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An S-band cavity BPM is designed for a new injector in National Synchrotron Radiation Laboratory. A re-entrant position 
cavity is tuned to the TM110 mode as position cavity. Cut-through waveguides are used as pickups to suppress the monopole 
signal. Theoretical resolution of this design is 31 nm. A prototype cavity BPM system is manufactured for off-line cold tests. 
The wire scanning method is used to calibrate the BPM and estimate the performance of the on-line BPM system. A cross-talk 
problem has been detected during the cold test. Racetrack cavity BPM design can be used to suppress the cross-talk. With the 
nonlinear effect being ignored, transform matrix can be used to correct cross-talk. Analysis of cold test results shows that the 
position resolution of prototype BPM is better than 3 m. 

cavity BPM, re-entrant, cut-through waveguide, cold test, wire scanning, resolution, cross-talk  
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1  Introduction 

The high brightness injector of Hefei Light Source (HLS) is 
designed for the development of new techniques of linac- 
based free electron laser (FEL), which could be the most 
probable scheme of the fourth generation light source. The 
fourth generation light sources require high quality electron 
[1] and also high precision control of the beam position. In 
recent years, cavity BPM is developed as a novel method 
that promises very high position resolution of beam [2]. 
Position resolution of the beam position monitor (BPM) for 
the 4–5 MeV photocathode RF gun of the new injector 
should be better than 10 m. For a substantial improvement 
in the position resolution of BPM system, HLS decided to 
use cavity BPM, which promises much higher position 
resolution than the stripline BPM used at HLS before [3]. 

Pick-up station of a cavity BPM system is usually a cy-
lindrical cavity mounted to beam-pipe. In general, the signal 
detected from the TM110 mode has a linear dependence on  

the absolute value of bunch displacement [4–7]. A reference 
cavity tuned to the TM010 mode is needed for reading the 
sign of bunch displacement. In our design, a re-entrant posi-
tion cavity, instead of an ordinary pill-box cavity, is used to 
reduce the system size and the Q factor as well. The ideal 
position resolution could be 7 nm. With a noise factor of 10 
from the electronics, the theoretical resolution is 31 nm. 

The wire scanning method is often used to calibrate BPM 
systems. Prototype of the s-band cavity BPM is manufac-
tured and a cold test is then performed. Results from the 
cold test of prototype are analyzed to estimate the perform-
ance of cavity BPM. The position resolution of cavity BPM 
system on-line can be better than 3 m. 

A Cross-talk problem caused by unpredictable distortions 
[8] is observed. Racetrack cavity BPM design is a way to 
suppress the cross-talk [9]. When nonlinear effect is negli-
gible, the transform matrix can be used to distinguish posi-
tion signal from cross-talk noise. 

2  Re-entrant cavity BPM 

A re-entrant cavity is used as position cavity in the pick-up 



 Luo Q, et al.   Sci China Phys Mech Astron   December (2011)  Vol. 54  Suppl. 2 s293 

station. Re-entrant cavity has much smaller size and much 
lower Q factor than a pill-box cavity with the same resonant 
frequency of TM110 mode. Size of the system can be con-
trolled and a proper waveguide be chosen easily. Re-entrant 
cavity can still supply large position signal though abeam 
loses less energy in the re-entrant cavity. 

Figure 1 shows parameters of the design. The thickness 
of metal walls is irrelevant with the performance of the 
BPM system so only the vacuum part of pick-up station is 
shown. Coaxial feed-through used in the design is the SMA 
type feed through NL-108-546, produced by Hitachi Hara-
machi Electronics Co., Ltd. 

The position resolution is the minimum displacement for 
the electronics to get a signal voltage higher than thermal 
noise. If the electronics is ideal (noise factor NF =1 and all 
the energy loss in TM110 mode is coupled out to the elec-
tronics [10], there will be  
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where kloss, nml is the loss factor of TM110 mode normalized 
by bunch displacement and  is the coupling factor (the 
ratio between no load Q and external Q).  

In a computer simulation, Q0 is 3913.8, Qe is 298.1 and 
kloss, normalized=1.14 ×1014  m2 s1. The electronics get about 
52% of the total energy loss in TM110 mode. Assume that 
NF of electronics is 10 and then the theoretical resolution 
can be gotten from eq. (1): 
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When the bunch charge is 1 nC, the ideal resolution is 7 
nm and the theoretical resolution is 31 nm. The external Q 
of monopole mode obtained from the simulation is 2.6×1013, 
so the monopole mode is successfully suppressed. 

 

Figure 1  Structure of the vacuum part of BPM. The parameters (in mm) 
are: Rin, 44.000; Rout, 47.900; L1, 30.304; L2, 10.000; a, 70.000; b, 10.000; 
Lwg, 65.000; Zcoax, 55.060; and Rcoax, 55.050. 

3  Cold test and analysis 

A prototype cavity made of duralumin is manufactured for 
cold tests. Here duralumin is used because it works easily 
and is cheap and light. 

Two cold test methods are used to study the prototype 
cavity and estimate the performance of the on-line BPM 
system. A network analyzer is used to get the transmission 
characteristic of prototype cavity. For an estimation of the 
position resolution, displaced analogue signal at the reso-
nant frequency of TM110 mode is input to the prototype cav-
ity to simulate displaced beam and oscilloscope is used to 
get the amplitude of response signal coupled out from the 
probes. Figure 2 shows the definitions of ports used in the 
cold test and Figure 3 shows a sketch of wire scanning cali-
bration platform. 

Figure 4 shows the transmission characteristic curve 
from port 3 to port 4. Two peaks of dipole modes under 25 
dB can be found, so there is x-y coupling about 5%–10%, 
which means there are distortions. 

The curves shown in Figures 5 and 6 describe how the 
signal amplitude responds to displacement of the metal wire. 
The oscilloscope is set to the average mode so as to reduce 
the error. The amplitude of excitation signal is 1.5 V while 
the frequency is the same as the resonant frequency of 
TM110 mode. 

 

Figure 2  (Color online) Definition of ports used in the cold test.  

 

Figure 3  (Color online) Sketch of the calibration platform.  



s294 Luo Q, et al.   Sci China Phys Mech Astron   December (2011)  Vol. 54  Suppl. 2 

 

Figure 4  The x-y transmission curve. 

 

Figure 5  (Color online) Amplitude vs. x displacement. 

 

Figure 6  (Color online) Amplitude vs. y displacement.  

The least square method was used in analyzing the re-
sults of experiments. Amplitude sensitivity in the x direction 
is 40.1 mV/mm，while in the y direction it is 41.5 mV/mm.  

The off-line test resolutions in different directions are 
shown below:
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Amplitude sensitivity on-line can be treated in the same 
way as the theoretical value [11]:  
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Sensitivity on-line is 382.9 mV/mm in the x direction and 
381.9 mV/mm in the y direction, larger than it is off-line, 
generally because the excitation is much stronger. The real 
resolution can be estimated as below: 

0.018 40.1 / 382.9 mm 1.9 m,

0.019 41.5 / 381.9 mm 2.1 m.
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In fact the real resolution may be better because the pre-
cision of oscilloscope is not very high. The maximal meas-
urement error is 1 mV. In order to get results with greater 
precision, an s-band RF signal receiver is needed. 

4  Cross-talk correction 

The cross-talk is mostly contributed by the linear coupling 
between pick-ups. This type of coupling can be described 

by a matrix 11 12
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tion of energy, the matrix satisfies: 
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In this case the coupling matrix can be solved from a 
system of binary equations formed by the measurement re-
sults. So the cross-talk problem can be corrected under the 
assumption that there is no non-linear coupling. 

Mechanic errors and distortions result in cross-talk prob-
lems. If an asymmetrical structure such as a racetrack cavity 
BPM is used, linear coupling from distortions can be sup-
pressed [9]. Figure 7 shows a racetrack cavity. 

 

Figure 7  (Color online) Sketch of the racetrack cavity BPM.  
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5  Conclusions 

Re-entrant cavity BPM is a good solution for high precision 
control of beam position and it can reach a high resolution 
better than 3 m. With high precision RF signal processing 
system the performance of cavity BPM system can be still 
improved. Cross-talk from distortions could be a problem to 
cavity BPMs. Transform matrix is a way to correct 
cross-talk when the nonlinear effect is negligible. 
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