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Design and cold test of a rectangular cavity beam position monitor
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Abstract: The CBPM is a kind of monitor which is used for the measurement of beam transverse position. It is

becoming increasingly popular due to its high potential in resolution performance. In theory, the resolution can reach

about 1 nanometer. In this paper, a rectangular CBPM is designed for it has better X-Y isolation than a cylindrical

one. It has been simulated and measured, and the results agree with each other very well. The procedures and results

for the simulation and the cold test will be shown later and it will be proved that this is a reliable method for the

CBPM design.
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1 Introduction

BPMs (beam position monitors) are now widely used
in injectors, storage rings, linacs, linear colliders, and
undulators of FELs to ensure that the electron beam
moves along the right trajectory, and the CBPM offers
another method to measure the beam transverse posi-
tion compared with the stripline BPM. When a bunch
passes through the cavity, the eigenmodes of the elec-
tromagnetic field will be excited by the Wakefield effect.
The mode whose amplitude is proportional to the beam
offset value is coupled through the waveguide and then
coupled out through the feedthrough. Thus the output
signal reflects the offset information and can be treated
as the offset value multiplied by a constant. We now
prefer CBPMs to stripline BPMs because of their high
resolution potential. For a stripline BPM, the signal is
the difference between the voltages of the opposite elec-
trodes, which are caused by the offset beam. Thus if the
beam is near the axis, the difference will be very small
and many significant digits will surely be lost. This will
certainly limit the theoretical resolution, and it can only
reach several microns. But it will no longer be a prob-
lem in CBPMs, for the signals from the opposite ports
are the same, thus we can get higher position resolution
by using a CBPM.

The most commonly used CBPMs now are cylindri-
cal ones, which are easy to design and make. Many
labs have designed cylindrical CBPMs whose resolution

have reached micron and even sub-micron levels [1–8].
However, because of processing limits, for a cylindrical
CBPM, the transverse section will always be an elliptical
one. So when it is used to measure the transverse posi-
tion of one beam, the signal in one direction will probably
contain the beam offset information of both directions,
and this will of course make the resolution lower (Fig. 1).
It will no longer be a problem in a rectangular one, for
the rectangular CBPM has better X-Y isolation and thus
limit theoretical resolution better than a cylindrical one
[9]. The best resolution ever obtained is 8.72 nm by the
rectangular CBPM designed by KEK, which is very close
to the theoretical value [10].

Fig. 1. The eigenmodes in an ellipse cavity.
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In the Tsinghua Thomson scattering X-ray source
[11], it is necessary to set BPMs to monitor the beam
transverse position, and this leads to the design of our
rectangular CBPM. As a prototype CBPM, the resolu-
tion is expected to reach 500 nm first at the bunch charge
of 1 nC.

2 Design and simulation results for the

rectangular CBPM

2.1 Physical design of the CBPM

For the rectangular cavity, the monopole mode is
TM110, whose amplitude is only proportional to the
bunch charge. It will be cut-off by the waveguide and
can be only used in the reference cavity. The dipole
modes are TM210 and TM120, respectively for the hor-
izontal and vertical beam offset. Their amplitude is not
only proportional to the bunch charge, but also related
to the beam offset, and when the offset is small, the am-
plitude can be treated to be proportional to the offset
value. This is the useful signal for the transverse posi-
tion measurement. Furthermore, the X-offset informa-
tion will be detected from the vertical ports, while the
Y offset information detected from the horizontal ports
(Fig. 2).

Fig. 2. The TM110 mode, TM210 mode and
TM120 mode in the rectangular cavity.

Take the X-offset for example, it will excite the
TM210 mode, and this mode will couple into the ver-
tical waveguide with the TE10 mode. So the X-offset
signal will be detected from the vertical ports, and it
is the same for the Y -offset.The target frequencies are
5.6525 GHz and 5.7715 GHz respectively for the hori-
zontal and vertical designs with the structure shown in
Fig. 3.

The size needed in the cavity design is shown in
Fig. 4. The offset passing beam excites eigenmodes in
the cavity, and the frequencies of the eigenmodes are re-
lated to a, b and cl. Some of the exciting modes will come
into the waveguides by coupling, which are usually dis-
tinguished as dipole modes and high order modes. What
we need is just dipole modes, so proper w1 has to be set
to attenuate the high order modes. Besides, some ex-
citing modes will also come into the waveguides because

of the mode-leak effect, where the monopole mode con-
tributes most. So wa and wb need to be set properly to
ensure that the cut-off frequency of the waveguide comes
between the monopole mode frequency and the dipole
mode frequency. To get higher amplitude and higher at-
tenuation length of the output signal voltage, we prefer
lower Qext, which is decided by wrx, wry and wd.

Fig. 3. The structure of the CBPM.

Fig. 4. The sizes of cavity design.

Thus at the exit port of the waveguide, where we
set the feedthrough, there is only the information about
dipole mode and this information will be extracted from
the feedthrough to the post-processing circuit. The pro-
cess from the cavity to the waveguide is often called
first-stage coupling, and the process between the waveg-
uide and the feedthrough called the second-stage process.
So if we want to get the same Qext from the second-
stage coupling compared with the first-stage coupling,
we should optimize az, ap and al to get the reflection as
low as possible.

Furthermore, we should set proper pr to get a bal-
ance between the mode-leak effect and the beam loss.
Larger pr means lower beam loss but also higher mode-
leak effect. The finished size of the design is shown in
Table 1.
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Table 1. The finished size of the design.

symbol value/mm symbol value/mm

a 56.66 wl 60

b 54.654 wd 11.25

cl 15 wry 16

pr 7.5 wrx 17

wa 28.5 ap 16

wb 12.6 al 8.39

2.2 Simulation results for the CBPM

2.2.1 Frequency

With the current a and b, and taking chamfering and
cavity material into consideration, we can get the simula-
tion value of the dipole mode frequencies. The frequency
of the TM210 mode is 5.6666 GHz and the frequency of
the TM120 mode is 5.7846 GHz.

2.2.2 Q-value

As shown in Fig. 5, we can take the CBPM as a loss-
less model.

Fig. 5. Port model of the CBPM.

Because of the good X-Y isolation, we can divide the
model into two two-port network models, which is shown
below.

Fig. 6. Two-port network model.

Thus the QL we get from simulation can be described
as

Q′

L=
ωU0

P0+Pe1+Pe2

, (1)

where Pe1 and Pe2 are the energy coupling out in the
two opposite waveguides and Pe1 ≈ Pe2 = Pe. Thus the
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So the simulation results of the Q-values can be de-
scribed as shown in Table 2.

Table 2. Simulation results of the Q-values.

TM210 TM120

Q0 9707.5 9700.4

Q′

L 1645.7 1464

β∗ 0.71 0.737

Qext 3963.292 3451.291

Where Qext is the single port external quality factor.

2.2.3 X-Y isolation and monopole mode leak simula-
tion

In theory, a rectangular CBPM performs well in X-Y
isolation and monopole mode leak cut-off.

From the simulation results, it is easy to see that the
X-Y isolation is about −50 dB, it means that the neigh-
bouring ports can be ignored if one port is taken into
measurement. Take Fig. 7 for example.The mode excited
from the vertical port only leaks e-5 into the neighbour-
ing port, and this will make little sense to the output
signal from the horizontal port.

It is the same for monopole mode leak cut-off. From
Fig. 8 we can see that the attenuation is <−110 dB and
the monopole leak is so slight that it can be ignored.

2.2.4 Theoretical resolution calculation

When the bunch passes through the cavity, it will
excite different eigenmodes. Let us assume a Gaussian
distribution in beam direction with beam size σz, the
exciting voltage is the integral of the electric field along
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Fig. 7. The simulation results of X-Y isolation.

Fig. 8. The simulation results of monopole mode
leak cut-off.

the bunch trajectory and can be expressed as [12]

Vp0=
qωn

2

√
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z

2c2

)

. (6)

where (R/Q)n is the normalized shunt impedance of the
n th eigenmode, Z is the output impedance and is 50 Ω
in usual.

The normalized shunt impedance R/Q characterizes
the strength of the exchanging energy between the bunch
and the cavity. It depends only on the cavity shape and
size, not on the cavity material or surface condition. R
is the shunt impedance. It represents the accelerating
efficiency of the cavity and is shown as
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where Pwall is the power lost in the cavity because of the
imperfections of the cavity wall. So with the definition
of Q0
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Pwall

, (8)

where U is the energy storage in the cavity. The R/Q
can be written as
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With the definition of Qext,
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ωU

Pout

, (11)

the output signal of the n-th eigenmode can be shown as
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For a rectangular cavity, take TM210 mode for ex-
ample, the normalized shunt impedance can be written
as
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where T=sin(ωL/2c)/(ωL/2c). Considering that the
beam passes the vertical center and has a slight offset
in the horizontal plane, it can be known that

R/Q≈
8LT 2

ωεab

(

2π

a
x

)2

. (14)

So considering the bunch to be short enough, the
TM210 mode output signal voltage amplitude can be
written as

V210=
qω210

2

√

Z

Qext210

8LT 2
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2π

a
x. (15)

It is the same for the TM120 mode and the output
voltage is

V120=
qω120

2

√

Z

Qext120

8LT 2
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2π

b
y. (16)
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In the ideal situation, the definition of the theoretical
resolution is the offset value which makes the output sig-
nal voltage of the beam offset equal to the signal voltage
of the thermal noise. And the equivalent thermal noise
can be expressed as

VN=
√

4kT∆BRNF, (17)

where k is the Boltzman constant, T is the absolute tem-
perature, ∆B is the bandwidth of the head amplifier, R
is the circuit resistance, and NF is the noise figure of the
head amplifier.

Only considering the thermal noise, we can evaluate
the resolution as ∼4.5 nm@1 nC for the horizontal plane
and ∼4.1 nm@1 nC for the vertical plane assuming the
noise figure of 3 dB in the head amplifier. In the prac-
tical setup [2], by including the signal losses of cables,
magic-T , filter, attenuator, mixer and waveform shaping
loss in filters, the total signal loss can be −20 dB.Thus,
the expected resolution becomes as ∼45 nm@1 nC for
the horizontal plane and ∼41 nm@1 nC for the vertical
plane.

3 Cold test results for the CBPM

The cold test model is shown in Fig. 9. Fig. 9(a) is
the assembled model of the CBPM, Fig. 9(b) is the main
cavity, Fig. 9(c) is the front cover and Fig. 9(d) is the
welded model. With this model, we perform the cold test
and get a reasonable result which agrees with the design
target well.

Fig. 9. The CBPM cold test model.

The cavity is first tested with the final size and then
optimized to meet the target frequencies. 0.12 mm and
0.086 mm corrections are made, respectively, for the hor-
izontal and the vertical designs. The main cavity and the
front cover are then welded together and the final cold
test is performed.

3.1 Frequency

The measured frequencies are 5.6618 GHz and
5.7794 GHz, respectively, for TM210 mode and TM120
mode with the final size. Compared with the simulation
results, it is easy to see that the cold test ones are lower.
This is caused by the imperfections brought in the me-
chanical process, such as matching errors, size tolerance,
and so on. Furthermore, as the component is processed
by milling, the surface roughness will certainly bring in
more errors compared with a lathed one. Fortunately,
this will not influence the relation between the change
of the cavity size and the change of the frequency. As
simulated, if we change a by 0.01 mm, the frequency of
the TM210 mode will decrease by about 700 kHz while
the frequency of the TM120 mode will decrease only by
about 200 kHz. This is nearly the same for b. So we can
change a and b to get the proper frequencies at last.

After welding, the measured frequencies are
5.653075 GHz and 5.77195 GHz, respectively, for TM210
mode and TM120 mode. With the target frequencies,
the cold test target frequencies can be written as [13]

fc=fv(1−(n−1)×10−6+(Tv−Tc)×g), (18)

where v means vacuum and c means cold test. Besides,
n is the refractive index and g is the linear expanding
factor of the oxygen-free copper. So the cold test target
frequencies are 5.652905 GHz and 5.771914 GHz, respec-
tively, for TM210 mode and TM120 mode. The cold test
results match the theoretical ones very well.

3.2 Q0

For the position cavity, higher Q0 is preferred because
it means lower power loss in the cavity. With the final
size, the measured Q0 is ∼6500 while the designed tar-
get is ∼9700. It means that we only reach ∼67% of the
target value. This is not an ideal result but still a reason-
able one. First, as the model has not been welded and
the fixture could not ensure optimum tightness, some
electromagnetic field will leak through the slot; this will
increase the power of energy loss but will be compensated
after being welded. Furthermore, the milling surface en-
larges the surface of the cavity, which will surely increase
the wall energy loss. This value is unpredictable and can-
not be avoided. After welding, the value of Q0 increases
and reaches ∼8000, which satisfies our requirements.

3.3 Qe

In reality, we prefer lower Qe to get higher output
signal voltage and better position resolution. The mea-
sured Qes are ∼4000 and ∼3500, respectively, for TM210
mode and TM120 mode, compared with 3963.292 and
3451.291 from simulation. The cold test result is nearly
the same as simulation and remains nearly unchanged
after welding, which are ∼3400 and ∼2900, respectively,
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for TM210 mode and TM120 mode.

3.4 X-Y isolation

In the cold test, we use the transport method to mea-
sure the relative isolation. The results are shown in Table
3 and Table 4.

Table 3. X-Y isolation measurement.
exciting port 4 3

S14(S13) −37 dB −3.6 dB
S24(S23) −3.5 dB −40.8 dB
S34(S43) −41 dB −34.8 dB

X-Y isolation −35.5 dB −34.2 dB

Table 4. X-Y isolation measurement after welding.

exciting port 4 3
S14(S13) −36.6 dB −2.2 dB
S24(S23) −1.67 dB −36.1 dB
S34(S43) −42.9 dB −39.7 dB

X-Y isolation ∼−36 dB ∼−34 dB

It is easy to see that only about 0.03% of the energy of
the injecting microwave couples out to the neighbouring
port.

3.5 Monopole mode leak

In theory, the monopole mode leak level is very low,
not only because that the monopole mode can not cou-
ple into the waveguide with any mode, but also because
the frequency is lower than the cut-off frequency of the
waveguide. So even though there is some monopole mode
coupling into the waveguide because of the slight bent
field existing at the waveguide port, it would be atten-
uated quickly. However, in reality, the waveguides will
not be totally perfect; there will still be some monopole
mode coupled out of the feeedthrough. The measured
attenuation of the monopole mode in each port is shown
below.

Table 5. Attenuation of the monopole mode.
exciting attenuation −7.7 dB relative attenuation
Port1 attenuation −86 dB −78.3 dB
Port2 attenuation −81 dB −73.3 dB
Port3 attenuation −81.6 dB −73.9 dB
Port4 attenuation −82 dB −74.3 dB

It means that only about 3E-8 of the energy of the
monopole mode will couple out through the feedthrough.
Comparing this with the simulation results, it is easy to
see that in the actual component the attenuation is not
as good as the one in the ideal model, which is because
of the imperfections in the CBPM. However, this con-
tributes little to the dipole mode measurement and can
be ignored.

Furthermore, the measured attenuation of the
monopole mode after welding in each port is shown be-
low.

Table 6. Attenuation of the monopole mode after welding.
exciting attenuation −0.12 dB relative attenuation
Port1 attenuation −82.5 dB −82.38 dB
Port2 attenuation −77.6 dB −77.48 dB
Port3 attenuation −74.9 dB −74.78 dB
Port4 attenuation −73.6 dB −73.48 dB

Comparing this with the former ones, the monopole
attenuation also remains the same.

4 Conclusion

In this paper, the design process of a rectangular
CBPM is shown, and the cold test results agree with
the simulation very well. So we have obtained a reliable
method for rectangular CBPM design which is expected
to provide good resolution and good performance. Fur-
thermore, further hot testing will be done later to get
the real resolution.
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