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Abstract A compact interdigital H-mode drift-tube linac

(IH-DTL) with the alternating-phase-focusing (APF)

method, working at 325 MHz was designed for an injector

of a proton medical accelerator. When fed in with a proper

RF (radio frequency) power, the DTL cavity could estab-

lish the corresponding electromagnetic field to accelerate

the ‘‘proton bunches’’ from an input energy of 3 MeV to an

output energy of 7 MeV successfully, without any addi-

tional radial focusing elements. The gap-voltage distribu-

tion which was obtained from the CST� Microwave Studio

software simulations of the axial electric field was com-

pared with that from the beam dynamics, and the errors met

the requirements within ± 5%. In this paper, the RF design

procedure and key results of the APF IH-DTL, which

include the main RF characteristics of the cavity, frequency

sensitivities of the tuners, and coupling factor of the RF

power input coupler are presented.

Keywords Proton therapy � Proton medical accelerator �
Injector � Drift-tube linac (DTL) � Interdigital H-mode

(IH) � Alternating-phase-focusing (APF)

1 Introduction

Over the past few decades, various types of cancer have

become a primary cause for human mortalities. Particu-

larly, in current day China, on an average, seven patients

are diagnosed with malignant tumors every minute [1].

With the rapid development of particle accelerator tech-

nologies and related medical treatment techniques, usage

of energetic particle beams such as protons, heavy ions,

and electrons supplied by these accelerators is considered

to be one of the most efficient and practical ways to treat

cancers. Particularly, proton accelerators are getting more

and more attention nowadays due to the unique Bragg peak

of proton beams, which helps to deliver a more effective

treatment and a higher quality of life for the cancer

patients.

The Advanced Proton Therapy Facility (APTRON) is a

dedicated proton therapy facility located in the Ruijin

hospital proton therapy center, Shanghai Jiaotong Univer-

sity School of Medicine. It is constructed by Shanghai

APACTRON Particle Equipment Co. Ltd, which is a joint-

stock company held by Shanghai Institute of Applied

Physics (SINAP) and two other stakeholders. A schematic

layout of APTRON is presented in Fig. 1. There are three

treatment terminals—a fixed beam room, an eye treatment

room, and a 180-degree rotating gantry room. The accel-

erator of the facility consists of a 7 MeV linear accelerator

as the injector and a synchrotron accelerator with proton

energy ranging from 70 MeV to 250 MeV. The
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synchrotron has a circumference of 24.6 m and is com-

posed of eight dipoles and twelve quadrupoles [2–4]. It is

equipped with the resonant slow beam extraction method.

The 7 MeV injector is an important component of the

APTRON facility and consists of a Duo-Plasma-IS, a low

energy beam transport (LEBT) section, and two linacs

arranged one after the other [5–8]. The first linac is a radio

frequency quadrupole (RFQ) linac and the second is a

conventional Alvarez-type drift-tube linac (DTL). As in a

conventional DTL, a synchronous phase of nearly - 30� is
chosen to offer longitudinal focusing force as well as large

acceptance. However, this negative phase array inevitably

defocuses the beam transversely or radially. To overcome

the defocusing force, a series of quadrupoles are employed

to focus the beam transversely. There are two types of

quadrupoles: electromagnets and permanent magnets;

however, both of them make the conventional DTL heavy,

bulky, and costly. Consequently, the development of a

compact injector plays a key role in constructing a cost-

effective proton therapy facility.

With a view to providing a compact injector to the

facility, we proposed a scheme that replaces the conven-

tional Alvarez-type DTL with a new DTL in the mass

production phase. The new DTL adopts the interdigital

H-mode (IH) structure working at 325 MHz to operate

compatibly with the current RFQ. The alternating-phase-

focusing (APF) method is employed for focusing the beam

in the IH-DTL. The design work for the beam dynamics of

this DTL has been already demonstrated [2]. Two more key

aspects of the injector in the proposed scheme, namely the

RF design and the study of the APF IH-DTL cavity, are

presented in this paper.

In the following sections, the principle and design pro-

cedure are presented first. This is followed by the design,

simulation, and analysis of the main parameters which

include the cavity, gap-voltage distribution, tuners, and the

coupler. Finally, some concluding remarks on the design

are provided.

2 Principle and procedure

2.1 Overview of the APF IH-DTL

Interdigital H-mode (IH) as an idea was first proposed in

the 1950s by Blewett [9]. One of the key features of the IH

structure is that its capacitive load is very high compared

with a conventional DTL [10–12]. Consequently, for the

same operating frequency, the IH structure has a smaller

radius than a conventional DTL. This feature of the IH-

DTL is an obvious advantage due to a significant reduction

in the cavity size.

The alternating-phase-focusing (APF) DTL was also

first proposed in the 1950s by Good [13]. In principle, an

APF involves a sequence of negative and positive accel-

erating phases that appear alternately between groups of

adjacent tubes. When the particles go through these dif-

ferent gaps and tubes along a longitudinal axis, the nega-

tive phase sections focus on the particle bunches

longitudinally and defocus them radially. Conversely, the

positive phase sections focus on the particle bunches

Fig. 1 Overview of the APTRON facility

123

135 Page 2 of 13 X. Li et al.



radially and defocus them longitudinally. After passing

through several sinusoid-like periods in the sequence of

alternating phases, the particles will be simultaneously

focused, both longitudinally and radially. Figure 2 shows

the principle behind the APF method. Both longitudinal

and radial stability are achieved with just an RF acceler-

ating field. Hence, there is no requirement of any additional

focusing elements inside the drift tubes (DTs). This, in

turn, leads to not only a reduction in the size of the DTs,

but also savings in the cost of construction and mainte-

nance of the whole cavity [14].

Unlike the Alvarez-type DTL, which excites the TM010

mode, the IH-DTL cavity excites the TE111 mode. Figure 3

shows the basic principle of the IH-DTL and its structure. It

consists of a series of DTs, which are supported by stems

connecting alternately to the opposite walls of the cavity.

2.2 Design procedure

The basic requirement of the RF design for the APF IH-

DTL is getting the right voltage distribution between

adjacent tubes along the longitudinal axis as required by

the beam dynamics. As per the principle of the IH-DTL

cavity, once a proper RF power is fed into the cavity, a

longitudinal electric field is established directly in the

structure shown in Fig. 3; however, it cannot accelerate the

particles efficiently. Furthermore, there is no focusing

element in the cavity to focus the protons, and the motion

of protons inside the APF IH-DTL is only determined by

the electromagnetic (EM) field distribution. As mentioned

in [10], the EM field distribution would depend strongly on

the whole structure of the cavity, including the radii of the

cavity, the geometries of the ridge, the ridge tuner (RT) and

the stems, the diameters of the DTs, RF power feed cou-

pler, etc. Any geometrical changes of these components

could lead to distribution variation of the EM field.

Therefore, it is necessary to employ an efficient simulating

procedure for designing the above components. In this

study, we used CST� Microwave Studio (MWS) as the 3D

EM solver to establish the model, carry out the simulations,

and optimize the structure [14, 15].

A flowchart depicting the design procedure that we

developed for the APF IH-DTL cavity is shown in Fig. 4.

3 Design and simulation

3.1 General parameters and considerations

Besides achieving the right gap-voltage distribution,

another important objective of the RF design is to have a

high shunt impedance, which leads to a low RF power

dissipation on the cavity walls. Additionally, the cavity

should operate stably under the high RF power condition,

which requires the peak surface electric field Es inside the

cavity to be lower than a value described as a multiplica-

tion of the Kilpatric limit EK [13, 14, 16]. Following the

aforementioned earlier studies, we have empirically taken

Es to be B 1.6EK in our APF cavity design. Then, a 3D

model of the APF cavity is constructed, and the electro-

magnetic field and the cavity wall loss are analyzed by

using the CST� MWS software.

3.2 Cavity design

According to Eq. (1), the frequency of the cavity is

mainly determined by the inductance and the capacitance

of the whole IH-DTL structure. The inductance mainly

depends on the cross-sectional area enclosed by the cavity

walls, the stems, the DTs, and the two ridges. Corre-

spondingly, the capacitance mainly comes from the gaps

between the DTs, gap between the two ridges, the stems,

and the RF cavity walls [10].

f / 1
ffiffiffiffiffiffiffiffiffiffi

LeCe

p ; ð1Þ

where f is the operating frequency, Le and Ce are the

effective inductance and capacitance, respectively.

Because the velocity of protons at the exit of the cavity is

1.52 times that at the entrance of the cavity, it gives rise to

an increase in the length of the DTs and the gaps among the

DTs. This results in a maldistribution of the capacitance

from the entrance to the exit. As a consequence, the E-field

would peak near the entrance of the cavity and drop to zero

near the exit of the cavity. Furthermore, the APF method

introduces another kind of longitudinal distribution mod-

ulation of the DTs [17], which makes the situation further

complicated.

In order to get the maximum accelerating efficiency, a

balanced uniform longitudinal E-field distribution along

the beam axis should be achieved. To achieve the same, we

modified the inner radii of the cavity as a function of the

distance from the cavity entrance. This modification of the

cavity inner radii was performed incrementally, in a few

steps, rather than in a continuous manner. Along the whole

cavity length of 1514.6 mm, we divided the cavity into 15

sections longitudinally; each of the first fourteen sections is

100 mm in length; and the last section at the cavity exit
Fig. 2 Illustration of the principle of the APF. E is the accelerating

electric field
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neighborhood is 114.6 mm long. After several iterative

modifications and simulations of the radii of these 15

sections, we obtained the axial component of the electric

field of the standard TE111 mode shape along the beam

axis. The simulation results of the on-axis electric field

obtained using CST� MWS are shown in Fig. 5. The

dotted red curve is the initial field strength distribution

before the optimization, and the dashed blue curve corre-

sponds to the results after adjustment of radii of the seg-

ments. The solid green curve is the on-axis electric field

distribution after the optimization of the ridge shapes on

both ends of the cavity. Further, flatness in the on-axis field

Fig. 3 Illustration of the principle of IH-DTL structure

Fig. 4 Flowchart of the design procedure for the APF IH-DTL cavity
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distribution was obtained by adjusting the geometry of the

ridge tuners (RT) or the ridge ends on the cavity, following

the design procedure described in Fig. 4, Then, an ideal

TE11(0)-like field distribution is achieved.

The next task is to tune the shape of the cavity to get the

designed operating frequency of 325 MHz required from

the beam dynamics [2]. Starting from the radii arrived at, in

the previous step, we changed the radii of all the 15 seg-

ments simultaneously by a given amount, until we got the

frequency of 325 MHz. This inevitably would influence the

flatness of the axial component of the electric field along

the beam axis. Hence, steps 3–5 were iteratively carried out

to retain the flatness. The relation between the cavity res-

onant frequency and the cavity radii was analyzed during

the optimization of the APF IH-DTL. Due to the irregular

radii distribution longitudinally, we chose one of the

fourteen radii to study the sensitivity of frequency, and the

result is plotted in Fig. 6. According to Fig. 6, the corre-

sponding sensitivity between frequency and radius is about

- 2.9 MHz/mm. If the required frequency accuracy is

100 kHz, the corresponding machining precision should be

about 34 lm.

Compared with a sensitivity of - 0.8 MHz/mm [13]

between the resonant frequency and the cavity radius

variation of a conventional Alvarez-type DTL, it appears

that the resonant frequency of the APF IH-DTL cavity is

very high, the reason being that the IH-DTL has a rela-

tively small cavity radius when compared with an Alvarez-

type DTL. Nevertheless, the higher sensitivity implies

higher accuracy and better stability requirement on the

cooling system of the cavity.

The peak surface electric field Es inside the cavity is

another important constraint during the cavity design. In

normal-conducting cavities like the IH-DTL, too high an Es

could lead to an electrical breakdown or sparking while

operating with high RF power. According to the Kilpatrick

criterion [13, 18, 19], the relationship between the Es and

the cavity resonant frequency is expressed by the following

two Eqs. (2) and (3):

f ðMHzÞ ¼ 1:64E2
Ke

�8:5=EK ; ð2Þ

Es ¼ bEK; ð3Þ

where f is the operating frequency (MHz), EK is known as

the Kilpatrick limit (MV/m), and b is known as the bravery

factor. According to some previous studies [5, 14, 17] and

based on the consideration of a conservative design of the

first APF IH-DTL, the typical value of the bravery factor b

of our cavity was considered to be no more than 1.6. In our

design, the value of EK was 17.86 MV/m. Substituting the

values of b and EK in Eq. (3), we obtained the Es in the

325 MHz APF IH-DTL as 28.58 MV/m.

According to the electric field distribution inside the IH-

DTL cavity shown in Fig. 7, Es primarily occurs on the

outer edge of the DTs near the exit of the cavity (a model

of which is shown in Fig. 8a). Therefore, we should reduce

the Es at this location. This can be remedied by blending

the outer edge of the DTs and optimizing the blending radii

to get an appropriate value of the Es. The relation between

the bravery factor b and the blending radii is shown in

Fig. 9. Although a blending radius of 2 mm could meet the

requirement for b to be less than 1.6, to minimize the

dissipation power on the surface of the walls, a blending

radius of about 5 mm was considered a better choice. This

corresponds to a b of 1.53. However, considering that some

DTs have a very short length of 16.5 mm, and the upper

radius of the stems was only about 4 mm, we determined

that a blending radius of 4 mm would ensure consistency

Fig. 5 (Color online) Axial component of the electric field along the

center of the beam axis. The red (Dotted), blue (Dashed), and green

(solid) curves show electric field distributions before radii and RT

modification, after radii modification, and after RT modification,

respectively. The orange (Dash-dot) curve shows the dipole field

component

123

RF design and study of a 325 MHz 7 MeV APF IH-DTL for an injector of a proton medical… Page 5 of 13 135



among all the blending radii of the DTs. At this blending

radius, the corresponding Es = 1.53EK.

To get a higher Q or a lower dissipation of power inside

the cavity, two more main components needed to be opti-

mized, namely the two ridges (upper and lower) and the

stems (31 nos) [10, 14, 17]. The ridges used for the cavity

were designed to have a rectangular cross section as shown

in Fig. 10a. Narrower ridges have the advantage of

reducing the capacitance between the upper and lower

ridges and thus providing a better shunt impedance, as

shown in Fig. 10b. However, the DTs, the stems, and rid-

ges were to be machined from a massive block of copper,

and hence, we had to consider the mechanical strength, the

complexities of the manufacturing operations, and the

space requirements for the cooling water channels inside

the ridges; so the width of the ridges was set as 30 mm.

According to the field distribution of TE11(0) mode and

the simulation results, the RF current is primarily con-

centrated upon the surface of the stems as shown in

Fig. 11. Hence, to reduce the RF power dissipation, an

effective solution would be to reduce the resistance dis-

tribution of the stems. In other words, thicker stems would

be preferable. However, considering the ridge width, which

was 30 mm, and the blending space for the edge con-

necting the stems and the ridges, both of which have the

same blending radius of 2 mm, the maximum allowable

radius of the lower end of the stems was 11 mm. In order to

suppress the transverse dipole component of the electric

field, we employed a cone-shaped stem as shown in

Fig. 8c. The upper end of the stem, which is connected to

the DT, is thinned to reduce the transverse component.

Considering other design factors including the resistance,

the length limit of the DTs, the mechanical strength, and

Fig. 6 Relation between the

resonant frequency and the

radius variation. R2 is the trend

line reliability

Fig. 7 (Color online) Electric field distribution inside the IH-DTL cavity by CST� MWS
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the blending space for the edge connecting the stems and

the DTs, the upper radius of the stems was chosen to be

4 mm. The corresponding simulation results from CST�

MWS indicated that the transverse dipole component of the

electric field was less than 10% of the axial accelerating

electric field (see Fig. 5); this meets the requirement as

calculated from the beam dynamics [2].

After finalizing the design parameters as described

above, we used the post-processing module of CST� MWS

to get the gap-voltage distribution. Multiplying the gap-

voltage distribution by a proper scaling coefficient, we

notice that there is a good consistency between the voltage

distributions from the CST� simulation and that from the

beam dynamics (see Fig. 12). At this stage, the exported

Fig. 8 Optimization of the outer edge of the DTs and the shape of the stems. From a to b, it shows the shape improvement of the outer edge of

DTs from b to c, it shows the shape improvement of the stems. The final optimized DTs with stems are shown in c

Fig. 9 Relation between the bravery factor and the blending radius on the outer edge of DTs
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Fig. 10 Design considerations for the ridges. a Transverse cross section of the APF IH-DTL with the outer wall, b relation between the effective

shunt impedance and the ridge width (b)

Fig. 11 (Color online) The RF current distribution inside the APF IH-DLT cavity. Red arrows on the surface of the cone-shaped stems indicate

higher power loss density zones

Fig. 12 (Color online) Gap

voltage along the beam axis as a

function of the gap number after

the co-iteration with the beam

dynamics. Gap number is the

number of the accelerating gaps.

The orange (Squares) and the

green (Triangle up) curves show

the voltages required from

dynamics and those calculated

by CST� MWS, respectively
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3D EM field and the scaling coefficient were provided to a

third party code called ‘‘TraceWin’’ to recalculate the beam

dynamics. In general, there will be some minor improve-

ments in the dynamics and the cavity design. By iterating

several times between the steps 3–7 (shown in Fig. 4), we

obtained the optimized parameters for the dynamics and

the cavity.

The errors in the voltages were calculated as DV/Vd-

= (VC - Vd)/Vd, where VC is the voltage calculated by

CST� MWS and Vd is the voltage required from the beam

dynamics. The errors in the gap voltages of the 32 gaps are

shown in Fig. 13a. It shows that an error of around ± 5%

was observed at the 1st, 31st, and 32nd gaps, while gap

voltages for the left 29 gaps were optimized to the voltage

required from the beam dynamics within an accuracy of

± 2% and met the beam dynamics requirements [2].

The lengths of the DTs along the beam axis are also

critical to the cavity design and are dependent on the

precision of the computer numerical control (CNC) lathe

and the machining process used for manufacturing the DTs.

The precision of the start and end point positions of each

DT during the machining determines the length of the DT.

The errors in the lengths of the DTs result in a voltage

variation. To meet the gap voltage errors requirement of

± 2% from the beam dynamics, we analyzed the voltage

variation on several error ranges of drift-tube lengths from

10 to 120 lm with an interval of 10um. In each case, the

DTs with random errors were generated and evaluated. The

results are shown in Fig. 13b. Allowing for a safe margin

and the precision which the machining process could

handle, the tolerance of the DTs was determined to be

within ± 50 lm, and this meets the gap voltage error of

± 2% from the beam dynamics [2].

3.3 Tuners design

Once the cavity was constructed, it would be impossible

to fine tune the electric field distribution along the beam

axis and the operating frequency of the cavity, as it would

require changing the cavity’s radii. Based on an under-

standing of the perturbation theorem and the coupling of

cavity EM field modes, eight inductive cylindrical copper

tuners were installed on the horizontal plane of the cavity

to fine tune the electric field distribution and tune the fre-

quency [20]. These tuners were inserted into the cavity,

alternately on the left and right sides, and were spaced

apart longitudinally with an interval of approximately

108 mm. Figure 14 shows a schematic of their arrange-

ment in the cavity. Furthermore, Fig. 15 depicts the rela-

tion between the frequency change of the cavity and the

tuner depth (See Fig. 10a for tuner depth) for different

tuner diameters. Considering the space available for tuner

installation and the frequency tuning accuracy or ability of

the tuners, the diameter of the tuners for our installation

was determined to be 60 mm. The eight tuners have a total

frequency adjusting ability of 136 kHz/mm. Thus, each

tuner has an adjusting ability of 17 kHz/mm, and this is

considered sufficient to tune the cavity frequency.

3.4 Coupler design

Based on the characteristics of the TE11(0) mode and the

EM field distribution inside the cavity, the method of

magnetic coupling is adopted to feed the high RF power

into the APF IH-DTL cavity. According to the previous

calculation by CST� MWS, the maximum RF power dis-

sipation on the wall is about 156 kW, but the actual power

dissipation Pc of cavity is 195 kW by factoring in a safety

factor of 1.25 for the safe operation of the cavity. The pulse

peak beam power Pb is given by Pb = Ib 9 Ub, where, Ib is

Fig. 13 Error analyses a errors of gap voltage, DV/Vd = (VC - Vd)/Vd, as functions of the gap numbers after the co-iteration with the beam

dynamics; b gap-voltage variation caused by length error of the DT
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the pulse peak beam current in mA, and Ub is the energy

gain in MV. Using typical values of 8 mA and 4 MV for Ib
and Ub, respectively, we obtain a Pb = 8 mA 9 4 MV =

32 kW. Then, the coupling factor b is given as b = (Pb-

? Pc)/Pc = (32 kW ? 195 kW)/195 kW = 1.16. How-

ever, in practice, b is designed to be 1.5 for a safe margin

and is adjusted to 1.16, by rotating the angle of the coupler

loop in cold testing or operation.

The longitudinal position of the coupler is at the midway

point of the cavity (See Fig. 14). To avoid the ridges in the

vertical plane and tuners in the horizontal plane, it is rea-

sonable to put the coupler in a 45-degree plane (Fig. 10a).

Compared with the half cavity area on the radial plane, the

Fig. 14 (Color online) 3D

model of the APF IH-DTL in

CST� MWS. The outer

cylindrical wall is removed;

cavity inner volume of the latter

part is shown in light blue

Fig. 15 (Color online) Relation

between the frequency change

and the tuner depth with

different tuner diameters. The

green (cross), orange (triangle

up), gray (diamond), yellow

(square), and blue (circle)

curves represent tuner diameters

of 20 mm, 30 mm, 40 mm,

50 mm, and 60 mm,

respectively. R2 is the trend line

reliability
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coupler loop area is rather small, and hence, the magnetic

field is uniform in the area where the coupler loop is

located. Therefore, the coupling factor is not influenced by

the shape of coupler loop, but rather, only by the size of the

loop area. For ease of modeling in the RF simulation, a

U-shaped loop with a radius of 2 mm was adopted to

design the coupler as shown in Fig. 16a. Figure 16b plots

the relation between the coupling factor b and the coupler

loop area size. Figure 16c and d presents the results of the

scattering parameter, and the impedance chart by the CST�

Frequency Domain Solver with a loop area size of 3.5 cm2,

wherein the resonant frequency is tuned on 325 MHz and is

over-coupled with a coupling coefficient of 1.5.

3.5 Summary

Based on the above design iterations, simulations, and

analyses, a compact 325 MHz 7 MeV APF IH-DTL with

tuners and RF power coupler (presented in Fig. 14) was

designed successfully. The gap-voltage distribution was

reproduced well from the beam dynamics and met all the

requirements by tracking the beam dynamics with the 3D

EM field exported from CST� MWS. A key feature of the

designed DTL cavity is that its radius varies segment-wise

from 95.6 to 116 mm and makes it more compact than the

conventional Alvarez-type DTL. The RF operating field

power of this APF IH-DTL is about 195 kW and corre-

sponds to a quality factor of 8900. The details of the main

RF characteristic parameters of the APF IH-DTL cavity

were calculated by the post-processing modules of CST�

MWS and are summarized in Table 1.

Fig. 16 (Color online) Coupler design considerations. a Shape of coupler, b relation between the coupling factor and the area of the coupler

loop, c scattering parameter, d impedance chart
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4 Conclusion

The RF design and study of a compact 325 MHz 7 MeV

APF IH-DTL for an injector of a proton medical acceler-

ator was described. Through this work, an efficient APF

IH-DTL RF design and optimization procedure was

developed. Some main relations between the RF charac-

teristic parameters and the structural parameters were

studied and presented. Compared with the Alvarez-type

DTL, the newly developed APF IH-DTL has a compact

size, both radially and longitudinally. Furthermore, it uses

the APF method, due to which, the cavity does not require

any additional focusing elements. These features make the

APF IH-DTL cost-effective and a potential candidate for

the injector in the proton medical accelerator. With the

machine design being completed, the cavity is currently

under construction in Shanghai.
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