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The development of cross-bar H-type cavities (CH-DTL,H21 mode) is ongoing to improve the technology
of this attractive type of drift tube linac (DTL). In comparison with the conventional DTL, the H-type cavities
can reach a higher effective field gradient and are competitive in shunt impedance at an energy range up to 100
A MeV. H-mode DTL’s profit in shunt impedance additionally when applying the KONUS beam dynamics.
They are in use at research laboratories as well as at hospitals. This paper describes a new concept to approach
the zeromode inCH-type cavities, by extending the cavity diameter at the tank ends in combinationwith tilted
drift tube stems. RFQs of the four-vane type are operated as well in the H210 mode and the strategy for voltage
flattening can be partly applied there too if conventional vane undercuts are causing problems. Up to around
35 MeV, it is attractive to integrate one or more triplet lenses into each cavity, as one KONUS section is
relatively short andwould not exploit the full rf power of 3MWklystronswhich are available above 300MHz.
Such a cavity is denoted as a coupled CH-cavity CCH. Three possible arrangements of those internal triplet
lenses are discussed and are compared to each other. The operating modes as well as higher modes are then
comparedwith a lens-free CH cavity, where the lens positionwas filled by ordinary drift tubes. As a result, it is
shown that the rf behavior and resonance frequency for the higher harmonics of the frequency band are very
similar for all four investigated arrays. This means, that the tuning behavior of the CCH cavity can be simply
deduced from the lens-free CH cavity by replacing an even number of ordinary drift tubes (nβλ) with a lens-
containing drift tubewith adequate length and large outer diameter. This large drift tube itself oscillates like an
Alvarez-type drift tube. rf simulations on a 30-gap CH cavity show that the reduction in shunt impedance is
about 10% when installing a lens with length 2 beta lambda.
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I. INTRODUCTION

The activities in linear ion accelerators aim at the
development of high intensity, high energy, low, and high
duty factor accelerators for proton and ion beams. Those
accelerators have to fulfill the demands of fundamental and
applied sciences. For pulsed high current linacs, room
temperature solutions are chosen at least up to beam
energies around 100 MeV. Multigap cavities are used
due to their high efficiency. The traditional solution is
the Alvarez-type DTL (E010 mode), while H-type DTLs
were established first for heavy ion acceleration as IH

structures in theH110 mode [1,2]. Only during the last years
with the development of the CH-DTL [3] and applying the
H210 mode, these structures also offer an option for light
ion and proton acceleration [4,5].
In conventional Alvarez-type drift tube linacs of the βλ

type, the mechanical gap lengths sum up to about 25% of the
full cavity length. This kind of cavity is operated in the E010

mode and shows high stored field energies. If electromag-
netic quadrupoles are used inside each drift tube, the outer
tube diameters have to be rather large. These geometrical
necessities with parallel drift tube end faces determine the
maximum effective voltage gain per meter. Recently, with
using permanent-magnetic quadrupoles for proton DTLs of
that type, the situation with respect to shunt impedance and
maximum voltage gain has improved [6–8].
The H-type structures can be an alternative to the

conventional drift tube linacs at energies up to around
100 AMeV. H-type structures are of the βλ=2-type
where the gap lengths fill about 50% along the beam axis.
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This allows about a factor of 2 more voltage gain per length
when compared to the conventional DTL. Moreover, it was
demonstrated that the slim drift tube surfaces can stand very
high surface fields [9]. Medical synchrotron injectors at
several hospitals around the world use IH-DTL cavities
with an average effective field gain of 7.2 MV=m along the
first drift tube section. The dark currents at these field levels
are negligible [10]. This robustness of thin-walled drift
tubes against sparking is essential for H-type structures, as
their shunt impedance profits directly from a low capacitive
load. Optionally, the combination of cavity-internal quad-
rupole triplets with slim drift tube sections by the KONUS
beam dynamics allows to increase both—the particle
acceleration and efficiency of these structures [2,11].
Permanent-magnetic quadrupoles in case of H-type proton
linacs should be a future option also in case of H- type
linacs and this was investigated by [12,13].
One can compare the CERN-Linac4-DTL2 cavity (E010

mode, permanent magnetic quadrupoles) with the CCH2
cavity of the GSI/FAIR-proton linac: DTL2 is 5.2 m long
and accelerates from 9.8 to 25 MeV. The power-tested
CCH2 prototype cavity is 2.9 m long and accelerates from
9.9 to 21.1 MeV. About 40% higher field levels above that
design level were indeed reached at the GSI test stand [14].
This underlines the high field gain capabilities of the
H-type structures. In this energy range, both cavity types
reach an effective shunt impedance of around 53 MΩ=m.
The H-type cavities are characterized by the directions of

the rf magnetic field lines, which are parallel and anti-
parallel with respect to the beam axis and turn around at the
cavity ends to form closed loops [15]. The electric and
magnetic field distributions for the H211 mode in pillbox
cavities are shown in Fig. 1, left side.
Only the transverse electric field component exists in a

pillbox cavity, while the accelerating longitudinal compo-
nent is created by introducing a βλ=2-type drift tube structure
along the beamaxis, connectedwith the cavitywall by stems.
The H-type drift tube linacs are realized either as IH
structures (H110 mode) or as CH structures (H210 mode).
At the low-beta range, the Interdigital “IH-DTL”

can be used to accelerate particles up to β ≈ 0.25 [16].

Recently—with additive manufacturing techniques—
frequencies above 300 MHz can be realized [17], shifting
the β limit to around 0.3.
Instead, at higher frequencies and beam velocities, one

can use the H210 mode. The cavity diameters at a given
frequency are then larger, as the inductance per length is
reduced [15]. These cavities profit as well from additive
manufacturing [18]. As a consequence, to extend the
H-type cavities to higher energies in the range up to 100
A MeVand beyond, the CH-DTL has been under develop-
ment since several years at IAP, Frankfurt University, and at
GSI, Darmstadt [19,20]. Room temperature CH cavities
have been investigated also in LANL, Los Alamos, and at
FNL, Batavia [21,22].
An important topic for efficient multigap acceleration is

the generation of a zero mode. In H-mode cavities, this
mode does not exist unless an accelerating structure is
installed—like in four-vane-RFQs or in IH-DTLs: In both
cases undercuts in the vanes and girders, respectively, are
used to establish the zero mode. In CH-DTLs, the stems are
in most cases directly connected to the cylindrical cavity
walls. Therefore, a different way of getting the zero mode is
needed. Reference [3] and the left plot in Fig. 2 show the
resonant tuning of the end cells by long half-drift tubes
mounted on the cavity endwalls.One can try to use this space
partly for housing the intertank quadrupole lens. However, it
hampers linac installation and services. An alternative
concept is shown in chapter II of this publication.
The KONUS beam dynamics enables only relatively

short, lens-free accelerating sections at the low energy end.
However, due to the available 3-MW klystrons, one likes to
increase the number of gaps in each cavity to exploit that
power. The FAIR proton linac relies on this concept in the
first three CCH cavities. As an example, Fig. 2 on the right
shows an early 3D model study of the second coupled
cavity of the FAIR proton linac [23]. Cavity internal lenses
optimize the beam quality, as the drifts between accelerat-
ing sections are as short as possible by applying the
technique of coupling cells.
In this paper, the coupling mechanism of two CH

sections by a large drift tube will be investigated in

FIG. 1. Electric (in red) and magnetic (in green) field lines for the H211 mode in an empty cavity (left) and in a loaded CH cavity
(right).
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detail. It should help to apply that CCH technology in
future projects. A typical CCH cavity is specified in
detail and the coupling fields around the large drift tube
are explained. The similarity between three different
coupling arrays will be justified by the identical higher
order mode spectrum. All field simulations were performed
with CST studio suite [24].

II. END CAPS WITH EXTENDED DIAMETER
TO ESTABLISH THE H210 MODE

A. Drift tube cavity of the CH type

A new technique to achieve a flat voltage distribution in
CH cavities is an increased cavity diameter at the tank ends,
accompanied by an inclined last stem, as shown in Fig. 3.
The intertank lenses may still reach a bit into the cavity end
plane but give no more a major contribution to the voltage
flattening. The method was applied at all six cavities of the
FAIR p-linac for the first time [25]. The technical realiza-
tion of those radial extensions was realized with low extra
efforts at the joints between cylindrical tanks and end lids

[18]. Figure 3 shows one cavity end region of a 30-gap CH
cavity with equidistant gaps. The gap voltage distribution
along one-half of the cavity in dependence on the cavity
diameter choice at the tank ends is shown in Fig. 4(a).
Figure 4(b) shows the variation of the length L of the
radially extended ends.
As a consequence, the half-drift tubes mounted at the

cavity end walls can be chosen as short as mechanically
reasonable (in contrast to the former techniques described in
[3] and shown in Fig. 2, left side).Whileminimizing the total
length of intersections between two CH cavities for beam
dynamics reasons (to keep the bunches short), the mechani-
cal layout and the accessibility to the components of those
sectionswere considerably relaxedby that newcavity design.
The shorter tank length results in an improved shunt
impedance. Figure 4 explains quantitatively the influence
of the two geometric parametersRe andL on the gap voltage
distribution. The cavitywith 30 gaps fromFig. 8was used for
that simulation, with the first and last stems of the cavity kept
inclined [see Fig. 5(a)] at a constant value. As a result,
both geometry parameters can be used very efficiently for
changing the gap voltage distribution.
The third highly efficient parameter for zero-mode

tuning of a CH cavity is the inclination Δl (see Fig. 5)
of the last stem. The balance between Δl, the diameter ratio
RE=RC, and length L can be chosen accordingly, depending
on the cell length and mechanical restrictions like the
vacuum sealing concept, the realization of cooling chan-
nels, etc. The zero mode can be achieved within a wide
three-parameter space.
The efficiency in flattening the voltage distribution and

the influence on the effective shunt impedance can be seen
in Tables I–III, corresponding to the cases plotted in Figs. 4
and 5. A flatness parameter F is defined to compare
different tuning cases:

F ¼
P

Vi

NVmax
; ð1Þ

where N is the total number of cavity gaps.

FIG. 2. View into one half of the CH-DTL [20] (left) and 3D view on a CCH-DTL with a quadrupole triplet containing coupling cell
(right, 3D view from Ref. [23]).

FIG. 3. End geometry of a CH cavity with quadrupole triplet
from an intertank section. The radial tank extensions and the
inclined stems at both tank ends allow for a zero-mode
operation—H210.
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There is no advantage in shunt impedance when pushing
the outermost gaps further up toward F against 1.0, as these
end regions are more lossy than the main structure. In this
study, an optimum was found for RE=RC ¼ 1.5, L=RC ¼
0.22, and Δl=RC ¼ 0.22, corresponding to F ¼ 0.85.

B. RFQ cavity of the four-vane type

The same end-geometry concept can be applied to four-
vane-RFQs (H210 mode) if the classical undercuts have to
be avoided or might cause technical difficulties. One reason
against undercuts can be water-cooling problems in case of
high duty factors. Another reason may be the overhang
problem [26] when applying the additive manufacturing
process for vane production [27].

FIG. 4. (a) Influence of the RE=RC ratio on the gap voltage
distribution along a 30-gap CH structure, L is kept constant at a
value L=RC ¼ 0.22. (b) Dependence of the gap voltage distri-
bution on L at a fixed RE=RC ¼ 1.5. (c) Cavity end shape with
indication of the key parameters. L is varied by shifting the inner
wall (right side). The tank length is kept constant.

FIG. 5. (a) Influence of the last stem inclination Δl on the gap
voltage distribution. (b) Inclined last stem with definition of Δl.

TABLE I. Effect of the RE=RC ratio on the cavity parameters F,
frequency, Zeff , and Q value for the 30-gap cavity in Fig. 8.
Parameters Δl=RC ¼ 0.22 and L=RC ¼ 0.22 are kept constant,
see Fig. 4(a).

RE=RC 1 1.25 1.50 1.53

F 0.67 0.70 0.85 0.75
Frequency (MHz) 325.12 325.06 324.69 324.50
Zeff (MΩ=m) 48.83 49.53 58.59 52.2
Q value 13 654 13 916 14 386 14 028
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A comparison between the undercut depth LU and the
corresponding parameters RE and L can be found below. A
four-vane-RFQ with tank radius RC and alternative end
geometries as sketched in Fig. 6 was investigated, with
vane-tip parameters ρ=RC ¼ 0.0248, R0=RC ¼ 0.0095. ρ
and R0 denote the vane-tip curvature and the mean aperture
radius of the RFQ, respectively. The relative cavity length
was LC=RC ¼ 19.
Two RFQ designs with extended cavity ends and one

design with undercuts are compared with each other in
Table IV. All three cases show a flat voltage distribution
along the full vane length with ΔV=V ≤ �6%: A com-
parison of the two alternative layouts with extended radii
shows a large influence of L on RE. Large RE=RC ratios are
only recommended at high enough frequencies with small
tank radii RC.

III. CCH CAVITY INVESTIGATIONS WITH
RESPECT TO THE COUPLING CELL

It is investigated, how a cavity with an internal big drift
tube can be described from the rf point of view. One early
approach was to consider such an array as three coupled
oscillators—the two CH drift tube sections and the lens [3].
However, the coupling cell (compare Fig. 7) is completely
different from the accelerating sections before and behind.
Moreover, sections one and two show their own mode
spectrum, and the coupling between their βλ=2 cells
(k ≅ 0.5, see below) is not hard enough to be neglected.
For an equivalent model to describe the coupling between
CH sections and the coupling cell, the capacitive and
inductive components would have to be included.
Finally, an easy approach was found how to design the

two CH drift tube sections to be ready for coupling by the
big drift tube and getting a flat voltage distribution.
As the process is described by a kind of recipe, an

example cavity is defined to explain the concept.
The CCH cavity has 27 gaps in total and the energy

profile is from 9.9 to 21.1 MeV, see Fig. 7 and Table V. The
first accelerating section has 13 gaps and the second one
has 14 gaps. The coupling cell corresponds to a length of
2βλ. Table V shows the simulated key parameters of this
cavity. Figure 7 shows a sketch of the cavity with horizontal
and vertical cuts and gives the main dimensions.
This array of drift tubes for acceleration and transverse

focusing fulfills the beam dynamics requests. The rf power
needs including a 100 mA beam load are fitting to a 3 MW
klystron.
For rf tuning of such a cavity, the following concept is

recommended: (1) Replace the coupling lens with ordinary
drift tubes filling the space: A coupling cell of lengthNβλ is
replaced by 2N drift tubes. This results in a standard CH
configuration. (2) Perform the end-cell tuning by the
method as described in chapter II. A. (3) Insert the coupling
cell with its specified length and tune the cavity radius
around the lens slightly to achieve the zero mode, now for
the requested CCH cavity.
This concept is now demonstrated step by step.

A. Corresponding CH structure
with drift tubes in section 3

A drift tube structure with a constant-beta profile is used
now to show the coupling topic in a transparent manner.
The simplified CH structure to develop the CCH cavity is

TABLE II. Effect of the L=RC ratio on the cavity parameters for
Δl=RC ¼ 0.22 and RE=RC ¼ 1.5, see Fig. 4(b).

L=RC 0.10 0.16 0.22 0.23

F 0.73 0.79 0.85 0.76
Frequency (MHz) 325.10 325.00 324.69 324.53
Zeff (MΩ=m) 51.16 53.21 58.59 51.72
Q value 13 561 13 800 14 386 13 369

TABLE III. Effect of the parameter Δl on the cavity parameters
for L=RC ¼ 0.22, RE=RC ¼ 1.5, see Fig. 5(a).

Δl=RC 0 0.11 0.22 0.24

F 0.58 0.65 0.85 0.77
Frequency (MHz) 324.32 325.16 324.69 324.48
Zeff (MΩ=m) 39.59 45.32 58.59 53.49
Q value 12 599 12 634 14 386 14 007

FIG. 6. Comparison of a classical undercut geometry (right)
with the concept of an extended cavity radius at the end caps
(left). The center of the plot shows the RFQ cross-sectional view.

TABLE IV. Comparison of three parameter sets that generate a
zero mode.

Type LU=RC RE=RC L=RC Q=QU

Undercut 0.457 1 0 1.00
Extended radius 0 1.476 0.476 1.01
Extended radius 0 1.810 0.429 1.00
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displayed in Fig. 8. The lens from Fig. 7 was replaced by
four drift tubes of a βλ=2 structure now called section 3.
The stem orientation of section 2 was changed by 90° due
to the chosen coupling arrangement in that case (compare
Fig. 13(a) and chapter III. B).
The mode spectrum of this CH configuration corre-

sponds to 30 coupled cells, being equal to the number of
gaps. The mode spectrum for a multicell structure with N
cells and single-cell frequency ω0 is given by [1]

Ωl ¼
ω0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ k cosð πl
N−1Þ

q ; l ¼ 0; 1; 2;…N − 1 ð2Þ

From the simulated values for Ω0 and ΩN−1, one can
derive the coupling factor k via

Ω2
N−1
Ω2

0

≡ R ¼ 1þ k
1 − k

ð3Þ

k ¼ R − 1

Rþ 1
. ð4Þ

For k one gets from Eqs. (2) and (4)

ω0 ¼ Ω0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ kÞ

p
: ð5Þ

By comparison with an MWS-CST simulation [24] on the
30-cell CH structure, one gets the extreme values Ω0 ¼
2π · 324.743 MHz andΩ29¼ 2π ·577.57MHz, resulting in

R¼ 3.163; k¼ 0.52; ω0 ¼ 2π · 400.32 MHz: ð6Þ

The comparison between the mode spectrum from
Eq. (2) and the simulation of the CH cavity is shown in
Fig. 9. While the lower modes are the well-known spatial
harmonics H21l of the H21 mode, the higher modes are
getting quite bizarre. This characteristic is an identical field
orientation of a steadily increasing number of neighbored
gaps, but modes are still showing electrical net currents
along stems in contrast to E modes. By comparison of the
simulated spectra with theory, one may conclude that the
CH structure starts with a slightly higher effective k value,
followed by a region of a reduced k value. The spectra are
well comparable.
Moreover, to see the effect of the beta profile of the

structure, a 30-cell structure with identical total length and
the energy profile corresponding to the original cavity from
Fig. 7 was simulated. It was found that the beta profile in
that case has negligible influence on the mode spectrum
(see Fig. 9).
Furthermore, the frequencies at the upper limit of the

spectrum are well separated from the E010 mode, which is
identified at 646.4 MHz.

FIG. 7. Horizontal and vertical cuts of a 325.2 MHz CCH cavity showing the main dimensions. The proton acceleration is from 9.9 to
21.1 MeV. The radial tank extensions at the cavity ends and the inclined stems at the ends as explained in chapter II. A are also visible.

TABLE V. Main parameters of the investigated CCH cavity.

Number of gaps 27ð13þ 14Þ
Design frequency (MHz) 325.224
Voltage gain (MV) 11.2
Eff. accel. length (mm) 2556
Power loss (MW) 1.04
Zeff (MΩ=m) 53.2
Q0 value 14 200
Drift tube aperture (mm) 20
Lens aperture (mm) 30
Lens outer diameter (mm) 220
Lens cell length 2βλ
Bandwidth (kHz) 22.9
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The field and voltage distributions of the constant-beta
30-cell CH cavity in the zero mode are shown in
Figs. 10–12.

B. CCH cavity configuration by insertion
of the coupling cell

In the next step, the four drift tubes in section 3 are
replaced by the lens housing, to get a CCH cavity. There are
three options for how to orient the stems of the lens and the

next-neighbor drift tubes. This is shown in Fig. 13. In the
example discussed here with a lens of 2βλ in length, case B
would be the natural choice by just removing the four drift
tubes inserted before.
The effective gap voltages can be matched very well

to the design values as given from beam dynamics
calculations (Figs. 14 and 15). The coupling through the
lens section can be tuned by the local cavity diameter at
the lens—see Fig. 16 and Table VI.
The coupling section 3 oscillates in a nβλ mode (Alverez

mode) and couples sections 1 and 2 by magnetic fields
around the lens as well as by the electric gap fields. The rf

FIG. 8. Constant-beta CH cavity with 30 cells when replacing the coupling cell with four ordinary drift tubes.

FIG. 9. Mode spectra for a 30-cell cavity according to Eq. (1),
to simulations on a 30-cell CH cavity as shown in Fig. 8, and
additionally for a CH cavity with a beta profile and identical total
length.

FIG. 10. On-axis electric field distribution along the tuned
30-cell CH cavity in the H210 mode.
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currents oscillate along the central tube. This can be seen
clearly in Figs. 17–19, where themagnetic field distributions
within specified planes are displayed for cases A and B
(Fig. 13). As a result, the stem of the coupling cell containing
the quadrupole triplet carries no net rf current. This tube
oscillates like in the E010 mode. The magnetic field flows
from the quadrants of the accelerating sections into the
coupling volume and forms amainHθ component. Figure 18
shows the field distributions around the lens in the transverse
CC0 plane for coupling cases A (a) and B (b). Case A shows
the highest field level around the lens stem, due to thevertical
next-neighbor drift tube stem orientations—but at opposite rf
potential. Case B shows field maxima in the horizontal plane
due to the horizontal orientation of the next-neighbor drift
tube stem (Fig. 19).
How the Hz fields in both CH sections are oriented

relatively to each other depends on the orientation of the
stem in front of the coupling cell and the stem after the
coupling cell. The three options are illustrated in Fig. 13.
The coupling lens acts as a magnetic field—combiner of
the individual flows from the quadrants of sections 1 and 2:
The stem arrays “case A” and “case C” lead to opposite
magnetic field directions in corresponding quadrants from

sections 1 and 2. Stem array “case B” instead results in
identical magnetic field directions at corresponding quad-
rants. These three modes are considered “zero modes” for
the three different geometries. The field distributions and
resonance frequencies are very close to each other in
identical tank shapes. The differences can be seen in
Table VI.
The first higher mode is separated from the operating

mode by at least 700 kHz, corresponding to 30 bandwidths
of the unloaded cavity. The inductive feeder position can be
chosen close to the cavity midplane where it does not
couple to the second mode. As we see now from the shunt
impedances, there is no real difference between all three
configuration cases A–C. The Q value is higher for case C,
as the losses on the lens stem are reduced due to lower
magnetic surface fields, as soon as both nearest drift tube
stems are out of the lens stem plane. However, the shunt
impedance of the cavity does not profit. The advantage of

FIG. 11. Effective gap voltage distribution of the 30-cell CH
cavity in the H210 mode.

FIG. 12. Magnetic field distribution of the H210 mode in a horizontal plane above the beam axis as indicated in Fig. 18 by AA0.

FIG. 13. Orientation of the stems around the lens: Three options
are given, all of them resulting in a very similar behavior and
mode spectrum. The gap E-field directions at one moment are
indicated by red arrows.
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case A is the slightly larger tank diameter in section 3
around the coupling lens, due to the high magnetic field at
the lens stem position, tuning the frequency up.
When an adequate number of ordinary drift tubes is

removed from an H-type cavity and replaced by a lens
containing a long drift tube, the reduction in effective shunt
impedance for the cavity with internal lens (CCH structure)
against the free lens CH structure can be estimated as
follows:
The shunt impedance Z0 is defined as

Z0 ¼
ðPN

i¼1 Vi;0Þ2
Pl

; ð7Þ

where Vi;0 is the gap voltage amplitude of gap i, P is the
power loss along the structure of length l, and N is the total
number of gaps.
Let us assume, N is the gap number of the CH structure

with added gaps to replace the lens, andM is the number of
drift tubes that are then removed and replaced by a lens
containing a long drift tube. That means, (M − 1) gaps are
missing now,while the length of the cavitywas kept constant.
For a perfect zero mode, all gaps have equal voltage.

Thus, the nominator and denominator of Eq. (7) will be
changed by that procedure like

�XN
i¼1

Vi;0

�2

→

� XN−Mþ1

i¼1

Vi;0

�2

ð8aÞ

and

Pl →

�
N −M þ 1

N
þM − 1

N
ρ0

ρ

�
Pl . ð8bÞ

The surface resistance ratio ρ0=ρ expresses the ratio of
power losses per unit length along a big drift tube in
comparison with a conventional drift tube structure. This
gives a reduction factor for the shunt impedance with an
internal lens as

FIG. 14. Electric on-axis field distribution along the CCH
cavity in zero mode. The stem array case A was chosen.

FIG. 15. Match between effective gap voltages as applied in
beam dynamics and reached agreement by CST simulations on the
electric field distribution. The central dip was achieved by a local
reduction of the tank diameter to keep the gap fields at the large
drift tube at modest values.

FIG. 16. Absolute electric field strength in the yz plane containing the beam axis, for stem array case A. The field concentration toward
the aperture is clearly visible.
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TABLE VI. Comparison between the four cavity geometries.

Cavity
Frequency zero
mode (MHz)

Frequency π=29
mode (MHz)

Frequency 2π=29
mode (MHz)

Quality
factor Q

Shunt impedance for
zero mode (MΩ=m)

Tank diameters per section, Ø (mm)
Section 1/section 3/section 2

CCHA 324.621 325.352 328.187 13 895 53.2 363.8=349.0=370.2
CCH B 324.655 325.358 328.402 13 878 53.8 363.8=342.0=370.2
CCH C 324.408 325.220 327.733 14 244 53.2 363.8=342.0=370.2
CH, 30
cells

324.686 325.552 327.625 14 036 58.6 366.2=360.2=366.6

FIG. 17. Magnetic field distributions in AA0 and BB0 planes as indicated in Fig. 18, for stem array case A.

FIG. 18. Cross-sectional views CC0 of the magnetic field distributions in the coupling cell close to the lens stem for stem array case A
(a) and for stem array case B (b).
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Fs ¼
ðN −M þ 1Þ2

N2

�
N −M þ 1

N
þM − 1

N
ρ0

ρ

�−1
. ð9Þ

In the best case, we can assume, that the losses along the
big lens are very small, which means ρ0

ρ → 0. In that
optimistic case, one gets

Fs¼
ðN−Mþ1Þ2

N2

�
N−Mþ1

N

�−1
¼N−Mþ1

N
. ð10Þ

In our study, N ¼ 30 and M ¼ 4 resulting in Fs ¼ 0.9.
That means, the shunt impedance for the 30-cell structure
has to be at least 10% higher than all other cases with a lens,
and this is in good agreement with the rf simulations as

shown in Table VI. The effective shunt impedance Zeff is
received from Eq. (7) by multiplying each gap voltage Vi;0

by the transit time factor Ti. As the transit time factors are
higher for the shorter gaps in the end regions of CH
cavities, it may additionally support a relatively small effect
of the lens insertion on the shunt impedance.
Finally, the mode spectrum of the three CCH options is

shown in Fig. 20 together with a 27-cell spectrum accord-
ing to Eq. (2).
In conclusion, all three cases A, B, and C are fine for

realization. A final choice among them can be made due to
cooling or mechanical aspects.

IV. CONCLUSIONS

The standard concept to flatten the voltage distribution
along H-type cavities is undercuts (in the vane ends in case
of four-vane RFQs or in the girders carrying the drift tubes
in case of IH- or CH-DTLs). Alternatively, one can locally
extend the tank diameter and use inclined stems at the
cavity ends. This is especially useful if there are no girders
used and the stems are directly connected to the cavity
walls. The main geometric parameters were identified and
their influence was described for a typical design example.
In case of four-vane RFQs, the cavity end geometry

with an extended tank diameter might be attractive in the
case of production techniques that are in favor of avoiding
undercuts—like additive manufacturing or water-cooling
problems.
It was shown, that the tuning and higher mode character-

istics are very similar for an ordinary CH cavity when
compared to a CCH cavity by replacing the coupling cell
with an adequate number of ordinary drift tubes. The CH
cavity can be designed and tuned by simulations much

FIG. 19. Magnetic field distributions in AA0 and BB0 planes as indicated in Fig. 18, for stem array case B.

FIG. 20. 27-cell mode spectrum and comparison with the
simulated mode—spectra for the three CCH—options A, B,
and C as explained in Fig. 13.

FIELD FLATTENING CONCEPTS FOR LINAC … PHYS. REV. ACCEL. BEAMS 27, 040101 (2024)

040101-11



faster. In the final step, one can just replace the drift tubes
along the envisaged nβλ long lens section with the coupling
cell. Tuning is then achieved by only a minor final variation
of the local tank diameter at the coupling cell.
The rf simulations show that the effective shunt imped-

ance only lowers by around 10% after the integration of one
coupling cell with length 2 beta lambda into a CH cavity
with about 30 cells. This coupling method allows, there-
fore, efficient use of identical, powerful klystron amplifiers
and a one-to-one match between the amplifier and cavity
along the linac, starting with beam energies at 3 MeV or
above from an RFQ.
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