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Next generation heavy ion therapy and research facilities require efficient accelerating structures.
Particularly, at low beam energies, right after the standard scheme of the ion source, low-energy beam
transfer, and radio-frequency quadrupole (RFQ), several options for accelerating structures are available
including the classic drift-tube linac (DTL), the interdigital H-mode DTL (IH-DTL), and superconducting
quarter-wave resonators. These structures need to integrate the beam acceleration with the focusing
channel, nowadays typically provided by permanent-magnet quadrupoles (PMQs). The frequency of
operation needs to be in line with that of the RFQ structure, and it has been chosen at 750 MHz for practical
considerations for the Next Ion Medical Machine Study (NIMMS) that is the application focus of this
manuscript. While classic DTL structures at low ion beam energies do not provide enough space for PMQs
at that frequency within a single A period, IH-DTL structures do not provide the regular focusing channel
with consequences on the beam quality. For these reasons, quasi-Alvarez drift-tube linac (QA-DTL)
structures are reevaluated in this manuscript as they might fill this gap. They have not received much
attention in the literature so far and therefore their design is described in detail. The design procedure
presented here may serve as a blueprint for DTL design in general. In addition to the overall rf design, axial
field stabilization with a new technique and multiphysics studies of the rf structure are described. A cost
estimation completes the NIMMS QA-DTL study.
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I. INTRODUCTION

Options for a next generation heavy ion therapy and
research facility are under investigation within the Next lon
Medical Machine Study (NIMMYS) initiative at CERN [1].
Deploying heavier ions like carbon in the treatment of
cancerous tumors provides sharper dose distribution [2]. In
addition, due to higher relative biological effectiveness
compared to proton or photon irradiation, carbon irradi-
ation is more appropriate for the treatment of radio-resistant
tumors [3]. The NIMMS design aims at a treatment energy
of up to 430 MeV/nucleon either with a synchrotron
design delivering beams of fully stripped carbon ions with
an intensity of 2 x 10'0 particles per cycle, or—as an
alternative—with a full-linac design delivering more than
10° ions per 5 ps pulse at a repetition rate of 200 Hz. The
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target synchrotron intensity is about 20 times higher than at
current facilities such as the Heidelberg Ion Beam Therapy
Center (HIT, Heidelberg, Germany) and the National Center
of Oncological Hadrontherapy (CNAO, Pavia, Italy), result-
ing in faster treatment of patients [4,5]. The full-linac beam
intensity is higher as well, and being distributed over several
short pulses, can be precisely deposited on the tumor, in
particular, in the longitudinal direction thanks to accurate
pulse-to-pulse energy modulation.

The objective of the NIMMS initiative is to design and
compare accelerator layouts that meet nominal beam require-
ments, as well as minimize their costs. The reference user of
the NIMMS design is the new ion therapy research facility
proposed for South East Europe by the South East European
International Institute for Sustainable Technologies
(SEEIIST) [6]. This facility will include several experimental
beamlines for a wide range of research applications ranging
from biomedical and nuclear physics studies to material
research.

Three accelerator designs are proposed for the NIMMS
facility layout: The first design option is a normal-con-
ducting synchrotron. The layout of the synchrotron is
shown in Fig. 1(a). A linac injects an 800-pA beam into
the synchrotron ring. As an additional feature, the linac
injector could be used to provide a 7-MeV/nucleon beam of
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FIG. 1. (a) The NIMMS reference synchrotron layout for the

NIMMS facility. (b) The full high-frequency linac design for Co*
acceleration [8]. Note the schematic layouts are not to scale.

a particles, having the same charge-to-mass ratio as C°+,
for radioisotope production [7]. The second design option
is based on a superconducting synchrotron ring. While its
main advantage is the comparably smaller footprint, it
comes with higher complexity and expected costs. While
superconducting linac technology exists, even in this
scenario, a reasonable cost-effective medical facility would
rather use a normal-conducting linac as an injector as
described in the first design option. Finally, a full high-
frequency normal-conducting linac is the third option that
is under design. The layout of the NIMMS linac is shown in
Fig. 1(b). The linac comprises a 30-MeV/nucleon fixed
energy section and a variable energy section covering the
range between 100 and 430 MeV/nucleon. The fixed
energy section is made of a 5-MeV/nucleon RFQ operating
at 750 MHz frequency followed by another accelerator
structure to be defined possibly at the same frequency as the
RFQ. The variable energy section comprises a sequence of
3 GHz side-coupled linac structures. The output beam
energy can be modulated by varying the rf amplitude and
phase of the variable energy section. The three reference
designs and a preliminary comparison of the needs of
SEEIIST are given in [8].

Ion therapy linacs require a duty cycle of less than 0.1%
[9]. As mentioned before, in addition to serving the ion
therapy applications, in the NIMMS facility, the rest of the
time, the linac can inject an ion beam into a radioisotope
production line [Fig. 1(a)]. Since a higher duty cycle is
required for isotope production, the NIMMS injector needs
to be operated at duty cycles of about 10% with synchrotron

pulses interleaved at a lower repetition rate. Acceleration at a
higher duty cycle requires more elaborated cooling circuits to
evacuate heat from ohmic losses due to rf surface currents.
Embedding cooling circuits in turn requires more parts to be
assembled in larger drift tubes, which have lower shunt
impedance.

Whether the final layout for the facility is a synchrotron or
a full linac, the choice of the accelerating structure after the
RFQ at low energies is of particular importance for the
overall beam quality. Classic drift-tube linacs (DTLs) pro-
vide strong focusing and high beam transmission; however,
housing permanent magnetic quadrupoles (PMQs) inside
drift tubes is costly and in a 750-MHz design particularly
challenging at lower beam energies because of the small
drift-tube dimensions. While classic DTL and IH-DTL
structures have been extensively studied and operated by
several projects [10—14], the quasi-Alvarez DTL (QA-DTL)
structure developed in 1990 as part of the CERN Linac3
heavy ion injector and realized only as a scaled prototype
model [15] has not been further employed since then. Its
higher shunt impedance compared to classic DTL structures
and the stronger focusing channel compared to TH-DTL
structures make it a valid compromise worth being
investigated.

The current paper has a twofold purpose: First, it
describes in detail the design process of QA-DTL structures
that have not received much attention in the literature so far.
The aim of the design effort was to arrive at reliable
parameters and cost estimates of such structures for a
NIMMS facility as a basis for further decision making.
Second, by doing so, this paper provides a blueprint for
cavity design of DTL structures in general which could be
of wider interest. In the first section, the layout and beam
dynamics design process of the QA-DTL structure is
presented, then the rf design is discussed in detail starting
from the superperiod design, including considerations on
duty cycles requiring different cooling circuit layouts, as
well as magnet design. From there, the development of a
full QA-DTL structure is undertaken including rf stabili-
zation. A new technique for a reliable post-coupler design
is presented that allows the analysis of the stabilization of
DTL structures including QA-DTLs in electromagnetic
simulations on a substructure—cell or superperiod—Ievel,
overcoming one of the main reasons why QA-DTL
structures have not been considered much in the past.
Based on the outcome of the design effort, a cost estimation
is undertaken that completes the NIMMS QA-DTL study.

II. QA-DTL STRUCTURES

In the context of high frequency heavy ion accelerators for
the NIMMS initiative, this work employs a well-defined and
systematic computational approach for the design of QA-
DTL structures. This design process is described in the
following sections. The model not only covers the rf design
but also includes the multiphysics aspects of QA-DTL cavity
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design such as heat analysis, mechanical deformation, and
cooling system design. Having integrated all these aspects in
a common model permits the rapid simulation and compari-
son of optimized designs at various gradients. Furthermore, a
computational approach for the stabilization of QA-DTL
structures is presented to make sure that the resulting designs
are actually operable. The essential value of this technique is
that the stabilization is analyzed in manageable electromag-
netic simulations for each superperiod individually and that
these provide the values for optimum post-coupler lengths. It
is expected that the rf simulations are precise enough to
manufacture the post couplers at their correct length without
the need for a measurement-based stabilization approach as
previously presented in [16].

The purpose of the NIMMS initiative at CERN is to find
a cost-effective design for medical machines. As part of this
framework project, the QA-DTL design study presented
here analyzes the costs of such structures. Before going into
the details of the study, it is essential for the reader to
understand that such a cost analysis must be based on a
physical implementation and thus requires an upfront
knowledge in the design of such structures and that such
an analysis cannot be done on the beam dynamics and
electromagnetic design level alone without the idea of a
concrete implementation.

The study here is based on the experience with the design
of the Linac4 DTL at CERN. Precisely machined alumi-
num girders posed on self-supporting stainless steel tanks
position drift tubes with a dedicated simple mounting
mechanism inside the tanks without means for adjustment.
Due to the high level of accuracy in state-of-the-art
machining, this approach turned out to be cost-effective,
in that it avoids any tedious alignment work after manu-
facturing. Drift tubes are assembled by e-beam welding and
remachined to tolerances. The structure design has been
described in conference publications [10,17,18]. Several
institutes in the world based their designs on this mechani-
cal design, e.g., the upcoming European Spallation Source
(ESS, Lund, Sweden) [19].

At the same time that such an analysis requires an
understanding of the mechanical design of the rf structure,
out of experience, it does not require that the physics design
of such a structure goes into all details that are required
before building it. The precise tuning and the analysis of
necessary tuning ranges, detailed matching from and to
structures up- and downstream are not required, and some
simplifications as using Slater perturbation approximations
for stems in electromagnetic simulations are permitted
without affecting the outcome of the study more than by
few percents.

III. BEAM DYNAMICS DESIGN

A QA-DTL is a modified DTL structure with a FODO or
FO..ODO..O magnet arrangement in which the distance
between gaps around the magnet is typically 241. Multiple

options of QA-DTL lattice arrangements are shown in
Fig. 2. A long drift tube containing a quadrupole every nfA
where n is the periodicity factor, {n € N|n > 3}, alternate
with drift tubes without magnet. Featuring no magnet, these
drift tubes have smaller radial dimensions which increase
the achievable effective shunt impedance (ZTT) [20]. QA-
DTL structures thus rely on a regular focusing scheme at
lower PMQ gradients compared to classic DTL structures
due to their longer distances between alternating quadru-
poles [21].

The QA-DTL structures studied here for the NIMMS
facility operate at 750 MHz and accelerate carbon and «
particles (A/g = 2) from 5 to 30 MeV /nucleon at the duty
cycle of 10%. The energy range, as the constraints on the
input and output beam parameters, is defined in [22]. For
the design of QA-DTL structures, a QA-DTL superperiod
is defined in the following paragraph. In each superperiod,
a total number of (n —3) cells with a length of 1 are
sandwiched between two 1.5 A cells. The optimum value
of the periodicity factor 7 is a trade-off between the beam
transmission and the gradient of magnets. A full QA-DTL
cavity can be considered as a series of superperiods. The
superperiod of the QA-DTL cavity is optimized by maxi-
mizing power efficiency as well as bringing mechanical and
physical constraints within bounds. The periodicity factor
of NIMMS QA-DTL cavities is set to 4. The superperiod is
designed for an average axial electric field of 4 MV/m.
The superperiod of a NIMMS QA-DTL structure com-
prises two half-length drift tubes with PMQ and two small
drift tubes without magnets in-between as shown in Fig. 3.

The choice of the periodicity factor is driven by the
maximum gradient achievable by the PMQs and by their
length. The former parameter is dependent on the radius of
the magnet, while the latter is constrained by the maximum
length of the drift tube hosting it. The beam dynamics
design aims to find the layout that allows for maximum
(full) transmission and for PMQ gradients within the design
limits. This is done by iterating over different solutions
until the best compromise between aperture, periodicity
factor, and transmission is found.
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FIG. 2. A schematic illustration of various QA-DTL design
options compared to classic DTL design. A long drift tube is
placed every nfa.
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FIG. 3. A schematic illustration of the QA-DTL superperiod
inside a tank (horizontal plane view). It comprises two half-length
long drift tubes with PMQ and two small drift tubes without.
The entire structure is designed by combining a set of these
superperiods.

The main parameters of the baseline design resulting
from this study are shown in Fig. 4. It can be noticed that
the 6 rms envelope (corresponding to 98% of the beam
profile) is kept within a 2.5-mm radius (chosen as the
design aperture). The PMQ gradients are kept below
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FIG. 4. From the top: the schematic of the linac (quadrupole
positions in black, gap positions in green), the 6 rms x and y
envelopes, the average kinetic energy, and the quadrupole
gradients.
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FIG. 5. Beam distributions at the entrance (5 MeV /nucleon,
left diagrams) and exit (30 MeV /nucleon, right diagrams) of the
full QA-DTL option. Note the different scales for the ¢-W plane.

120 T/m. Adding to the 2.5-mm aperture, the estimated
thickness of the drift tube, a PMQ radius of 3.5 mm can be
assumed. Therefore, the maximum magnetic tip field needed
along the linac would be B, = 0.42 T. This value is safely
within the field limit achievable by commercial PMQs, as
detailed in Sec. VI. The input and output beam distributions
in x-x’, y-y', and @-W planes are shown in Fig. 5.

The beam dynamics design was carried out considering
the full QA-DTL as a unique, stand-alone structure with an
average axial field equal in all cells. This is of course an
approximation used to provide the main parameters for the
rf design. In order to allow for good field stability, the
structure must be split into modules. The next sections
describe the rf design of the first module of the QA-DTL to
accelerate ions from 5 to 7 MeV /nucleon.

IV. rf DESIGN OF QA-DTL STRUCTURES

For optimizing the design, the effective shunt impedance
is maximized as a measure of power efficiency. The surface
electric field is restricted to 38 MV /m at maximum in the
design. This value has been chosen relative to the 750-MHz
RFQ mentioned before to keep breakdown rates at similar
levels for these two very different structures, based on
experience with the Linac4 RFQ and DTL. Dimensions of
stems and drift tubes are constrained such as to foresee
space for embedding PMQs and cooling circuits inside. The
cross section of a half drift tube is defined by eight
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FIG. 6. A cross-sectional view of a drift tube. The drift tube is
rotationally symmetric with respect to the beam axis. The
geometry of a half drift tube is determined by eight parameters
which are shown here. A kind of midsphere, centered on the drift
tube, eases the production of the stem-to-drift-tube junction.

parameters as shown in Fig. 6. The stem-to-drift-tube
junction has been shaped as in the Cell-Coupled Drift
Tube Linac (CCDTL) design of Linac4 [23] with a kind
of midsphere at the drift-tube center and to be able to
manufacture the drift-tube body exclusively by lathing.
Lathing achieves better surface roughness at lower costs
than milling and it avoids issues with interfacing different
machining techniques. A 1% increase in power loss on
average in the NIMMS QA-DTL design is the price to
be paid.

The rf design of the QA-DTL cavity is carried out in
MATLAB. The code interacts with coMSOL Multiphysics for
performing rf eigenmode calculations using the MATLAB-
LiveLink interface. The code is capable of generating the 2D
and 3D QA-DTL models in cOMSOL and retrieving the
electromagnetic fields for further postprocessing and opti-
mization in MATLAB. The movement of the synchronous
particle is studied using the Runge-Kutta ordinary differ-
ential equation solver RK45 with a variable step size [24].

Prior to the design and optimization of the superperiod of
the QA-DTL structure, the dimensions of cooling circuits
and PMQs need to be estimated in order to reserve the
required space. In the following section, the geometry and
the estimated dimensions of these elements are discussed in
detail.

V. COOLING CIRCUIT OPTIONS

Depending on the duty cycle, two different options for
cooling circuits have been considered to evacuate heat from
the surfaces of the drift tube and the stem. At duty cycles
below 1%, the heat dissipated on drift-tube surfaces can be
evacuated indirectly through a stem cooling circuit. For the
operation of a QA-DTL structure at duty cycles of more
than 1% as required for radioisotope production, the
cooling channel also needs to pass through the drift tube
with PMQ to extract the heat directly and more effectively.
A cooling circuit layout as used in the CERN Linac4 DTL,
dimensioned for duty cycles up to 5%, is considered in this

FIG. 7. Left: A 3D view of the cooling channel of a NIMMS
facility structure drift tube. Right: Cooling channel cut in the
symmetry planes. The area shown in blue is the water passage.
Inner connections are clearly visible.

case. A 3D model of the drift-tube cooling circuit is shown
on the left of Fig. 7 and a cross-sectional view is on the
right. The area shown in blue represents the water passage.
The stem cooling is coaxial, the drift tube is laterally fully
symmetric, and the water channel is also longitudinally
symmetric while the drift tube itself slightly deviates from
the symmetry due to different parameters for drift-tube tips
in adjacent cells.

The efficiency of the cooling circuit in the evacuation of
heat on small and long drift tubes is studied using a 3D
model of the first six cells of the QA-DTL structure, i.e., the
first two superperiods. The model uses a set of coupled
radio-frequency, heat transfer, mechanical, and fluid
dynamic FEM solvers. The model calculates the rf power
loss on surfaces of drift tubes, its corresponding temper-
ature distribution, its mechanical deformation, and the
pressure drop over the circuit. Here, the conductive heat
transfer in metallic parts has been considered and the
radiation and convection terms have been neglected. The
efficiency of the cooling circuits of the second and third
drift tubes to evacuate the dissipated power is shown in
Fig. 8. In this study, drift tubes and stems are made from
OFE copper, and they are cooled by water at a temperature
of 20°C. The power loss at the surface S is calculated using

R, -
Ploss = 7/ |Ht|2ds (1)

where H, is the tangential magnetic field and R, is the
surface resistivity of copper at 750 MHz [25].

Using stem cooling has advantages due to lower
mechanical complexity and consequently lower fabrication
costs compared to drift-tube body cooling. However,
mechanical deformation at higher duty cycles needs to
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FIG. 8. A comparison of different cooling strategies on the
evacuation of the heat dissipation in long and small drift tubes.
The heat profile is plotted at the duty cycle of 10%. Note the
different scales. Only the outer copper shell is shown, open areas
contain cooling circuits and the PMQ in vacuum.

be analyzed. Three different combinations of these cooling
channels in long and small drift tubes have been consid-
ered. Case A uses stem cooling circuits for both long and
small drift tubes. In Case B, the cooling circuit on the long
drift tube is a body circuit but stem cooling is used for small
drift tubes. The power loss on small drift tubes is lower than
on long drift tubes. This combination can be considered as
a compromise between cooling efficiency and fabrication
costs. In Case C, the drift-tube body cooling circuit is
installed in all drift tubes.

For comparison, the temperature distribution on the cross
section of drift tubes is plotted in Fig. 8 for all cases at a
duty cycle of 10% as required for isotope production. The
corresponding maximum temperature difference AT and
displacement from the drift-tube axis Ad are listed in

TABLE I. The maximum temperature difference and drift-tube
axis displacement for all cooling strategies at a duty cycle of 10%.

Small drift tube Long drift tube

AT °C)  Ad (um) AT (°C)  Ad (pm)
Case A 439 2.05 4776 21.85
Case B 439 2.05 0.51 0.15
Case C 0.23 0.12 0.51 0.15

Table I. Since the heat dissipation on drift-tube surfaces has
a linear dependency on the duty cycle, AT and Ad vary
proportionally with the duty cycle. In the present design,
the maximum allowed axis displacements for long drift
tubes with PMQ, keeping full transmission is 50 pm.
Naturally, this budget has to be shared with all contributors
to the alignment of the magnetic PMQ axes with respect to
the mechanical center of the beamline, namely the tolerance
of the magnetic axis within the PMQ, the alignment of the
PMQ within the drift tube, the tolerance of the drift-tube
machining with respect to the tank references, and finally the
alignment between rf structures. The extrapolation shows
that using a stem cooling circuit for all drift tubes (case A)
works up to duty cycles around 1% with a maximum
temperature difference and PMQ axis displacement of about
4.8 K and 2.19 pm respectively. The maximum temperature
difference at 10% duty cycle in case B is about 4.39 K. With
2.05 pm displacement, this is therefore a cost-effective
solution for such duty cycles. Finally, case C can be applied
at duty cycles well above 10%.

The deformation of long and small drift tubes in case A
and case C has been compared in Fig. 9. In this plot, the
duty cycle is 10% and in order to better illustrate deformed
surfaces, the deformation is scaled by a factor of 300. In
addition to the efficiency in heat evacuation, the dimensions
of the cooling circuits are chosen such that the fluid flow is
turbulent [26].

M IT] |
Scale 1:300
0.1 Duty cycle 10.0%
' Case A .
’ Case C
m
0.05
o0 -
= =)
0.10 0.15

FIG. 9. The deformation of drift tubes at the duty cycle of 10%.
Case A uses stem cooling in all drift tubes and case C uses drift-
tube cooling. The deformation is scaled by a factor of 300 for
better illustration.
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VI. PMQ DIMENSIONING

In the design of the QA-DTL structure, the long drift
tubes need to accommodate the PMQ, and magnet dimen-
sions need to be defined early in the design process. In the
present study, a 16-segment Halbach-type PMQ is consid-
ered. A schematic arrangement of magnetic blocks and
their easy-axis direction is shown in Fig. 10. The para-
meters r; and r, are the inner and outer radius of the PMQ.
The easy axis of magnetization in each segment is rotated
by 45° with respect to its next neighbor. The magnetic field
gradient close to the axis of the PMQ is expressed by

1 1 27\ M
B =2B,K|———| K = cos? Z) sin(2) =2, (2)
ror, M M) 2xn

where B, and M are the remanent magnetic field of each
segment and the total number of segments, respectively
[27,28]. For a 16-segment magnet, K is equal to 0.94.
The magnetic alloy of the PMQ segments is assumed to be
Samarium Cobalt 95 with a remanent field of 0.95 T, the same
material as used in the Linac4 DTL [29]. The supporting
frame for the magnet is foreseen to be made from non-
magnetic stainless steel with a minimum thickness of 2.0 mm.

Using the 2D approximation to calculate the magnetic
gradient based on known PMQ dimensions is straightfor-
ward and quick. However, the profile of the magnetic field
is different compared to the real finite length PMQ due to
the fringe field. A 3D model is used to calculate the effect
of the fringe field on the magnetic gradient along the axis of
a 16-segment PMQ. In this example, the inner and outer
radius of the PMQ is set to 3.5 and 10 mm, respectively, and
the length of the PMQ is 50 mm. The results are plotted in
Fig. 11. In this particular example, the relative difference in
integrated gradient between the full 3D model and the 2D
approximation is about 1.6%.

SR
e

FIG. 10. A schematic arrangement of magnetic blocks and
easy-axis direction of a 16-segment PMQ.

0-10

—2D approx.
—3D Calc.
| ‘

Normalized Magnetic Field

Longitudinal Position

FIG. 11. Top: 3D model of the PMQ. Bottom: Comparison of
the 3D simulation results to the 2D approximation of the
magnetic field of the PMQ.

VIL. QA-DTL SUPERPERIOD OPTIMIZATION

In this section, the optimization of the general design
parameters of an average superperiod of the QA-DTL
structure is discussed in detail. While in a classic DTL, the
optimization of a single cell at average beam energy is
sufficient, in a QA-DTL, it is practical to optimize a full
superperiod at once. The optimization process aims at
maximizing the average effective shunt impedance under
the following constraints: the maximum surface electric
field must be lower than 38.0 MV/m, enough space for
embedding a PMQ and cooling circuits in drift tubes must
be available, enough space for fitting stems on drift tubes
needs to be provided and finally the f frequency needs to
be kept at the design frequency. The bore radius of all drift
tubes is fixed at 2.5 mm. The range of radii of long drift
tubes r; is constrained between 20 and 25 mm, and of small
drift tubes rg is between 10 and 18 mm. The radius of
20 mm for long drift tubes corresponds to the minimum
radius required for embedding a PMQ and cooling circuits,
and 10.0 mm is the minimum radius required for housing
the cooling channel inside the small drift tubes. The radius
of the stem is set to 6.0 mm at which there is enough space
available for embedding the two water cooling channels
inside the stems.

The superperiod parameters are optimized at an average
beam energy of the cavity, 6.0 MeV/nucleon in the
NIMMS design. The phase of the synchronous particle
is —20° for all cells. The energy gain is found by tracking
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the synchronous particle along the beam axis through the
full superperiod. With the energy gain, the shunt imped-
ance ZTT,, can be calculated for the full super-period.
Several assumptions have been made on the geometry of
drift tubes, minimizing the number of geometrical
parameters and lowering the computation time. For the
optimization of the superperiod, small drift tubes have the
same geometrical parameters except for their length. The
same assumption is made for the two bigger half-length
drift tubes. Furthermore, the effect of stems on frequency
shift and power loss is ignored in the optimization stage
to perform rf calculations using axially symmetric
conditions.

It is important to understand that the superperiod
design cannot be precisely split into meaningful individ-
ual cells with uniquely defined cell boundaries. For
example, analyzing the FEM model of a substructure
of just a single gap with two half drift tubes is not fully
representative of the actual field distribution as the
resulting electromagnetic structure with the respective
(perfect electric conductor) boundary conditions so inves-
tigated will considerably deviate from the one situated
within the superperiod. As a corollary, since the boundary
is not uniquely defined, also the power loss of that
individual cell could not be assigned correctly and thus
any calculation of a shunt impedance for that individual
cell will remain ambiguous.

VIII. GLOBAL QA-DTL OPTIMIZATION

Since there is no prior knowledge on the location of
possible minima, the superperiod of the QA-DTL cavity is
optimized using two different algorithms independently:
random search (RS) and genetic algorithms (GA). The
results of both algorithms are presented and compared.

In random search (RS), each solution is a one-dimen-
sional array of 16 elements containing geometrical param-
eters of the QA-DTL superperiod such as the diameter of
drift tubes, face angle, etc. A total number of about 10,000
random solutions has been used. For illustration, the
randomly generated solutions have been sorted in two
dimensions based on the radius of small rg and long r; drift
tubes, as shown in Fig. 12. The results in the diagram are
filtered based on the 1f efficiency and geometrical feasibil-
ity. All results with ZTT,, lower than 95.0 MQ/m, and
with a maximum surface electric field higher than
38 MV /m, are ignored. Drift tubes in all solutions which
are located in the gray area are big enough to house a
PMQ and cooling circuits inside. The maximum ZTT;, for
rp > 20 mm is 96.5 MQ/m.

In the genetic algorithm (GA) setup that has been
employed, a population of about 30 solutions has been
used in the evolution process of GA optimization. The
heuristic crossover operator and the tournament selection
method are used by the GA module [30,31]. The cross-over
rate is set to 80% and the contribution of the elites is set at

Colorbars, Outer curcle E’max(gmyscale)7 Inner circle: ZTT (colored
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FIG. 12. Distribution of valid solutions obtained by a random
search among 10,000 randomly generated parameter sets. All
solutions with ZTT;, higher than 95.0 and a maximum surface
electric field below 38 MV/m are plotted. The result of the
genetic algorithm is shown as a red cross.

7% of the population. As is shown in Fig. 12, the optimum
obtained by GA is close to the one found by RS but the
ZTT;), is about 2% higher.

IX. FULL QA-DTL CAVITY DESIGN

In this section, the design of the full QA-DTL structure is
discussed. The design procedure of the full QA-DTL cavity
is based on constructing superperiods one by one, starting
from the low energy end of the cavity. At this design stage,
each superperiod is constructed with general parameters
like radii and other radial dimensions, as well as dimen-
sions required for housing PMQs and cooling circuits
found in the superperiod optimization. This generalization
is required to limit the complexity of cavity manufacturing.
However, the length of cells needs to increase with the
particle velocity f and the longitudinal parameters of drift
tubes (gap lengths and face angles) need to be adjusted and
optimized for high rf efficiency with the same optimization
criteria as for the average superperiod such that the resonant
frequency of the superperiod remains at the design fre-
quency of 750 MHz.

Since stems cannot be modeled in 2D FEM calcu-
lations, their resonant frequency shift has been estimated
using the Slater perturbation theorem [32]. All super-
periods of the QA-DTL cavity are designed for the same
average axial electric field level. For the initial design,
the synchronous phase of all cells is fixed at —20°. The
synchronous particle accelerated by the axial electric field
is tracked through the superperiod. The synchronous
phase of all cells is adjusted by a shift of gap centers,
to the design value with a relative error of +0.05%. This
process is performed for all superperiods successively
until the final beam energy is reached.
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FIG. 13. A cross-sectional view of electric and magnetic field
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TABLE II. Parameters of NIMMS QA-DTL cavity.

Average axial electric field
Beam energy;,

Beam energy,,

Cavity length

Peak power

Peak current

Maximum surface E-field
Number of big/small drift tubes
ZTT big/small cells

Number of PMQs

4 MV/m

5 MeV /nucleon
7.02 MeV /nucleon

1.4 m
160 kW
0.2 mA

29 MV/m
8/16

100..110/170..180 MQ/m

7

7
2 x10 . .

—2D comsoL
""" 3D nrss

I

—_
W
T

Electric field (MV/m)

o
n

0 0.5 1 1.5
Distance (m)

FIG. 14. Comparison of the axial electric field profile of the
QA-DTL at 4 MV/m obtained in 2D comsoL and 3D HFSs
simulations.

X. RESULTS OF THE QA-DTL DESIGN

The results of the design of the NIMMS QA-DTL cavity
at an average axial electric field of 4 MV /m are presented
in this section. The cavity comprises 24 drift tubes in which
8 drift tubes are long with a radius of 20 mm. The radius of
the small drift tubes is 11 mm. The cavity has an inner
diameter of about 273 mm and is about 1.4 m long. The
cross-section of the cavity and the electric and magnetic
field contours are shown in Fig. 13. The maximum surface
electric field is about 29.0 MV/m. The effective shunt
impedance ZTT of longer and smaller cells in the structure
is roughly between 100..110 MQ/m and 170..180 MQ/m,
respectively. The numbers have been found by splitting the
cells at their nominal boundary. The higher effective shunt
impedance of small cells is because of lower loss on small
drift-tube surfaces. However as mentioned earlier, this
splitting is not unique. The physical characteristics and
figures of merit of the cavity are listed in Table II

FIG. 15. The 3D model of the NIMMS QA-DTL tank design at
4 MV/m.
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The electromagnetic field distribution in the QA-DTL
cavity has been calculated using 2D comsoL and 3D HESS
eigenmode solvers. The axial field profiles calculated by
both solvers are shown in Fig. 14. The average axial field of
all cells is distributed uniformly with a relative error of
+2.0% around the average value. The final QA-DTL cavity
is shown in Fig. 15.

XI. STABILIZATION

Axial field stabilization using passive 1/4 post couplers
is a necessity for the NIMMS QA-DTL design because
such structures are expected to be susceptible to field
variations due to static and dynamic effects like manufac-
turing tolerances, active tuning, thermal expansion, or beam
loading. Post couplers are a chain of resonating elements
that can couple with the cavity resonators and in conse-
quence, the stability of fields in the operation mode
increases. Post couplers and their working principle are
amply discussed in the literature [33-36].

A practical procedure for accurate adjustments of post
couplers has been applied to CERN’s Linac4 DTL cavities
previously [16]. This technique is straightforward for the
experimental adjustments of post couplers. While the
authors successfully applied it also in numerical simula-
tions, there is a major difficulty with long Alvarez type
cavities since they require high computing resources due to
their overall volume to be meshed and the fine mesh
granularity required to correctly represent a considerable
number of small elements inside such as drift tubes and
stems. For measuring the tilt-sensitivity parameters of the
cells, several optimization attempts need to be made to
adjust the perturbation to the desired frequency shift [37].
In addition, to find the reference length of the post coupler,
the resonant frequency shift needs to be calculated for each
post coupler individually [16].

A new procedure based on modal analysis of the highest
post-coupler modes and its equivalent circuit model for the
stabilization of NIMMS quasi-Alvarez structures has been
established which will be discussed in the following
section. The new method extracts post-coupler lengths
using the simulation of QA-DTL superperiods (single cells
for classic DTL structures) sequentially using a 3D model
in the design stage. The method is applicable to DTL
structures in general. In the following section, the physics
behind the stabilization technique is discussed briefly and
the procedure of post-coupler tuning is presented. In
addition, the results of the post-coupler stabilization of
the whole QA-DTL structure at 4 MV/m are discussed.
For the sake of simplicity in the following, stems are not
included in the 3D simulations. This is acceptable as their
resonances are considerably lower than those of the post
couplers, they stand orthogonal to the field lines in the
relevant modes, and their frequency and loss effect can be
estimated by Slater perturbation.

XII. NUMERICAL TECHNIQUE FOR
POST-COUPLER ADJUSTMENT

DTL cavities equipped with post couplers form biperi-
odic structures [38]. Two modal branches in the dispersion
diagram belong to the TM;, and the post coupler (PC)
resonances. As discussed in the literature, by deliberate
adjustment of post-coupler lengths, the PC mode branch
can be brought close to the TMy,; , mode branch, leading to
a coupling between the modal spectra. While this con-
fluence of modal spectra can easily be achieved on average,
it is however not enough for proper stabilization over all the
cavity. By the analysis of tilt sensitivity measurements, it
has been understood since the beginning that the stabiliza-
tion can and needs to be achieved on a cell-by-cell basis. In
the following, it is shown that corresponding modes can be
simulated for each cell (or superperiod in the case of the
QA-DTL) and that by the coincidence of modes on a
cellular granularity, stabilization is achieved.

It is the usual practice to design DTL structures cell by
cell starting from the low energy end. To find the TM
modes and more specifically the main accelerating mode
TMy,, the cell is simulated with perfect electric conductor
(PEC) boundary conditions. Since excited post couplers
have no perpendicular electric fields at the cell boundary,
post-coupler modes cannot be studied with PEC cell
boundaries. Instead, perfect magnetic conductor (PMC)
cell boundaries need to be applied to study PC modes. As is
well known, PMC surfaces do not physically exist, but it is
possible to define them numerically, and they physically
make sense when corresponding symmetry conditions are
to be established in a model. This same technique has been
used on a full DTL structure previously in order to find the
PCy, mode in the dispersion diagram [39]. Due to the
conducting cavity end walls, the PC;, mode is actually a
forbidden mode in the physical cavity, whose coincidence
with the TM,;, mode nevertheless establishes the con-
fluence of modal branches. The difference here to that
previous work is that, as mentioned before, the coincidence
of modes is established on a cell-by-cell basis, and it is
shown that this is what leads to full stabilization with a low
local tilt sensitivity slope in all the cavity.

The electric field distribution of the post-coupler mode
of a QA-DTL superperiod equipped with PCs is shown in
Fig. 16. In the figure, the normalized intensity of E, which
is the only component of the electric field due to the
coincident boundary condition, is shown in color and the
direction of the electric field is plotted as white arrows. As
can be seen in the figure, a considerable fraction of the
electromagnetic energy is stored around the post coupler
and the rest is stored in the area between the drift tube
and the cylindrical wall. With the capacitance between the
drift tube and the cylindrical cavity wall C’, and the
equivalent inductance and capacitance of the post coupler
L” and C”, respectively, the equivalent circuit representation
of the post-coupler mode can be modeled as in Fig. 16(c).
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FIG. 16. (a) The electromagnetic field distribution in the cell
boundary plane cutting through a post coupler. The intensity of
the electric field is shown by colors normalized to one. Arrows
show the direction of the electric field. (b) Corresponding
horizontal cross-section with the same scaling. (c) The equivalent
circuit of the PC, mode of the post coupler.

This branch has been identified as the coupling admittance
Y in [16],

j(UC//

Y= ja)C/ + 1— a)ZL//C//

(3)
with resonance frequency @' = 1/VL"+/(1/C +1/C").

Due to symmetry conditions valid for the basic post-coupler
mode, there is no excitation via the branch of the drift tubes. It
has been shown in [16] that this formula corresponds to the
local tilt-sensitivity slope. Therefore, the post coupler sta-
bilizes locally at a frequency of @’. Since the cavity operates
at the frequency of @, the post-coupler length should be set

200
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FIG. 17. Tilt sensitivity of stabilized and nonstabilized NIMMS
QA-DTL at 4 MV/m.

to its proper length at which @’ = @, and then the PC, mode
couples to the TMy;;, mode.

The procedure of stabilization of the whole structure can
be performed by adjusting the local tilt-sensitivity slope in
each cell or superperiod successively. The procedure of
stabilization is as follows: (i) For the first superperiod, move
both post couplers uniformly until the resonance frequency
of PC, be equal to the operation one @' = @,,. (ii) Starting
from the second cell, adjust the post coupler at the lower
energy side of the superperiod to the length obtained from the
previous superperiod stabilization. (iii)) Move the post
coupler at the higher energy end of the super period until
the @' = @,p. (1v) Repeat (ii) and (iii) for all superperiods
consequently until all post couplers have been set.

All post couplers of the NIMMS QA-DTL have been
adjusted using this procedure. The tilt sensitivity calcu-
lations reveal that when all post couplers are out, the tilt
sensitivity of the cells is distributed between +160%/MHz.
After adjusting the post couplers, the tilt sensitivity of cells
improves to a range between +5%/MHz as shown in
Fig. 17. The diameter of all post couplers is 1 cm, and the
individual gaps between the post coupler and the corre-
sponding drift tube, for all nine post couplers from the low
to the high energy end of the structure, are 3.32, 3.32, 3.38,
3.39, 3.44, 345, and 3.5 cm.

XIII. COST ESTIMATION

As mentioned earlier, minimizing the costs of the
medical facility is essential for reducing the treatment
price. In the following section, the cost analysis of the
QA-DTL structure for the synchrotron injector is summa-
rized. The goal of such a study is not only to estimate the
costs of QA-DTL structures but also to understand the
sensitivity of the costs with respect to the different factors.
This study is essential to make well-founded decisions on
the optimum parameters of the QA-DTL structures for the
full linac option.

The total costs of several QA-DTL structures are
compared for different average axial electric fields ranging
from 2 to 8 MV /m. The particle energy for all cases varies
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between 5 and 7 MeV /nucleon and the duty cycle is 10%.
Designs at lower electric fields yield longer structures. The
construction costs approximately vary linearly with respect
to the length of the structure. In contrast, the ohmic losses
go down with lower electric fields. The required rf power
varies quadratically with the electric field. The overall costs
of the QA-DTL structure analyzed in the present work
consist of the construction costs C¢ and costs relative to the
rf power station Cp.

The analysis is based on the mechanical structure and
related experience from the construction of the Linac4 DTL
cavities [10]. The components considered in the present
cost study are drift tubes, PMQs, tuners, post couplers,
girders, tanks, end walls, the power coupler, and the rf
window. Included are expenses for material, machining,
welding, copper plating, heat treatments, metrology,
assembly, tuning, and stabilization, as well as vacuum
equipment, and tests. In the cost estimation, however,
infrastructure costs and accelerator commissioning that
are relatively independent of the actual structure have
not been included and therefore the cost estimates do
not reflect the full costs related to the structure in a
NIMMS-type facility. The sensitivity of the total construc-
tion cost of a QA-DTL structure for two different average
axial electric field values is shown in Fig. 18. Lowering the
electric fields raises the costs for drift tubes by about 50%,
PMQs by about 20% and tuner and post couplers about
70%, while the contribution of other parts is only a few
percent.

Besides the construction costs, the high-power rf station
has a significant contribution to the overall costs. Several
options have been proposed for the power source such as
klystrons, inductive output tubes (IOTs), and solid state
amplifiers (SSAs). Since commercial klystrons are only
available at a frequency of 704 MHz, IOTs and SSAs are
the considered power sources at 750 MHz in the first place.
In the long term, the use of SSAs is economically

120
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100 | [ 8 MV/m

Costs (kKEUR)
3
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FIG. 18. A comparison of construction costs of different parts

of a QA-DTL at the two values of an average axial electric field of
4 MV/m (blue) and 8 MV/m (red).

interesting mainly due to its lower maintenance costs
and higher operational reliability related to the absence
of high voltage. However, also efforts in making klystrons
more efficient have been intensified in recent years [40,41].

Considering costs for SSAs in recent projects at CERN,
the estimated price per peak output power is about 10
EUR/W. At that price, facility costs are dominated by the
costs for the 1f source. As the price per watt of SSA output
power has been falling over the last decade, the calculation
has been repeated for two more cases at 5 EUR/W and 2
EUR/W. The aim of these calculations is to study the
sensitivity of the overall costs of 1f power sources with
respect to different options and to provide a basis for
decision making while making the study independent from
the technology. A 750-MHz rf source with such an
optimistic price may not exist at the moment.

Being independent of the technology, this cost compari-
son also does not reflect well the situation of klystrons
which are available on the market at discrete nominations
of frequency and power, and where rather the structure or
potentially a series of structures needs to be adapted to the
available power source. Their use is only comparable if the
maintenance, downtime, and replacement costs are taken
into account over a comparable lifetime. A high-voltage
power modulator is required in addition to run the equip-
ment, and running an installation with just one or two
klystrons might require some maintenance overhead.
Nevertheless, shifting the operating frequency to a fre-
quency at which commercial klystrons are available could
be considered on one hand, however, with repercussions on
the rest of the machine. On the other hand, this analysis
may help justify developing cheaper commercial rf power
sources for medical purposes in view of the expected need
for several ion therapy centers worldwide in the future.

The cost comparison at different gradients is plotted in
Fig. 19. At rf power costs of 10 EUR/W, the expenses for rf

=5 EUR/W
3500 | |2 EUR/W
====0nly construction costs

Total costs (KEUR)

1000
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—-—-—-—-—-—-—-—-—-—-—-
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Electric field gradient (MV/m)

FIG. 19. The estimated total costs (construction and rf power
source costs) of NIMMS QA-DTL as a function of the average
axial electric field. The calculation has been performed based on
three different rf costs of 2, 5, and 10 EUR/W. The dashed line
shows only the costs related to the construction of the structure.
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power sources dominate the construction costs and it is
reasonable to construct the linac at a lower gradient.
Considering rf costs of 5 EUR/W leads to a 40% reduction
of the total cost at the average axial electric field level of
4 MV/m, and the rate of power cost variation with respect
to the gradient is lower. For the case of 2 EUR/W, the cost
variation is about zero at an average axial electric field of
4 MV/m and the total cost is minimum. From this study,
one can conclude that reducing costs for high power rf
sources is crucial for building cost-effective machines.

XIV. CONCLUSIONS

QA-DTL structures have been studied for a future
NIMMS heavy ion therapy facility. After a short introduction
to the NIMMS machines and previous QA-DTL designs, this
manuscript details the design considerations that are required
to arrive at reliable cost estimates. Starting at duty-cycle
considerations with general design decisions on cooling
circuits and PMQs, it describes the optimization of the
average QA-DTL superperiod and the iterative development
of acomplete linac structure. The manuscript describes a new
technique for post-coupler stabilization as required for such
long DTL structures. The full design procedure outlined here
may serve as a blueprint for the design of DTL structures in
general. Based on this procedure, several QA-DTL designs
are evaluated with respect to their costs at different accel-
erating gradients, and the importance of choosing a cost-
effective 1f source is underlined.
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