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Abstract

In the framework of the EUROTeV BRVP5, the design, bench tests andrhdests of a new Precision
Beam Position Monitor (PBPM) has been carried out. The PBPM design goals are a resolution of 100nm, an
absol ut e pr ec aBkandwidth o Y00 KHD te 30 Milim this paper, the beam tests carried out
in the CERNCLIC Test Facility 3 (CTF3 Linac betweenDecember 200&8hd September 2008re
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:

4+ Design and build a prototype BPMwith 100nm resolution

4+ Perform bench tests

+ Perform beam tests

The design has been reported in [1] and the bench tests have been reported in [2]Tdil [3].
report will present the beam testhie PBPM design specifications, as given by EUROTeV, are a

resolution of 100m and an absolute precision ofddn. An ext ended | i st of
can be seen ifablel.

Beam pipe aperture 6 mm
Resolution 100nm
Absolute precision 10 um
Dynamic range (mm) 1.5mm (15 bits)
Linearity error <1%

24 hours stability 1um
Bandwidth 100kHz30MHz
Time resolution <15ns
Bake out temperature 150°C
Operating temperature 20°C
Vacuum 1019 Torr

Table 1: PBPM specifications

The degin of the PBM is based on an inductive BPM extensively used for many years in the
CERN LEP prenjector and later in CTF3. It is a very robust design, with the electrodes located
outside a ceramic vacuum chamber, which has a resistive titanium coatihg imside, and has
thus no feedhroughd s. The i mage current i nducaereguibed t he
through four currents transformeesach with 30 turns on the secondary windiioga secondary
load. The voltages developed on the loads wsed to compute the beam posgiofihis design
also provides true low frequency current measurement. A schematic of the PBPM can lie seen
Figurel and apicturein Figure?2.
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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 2000um and consist of both position and angle jitter, as illustrated in
Figure3below.l t i s possible to eliminate both angle and p
the first and | asulate hdaxpddes poaitioe at thescentre RBBiM. caleulated

position on PBPM2Yy,c an be expressed as function of the measu

y, and Y, as:
NV Yiki + ¥sls
S PR
Where L and L;are the distances of PBPM1 and PBPM3, respectively, to PBPM2. In this case
L, = L; and the last expression yields:

<, — y1+y3
Y, >

Figure4 shows the measured position of PBRAM plotted as function of the calculated positgo,p.

As expected, the calculated and measured positions are in agreement except to som&sertiite
shown nowtheresolutionof the PBPMis proportional tahe rms width of theesidualline.
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Figure 3: Beam trajectories with angle and position jitter.
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Figure 4: Correlation plot.

The residualy,., between the calculated and the measured positions can be expressed as:

L, +vy.L
YibitYs 3j_y2

yres2:y2_y2:( L1+|_3

The standard deviation is given then as:

2

1 ~

0',2e§ = 05 + Gi = (— fai + Lgai + 0'52 ,
2 L, + L,

where oy, 0y and o, are tre standard deviations of PBPM1, PBPM2 and PBPM3 respectively. And

forL=L;, and assuming identical sensithestandaides and

deviation of the residual is proportional to the ofie h e P B&M@ sof =0, =0, )as:

2 2
2 (ZO-PBPM j+ 2 30 bgpu

Ores, = 4 Opepm = >

And thus the standard deviation of the PBPM is:

Greg

o = <
PBPM /15

Any offset of the PBPMO&6s will introduce a shift

resolution measurement.

2. Installation

To estimate the resolution of the PBPM with beamuitable location in the CERN CTF3 Linac has
been identified. The location is in the straight part of the magobt@ane(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.
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PM D335

BH CT.MTV 0305

CTF3 :

CR exit CTF3 Linac ILC CLIC MB
Energy 184 MeV 184 MeV 0.51 TeV 0.56 TeV
Pulse length 140ns 1.54¢ s 95Qus 207ns
Bunch spacing 67 ps 667ps 300ns 667ps
Bunch length rms 1.67ps 5ps 1ps 0.1ps
Charges/bunch 1.5 -1d° 1.5 -1d° 2-10° 4.10
Nb. of bunches 2100 2310 2820 310
| average 35A 3.5A 55mA 1.5A

Table 2: Beam parameters.

VPI1 0340
DD 0350

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,Tsdde 2. The beam energy at the level of the
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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 waalrietto move the PBPNMhe setup also
includes an accelerometer, which enables observation of vibrations of theAdefnment target are added
and lead blocks for radiation protection of the micro mover and the accelerometer. The positions df the thre
P B P M6 s respdctttdthe alignment targets have been measured in metrology before installation. After
passage in the three PBBivthe beam is dumped on an iron blo8kter the initial beam tests a 40mm
diameter BPM was added before the dump in orddraive an independent current measurement after the
PBPM triplet. This was very useful for estimating the beam losses in the transmission through the PBPMs.
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Figure 6. PBPM assembly including eam lines, accelerometer, alignment targetsad blocks fr
radiation protection and the beam dump.

Figure 7: Assembly of 3 PBPMs.

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 pulsectdheao f t he PBP MO s
verify the correct functioning and to calibrate the systeseFigure8.

n
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Figure 8: Schematic of the acquisition system.

The frontend electronics noise dnCMRR performance are very important for the resolution
measurement. The equivalent input noise is®.&qrt(Hz)and the CMRR has been measured to B8
in the frequency range of the PBPM. A plot of the measured gains and CMRR is sheigur@®. The low
frequency gain increase of the t@esignalshave been introduced in order to equalise the low frequency cut
offs of the delta and sigma signals of the PBPNMe acquisition software enables pulse to pulse

measurement adhethree PBPM signals anthtastorage for post processing.
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Figure 9: Gains and CMRR of the head electronics installed in the tunnel.

4. Results

4.1. Vibration measurements.

As mentioned earlier an acceleromdtem GeoSg with a sensitivity of 5000V/m/s is mounted beside
the PBPM triplet in order to observe the stability of the seflip.measurementshown inFigure 10 shows
the measured vibrations on the three axét) X the longitudinal axis, Y the horizontal axis and Z the
vertical axis. The figure shows an oscillation in the longitudinal diregtielow) thatcouplesto horizontal
(red) plane as wé The amplitude is of 600 mV peakpeak and shows a full excursion in0O~ths. This

corresponds to a movement of ~N1 ¢

m. The hori

zont al
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are estimated to350 nm and #00 nm respectivelyFigure 11 shows a clear resonance at 18 Hz of the
longitudinal movements of the setup.

Time 16E. B ms
5

- ED O  AUTOD
Figure 10: Vibration measurementsLongitudinal = Yellow + violet, Horizontal = Red, Vertical = Blue.
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F|gure 11: Longitudinal V|brat|ons at resonant frequency of 18H.

By observing the resonance at a slower timescale, as shofigune 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 &stited is
every 3s. 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

I f the three PBPMOiththensame ambunitg. es ih a translationt dloesmot
influence the resolution measurement. But if on the other hand the movement is pendulum like, e.g. in the
longitudinal planeas illustratedn Figure13, the vibrations will translate in to a vertical movement. With a
displacementof Em a2m,1.t he angle (0 Esadn &ahd vthdewepnfi ©0ald
PBPM1land PBPMS3 will be ~12&m. For the centre PBPM this displacement is insignifidatiis vertical
movement around the centre, of PBPM1 and PBPMS, 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 350nmar e of t he pendulum | ike type al |
the same amount and will not influence the resolution measurement. For the vertical vibratiodrem-it
is difficult to say how the three PBRPNdeis avaadyl mo v e
smaller than the resolution vexpectto measur¢190 nm in lab) So to conclude, the measured vibrations
are not expected wignificantlyinfluence the resolution measurements.

.
-

Figure 13: Pendulum movement in longitudinal direction.
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4.2 Calibration

To verify that the installed PBPM&s and acquisit
been connected via relays to the single calibration turn on the current transfoménearesponses
measuredFigure 14 shows a positive calibration pulse (simulating positive beam displacemerfjcmd
15 shows the simulation of a centred beam, whieetivo delta signals are zero and only the sum signal is
present.

[=3ele]

AUTO

[=3ele]

S O auTo
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 &' of December2008the first attempts to send a beam of ~1A and 300ns pulse length,
through the three PBPMO©G sFiguralsbelow, onb ~10% of thdbeammatled s een f
through the last PBPMDue to limitations in the available beam time close to the shut down and the fact that
further optimisations of the beam transpgatto the location of the PBPNhcluding quadupole scansyas
necessyy to improve the transmissipit was decided to continue the test in the 2008 run.

File Control Setup Measure  Analyze  Lltilites  Help 11:51 Akd

) ce=zz

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 tHeeam 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 | oss but an el ectrical p r odb&reenf methllizdtionen tfeB P M6 s t
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 tbe smaller for very low beam currenf 2 0 0 mA) , since higher
efficienciesodo were observed.

Three new vacuum assemblies were manufactunetliding metallization on the insidand installed in

July and a 40mm diameter BPM wadso added downseam of the setup, to provide independent
measurement of transmission efficiencies.

4.3.3 August 2008

A new attempt with beam iAugust 2008gave much btter results were transmissiefficienciesof
~90% of the beam were achieved, $égure17. Thehorizontalbeam positions on the three PBPMs for

~400 beam pulses are shownkigure18 andshows very good correlation between thseePBPMs. An

-11-
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equivalent CLICbeam (1.5A, 200ns) resolution o2 um was measured in the horizontal plane, Biggire
19. The vertical plane was perturbed by the beam losses, and a resolution measurement was not possible.
The resulting correlation plot fadhe vertical plane can be observedrigure20.
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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%.
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Figure 18 Horizontal beam positions for ~400 beam pulses.
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Horizontal correlation plot
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Figure 19: Horizontal correlation plot from the August 2008 bean tests. The equivalent CLIC beam single
point resolution is estimated to 2.qum.

Vertical correlation plot
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Figure 20: Vertical correlation plot from the August 2008 beam tests. The beam positions on the three
PBPM6s are not correlated.
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4.3.4 September 2008

Further beam tests were made in end of Septegi@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 significantlyQ®4), but now the measured resolution (single sample)
was measured to|2m in the horizontal plane for a 600mA beam, which correspon@sG@am for a CLIC
nominal beam, seigure21. This is still a factor 34 higher than the resolution measured on the test bench
[3]. In the vertical plane 1.@m resolutionwas measured for a CLIC type beaWie believe that beam
losses are still limiting the measured resolution especially in the vertical plane, and it is fovesmgimtie
the tests in 2009 in order to obtain | oss free tr
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 th®C was 1.7um.

Figure 21: Correlation plot for the Horizontal p| ane. The measured resolution fo
600mA beam is 2um.

5 Conclusion

Three PBPM6s have been manuf act ureseldiondestslwith nst al | ed
beam have been made at several occasions. It has not been possible during the measurements with beam to
obtain 100% transmission from the An CTF3 vacuum pipe to the 6mm diameter PBPM setup. The first
beam tests showed that the niletation on the inside of the vacuum chambeéssnot only important for the
longitudinal impedance, but also for the correct functioning of the PBPMs themddteeabsence of
metallization on two PBPMO6s r e vsrankreTreeaewsnatalized at i on e
ceramic vacuum chambers were manufactured andBR&/B were modifieénd reinstalled in July 2008
During new beam tests in September 2008, resolutions ofi®56@ the horizontal plane and Juén for the
verticalplanehavebeen 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 measdnesolution. It is foreseeto continue the tests in 2009 in order
to do resolutions measurement with loss free transmission and using an analogeednith an
increased gain, to increase the resolution of the acquisition system.
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