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Ladder resonator: A novel superconducting structure for the very low � part
of high current linacs
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A novel superconducting (sc) structure is proposed, to accelerate a high intensity proton beam within
the energy range of 5–20 MeV. The comparison with different sc structures from the point of view of
both rf efficiency and technological aspects of manufacture looks promising. Results of M.A.F.I.A.

simulations are given.

DOI: 10.1103/PhysRevSTAB.6.040101 PACS numbers: 29.17.+w, 29.27.–a, 41.75.–i
resonators, while for the first part (5–20 MeV) a solid
architecture is still to be demonstrated. DTL structure

The most significant and original feature in the cavity
design is the possibility to equip the resonator with two
I. INTRODUCTION

High current proton linacs of the intensity range from 1
to 50 mA and the final energy from 100 MeV to 2 GeVare
necessary for a variety of research and technology appli-
cations, namely, transmutation of nuclear wastes, produc-
tion of radioactive ion beams, spallation neutron sources,
neutrino factories, and technological neutron irradiation
tools [1]. The basic linac architecture, and several tech-
nological developments related to it, can be shared by
many of these applications.

The specific application considered in this paper is a
proton driver for the production of exotic nuclear species,
in the framework of the EURISOL design study (funded
by the European Commission [2]) for a next generation
ISOL facility in Europe.

The proton driver proposed for EURISOL is a 5 mA cw
linac composed by a normal conducting radio frequency
quadrupole (RFQ), operating at 352 MHz, as injector,
and by elliptical superconducting cavities, resonating at
704 MHz, in the higher energy linac section (85 MeV–
1 GeV).

In the intermediate energy section (5–85 MeV) an
ISCL (independently phased superconducting cavity li-
nac) is proposed, consisting of a few families of inde-
pendently phased resonators operating at 352 MHz. This
linac has investment costs comparable to the alternative
room temperature solution [a drift tube linac (DTL)], but
offers a factor 6 smaller ac power costs, smaller beam rms
dimension to the beam port aperture (beneficial for safety
considerations), and independent control of the resonator
phase. The latter feature would allow acceleration of ions
with a charge-to-mass ratio q=A � 1=2 or 1=3, depending
on the chosen geometry of the superconducting (sc) cav-
ity. More in detail, the part beyond 15–20 MeV can be
conveniently implemented by using 2-gap HWR (half
wave resonator), QWR (quarter wave resonator), or spoke
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or linac based on sc reentrant cavities are possible
solutions, having the disadvantages of high power
dissipation and a large number of cavities and rf systems,
respectively.

In this paper we propose the use of few sc 4-gap
resonators of a novel kind for the energy range 5–20 MeV.

The sc cavities typically proposed for the � range 0.1–
0.5 [3–9] are of the crossed-stem type. The current den-
sity over the cavity surface is quite evenly distributed in
crossed-stem resonators, but there is no place in the cavity
to put a large size flange at Bs;p < 50 G, considered a
reasonable threshold to avoid excessive power dissipation
at flanged joints in sc cavities. All the cavity niobium
components must be eventually welded together: this
seriously limits the access to the cavity internal volume,
making inspections more troublesome and surface proc-
esses, such as chemical etching and high pressure water
rinsing (HPWR), possible only through either the beam
or the rf-coupling ports.

Moreover, in order to achieve flatness of the accelerat-
ing field along the gaps, 3-gap or multigap resonators of
the crossed-stem type require extra space for the mag-
netic field in the first and last gap: this typically takes the
total longitudinal space of one rf cell. This is particularly
penalizing for the very low � branch of the linac (� �
0:1–0:2), where three gaps at most can be accommodated
in the limited focusing period available. Accelerating
cavities with a maximum of one or two gaps have been
proposed for the very low � range so far [10–12].

In this paper, we propose the novel design of a 352 MHz
4-gap sc resonator, which we have called a ‘‘ladder reso-
nator.’’ Such a cavity is capable of providing efficient
acceleration in this velocity range, thus allowing one to
significantly diminish the number of accelerating cavities
and the overall linac length. The accelerating field is fully
flat along the four gaps, leaving negligible extra space in
the longitudinal direction.
2003 The American Physical Society 040101-1



PRST-AB 6 LADDER RESONATOR: A NOVEL SUPERCONDUCTING . . . 040101 (2003)
large flanges, allowing easy internal inspections, surface
treatments, and possible repairs.
II. LINAC DESIGN

The ladder resonator is proposed for the first section of
a high current proton linac, following the 5 MeV RFQ.
The acceleration up to 20 MeV is performed by two
families of 4-gap cavities, with optimum �0 � 0:12 and
0.17. Twelve cavities with an accelerating field of
5:8 MV=m are needed in total. The average synchronous
phase is �30� and the effective length is 2�0
. The
transit time factor (TTF) is always above 80% in this
scenario (see Fig. 1).

The preliminary linac structure presented below uses
a focusing-drift –defocusing-drift (FODO) with super-
conducting quadrupoles installed inside the cryomodules.
The use of quadrupoles is homogeneous to what happens
before (RFQ) and afterwards (superconducting linac with
0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0 1 2 3 4 5 6
Cavity N

T
T

F

TTF

Energy [MeV]

FIG. 1. (Color) Synchronous particle energy and transit time factor
optimum �0 � 0:12 and 0.17.

FIG. 2. (Color) Schematic layout of the ISCL (quotes are in mm).
two families, with sc quadrupoles (in red) in between.
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external quadrupole doublets), with a separate regulation
of vertical and horizontal focusing directions. Moreover,
compared to quadrupole doublet or solenoid focusing, the
FODO solution has the advantage of an easier matching
with the RFQ.

On the other hand the choice of this new cavity is not
strictly linked to the choice of the focusing structure and
the ladder can be used with similar advantages in a
solenoid or doublet lattice.

The cavities are located in two different cryostats, one
for each family, with a warm section, housing beam
diagnostics, in between (Fig. 2). The transverse focusing
is achieved using superconducting quadrupoles, with iron
poles and superconducting windings, housed in the same
cryostat. A prototype of such quadrupoles has been built
at the Michigan State University according to LNL
specifications for the TRASCO linac [13]. The use of
quadrupole magnets, relatively close to high gradient
superconducting cavities, is delicate, since the residual
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along the linac; the TTF is calculated for four ideal gaps, with

The two cryostats house six ladder resonators (in green) of the
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FIG. 3. (Color) Transverse beam envelopes (rms and maximum values) for 5 mA compared with maximum and minimum bore
values.
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magnetic field could be trapped by the cavity during start
up. Indeed in our design, the calculated magnetic field on
cavity even with the quadrupole at maximum field is
below 0.5 G (in the first cryostat that is more compact).
This should be a safe value, and an experimental verifi-
cation will be done at LNL.

The beam bore diameter for the quadrupoles is 40 mm,
for the cavities 25 mm. The focusing structure has a
constant period length in each cryostat, but with a longer
period in the second cryostat where the cavities them-
selves are longer. Corresponding to the warm transition
there is a long period without any rf defocusing.

The beam matching has to cope with these changes,
and with space charge effect and possible single parti-
cle and envelope resonances. In particular, the para-
metric resonance, occurring when the longitudinal
phase advance is about twice the transverse phase ad-
vance, must be avoided to preserve beam quality.
Parametric resonance has a fast exponential growth
that rapidly spoils the transverse emittance; to avoid
this effect a strong transverse focusing has been
implemented in the first cells (about 97� per FODO
period).

A rough estimate of the resonance width gives the
prescription 0:4 � ��T=�L� � 0:6. The longitudinal
phase advance per lattice period L is

�L � L

������������������������������������
eE

mc2

2� sin���s�

�3�3


s
� L

�����������������������������������������
en�W

mc2L

2� sin���s�

�3�3


s

/
����
L

p
;

with E the average accelerating field, n the number of
cavities per period, � and � relativistic parameters, and 

the rf wavelength. The longitudinal phase advance is
larger at lower energy and is proportional to

����
L

p
. The

transverse phase advance per period �T is limited to �=2
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due to envelope instability. As a consequence �L �
��T=0:4� � ��=0:8� determines a limit on the possible
period length L (for a given number of cavities and energy
gain per cavity). In other words, the use of high perform-
ance cavities (high �W), that is economically advanta-
geous, requires the compactness of the period and of the
cavities themselves.

Beam envelopes corresponding to a 5 mA current are
plotted in Fig. 3. The simulation is performed with
PARMILA [14] using 100 000 macroparticles. Cavities are
simulated with rf gaps; the initial rms emittances, corre-
sponding to the output of the TRASCO RFQ, are
0.2 mm mrad normalized for the transverse planes, and
0.2 MeV deg for the longitudinal plane. The space charge
effect is not dominant (initial transverse tune depression
is about 10%) and the same beam matching gives full
transmission for a large range of beam current (at least up
to 50 mA).

This opens a wide range of future applications and
suggests that for a 5 mA beam current (EURISOL and
SPES projects), the limitation in the current is due to the
available rf power and not to beam dynamics.

To guarantee the operation of the linac with losses
below 1 W=m, a value which is needed for hands-on
maintenance, deeper studies are needed. The use of a
larger number of particles, a better modeling of the rf
field, a systematic study of alignment errors, and analysis
with a fully 3D space charge routine are all elements
needed for the final simulations.

Preliminary results for a 90 MeV linac, based on this
low energy part and followed by eight cryostats with
2-gap resonators, has been presented in Refs. [15,16].
In particular, simulations done with HALODYN code
(3D Poisson solver), with 20 
 106 particles and 5 mA,
show full transmission and no emittance growth up to the
final energy.
040101-3



TABLE I. Ladder resonator geometric parameters
(�0 � 0:12).

Inner length along beam axis 200 mm
Stem length 450 mm
Internal height 450 mm
Beam bore diameter 25 mm
Gap length 25 mm
Stem thickness 26 mm
Stem width at aperture 65 mm
Stem width at base (central stem) 166 mm
Stem width at base (1st and 3rd stems) 125 mm
rf coupling holes diameter 70 mm

FIG. 4. (Color) Cutaway of the proposed ladder resonator and
two cross sections. Different tapering of the central stem with
respect to the other two and 11 mm-long beam ports give full
voltage flatness over the four gaps. Two coupling holes, close to
the basis of the central stems, ensure a 4 MHz splitting between
the operational � mode and the next higher mode.
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III. CAVITY DESIGN REQUIREMENTS

Some preliminary considerations on the rf parameters
and construction issues are necessary for the optimiza-
tion of the 4-gap resonator geometry.

First of all, it is reasonable to assume not to exceed a
maximum surface electric field of Es;p � 30 MV=m in
the design. This reflects both our expertise with the tests
of a sc RFQ [17] [a more complicated structure than the
one proposed here with a number of electron-beam (e-b)
welds exceeding 100], and the measured Q curve of the
very first 2-gap sc spoke cavity (� � 0:2) (designed and
produced at Argonne [18], tested in April 2001 at Los
Alamos [7]).

As for the maximum surface magnetic field Bs;p, we
decided not to exceed 0.065 T, which is commonly ac-
cepted as a still reasonable value [6,11,19].

In optimizing a sc 4-gap resonator and in comparing
different design options, it is sensible to be limited by
whatever of either the electric or the magnetic field limits
is reached first.

Aiming at compactness (or acceleration efficiency),
the accelerating field is a fundamental figure of merit in
the design. Consequently, the best possible flatness in the
accelerating field along the four gaps is a crucial figure of
merit of the resonator.

In consideration of the novelty of the structure and the
large number of e-b welds, it is desirable to ensure easy
access to the interior volume after the construction is
complete. This would allow easy inspection and treatment
of surfaces exposed to the rf fields, including possible
mechanical repair, chemical etching, or HPWR. This is
possible only if flanged joints, in a region of low enough
current density (where Bs < 50 G [20]), can be included
in the design.

Last but not least, the frequency separation of the
working mode from the higher order modes must remain
large enough to keep the voltage distribution over the
accelerating gaps flat enough, taking into account con-
struction errors.

IV. DESCRIPTION OF THE LADDER
RESONATOR GEOMETRY

We propose the 4-gap structure (shown in the cutaway
view of Fig. 4 and in the 2D views of Fig. 5) as a good
compromise among the above-mentioned requirements.
Figure 5 shows two bidimensional cross sections of the
same resonator. The resonator geometric parameters are
shown in Table I.

The cavity tank is 450 mm in both height and width
and has a 200 mm internal length. The stems are dis-
posed in a ladder-type pattern. They are smaller in the
center, where a 25 mm beam bore is made in the flat part
of the cross section, and larger at the extremes, thus
allowing a current distribution over a wider area. This
reduces the magnetic surface field at the stem base, where
040101-4
it is higher. The enlargement angle is 8� for the first and
last stems and 14� for the central one: this difference is
sufficient to allow flatness of the accelerating fields, with
minimal elongation (11 mm only) of the first and last
cells with respect to the central ones.

Degeneration of the accelerating � mode and higher
order modes is avoided, by making two coupling holes on
the central stem (70 mm in diameter) in symmetric
positions with respect to the beam axis.
040101-4



FIG. 5. 2D cross section and front view of the ladder cavity; a
preliminary estimation of the external size is shown in the plot.
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The large lateral ports are located at 225 mm from the
beam axis: on their perimeter Bs is sufficiently small to
make the losses at the flanged joints negligible. The
flanges allow easy access for inspection and surface treat-
ments into the inner volume: they are flat and can be made
in copper, covered by a thin sc layer of sputtered niobium.

The resonator stems and tank can be built in full Nb.
The stems could be first machined in two parts by drop
hammer forming and then joined together by two oppo-
TABLE II. Ladder reso

Bs;p

Es;p

Energy gain at �0 � 0:12
Accelerating field E0

U=E2
a

rf coupling
Q� @4 K (assumed)

�
Bs;p=E0 T

rf power dissipation (@Q � 5 
 108)
B at the flanged joint

Accelerating field flatness (between central and
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site longitudinal e-b welds. Afterwards drift tubes and
coupling holes can be easily machined. Technical solu-
tions exist, to e-b weld the stems to the tank from either
the inside or the outside; 2-mm thick end plates, previ-
ously equipped with (e-b) welded beam ports, can be
pushed or pulled for fine frequency tuning. Curvature
radii of around 8 mm should be kept, both at the stem
bases and at the sides of the end plates facing them, since
in those locations current density is fairly high.

V. M.A.F.I.A. RESULTS

The shape of the ladder resonator shown in Fig. 4 has
been optimized with the M.A.F.I.A. code [17]. The optimi-
zation aimed at (i) achieving full voltage flatness; (ii)
finding the appropriate place to put flanged joints; (iii)
staying within the peak surface field limits discussed in
paragraph 3, while ensuring sufficient total accelerating
voltage; (iv) designing a cavity easy to build; (v) and
ensuring sufficiently large mode separation.

The main results of the simulations are summarized in
Table II.

As can be seen in Fig. 6, the peak surface field of
0.065 T is reached at the coupling holes: we set this as
the limiting value, to which all other electromagnetic
values are normalized. A smaller hole diameter would
give a smaller Bs;p, but also lower rf coupling. A 100%
flatness of the accelerating field over the four gaps is
achieved, as shown in Fig. 7. The TTF, as a function of
�, is plotted in Fig. 8. Such a function can be approxi-
mated with a cubic polynomial:

TTF��� � �11:95 � 268:01�� 1829:8�2 � 4026:9�3;

(1)

with 10�4 precision, or with the formula relative to four
thin gaps (with an effective �0 � 0:123):

TTF��� � sin

�
�
2

0:123

�

�
� sin

�
3�
2

0:123

�

�
; (2)

with 10�2 precision.
nator rf parameters.

0.065 T (set as limit)
20 MV=m

1:15 MeV=q
5:8 MV=m

0:059 J=�MV=m�2

1.2%
5 
 108

44:75�
0:0112 T=MV=m

10 W
0.0015 T

end cells) 100%
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FIG. 7. (Color) Distribution of Ez along the beam axis, showing that full field flatness is achieved.

FIG. 6. (Color) 3D plot of the magnetic field on a quarter of the resonator internal surface, as calculated by M.A.F.I.A. It can be noted
that the higher fields are concentrated in the portion of the resonator among the stems and they are vanishing towards the x
direction, where it was chosen to locate the flanged joint; Bs;p is located in the coupling hole.
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A 4 MHz mode separation (i.e., a 1.2% coupling),
allowed by these coupling holes, is sufficient to allow a
reliable construction with realistic specifications. Figure 9
shows a schematic representation of the four lowest modes
of the ladder resonator. As it has been checked via sim-
ulations, with the proposed design a positioning error of
0.1 mm of one of the stems in the longitudinal direction
causes a deviation of about 1% in the flatness of the
accelerating field, accompanied by an increase of the
040101-6
mode separation by 1.5%. While the flatness deviation is
more than acceptable, experience, made at INFN-LNL
with the construction of sc RFQ’s [21,22], shows that
the specification of 0.1 mm in positioning can even be
exceeded.

As shown in Table II, the accelerating field of the ladder
cavity is limited by the peak surface magnetic field Bs;p
rather than by the peak surface electric field Es;p. At the
limit of Bs;p � 0:065 T, Es;p reaches 20 MV=m: a total
040101-6



FIG. 8. (Color) TTF curve of the ladder resonator (blue dia-
monds), plotted together with the polynomial approximation
[Eq. (1), green dashed curve] and the 4-thin-gap approximation
[Eq. (2), red solid curve].
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accelerating voltage of 1.15 MV is hence achievable,
which corresponds to an accelerating field Ea �
5:8 MV=m. This value is comparable to experimental or
design values so far reported for resonators of the entire
� � 0:1–0:5 range [4–7,9].

Moreover, while the latter are resonators with only one
or two gaps, the ladder cavity is the only 4-gap structure
which is enough compact to be proposed from the very
lowest velocity range (� � 0:1–0:2), i.e., immediately
following the RFQ.

As a consequence the real estate gradient in this region
is significantly larger using ladder resonators with respect
to alternative geometries, which has a clear benefit on
linac compactness and construction costs.
 

f0 = 352 MHz 
(working mode)

f1 = 356.3 MHz

f2 = 357.2 MHz f3 = 449.1 MHz

FIG. 9. (Color) Schematic representation of the first four fre-
quency modes of the ladder structure.
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VI. CONCLUSIONS

We propose the ladder resonator as a very competitive
structure for the very low energy section of a high current
proton linac (� > 0:1), where high acceleration compact-
ness is a fundamental issue.

In the calculated available space of 0.2 m (resonator
internal length), it is possible to design a ladder resonator
with four gaps. Since the inductance of the first and last
cells of ladder resonators is very close to that of the
central ones, it is possible to allocate four gaps, in that
limited space, with 100% flatness of the accelerating field.

Mode degeneration of the ladder resonator is elimi-
nated by the introduction of two coupling holes in the
central stem. This is the location where the magnetic field
is the maximum.

Taking Es;p � 30 MV=m and Bs;p � 0:065 T as design
limit values, the 4-gap ladder resonator achieves a
5:8 MV=m accelerating field, where Bs;p is the limit.

Since the current density distribution on the tank of
ladder cavities quickly drops, when moving away from
the parallel stems, it is possible to introduce large flanged
ports on both sides of the resonator, without causing any
relevant electromagnetic losses at the joints. We regard
this option as of fundamental importance, for efficient
chemical polishing, rinsing, or simple inspection of the
resonator during its life cycle.

A preliminary application of the ladder resonator has
been calculated for the EURISOL driver linac [20]. Six
resonators of the first � family (�opt � 0:12) and five
resonators of the second � family (�opt � 0:17) cover
the energy range from 5 to 20 MeV, with transit time
factor values always exceeding 0.8. They are followed
by 94 2-gap resonators, of the spoke, the HWR, or the
QWR type.

The construction technology is rather standard. The
required positioning precision of the welded stems is
less challenging than what has already been achieved at
INFN-LNL in the construction of two sc RFQ’s.

The design study of the ladder cavity will continue
with (i) electromagnetic and mechanical analysis of the
end plates, to be used as slow tuners of the resonant
frequency; (ii) studies of a possible stiffening system,
associated with a computational optimization of the me-
chanical structure with respect to the vibration eigenm-
odes; (iii) and technical drawing of a resonator prototype
and of the liquid helium Dewar housing it, for sc tests to
be performed in an existing test cryostat at INFN-LNL.
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