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Analysis of the impacts of mechanical errors on the

RF performance of a single spoke cavity
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Abstract Mechanical errors can not be avoided in fabrication. They will cause geometry errors and have

impacts on the cavity performance. This paper systematically analyzes the impacts of mechanical errors on

the RF performance of Peking University single spoke cavity. The various kinds of shape and size errors are

considered, the influences on the resonation frequency and field flatness are studied by numerical simulation

and the theoretical models are analyzed. The results show that the single spoke cavity is robust with respect

to the mechanical tolerance. It also indicates the most essential factors for fabrication.
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1 Introduction

A 450 MHz β=0.2 single spoke cavity has been

designed at Peking University. The major radio fre-

quency (RF) parameters of the cavity are Bpk/Eacc=

5.22 mT/(MV/m) and Epk/Eacc=2.65 [1]. Fabrica-

tion is in progress. Since all parts of the cavity are

formed by machining or deep drawing and assembled

by electron beam welding (EBW), mechanical errors

cannot be avoided. These errors in the geometry may

affect the RF performance. In this paper reasons for

producing errors are analyzed, influences on major

RF parameters are studied by a numerical simulation

program, and also theoretical explanations are given

for these impacts of mechanical errors.

2 Mechanical errors

Before studying and simulating obvious mechan-

ical errors which cannot be ignored, one has to an-

alyze them. The shape errors of deep drawing com-

ponents are difficult to control and measure. On the

other hand, the RF surface states and major sizes

of the deep drawing parts are strengthened by dies.

One requires a mechanical tolerance of the dies of un-

der ±0.05 mm and a surface roughness of less than

0.8 µm. Under these conditions it is assumed that

the deep drawing parts have no mechanical errors.

Additional, the spoke bar part will be reshaped by

moulds, which repairs the mechanical errors brought

in by assembling and welding. This determines that

welded components have no size errors. Under these

assumptions there are no shape errors on the end-

walls and the spoke bar in the center of the cavity. All

mechanical errors, including the cavity total length,

the asymmetry of both accelerating gaps, the paral-

lelism of both end-walls, and the shrinkage due to the

EBW, occur at the round edges of the last EBW. This

study focuses on the two welded edges and gives the

mechanical tolerances.

The major RF parameters affected by mechanical

errors are the resonant frequency and the field flat-

ness. If the resonant frequency has a deviation from

the operation frequency, the power source will lose

much RF power in order to drive the cavity to oper-

ate at the maximum accelerating gradient. If the field

flatness has some errors, the accelerating gradient will

be limited by the field enhanced gap, and the cavity

cannot achieve a higher gradient. The influences of

mechanical errors on both aspects are discussed in

detail in this paper.
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3 Field flatness

The field flatness portrays the symmetry of both

gaps between the spoke bar and irises on the end-

walls. The most essential parameter is the length

difference of both accelerating gaps. Its sensitivity

to the field flatness can be studied by a numerical

simulation program.

Based on the geometry of the single spoke cavity

shown in Fig. 1, the simulation sweeps the coordi-

nates of both end-walls to vary the length of each

gap and the asymmetry. Assuming that the mechan-

ical tolerance cannot be larger than 1 mm, the range

of variations of the coordinates of each end-wall is

limited by ±1 mm. It is also assumed that the length

of the left gap is larger than, or equal to that of the

right side. The coaxial line resonator model shows

that the electromagnetic field in the right gap will be

stronger.

∆X = Ll−Lr > 0,

Er/El > 1,

Here, Ll and Lr are the distances from the cavity

center to the left and right end walls; ∆X is the di-

mensional difference between both accelerating gaps;

El and Er are the peak electric fields along the beam

line in the left and right gap, respectively.

Fig. 1. Geometry of single spoke cavity, and

the major mechanical errors in the considered

region.

The electric field distribution on the beam line

axis is obtained from simulation results. Fig. 2 gives

partial results obtained for various conditions. The

values of the peak fields are used in data processing

and the calculation.

Fig. 2. Electric field distributions on the beam

line axis. Lr=92 mm and Ll is swept from 92

mm to 93.5 mm. ——— Ll=92 mm; – · – · –

Ll=92.5 mm; – – – – Ll =93 mm; — — —

Ll= 93.5 mm.

The relationship between ∆X and Er/El is listed

in Table 1, and fitted by a linear expression as follows.

Er/El = 0.0321×∆X+0.9996, (1)

The correlation coefficient is 0.99983.

Table 1. Peak electric field ratios. The values

of Er/El are mean values for different condi-

tions, and normalized to 1 at ∆X=0.

∆X/mm Er/El ∆X/mm Er/El

0 1.000 1.25 1.040

0.25 1.008 1.50 1.048

0.50 1.016 1.75 1.056

0.75 1.024 2.00 1.064

1.00 1.032

The field flatness is usually defined as [2]

flatness = ∆ϕaverage/∆ϕmax, (2)

In the “bead pulling” method to measure the field

profile, ∆ϕ is the phase shift of the microwave in

case that perturbations exist in the accelerating gap.

The amplitude difference in each gap can be expressed

through the frequency shifts [3, 4]. In first order per-

turbation theory [5], Eq. (2) can be written as

flatness = 0.5×
[

(Emin/Emax)
2
+1

]

, (3)

So the field flatness is directly related to (Er/El)
2.

If the spoke cavity is required to limit the field

flatness above 95% after fabrication without flatness
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tuning, ∆X only needs to be less than 1.70 mm. It

means that the asymmetry has little influence on the

field flatness, and the spoke cavity is robust with

respect to the mechanical tolerance. Tuning of the

spoke cavity after fabrication in order to obtain a flat

field profile is not necessary, since typical fabrication

errors will not appreciably affect the f ield profile.

4 Resonant frequency

The resonant frequency of the spoke cavity is

mainly determined by the length of the spoke bar and

the distance from the end-wall to the spoke bar. The

first factor is the inductance in the equivalent circuit,

while the second one is the capacitance. However, all

geometry errors will influence the resonant frequency

based on shape perturbations. Every possible error

brought in by machining or welding should be con-

sidered. The same model as for the front section is

used in the numerical simulation.

First, the total length of the spoke cavity is varied.

A symmetrical cavity is assumed,

Ll = Lr.

The results are listed in Table 2. The referenced fre-

quency is 449.856 MHz for ∆L=0. ∆L is the differ-

ence between the actual and the design value of total

length of the cavity, from the end wall to the other.

Table 2. Frequency shifts under symmetrical

conditions.

∆L/mm ∆f/kHz ∆L/mm ∆f/kHz

−2.0 −1947 0.5 472

−1.5 −1460 1.0 942

−1.0 −981 1.5 1401

−0.5 −481 2.0 1865

0 0

Table 3. Frequency shift under asymmetrical

conditions and a cavity length of 185 mm.

∆X/mm ∆f/kHz

0 0

0.5 −5.7

1.0 −28.3

1.5 −52.0

2.0 −83.2

A linear fit gives the following relationship

∆f = 954×∆L−21. (4)

The correlation coefficient is 0.99983 and the fre-

quency shift is about 95 kHz/0.1 mm.

Secondly, the asymmetry is studied. The total

length of the cavity is assumed to be a constant. Due

to the above results, the total length is controlled be-

tween 184.75 mm and 185.25 mm in the simulation,

while the design dimension is 185 mm. The calcu-

lated frequency shifts are listed in Table 3 and Table

4. The three groups of data are fitted and a mean

value of the frequency shift rate of −4.3 kHz/0.1 mm

is obtained.

Table 4. Frequency shift under asymmetrical

conditions. The cavity length of the second

series is 184.75 mm and that of the third one

is 185.25 mm.

∆X/mm ∆f1/kHz ∆f2/kHz

0.25 −240.2 236.1

0.75 −258.6 226.2

1.25 −274.3 195.5

1.75 −304.7 171.1

Finally, the parallelism is considered. According

to the simulation results, the angle variation between

the spoke bar and the end-walls will cause a frequency

shift of less than 2.5 kHz/0.1◦ and of that between

both end-walls of less than 8 kHz/0.1◦.

The calculation results of the influences on the res-

onant frequency show that the cavity’s total length is

the only key factor to control the resonant frequency

in the fabrication process. The effects of other fac-

tors are not dramatic. The mechanical tolerance of

cavity’s total length should be less than 0.2 mm, in-

cluding machining errors and welding shrinkage.

5 Analysis of results

The analysis with the physics model of the spoke

cavity shows that the field flatness is not sensitive to

the symmetry. The spoke cavity can be simplified by

a coaxial line resonator model, shorted at both ends

with the capacitance in the equivalent circuit in the

middle, while the inductance is placed at both ends of

the inner conductor. The inner and outer conductor

can be considered as counter electrodes in a capaci-

tance, and the surface of each one is an equipotential

plane at any time. The voltage between the inner and

outer conductors around the periphery of the spoke

bar is a constant. The electric field intensity can be

expressed as

E = V/Linner–outer.

Considering the geometry of the spoke cavity and the

field profile of the accelerating field, the formula can

be written as

Eacc = V/Lgap. (5)
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Substituting Eq. (5) into Eq. (3), one obtains

flatness =
1

2

[

(

2Lgap−∆X

2Lgap +∆X

)2

+1

]

. (6)

∆X can also be calculated from Eq. (6). For the

flatness lager than 95%, ∆X must be less than

1.66 mm. It agrees with the numerical simulation

results and proves that the method of analysis is fea-

sible.

For the spoke cavity at Peking University, the

designed Lgap is 31.5 mm, a little larger than 1/3

Liris–iris. But ∆X is of the order of 1 mm or less,

which is much smaller than 2Lgap. It is obvious that

a typical mechanical error ∆X will not affect the field

flatness dramatically. It also gives an inference that if

the geometric β is higher, or the resonant frequency

is lower, the stability of the mechanical tolerance will

be enhanced, because of the larger Lgap.

Resonant frequency shifts can be explained by the

shape perturbations theory. The fractional change of

the resonant frequency is then expressed [5] as

f−f0

f0

=

∫

∆V
(µ |H |

2
−ε |E|

2
)dv

∫

V0

(µ |H |2 +ε |E|2)dv
. (7)

The electromagnetic field in the spoke cavity is as-

sumed unchanged whether there exists a perturba-

tion or not. The perturbation volume (∆V ) is much

smaller than the total cavity volume (V0). So ∆f is

a function of ∆V , and only the interval of integra-

tion in the numerator of the right side varies. Each

condition of mechanical tolerance is considered by

Eq. (7).

Assuming that the cavity total length reduces, it

is equivalent to increasing the perturbation volume

(∆V ). Since the electric field on the surface of the

end-walls is more sensitive than the magnetic field,

the effect of the electric field will play a major role for

the perturbation. Therefore the resonator frequency

will decrease with decreasing total length of the cav-

ity. The approximate calculation with Eq. (7) was

also attempted. The field energy density can be ob-

tained by the numeral simulation software. The inte-

gration of the electric field energy density on the end

wall surface gave 8.77 J/m and that of magnetic field

gave 7.32 J/m, while the cavity storage energy was 1

J. If the cavity total length is 0.1 mm longer than the

design, Eq. (7) gives the result

∆f

f0

=
(7.32−8.77)×(−10−4)

1
= 1.45×10−4.

The frequency shift is about 65 kHz/0.1 mm. This

integration result is of the same order of magnitude

as the pervious simulation result.

Considering the asymmetry of the accelerating

gaps, the perturbation volumes of each side are con-

verse and equal in value. For the whole cavity, the

effects of the perturbation on both sides are counter-

acted, and it is equivalent to no perturbation. On

the other hand, the field will become weaker if the

position is farther off the spoke bar. The effect of the

increasing perturbation volume is a little greater than

that of the decreasing one. So the resonant frequency

will marginally decrease if asymmetry exists.

Parallelism is analyzed in the same way as asym-

metry. The influences of mechanical errors, except

the cavity total length, are insignificant.

6 Conclusion

This paper systematically studies the influences

of mechanical errors on the cavity RF performance.

Only the cavity total length has an obvious effect on

the frequency shift. Other factors can be ignored for

typical fabrication errors. Also the single spoke cav-

ity is robust, even tuning in order to obtain a flat

field profile is not necessary. This study describes

a research and analysis method for mechanical tol-

erances, and an experimental method of monitoring

the quality of products will be developed based on

it. It also gives some directions on the cavity fabrica-

tion, and focuses on the essential factors influencing

mechanical tolerances.

References

1 YAO Z Y, LU X Y, ZHAO K. Chinese Physics C, 2009,

33(04): 292–296

2 Cooper C. Single Iteration Tuning for Multicell RF Cavi-

ties for Cornell ERL. Research Report, Cornell University,

Ithaca, 2003

3 Padamsee H, Knobloch J, Hays T. RF Superconductivity

for Accelerators. New York: John Wiley & Sons, Inc., 1998,

137–140

4 Klein H. Basic Conception I. In: S.Turner ed. Proceeding

of CAS - CERN Accelerator School and Rutherford Ap-

pleton Laboratory: Course on RF Engineering for Particle

Accelerators. Oxford: CERN. 1991, 108–110

5 Pozar D. Microwave Engineering (Third Edition). New

York: John Wiley & Sons, Inc., 2005, 298–303


