prototypes of mode converters and DLA
structure. Section IV presents the low-power rf measure-
ment for the full-assembly prototypes and its comparison
with the simulations. Section V investigates the fabrication
errors to cause the discrepancy between measurements and
the simulations. Section VI gives the conclusions.

II. DESIGN OF AN X-BAND DLA STRUCTURE
AND DIELECTRIC MATCHING SECTIONS

In this section, the rf properties of an X-band DLA
structure (see Fig. 2) are studied. A compact dielectric
matching section to efficiently couple the rf power from a
circular waveguide into the DLA structure is also described
in detail.

A. A DLA structure

MgTiO3 ceramic, with good thermal conductivity and
ultralow power loss, which has been studied in [28], is
chosen as the dielectric material for our DLA structure. An
accurate measurement of the dielectric properties has to be
performed before using such a ceramic for our rf design. As
shown in Fig. 3, a TE01δ silver-plated resonator [80], which
is designed for testing ceramics at an X-band frequency, is
used to measure the dielectric constant εr and loss tangent
tan δ of sample coupons. Four coupons made from the same
dielectric rods as for the fabrication are measured. A
dielectric constant εr ¼ 16.66 and a loss tangent tan δ ¼
3.43 × 10−5 (having error bars 0.6% of the nominal value)
are obtained for the rf design of the DLA structure and
matching sections which follow.
The DLA structure could be potentially used for the

CLIC main linac [64–69]. The inner radius is chosen to be
Rin ¼ 3.0 mm from consideration of the CLIC beam

dynamics requirement [66,67]. The outer radius is then
calculated to be Rout ¼ 4.6388 mm for an operating fre-
quency of f0 ¼ 11.994 GHz. The group velocity obtained
is vg ¼ 0.066c, where c is speed of light. A quality factor of
Q0 ¼ 2829 and a shunt impedance of Rshunt ¼ 26.5 MΩ=m
are also derived for such a DLA structure using HFSS [81].
The length of the DLA structure is chosen as L ¼ 100 mm
for the following simulations and mechanical assembly.

B. A compact dielectric matching section

A clamped copper outer jacket enclosing a tapered
matching section and a DLA section [43] has been
successfully used for many high-power experimental stud-
ies [41–43,45–46]. But this matching section has a length
of >30 mm as compared to the DLA length of ∼100 mm
[41,45]. Therefore, a compact matching section would be
very advantageous given that it saves the valuable space for
the DLA section.
Through optimization studies [82], a compact dielectric

matching section is obtained: W1¼ 2.035mm, H2 ¼
2.74mm, θ¼ 60o, Rf ¼ 2.0mm, and Rm ¼ 0.5 mm, as
shown in Fig. 4. In fabrication, a sharp dielectric corner
easily breaks. In order to prevent such a break, a 45° chamfer
with a length of 0.254mm is added to this corner, as shown in
Fig. 4. The shape of the outer metal is also changed by
rounding with a fillet radius of Rr ¼ 0.322 mm, in order to
prevent field enhancement near that area.
Figure 5(a) shows the simulated electric field distribution

for the compact dielectric matching section at an input
power of 1 W. Figure 5(b) indicates that the electric fields
near that area are much lower than those of the DLA
structure. In this case, this dielectric matching section has
the potential to survive at a similar high-power level
>5 MW [42–43,45–46].
Figure 6 shows the simulated S11 ¼ −48 dB and S21 ¼−0.31 dB for the compact dielectric matching section at the

operating frequency of 11.994GHz.UsingS21 ¼ −0.31 dB,

FIG. 2. Front view and longitudinal cross section of a cylin-
drical DLA structure. εr, Rin, Rout, and L represent dielectric
constant, inner radius, outer radius, and length for the DLA
structure.

FIG. 3. Measurement setup of the dielectric properties of the
material sample.
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the coupling coefficient (it is defined by η ¼ 10
S21
5 and

frequently used in the analysis in this paper) for the whole
dielectric structure is calculated to be 86.7%.TheS21 also has
a broad 3 dB bandwidth of more than 1.0 GHz, which allows
greater tolerance to potential fabrication errors.

C. A design gap

In our fabrication, the entire dielectric tube, including the
matching section and the DLA structure, is machined as a
single piece. A thin metallic layer of 0.0508 mm is first
coated onto the surface of the whole dielectric tube in order
to keep in close touch with the outer copper jacket. The
coated dielectric tube is then inserted into the outer copper
jacket. However, a microscale gap is needed in the tapered
area between the thin metallic coating and the outer thick
copper jacket for proper clamping, as shown in Fig. 7. It is
therefore of particular importance to study the dependence
of the S parameters and electric fields on the design gap d2.
Figure 8 shows how varying the design gap d2 influences

S11 and S21. With a larger design gap, S11 increases while
S21 remains almost unchanged, resulting in worse match-
ing. For a design gap of d2 ¼ 0.2 mm, S11 ¼ −31.5 dB
and S21 ¼ −0.31 dB are obtained. S11 is increased to
−28 dB and S21 stays almost constant, when the design
gap becomes 0.3 mm.
Figure 9(a) shows the simulated electric field distribution

for the matching section with a design gap, at an input
power of 1.0 W. Figure 9(b) gives the simulated electric
field magnitude along path AGC for different design gaps.
There are two peaks in each curve, indicating the relatively
strong fields near the chamfered corner and rounding
corner, respectively. For a design gap of 0.3 mm, the peak
fields are higher than those of the DLA structure, which
may cause arcing in a high-power test. The dielectric
matching section is therefore allowed to have a maximum
design gap of 0.2 mm, in which rf fields are still lower than

FIG. 6. Simulated S11 and S21 as a function of frequency for the
compact dielectric matching section.

FIG. 5. (a) Electric field distribution for the compact dielectric
matching section with a chamfered corner. (b) Electric field
magnitude along path AFC which denotes a section of lines and
arcs connected by the points A, F, and C, as shown in (a), where
the distance of point A is taken as 0 mm.

FIG. 4. Longitudinal cross section of a circular waveguide, a
compact dielectric matching section, and a DLA structure.
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those of DLA structure. This value is used to accept the
fabrication tolerances of the copper jacket and the metallic
coating of the dielectric tube.

D. Tolerance studies

Through optimization studies [82], geometrical parame-
ters for the dielectric matching section and theDLA structure
are obtained as follows: εr ¼ 16.66, W1 ¼ 2.035 mm,
H2 ¼ 2.74 mm, θ ¼ 60o, Rf ¼ 2.0 mm, Rm ¼ 0.5 mm,
Rout ¼ 4.6388 mm, Rin ¼ 3.0 mm, and L ¼ 100 mm.
Using these geometrical parameters, S11 ¼ −48 dB and
S21 ¼ −0.31 dB are achieved at an operating frequency of
11.994 GHz. It should be noted here that both S parameters
include the copper circular waveguide and theDLA structure
with a dielectric matching section (see Figs. 4 and 7).
As we know, S21 for the matching section has a large

3 dB bandwidth of over 1 GHz, so it is not sensitive to
changes in the geometrical parameters. The tolerances are
studied by calculating the dependence of S11 on the

geometrical parameters. By adjusting a certain geometrical
parameter from x to x� dx, S11 is simulated and compared
with the setting requirements of −30, −25, and −20 dB.
The length of the DLA structure does not have any effect on
the S parameters and rf-field performance, so it is ruled out
for tolerance studies in this section. The tolerances of key
geometrical parameters (see Table I) are discussed in detail.
As shown in Table I, S11 is very sensitive toW1, Rout, and

Rin and less sensitive to εr,H2, θ, Rf , and Rm. The dielectric
fabrication accuracy should be better than �0.02 mm in
order to realize a S11 ≤ −20 dB. This is very challenging
but it is still feasible from the previous fabrication expe-
rience [83]. The acceptance criteria for coupling coefficient
is assumed to be η ≥ 80% in this paper. In the worst case,
S21 is found to be S21 ≥ −0.45 dB, enabling the coupling

FIG. 8. Simulated S11 and S21 as a function of design gap d2.
FIG. 9. (a) Electric field distribution for the dielectric matching
section with a design gap, where the thin metallic coating is
denoted by the white lines. (b) Electric fields magnitude along
path AGC for different design gaps d2. Here path AGC denotes a
section of lines and arcs connected by the points A, G, and C, as
shown in (a), where the distance of point A is taken as 0 mm.

FIG. 7. Longitudinal cross section of a circular waveguide, a
compact dielectric matching section with a design gap, and a
DLA structure.

DESIGN, FABRICATION, AND LOW-POWER RF … PHYS. REV. ACCEL. BEAMS 25, 041301 (2022)

041301-5



coefficient of 81.3%. This is still acceptable for efficient
coupling for high-power experiment on DLA structures.

E. A full-assembly structure

In this section, a full-assembly structure (see Fig. 10) is
obtained by adding the DLA structure connected together
with two matching sections, circular waveguides with the
choke geometry, and the TE10-TM01 mode converters.
The mode converters and choke geometry have been studied
in [82,84]. The rf performance of such a full-assembly
structure is described in detail. The whole structure is
simulated by analyzing the electric field distribution and
S parameters from port 10 to port 20. rf power loss on both the
metallic surface and in dielectrics and accelerating fields in
the vacuum channel are also studied in detail.
Figure 11 gives simulated values of S011 ¼ −40 dB and

S021 ¼ −0.67 dB for the full-assembly structure at the
operating frequency of 11.994 GHz. It should be noted here
that S011 and S021 denote the reflection coefficient and trans-
mission coefficient, respectively, between ports 10 and 20, as
shown in Fig. 10. S0ij (i; j ¼ 1; 2) with apostrophe [see
Figs. 10,16(b),18(b),21,23, and 25] is different from Sij
without apostrophe which indicates S parameters between
ports 1 and 2 [see Figs. 16(a) and 18(a)]. Using the power
density on themetallic surface and in the dielectric area for an

input power of 1.0 W, the calculated rf power loss on the
metallic surface is Ploss surface ¼ 0.130 W and the rf power
loss obtained in dielectrics is Ploss dielectric ¼ 0.012 W.
So the total rf power loss is Ptotal loss ¼ 0.142 W. The
output rf power at port 2 is Pout ¼ 0.858 W. We thus
achieve a transmission coefficient S021 ¼ 10 logðPout=PinÞ ¼−0.67 dB, which agrees well with the simulated S021 shown
in Fig. 11. At the maximum peak power of 40 MW from
XBOX [85–86] with a pulse width of 1.5 μs and a repetition
rate of 50 Hz an average input power of 3.0 kW will be
generated. The power loss on the metallic surface is then
390 W and the power loss in dielectrics is 36 W. A water
cooling system is thus required for the high-power test on the
full-assembly structure.
Figure 12 shows the electric field magnitude along a line

MN (see Fig. 10). The electric fields are gradually
becoming weaker, due to rf power loss in the dielectric
and on metallic surfaces, as the rf fields propagate from
point M to point N. The average accelerating gradient is
calculated to be 5773 V=m at an input power of 1.0 W. For
a power of 40 MW from XBOX, an average accelerating
gradient of 36.5 MV=m can be achieved for our DLA
structure.
Figure 13 presents the full-assembly mechanical design

for the whole structure. The gray area denotes the outer
copper jacket, connected with openings to avoid air

FIG. 10. Electric field distribution for the full-assembly structure with a quarter geometry, where line MN is located on the center
along the z axis.

TABLE I. The tolerances of geometrical parameters for the dielectric matching section and DLA structure.

f0 ¼ 11.994 GHz S11 ≤ −30 dB S11 ≤ −25 dB S11 ≤ −20 dB
εr ¼ 16.66 ½ − 0.079;þ0.081� ½ − 0.139;þ0.148� ½ − 0.24;þ0.27�
W1 ¼ 2.035 [mm] ½ − 0.007; þ 0.007� ½ − 0.012;þ0.012� ½ − 0.022;þ0.022�
H2 ¼ 2.74 [mm] ½ − 0.015;þ0.017� ½ − 0.027;þ0.030� ½ − 0.051;þ0.054�
θ ¼ 60o ½ − 2.5°;þ2.0°� ½ − 4.3°;þ3.7°� ½ − 7.3°;þ7.0°�
Rf ¼ 2.0 [mm] ½ − 0.042;þ0.040� ½ − 0.076;þ0.068� ½ − 0.140;þ0.120�
Rm ¼ 0.5 [mm] ½ − 0.061;þ0.049� ½ − 0.118;þ0.090� ½ − 0.245;þ0.151�
Rout ¼ 4.6388 [mm] ½ − 0.0076;þ0.0065� ½ − 0.0123;þ0.0127� ½ − 0.020;þ0.025�
Rin ¼ 3.0 [mm] ½ − 0.006;þ0.007� ½ − 0.012;þ0.012� ½ − 0.024;þ0.020�
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trapping when pumping. Two conflat flanges are used to
connect the center part with the end parts, which are
TE10–TM01 mode converters with half-choke geometry.

III. FABRICATION

A. TE10�TM01 mode converter with half-choke
geometry (end-part prototype)

The TE10–TM01 mode converter with half-choke geom-
etry (also called as end-part prototype, see Fig. 13) was
fabricated by the CERN workshop using conventional
welding and brazing. The fabricated end-part prototypes
are shown in Fig. 14. Two mode converters with half-choke
[see Fig. 14(a)] which have exactly the same geometry are
used for the full-assembly structure. Figure 14(b) shows the
copper half-choke geometry and the stainless-steel conflat
flange. The screws are used to tighten both flanges between
the center-part prototype and two end-part prototypes.

B. Dielectric structure facing half-choke geometry
(center-part prototype)

The fabrication started from a sintered single piece
ceramic rod and witness samples for the characterization
measurement. Then the rod was machined to a dielectric
tube with required dimensions in a professional ceramic
machining company Insaco [83]. The whole dielectric tube
has a thin coating silver layer of 0.0508 mm on its outer
surface including the matching section and DLA structure.
It should be noted here that the inner surface and other area
do not have any coating. This coating is specially used for
maintain good contact with the outer copper jacket. The
coated dielectric tube is then inserted into the outer copper
jacket which consists of two-halves parts, as shown in
Fig. 15(a). These two-halves parts are connected in the
absence of brazing, forming a microgap, as shown in
Fig. 15(b). Such a microgap may break the rotational
symmetry of the whole structure. The ideal case is that there
is no offset for the two-halves copper jacket in both

FIG. 13. Full-assembly mechanical design for the whole structure, including a center part and two end parts.

FIG. 11. Simulated S011 and S021 as a function of frequency for
the full-assembly structure shown in Fig. 10.

FIG. 12. Electric field magnitude along the line MN shown in
Fig. 10. The distance of point M is taken as 0 mm.
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horizontal (x-axis) and vertical (y-axis) directions. For a
microgap of 0.15 mm and the worst symmetry braking (an
alignment angle β ¼ 45o), the simulated S011 ¼ −35 dB,
S021 ¼ −0.75 dB. S021 can be decreased to −1.8 dB when
this microgap equals to 1.0 mm. It should be noted here that
the reflection coefficient S011 ¼ ðS11 þ S13 þ S31 þ S33Þ=2

and transmission coefficient S021 ¼ ðS21 þ S23 þ S41 þ
S43Þ=2 for a full-assembly structure with four ports (ports
1, 2, 3, and 4), where Sij (i; j ¼ 1; 2; 3; 4) are S parameters
for this four-port structure. However, this asymmetry can be
mitigated by introducing symmetrical power splitters into

FIG. 15. (a) The coated dielectric tube is put into the outer
copper jacket. (b) The assembly center-part prototype with the
vacuum housing.

FIG. 14. Prototypes of the mode converter with half-choke
geometry (a) and conflat flange (b).
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thewhole structure. The vacuumhousing is clampedwith the
outer copper jacket, forming the center-part prototype, as
shown in Fig. 15(b). This center-part prototype has two
conflat flanges at both sides which can be tightened together
with mode converters to form an ultrahigh vacuum.
It should be noted that the outer copper jacket easily

slides along the longitudinal direction inside the vacuum
housing. In this case, the choke gap Lc (see Fig. 13) at both
sides is changed accordingly, which will be discussed in
Sec. IV D. Therefore, a stainless-steel stick rod (see
Fig. 13) is inserted into the groove [see Fig. 15(a)] of
the outer copper jacket in order to stop it from moving
along the longitudinal direction. This stick rod is integrated
with the flange inside the vacuum housing.

IV. LOW-POWER RF MEASUREMENT

In this section, we describe the process and the results of
low-power rf measurement performed for the full-assembly
structure by using a vector network analyzer (VNA). As
shown in Table II, three different kinds of assembly were
measured by either a four-port or a two-port VNA. This
section follows the order of each row in this table for the
measurements.

A. Assembly of two end-part prototypes
and an aluminum waveguide

In order to verify the measurement, an aluminum wave-
guide is fabricated with the same inner radius of the
cylindrical waveguide. The outer radius of this waveguide
is the same as that of the conflat flange. Such an aluminum
waveguide is assembled with two end-part prototypes, as
shown in Fig. 16(a). A four-port VNA is used to measure
this assembly structure. It should be noted here that the
aluminum waveguide is replacing the DLA part in the
measurement. Given the symmetry of the assembly struc-
ture, a quarter of the structure is modeled and simulated in
HFSS, as shown in Fig. 16(b).
The four-port S parameters can be transformed into the

two-port S parameters when the network has a quarter
symmetry. Figure 17 shows that the measured S011 ¼−34.4 dB and S021 ¼ −0.26 dB while the simulated S011 ¼−57.9 dB and S021 ¼ −0.05 dB at the operating frequency
of 11.994 GHz. It is found that the measurements are
different from the simulations, which may be caused by

fabrication errors. However, the measured S parameters are
still acceptable in terms of rf power transmission (coupling
coefficient is 94.2% > 80%) from ports 10 and 20. Therefore,
it is concluded that most of the rf power propagates through
the end-part prototypes in a normal way.

B. Assembly of two end-part prototypes
and center-part prototype

After confirming the end-part prototypes work well, we
move on to assemble two end-part prototypes and center-part
prototype together, as shown in Fig. 18(a). Figure 18(b)
shows the modeling of the full-assembly geometry in HFSS

TABLE II. Different kinds of assembly for measurement.

Different kinds of assembly VNA Subsection

Two end-part prototypesþ aluminum waveguide Four-port VNA Subsection A
Two end-part prototypesþ center − part prototype (DLA structure) Four-port VNA Subsection B
Two end-part prototypesþ aluminum waveguideþ power splitters Two-port VNA Subsection C
Two end-part prototypesþ center − part prototype
ðDLA structureÞ þ power splitters

Two-port VNA Subsection C and subsection D

FIG. 16. The mechanical assembly (a) and simulation modeling
(b) of two end-part prototypes and an aluminum waveguide (see
first row of Table II).
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simulations, which will be used for comparing with
measurements.
Figure 19 shows that measured S011 ¼ −11.3 dB and

S021 ¼ −6.3 dB while simulated S011 ¼ −40 dB and S021 ¼−0.67 dB at the operating frequency of 11.994 GHz. It is
obvious that there is a significant discrepancy between
measurements and simulations. This discrepancy may be
caused by fabrication errors for the DLA structure with the
matching sections and microgap between the two-halves
copper jacket. Investigations into possible reasons for the
discrepancy will be discussed in Sec. V.
In order to know the electric field distributions along the

axis in the full-assembly structure, the bead-pull measure-
ment is carried out as follows. In the measurement, a small
dielectric bead attached to a string is pulled on axis through
the whole structure while a low rf power is fed into the
structure at the frequency of 11.994 GHz. Dry nitrogen is
fed into the structure to avoid permittivity errors due to
humidity changes. An electric field profile can be obtained
by calculating the change of reflection coefficient with
respect to the bead position.
Based on [87–88], the square of electric field strength E2

is proportional to the change of reflection coefficient

FIG. 18. The mechanical assembly (a) and simulation modeling
(b) of two end-part prototypes and center-part prototype (see
second row of Table II).

FIG. 17. Comparison between simulated and measured
S-parameters [(a) S011 and (b) S021] for two end-part prototypes
connected with an aluminum waveguide. FIG. 19. Comparison between simulated and measured S-

parameters [(a) S011 and (b) S021] for the full-assembly structure.
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ΔS ¼ S − S0, where S is the reflection coefficient and S0 is
the zero-line fitting function. Our full-assembly structure is
a four-port network. The reflection coefficient S ¼ ðS11 þ
S13 þ S31 þ S33Þ=2 for ports 1 and 3 while S ¼ ðS22 þ
S24 þ S42 þ S44Þ=2 for ports 2 and 4, where S11, S13, S31,
S33, S22, S24, S42, S44 are scattering parameters for our four-
port network. Figure 20 shows the measured electric field
distribution on the beam axis of structure at the operating
frequency of 11.994 GHz. The red curve denotes the
electric field distribution for the case of injecting rf power
from ports 1 and 3 while the blue curve denotes the electric
field distribution for the case of injecting rf power from
ports 2 and 4. The difference between them demonstrates
that the whole structure is asymmetrical because of fab-
rication error and microgap between the two-halves copper
jacket. It can also be clearly seen that there are reflections at
the position of matching sections for both cases. These
reflections may also be caused by fabrication errors for the
matching sections, which will be discussed in Sec. V.

C. Add power splitters for the assembly of two end-part
prototypes and center-part prototype

In previous subsections, we know the fabrication errors
and microgap between the two-halves copper jacket may
break the symmetry of the whole structure. In this case,

dipole TE11-type modes are excited and propagate through
the DLA structure in our previous measurements. This may
result in a high-power loss. In order to prevent the potential
dipole modes and remove the influence of microgap, two
power splitters are added into the rf measurement.
At first, two power splitters are added for the assembly of

two end-part prototypes and an aluminum waveguide. The
four-port network is changed to a two-port network. The
low-power rf measurement is carried out for this two-port
network, as shown in Fig. 21.
Figure 22 shows measured S011 ¼ S022 ¼ −26.1 dB and

S012 ¼ S021 ¼ −0.2 dB at the operating frequency of
11.994 GHz. It can be clearly seen that both S011 and S012
agree well with S022 and S021. This indicates that the power
splitters are symmetrical for rf propagating, thereby result-
ing in a small reflection coefficient and negligible trans-
mission loss. In this measurement, dipole modes are fully
suppressed in the structure.
After confirming that power splitters work smoothly, we

replace the aluminum waveguide with the center-part
prototype which has a DLA structure inside. As shown
in Fig. 23, similar rf measurement is carried out for this full-
assembly structure.
Figure 24 shows measured S011 ¼ −15.2 dB, S022 ¼−10.2 dB, S012 ¼ S021 ¼ −4.96 dB at the operating fre-

quency of 11.994 GHz. S011 does not agree well with

FIG. 21. The assembly of two end-part prototypes and an
aluminum waveguide connected with two power splitters (see
third row of Table II).

FIG. 20. Measured electric field magnitude for injecting rf
power from ports 1 and 3 (a), and from ports 2 and 4 (b),
respectively.
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S022, which is probably due to asymmetry of the full-
assembly structure. Both S011 and S021 are improved as
compared to previous four-port measurements (see
Fig. 19). This indicates that symmetrical power splitters
are beneficial for suppressing dipole modes propagating in
the DLA structure, thereby mitigating the influence caused
by microgap between the two-halves copper jacket.

D. Change the choke gap to meet the
requirement for high-power test

After adding power splitters for the full-assembly struc-
ture, S011 ¼ −15.2 dB and S021 ¼ −4.96 dB are achieved.
Given that this full-assembly structure will be put into the
XBOX system for a high-power test in the near future, the
reflection coefficient has to be improved better than S011 ≤−20 dB in order to protect our XBOX system. In order to
meet this requirement, the choke gap at both sides is
changed.
At first, we remove the stainless-steel stick rod which

should be inserted into the groove of the outer copper jacket
in order to stop it from moving. In this situation, the copper

FIG. 22. Comparisons between measured (a) S011 and S022,
(b) S012 and S021 for two end-part prototypes connected with an
aluminum waveguide and two power splitters.

FIG. 23. The full-assembly structure connected with two power
splitters (see fourth row of Table II).

FIG. 24. Comparisons between measured (a) S011 and S022,
(b) S012 and S021 for the full-assembly structure with two power
splitters.
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jacket enclosing the DLA structure easily slides along the
beam axis. If it moves a distance of d, the choke gap at one
side increases by d while the choke gap at the other side
decreases by d as compared to the original gap of 3 mm, as
shown in Fig. 25. It can be seen in Fig. 26 that the measured

S011 ¼ −21.4 dB when d ¼ 1.0 mm although measured
S021 ¼ −7.75 dB is becoming worse. This means that our
full-assembly structure meets the requirement of our
XBOX system for a high-power test by adjusting the choke
gap at both sides. This discrepancy between S011 and S021
may be caused by different fabrication errors on matching
sections and different choke gaps at both sides.

V. FABRICATION ERROR ANALYSIS

In this section, fabrication error analysis is performed by
adjusting the geometry of the matching section and the two-
halves copper jacket to produce an electric field distribution
and S parameters which are quite similar to those of rf
measurements (see the second row of Table II).
It is found that the amount of electric field magnitude

oscillation and the number of periodic peaks in DLA
structure are determined by width W1 of the matching
section and the inner radius Rin of DLA structure, respec-
tively, in HFSS simulations. When Rin ¼ 2.99 mm, the
simulated electric field has eight periodic peaks at
DLA structure, which agrees with both curves in Fig. 20.

FIG. 25. The choke gap at both sides changes with the moving
of the two-halves copper jacket.

FIG. 26. Comparisons between measured (a) S011 and S022,
(b) S012 and S021 for the full-assembly structure with a sliding
distance d ¼ 1.0 mm.

FIG. 27. Comparison between simulated and measured electric
field magnitude, for injecting rf power from ports 1 and 3 (a),
from ports 2 and 4 (b), respectively.
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When W1 ¼ 2.08 mm for one matching section nearby
ports 1 and 3 and W1 ¼ 2.12 mm for the other matching
section nearby ports 2 and 4, the simulated electric fields
are similar to those of bead-pull measurement, as shown
in Fig. 27.
Therefore, the full-structure modeling [see Fig. 18(b)] is

modified to have a DLA structure with an inner radius of
Rin ¼ 2.99 mm, one matching section with a geometry of
W1 ¼ 2.08 mm at one side and the other matching section
with a geometry of W1 ¼ 2.12 mm at the other side. The
simulated S parameters for this full-assembly structure are
then obtained and comparedwith themeasuredSparameters.
Figure 28 shows that simulated S011 ¼ −11.8 dB is in good
agreement with measured S011 ¼ −11.3 dB but simulated
S021 ¼ −0.97 dB is not consistent with measured S021 ¼−6.3 dB at the operating frequency of 11.994 GHz. This
means that the fabrication error on the inner radius is
estimated to be 0.01 mm which meets the requirement of
fabrication accuracy in the subsection of tolerance studies.
However, the estimated fabrication error on W1 for one
matching section is 0.045mmand it is 0.085mmfor the other

matching section. Both values of W1 are out of fabrication
tolerances. This may be caused by the absence of measure-
ment during the fabrication process for the dielectric tube.
Through carefully machining and measuring the width of
matching sections, the values ofW1 can be modified back to
the design value of 2.035 mm under tolerances. This will be
studied in the next step.
We continue investigating other possible reasons causing

the inconsistency between the simulated and measured S021.
Besides the fabrication errors on both Rin and W1, when
there is an offset of 1.0 mm for the two-halves copper jacket
in both horizontal (x-axis) and vertical (y-axis) directions
and a microgap of 1.0 mmwith an alignment angle β ¼ 45o

[see Fig. 15(b)], the simulated S011 ¼ −11.5 dB and S021 ¼−5 dB dB are obtained at the operating frequency of
11.994 GHz, as shown in Fig. 29. The offset in both
directions and the microgap between the two-halves
copper jacket cannot be larger than 1.0 mm through the

FIG. 28. Comparison between simulated and measured S
parameters [(a) S011 and (b) S021] for the full-assembly structure
with Rin ¼ 2.99 mm, W1 ¼ 2.08 mm at one side and W1 ¼
2.12 mm at the other side.

FIG. 29. Comparison between simulated and measured S
parameters [(a) S011 and (b) S021] for the full-assembly structure
with Rin ¼ 2.99 mm, W1 ¼ 2.08 mm at one side and W1 ¼
2.12 mm at the other side, and an offset of 1.0 mm for the two-
halves copper jacket in both horizontal (x axis) and vertical
(y axis) directions, a microgap of 1.0 mm with an alignment angle
β ¼ 45o [see Fig. 15(b)].
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measurement. In this situation, the simulated electric fields
are similar to those of bead-pull measurements. The
simulated S011 ¼ −11.5 dB has a good agreement with
the measured S011 ¼ −11.3 dB while there is a difference
of 1.3 dB between the simulated S021 and the measured S021
at the operating frequency of 11.994 GHz. This difference
may be caused by other fabrication errors, such as misalign-
ment in longitudinal directions and coating quality on the
dielectric tube. Further investigations are still required to
understand the origin of this difference.

VI. CONCLUSIONS

This paper presented the design, fabrication and low-
power rf measurement of an X-band DLA structure at
CERN. In order to efficiently couple the rf power from a
rectangular waveguide to an X-band DLA structure, the
mode converters with choke geometry and the compact
dielectric matching sections were carefully designed.
Tolerance studies were also carried out for the whole
dielectric structure. A full-assembly structure, including
the DLA structure connected with two matching sections,
TE10-TM01 mode converters with choke geometry, was
analyzed in detail.
A prototype of the DLA structure with the dielectric

matching sections was subsequently built and mechanically
assembled with the mode converters for rf measurement.
The mode converters were demonstrated to propagate rf
power in a normal way. However, a significant discrepancy,
due to fabrication errors, was found between measured and
simulated S parameters. Geometrical analysis was thus
performed to understand the origin of these differences.
The fabrication error on widthW1 of the matching sections
was found to be the main cause of the large reflection
coefficient as a whole. The fabrication errors including the
offset for the two-halves copper jacket in both horizontal
(x-axis) and vertical (y-axis) directions and the microgap in
it resulted in a large attenuation for the transmission of rf
power. Through adjusting the choke gap, an overall
measured reflection coefficient of S011 ¼ −21.4 dB could
be reached, which meets the requirement of our XBOX
system.
In the next step, the measurement techniques will be

introduced during the fabrication processing on the dielec-
tric tube especially on the width of dielectric matching
sections. We believe that the dielectric tube with a width of
∼2.035 mm under the tolerances can be successfully
realized through carefully machining and measurement
in each step. A new dielectric tube is under fabrication
in order to improve the present fabrication processing.
Special attention should be also paid to the fabrication and
assembly of the two-halves copper jacket with the aim to
reduce the offset in both horizontal (x-axis) and vertical
(y-axis) directions and the size of microgap.
The current full-assembly structure will be put into the

Xbox system for a high-power test. Because of unexpected

fabrication errors on the matching sections, the standing-
wave field in the whole structure will be very large. This
will be an issue to identify the location of a breakdown in a
high-power test. It is also foreseen that dielectric rf break-
down [42] and surface resonant multipacting [41–46]
would be the primary issues to limit the achievable gradient
for DLA structures. Thus, further studies are required to
solve these issues. This will be reported in separate
publications.
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