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Abstract 
 

In the framework of the EUROTeV FP6 WP5, the design, bench tests and beam tests of a new Precision 

Beam Position Monitor (PBPM) has been carried out. The PBPM design goals are a resolution of 100nm, an 

absolute precision of 10ɛm and a bandwidth of 100 kHz to 30 MHz. In this paper, the beam tests carried out 

in the CERN CLIC Test Facility 3 (CTF3) Linac between December 2007and September 2008 are 

presented. 
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1. Introduction 

1.1. PBPM 
The development of the Precision Beam Position Monitor (PBPM) for ILC and CLIC started 

in January 2005 with the aim to: 

 

 Design and build a prototype BPM with 100nm resolution 

 

 Perform bench tests 

 

 Perform beam tests 

 

The design has been reported in [1] and the bench tests have been reported in [2] and [3]. This 

report will present the beam tests. The PBPM design specifications, as given by EUROTeV, are a 

resolution of 100 nm and an absolute precision of 10 ɛm. An extended list of design specifications 

can be seen in Table 1. 

 

Beam pipe aperture  6 mm 

Resolution  100 nm 

Absolute precision 10 µm 

Dynamic range (mm)  1.5 mm (15 bits) 

Linearity error  < 1% 

24 hours stability 1 µm 

Bandwidth 100kHz-30MHz 

Time resolution <15 ns 

Bake out temperature  150 ºC 

Operating temperature 20 ºC 

Vacuum 10ī9  Torr 

Table 1: PBPM specifications. 

 

The design of the PBPM is based on an inductive BPM extensively used for many years in the 

CERN LEP pre-injector and later in CTF3. It is a very robust design, with the electrodes located 

outside a ceramic vacuum chamber, which has a resistive titanium coating on the inside, and has 

thus no feed-throughôs. The image current induced by the beam on the four electrodes, are guided 

through four currents transformers, each with 30 turns on the secondary winding, to a secondary 

load. The voltages developed on the loads are used to compute the beam positions. This design 

also provides a true low frequency current measurement. A schematic of the PBPM can be seen in 

Figure 1 and a picture in Figure 2. 

Figure 1: PBPM schematic. 
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Figure 2: PBPM. 

1.2. Beam jitter 
The jitter of the CTF3 beam is quite high compared to the resolution of the PBPM. It has been 

estimated to be in the order of 100-200 µm and consist of both position and angle jitter, as illustrated in 

Figure 3 below. It is possible to eliminate both angle and position jitter by using three PBPMôs [4], where 

the first and last PBPMôs are used to calculate the expected position at the centre PBPM. The calculated 

position on PBPM2  2y can be expressed as function of the measured position in the first and third PBPMôs, 

1y  and 3y  as: 

31

3311

2
LL

LyLy
y , 

Where 1L  and 3L are the distances of PBPM1 and PBPM3, respectively, to PBPM2.  In this case 

31 LL  and the last expression yields: 

2

31

2

yy
y  

Figure 4 shows the measured position of PBPM 2y  plotted as function of the calculated position2y . 

As expected, the calculated and measured positions are in agreement except to some extent.  As will be 

shown now, the resolution of the PBPM is proportional to the rms width of the residual line. 

 

 
 

Figure 3: Beam trajectories with angle and position jitter. 
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Figure 4: Correlation plot.  

 

The residual 2resy between the calculated and the measured positions can be expressed as: 
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The standard deviation is given then as: 
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where 
1y , 

1y  and 
1y  are the standard deviations of PBPM1, PBPM2 and PBPM3 respectively. And 

for 31 LL , and assuming identical sensitivities and resolutions of the three PBPMôs,  the standard 

deviation of the residual is proportional to the one of the PBPMôs (
321 yyyPBPM ) as: 
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And thus the standard deviation of the PBPM is: 

5.1

2res

PBPM   

 

Any offset of the PBPMôs will introduce a shift of the line, but will not affect the width and hence the 

resolution measurement. 

 

2. Installation 
To estimate the resolution of the PBPM with beam a suitable location in the CERN CTF3 Linac has 

been identified. The location is in the straight part of the magnetic chicane (Figure 5) which is used to 

optimise the bunch lengths. This gives the possibility to leave the PBPMs, with a 6mm aperture compared to 

the Linac 40mm aperture, in place without disturbing normal operation. 
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Figure 5: CTF3 PBPM location. 

 

 

 

 CTF3 

 CR exit  
CTF3 Linac ILC  CLIC MB  

Energy 184 MeV 184 MeV 0.5-1 TeV 0.5-6 TeV 

Pulse length  140 ns 1.54 ɛs 950µs 207 ns 

Bunch spacing 67 ps 667ps 300 ns 667 ps 

Bunch length rms 1.67 ps 5 ps 1 ps 0.1 ps 

Charges/bunch 1.5 ·10
10 

1.5 ·10
10

 2·10
10

 4·10
9
 

Nb. of bunches 2100 2310 2820 310 

Iaverage 35 A 3.5 A 55 mA 1.5 A 

Table 2: Beam parameters. 

 

 
The current and pulse length of the Linac beam can be adjusted in order to obtain a beam which 

resembles the CLIC main beam, i.e. 1.5A in ~200ns, see Table 2. The beam energy at the level of the 

PBPMôs will be ~100MeV. 

 
Three PBPMôs have been manufactured, tested and installed in CTF3, as shown on the 3D image in 

Figure 6. The central PBPM is mounted on a micro mover (horizontal movement only) which enables 

measurements of the resolution at different positions and thus to measure the sensitivity of the PBPM. 

Unfortunately due to the stiffness of the bellows the motor was not able to move the PBPM. The setup also 

includes an accelerometer, which enables observation of vibrations of the setup. Alignment targets are added 

and lead blocks for radiation protection of the micro mover and the accelerometer. The positions of the three 

PBPMôs with respect to the alignment targets have been measured in metrology before installation. After 

passage in the three PBPMôs the beam is dumped on an iron block. After the initial beam tests a 40mm 

diameter BPM was added before the dump in order to have an independent current measurement after the 

PBPM triplet. This was very useful for estimating the beam losses in the transmission through the PBPMs. 

A photo of the three PBPMôs before installation can be seen on Figure 7. 
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Figure 6: PBPM assembly including beam lines, accelerometer, alignment targets, lead blocks for 

radiation protection and the beam dump. 

 

 

 

 
 

Figure 7: Assembly of 3 PBPMôs. 

3. Acquisition system  
The acquisition system consists of head electronics installed in the tunnel, cables and a 

100MS/s 16 bit (13ENOB), 8channel ADC. The ADC is located in a VME crate close to the 

control room. Via relays it is possible to send a calibration pulse to each of the PBPMôs in order to 

verify the correct functioning and to calibrate the system, see Figure 8.  
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Figure 8: Schematic of the acquisition system. 

 
The front-end electronics noise and CMRR performance are very important for the resolution 

measurement. The equivalent input noise is 2.2 nV/sqrt(Hz) and the CMRR has been measured to be ~85dB 

in the frequency range of the PBPM. A plot of the measured gains and CMRR is shown in Figure 9. The low 

frequency gain increase of the delta signals have been introduced in order to equalise the low frequency cut 

offs of the delta and sigma signals of the PBPM. The acquisition software enables pulse to pulse 

measurement of the three PBPM signals and data storage for post processing. 

 

 
Figure 9: Gains and CMRR of the head electronics installed in the tunnel. 

4. Results 

4.1. Vibration measurements. 
As mentioned earlier an accelerometer from GeoSig with a sensitivity of 5000V/m/s is mounted beside 

the PBPM triplet in order to observe the stability of the setup. The measurements shown in Figure 10 shows 

the measured vibrations on the three axes, with X the longitudinal axis, Y the horizontal axis and Z the 

vertical axis. The figure shows an oscillation in the longitudinal direction (yellow) that couples to horizontal 

(red) plane as well . The amplitude is of ~600 mV peak-peak and shows a full excursion in ~20 ms. This 

corresponds to a movement of ~Ñ1 ɛm. The horizontal and vertical movements are somewhat smaller and 
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are estimated to ±350 nm and ±100 nm respectively. Figure 11 shows a clear resonance at 18 Hz of the 

longitudinal movements of the setup. 

 

 
Figure 10: Vibration measurements Longitudinal = Yellow + violet,  Horizontal = Red, Vertical = Blue. 

 

 
Figure 11: Longitudinal  vibrations at resonant frequency of 18Hz. 

 

By observing the resonance at a slower timescale, as shown on Figure 12, it can be seen that the setup 

vibrates  for about 3 s, the oscillations then dies out and starts again, i.e. a forced vibration which is exited 

every 3 s. In CTF3 none of the equipments are exited at this frequency, and the source of this excitation is 

not understood. 
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Figure 12: Longitudinal  vibrations on slow time scale. 

 
If the three PBPMôs move together, and with the same amount i.e. as in a translation, it does not 

influence the resolution measurement. But if on the other hand the movement is pendulum like, e.g. in the 

longitudinal plane, as illustrated in Figure 13, the vibrations will translate in to a vertical movement. With a 

displacement of 1 ɛm at 1. 2 m, the angle ű is in the order of 0.8 ɛrad, and the vertical displacement of 

PBPM1and PBPM3 will be ~125 nm. For the centre PBPM this displacement is insignificant. If this vertical 

movement around the centre, of PBPM1 and PBPM3, is completely symmetrical, the calculated trajectory 

and thus position on PBPM2, does not change, and will not influence the resolution measurement. 

 

If the horizontal vibrations of ~±350 nm are of the pendulum like type all the PBPMôs must move with 

the same amount and will not influence the resolution measurement. For the vertical vibrations ~±100nm it 

is difficult to say how the three PBPMôs will move with respect to each other, but the amplitude is already 

smaller than the resolution we expect to measure (190 nm in lab). So to conclude, the measured vibrations 

are not expected to significantly influence the resolution measurements. 
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Figure 13: Pendulum movement in longitudinal direction. 
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4.2 Calibration 
To verify that the installed PBPMôs and acquisition system works correctly, calibration pulses have 

been connected via relays to the single calibration turn on the current transformer and the responses 

measured. Figure 14 shows a positive calibration pulse (simulating positive beam displacement) and Figure 

15 shows the simulation of a centred beam, where the two delta signals are zero and only the sum signal is 

present. 

 
Figure 14: Positive calibration, red=horizontal, yellow=vertical and sum=blue. 

 
Figure 15: Centre calibration, red=horizontal, yellow=vertical and sum=blue. 
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4.3 Beam tests 

4.3.1 December 2007 

 
On Monday 3

rd
 of December 2008 the first attempts to send a beam of ~1A and 300ns pulse length, 

through the three PBPMôs was made. As can be seen from Figure 16 below, only ~10% of the beam made it 

through the last PBPM. Due to limitations in the available beam time close to the shut down and the fact that 

further optimisations of the beam transport up to the location of the PBPM, including quadrupole scans, was  

necessary to improve the transmission, it was decided to continue the  test in the 2008 run. 

 

 
 

Figure 16: Sum signals of first beam pulses. Yellow = PBPM1, Green = PBPM2 and Red = PBPM3. 

 

4.3.2 May 2008 

 
After two days of optimizations of the beam properties in May 2008 with no significant improvement in the 

transmission efficiencies (still ~10%), it was understood that the poor transmission efficiency was not a real 

beam loss but an electrical problem of the PBPMôs themselves.  Due to the absence of metallization on the 

inside of the ceramic vacuum tubes [3], on the second and third PBPM, the high frequency components 

were no longer bypassed by the titanium coating and saturated the current transformers. This saturation 

effect was observed to be smaller for very low beam currents (200mA), since higher ñtransmission 

efficienciesò were observed. 

Three new vacuum assemblies were manufactured, including metallization on the inside, and installed in 

July and a 40mm diameter BPM was also added downstream of the setup, to provide independent 

measurement of transmission efficiencies.  

 

4.3.3 August 2008 

 
A new attempt with beam in August 2008 gave much better results were transmission efficiencies of 

~90% of the beam were achieved, see Figure 17.  The horizontal beam positions on the three PBPMs for 

~400 beam pulses are shown on Figure 18 and shows very good correlation between the three PBPMs. An 
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equivalent CLIC beam (1.5 A, 200 ns) resolution of 2 µm was measured in the horizontal plane, see Figure 

19. The vertical plane was perturbed by the beam losses, and a resolution measurement was not possible. 

The resulting correlation plot for the vertical plane can be observed on Figure 20. 

 

 
 
Figure 17: Transmission efficiency in August beam test. The orange trace corresponds to a BPM 2m 

upstream the PBPM triplet, and the green trace to a BPM 1m downstream. The total beam loss is 

estimated to be < 10%. 

 

 
Figure 18: Horizontal beam positions for ~400 beam pulses. 
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Figure 19: Horizontal correlation plot from the August 2008 beam tests. The equivalent CLIC beam single 

point resolution is estimated to 2.0 µm. 

 

 

 
Figure 20: Vertical correlation plot from the August 2008 beam tests. The beam positions on the three 

PBPMôs are not correlated. 
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4.3.4 September 2008 

 
Further beam tests were made in end of September 2008 where the beam energy was two times higher 

(200MeV), and quite some time was spent in order to optimize the steering and beam size. The transmission 

through the setup was not improved significantly (~90%), but now the measured resolution (single sample) 

was measured to 2 µm in the horizontal plane for a 600mA beam, which corresponds to 650 nm for a CLIC 

nominal beam, see Figure 21. This is still a factor 3-4 higher than the resolution measured on the test bench 

[3]. In the vertical plane 1.9 um resolution was measured for a CLIC type beam. We believe that beam 

losses are still limiting the measured resolution especially in the vertical plane, and it is foreseen to continue 

the tests in 2009 in order to obtain loss free transmission in the three PBPMôs. Also the gain of the 

acquisition system will be optimized for the future tests, since in order to cover a bigger dynamic position 

range in this test, the LSB of the ADC was 1.7 µm.  

 

 

Figure 21: Correlation plot for the Horizontal  plane. The measured resolution for three PBPMôs and a 

600 mA  beam, is 2 um. 

 

5 Conclusion 
 

 Three PBPMôs have been manufactured and installed in the CERN CTF3, and resolution tests with 

beam have been made at several occasions. It has not been possible during the measurements with beam to 

obtain 100% transmission from the 40 mm CTF3 vacuum pipe to the 6mm diameter PBPM setup. The first 

beam tests showed that the metallisation on the inside of the vacuum chambers,  is not only important for the 

longitudinal impedance, but also for the correct functioning of the PBPMs themselves. The absence of 

metallization on two PBPMôs revealed a saturation effect of the current transformers. Three new metalized 

ceramic vacuum chambers were manufactured and the PBPMs were modified and re-installed in July 2008. 

During new beam tests in September 2008, resolutions of 650 nm in the horizontal plane and 1.9 µm for the 

vertical plane have been measured for a CLIC type beam, in the presence of 10% beam losses. The 

difference of the measured resolution between the two planes is an indication that the losses are in the 

vertical plane and still limiting the measured resolution. It is foreseen to continue the tests in 2009 in order 

to do resolutions measurement with loss free transmission and using an analogue front-end with an  

increased gain, to increase the resolution of the acquisition system.  

  


