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Abstract 
A common-mode free cavity BPM is currently under 

development at Fermilab within the ILC-CLIC 
collaboration. This monitor will be operated in a CLIC 
Main Linac multi-bunch regime, and needs to provide 
both, high spatial and time resolution. We present the 
design concept, numerical analysis, investigation on 
tolerances and error effects, as well as simulations on the 
signal response applying a multi-bunch stimulus. 

INTRODUCTION 
The proposed CERN linear collider (CLIC) requires a 

very precise measurement of beam trajectory to preserve 
the low emittance when transporting the beam through the 
Main Linac [1].  An energy chirp within the bunch train 
will be applied to measure and minimize the dispersion 
effects, which require high resolution (in both, time and 
space) beam position monitors (BPM) along the beam-
line. We propose a low-Q waveguide loaded TM110 dipole 
mode cavity as BPM, which is complemented by a TM010 
monopole mode resonator of same resonant frequency for 
reference signal purposes. The design is based on a well 
known TM110 selective mode coupling idea [2,3] 

The BPM design process consists of several aspects:  
• cavity spectrum calculations    
• estimation of parasitic signals of monopole and 

quadruple modes,  
• orthogonal ports cross coupling calculation  
• and finally an analysis of the mechanical tolerances 

of the geometric structure.  
 

 
 

Figure 1: The BPM design process diagram. 

 
 

The results of each step depend on others and therefore 
the design process splits on several iterative loops (see 
Fig. 1). 

The required design parameters of the BPM are given 
in the Table 1. Choosing a rather high operating 
frequency n fbunch has several advantages, e.g. most 
higher-order modes (HOM) are damped by the beam pipe 
cut-off frequency, and higher shunt impedances can be 
achieved (better sensitivity, higher resolution potential). 
However, as dipole mode and reference cavity operate at 
the same frequency, we have to ensure that they do not 
couple by evanescence fields leaking into the beam pipe 

Table 1: CLIC Main Linac BPM specifications 

Nominal bunch charge [nC] 0.6 

Bunch length (RMS) [µm] 44 

Batch length [ns] 156 

Bunch spacing [ns] 0.5 

Beam pipe radius [mm] 4 

BPM time resolution [ns] <50 

BPM spatial resolution [nm] <50 

BPM stability [nm] <100 

BPM accuracy [µm] <5 

BPM dynamic range [µm] ±100 

BPM resonator frequency [GHz] 14 

 
 

With a time resolution of <50ns we will be able to 
acquire three beam position samples within the 156ns 
long bunch train (batch). Because of dynamic range 
limitations in the read-out system, the high 50nm spatial 
resolution can only be accomplished within a small range 
of ±100µm beam displacement from the BPM center, 
however a moderate resolution (few µm) will be 
achievable over the full aperture (±4mm). 

CAVITY BPM DESIGN 
The proposed CLIC BPM consists of a cylindrical 

cavity loaded with four slot-coupled rectangular 
waveguides [4].  The schematic BPM view is shown in 
Figure 2. The off-axis beam passing the cavity induces 
two orthogonal dipole TM110 modes with amplitudes 
proportional to the off-axis shift. A resonant cavity 
behaves like a damped oscillator with the EM- field 
decaying exponentially in time: 

)cos(v)(v 0
/

0 tet t ωτ−∝   (1) 

 ___________________________________________  

*Work supported by the Fermi National Accelerator laboratory, 
operated by Fermi Research Alliance LLC, under contract  
No. DE-AC02-07CH11359 with the US Department of Energy. 
#manfred@fnal.gov

Proceedings of IPAC’10, Kyoto, Japan MOPE087

06 Beam Instrumentation and Feedback

T03 Beam Diagnostics and Instrumentation 1185



where τ=2Q
loaded qualit
(< 50ns) a
maximum l
amplitude of
times within
resolution. T
by: 

Q

Keeping the 
the waveguid
this rather l
manufactured
steel. The len
eliminate any
14GHz. We s
feed-through
will need so
the feed-thro
resonance an

BPM 
The BPM 

terminated by
ports is a com
will excite m
cavity radius
the spectrum
factors, R/Q 
done using 
cavity dipole
measurement
coupling mec

The other
different res
dipole mode
range of freq
leakage). Fo
frequency (~
t=0) as a sum

Q/ω0 is reson
ty factor. The

and dynamic 
oaded qualit
f the TM110 d
n 50ns in o

Thus, the max

10ln(2
max

max =
ωt

Q

Figure 2: C

cavity dimen
de load imped
low Q-value, 
d out of a mo
ngth of waveg
y trapped reso
selected a 50Ω

h which is av
me custom m

ough pin was 
ntenna couplin

SPECTRU
cavity, with it
y WG-coaxial
mplex resonan
most eigenmo
s and length w
m, characteriz

and output v
ANSOFT HF
e mode is of 
t. Figure 3 
chanism.  
, unwanted m
onance frequ

e because thei
quencies, due 
or each mode
~22GHz) we e
m from all coa

nator time co
e required BP

range (±10
ty factor of 
dipole mode 

order to achi
ximum loaded

320
)000

0 ≈
ω

 

CLIC cavity BP

nsions reason
dance is not su

thus the res
ore lossy mat
guide was opt
onances near w
Ω ultra-high v
vailable by se
modifications. 

matched to th
ng method. 

UM CALCU
ts four slot-co
l transition po
nt system. A 
odes. In order
we have to ana
zing resonan

voltages. Such
FSS. However
f interest for o

illustrates 

modes, even 
uencies, will p
ir energy is sp
to their limit

e below the b
estimated the
xial ports: 

onstant, and 
PM time resol
00μm) limits

the cavity. 
should decay

ieve the req
d Q-factor is g

 

PM. 

nable and app
ufficient to ac
sonator has t
terial, i.e. stai
timized in ord
working frequ

vacuum micro
veral vendors
The dimensio

he waveguide

ULATION
oupled wavegu
orts, and beam
single beam b
r to find a p
alyze each mo
nt frequencies
h calculations 
r, only the T
our beam po
the TM110 m

though they 
perturb the T
pread over a 
ted Q-value (m
beam pipe cu
 signal voltag

Q is 
lution 
s the 

The 
y 103 

quired 
given 

(2) 

 

plying 
hieve 
to be 
inless 
der to 
uency 
owave 
s, but 
on of 

e by a 

uides, 
m pipe 
bunch 
proper 
ode in 
s, Q-
were 

TM110 
sition 
mode 

have 
TM110 

wide 
mode 
ut-off 
ge (at 

wher
impe
chara
At th
param
Find
toler
resol

 
Th

mult
frequ
rejec
norm
leaki

Th
of E
shift
can a
of m
In fa
as i
Neve
we c
rejec

In 
excit
k=31
signa
all m
Whil
resul
recei
to a r

KM

wher

0v  =

re q is the bun
edance of t
acteristic imp
his point we fo
meters enabli

ding the fina
rances analysi
lution. 

Figure 3: 

he computed 
tiplied by th
uency selecti
ction. The freq
malized signal
ing into the TM

he proposed B
EM-field com
ted by 180 deg
assumed that 

magnitude is p
act the phase 
it depends 
ertheless, by 
can benefit i
ction for the qu

the practical 
ted by a sing
12 bunches, s
al is a superp
modes, assum
le f110 is in 
lting in a posi
ive a “random
rejection with

max

max

t

10
t

10

V
M

k

n k
=

∑∫

∑∫
re tmax is a req

0 ( /

ext

Z Rq
Q

ω=

nch charge, Z
the coaxial 
edance of the 
ound the initia
ing to obtain
al BPM dim
is on the limi

E-field of the 

output voltag
he expected r
ivity, phase 
quency filter r
l intensity υn 
M110 dipole m

(
(
ωυ
ωυ

n

n
nKF =

BPM has a tw
mponents exiti
gree for dipole
external symm
ossible by con
of monopole 
randomly on
summing the
in additional 
uadruple TM2
application, t

gle bunch, bu
spaced by 0.
osition of the

ming the same
phase with 

itive signal pil
m” multi-bunc
h respect to the

110 ( )
110

( )

V

V c

b

n b

t t k

t t k
n

e

e

β

β

− −

− −∑
quired BPM tim

/ )

t

Q

  
Z0=50Ω is the 

port, and 
cavity for a s

al cavity and c
n the require
mensions req
itation of the 

TM110 eigenm

e for each mo
rejection coe
filtering and 
rejection KFn 
of an unwan

mode (at f110): 

)
)

110ω
ωn   

wo pair of outp
ing an oppos
e and monopo
metry rejectio
nnecting a hy
output signal

n mechanica
 two opposite
~20dB (0.1)

210 mode. 
the cavity BPM
ut by a train
5ns. Therefor

e single bunch
e intensity of

the bunch f
le-up, the unw
ch excitation,
e beam positio

110cos[ (

cos[ (

b

n b

t t

t t k

ω

ω

−

−

me resolution

 
(3)

characteristic
R/Q is the

specific mode.
coupling slots
d Qext value.

quires further
BPM spatial

 
mode. 

ode has to be
efficients, i.e.

multi-bunch
is simply the

nted mode ωn

 (4)

puts. Because
site slots are
ole modes one
on by an order
ybrid junction.
l is undefined
al tolerances.
e port signals
) phase filter

M will not be
n of typically
re the output

h responses of
f all bunches.
frequency1/tb,
wanted modes
, which leads
on signal: 

)]

)]

bk

k

 (5)

. 

) 

c 
e 
. 
s 
. 
r 
l 

e 
. 
h 
e 
n 

) 

e 
e 
e 
r 
. 

d 
. 
s 
r 

e 
y 
t 
f 
. 
, 
s 
s 

) 

MOPE087 Proceedings of IPAC’10, Kyoto, Japan

1186

06 Beam Instrumentation and Feedback

T03 Beam Diagnostics and Instrumentation



 

 
 

Figure 4: Investigation of tolerances on the cavity-waveguide coupling slot. 

 

SPATIAL RESOLUTION LIMITS 
The spatial resolution of the cavity BPM is defined as 

the smallest change of the beam position, which can be 
resolved. Beside the mode leakage effects, we also have 
to investigate consequences of practical imperfections, 
like mechanical tolerances from the manufacturing 
process, and other imperfections. It turns out, that the 
alignment of the coupling slot windows between cavity 
resonator and waveguides are most critical. In detailed 
EM-simulations we studied the effects of asymmetries 
due to shift, rotation and tilt of these slots, which causes 
additional leakage of the higher-order modes (see Figure 
4). Also a shift between beam pipe and cavity centers will 
cause a degradation of the spatial resolution. In summary, 
limiting the slot shift to <5µm, and the slot rotation to 
<0.05deg, we can expect the cross coupling between 
horizontal and vertical plane to be >40dB, while 
achieving a ±100µm dynamic range at maximum 
resolution. This resolution is dominated by the TM010 
mode leakage, and is ~40nm for a single bunch (SB) 
excitation, and ~4nm for a multi-bunch (MB) beam batch 
(see Table 3). At large beam displacements >0.5mm, the 
TM210 mode leakage dominates and limits the theoretical 
achievable resolution, however, in practice the limited 
dynamic range of the read-out receiver will further reduce 
the BPM resolution for this case. 
Table 3: Limitations of the BPM resolution 
due to TM010 & TM210 mode leakage. 

Mode 
Type 

Freq. 
[GHz] 

Qtot
1 Beam 

shift 
[µm] 

Output 
voltage2 

[mV] 

BPM 
Resolution 

[nm] 

     SB MB 

TM010 10.385 380 0 <1 40 4 

TM110 13.999 250 0.1 2.4 - - 

TM210 18.465 80 100 <0.18 8 1 

TM210 18.465 80 500 <4 200 20 
1
 – Stainless steel material was used. 

2 – RMS value of the sum signal of two opposite coaxial ports at the  
14GHz operating frequency after all filters applied; 
signals are normalized to 1nC charge 

 

The cross coupling between the two polarizations of the 
TM110 mode also limits a dynamic range of the beam 
position measurement. The actual effect of cross coupling 
depends on amplitude and phase of reflected signals from 
the read-out electronics front-end, e.g. LLRF parts like 
hybrids or band-pass filters. For our estimation we 
assumed a worst case scenario, i.e. the reflected signals 
are in-phase and the SWR of the LLRF components is 
about -20dB.  The required mechanical tolerances of a 
cavity with coupling slots are summarized in Table.4.  

 
Table 4.  Limitations of BPM resolution due to TM110 
modes cross coupling. 

Mechanical 
Tolerances1,2 

Cross Coupling 

-40dB -30dB -20dB 

Slot rotation [deg] < 0.05 < 0.2 < 0.6 

Slot shift [μm] < 5 < 15 < 40 

Max dynamic  range [μm] 100 25 10 
1 - In-phase signals reflection (worse case) is taken into account. 
2 - The reflection from LLRF part is assumed less than -20dB 

SUMMARY 
A simple, straightforward design of a cavity BPM with 

high spatial (50nm) and temporal (50ns) resolution is 
proposed for the CLIC Main Linac. In depth EM-
simulations and optimizations including the analysis of 
mechanical tolerances were performed in order to prove 
the BPM design .parameters. 
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