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Electromagnetic design and beam dynamics simulation of a new

superconducting accelerating structure for extremely low β protons *
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Abstract: For the application of high intensity continuous wave (CW) proton beam acceleration, a new supercon-

ducting accelerating structure for extremely low β protons working in TE210 mode has been proposed at Peking

University. The cavity consists of eight electrodes and eight accelerating gaps. The cavity’s longitudinal length is

368.5 mm, and its transverse dimension is 416 mm. The RF frequency is 162.5 MHz, and the designed proton input

energy is 200 keV. A peak field optimization has been performed for the lower surface field. The accelerating gaps

are adjusted by phase sweeping based on KONUS beam dynamics. The first four gaps are operated at negative

synchronous RF phase to provide longitudinal focusing. The subsequent gaps are 0◦ sections which can minimize

the transverse defocusing effect. Solenoids are placed outside the cavity to provide transverse focusing. Numerical

calculation shows that the transverse defocusing of the KONUS phase is about three times smaller than that of the

conventional negative synchronous RF phase. The beam dynamics of a 10 mA CW proton beam is simulated by

the TraceWin code. The simulation results show that the beam’s transverse size is under effective control, while the

increase in the longitudinal direction is slightly large. Both the TraceWin simulation and the numerical calculation

show that the cavity has a relatively high effective accelerating gradient of 2.6 MV/m. On the whole, our results

show that this new accelerating structure may be a possible candidate for superconducting operation at such a low

energy range.
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1 Introduction

The radio frequency quadrupole (RFQ) has been ap-
plied with great success to a variety of ion accelerators
as a low energy front end [1–4]. Also, the crossbar H
mode (CH) cavity, which is a multi-gap drift tube accel-
erating structure, has been demonstrated to be possible
for superconducting operation [5–8]. By combining the
advantages of the RFQ and the CH cavity, a new ac-
celerating structure working in TE210 mode, which is
designed to operate in a superconducting state and to
allow the acceleration of an intense proton beam with
extremely low β at relatively high effective accelerating
gradient, is proposed at Peking University. As can be
seen from Fig. 1, the four vanes connected to the cavity
wall are cut by elliptical cylinders, which results in longer
electrical length to reduce the cavity’s transverse dimen-
sion. The electrodes are connected by two stems with
the vanes of the same electrical potential. The cavity
consists of eight electrodes and eight accelerating gaps,

including the gap between the first electrode and the cav-
ity end plate, which is called the minend gap. Also, the
electrodes are perpendicular to one another, so there is
no quadrupole asymmetry effect, which may have an im-
pact on the transverse beam envelope. The RF frequency
of the cavity is 162.5 MHz, and the designed proton in-
put energy is 200 keV. The cavity’s longitudinal length
is 368.5 mm, and its transverse diameter is 416 mm. By
this arrangement, the TE110 mode, which may cause
the problem of strong mixing between the quadrupole
modes, is short circuited along the whole cavity. Overall,
the cavity is topologically equivalent to a coaxial trans-
mission line, terminated by a short at both ends. The
magnetic field bunches up and down along the cut-vanes,
while the electric field is mainly concentrated in the inter-
electrode capacitance area. Besides, the use of KONUS
beam dynamics results in long lens-free sections, making
the design of a superconducting multi-gap structure in
the low energy range possible.

This paper describes the structure and the operating
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principles of the cavity. A peak field optimization has
been performed for the lower surface field. The adjust-
ment of the accelerating gaps based on KONUS beam
dynamics is presented. Also, the transverse momentum
change of the proton has been calculated. Finally, the
beam dynamics of a 10 mA CW proton beam is simu-
lated by TraceWin code [9].

2 EM optimization and KONUS adjust-

ment

The peak electromagnetic field is an important issue
for this superconducting structure. In order to prevent
field emission and magneto-thermal breakdown, the con-
ventional electromagnetic field restriction is 35 MV/m
and 70 mT, respectively.

For this cavity, the magnetic field bunches up and
down along the cut-vanes, and the location of the peak
magnetic field, are as marked in Fig. 1(b). By increasing
the thickness of the vanes, the surface current at the joint
will be reduced remarkably, keeping the peak magnetic
field far below 70 mT. When the thickness of the vanes
is 40 mm, a peak magnetic field of 41.4 mT is obtained.

Because the designed proton input energy is very low,
the gap between the first two electrodes is short, which
may result in a high peak electric field in the first gap,
as shown in Fig. 1(a). A proton energy gain of 1 MeV
is set as the cavity’s design goal, which means that the
proton will be accelerated from 200 keV to 1.2 MeV in
a total length of about 370 mm, which results in an ac-
celerating gradient of about 2.7 MV/m. So an electro-
magnetic peak field optimization is performed mainly to
reduce the cavity’s peak electric field under this design
objective. By simulating the influence of the structural
parameters in the inter-electrode capacitance area on the
cavity’s peak field, the peak electric field is reduced to
28.3 MV/m, which gives a sufficient margin with respect
to the limit of 35 MV/m. Figure 2(a) shows the struc-
tural parameters in the inter-electrode capacitance area

that may have an influence on the peak electric field.
The dependence of peak electric field on vane height h0

is shown in Fig. 2(b) as an example during one step of
the optimization.

The structural parameters of the cavity after EM op-
timization are listed in the following table, in which H is
the inside radius, L is the total length, b is the thickness
of the vane and li refers to the length of the correspond-
ing gap.

Fig. 1. (color online) CST MWS pictures of the
surface fields of the cavity: (a) surface electric
field (b) surface magnetic field.

Table 1. Cavity structural parameters after EM
optimization.

H/mm L/mm b/mm h0/H hb/H hl/H w/mm

208 368.5 40 0.76 0.38 0.05 50

l1/mm l2/mm l3/mm l4/mm l5/mm l6/mm l7/mm

20 29 31.5 37 38.5 39.5 51.3

The low energy proton can sustain acceleration
throughout the cavity, making the velocity change sig-
nificantly, so the variation of the proton velocity must
be specifically considered. In this case, the energy gain
of a charged particle passing through the cavity is:

∆U =q

N
∑

i=1

Ez(i)cos

(

ω

c

i−1
∑

j=1

∆z

β(j)
−φ

)

∆z, (1)

where q is the charge of the particle, Ez(i) is the profile

Fig. 2. (color online) Structural parameters in the inter-electrode capacitance area that may have an influence on
the peak electric field. (b) Peak electric field dependence on vane height h0 is shown as an example during one
step of the optimization.
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Fig. 3. (color online) The proton can undergo sustained acceleration throughout the cavity. (a) Proton energy gain
at different longitudinal positions with respect to the accelerating field. (b) Proton energy at different longitudinal
positions with respect to the accelerating field.

of the accelerating field in position zi, β(i) is the parti-
cle’s velocity in position zi, ω is the angular frequency
of the electromagnetic field, and −φ is the phase of the
field when the particle enters the cavity (z=0).

Unlike conventional linacs operated at negative syn-
chronous RF phase, the accelerating gaps of this cavity
are adjusted by phase sweeping based on KONUS (Kom-
binierte Null Grad Struktur) beam dynamics. KONUS
is a modified beam dynamics concept which allows the
magnetic quadrupoles or solenoids necessary for the
transverse focusing of the beam to be placed outside the
cavity. A detailed description of KONUS beam dynam-
ics can be found in Ref. [5]. KONUS beam dynamics has
been applied in GSI, where it has been in operation since
1991 [10].

To make the cavity meet the KONUS beam dynamics
requirements, the first four gaps are operated at negative
synchronous RF phase to provide longitudinal focusing.
The subsequent gaps are 0◦ sections which can minimize
the transverse defocusing effect.

In the case of KONUS beam dynamics, numerical
calculation shows that the proton’s output energy is
1.16 MeV, which basically meets the design goal for en-
ergy gain. It can be seen that the cavity has relatively
high accelerating efficiency. Figure 3 shows the energy
gain of the proton along the axial direction with respect
to the accelerating field.

3 Transverse defocusing

The radial force that a charged particle suffers in the
paraxial electromagnetic field [11] is:

Fr=−

πqeTE0sinϕs

λβγ2
r, (2)

with ϕs being the synchronous phase. For conventional
linacs operating at negative synchronous RF phase, the
accelerated particle suffers a defocusing force. By apply-

ing KONUS beam dynamics, the overall gap RF defocus-
ing effect is reduced. Next we will calculate the proton’s
transverse momentum change with both KONUS phase
and conventional synchronous negative RF phase when it
passes through the cavity, to compare the transverse de-
focusing effect in both cases. The transverse momentum
change of a proton passing through in the x direction is:

∆px = q

∫
Ex(z)cos(ωt−ϕ)dt

−qµ0

∫
β(z)cHy(z)cos

(

ωt−ϕ+
π

2

)

dt. (3)

Similarly, the transverse momentum change of a proton
passing through in the y direction is:

∆py = q

∫
Ey(z)cos(ωt−ϕ)dt

+qµ0

∫
β(z)cHx(z)cos

(

ωt−ϕ+
π

2

)

dt, (4)

where

dt=d

(

z

β(z)c

)

=
dz

β(z)c
−

z

c
·

1

β(z)2
·dβ.

Based on the method described above, some numerical
calculation is performed to obtain the proton’s transverse
momentum change in the different cases, and the results
are listed in Table 2.

Table 2. Transverse momentum change with dif-
ferent synchronous RF phase.

Syn. phase ∆px/q ∆py/q

KONUS 1.1×10−3 1.1×10−3

Conventional 2.9×10−3 2.9×10−3

The calculation shows that the transverse defocus-
ing strength with the KONUS phase is about three
times smaller than that with a conventional negative syn-
chronous RF phase of −30◦.
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4 TraceWin simulation

The numerical calculation results above show that the
overall gap RF defocusing effect with the KONUS phase
is indeed reduced. But the calculation does not take the
space charge force into consideration, and also assumes
that the proton’s direction of motion remains unchanged
throughout the cavity. Also, the transverse and longitu-
dinal action that a passing beam suffers is a cumulative
effect. So next the TraceWin code will be used to analyze
the beam dynamics of a 10 mA CW proton beam.

The simulation is performed mainly to check whether
the defocusing in both transverse and longitudinal direc-
tion can be controlled effectively. For ease of simula-
tion, the phase ellipse in every phase space is set to be
standard. The lattice structure consists of six elements,
which are shown in Fig. 4(a) for reference. Apart from
two solenoids and the cavity, three drift lengths are in-
cluded. The basic parameters of the simulation are listed
in Table 3.

Table 3. Basic parameters of the cavity simulation.

parameter value

input energy of the proton 200 keV

output energy of the proton 1.16 MeV

frequency 162.5 MHz

radius of the beam pipe 14 mm

input xmax 4 mm

input x′

max 5 mrad

input transverse norm. rms emittance 0.083 πmm·mrad

output xmax 3.2 mm

output x′

max 2.61 mrad

output transverse norm. rms emittance 0.083 πmm·mrad

input zmax 2.1 mm

input z′max 0.5 mrad

input longitudinal norm. rms emittance 0.0044 πmm·mrad

output zmax 7.2 mm

output z′max 26.1 mrad

output longitudinal norm. rms emittance 0.0045 πmm·mrad

Fig. 4. (color online) (a) Envelope variation in the x direction along the KONUS structure. (b) Specific envelope
variation in the z direction when the beam passes the minend gap.

Fig. 5. (color online) Evolution of the normalized rms emittance in (a) the transverse direction and (b) the longi-
tudinal direction.
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The normalized rms emittance at the exit of the lat-
tice structure in the transverse direction remains almost
unchanged compared with that of the input beam. Due
to the acceleration in the longitudinal direction, the nor-
malized rms emittance in the longitudinal direction in-
creases by about 2%.

Figure 4(a) shows the envelope variation in the x di-
rection along the lattice structure. The specific enve-
lope variation of z′ in the z direction in the minend gap
is shown in Fig. 4(b). Also, the evolution of the nor-
malized rms emittance in both transverse direction and
longitudinal directions is shown in Fig. 5.

Both the TraceWin simulation and the numerical
calculation shows that the proton’s output energy is
1.16 MeV, resulting in a relatively high effective acceler-
ating gradient of 2.6 MV/m.

On the whole, the TraceWin simulation has prelimi-
narily shown that the beam can pass through the cavity
smoothly if KONUS beam dynamics are used. This new
accelerating structure may be a possible candidate for su-
perconducting operation in a very low energy range with
a relatively high effective accelerating gradient. Reduc-
ing the length of the first accelerating gap to meet the
KONUS requirement, however, may raise the peak elec-
tric field. This may be resolved by changing the first
accelerating gap from a 0.5 βλ structure to a 1.5 βλ

structure, or by increasing the input energy, of which
the feasibility has not been verified yet.

Also, this cavity faces great challenges in manufactur-
ing, and its feasibility of production is being discussed.

5 Conclusion

For the application of high intensity and CW pro-
ton beam acceleration, a new superconducting accelerat-
ing structure for low energy protons, working in TE210
mode, has been proposed. By applying KONUS beam
dynamics, the design of a long, lens-free multi-gap su-
perconducting resonator becomes possible. The cavity
consists of eight electrodes and eight accelerating gaps.
The RF frequency of the cavity is 162.5 MHz, and the
proton’s input energy is 200 keV. The cavity’s longitu-
dinal length is 368.5 mm, and its transverse diameter is
416 mm. Peak field optimization has been performed for
the lower surface field. The maximum electric and mag-
netic fields are 28.3 MV/m and 41.4 mT, respectively.
A phase sweep was done to make the cavity meet the
KONUS beam dynamics requirements. Numerical cal-
culation shows that transverse defocusing strength with
the KONUS phase is about three times smaller than that
with a conventional negative synchronous RF phase of
30◦. TraceWin code has been used to analyze the beam
dynamics of a 10 mA CW proton beam. The simulation
shows, on the whole, that the beam can pass through
the cavity smoothly using the KONUS beam dynamics.
The gap between the first electrode and the cavity end
plate should be carefully designed, however, and the in-
put phase should be chosen properly. The feasibility of
changing the first accelerating gap from a 0.5βλ structure
to a 1.5βλ structure or of increasing the input energy to
avoid high peak electric field is being studied.
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