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Abstract: The project on developing compact medical accelerators for the tumor therapy 

using carbon ions has been started at the National Institute of Radiological Sciences (NIRS). 

Alternating-phase-focused (APF) linac using an interdigital H-mode (IH) cavity has been 

proposed for the injector linac. The IH-cavity is a doubly ridged circular resonator loaded by 

the drift-tubes mounted on ridges with supporting stems. The effects of intrinsic and random 

field distortions in a practical design of the 4-Mev/u 200-MHz IH-APF linac are considered. 

The intrinsic field distortions in the IH-cavity are caused by an asymmetry of the gap fields 

due to presence of the stems and pair of ridges. The random field distortions are caused by 

drift-tube misalignments and non-regular deviations of the gap voltages from programmed 

values. The RF fields in the IH-cavity have been calculated using Microwave Studio (MWS) 

code. The effects of field distortions on beam dynamics have been simulated numerically. 

The intrinsic field distortions are negligible for this IH-APF linac. The random field 

distortions cause a serious degradation of the beam transmission. The levels of permissible 

errors for the drift-tube longitudinal and transversal displacements are about ±200 µ m and 

±100 µ m, respectively. The fluctuations of the gap voltages should be minimized to the 

levels of about ±3%. At this level of tolerances the beam transmission is decreased about 

10 % (standard-deviation value) comparing to the beam transmission for the ideal structure. A 

possible way to relax the level of permissible errors is to shorten the IH-APF structure by 

increasing the transition energy between RFQ and IH-APF linacs. A modified linac layout is 

proposed and discussed. 

                                                 
*On leave from Moscow Engineering Physics Institute;  

e-mail: kapin@mail.ru 
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1. Introduction 
The progress of the radiation therapy in clinical cancer treatments with carbon ions at 

the Heavy Ion Medical Accelerator (HIMAC) facility [1] of the National Institute of 

Radiological Sciences (NIRS) encourages developments of a small-sized therapy system 

aiming to spread the carbon therapy for local hospitals in the whole country [2]. The project 

on developing compact and reliable medical accelerators for the tumor therapy using carbon 

ions has been started at the Division of Accelerator Physics and Engineering of NIRS [3]. The 

accelerator complex for this compact facility (Fig. 1,a) consists of two ECR ion sources with 

permanent magnets, an injector linac cascade with the ion energy of 4 MeV/n, a synchrotron 

ring with the maximum energy of 400 MeV/n and beam delivery system for three treatment 

rooms. The research and design works for the new facility have been started from April 2004. 

The linac cascade (Fig.1,b) consists of the 600 keV/u four-vane cavity with radio-

frequency-quadrupole (RFQ) focusing and the 4 MeV/u inter-digital H-type (IH) drift-

tube (DT) cavity with alternating-phase focusing (APF). Both structures operate at the RF 

frequency of 200 MHz. Design considerations and preliminary calculation results for this 

injection linac has been already presented in our reports [4-6]. Since beam intensities of ECR 

carbon ion sources are near their limits, it is important to preserve high beam transmission 

abilities of the linac. It has been shown, that in such linac layout, the current transmission of a 

carbon beam can reach up to 90-100%. 

Since a design technology of RFQ is well known and proved both theoretically and 

experimentally, including HIMAC RFQ [7], our efforts are mainly devoted to the IH-APF 

structure. In previous studies [4-6], it has been already adopted, that in order to minimize the 

length of the IH-APF structure and to keep its focusing abilities, it is advantageous to use a 

gradient-type of the gap-voltage distribution along the structure and to alternate the 

synchronous phase along the structure with an increasing period (from 10 up to 20 gaps per 

period). Principally, the length of the 4Mev/u IH-APF can be minimized as small as about 

2 m, if one is neglecting a beam quality. However, to provide a good beam quality, the length 

of IH-APF should be about 3 m. The beam dynamics calculations have been performed for a 

practical design of the 4-Mev/u 3.2 m long IH-APF linac [8] and are presented in the next 

section.  

The beam dynamic simulations for the IH-APF structure with ideal fields having a 

pure axial symmetry and programmed voltage distributions have shown satisfactory results. 

HIMAC-090

2



However, a real IH-APF structure has several kinds of the field distortions, which can 

strongly affect on the beam quality. In this report, a practical design of the IH-APF linac [8] is 

explored with possible field distortions. Let’s distinguish intrinsic and random field 

distortions. The former are inherent to the structure and exist even in a structure with an ideal 

geometry, and the latter are caused by the errors arising at the stage of the mechanical 

alignment and RF tuning of the structure. 

The intrinsic field distortions in IH-cavity have been analyzed using computer 

simulations of RF fields with Microwave Studio (MWS) code [9]. The IH-cavity is doubly 

ridged circular resonator loaded by the drift-tubes mounted on ridges with supporting stems. 

The intrinsic field distortions in IH-cavity are mainly caused by the asymmetry of the gap 

field due to presence of the drift-tube supporting stems and pair of ridges. Many geometrical 

configurations of the ridges and stems are known and used in a practice [10-12]. It is known, 

that the shapes of the ridges and stems affect on the RF performances of the structure and 

magnitudes of field distortions. We have performed a quite comprehensive study of different 

configurations of the ridges and stems using MWS-code in order to estimate their influence 

quantitatively. The results are presented in the third section. 

The random field distortions are caused by drift-tube misalignments and non-regular 

deviations of the voltage distribution from a programmed law. It is a serious problem for any 

kind of strong-focusing linacs [13-15], and especially for APF linacs, which have relatively 

weak focusing forces and therefore are very sensitive to the any field perturbations [16-18]. 

Although there are analytical methods for estimations of the effects due to random field 

distortions, a numerical simulation of beam dynamics provides more reliable results [18]. 

The effects of the intrinsic and random field distortions on beam dynamics have been 

simulated numerically with DYN1 code written by V. Kapin. The results are presented and 

discussed in the forth section. The level of permissible errors for the drift-tube longitudinal 

and transversal displacements is about ±200 µ m and ±100 µ m, respectively. The 

fluctuations of the gap voltages should be minimized to the levels of about ±3%. 

These tolerance levels are achievable with a modern technology [1]. However, it 

requires time-consuming procedures for a careful mechanical assembling and RF tuning. It 

may results in a difficult and expensive manufacturing technology, which is not appropriate 

for several batch-produced linacs. A possible way to relax the level of permissible errors is to 

shorten the IH-APF structure by increasing the transition energy between RFQ and IH-APF 

linacs. A modified linac layout is outlined and discussed in the last section. 
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2. Beam dynamics with non-distorted fields 
The IH-structure is a kind of a π - mode multigap accelerating structure, where a time-

alternating RF voltage is applied to a sequence of drift-tubes whose lengths tend to increase 

with increasing particle velocity. The electrical fields in the gaps between drift-tubes act to 

accelerate the particles. It is usual to consider the multigap drift-tube linac as a sequence of 

unit cells. It is assumed, that the cell boundaries are located at the electrical centers of 

successive drift-tubes, where by symmetry the electric field has only a longitudinal 

component. Thus, the cell consists of a gap and two halves of adjoining drift-tubes. 

The beam dynamics calculations have been performed for a practical design of the 4-

Mev/u 3.2 m long IH-APF linac [8]. This design is approved for a cold model of IH-structure. 

The carbon ions 12C+4 are accelerated from the injection energy of 600 keV/u. The bravery 

factor for the Kilpatrick limit is about 1.6. In this linac design, a gradient type of voltage 

distribution along the tank is used, while the gap voltage is approximately proportional to the 

relative velocity of the synchronous particle, sg β∝U . The cell table is given in Table 1, 

where L  is the total length at the exit of the i -th cell, 1L  is the distance between the cell 

entry and the gap entry, gL  is the gap length, 2L  is the distance between the gap exit and the 

cell exit, 0
gU  is the instantaneous peak voltage along the cell axis ( 0=r ), sφ  is the 

synchronous phase. The cell length can be derived from these data as 2g1cell LLLL ++= . 

The beam dynamics has been simulated with DYN1-code, which computes the 

trajectories of the particles through the linac cell-by-cell, while the motion equations within 

every cell are solved by the numerical integration using the 4-th order Runge-Kutta method. 

The electrical fields within every cell have been be derived in the electrostatic approach, 

which is usually used for low-energy linacs [14]. The electrical field is calculated as a 

gradient of the potential, UE −∇=
G

. The potential inside the cylindrical volume of the 

accelerating cell with the aperture radius a  is presented as Fourier-Bessel series with the 

period λβs=L : 

∑
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Using a given potential distribution on the cylindrical surface at ar = , the coefficients 

of the series can be calculated using the numerical harmonical analysis. The potential values 

at ar =  can be calculated using some numerical code, e.g., POISSON code [19]. Examples 
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of the field calculations with POISSON code have been presented in the previous report [4]. It 

has been shown, that for the potential distributions along the accelerating cells at the aperture 

radius ar =  calculated with the POISSON code are well approximated by the linear 

dependence. For fast beam dynamics simulations, the DYN1 code uses a linear approach to 

the potential distribution on the cylindrical surface ar = . It is quit usual approach in linac 

codes [20, 21]. 

The voltages in the cell-table (Table 1) are the voltages on the cell axis, 0
gU  at 0=r . 

Due to the effect of voltage depression in a sequence of alternatively charged drift-tubes, the 

voltage between drift-tube surfaces, DT
gU  is larger than voltage on the cell axis, 0

gU . Since the 

fields in cells are calculated from the potential distribution on the cylindrical surface at ar = , 

the DYN1 code uses voltages between drift-tube surfaces DT
gU  as an input parameter. In order 

to derive the drift-tube voltages DT
gU  from the given in the cell-table voltages 0

gU  the 

following procedure has been adopted. 

At first step, the voltages on the cell axis 0
gU  have been used as the drift-tube voltages, 

DT
gu . It allows to calculate in the linear approximation the corresponding voltages on axis, 0

gu , 

and the voltage depression factor as DT
g

0
g uuU =Ψ . The Figure 2,a shows voltage DT

gu  and 0
gu , 

and the factor UΨ  as functions of the cell number. On the second step, the drift tube voltages 

have been calculated as U
0
g

DT
g Ψ=UU . The Figure 2,b shows the restored voltage DT

gU  and 

0
gU , and the voltage depression factor UΨ  as functions of the cell number. One can see, that 

of voltage depression is quite considerable (up to 12 %), and its minimum values repeated 

along the structure at the locations of the short drift-tube. The effect of voltage depression 

cannot be neglected and, it is taken into account in DYN1 code even with a linear approach 

for the potential distribution on the cylindrical surface at ar = . 

To avoid time-consuming numerical calculations of Fourier-Bessel series, we used a 

paraxial approximation to the potential. In paraxial approximation, the axially symmetrical 

potential is expressed by the series 

( ) ( ) ( ) ( )
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where the function ),0( zU  is the potential distribution on the cell axis at 0=r . This function 

is calculated using a cubic-spline interpolation for the values of ),0( nzU , which has been 

calculated from the above Fourier-Bessel series for potential (2-1). 

The longitudinal acceptance of the IH-APF linac calculated for axial particles ( 0=r ) 

is presented in Figure 3,a. The dependence of the longitudinal acceptance on the relative 

voltage amplitude in IH-APF tank has been studied. The calculations have showed that the 

longitudinal acceptance preserves its area without an essential reduction for the relative 

voltage amplitudes within the interval [0.98, 1.10]. The longitudinal emittance of the injected 

particles is presented in Figure 3,a. It corresponds approximately to the longitudinal phase-

space of the beam after matching section located between RFQ and IH-APF. Phase space 

correspond to the divergent beam bounded within the RF phases ∈rfϕ  [-62°, -17°] and within 

the relative velocities ∈β  [3.57%, 3.63%]. It is seen that area occupied by the injection 

emittance is much less than total area of the longitudinal acceptance for axial particles. 

The beam dynamic calculations have been performed for the randomly distributed 

particles. The number of the particles in simulations is equal to particleN =1000. In the 

transverse phase spaces, particles are uniformly distributed within the upright ellipces on the 

( )xx ′,  and ( )yy ′,  phase spaces. The ellipce are determined by the following formula: 
22 2 xxxx xxxx ′⋅+′⋅⋅+⋅= βαγε                                           (2-3) 

with the parameters xγ =2.0 rad/m, xα =0.5 m/rad and xα =0. The phase-space ellipses 

correspond to the transversal phase-spaces of the beams after the matching section located 

between RFQ and IH-APF.  

The dependencies of the beam transmission beamT  for different values of xε  are shown 

in the Figure 4,a. The beam transmission is rapidly drop down when the value of xε  

increases. For this linac the lower permissible transmission threshold is about 50 %. Since 

RFQ may lose up to 10 % of the injected particles, the beam transmission of the IH-APF tank 

must be higher than 60 %. Therefore, the value of xε  for transverse emittance of the injected 

beam should be lower than xε =18.0 mrad  mm× . 

Note, that the value of xε =18.0 mrad  mm×  corresponds to the phase-space area 

occupied by all particles after the matching section between RFQ and IH-APF [5]. It is 

known, that the value of beam transmission depends on the kind of the phase-distribution of 

injected particles. In the above calculations, we have used a uniform distribution. However, 
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the actual phase-space distributions after the matching section have a high-dense core and a 

low-dense halo. This is one of possible reasons explaining higher transmission values 

obtained in report [5]. 

The calculation results for a smaller value of xε =8.0 mrad  mm×  provide a more 

appropriate value of the beam transmission beamT =92 %. The longitudinal and transverse 

beam emittances at the exit of the IH-APF linac are shown in Figure 4,b and Figure 4,c, 

respectively. The transverse emittance of the output beam occupies area mrad  mm  22 ××π . 

The phase portrait of the beam in the longitudinal phase-space has a dense core with width of 

about 25 degrees and a long tail is smearing over about 50 degrees. The energy spread is 

about %7.0±≈∆ WW . It is still higher, than the requirements for the energy spread of output 

beam, which is %4.0±≤∆ WW . 

We should note, that these data have been obtained in the paraxial approximation for 

the fields (2-2) and using a linear approach for the potential distribution on the cylindrical 

surface at ar = . More precise values should be calculated with a full Fourier-Bessel 

series (2-1) and with a potential distribution calculated with POISSON-code on the 

cylindrical surface ar = . 

 

3. Performances of IH-cavity at different shapes of the 
ridges and the drift-tube supporting stems 

The IH cavity is widely used for drift-tube linac. It consists of the tank and one, two or 

four ridges, which act as main resonance elements. The drift-tubes are connected to the ridges 

by the supporting stems. In our IH-APF linac design, the doubly ridged circular resonator is 

used. The schematic drawing of an IH-cavity is shown in Figure 5,a.  

Many geometrical configurations of the ridges and stems are known and can be 

used [10-12]. The geometrical features the ridges and stems may affect on the RF 

performances of the structure and magnitudes of field distortions. Some special 

configurations are aimed to eliminate dipole components of the accelerating field, to reduce 

the surface current density, or to increase the shunt-impedance.  

Let’s estimate their influence quantitatively, using MWS-code. Table 2 lists the 

parameters of an interest, which can be observed with MWS-code. According to the cell-table 

of the IH-APF linac (see Table 1), the cell length cellL  varies from about 22 mm to 66 mm. 
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The three typical cell lengths are considered, namely 22 mm, 44 mm, and 66 mm. The basic 

dimensions of IH-cavities with constant cell lengths are listed in Table 3.  

At the first stage, relatively short 6-gap structures have been explored. The short 

structures require smaller computational power and allow faster evaluations of wanted effects 

in comparison with the long structures. However, there is a qualitative difference in 

electromagnetic performances of short and long IH-cavities. The behavior of our IH-APF 

structure is more adequately simulated by a long IH-cavity. The performances of a long IH-

structures have been refined with two 21-gap structures (Fig. 5,b), which have different cell 

lengths cellL =22 mm and cellL =44 mm.  

3.1 Variation of the ridge shape (the angle of side surface) 
The ridges of IH-cavity serve as important resonant elements. Ridges with trapezoidal 

and rectangular cross-sections are known. We have examined the influence the ridge cross-

section on the performances of the IH-cavities with trapezoidal cross-section of the ridges. 

The independent parameter is the angle of the side surface Rα , while a zero angle 

corresponds to the rectangular cross-section. Figure 5,b shows the 21-gap structure with 

trapezoidal ridge.  

The results of the calculations are collected in Table 4. The magnitude of the dipole 

field is practically independent from the ridge angle Rα . The dependencies of the quality 

factor 0Q , resonance frequency 0f  and the shunt-impedance shR  on the ridge angle Rα  are 

shown in Figures 6 and 7. The dependences for the 6-gap IH-cavity with the tank 

radius tankR =180 mm and for the 21-gap IH-cavities with the tank radius tankR =150 mm both 

having the same cell length cellL =22 mm are shown in Fig. 6,a and Fig.6,b, respectively. 

These structures have short drift-tubes and use conical stems (see Table 3). The dependences 

for two 6-gap IH-cavities with the cell lengths cellL =44 mm and cellL =66 mm both having the 

same tank radius tankR =180 mm are shown in Fig. 7,a and Fig. 7,b, respectively. These 

structures use cylindrical stems (see Table 3). 

In the above Figures, the values of 0Q , 0f , and shR  are all increased with increasing 

the ridge angle Rα . It is looked as a weak improvement in the shunt impedance (3-10 %) and 

Q-factor with increasing angle Rα . However, at the same time the resonance frequency is also 

increased. For this reason, it is interesting to check the shunt impedance behavior at the same 

resonance frequency. 
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Practically, the resonance frequencies of IH-cavities with different ridges can be 

adjusted to the same value by the variation of the tank radius. The calculated RF parameters 

of three 21-gap IH-cavity with cell length cellL =44 mm (the average value of our IH-APF 

linac) and three different tank radii are presented in the Table 5. The IH-cavities with the tank 

radius tankR =170 mm, tankR =180 mm, and tankR =190 mm have the same resonance frequency 

( 0f =200 MHz, 0f =201 MHz, 0f =201 MHz, respectively) at the ridge angles Rα =0°, 

Rα =20°, and Rα =35°, respectively. The corresponding values of the shunt impedance are 

shR =648 kΩ, shR =630 kΩ, and shR =642 kΩ, respectively. Thus, variations of the ridge 

angle Rα  does not influence on the shunt-impedance of the IH-cavity. 

The similar conclusion has been obtained about 20 years ago by the INS group [11] 

during experimental studies of the “wing tuner”, with which allows to tune the voltage 

distribution along the whole IH-structure. The “wing tuner” acts similar to a variation of the 

ridge angle Rα . They have concluded: “the quality factor and the shunt impedance remained 

practically unchanged by these inductive tuning elements”. 

This interesting feature can be used for tuning the gradient type of the voltage 

distribution without a degradation of the shunt impedance. Figure 8,a shows the IH- cavity 

with monotonic decreasing the ridge angle along the whole structure. The electrical field 

distribution along the structure is shown in Figure 8,b. This IH-cavity has the constant cell 

length; therefore the voltage distribution has the same dependence as the electrical field. To 

refine the voltage distributions, the ridges are cut at the both ends of tank. However, this 

method can be effective for relatively short cavities. The cold model of IH-APF linac has 

length of 3.2 m, and another method for arranging the gradient-type of the voltage distribution 

is used. The cavity radius is changed in 4 steps [8]. 

3.2 Effects of the stem profile 
The stem configurations have been studied in the several laboratories [10-12]. It is 

known that a concentration of the surface current on the supporting stems tends to cause 

excess of power loss and overheating the stem surface. The power dissipation on the stem 

surfaces is estimated to relatively large.  

The experimental study of effects of stem profile had been performed by the INS 

group [11]. A simple equivalent-circuit model of the IH-cavity assuming uniform current 

distributions on conductors predicts a strong dependence of the shunt impedance. The tested 
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stems had triangular and cylindrical profiles. The INS measurements showed that Q-values of 

the different stem profiles lie within the error. The qualitative explanation of such behavior: 

“the Rf resistance of the triangular stem is not improved so much because of the 

inhomogeneous current density on the stem surface”. Our calculations with the MWS-code 

are consistent with the conclusions by INS group.  

The results of our calculations are presented in Tables 6 and 7. Three cavities with 

conical, cylindrical and triangular stems have been calculated: two cavities with cellL =22 mm, 

namely the short 6-gap and the long 21-gap cavities, and the short 6-gap cavity with 

cellL =44 mm. The stem geometries are presented in Figure 9. The conical stems (Fig.9,a) with 

upper diameter 1d =3.0 mm and triangular stems (Fig.9,c,d) with verts =3.0 mm are used in IH-

cavities with short drift tubes ( cellL =22 mm) and cylindrical stems (Fig.9,b) with 

diameter cd =9.0mm and triangular stems (Fig.9,e,f) with verts =9.0mm in IH-cavities with 

long drift tubes ( cellL =44 mm). The triangular stems are reshaped by changing the 

parameter sξ . Figures 9,c,e and Figures 9,d,f show triangular stems at sξ =0 mm and at 

arbitrary values of sξ , respectively. The data in Tables 7 and 7 demonstrate that there is no 

essential difference in the shunt impedance and quality factor for different stem geometries. 

The relative magnitude of the dipole voltage gVVy  is higher for large gaps and increases with 

increasing parameter sξ  for triangular stems. For cylindrical stems gVVy  is equal to 2 % and 

6 % for the gap lengths gL =10 mm ( cellL =22 mm) and gL =20 mm ( cellL =44 mm), 

respectively. 

The pictures of the surface current distributions are shown in Figure 10 for cylindrical 

and conical stems. It is seen that there is a considerable concentration of the surface current 

on the supporting stems. The surface currents are uniformly distributed along cylindrical 

stems, and concentrated near drift-tubes for conical stems. There can be overheating the stem 

surface, if the structure operates at high levels of duty factors, when average power losses are 

high. The duty factor for our IH-APF cavity is lower then 0.1 %, and average power losses in 

the cavity are less 500 W. At such levels of RF power, the effects of stem overheating can be 

neglected. Therefore, simple stems with cylindrical shape have been chosen. 
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4. Effects of intrinsic and random errors 
It is known any accelerating structure has some errors [13-15]. There are systematic 

and random errors [14]. Systematic errors have no random nature, they related to the errors in 

calculations or measuring of parameters. The intrinsic field distortion due to presence drift-

tube supporting stems is an example of the possible systematic errors. Here, other systematic 

errors arising due to a used calculation approach for generation and analysis of linac are not 

considered. However, one should keep in mind that an approximate calculation method 

provides systematic errors and real beam parameters will differ from calculated ones. 

The intrinsic field distortions in the IH-cavity mainly appear as dipole fields acting in 

the vertical direction. Figure 8 shows an example of the dipole field distribution ( yE -

component) along the cavity. The dipole fields in the gaps are in-phase. Since drift-tube 

lengths are calculated for π -mode of the gap fields, the dipole fields act in opposite 

directions in neighboring gaps and their sum effects are almost compensated. Due to regular 

nature of the intrinsic fields, its integral action along the whole linac is negligible. 

For the beam dynamics calculations with DYN1 code, the longitudinal distribution of 

the dipole fields within unit cells has been approximated by the known distribution of the 

axially-symmetrical gap field, while an amplitude of the dipole field in gaps has been 

expressed using the ratio between amplitudes of the dipole field and the accelerating 

field, maxmax
zy EE , which has been approximated by the linear 

law zEE zy ⋅+= 028.002.0maxmax . The ratio maxmax
zy EE rises from 2 % to 11 % along the linac 

length. The beam dynamics simulations for the beam transmission in the presence of the 

dipole field have not shown any serious effects, while the beam transmission has not changed 

at all. 

Further, let’s consider only random field distortions. These errors are randomly 

distributed in time and space. Even relatively small errors may essentially deteriorate the 

beam quality, because they interact with beam many times. The drift-tube linacs with strong 

focusing are extremely sensitive to random errors in positions and strength of the lens 

elements [13-15]. It is especially a serious problem for APF structures, which have relatively 

weak focusing forces [16-18]. In APF linac, the random field distortions are caused by drift-

tube misalignments and non-regular deviations of the voltage distribution from programmed 

law. Although there are analytical methods for estimations of the effects of random 
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errors [13-15,17], a numerical simulation of beam dynamics provides more reliable 

results [18]. 

The effects of the random field distortions on beam dynamics have been simulated 

numerically with DYN1 code. The number of random experiments in every case is equal to 

n =100. The dependence of the beam transmission beamT  on the emittance parameter xε  has 

been explored at different levels of random errors for voltage distribution and drift-tube 

positions. For ideal fields this dependence has been calculated in the section 2 (Fig.4,a). For a 

simple statistical analysis of the obtained results, we have calculated the mean value and the 

standard deviation of the beam transmission given by the following formulae: 

nTT
i

i∑=
=

n

1 beambeam ,    ( )∑
=

−
−

=
n

i

i TT
n

T
1

2
beambeam

st.dev
beam 1

1  

The minimum and maximum values of the beam transmission, min
beamT  and max

beamT  are also used 

below. First, let’s study the dependence of the beam transmission only on a one independent 

parameter, while keeping other parameters at ideal nominal values. 

The dependence of the beam transmission on the emittance parameter xε  at random 

deviations of voltage distribution from programmed values given in the cell-table (Table 1) is 

presented in Figure 11. Two relative tolerance bands for the gap voltages are 

%3±=Uδ  (Fig. 11,a) and %5±=Uδ  (Fig. 11,b). The mean value of the beam 

transmission beamT  provides the transmission drop ≈− beam
ideal

beam TT 2-3 % with the standard 

deviation ≈st.dev
beamT 3-5 % at the relative voltage tolerance %3±=Uδ  and ≈− beam

ideal
beam TT 3-5 % 

with ≈st.dev
beamT 5-8 % at %5±=Uδ . The minimum values of the beam transmission, min

beamT  

shows, that the beam transmission in an unlucky random experiment may drop down to 

≈− min
beam

ideal
beam TT 10-12 % at the relative voltage errors %3±=Uδ  and to ≈− min

beam
ideal

beam TT 20-25 % 

at %5±=Uδ . 

The idea of the method for treatment of the drift-tube misalignments is shown in 

Figure 12. The nominal drift-tube positions are shown in the Figure 12,a. The beam dynamics 

in the linac calculated with the cell-by-cell principle. Every cell has its own local coordinate 

system, { }cellcellcell ,, zyx . The fields inside the cell are described in the local coordinate system. 

The random longitudinal misalignments iz ,δ  are generated within the given tolerance 

band [ ]zz ∆∆− ;  and the drift tubes centers are displaced in the longitudinal direction to the 
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new positions, iziz ,δ+ . If the fields are not recalculated for a new cell length, then amplitude 

of the field components can be corrected with the formulae ( )iziziz EE ,
old
,

new
, 1 δ−=  and 

( )izirir EE ,
old
,

new
, 21 δ−= . For small longitudinal deviations in our IH-APF design, these 

corrections are about few percents. 

The dependence of the beam transmission on the emittance parameter xε  at the 

random longitudinal drift-tube misalignments is presented in Figure 13. Two tolerance bands 

are m 200 µ±=∆ z  (Fig. 13,a) and m 300 µ±=∆ z  (Fig. 13,b). The mean value of the beam 

transmission beamT  provides the transmission drop ≈− beam
ideal

beam TT 1-2 % with the standard 

deviation ≈st.dev
beamT 3-4 % at the longitudinal drift-tube tolerance m 200 µ±=∆ z  and 

≈− beam
ideal

beam TT 2-3 % with ≈st.dev
beamT 5-6 % at m 300 µ±=∆ z . The minimum values of the beam 

transmission, min
beamT  shows, that the beam transmission in an unlucky random experiment may 

drop down to ≈− min
beam

ideal
beam TT 8-12 % at the longitudinal drift-tube tolerance m 200 µ±=∆ z  and 

to ≈− min
beam

ideal
beam TT 20-30 % at m 300 µ±=∆ z . 

The random transverse misalignments of the drift-tubes are generated by 

displacements and rolling the drift-tube axes within the tolerance cylinders (see Fig.12). The 

length of the tolerance cylinder is equal to the length of the drift-tube and the radius is equal 

to the absolute value of the transverse tolerance r∆ . Then, the local coordinate systems of 

every init cells are transversely shifted and rolled in a such way, that their longitudinal 

axes cellz  passes through the points where new drift-tube axes intersects transverse planes at 

the gap entry and exit. In an approach, that the axially-symmetrical pattern of the gap field is 

preserved [18], the electrical fields are calculated first in the local coordinate system, and than 

transformed to the global coordinate system. 

The dependence of the beam transmission on the emittance parameter xε  at the 

random transversal drift-tube misalignments is presented in Figure 14. Two tolerance bands 

are m 100 µ±=∆r  (Fig. 14,a) and m 200 µ±=∆r  (Fig. 14,b). The mean value of the beam 

transmission beamT  provides the transmission drop ≤− beam
ideal

beam TT 1 % with the standard 

deviation ≈st.dev
beamT 1-2 % at the transverse drift-tube tolerance m 100 µ±=∆r  and 

≈− beam
ideal

beam TT 2-3 % with ≈st.dev
beamT 2-3 % at m 200 µ±=∆r . The minimum values of the beam 

transmission, min
beamT  shows, that the beam transmission in an unlucky random experiment may 
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drop down to ≈− min
beam

ideal
beam TT 2-4 % at the transverse drift-tube tolerance m 100 µ±=∆r  and to 

≈− min
beam

ideal
beam TT 8-15 % at m 200 µ±=∆r . 

Finally, two sets of the tolerances, containing all of the above random errors 

simultaneously have been calculated. Figure 15,a shows the dependence of the beam 

transmission for small tolerances ( %3±=Uδ , m 200 µ±=∆ z , m 100 µ±=∆r ) and Figure 15,b 

for larger tolerances ( %5±=Uδ , m 300 µ±=∆ z , m 200 µ±=∆r ). The mean value of the beam 

transmission beamT  provides the transmission drop ≈− beam
ideal

beam TT 3-5 % with the standard 

deviation ≈st.dev
beamT 5-6 % at the first set of tolerances and ≈− beam

ideal
beam TT 5-10 % with ≈st.dev

beamT 6-

10 % at the second set of tolerances. The standard deviation values shows that the beam 

transmission is potentially reduced by 8-11 % at the first set of tolerances and 11-20 % at the 

second set of the tolerances. The minimum values of the beam transmission, min
beamT  shows, that 

the beam transmission in an unlucky random experiment may drop down to ≈− min
beam

ideal
beam TT 10-

20 % at the first set of tolerances and to ≈− min
beam

ideal
beam TT 20-40 % at the second set of the 

tolerances. 

One may conclude, that the level of permissible errors for the drift-tube longitudinal 

and transversal displacements is about ±200 µ m and ±100 µ m, respectively. The 

fluctuations of the gap voltages should be minimized to the levels of about ±3%. At this level 

of tolerances the beam transmission is decreased within about 10 % (standard-deviation 

value) comparing to the beam transmission for the ideal structure. These tolerance levels are 

achievable with a modern technology, e.g. HIMAC drift-tube Alvarez linac [1] has the same 

tolerance band for drift-tube positions. However, it requires time-consuming procedures for a 

careful mechanical assembling and RF tuning.  

 

5. Discussion 
Although it is possible to construct a single research-aimed linac with the above-

adopted accuracy ( %3±=Uδ , m 200 µ±=∆ z , m 100 µ±=∆r ), the batch-production of linacs 

may become hard due to a difficult and expensive alignment and tuning technology. If a 

developed batch-production technology is not able to provide the above accuracy, it may 

results in large deviations of beam parameters of every linac from average values, e.g., at 
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tolerances %5±=Uδ , m 300 µ±=∆ z , m 200 µ±=∆r , the beam transmission of different 

linacs will fluctuate within ( )2010 ÷±  %. Let’s discuss a possible way to relax levels of 

permissible errors. 

It is known from an analytical theory [13-15], that emittance growth due to random 

errors in a sequence of lenses is proportional to the number of lenses. Therefore, the beam 

transmission is decreased with increasing a number of drift-tubes in IH-APF linac. Also, the 

tuning of voltage distribution in a short IH-cavity can be done with a higher accuracy than in 

a long IH-cavity. The above statements mean that a possible way to relax the level of 

permissible errors is to shorten the IH-APF structure. It can be done by increasing transition 

energy between RFQ and IH-APF linacs. Let’s discuss such possibility. 

The present linac layout (Fig.1,b) consists of a long IH-APF structure serving as a 

main accelerator and a short RFQ serving as a buncher and pre-accelerator, while IH-APF 

uses a large RF-generator ( rfP =450 kW) and RFQ uses a small RF-generator ( rfP =125 kW). 

This design philosophy follows to GSI-layout [16] and is originated from the fact that a 

conventional RFQ has much lower shunt-impedance in comparison with IH-linac. However, 

GSI-linac utilizes the 7 MeV/u 4 m-long IH-linac with magnetic quadrupoles (KONUS-

structure), and their design for the 7 MeV/u 4 m-long IH-APF linac has been rejected due to a 

high requirements for fabrication accuracy. Our 3.2m long IH-APF linac is shorter than GSI-

linac, and naturally has a little bit lower requirements for fabrication accuracy. Thus, a choice 

of the linac layout is a trade-off between the following facts. On the one hand, the IH-APF 

linac has high shunt impedance, but on the other hand, it requires high fabrication accuracy.  

Let’s consider a possibility to increase the output energy of RFQ in order to evaluate a 

feasibility to shorten IH-APF structure. Following to the design procedure widely used for 

heavy-ion RFQ linacs, particularly for HIMAC-RFQ [1], and using GENRFQ code written by 

S. Yamada, the dependence of the RFQ-length, RFQL  and the required RF-power, RFQP  as 

functions of the ion energy has been calculated for a conventional 4-vane RFQ with a 

constant intervane voltage along the structure (Fig.16,a). In order to increase acceleration rate 

of RFQ, a ramped gradient-type intervane voltage can be utilized. The dependence of the 

RFQ-length and the required RF-power as functions of the ion energy for RFQ with a ramped 

gradient-voltage is also shown in Figure 16,a. In these calculations, the specific shunt 

impedance is assumed to be equal to mk 70 ⋅Ω=ρ  and the maximum surface field is equal to 
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1.8 of the Kilpatrick limit.  The following definition for ρ -value has been used: 

RFRF
2 2PLV=ρ , where V is the averaged value of intervane-voltage.  

 Figure 16 shows that the present 0.6Mev/u RFQ with a constant intervane-voltage 

should have the length RFQL =1.7 m and RF-power RFQP =70 kW (100% of Q). The extension 

of this constant-voltage RFQ provides the 1.3 MeV/u RFQ having the length of RFQL =3.6 m 

and RFQP =150 kW. The gradient-voltage RFQ with the same length RFQL =3.6 m has output 

energy W =1.8 MeV/u at RF-power RFQP =260 kW (100% of Q).  

On the base of this 1.8 MeV/u gradient-voltage RFQ, a modified linac layout is 

proposed (Fig.17). It consists of the 3.8 m long RFQ (3.6 m long vanes) and a short 2 m long 

34-cells IH-APF. The total length of the linac is about 6 m, and is longer on about 1 m than 

the length of the present linac layout (Fig.1,b). Instead of two different RF-generators with a 

total power RFQP =560 kW , two identical RF-generators are used with a total power 

RFQP =800 kW . The number of drift tubes of IH-APF is reduced to 34 instead of 68 for the 

present design. In spite of increasing of the linac length and total RF-power, the modified 

layout suggests reduced requirements for the fabrication accuracy of IH-APF linac. 

Note, that acceleration rate of a gradient-voltage RFQ may be potentially improved by 

a factor 1.2-1.4 with usage of a modified design procedure, which is now under our 

development [22]. A modified 1.8 MeV/u gradient-voltage RFQ should have the length less 

than 3 m. 
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Table 1. The cell table of the IH-APF linac 

Cell No. L, mm L1, mm Lg, mm L2, mm 0
gU , MV sφ , deg 

 1 58.978 40.00  9.80  9.18 0.0800 -90.000 
 2 89.364  9.08 10.00 11.31 0.1610 -81.573 
 3  123.599 11.21 10.20 12.83 0.1640 -44.585 
 4  159.723 12.63 10.60 12.90 0.1690 7.735 
 5  194.852 12.70 11.00 11.43 0.1740  55.402 
 6  226.473 11.33 11.20  9.09 0.1770  82.939 
 7  253.598  8.99 11.40  6.74 0.1790  81.933 
 8  277.225  6.64 11.60  5.39 0.1820  52.552 
 9  299.884  5.19 12.00  5.47 0.1870 5.682 
10  324.364  5.17 12.60  6.71 0.1920 -41.371 
11  352.636  6.61 12.80  8.86 0.1960 -73.631 
12  385.607  8.76 13.00 11.21 0.1990 -81.984 
13  423.143 11.01 13.40 13.13 0.2010 -63.934 
14  464.013 12.93 13.80 14.14 0.2060 -25.559 
15  506.000 13.94 14.20 13.84 0.2120  19.622 
16  546.510 13.54 14.80 12.17 0.2170  57.215 
17  583.538 12.07 15.00  9.96 0.2210  77.036 
18  616.437  9.76 15.40  7.74 0.2240  73.968 
19  646.183  7.54 15.80  6.41 0.2280  49.011 
20  674.988  6.11 16.40  6.30 0.2330  10.228 
21  705.318  6.10 16.80  7.43 0.2380 -30.086 
22  738.999  7.33 17.00  9.35 0.2410 -60.731 
23  776.991  9.25 17.20 11.54 0.2420 -74.528 
24  819.451 11.44 17.40 13.62 0.2440 -68.468 
25  865.742 13.52 17.60 15.17 0.2460 -44.477 
26  914.443 14.97 18.00 15.73 0.2500  -9.609 
27  963.586 15.53 18.40 15.22 0.2540  26.393 
28 1011.178 15.02 18.80 13.78 0.2570  54.827 
29 1055.786 13.68 19.00 11.93 0.2590  69.817 
30 1096.943 11.83 19.20 10.13 0.2600  68.517 
31 1135.288 10.03 19.40  8.92 0.2620  51.538 
32 1172.353  8.82 19.60  8.65 0.2660  23.268 
33 1210.014  8.35 20.20  9.11 0.2690  -9.228 
34 1249.880  8.91 20.60 10.35 0.2730 -38.649 
35 1293.020 10.25 20.80 12.09 0.2750 -59.335 
36 1339.973 11.99 21.00 13.97 0.2770 -67.751 
37 1390.787 13.87 21.20 15.75 0.2780 -62.619 
38 1445.014 15.65 21.40 17.18 0.2800 -45.241 
39 1501.809 16.98 21.80 18.01 0.2940 -19.486 
40 1559.846 17.81 22.20 18.02 0.2980 9.663 
41 1617.534 17.82 22.60 17.26 0.3010  36.053 
42 1673.513 17.06 23.00 15.91 0.3040  55.163 
43 1726.911 15.81 23.20 14.38 0.3060  64.069 
44 1777.532 14.28 23.40 12.94 0.3080  61.552 
45 1825.904 12.84 23.60 11.93 0.3100  48.308 
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Cell No. L, mm L1, mm Lg, mm L2, mm 0
gU , MV sφ , deg 

46 1873.138 11.73 24.00 11.50 0.3130  26.994 
47 1920.615 11.30 24.40 11.78 0.3170 1.697 
48 1969.621 11.58 24.80 12.63 0.3200 -23.120 
49 2021.127 12.43 25.20 13.88 0.3230 -43.594 
50 2075.746 13.78 25.40 15.44 0.3250 -56.901 
51 2133.762 15.24 25.80 16.97 0.3270 -61.368 
52 2195.153 16.87 26.00 18.52 0.3290 -56.569 
53 2259.582 18.42 26.20 19.81 0.3310 -43.441 
54 2326.406 19.61 26.60 20.61 0.3340 -24.218 
55 2394.724 20.41 27.00 20.91 0.3370  -2.009 
56 2463.492 20.71 27.40 20.66 0.3400  19.872 
57 2531.679 20.46 27.80 19.93 0.3420  38.512 
58 2598.435 19.83 28.00 18.93 0.3450  51.691 
59 2663.227 18.83 28.20 17.76 0.3460  57.976 
60 2725.924 17.56 28.60 16.53 0.3480  56.778 
61 2786.818 16.43 28.80 15.66 0.3500  48.425 
62 2846.566 15.56 29.00 15.19 0.3520  34.168 
63 2906.057 14.99 29.40 15.10 0.3540  16.016 
64 2966.225 14.90 29.80 15.47 0.3570  -3.621 
65 3027.891 15.27 30.20 16.20 0.3590 -22.350 
66 3091.683 16.00 30.60 17.19 0.3620 -38.119 
67 3158.023 16.99 31.00 18.35 0.3630 -49.359 
68 3237.470 18.25 31.20 30.00 0.3650 -55.044 
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Table 2. The parameters calculated with MWS-code.  

 Parameter Units The calculation details 
1 The resonance frequency, 0f  MHz (in GHz) directly by MWS  

2 Q-factor, 0Q  - directly by MWS using  
“Loss and Q calculation” 

3 
The power due to  

surface losses, peak
lossW  kW (in W) directly by MWS using  

“Loss and Q calculation”  

4 
The RF power dissipation  

(RMS-value), rms
RFP  kW 

a) 00
rms

RF 2 QWfP ⋅= π ,  
where W  is the total energy (1 Joule); 

b) 2peak
loss

rms
RF WP =  

5 
The gap voltage along the cell axis, 

( )∫ ⋅=
cell

0g ,0,0
L

z dzzEV  kV 

(in V) directly by MWS using the 
template based post - processing  

“OD Results =>  
OD value from 3D field on curve: 

Integral of z-component” 

6 

“The vertical gap voltage” (The 
integral of the y-component of the E-

field along the cell axis), 
( )∫ ⋅=

cell

0y ,0,0
L

y dzzEV  

kV 

(in V) directly by MWS using the 
template based post- processing  

“OD Results => OD value from 3D 
field on curve: Integral of y-

component” 

7 Ratio gVVy  % Calculation using results of  
lines 5 and 6. 

8 
Radio-technical  

shunt impedance, shR  kΩ 
Calculations with formula 

rms
RF

2
gsh 2PVR =  using results of  

lines 4 and 5. 

9 

”E-Maximum-2D [V/m]”, MWS,2D
maxE  

”H-Maximum-2D [kA/m]”, MWS,2D
maxH

” I-Maximum-3D [kA/m]”, MWS,3D
maxI  

V/m; 
kA/m; 
kA/m 

The values shown by MWS  
on the field pictures 

10 
Ratio between surface and the gap 

voltage, ggsgs VlEEE ≡  - 
Calculations with formulae 

gg
MWS,2D
max VlE ⋅   

using the above values at line 5 and 9  
11 “MeshCells” – number  MWS mesh generator 
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Table 3. The basic geometrical parameters of the IH-cavities 

 Parameter, mm  “6-gap 
L22” 

“21-gap 
L22” 

“6-gap 
L44” 

“21-gap 
L44” 

“6-gap 
L66” 

The cell length cellL  22 22 44 44 66 
IH-tank:  

Length, Radius tankL , tankR  168, 180  498,150 296,180 956,  
(170-190) 396,180 

        
Rectangular 

Ridges       

Total sizes: LxHxW RRR ,, WLH   130x128x
40 

130x458x
40 

130x256x
40 

150x916x 
40 

130x356x
40 

Distance from  
the ridge top to  

the tank axis 
Ra  50 50 50 50 50 

Distance to the 
tank bottoms Rl  20 20 20 20 20 

       
Internal drift-

tubes:       

The length  DTL  12 12 24 24 36 

The outer radius DTr  14 14 14 14 15 

The aperture radius DTa  7 7 7 14 7 
The chamfer radii: 

internal/ outer outint  / rr  2/4.5 2/4.5 2/4.5 2/4.5 2/5.5 

The gap length gL  10 10 20 20 30 
       

Flange drift-
tubes:       

The length  DTflange,l  24 24 28 28 18 
       

Cylindrical Stem:       
The radius - - 4.5 4.5 4.5 4.5 

Conical Stem:       
The radii: at 
top/bottom 3/10 3/10 - -  - 
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Table 4. The calculated parameters of IH-cavities versus the ridge angle Rα . 

Parameter “6-gap-L22” ( cellL =22mm) “21-gap L22” ( cellL =22mm) 

Angle, Rα , deg 0 10 20 30 40 0 10 20 30 40 

0f , MHz 269 287 300 312 322 189  195 200 206 211 
Solver time 

(one iteration), min. 100 95 100 101 90 62 52 45 49 51 

Mesh-Cells, millions 0.9 1.0 1.0 1.0 1.1 0.9 0.86 0.9 0.9 0.9 

0Q  6015 6213 6372 6504 6614 9013 9272 9501 9730 9933 
peak

lossW , kW 561 580 592 603 612 264 264 265 265 267 
rms

RFP , kW 281 290 296 301 306 132 132 132 133 134 

shR , kΩ 442 446 450 453 454 315 322 328 331 333 

gV , kV 498 508 516 522 527 288  292 294 296 298 

yV , kV 10.1 10.3 10.4 10.5 10.5 5.3 5.4 5.4 5.5 5.5 

gVVy ,% 2.0 2.0 2.0 2.0 2.0 1.8 1.8 1.8 1.9 1.9 
MWS,2D
maxE , V/m 1.06 

E8 
1.08 
E8 

1.11 
E8 

1.12 
E8 

1.13 
E8 

5.6 
E7 

5.7 
E7 

5.7 
E7 

5.8 
E7 

5.8 
E7 

MWS,2D
maxH , kA/m 236 255 271 283 295 50.1 51.6 52.7 53.8 54.7 

g
MWS,2D
max EE  2.13 2.15 2.15 2.14 2.14 1.94 1.95 1.94 1.96 1.95 

 

Table 4. (continued) 

Parameter “6-gap L44” ( cellL =44mm) “6-gap L66” ( cellL =66mm) 

Angle, Rα , deg 0 10 20 30 40 0 10 20 30 40 

0f , MHz 268 281 291 301 309 258 269 278 286 294 
Solver time 

(one iteration), min. 130 183 141 160 160 210 230 210 220 230 

Mesh-Cells, millions 1.4 1.5 1.5 1.5 1.6 1.8 1.9 1.9 2.0 2.1 

0Q  8649 8893 9243 9576 9878 8927 9112 9375 9621 9827 
peak

lossW , kW 389 397 396 395 393 363 371 372 374 376 
rms

RFP , kW 195 199 198 197 197 182 185 186 187 188 

shR , kΩ 922 944 975 1000 1019 905 924 946 962 969 

gV , kV 599 612 622 628 633 573 566 594 600 604 

yV , kV 35.4 36.0 36.6 37.0 37.3 62.5 63.7 64.6 65.2 65.7 

gVVy ,% 5.9 5.9 5.9 5.9 5.9 10.9 10.9 10.9 10.9 10.9 
MWS,2D
maxE , V/m 8.7 

E7 
8.9 
E7 

9.0 
E7 

9.1 
E7 

9.2 
E7 

7.1 
E7 

7.2 
E7 

7.3 
E7 

7.4 
E7 

7.5 
E7 

MWS,2D
maxH , kA/m 83.7 89.4 93.7 97.1 100 77.3 82.1 85.5 88.4 90.8 

g
MWS,2D
max EE  2.9 2.9 2.9 2.9 2.9 3.7 3.8 3.7 3.7 3.7 
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Table 5.  

The calculated parameters of three 21-gap cellL =44 mm IH-cavities having different tank radii 

(170 mm, 180mm, and 190 mm) versus the ridge angle. 

 

Parameter The tank radius tankR  = 170 mm 

Angle, Rα , deg 0 5 10 15 20 25 30 35 40 

0f , MHz 200 203 206 209 211 214 218 221 224 

Solver time 
(one iteration), min. 60  120 85 108 92 108 84 114 94 

Mesh-Cells, millions 0.9 1.3 1.0 1.3 1.1 1.3 1.1 1.3 1.2 

0Q  13081 13195 13333 12980 12899 13109 13266 13266 13343

peak
lossW , kW 192 193 194 201 205 205 206 206 208 

rms
RFP , kW 96 96 97 101 103 103 103 103 104 

shR , kΩ 648 651 655 627 608 602 603 603 599 

gV , kV 352.7 354.4 356.2 355.6 353.6 351.2 352.6 353.0 359.0

yV , kV 20.5 20.6 20.9 21.0 21.0 21.0 21.2 21.3 21.5 

gVVy , % 0.058 0.058 0.059 0.059 0.059 0.060 0.060 0.060 0.060

MWS,2D
maxE , V/m 4.21 

E7 
4.22
E7 

4.25
E7 

4.26
E7 

4.25
E7 

4.24
E7 

4.27 
E7 

4.27 
E7 

4.26
E7 

MWS,2D
maxH , kA/m 24.7 25.1 25.4 25.7 25.9 26.1 26.3 26.6 26.1 

MWS,3D
maxs,I , kA/m 38.6 38.2 37.8 37.6 37.4 37.3 37.1 37.2 33.0 

g
MWS,2D
max EE  2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 
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Table 5. (continued) 

Parameter The tank radius tankR   = 180 mm 

Angle, Rα , deg 0 5 10 15 20 25 30 35 40 

0f , MHz 190 193 195 198 201 204 207 211 214 

Solver time 
(one iteration), min. 80 53 107 153 117 128 120 130 9h 

Mesh-Cells, millions 1.1 1.4 1.1 1.3 1.3 1.4 1.2 1.4 1.4 

0Q  13145 13271 13436 13070 13007 13198 13406 13530  13980

peak
lossW , kW 181 182 183 190 194 194 194 196 192 

rms
RFP , kW 91 91 91 95 97 97 97 98 96 

shR , kΩ 668 672 677 648 630 621 625 623 656 

gV , kV 347.9 349.7 351.8 351.2 349.5 347.0 348.3 349.1 354.9 

yV , kV 20.2 20.4 20. 8 20.8 20.9 20.8  21.1 21.4 21.4 

gVVy , % 0.058 0.058 0.059 0.059 0.060 0.060 0.061 0.061  0.060

MWS,2D
maxE , V/m 4.15 

E7 
4.17
E7 

4.20
E7 

4.21 
E7 

4.21
E7 

4.20 
E7 

4.23 
E7 

4.26 
E7 

4.22 
E7 

MWS,2D
maxH , kA/m 23.8 24.1 24.4 24.6 24.9 25.1 25.3 25.5 25.1 

MWS,3D
maxs,I , kA/m 36.1 35.8 35.5 35.3 35.2 35.1 35.0 35.0 31.5 

g
MWS,2D
max EE  2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 
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Table 5. (continued) 

 

Parameter The tank radius tankR  = 190 mm 

Angle, Rα , deg 0 5 10 15 20 25 30 35 40 

0f , MHz 180 183 186 189 192 194 198 201 204 

Solver time 
(one iteration), min. 110 97 120 115 124 123 116 126 141 

Mesh-Cells, millions 1.2 1.2 1.3 1.4 1.4 1.4 1.4 1.4 1.5 

0Q  1314413271 13456 13073 12975 13241 13483 13621 14130 

peak
lossW , kW 172 173 174 182 186 185 185 186 182 

rms
RFP , kW 86 87 87 91 93 92 92 93 91 

shR , kΩ 684 688 696 664 633 638 643 642 677 

gV , kV 343.4 345.2 347.9 347.2 342.9 343.2 344.4 345.2 350.8 

yV , kV 20.1 20.3 20.6 20.7 /20.7 20.7 21.0 21.3 21.3 

gVVy ,% 0.059 0.059 0.059 0.059 0.060 0.060 0.060 0.062 0.06 

MWS,2D
maxE , V/m  4.11 

E7 
4.12
E7 

4.16
E7 

4.17
E7 

4.16
E7 

4.20 
E7 

4.19 
E7 

4.22 
E7 

4.18 
E7 

MWS,2D
maxH , kA/m 23.0 23.4 23.7 23.9 24.1 24.3 24.4 24.6 24.2 

MWS,3D
maxs,I , kA/m 34.0 33.7 33.4 33.3 33.1 33.2 33.1 33.1 30.4 

g
MWS,2D
max EE  2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 
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Table 6. The calculated parameters of the 6-gap and 21-gap IH-cavities having the same cell 

length cellL =22 mm and different sizes of conical and triangular stems. 

Parameter “6-gap-L22” ( cellL =22mm) “21-gap L22” ( cellL =22mm) 

Stem type & sizes 

conical 
stem 

d1=3.0, 
d2=20 

triangular stem  
(thickness 10mm) 

hhor=40mm, hvert=40mm, 

svert=3.0mm, shor=5mm 

conical 
stem 

d1=3.0, 
d2=20 

triangular stem 
(thickness 10mm) 

hhor=40mm, hvert=40mm,  

svert=3.0mm, shor=5mm 

Distance, sξ , mm - 0 5 10 15 0 0 5 10 15 

0f , MHz 269 265 268 268 268 189 189 191 192 191 

Solver time 
(one iteration), min. 100 134 143 146 134 62 192 180 130 190 

Mesh-Cells, millions 0.9 1.2 1.4 1.3 1.1 0.9 1.3 1.2 1.6 1.3 

0Q  6015 5935 6046 6043 6074 9013 7964 8839 9076 8734 

peak
lossW , kW 561 562 558 558 554 264 299 271 165 275 

rms
RFP , kW 281 281 279 279 277 132 149 136 133 137 

shR , kΩ 442 461 477 460 451 315 312 329 350 315 

gV , kV 498 509 516 506 500 288 305 299 305 294 

yV , kV 10.1 7.2 9.2 9.8 11.0 5.3 5.1 5.8 7.2 7.3 

gVVy , % 2.0 1.4 1.8 1.9 2.2 1.8 1.7 1.9 2.4 2.5 

MWS,2D
maxE , V/m 1.06 

E8 
1.1 
E8 

1.1 
E8 

1.1 
E8 

1.1 
E8 

5.6 
E7 

6.2 
E7 

5.9 
E7 

6.5 
E7 

6.0 
E7 

MWS,2D
maxH , kA/m 236 68 65 68 70 50.1 32.8 33.3 33.5 40.8 

g
MWS,2D
max EE  2.1 2.2 2.1 2.2 2.2 1.9 2.0 2.0 2.1 2.0 

MWS,3D
maxs,I , kA/m 278 148 139 151 132 62 66 66 70 69 
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Table 7. The parameters of the 6-gap cavity with cell length cellL =44 mm at different sizes of 

the cylindrical and triangular stems. 
 

Parameter “6-gap L44” ( cellL =44mm) 

Stem type & sizes cylndrical 
stem 

dc=9.0 

triangular stem  
(thickness 10mm) 

hhor=40mm, hvert=40mm, 

svert=9.0mm, shor=5mm 

triangular stem  
(thickness 10mm) 

hhor=80mm, hvert =40mm, 

svert=9mm, shor=5mm 

Distance, sξ , mm - 0 5 10 15 0 10 20 

0f , MHz 268 269 270 271 271 269 270 270 

Solver time 
(one iteration), min. 

130 106 144 180 102 103 161 140 

Mesh-Cells, millions 1.4 1.5 1.7 1.8 1.5 1.4 1.7 1.7 

0Q  8649 8116 8328 8341 8338 7515 8206 6867 

peak
lossW , kW 389 416 408 408 409 449 414 495 

rms
RFP , kW 195 208 204 204 204 225 207 247 

shR , kΩ 922 853 855 837 826 781 803 648 

gV , kV 599 596 590 584 581 592 577 566 

yV , kV 35 37 38 39 43 37 40 47 

gVVy , % 5.9 6.1 6.4 6.7 6.7 6.2 7.0 8.3 

MWS,2D
maxE , V/m 8.7 

E7 
6.9 
E7 

6.9 
E7 

6.7 
E7 

6.3 
E7 

6.9 
E7 

6.9 
E7 

8.0 
E7 

MWS,2D
maxH , kA/m 83.7 60.7 59.5 57.1 61.1 62.1 58.7 69.1 

g
MWS,2D
max EE  2.9 2.3 2.3 2.3 2.5 2.3 2.4 2.8 

MWS,3D
maxs,I , kA/m 85 76 111 92 89 82 100 95 
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a) 

 
b) 

Fig. 1. The accelerator complex for compact medical facility:  

the general view (a) and the injector linac (b). 
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a) 

 
b) 

Fig. 2. The voltage re-calculation procedure: 

a) the voltages DT
gu  and 0

gu , and the factor UΨ  as functions of the cell number; 

b) the restored voltage DT
gU  and 0

gU , and the factor UΨ  versus the cell number. 
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a) 

 

 

 
b) 

Fig. 3. The longitudinal phase space: 

a) The longitudinal acceptance of the IH-APF linac calculated for axial particles;  

b) The longitudinal emittance of the injected particles.  
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a) 

 
b) 

 
c) 

Fig. 4. The results of the beam dynamics simulations: 

a) The beam transmission beamT  as function of the emittance parameter xε ; 

b) The longitudinal beam emittance at the exit ( xε =8.0 mrad  mm× ); 

c) The transverse beam emittance at the exit ( xε =8.0 mrad  mm× ). 
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a) 

 
b) 

Fig. 5. The schematic drawing of an IH-cavity (a) and  

the 21-gap IH-cavity with trapezoidal ridge (b) 
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a) 

 
b) 

Fig. 6. The calculated values of 0Q , frequency 0f , and shR  versus  

the ridge angle Rα  for IH-cavities with cellL =22 mm:  

a) The 6-gap cavity with the tank radius tankR =180 mm; 

b) The 21-gap cavity with the tank radius tankR =150 mm; 
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a) 

 
b) 

Fig. 7. The calculated values of 0Q , frequency 0f , and shR  versus  

the ridge angle Rα  for IH-cavities with the tank radius tankR =180 mm:  

a) The 6-gap cavity with the cell length cellL =44 mm; 

b) The 6-gap cavity with the cell length cellL =66 mm. 
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a) 

 

 
b) 

Fig. 8. The IH- cavity with decreasing along the structure ridge angle Rα :  

the schematic view (a) and the electrical field distribution along the structure (b). 
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Fig. 9. The conical (a), cylindrical (b) and trianlgular stems (c-d). 

 
Fig. 10. The RF current distributions in IH-cavities with the cylindrical and conical stems. 
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a) 

 
b) 

Figure 11. The beam transmission versus the parameter xε   

for the relative tolerances of the gap voltages % 3±=Uδ  (a) and % 5±=Uδ  (b). 
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a) 

 
b) 

 
c) 

Figure 12. The randomization procedure for the drift-tube geometry. 
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a) 

 
b) 

Figure 13. The beam transmission versus the parameter xε   

for the longitudinal DT tolerances m 200 µ±=∆ z  (a) and m 300 µ±=∆ z  (b). 
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a) 

 
b) 

Figure 14. The beam transmission versus the parameter xε   
for the transversal DT tolerances m 100 µ±=∆r  (a) and m 200 µ±=∆r  (b). 
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a) 

 
b) 

Figure 15. The beam transmission versus the parameter xε :  

a) for the tolerance set % 3±=Uδ , m 200 µ±=∆ z , and m 100 µ±=∆r ; 

b) for the tolerance set % 5±=Uδ , m 300 µ±=∆ z , and m 200 µ±=∆r ;. 
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Fig. 16. The total length and the required RF power versus the energy of accelerated 

ions for the constant voltage RFQ and gradient-voltage RFQ. 

 

 

 

 

 
Fig. 17. The general view of the accelerator complex with the gradient-voltage RFQ. 
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