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Abstract 

A system of three low­Q cavity beam position monitors 

(BPMs), installed in the interaction point (IP) region of 

the Accelerator Test Facility (ATF2) at KEK, has been 

designed and optimised for nanometre­level beam posi-

tion resolution. The BPMs are used to provide an input to 

a low­latency, intra­train beam position feedback system 

deployed in single­pass, multi­bunch mode with the aim 

of demonstrating intra­train beam stabilisation on electron 

bunches of charge ~1 nC separated in time by 280 ns. In 

2016 the BPM resolution was demonstrated to be below 

50 nm using the raw measured vertical positions at the 

three BPMs. New results will be presented utilising inte-

grated sampling of the raw waveforms, improved BPM 

alignment and modified cavities to demonstrate a vertical 

position resolution on the order of 20 nm.  

INTRODUCTION 

Fast beam-based feedback systems will be required at  

future single-pass beamlines such as the International  

Linear Collider (ILC) [1] to maintain high luminosities.  

For example, at the interaction point (IP), a system oper-

ating on nanosecond timescales can correct within a 

bunch train to steer electron and positron beams into col-

lision. A beam position monitor (BPM) can measure de-

flections in the outgoing beam and the required correction 

can be calculated and applied to the other incoming beam 

via a stripline kicker just upstream.  

The Feedback On Nanosecond Timescales (FONT) pro-

ject [2] has developed feedback correction systems, in-

corporating digital processors based on Field Program-

mable Gate Arrays (FPGAs) to achieve beam stabilisation 

at the KEK Accelerator Test Facility (ATF2) [3]. Demon-

stration of a feedback system that meets ILC jitter correc-

tion and latency requirements is described in [4]. Now the 

FONT group is working on achieving stabilisation on the 

nanometre-level at the ATF2 notional IP, where the beam 

is focused to its smallest vertical size. 

In order to reach the required BPM resolution, three 

low-Q cavity BPMs have been developed, installed and 

optimised in the ATF2 IP region [5]. The best BPM verti-

cal position resolution measurements the FONT group 

have achieved using the ATF2 beam will be detailed here. 

Previous results using these BPMs to drive local feedback 

can be found in [6,7]. The latest feedback results using 

one BPM as input to the feedback to stabilise the bunch 

position to the 50 nm level, and using two BPMs to stabi-

lise to the 40 nm level, are presented in [8].  

 

Figure 1: Layout [9] of the ATF2 extraction and final 

focus beamline with the IP region shown in detail. 

EXPERIMENTAL SET-UP 

The ATF2 extraction and final focus beamline showing 

the position of the IP elements is given in Fig. 1. The IP 

region contains three aluminium C-band cavity BPMs: IPA, 

IPB and IPC. The BPMs are mounted within the IP vacuum 

chamber on an x-y mover system, enabling the vertical and 

lateral position and pitch to be adjusted [10]. Iterative 

alignment studies have now culminated in a set-up that 

allows the beam to be steered through the centre of all three 

BPMs simultaneously. The final focus quadrupoles, QF1FF 

and QD0FF, can be used to steer the beam by introducing a 

position offset or to move the beam waist longitudinally by 

varying the quadrupole strengths. The feedback correction 

is applied using a stripline kicker (IPK). 

The original BPMs had lower-than-design loaded Q val-

ues and decay times ~10 ns. Short decay times reduce the 

likelihood of signal contamination between pulses when 

measuring multi-bunch trains, which in typical operation at 

the ATF2 have a ~280 ns separation. However, the very short 

signal length reduced sensitivity to position offsets. The 

BPMs were modified to incorporate an indium seal between 

the cavity body and side covers to raise the loaded Q. Spac-

ers were added under the cavity feedthroughs to reduce 

external coupling. These modifications increased the decay 

times to ~ 25 ns to restore the system’s position sensitivity. 

The latest cavity measurements are detailed in Table 1.  

 

Table 1: Measured Cavity BPM Loaded Quality Factors, 

QL, Resonant Dipole Frequencies, f, and Decay Times,  

BPM QL f (GHz) (ns) 

IPA 1041  6.428 26 

IPB 902  6.427  22 

IPC 698  6.428  21 
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Figure 2: Block diagram of the hardware and processing 

electronics for the IP cavity BPM y-port signals. 

 

A schematic of the BPM signal processing is given in 

Fig. 2. Determining the vertical beam position requires 

the dipole mode y-port signal of the cavity BPMs and the 

monopole mode of a reference cavity. The cavities were 

designed so the y-port frequency of both signals is around 

6.426 GHz [5]. The signals are down-mixed to baseband 

using a two-stage down-mixer [11], as follows. The first 

stage mixer takes the ~6.426 GHz reference and dipole 

signals and mixes each with an external, common 5.712 

GHz local oscillator (LO) to produce signals at 714 MHz. 

The reference is limited and used as an LO to downmix 

the dipole 714 MHz signals in the second stage mixers, 

giving two baseband signals: I (dipole and reference mixed 

in phase) and Q (dipole and reference mixed in quadrature).  

The I and Q signals are digitised in a FONT board [12] 

and normalised by the bunch charge, q, which is deduced 

from the reference signal amplitude. Example I and Q 

signals are shown in Fig. 3. They feature a higher-

frequency static signal of unknown origin that is bunch 

charge-dependent. The signals are calibrated against known 

beam positions (by moving the BPM movers or steering the 

beam), allowing the vertical beam position to be deter-

mined from a combination of I and Q. A duplicate system is 

used to determine horizontal beam positions. 

RESOLUTION METHODS 

The vertical position resolution of the three BPMs was 

measured as follows. First each BPM was calibrated, 

allowing the position of the beam to be calculated using: 

 𝐼′ = 𝐼 cos 𝜃𝐼𝑄 + 𝑄 sin 𝜃𝐼𝑄, (1) 𝑄′ = −𝐼 sin 𝜃𝐼𝑄 + 𝑄 cos 𝜃𝐼𝑄, (2) 𝑦 = 𝐼′𝑞𝑘 , (3) 

where 𝑘 and 𝜃𝐼𝑄 are constants obtained from calibrating.  

 

Figure 3: ADC counts versus sample number for a single 

bunch (a) I signal at IPB (b) Q signal at IPB. The sample 

separation is 2.8 ns. The data were gathered with a vertical 

position offset of ~2 m from the electrical centre of IPB. 

 

Secondly, a 2000-pulse data set was taken. For each 

pulse the beam position measured at two of the BPMs 

was used to predict the beam position at the third using 

one of two methods. 1) In the geometric method the posi-

tion at IPA can be predicted using: 

 𝑦IP୅ = 𝑎ଵ𝑦IP୆ + 𝑎ଶ𝑦IPେ, (4) 

 

where 𝑎ଵ and 𝑎ଶ are obtained from the beam propagation 

transfer matrices. 2) In the fitting method, linear regres-

sion is performed to find the fit coefficients 𝑐ଵ, 𝑐ଶ,…. in 
an equation of the form: 

 𝐼IP୅′ = 𝑐ଵ𝐼IP୆′ + 𝑐ଶ𝐼IPେ′ + 𝑐ଷ. (5) 

 

Having obtained the fit coefficients, Eq. (5) is used to 

predict I’ values at IPA, which can then be converted to 

predicted positions using Eq. (3). Additional fit parame-

ters (such as Q’, q, or horizontal I’ and Q’ values derived 

using x-port dipole cavity information) can be included in 

Eq. (5), assuming a linear contribution.  

For both methods the residual of the measured and pre-

dicted positions at the third BPM is calculated, and the 

standard deviation 𝛿 of the residuals is computed. The 

resolution, 𝜎, is calculated by scaling 𝛿 by the appropriate 

geometric factor [11], e.g. 

 σ =  𝛿√ଵ+𝑎భమ+𝑎మమ , (6) 

in the example of positions being predicted at IPA. 

RESULTS 

Resolution studies were performed in a single-bunch 

train mode at the ATF2 with 10 dB attenuation on the 

dipole cavity outputs and at a charge of ~0.5 × 10
10

 elec-

trons per bunch. On using a single sample for I and Q data 

processing, a sample early in the waveform (Fig. 3) was 

used, as early samples offer the best signal-to-noise ratio. 
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Table 2: BPM Vertical Position Resolution Using Geo-

metric and Fitting Methods for a Single Sample of the 

Digitised Signal and an Integration of 12 Samples 

Resolution (nm) 

Resolution  

calculation method 

Single 

sampling 

Integration 

Geometric Ͷ9 ± ͳ ʹͳ.ͷ ± Ͳ.Ͷ
Fitting I’ Ͷ9 ± ͳ ͳ9.9 ± Ͳ.Ͷ
Fitting I’, Q’ Ͷ͵ ± ͳ ͳ9.ͷ ± Ͳ.Ͷ
Fitting I’, Q’, q Ͷ͵ ± ͳ ͳ9.ͷ ± Ͳ.Ͷ
Fitting I’, Q’, q and x Ͷʹ ± ͳ ͳ9.ʹ ± Ͳ.Ͷ

Figure 4: Geometric resolution versus the last sample 

number in the sampling window. Each colour represents 

a different starting sample for the integration window, 

defined by the solid points. The black circle indicates the 

minimum resolution, 21.5 ± 0.4 nm, found by integrating 

across 12 samples. 

Results of the different resolution estimate methods are 

presented in the second column of Table 2 using IPA as 

the prediction BPM. The geometric and I’ fitting methods

estimate ~50 nm resolution. Adding more fit parameters 

makes a few nanometres improvement, most notably in-

cluding the quadrature phase Q’. This improvement was

found across repeat data sets, suggesting there is residual 

position information in Q’ after the phase rotation and/or

that beam conditions have changed between calibrating and 

data-taking to make the calibration constants invalid.  

The unwanted sinusoidal feature in the waveforms (see 

Fig. 3) complicates identifying optimal sample numbers 

for best resolution performance. It was therefore of inter-

est to see how resolution varied along the pulse and try an 

integration method to reduce sample-dependent effects. 

Figure 4 shows the geometric resolution for cumula-
tively increasing integration windows, shifting the starting 

sample of the integration as well as changing the integra-

tion window length. This analysis demonstrates there is 

always a significant improvement in integrating, with the 

resolution results using the optimal integration window 

from Fig. 4 presented in the third column of Table 2. The 

resolution estimate has been reduced to ~20 nm and the 

results are in good agreement for all analysis methods. 

OUTLOOK 

The dramatic improvement in resolution estimates using 

integration, indicate that a modified feedback firmware that 

enables waveform integration could make a significant 

improvement to feedback performance. First results with 

a new integrating firmware can be found in [8].  

These best-observed resolution estimates for the ATF2 

IP system have not been consistently reproducible, with 

geometric estimates varying between ~20 and ~50 nm. 

Detailed studies demonstrate that most resolution esti-

mates do reduce to ~20 nm on applying a fitting method. 

However, these additional fit parameters cannot be used 

in a real time feedback system, which for latency reasons 

can only make use of the raw cavity signals (see Eq. (3)). 

The geometric method is therefore most representative 

of the useable resolution for beam stabilisation studies. 

Future studies will investigate how to ensure this best-

resolution geometric performance is repeatable. 

CONCLUSIONS 

Three low-Q cavity BPMs have been optimised in the 

ATF2 IP region. Estimates of the BPM resolution were 

found to have a strong dependence on how the digitised 

signals were sampled. A resolution of ~50 nm was reduced 

to ~20 nm by integrating 12 samples. Additionally, fitting 

the beam transport and making use of the BPM quadra-

ture-phase signal Q’, bunch charge q, and horizontal BPM

signals made only a small improvement in resolution.  
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