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Abstract A 325 MHz aluminum prototype of a spatially

periodic RF quadrupole focusing linac was developed at

the Institute of Modern Physics, Chinese Academy of

Sciences, as a promising candidate for the front end of a

high-current linac. It consists of an alternating series of

crossbar H-type drift tubes and RF quadrupole sections.

Owing to its special geometry, cavity fabrication is a major

hurdle for its engineering development and application. In

this paper, we report the detailed mechanical design of this

structure and describe its fabrication process, including

machining, assembly, and inspection. The field distribution

was measured by the bead-pull technique. The results show

that the field errors of both the accelerating and focusing

fields are within an acceptable range. A tuning scheme for

this new structure is proposed and verified. The cold test

process and results are presented in detail. The develop-

ment of this prototype provides valuable guidance for the

application of the spatially periodic RF quadrupole

structure.

Keywords Spatially periodic RF quadrupole focusing

linac � Mechanical structure design � Bead-pull
measurement

1 Introduction

Accelerating structures with electric field focusing are

routinely used in the front end of high-current proton or

heavy-ion linacs. For example, the spatially uniform RF

quadrupole (RFQ) focusing structure has become the

optimal choice for use after the ion source because it

integrates beam acceleration, bunching, and transverse

focusing in one compact cavity [1, 2]. However, the

accelerating efficiency of the RFQ structure decreases as

the beam energy increases because the longitudinal electric

field is provided only by vane modulation. Therefore, the

RFQ structure is generally used for beam energies ranging

from tens of keV to several MeV.

To extend the application range of the RFQ focusing

principle, several more efficient accelerating structures

have been developed as alternatives to the higher-energy

section of an RFQ linac and its subsequent accelerating

structures; these structures are obtained by combining the

RFQs with accelerating gaps formed between drift tubes.

An early structure proposed by Teplyakov [3] supplements

the accelerating gap with four conducting fingers arranged

in a quadrupole geometry, which generate a focusing field

in the accelerating gap. Structures based on this principle

have been employed for many years in a linac injector for

the proton synchrotron at the Institute for High Energy

Physics [4]. A comparable scheme is the RF-focused drift

tube (RFD) linac structure, in which the RFQ focusing field

is placed inside a drift tube by splitting the drift tube into

two independent electrodes that support two fingers each

[5]. As a modified version of the RFD linac, the RF-fo-

cused interdigital linac structure adopts a combination of

the interdigital H-mode structure and the RFQ focusing
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structure to reduce the cavity size and improve the shunt

impedance [6].

In recent years, new structures with spatially periodic

RFQ focusing have been developed, which are character-

ized by the presence of separate accelerating and focusing

zones. This concept was first suggested in the hybrid RFQ

for the acceleration of low-charge-state heavy-ion beams

[7, 8]. In addition, a structure suitable for all ion species

was proposed; it consists of an alternating series of cross-

bar H-type drift tubes and four-vane-type RFQ sections. A

detailed beam dynamics study showed that this structure

can provide a high energy gain rate and high shunt impe-

dance with moderate transverse emittance growth [9]. The

electrode geometry is somewhat simpler than the focusing

finger geometry; it avoids an overly high surface electric

field and reduces the difficulty of RF tuning. In particular,

this structure can be built using the conventional four-vane-

type RFQ cavity, which makes it easier to cool and affords

the potential for continuous-wave operation.

The spatially periodic RFQ structure is a promising

choice for the design of a compact and efficient front end of

a high-current linac. Consequently, the research and

development of this structure was begun at the Institute of

Modern Physics, Chinese Academy of Sciences, as a pre-

study of the High Intensity Heavy-Ion Accelerator Facility

(HIAF) project. The HIAF is being designed to provide

intense primary and radioactive ion beams for nuclear

physics, atomic physics, and application research [10]. The

Ion-Linac used as the injector in the HIAF is a supercon-

ducting (SC) heavy-ion accelerator; it consists of a low-

energy beam transport line, an RFQ, a medium-energy

beam transport line, and an SC section [11, 12]. The spa-

tially periodic RFQ structure is intended to serve as an

intermediate structure between the RFQ and SC cavities. It

can be used with a shorter RFQ and improve the input

energy of the SC section. As a key step in the study, an

aluminum prototype was designed and fabricated to

investigate the feasibility of the mechanical design and

process technology for the new structure and also to

determine the field distribution and its tunability. In this

paper, the mechanical design, RF measurement, and tuning

of the prototype are presented in detail.

2 RF structure

The RF structure of the prototype cavity is based on that

of a conventional four-vane-type RFQ in which the tips of

the vanes are cut off, and the remaining parts make up four

girders. Drift tubes connected to two stems are installed

crosswise on the girders to form the drift tube linac (DTL)

sections. The RFQ sections are built by mounting the

electrode blocks on the girders at the designed positions.

Figure 1a shows the configuration of the alternating DTL

and RFQ sections of the prototype cavity.

The cavity is operated in an H210-like mode, and no

dipole modes exist near the operating mode because the

drift tubes cause the opposite girders to be electrically

shorted [9, 13]. The longitudinal electric field is plotted in

Fig. 1b, which shows that charged particle acceleration

will take place in both the gaps between the conventional

drift tubes and the gaps between the drift tubes and RFQs.

The RFQs provide transverse focusing for the beam and

can also provide acceleration if the electrodes are modu-

lated. The main parameters of the RF model are summa-

rized in Table 1. The frequency of the prototype cavity was

set to 325 MHz to keep its size relatively small. The cavity

has 14 drift tubes (including two in the endplates) and two

unmodulated RFQs. Twenty slug tuners with a diameter of

40 mm were arranged in four quadrants to study the tun-

ability of the cavity. The cells were set to be identical in

length to obtain a naturally flat field distribution and to

simplify fabrication.

3 Mechanical structure design and fabrication

3.1 Mechanical design

As shown in Fig. 2a, the main structure of the prototype

cavity is a box resembling that employed for the RFQ of

the C-ADS Injector II [14]. The external structure of the

cavity is divided into four cavity walls and two endplates.

The four girders are integrated with the four corresponding

cavity walls. Inside the cavity, the drift tubes and RFQs are

distributed alternately on top of the girders. Each drift tube

is connected with girders on either side by two collinear

stems, and the stems of adjacent drift tubes are perpen-

dicular to each other.

The cavity is an overconstrained structure owing to the

configuration of the stems inside the cavity; that is, one or

more degrees of freedom (DOFs) of the components are

repeatedly constrained by different fixtures. In the

mechanical design process, a drift tube connected to a stem

at each end is referred to as a drift tube component to avoid

confusion with individual drift tubes. To install one drift

tube component, the stems on each end have to be inserted

into the installation holes on each symmetrical girder, as

shown on the left side of Fig. 2b. The DOFs of the drift

tube component, except for the translational DOF in the

axial direction of the stem, are overconstrained by the two

installation holes. In turn, each cavity wall is subject to

redundant constraints from the drift tube components, as it

is fully constrained by the other cavity walls and endplates.

The RFQ section is formed by inserting electrode blocks

into the installation holes of the girders. Consequently, the
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single-electrode block is underconstrained because the

translational DOF in the installation direction is free. The

fabrication of the overconstrained structure requires high-

precision machining because insufficient machining preci-

sion tends to cause assembly failure.

One of the major differences between the proposed

prototype cavity and the conventional DTL cavity is that

the stems are positioned on the girders instead of on the

outer cavity walls, which means that the drift tube

component cannot be operated manually in certain

assembly steps. During the assembly of the third or fourth

cavity wall, the six installation holes on the girder must be

fitted with the six drift tube components mounted on the

opposite girder. Even if all the critical dimensions are

guaranteed to be within tolerance, there is still a high risk

of assembly failure without manual operation.

Owing to the mechanical structure of the prototype

cavity, threaded connections are added to the drift tube

components and the electrode blocks, as shown on the right

side of Fig. 2b. A groove is designed on the cavity wall to

enable the use of short, stable bolts. The remaining free

DOF of the electrode block is constrained by the bolt. For

the drift tube components, the constraint on the transla-

tional DOF in the axial direction of the stem is transferred

from the bottom of the installation holes to the groove on

the cavity wall. In addition, the overconstraint on the cavity

wall in this direction is removed. Furthermore, this design

makes it possible to manually control the drift tube com-

ponents during the assembly process, thereby reducing the

risk of assembly failure.

Table 1 Main parameters of the RF model

Parameter Value

Frequency (MHz) 325

Cavity length (mm) 1025

Transverse dimension (mm) 278.2 9 278.2

Number of drift tubes 5-4-5

Drift tube aperture radius (mm) 10

RFQ aperture radius (mm) 15

Q value of the aluminum cavity 9289

Fig. 1 (Color online) a RF

structure of the prototype,

b distribution of the accelerating

field along the central axis of

the cavity with 1 J of stored

energy

Fig. 2 (Color online)

a Mechanical model of the

prototype cavity, b illustration

of the positioning of the drift

tube component without

threaded connection (left) and

with threaded connection (right)
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3.2 Fabrication

In the processing of the prototype cavity, several

methods are used to control the machining precision of the

parts. The concentricity of the stems in the drift tube

component is a crucial parameter and strongly affects the

overall assembly precision of the cavity. Therefore, a

unique processing method is proposed to fabricate the drift

tube components, as shown in Fig. 3a. First, the external

cylindrical surface of the drift tube is machined to its

design size, and a radial hole for the connection with the

stem and an axial hole as the center reference for subse-

quent processing are drilled. Next, the stem is penetrated

through the drift tube using cold assembly technology.

Finally, the internal cylindrical surface of the drift tube is

machined to its design size; during this process, the long

stem is split into two parts. The magnitude of the inter-

ference is set to 0.08 mm to ensure that the connection

between the drift tube and the stem is reliable. Coordinate

measuring machine results show that the concentricity of

the stems in the drift tube component can reach /0.05 mm.

The machining of the aluminum alloy is likely to gen-

erate intense local stress and deformation, which would

cause the workpiece to be scrapped for being out of

tolerance. To reduce the machining deformation, the mil-

ling of the cavity walls and endplates proceeded as follows:

rough machining, semi-finishing, and finishing. To elimi-

nate the residual stress, heat treatment was applied after

rough machining, and natural aging was performed after

the other process steps.

3.3 Assembly and inspection

The assembly of the prototype cavity was performed

under the guidance of the in-process inspection with a

coordinate measuring arm [15]. Before the assembly pro-

cess, the mating dimensions of the four cavity walls were

inspected individually. The results showed that only the

length of the cavity wall is out of tolerance owing to

thermal shrinkage, which is relatively large (- 0.3 to

- 0.4 mm), but would not hinder the assembly process.

Then the drift tube components were mounted on the

corresponding girder, the concentricity and spacing

dimensions of which were measured. The measurement

results can provide a preliminary check on the fitting

accuracy and verify the feasibility of assembly.

In the assembly process, the bottom and left cavity

walls, each of which was equipped with six drift tube

Fig. 3 (Color online)

Fabrication and assembly

process: a processing of drift

tube component, b assembly

process of right cavity wall,

c assembled cavity without the

front endplate
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components, were initially assembled, and the right cavity

wall was installed (see Fig. 3b). When the girder of the

right cavity wall approached the drift tube components

mounted on the opposite girder, a thread rod was used to

pull the drift tube components out to align with both

girders. After all six components were mounted on the two

girders, the right cavity wall was slowly pushed into the

design position, and the three assembled cavity walls

formed a U-type subassembly. The top cavity wall was

assembled by the same process. Figure 3c shows the

assembled cavity without the front endplate.

The fabrication precision of the cavity determines the

concentricity of the drift tubes, which is a critical param-

eter for efficient beam transmission and is hard to measure

for the finished cavity, because the probe of the coordinate

measuring arm cannot reach the drift tubes in the middle of

the cavity. Therefore, the concentricity of the drift tubes

was initially measured on the U-type subassembly, and the

results are shown in Fig. 4. Note that the measured results

differ slightly from those of the complete assembly owing

to the absence of the top cavity wall. In the U-type sub-

assembly, the measured positions of the vertical drift tube

components (drift tubes 1, 3, 6, 8, 9, and 11) are slightly

lower than the design positions because these components

are bolted at the bottom and unconstrained at the top.

Conversely, the positions of the horizontal drift tube

components (drift tubes 2, 4, 5, 7, 10, and 12) are slightly

higher than the design positions because the left and right

cavity walls are not precisely parallel but have a small open

angle under the constrained condition.

A scheme for measuring the concentricity of the drift

tubes in the finished cavity using a laser tracker was pro-

posed. A rod with a magnet attached to the front end was

designed that can fix a ferromagnetic spherically mounted

retroreflector (SMR) by the attractive magnetic force. By

using this rod, the SMR could reach the surfaces of all the

drift tubes to perform the measurement with the laser

tracker. The measurement results are shown in Fig. 4.

Taking the central axis defined by the cavity’s internal

surfaces as a reference, the concentricity of the twelve drift

tubes is /0.22 mm; that is, the maximum deviation from

the central axis is 0.11 mm. This result will be taken into

account in the error study of the beam dynamics design,

and the technical process will be optimized further to

improve the precision.

4 RF measurement

4.1 Experimental setup

Although much can be learned from the cavity field

calculation, it is still necessary to measure a prototype

cavity to determine the field distribution, especially for a

new structure with a relatively complex field pattern. The

bead-pull technique is used for the RF measurement.

According to the Slater perturbation theorem, the measured

electric field amplitude is proportional to the square root of

the frequency shift induced by a dielectric sphere, E /
ffiffiffiffiffiffiffiffiffi

Dx0

p
[16, 17]. A photograph of the measurement appa-

ratus is shown in Fig. 5. A bead tied to a string is driven by

a step motor to move through the cavity, and the cavity

frequency, as monitored by a vector network analyzer

(VNA), is collected simultaneously with the step number of

the motor.

In our early measurements, we found many errors

caused by the noise floor of the VNA at the bottom of the

field distribution curve. This phenomenon can be explained

as follows. First, the relatively low Q value of the alu-

minum cavity results in a wider bandwidth, and more noise

is collected during the measurement. In addition, according

to the relationship between the electric field amplitude and

the frequency shift, the noise will give rise to a larger

deviation in the low-field areas, for example, in the drift

tubes [18].

To improve the measurement accuracy, the noise floor

of the VNA was reduced by combining the averaging and

the intermediate-frequency bandwidth; these two noise

reduction features of the VNA are commonly used to

address the measurement issue mentioned above [19].

However, the use of both features prolongs the measure-

ment time, during which environmental parameters such as

temperature and humidity might change, introducing errors

to the measurements [20]. Therefore, preliminary tests

were performed to determine an appropriate setting of the

VNA at which both the noise floor power and the mea-

surement time are acceptable. Several dielectric spheresFig. 4 Measurement results of the drift tube (DT) positions using the

central axis as a reference
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with different diameters were used as the perturbation

bodies in these tests. It was found that the relative ampli-

tude of the errors decreased with increasing sphere diam-

eter, because a larger sphere would produce a larger

frequency shift. However, this finding does not mean that

the perturbation body should be as large as possible. The

reason will be explained in Sect. 4.2.1. The perturbation

body chosen for the field distribution measurement is a

dielectric sphere with a diameter of 6 mm, and the maxi-

mum frequency shift it produces is approximately 7 kHz.

4.2 Results of RF measurement

The frequency, the Q value, and the distribution of the

accelerating and focusing fields of the prototype cavity

were measured with all the tuners adjusted to the design

insertion depth of 20 mm. The measured frequency was

326.72 MHz, which is 1.72 MHz higher than the design

value. This deviation is attributed mainly to the errors in

the frequency solution and fabrication errors. Thermal

shrinkage makes the major contribution to the fabrication

errors because the cavity was not processed in a constant

temperature environment. The measured Q value was 6061

when no RF seals were used, which is 65% of the simulated

value.

4.2.1 Distribution of the accelerating field

Figure 6a compares the measured and simulated field

distributions along the central axis of the cavity, which

show good agreement overall. The field amplitudes in the

gaps between the internal drift tubes are flat. The normal-

ized amplitude reaches 0.6 in the gaps at both ends of the

cavity, and it is approximately 0.5 in the gaps between the

drift tubes and the RFQs. To quantify the uniformity of the

overall accelerating field, the amplitude deviation in the

nine gaps between the internal drift tubes is defined as the

field unevenness, which is 1.3%.

In addition, inconsistencies appear between the mea-

sured and simulated results in the two RFQ sections.

According to the simulated results, the amplitude should

decrease to zero in the middle of the RFQ section, whereas

the measured value at this position is 0.22. To explain this

deviation, the simulated distribution of the transverse field

at this position is investigated, as shown in Fig. 6b. The

amplitude along the angle bisector of the quadrants is zero

at the center, but it increases linearly with increasing dis-

tance from the center. The Slater perturbation theorem

assumes that the unperturbed field at the measurement

position is homogeneous [17]. In our experiment, the

measured field amplitude corresponds to the average

amplitude over the 6 mm sphere, which apparently is not

zero. The field amplitude at this position measured using

spheres of different diameters is plotted using the prelim-

inary test data in Fig. 6c. The amplitude has a linear rela-

tionship with the sphere diameter, and the fitting line

passes through the origin, confirming that the above

explanation is correct.

4.2.2 Distribution of the focusing field

During the measurement of the focusing field, the dis-

tance between the trajectory of the bead and the cavity axis

was set to 5 mm, because the inner diameter of the drift

tube is 20 mm. The field distribution along the entire cavity

was measured, and the field curves corresponding to the

two RFQs were extracted from the measured curves of the

entire cavity. The measurement results are summarized in

Fig. 6d and compared with the simulation results. The

amplitudes are normalized by the maximum value over the

entire trajectory of the bead, and the normalization coef-

ficient is essentially the same as that of the accelerating

field. Owing to the inhomogeneity of the nearby field, the

measured amplitudes in the four quadrants are all higher

than the simulated values.

For a conventional RFQ, the frequency of the operating

quadrupole mode is close to that of the dipole modes, and

thus, accidental degeneracy between them is possible. The

amplitudes of the dipole modes have to be minimized

during the tuning process to produce the best approxima-

tion to a pure quadrupole mode [21]. For the spatially

periodic RFQ structure, no dipole mode exists near the

operating quadrupole mode because of the stem array. The

amplitude of the quadrupole mode Uq is defined as the

average of the measured amplitudes U1, U2, U3, and U4 in

the four quadrants. To evaluate the uniformity of the

quadrupole field, the relative error of the quadrupole field

is defined as the shape similarity error between the mea-

sured and simulated curves of Uq. The similarity of the

Fig. 5 (Color online) Photograph of the bead-pull measurement

apparatus
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curves is compared using the metrology software of the

coordinate measurement machine. The relative errors of

the quadrupole fields of the two RFQ sections are

within ± 0.4% and ± 1.0%, respectively.

Distinct differences in the field amplitudes of the four

quadrants are shown in Fig. 6d. Specifically, U1 and U2 are

relatively low, whereas U3 and U4 are relatively high. The

differences are attributed mainly to the effects of gravity,

which makes the bead sag from the desired position during

the measurement [22]. Fortunately, the differences have

little effect on Uq because the deviations of the four

quadrants’ results caused by gravity cancel each other out

in the calculation process.

5 Tuning experiment

5.1 Tuning algorithm

Although the measurement results show that the field

errors of both the accelerating and focusing fields are

within a small and acceptable range, a tuning experiment

aimed at improving the field uniformity was also

performed to investigate the tunability of the cavity. A

tuning algorithm based on a response matrix is employed

for this new structure, which is built assuming a linear

relationship between each tuner setting and the field

amplitude at any given longitudinal position [23]. It can be

expressed by the following formula:

Vdi � V0i ¼
X

n

j¼1

oVi

oTj
ðTdj � T0jÞ;

where Vdi is the desired field amplitude at the ith mea-

surement position and V0i is the actual field amplitude

obtained from the measurement. Tdj and T0j represent the

unknown desired setting and the actual setting of the jth

tuner, respectively. Each oVi=oTj value is the measured

derivative of the ith amplitude with respect to the jth tuner,

which describes the sensitivity of the jth tuner to adjust the

ith amplitude. The formula above can be rearranged in

matrix form as follows:

V ¼ M � T ;

where V and T correspond to the variations of the field

amplitudes and tuner settings, respectively. In addition,

Mij ¼ oVi=oTj is the response matrix. The dimensions of

Fig. 6 (Color online) RF measurement results: a field distribution

along the central axis of the cavity (normalized by the maximum

value), b simulated field distribution along the angle bisector of the

quadrants in the middle plane of the RFQ when the stored energy of

the cavity is 1 J, c amplitude at the center of the first RFQ section

measured using spheres of different diameters, d measured field

distribution in the four quadrants and the measured and simulated

field distribution of the quadrupole field (top: first section, bottom:

second section)
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the response matrix are determined by the number of

measurement positions and tuners. For this prototype, the

measurement positions corresponding to the accelerating

field and focusing field should both be included in the

matrix. However, the desired values of the quadrupole field

amplitudes are difficult to predict accurately owing to the

systematic errors of the measurement, as mentioned in

Sect. 4.2.1. Considering that the defined unevenness of the

accelerating field is sufficient to characterize the uniformity

of the overall field distribution, only the measurement

positions corresponding to the accelerating field are

selected, and the response matrix M is defined as a 9 9 20

non-square matrix.

To establish the response matrix, 20 slug tuners were

individually inserted 5 mm into the cavity. After each tuner

was inserted, the accelerating field was measured to obtain

the field variations at the measurement positions. Singular

value decomposition can be used to invert the response

matrix [24].

5.2 Tuning results

5.2.1 Field tuning

The normalized peak amplitudes in all the accelerating

gaps after the first tuning iteration are plotted in Fig. 7a

with those of the simulated and measured results before

tuning. The field unevenness defined by the amplitudes in

the nine gaps between the internal drift tubes is still 1.3%.

However, the field unevenness is within 0.8% if the eighth

gap is not considered. Furthermore, the peak amplitudes in

the gaps at both ends of the cavity and the gaps between the

drift tubes and the RFQs indicate that a more uniform field

distribution along the entire cavity was obtained after the

first tuning iteration. After the second tuning iteration, the

peak amplitude in the eighth gap remained almost

unchanged according to the measurement results. An

examination of the response matrix revealed that the

quantified tuning capability of each tuner on the eighth gap

is one order of magnitude smaller than that of the tuners on

the other gaps. After the first tuning iteration, the relative

errors of the quadrupole fields of the two RFQ sections

were within ± 0.7% and ± 0.8%, respectively.

5.2.2 Frequency tuning

The frequency of the cavity was tuned after field tuning

by inserting all the tuners to the same depth to maintain the

field distribution. The tuners at the same longitudinal

position have the same effect on the cavity frequency;

therefore, only the five tuners in the first quadrant were

used to obtain the frequency response curves. As shown in

Fig. 7b, the cavity frequency and the insertion depth of the

tuner seem to have a linear relationship when the insertion

depth is greater than 6 mm. When the insertion depth is

less than 6 mm, the linear relationship is invalid because

the head of the tuner was machined with a fillet of 6 mm.

For tuners at different longitudinal positions, the tuning

coefficients of the tuners at both ends of the cavity are

smaller than those of the tuners in the middle. The cavity

frequency was tuned to 324.979 MHz by pulling all the

tuners out by 11.02 mm. Then, the field distribution was

confirmed without significant changes.

6 Summary

An aluminum prototype of the spatially periodic RFQ

structure was designed, built, and tested to determine the

accelerating and focusing field distributions, tuning per-

formance, and mechanical structure and process technol-

ogy of the cavity. Mechanically, the cavity is an

overconstrained structure owing to the array of stems; thus,

Fig. 7 (Color online) a Peak amplitude distribution of all the

accelerating gaps, b frequency responses of the tuners at different

longitudinal positions
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it requires high-precision machining and is difficult to

assemble. The use of threaded connections between the

drift tube components and the cavity walls mitigates the

issue of overconstraint and enables manual operation of the

drift tube components during the assembly process, thereby

reducing the risk of assembly failure. A method of pro-

cessing the drift tube components was proposed to ensure

precise processing. After the cavity was assembled, the

concentricity of the drift tubes measured by a laser tracker

was /0.22 mm. The RF measurement results of the pro-

totype cavity showed good agreement with the simulation

overall. The unevenness of the accelerating field was 1.3%,

and the relative errors of the quadrupole fields of the two

RFQ sections were within ± 0.4% and ± 1.0%, respec-

tively. A more uniform field distribution was obtained after

a tuning experiment.

The successful fabrication and testing of the aluminum

prototype provided valuable experience for the develop-

ment of the spatially periodic RFQ structure. Next, the

thermal performance of the cavity will be analyzed, and the

structure and fabrication technology for a full-power pro-

totype with vacuum seals and cooling channels will be

studied.
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