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We present a topology for linear accelerators (linacs) in which the power is distributed to the cavities
through a waveguide with periodic apertures that guarantees the correct phases and amplitudes along the
structure length. Unlike conventional traveling and standing-wave linacs, the presented topology allows the
cavity shapes to be designed without the constraints applied to the coupling between cells to transfer power
from one cell to the next. Therefore, the topology permits more degrees of freedom for the optimization of
individual cavity shapes in comparison with conventional linacs. The cavity shapes can be optimized for
power consumption and efficiency, and/or the manipulation of the surface fields for high gradient
operation. This topology also provides a possibility for low-temperature manufacturing techniques that
prevent the annealing of the material during typical brazing processes; hence, the material could retain its
original properties such as hardness. We present a design and an experimental demonstration of this linac.
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I. INTRODUCTION

A linear particle accelerator (linac) accelerates charged
particles using an oscillating electric field formed within rf
cavities (cells) that are joined together to form a beam line.
Charged particles gain energy as they travel along the beam
line. Typically for high gradient electron linacs, such as the
SLAC linear accelerator, rf power is fed to the linac from
one point and flows through adjacent cells using coupling
holes that also serve as a beam tunnel for charged particles.
Consequently, the linac design process requires careful
consideration of the coupling between adjacent cells. This
limits the ability of designers to optimize the cell shape
for efficiency and gradient handling capability [1–3].
Biperiodic structures and side coupled structures have been
introduced [4,5] to avoid coupling between cells through
the beam tunnel and hence allow for the ability of better
optimization of the cavity shapes. These topologies enjoy
widespread use in industrial and medical applications.
However, they have not been considered for high gradient
linacs aimed at discovery science machines such as future
linear colliders and linac-based free electron lasers.
Standing-wave linacs, based on biperiodic and side

coupled-cavity linac topologies, use an extra set of cavities,

the coupling cavities, either on the side or on axis, to
achieve the correct phase between accelerating cavities.
These coupling cavities do not contribute to the acceler-
ation, and hence, they are made very short in case of the on-
axis coupling or moved to the side in case of the side
coupled-cavity topology. The coupling cavities are sup-
posed to be located at the null of a standing wave pattern of
these standing wave accelerator structures. Still, power
must flow from the feeding point, typically close to the
middle of the linac, to the cells at the far end of the linac.
The power indeed flows from one cell to the next, including
the coupling cavities, and the coupling slots have to
accommodate this power flow; the power for the whole
linac has to flow through the coupler cavity that couples the
feeding waveguide to the linac. Hence the side cavities do
contribute to the total rf losses in the linac, and the power
flowing through the coupling slots of the coupler cavity is
the power needed to feed the whole linac.
The distributed coupling linac, presented here, has a

topology that allows feeding each accelerator cell inde-
pendently using a periodic feeding network. This adds
another degree of freedom to the design; the coupling
between cells can have a wide acceptable range, including
minimizing it to negligible values. The added flexibility in
the geometry optimization of the accelerator cells can be
used to attain the highest possible shunt impedance for a set
of cells or craft the field along the cell walls to allow for
higher gradient operation [6].
In Sec. II we introduce the concept, in Sec. III we detail

the design procedure for the accelerating cell and the
coupling slots, and in Sec. IV we present the mechanical
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design, then, in Sec. V, we present the experimental
verification of our manufactured linac structure. Finally,
Sec. VI introduces variations of the distributed-coupling
linac and compare it with other topologies.

II. DISTRIBUTED COUPLING LINAC THEORY:
THE DISTRIBUTION MANIFOLD

Any concept for a distributed feeding network is required
to provide, typically, an equal amount of power to each
identical cell and simultaneously provide the appropriate
phased advance for each cell. For a typical electron linac
with particle moving at nearly the speed of light, the phase
advance per cell is 2πP=λ; where P is the periodic
separation between cells and λ is the free-space wavelength.
Except for a dielectric-free coaxial line, this phase advance
cannot be provided by any form of waveguiding structure
which always has a guided wavelength λg > λ, the free-
space wavelength.
Using a coaxial line to feed a set of cavities has been

attempted before [7,8]. These approaches have not been
used since these initial publications; the use of a coaxial
line is difficult for many reasons. Supporting the inner
conductor without dielectric support throughout the linac
length poses manufacturing difficulties. The mode trans-
ducer that would couple the input waveguide to the linac to
the coaxial line requires finesse in design to ensure low
field levels and will have to be incorporated in the center
conductor support structure. Furthermore, in a reasonable
design, the coaxial line needs to support only the TEM
mode. The cutoff frequency of the next higher-order mode,
the TE11 mode, limits the size of the coaxial line. For the
lowest possible losses, it is readily shown that the ratio
between the inner and outer conductor radii should be
∼0.28 [9,10]. Using this ratio and demanding that the TE11

cutoff frequency is reasonably above the operating fre-
quency requires that the outer conductor radius be ∼0.26 λ,
where λ is the operating wavelength. With these limitations
on the coaxial line dimensions, the losses per meter at
11.424 GHz, our operating frequency of interest, is about
5%. Also, the peak field at the inner conductor is about
45 MV=m for an input power of 100 MW, a typical number
for the operation of advanced high gradient linacs [11,12].
These numbers are to be compared with 2% of losses/meter
and 28 MV=m of peak field if a reasonably sized wave-
guide is used. Hence, it was natural for us to consider an
approach to the distribution system that uses easy to
manufacture structure with an integrated waveguide dis-
tribution system.
Our approach uses waveguides that are oriented so that

their center E-plane coincides with an E-plane of the
accelerator cell’s TM010 mode, which is any plane that
contains the center axis of the accelerator cell. Because the
guided wavelength does not match the free-space wave-
length, one can imagine solutions where the distribution
waveguide is bent like a serpentine to achieve the

appropriate phase advance. This is valid, but one can
use more than a single distribution manifold (by a manifold
we mean a waveguide branching into several openings to
feed many cavities). A natural interval for taping into the
manifold, as would be seen below, is every ðmλgÞ=2; where
λg is the guided wavelength within the manifold, and m is
an integer. Therefore, for a structure with a phase advance/
cavity of 2π=n, one can use n manifolds, each one of them
being taped every λg=2 with an interleaving π phase delay
incorporated within the cell feed lines; then, every cell is
fed by a given manifold have the same phase. Since we
have total freedom of choosing the phase advance between
cells, the phase advance can be viewed as an optimization
parameter.
A π phase advance per cavity is a special case that

simplifies the design of the system. In this case, n ¼ 2, and
hence, only two manifolds are needed. It turns out that this
period is close to being optimal. For small beam apertures,
a phase advance of 2π=3 is few percents better than the π
phase advance in terms of shunt impedance ([13] and
Sec. III of this paper). However, for simplicity, we
developed our initial design, presented here, around a linac
operating at the π-mode. The manifold, in this case, can
also be simplified by supplying the power from the
manifold to one cavity every λg=2. Transverse fields of
the fundamental mode of a waveguide switch polarity every
λg=2. Since every two adjacent cavities require a π phase
shift, then two successive tap-offs from the manifold,
separated by λg=2 can feed those two adjacent cavities.
Hence, the two manifolds would feed interleaving pairs of
cavities (see Fig. 1). In this case, there is no need to modify
the feeding line for every other cell as suggested before;
feeding lines are the same for all the cavities.
For this topology, the manifold’s network consists of a

set of cascaded T-junctions. The power going through the
tap-off ports to the cavities should achieve a minimal
standing-wave ratio (SWR) within the feeding lines to the
cavities; the feeding network, then, will have minimal
influence on the cavity cells, resulting in two isolated
systems, the feeding network and the cavity cells. To this
end, the cavity coupling port should be designed to be a
matched port when the cavity is loaded with the design

FIG. 1. The distributed feeding network for π-mode linac with
two manifolds feeding interleaving pairs of cavities; every two
adjacent cavities require a π phase shift, which is provided by
successive tap-offs from the manifold, separated by λg=2.
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beam current. For the π-mode, the accelerator’s cells can be
regarded as isolated from each other with no coupling in
between. This is true only for the π-mode and is indepen-
dent of the size of the coupling hole size; see Sec. VI, the
simulation section, for more details. Therefore, the cells can
be modeled as independent loads using a general model
(resonant circuit) for the cavity input impedance. The
isolated manifold system, with the assumption of a matched
load at the end of each tap-off port, can be viewed as a
transmission line with periodic loading and a short circuit
termination at the end, situated λg=4 away from the last
load, see Fig. 2(a). Because all the loads are identical, the
total load impedance, seen by the input source, can be
shown, with the help of elementary transmission line theory
to be Zl=n, see Fig. 2(b). Hence, for a matched input, we
choose Zl ¼ nZ0, where Z0 is the characteristic impedance
of the line. With this choice, the line is segmented into a
series of sections with a load impedance of value nZ0 in the
middle of the section and a quarter-wave transmission line
extending the section from either direction. This section can
be viewed as a two-port network. Using scattering matrix
representation which could be immediately derived from
the impedance matrix representation for each section [14],
we can write the scattering matrix, after using the appro-
priate signs for the field polarities, for each section as

Stwo ¼
 −1

2nþ1
1

2nþ1
− 1

1
2nþ1

− 1 −1
2nþ1

!
; ð1Þ

The scattering matrix representation, S, of the lossless
three-port tap-off section can then be deduced. The 2 × 2
matrix entries of Eq. (1) have to be the same as the upper
left submatrix of S. Also, S has to be symmetrical because
of reciprocity. Finally, because it is lossless, it satisfies the
unitarity condition; SS† ¼ I. The geometric symmetry of
the system is expressed in this matrix if s11 ¼ s22 and
s13 ¼ −s23; the negative sign that differentiates s13 from
s23 expresses the π phase shift across each section. Hence,

S ¼

0
BBB@

−1
2nþ1

1
2nþ1

− 1
2i
ffiffi
n

p
2nþ1

1
2nþ1

− 1 −1
2nþ1

−2i ffiffinp
2nþ1

2i
ffiffi
n

p
2nþ1

−2i ffiffinp
2nþ1

2n−1
2nþ1

1
CCCA: ð2Þ

The next stage of the implantation requires the trans-
lation of this matrix into a realizable physical structure.
This is done with the aid of a more general scattering matrix
representation of any three-port junction satisfying unitar-
ity, reciprocity, and geometrical symmetry, but without
satisfying the particular form of Eq. (2). This matrix is
derived in [15] and is given by

S ¼

0
BBB@

−eiϕ−cos θ
2

ei2ψ −eiϕþcos θ
2

ei2ψ sin θffiffi
2

p eiϑeiψ

−eiϕþcos θ
2

ei2ψ −eiϕ−cos θ
2

ei2ψ − sin θffiffi
2

p eiϑeiψ

sin θffiffi
2

p eiϑeiψ − sin θffiffi
2

p eiϑeiψ cos θei2ϑ

1
CCCA: ð3Þ

After imposing reciprocity, unitarity and geometrical
symmetry conditions, there are only 4 degrees of freedoms
left, represented by the angles θ, φ, ψ , and ϑ. Equation (3)
indicates that in general, we need 4 degrees of freedom in
our geometrical implementation for a junction that satisfies
Eq (2). The physical structure is shown in Fig. 3(a) for the
T-junction, with features labeled ➊ and ➋, having four-
dimensional degrees of freedom in terms of the depth and
width of each feature. The first feature, which is a
capacitive element at the feeding port, provides control
to achieve the design value for js33j or θ and ϑ, while the
second one controls φ, and ψ . Performing a numerical
search through a finite element code quickly determines the
correct dimensions for this junction so that it satis-
fies Eq. (2).
After designing one single junction, the manifold can be

constructed by cascading these junctions n times. We
numerically simulated a manifold designed for n ¼ 10 at
X-band. The results are shown in Fig. 3(b). The coupling
between the input port and any tap-off port is −10 dB and
the phase difference between any two adjacent tap-offs is π.

FIG. 2. (a) The isolated manifold system can be viewed as a transmission line with periodic loading with identical loads that has an
impedance Zl located at iλg=2; where i ∈ Z (b) the total load impedance can be shown with the help of elementary transmission line
theory to be Zl=n.
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As described, this practical implementation of a distributed
feeding network provides independent power feeding to
each accelerator cell, and thus enables designing for com-
pletely isolated cells. In this case, the accelerator design
converges to a single-cell design with identical accelerator
cells. This simplicity of the design concept opens the door to
investigate new accelerator cell geometries.

III. CELL OPTIMIZATION AND NUMERICAL
SIMULATION OF THE DISTRIBUTED

COUPLING LINAC

For our first design, presented here, we used a set of
parameters defining a series of circular and straight seg-
ments to describe the geometry of the accelerator cell.
These parameters, in Fig. 4(a), are optimized using

FIG. 3. (a) The T-junction, with features labeled ➊ and ➋, have four-dimensional degrees of freedom in terms of the depth and width
of each feature. Performing a numerical search through a finite element code quickly determines the correct dimensions for this junction
so that it satisfies Eq. (2) for n ¼ 10 in this example, then (b) the full manifold is constructed by cascading this junction 10 times. The
color plot is for the complex E-field simulated using ANSYS HFSS.

FIG. 4. (a) The accelerating cell is defined using a series of circular and straight segments. The radii of the cavity segments are then
optimized to maximize/minimize the optimization function that is defined by the user. (b) The shunt impedance for optimized designs
utilizing the distributed-coupling technology for different aperture openings at different bands.
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differential evolution to maximize the shunt impedance
with a constraint on the peak fields on the cavity surface.
We used our well-developed 2D finite element (FEM)
codes in our optimizations. Typically, an optimization
problem takes a few hours using our 2D FEM codes
compared to a few days using commercially available
software. Our optimizations, in Fig. 4(b), show that the
shunt impedance improves for smaller aperture openings
for all bands. Consequently, designing for isolated cells
with the distributed coupling concept enables reaching high
duty factors compared to any conventional particle accel-
erator with high power handling capability.
The first realization of the distributed-coupling linac is

designed for π-mode operation at X-band (11.424 GHz)
with an iris diameter of 2.6 mm. The cell geometry was
optimized for minimal peak magnetic field on the surface;
following many studies that showed the high correlation
between breakdown rates in accelerator structures and the
peak magnetic fields on the accelerator walls [16–19]. The
optimized design, in Fig. 5(a), achieves a superior shunt
impedance of 155 MΩ=m. The minimized magnetic field
on the surface came at the cost of a peak electric field-to-
gradient ratio of 2.5 as shown in Fig. 5(b). Meanwhile, the
shunt impedance of linac structures which are designed for

high-gradient X-band operation is in the order of
100 MΩ=m with a comparable peak electric field-to-
gradient ratio [12,20].
The distributed feeding network is designed for 20-cells

linac; ten cells per manifold. As previously mentioned, the
S-matrix in Eq. (2) for n ¼ 10 was achieved by introducing
two features, labeled➊ and➋ in Fig. 3(a), to the T-junction.
The feeding ports, in Fig 6(a), are designed for critical
coupling for each accelerator cell, and the full linac design is
shown in Fig. 6(b). We also designed a power divider that

FIG. 5. (a) The optimized cell design and electric field profile plot. (b) A plot of the surface electric and magnetic fields for the
optimized cell design for X-band linac with iris diameter of 2.6 mm.

FIG. 6. (a) The cell-design shape with the feeding port and electric field profile plot. (b) The full design and electric field profile of
20 cells π-mode distributed-coupling linac with identical cells at X-band. (c) The power divider designed to distribute the power equally
between the two feeding manifolds from a WR90 feeding port.

TABLE I. Summary of the cavity accelerating design param-
eters. The peak fields are for an average gradient of 100 MV=m.

Frequency 11.424 GHz
Q0 10000
Qext 10000
Length 10λ (∼26 cm)
Iris diameter 2.6 mm
Shunt impedance 155 MΩ=m
Peak surface E 250 MV=m
Peak surface H 0.25 MA=m
Peak surface H with the feeding port 0.575 MA=m
Sc [16] 7.36 W=μm2
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divides the power equally between the two feeding mani-
foldswithminimal reflections. The power divider hasWR90
feeding port and splits into two branches that match the
dimensions of the manifolds as shown in Fig. 6(c).
A summary of the linac parameters is presented in

Table I. We must mention, however, that for the design
presented in this paper, we did not optimize the feeding
ports to the accelerator cells for minimal enhancement of
the magnetic field. This led to a magnetic field enhance-
ment of x2.3 on the surface. In our later designs, we
optimized the feeding ports to reduce the enhancement
factor to only x1.1–1.2, depending on the beam-loading
requirements [21]. We also developed advanced optimiza-
tion approaches that utilize elliptical and even generic
shapes for more optimized accelerator cells [22].

IV. MECHANICAL DESIGN OF THE STRUCTURE

Each segment of the distributed-coupling accelerator
structure can be manufactured from two blocks as shown in
Fig. 7 [6,23,24]. Both the manifolds and the cavities have
no currents crossing the plane which splits the structure in
half along the long dimension of the manifold cross section.
Manufacturing from two blocks reduces the complexity of
manufacturing the structure and provides logical places for
both the cooling tubes and the tuning holes. It also provides
a possibility for low-temperature manufacturing techniques
including electron beam welding and thereby allowing the
use of unannealed copper alloys and hence greater toler-
ance to high gradient operation. The circuit halves are
aligned with an elastic averaging technique [25,26].

FIG. 7. Illustration of the manufacturing of the distributed-coupling linac from two quasi-identical copper blocks including the tuning
pins, alignment holes, and cooling channels.

FIG. 8. The cold test data for the manufactured 20-cells X-band standing-wave distributed-coupling linac showing (a) the amplitude
and phase along the structure as well as (b) the frequency spectrum. The structure features a single resonance frequency rather than
20 resonances for coupled linac structures.
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The accelerator structure was manufactured and cold
tested before high power operation. Tuning was accom-
plished by shorting all the cells, with a conductive rod,
except the one cell being tuned. The resultant structure after
tuning, as expected, had a single resonance frequency
rather than 20 resonances for conventional structures with
20 coupled accelerator cells [1]. Figure 8 shows the
frequency response data together with the bead pull [27]
data that characterizes the amplitude and phase along the
structure. It is worth mentioning that the side coupled linac
cannot be manufactured from two blocks due to the
geometry of the side coupling cells which also needs
careful tuning for proper power flow.

V. EXPERIMENTAL RESULTS

We utilized the existing infrastructure at the X-band Test
Accelerator (XTA) station at the NLCTA facility at SLAC

for the high-power experiments of the distributed-coupling
linac. The goal is to experimentally verify the linac
parameters from Table I at high-power operation. The
experimental setup is illustrated in Fig. 9. XTA is divided
into two stations, referenced in Fig. 9 as stations 1 and 2;
each one is fed with an independent rf source. The first
station is used to generate the electron beam from an
X-band photoinjector and then accelerate the beam to about
63.5 MeVusing an NLC style X-band accelerator [28]. The
second station feeds the distributed-coupling linac, which is
installed after the station 1 linac.
An X-band klystron feeds the distributed-coupling linac

with rf power. The peak rf power of the klystron is 40 MW,
and we installed a pulse compressor (multimoded SLED-II
[29]) after theklystron topush the rfpowerabove theklystron
limit.We installed the pulse compressor after the distributed-
coupling linac successfully demonstrated high-gradient
operation and was limited by the available klystron power.
Quadrupoles are used for beam focusing and trajectory

adjustment, a spectrometer is placed after the distributed-
coupling linac to measure the beam energy, and a Faraday
cup (FC) is installed downstream for charge measurements.
Also, a photomultiplayer tube (PMT) is placed on top of the
structure to measure the bremsstrahlung radiation from the
linac and detect breakdowns in the copper surface.
The accelerating gradient of a linac is expressed, from

the basic definition of the shunt impedance, Rs, and cavity
filling equations as

Gradient ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RsPloss

L

r
ð1 − e−

t
tFÞ;

tF ¼ 2Q0

ð1þ βÞω0

with β ¼ Q0=Qext; ð4Þ

where Ploss is the steady-state value of the power loss in the
structure, and L is the linac length. Because the structure is

FIG. 9. The experimental setup for the distributed coupling
linac testing at XTA, NLCTA, SLAC. XTA is divided into two
stations, and can be referred to as station 1 and station 2. The first
station generates the electron beam used in the experiment, and
the distributed-couping linac is installed in the second station.

FIG. 10. The energy gain of a synchronized electron-beam entering the structure with an energy of 63.5 MeV. (a) The structure was fed
with a square pulse of 300 ns and a power level of 17.5 MWas shown. (b) The energy of the accelerated electron bunch is 87.5 MeV; i.e.,
energy gain is 24 MeV.
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critically coupled (Q0 ¼ Qext from Table I), then Ploss ¼
Pin at steady state. Substituting with the parameters from
Table I, the peak gradient for the distributed-coupling linac
is expressed as

Gradient

�
MV
m

�
¼ 24.303

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PinðMWÞ

p
ð1 − e−

tðnsÞ
140 Þ ð5Þ

for a square pulse with a width of tðnsÞ. This equation will
be used to simulate the structure gradient in our following
measurements.
First, we measured the energy gain of an electron beam

moving down the axis of the distributed-coupling linac and
compared the result with our calculations from Eq. (5). A
300 ns square rf pulse at 17.5 MW, in Fig. 10(a), fed the
linac with power. Substituting with the pulse parameters in
Eq. (5), the simulated gradient is 89.74 MV=m which
translates to energy gain of 23.3 MeV for our 0.26 m linac.
The electron beam had initial energy of 63.5 MeV and
exited the linac at 87.5 MeV as measured by the spec-
trometer in Fig. 10(b). Thus, measuring an energy gain of
24 MeV, this is in large agreement with the simulated value
using the cavity parameters.
Second, at high-gradient levels, charges migrate from the

copper surface of the linac forming observable dark current.
Some of these charges get captured and accelerated on axis;
the peak dark-current energy corresponds to the peak
energy gain of the linac. After installing the pulse com-
pressor, with 400 ns stepped rf input pulse with a steady
state power of 33 MW, the linac reached a high gradient of
140MV=m corresponding to energy gain of 36.74 MeV as
calculated from Eq. (5); this is in large agreement with the
measured peak dark-current energy of 35.7 MeV in
Fig. 11(a).
Third, a beam moving down the axis of the linac excites

wakefields related to the total charge of the beam. We
measured the wakefield power and then used the cavity
parameters in Table I to calculate the total charge of the
electron beam. The calculated charge is compared with the

measured value using the FC downstream showing very
good agreement in Fig. 11(b). The detailed calculation is
presented in the Appendix.

VI. VARIATIONS OF DISTRIBUTED-COUPLING
LINAC AND COMPARISONS WITH

OTHER TOPOLOGIES

The distributed-coupling scheme is especially advanta-
geous for multicell structures with small on-axis coupling.
In such structures, the frequency separation between the
π -mode and the next N−1

N π -mode can be very small and not
feasible to be driven with a conventional coupler due to
potential coupling to the nearby modes. For example, the
structure presented in Sec. III has a total bandwidth of
0.34 MHz while the frequency separation between the π
and the N−1

N π mode is merely 2 kHz which is well within
the bandwidth of the π-mode resonance. The typical
coupling scheme would excite both the operating π-mode
as well as the N−1

N π mode (and a few more nearby modes).
However, the mode coupling issue is eliminated with the
parallel waveguide feeding scheme.
We should point out that the distributed-coupling top-

ology is also applicable to any phase advance per cell and
not necessarily π -mode. The only condition is for the iris
diameter to be small enough to eliminate the coupling

FIG. 11. (a) The peak dark-current energy at simulated gradient of 140 MV=m, and (b) comparison of the measured charge from
Faraday cup and calculated using the cavity parameters and the induced wakefield.

FIG. 12. Parallel feed of a 20-cell structure with large on-axis
coupling. The contour plot is the Ez field, showing the π phase
advance.
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between adjacent cells. Phase delays can then be incorpo-
rated within the feeding lines to each accelerating cell to
achieve the required phase advance between cells. The
π-mode is an exception where the parallel feeding scheme,
however, is equally applicable to structures of significant
cell-to-cell coupling. The reason is that the π-mode has a
zero group velocity, thus naturally providing the needed
isolation between the cells irrespective of the iris diameter.
Figure 12 shows a 20-cell structure with a large iris

opening fed by the distributed-coupling system. The total
bandwidth of this structure is 256 MHz, and the frequency
spacing between the π and the N−1

N π-mode is 2 MHz which
is far outside of the bandwidth of the π-mode resonance.
The parallel feed waveguide naturally drives the π-mode of
the structure, producing flat acceleration fields with an
exact 180° phase advance as shown in Fig. 13.
A conventional way of powering a weakly coupled

multicell structure is by means of side coupling cavities

[5]. With the side coupled cavities, the structure forms a
π=2 mode. In a lossless case, the π=2 mode will have zero
fields in the side coupled cavities. In reality, however,
power will flow through the side coupled cavities, as shown
in Fig. 14 to compensate for the cavity surface loss and
beam loading if there is any, resulting in finite power loss in
the side coupling cavities and a phase shift in the accel-
erating cavities.
The coupling slot between the side coupling cavity and

the accelerating cavity will also induce a local field
enhancement, which could be optimized with certain
limitations; the red spots in Fig. 14 indicate the magnetic
field enhancement around these coupling slots. The power
loss on the side cavity walls of the side coupled structure is
compared with that of the feeding waveguide of the parallel
feeding scheme. Both structures are designed to have the
critical coupling (with Q0 of room temperature copper).
The accelerating cells are identical in both structures.
Figure 15 shows the surface magnetic contour of half of a

20-cell parallel feed structure. Both the power delivering
structures (the side cavities in the side coupled structure,
and the waveguide in the parallel feeding structure) power
the same number of accelerator cells. The magnetic fields in
Figs. 14 and 15 are normalized with the same scaling for
comparison. One can see finite fields in the side coupling
cavities due to power flow, while the fields in the parallel
feed waveguide are of a much lower level. The surface loss
in the side coupling cavities is 2.6% of the surface loss of
the accelerating cavities in a side coupled structure. This
ratio is 1.14% in the parallel feed structure between the

FIG. 14. Side coupled accelerator structure. Shown here is the
downstream half of a 20-cell structure. The rectangular wave-
guide coupler is in the middle of the 20 cells.

FIG. 15. The surface magnetic contour of one manifold for a 20-cell parallel feed structure.

FIG. 13. (a) The electric field amplitude on axis, with arbitrary units; (b) the π-mode phase in the 20-cell structure.
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waveguide and the cavity losses, which is more than a
factor of 2 lower.

VII. CONCLUSION

In summary, we developed a new linac architecture that
feeds each accelerator cell independently. The distributed-
coupling linac overcomes the limitations imposed on the
cell shape to satisfy cell-to-cell coupling conditions; it
hence allows for flexible geometry optimization of the
accelerator cells. Consequently, the resultant designs
achieve minimized surface fields, enabling high gradient
operation, and maximized shunt impedance, enabling
efficient operation. We also developed a new manufactur-
ing technique that uses only two copper blocks to build the
new linac architecture, enabling economical manufactur-
ing. We applied the distributed coupling linac concept to a
20-cells X-band design and achieved a superior shunt
impedance of 155 MΩ=m. We tested the linac for high
power operation and verified the designed shunt impedance
using different experimental measurements. The distributed
coupling linac topology opens the door for many applica-
tions and design spaces that include multifrequency oper-
ation [30,31], and can be extended to superconducting
accelerators [21,32].
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APPENDIX: CALCULATIONS OF BEAM
CHARGE USING THE MEASUREMENT

OF THE INDUCED WAKEFIELDS

From the fundamental beam loading theory [33–35],
the total voltage gain by an electron beam equals the
voltage gain provided by the linac, Va, minus the induced
voltage from wakefields, Vs. From reciprocity, the
total voltage gained by the beam when the linac is operating
equals the induced voltage by the beam when the linac
is off:

V total ¼ Va − Vs ¼ Vs → Va ¼ 2Vs: ðA1Þ

Substituting from Eq. (A1) into the definition of the
shunt impedance,

Rs ¼
Gradient2

Ploss=L
¼ ðVa=LÞ2

Ploss=L
¼ 4V2

s

PlossL
: ðA2Þ

Substituting for Vs with the stored energy, U, and using
the basic definition of the quality factor, we can express the
beam charge as follows:

Rs ¼
4jUj2

q2PlossL
¼ 4Q0jUj

q2ω0L
→ ∴q2 ¼ 4Q0

Rsω0L
jUj: ðA3Þ

From the conservation of energy,

dU
dt

¼ Pin − Ploss − Pref ; ðA4Þ

where, in the described case, the linac is off, thus Pin ¼ 0,
and the reflected power equals the emitted power, Pe, from
wakefields:

∴Pref ¼ Pe ¼
ω0jUj
Qe

¼ βPloss: ðA5Þ

Substituting from Eq. (A5) into Eq. (A4), we can express
the stored energy as

U ¼ −ð1þ β−1Þ
Z

Prefdt: ðA6Þ

Substituting from Eq. (A6) into Eq. (A3), the total beam
charge can be calculated from the measured reflected
power as

q ¼ 2ð1þ βÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Qt

βRsω0L

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
Prefdt

s
: ðA7Þ
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