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Abstract  An S-band cavity BPM is designed for a new injector for HLS (Hefei Light Source). It consists of two 

cavities that work on 2448 MHz: a re-entrant position cavity tuned to TM110 mode and a reference cavity tuned to 

TM010 mode. Cut-through waveguides are used as pickups to suppress the monopole signal. Simulations with differ-

ent assumption of dimension change are performed to evaluate errors caused by mechanical error and give general to-

lerance. Design of electronics is given. Theoretical resolution of this design is 31 nm. 
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1 Introduction 

The high brightness injector of HLS (Hefei Light 

Source) requests high precision control of the beam 

position and positional resolution of the beam position 

monitor (BPM) for the photocathode RF gun of the 

injector should be better than 10 μm. For a substantial 

improvement in positional resolution of the BPM sys-

tem, NSRL decided to use cavity BPM, which prom-

ises much higher position resolution than other types 

of BPM, such as the stripline BPM used at HLS be-

fore[1,2].The cavity BPM system designed by KEK and 

tested at SLC has achieved a resolution of 25 nm, 

while it may reach 1 nm, theoretically [3]. 

A cavity BPM is a cylindrical cavity as pick-up 

station in the beam-pipe. When an off-centered beam 

passes through the cavity, it excites electromagnetic 

field of a series of eigen modes (such as TM110 mode, 

see Fig. 1). In general, the signal that the electronics 

detected from TM110 mode has a linear dependence 

on absolute value of bunch displacement [2-7]. A refer-

ence cavity tuned to TM010 mode is needed for read-

ing the sign of bunch displacement.  

In our design, a re-entrant position cavity, instead 

of an ordinary pill-box cavity, is used to reduce the 

system size and the Q factor as well. Theoretically, the 

position resolution is 7 nm. With a noise factor of 10 

from the electronics, the final resolution is 31 nm. 

 

 

 

 

 

 

 

 

Fig. 1  Sketch of pick-up station and dipole mode. 

2 Cavity BPM theory 

When a beam bunch passes through a cavity, the en-

ergy loss, Eloss, satisfies:

  

          (1) 

where kloss is loss factor, v is velocity of bunch, q is 

bunch charge, l is cavity length, and r is displacement 

vector. To every eigen mode, En is electric filed inten-

sity, n is pulsatance, Wn is the energy stored in the 

eigenmode, and n shows the order of the eigenmode. 
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En and Wn depend only on the cavity shape. For 

TM110 mode, 

     (2) 

where a11 is the first root of first order Bessel function, 

r is bunch displacement and R is cavity radius. For a 

relativistic beam bunch, (a11r/R) is very small[4], then 

                  (3) 

In the cavity TM110 mode, the bunch energy loss 

is proportional to the square of bunch displacement. 

For a given BPM system, the power is proportional to 

the energy loss and the voltage detected by the BPM is 

proportional to the square root of the power. In general, 

it is agreed that the signal voltage detected in the 

TM110 mode is proportional to the bunch charge and 

displacement[4,5]. The signal voltage we get can be 

expressed as: 

 

(4) 

where ω110 is the resonant frequency of TM110 mode. 

The first term is useful output that we really need. The 

second term is common-mode leakage, the third term 

shows the effect of beam angle θ (both have 90° phase 

separation from beam intensity), and the last term usu-

ally is thermal noise.   

A reference cavity tuned to TM010 mode is used 

to read the bunch displacement. It also helps to nor-

malize the signal by the charge q.  

The position resolution is the minimum dis-

placement 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 electronics[8]), there will be  

   (5) 

where, kloss, normalized is loss factor of TM110 mode, 

normalized by bunch displacement, Z0 is characteristic 

impedance of electronics, QL is loaded Q, β is the cou-

pling factor (the ratio between no load Q and external 

Q), and ΔF is bandwidth of the electronics. 

F = f0/QL, where f0 is center frequency of elec-

tronics. If f0 equals to f110, the ideal resolution is given 

by:  

 

(6) 

2.1 Coupling method selection 

As the bunch displacement is very small, the 

TM010 signal is many orders of magnitude larger than 

the TM110 signal. To avoid the adverse impact on res-

olution from the TM010 mode, leakage waveguides 

are used as coupling method. In the area of coupling 

slots in Fig. 2, normal direction of waveguide surface 

is the same as direction of TM010 mode magnetic 

field, hence no surface conduction current on wave-

guide surface for TM010 mode. So monopole mode 

cannot be coupled to the waveguides. In addition, a 

waveguide cut off frequency between TM010 and 

TM110 mode resonance frequency of our cavity will 

help to suppress the TM010 mode signal. 

 

 

 

 

 

 

 

 

Fig. 2  Sketch of dipole mode and monopole mode. 

 

  Feed-throughs are used to pick up signals from wa-

veguides. If feed-throughs does not match the wave-

guides, they would lead to resonance mode of wave-

guides that have a frequency close to dipole mode. 

There are two different ways to distinguish TM110 

mode from other modes. One is to use feed-throughs 

matching the waveguides to eliminate waveguide 

modes and obtain a clear spectrum, which demands 

higher accuracy. The other is to move the frequency of 

waveguide modes far away from the frequency of 

TM110 mode, which is easier to achieve. Waveguides 

cutting through the beam pipe are used to reduce the 

frequency of waveguide mode in our design (Fig. 3).  
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Fig. 3  Cut-through waveguide and re-entrant cavity. 

2.2 Re-entrant cavity 

A re-entrant cavity is used as position cavity in this 

design. It has much smaller size and much lower Q 

factor than a pill-box cavity (Table 1). Obviously, a 

beam lose less energy in the re-entrant cavity, size of 

the system can be controlled and proper waveguide be 

chosen easily. 

Table 1  Comparison between re-entrant cavity and ordinary 
pill-box cavity 

Cavities 
Radius 
/ mm 

Q010 Q110 
f010  

/ MHz
f110  

/ MHz

Re-entrant 47.9 2575.8 3110.4 1714.4 2302.3

Pill-box 75.6 5248.2 6515.4 1588.2 2302.3

3 Structure design 

3.1 External Q study 

External Q is an inherent parameter of the whole 

pick-up station. For pick-up station with given struc-

ture (fixed Q0 and total energy loss) and electronics 

with given bandwidth, signal voltage detected by elec-

tronics will be very low whether Qe is too large or too 

small. So there is at least a certain external Q value 

that enables the electronics to get the maximum signal 

voltage.  

The signal voltage decays in the electronics as 
110

1102
0e eL

t
j tQV V






                        (7) 

where V0 is the starting voltage. The energy spectral 

density will be  

       (8) 

Then, 

                (9) 

We also have  

  (10) 

where Eoutput is energy coupled out and Eloss is total 

energy loss defined before. Eloss is a constant when 

displacement and charge are fixed. When center fre-

quency of the electronics fe is the same as the resonant 

frequency f110, the energy that the electronics gets will 

be: 

    (11)  

The ratio between energy in electronics and total 

energy loss is 

  (12) 

Fig. 4 shows dependence of the ratio to loaded Q 

at the bandwidth = 10 MHz, f110 = 2448 MHz, and Q0 

is about 3920. Set the differential coefficient of energy 

function equal to zero, solve this equation, a root of 

747.8 can be found. It was decided to use an external 

Q of 300 and loaded Q would be around 280. Q0 is 

much larger than Qe, so QL is mainly decided by Qe. 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Ratio between effective energy loss and total energy 
loss vs. loaded Q. 

 

If f110 is different from center frequency of electronics 

fe, the ratio function will be:  
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                      (13) 

Fig. 5 shows that the energy coupled to electron-

ics changes with the resonance frequency. It can be 

seen that when f110 displacement is in a range of 1MHz, 

its effect is negligible. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Ratio between effective energy loss and total energy 
loss vs. f0. 

3.2 Omega3p simulation 

Omega3p is a series of tools developed by Ad-

vanced Computational Department of SLAC and of-

fers great accuracy. By using this software a design 

accurate to micron can be gotten. Q0 is 3913.8 and Qe 

is 298.1, so QL is 277.0. The electronics get about 52% 

of total energy loss in TM110 mode. Assume that NF 

of electronics is 10 and then the theoretical resolution 

can be gotten from equation (1) 

                                        (14) 

where kloss, normalized = 1.14 ×1014 Ω·m2·s1   

When bunch charge is 1 nC, the theoretical reso-

lution is 7 nm and the final resolution is 31 nm. The 

external Q of monopole mode obtained from a simula-

tion is 2.6×1013, i.e. the monopole mode is success-

fully suppressed. 

Since the whole system is symmetrical, all dipole 

modes can be expressed as a linear combination of two 

orthogonal dipole modes and coupled out by two pairs 

of waveguides (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Two orthogonal dipole modes, simulated by Omega3p. 

 

Fig. 7 shows parameters of the design. The metal walls 

are not shown, because their thickness is changeable. 

Coaxial feed-through used in the design is SMA type 

feed through NL-108-546, produced by Hitachi Hara-

machi Electronics Co., Ltd. 

 

 

 

 

 

 

 

 

 

Fig. 7  Structure of 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. 

4 Error analysis  

Mechanical error can results in resonance frequency 

shifts and external Q changes. As showed in Fig. 5, the 

resonance frequency deviation from center frequency 

of electronics results in signal voltage decrease. A 

huge fall in external Q value of monopole mode re-

sults in larger leakage of monopole signal. So it is ne-

cessary to analyze it and give a machining tolerance.  
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4.1 Frequency and external Q variation of 

TM110 mode caused by mechanical error 

From a simulation (Fig. 8), the resonance frequency of 

TM110 mode has a linear dependence on waveguide 

size (a, b and lwg in Fig. 7) and length of coaxial ex-

tension to the cavity (L1 in Fig. 7). Due to the result in 

Fig. 5, a general tolerance of 0.05 mm has been de-

cided. Fig. 9 shows that the variation of external Q is 

about 1% of the design specification when waveguides 

are under given tolerance. The resulted signal voltage 

decrease is negligible. Actually, variation of external Q 

is always negligible unless the whole pick-up station is 

asymmetrical enough to cut off the dipole mode 

needed. So the frequency variation is more important.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Frequency variations of TM110 mode with the wave-
guide size (a), and the cavity shape (b) and thickness (c). 

 

 

 

 

 

 

 

 

 

Fig. 9  External Q variations of TM110 mode with waveguide 
size. 

As mentioned before, TM110 signal is propor-

tionate to bunch displacement while the TM010 mode 

signal is invariable. Since the bunch displacement is 

very small, the TM010 signal is many orders of mag-

nitude larger than the TM110 signal; therefore the 

measurement error is mainly caused by monopole lea-

kage in addition to electronics noise.  

    In this design, two pairs of waveguides are used 

to couple two orthogonal dipole modes since the 

whole system is considered as symmetrical. If me-

chanical error induces asymmetry, there will be X-Y 

coupling, which means an X-orientation displacement 

may result in a Y-orientation reading. 

    Monopole leakage and X-Y coupling are mainly 

caused by mechanical misalignment and deformation. 

The deformation of whole system which could result 

in monopole leakage is unpredictable and cannot be 

quantitative analyzed, so only waveguide misalign-

ment is analyzed here. Fig. 10 shows two kinds of 

waveguide installing misalignment.  

 

 

 

 

 

 

 

Fig. 10  Waveguide misalignment. 

4.2 Monopole leakage caused by mechanical 

error 

  As showed in Fig. 2, the monopole leakage will not 

change when the waveguide rotates since the electro-

magnetic field of monopole mode is circular symmet-
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rical. Therefore, only waveguide translation results in 

larger leakage. 

  Assuming a 1 mm waveguide translation, from a 

simulation by Omega3p, the external Q of monopole 

mode is 5.87×105, many orders of magnitude less than 

2.6×1013. By similar deduction as before,  

                       (15) 

   (16) 

The energy of TM010 mode detected by the elec-

tronics is then obtained. The offset caused by mono-

pole mode is about 448 nm. This can be eliminated by 

off-line calibration. 

4.3 X-Y coupling caused by mechanical error 

Both rotation and translation can cause X-Y coupling. 

To calibrate the X-Y coupling, the external Q of one 

dipole mode in two different pairs of waveguides is 

compared. For example, without the X-Y coupling, the 

X-polarization dipole mode would couple to the 

Y-orientation waveguides, hence an external Q value 

of many orders of magnitude larger at X-orientation 

waveguides than the external Q at Y-orientation wa-

veguides.  

From simulations performed with three condi-

tions: no translation or rotation, 1 mm waveguide 

translation and 1° rotation, the external Q of 

X-polarization at Y-orientation is around 300 under all 

the three conditions, while the external Q at 

X-orientation is always 105~106 under all conditions.   

So there is about 0.1% X-Y coupling, and the wave-

guide rotation and translation may affect the X-Y cou-

pling, but not very seriously. 

    The X-Y coupling is linear coupling, first-order 

binary equations can be used for off-line calibration. A 

tolerance of 0.05 mm (§4.1) shall guarantee the whole 

system’s good performance. 

5 Electronics design 

Though super heterodyne circuits are generally used in 

signal processing for cavity BPMs,  chip AD8302 

produced by Analog Devices is used to process the 

signals. Being able to give amplitude ratio and phase 

separation of two signals[9], AD8302 can be used to 

process the signals from position cavity and reference 

cavity and read the beam position exactly, with a thus 

simplified circuit―AD8302 processes signals in fre-

quency of < 2.7 GHz and down-converter is not indis-

pensable. The block diagram of electronics is shown in 

Fig. 11. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11  Block diagram of electronics. 
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6 Conclusion 

Since the ideal resolution of this design is 7 nm while 

the theoretical resolution is 31 nm when NF=10, it is 

possible to get an S-band cavity BPM system that has 

a high resolution less than 1μm. This is very useful for 

the new injector. 
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