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Abstract. A third-generation synchrotron liglsourcelike DELTA® (1) requires ameasuring
system to determine the beam position with high resolwmgreataccuracywith respect to
the center ofthe quadrupolemagnets. Thigpaperpresents théeam-basedPM calibration
system developed for DELTA, providing a calibrat@ecuracy ofabout 150um. We describe
the basic idea of the measurements, the insthbedware, anghresent the results of anitial
calibration of the closed-orbit measuring system (2).

INTRODUCTION

The conventional approador calibrating a closed-orbit measurigystem (CO
system) requires several steps carried out one after the other. The first step is to measure
each BPM on a test bench to obtain a calibration with resp#ue twenter of th&PM.
Possible offsets of the BPM electronics and the influence of varying damping factors of
the measuring cables have then to be takenaotmunt. This procedure is vetiyne
consuming and has to be performed with great accuracy. It is also very difficepietd
this calibration aftethe final installation of thd8PMs, cablesand electronics. Since
most of the BPMs are normally mounted in or close to quadrupole maifeelast step
of calibration is to determine thmosition ofthe BPMs with respect to thexis of the
guadrupoles.

The DELTA BPMs are assembled to trguadrupoles in twalifferent ways. The
heads for ondalf of theBPMsfit to the aperture of the quadrupole magneith an
accuracy of 7qum (“fixed” BPMs). The other half of thd8PMs have no mechanical
connection to the quadrupole and can move to avoidsa&®gs tothe quadrupoles
resulting from thermal movements of the vacuum chamber (“floaBis). There is
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an uncertainty of the position of the floating BPMs with reference to the quadrupole axis
of approximately 1 mm.

For thesereasons, it waslecided to install aystem forbeam-based calibration of
the CO system.

BASIC IDEA OF BEAM-BASED CALIBRA TION
MEASUREMENTS

An electron beam passing through a quadrupwgnet (length) displaced byAx,
with respect tdthe magneti@xis gains an orbit kick witangle 9, =1 [AK[AX, if the

focusing strength is changed b (3). Inlinear approximation, this leads to a closed-
orbit distortion of

\B(8)B(s)

AX (Ak,Ax%,) = 25n(70.)

cos(mQ, ~|Y(s) ~ ¥(s)) By (1)

whereAx; is the orbit displacement in tith BPM and the usual nomenclatirasbeen
used. For a beam passing aldhg axis, this orbit deviatiorvanishes and therefore the
magnetic center of thguadrupole can be determined falows.The strength of the
quadrupole magnevhoseBPM is to be calibrated is varied ik and the resulting
average quadratic orbit distortion

2—_i N o2 k 2
AX*(Xg) = N glei (Ak,A%,) O AXG
N = number of BPMs

(2)

is measured as a function of the measlegmpositionx,, in the selecteguadrupole.
By steering the beam across the quadrupole and fitting a parabola

P(xo) = allx, +b)* +c 3)

to the measuredlata points the position of the center of the quadrupole can be
determined from the positidnof the vertex of the parabof{aeeFig. 2). The parameter

c takes into account theoise ofthe BPM system and should bidae samefor all
calibration measurements.



HARDWARE OF THE BEAM-BASED CALIBRA TION
SYSTEM

The Closed-Orbit Measuring System

The DELTA closed-orbit measuring system consists toital number of 44BPMs,
40 of whichare mounted in quadrupol®agnets.They are madeout of blocks of
stainless steel with an inner geomeingntical to thecross-section othe vacuum
chamberEach of themhouses fourcapacitivepick-up electrodefESRF type) and is
connected to the BPM electronics via double-shiel@€&P23U coaxial cables. The
BPM-electronics have been fabricated by fnench company BERGO@) andallow
for a resolution of lesthan 1um and a long-term stability (measured in the laboratory
with a signal source and power divider over a period of 240 bgttér than 3um. Due
to the controlsystem connection, using CAN-bus modules with 12-bit accuracy, the
present resolution of orbit measurementémgted to =10 um. The maximum repetition
rate for a complete orbit measurement is about 1 Hz.

Additional Cabling of Quadrupole Magnets

Since none of the DELTA quadrupole magnets has its own pawpgiy, additional
hardware had to be installed to changekthialue of individual quadrupoles. In order to
obtain themost flexible solution and to avoid a distribuggstem which is difficult to
maintain, itwas decided to install an additional cablifgy all quadrupoles. Therefore,
we connected each quadrupole to one of a pdal9bdfracks,each rack accommodating
one half of the DELTA ring, with an extra cable«4nnT).

For calibrating the CGsystem, it wouldhave been sufficient to install additional
cables onlyfor these quadrupoles wheB#Ms are mounted. Nevertheless vaecided
to connect alljuadrupoles becauslkee beam-based calibratiegstem also provides the
possibility of determining the local beta-functions by measuring the betatron tune shift as
a function of the quadrupokrength. This allows us twompare the theoretical optics
with those ofthe real machinand todetectdeviations fromthe fourfold symmetry of
the DELTA lattice.

Selection of the Quadrupole Magnets

To select a specific quadrupole, a relay cascadsad for bothalf rings (seeFig. 1).

This setup allows using of one DC-power supply to addcdthtional current to the
quadrupole to cause a change of strength. The main advantage of the design of the relays
cascade is the inherent protection agasmirt circuits between different quadrupole
circuits. For dater extension, a secondput port will beused tooperate thesystem

with two different power supplies. For a 1.GeV beam,the excitationcurrents of the
strongest quadrupolegre in theorder of 60 A. Together with a resistance of the
guadrupole coils 0D.7 Q this corresponds to maximum voltagedrop of 42V per
quadrupole. Therefore, a voltage controlled DC current sourcepaiigmtial free output

of 70V—=10A was chosen as the additional power supply.
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FIGURE 1. Sketch of the hardware installation for beam-based calibration measurements.
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FIGURE 2. An example of the calibration measurement of BRM. 35, Quadrupole QF5-4
(k=-2.62 n?, Ak=5%, f=18.7 m).



RESULTS OF THE INITIAL CALIBRATION OF THE
CO SYSTEM

The first step ofthe calibration measurements is to correct the arbihg the
uncalibrated CO system. This results in an orbit with position uncertainties with respect
to the center of the quadrupole magnets of abootni Nevertheless this is a good
starting point for further measurements.ihie nextstep, amadequatek-variation of the
selected quadrupoleas to becalculated according to th@esentk-value andthe local
beta-function (see equation No. 1). Tkigariation should be strong enough to measure
a significant closed-orbdistortion, but should not distuthe operation of the storage
ring. It turned out that for most of the quadrupole maghlet§% is a useful value.

In the last step, where the beam is steered in equidistant stepstiaempssdrupole,
the variation of th&-value byAk and the measurement of the average quadratic closed-

orbit distortion Ax*(x,) as a function of theeamposition (seeFig. 2) is performed.
The measurement idone automatically by aprogram written inTcl/Tk (5). This
program selects the corresponding quadrupole for the BPM which iscalitrated via
the relaycascadecalculates th@ecessary curreithe extrapower supply must add to
the quadrupole, and steers the beam with a local 3-magnet bump #Hregu@drupole.
For eachBPM we measure #otal range of+2 mm in steps of ~0.5 mm for the
horizontal and vertical directions separately. At the monteatcalibration of one BPM

in both directions require®ur minutes; therefore a complete calibration of the CO
system lasts four hours.

To determine theoffsets automatically, it is necessary to have qaantitative
measuremerfor the goodness-of-fit which allows one tetermine badlatawithout
plotting them. The incomplete gamnfainction Q(v/2, x*/2), wherev is the difference
between the number of measured data pointstendumber of parameters to fit axid
is calculated as a result of the fitting routine, seems to be a proroandglatg6). For
values ofQ between 0.2 and 1, the fitted data is well represented by the parabola.

Figure 3 showshe results ofthe first complete calibration of th®ELTA closed-
orbit measuring systerfor both directionsThe values of the average absolatésets
are:

Xoea| = 0.52MM

‘%‘ =0.63mm

These valueshow the necessity of the calibrationeasurements. It is astonishing
that there is no significant difference between the offsets of the “fixed” and the “floating”
BPMs. Naturally, weexpected that the averagdsolute offsets othe fixed BPMs
should besmaller thanthose ofthe floating BPMs. The calibrationmeasurements,
however, showthat there is nddifference. This is a hinthat there areunknown
uncertainties to be studied in the future.

By calibrating a BPM more thamnce,the accuracy of the calibration procedure is
estimated to be on trerder of 150um. This valuecan be decreased by repeating the
complete calibration after an orbit correction which takes into accoufitsheneasured
offsets. This will reducethe effect originated by a begmassingdiagonally across the
guadrupole. For a longitudinal distance of 120 mm between the pick-upgkeandddle
of the quadrupole, a beam passing under an angle of 1 mrad resudtsviateon of the
beam position of 120m. This can be reduced by a better orbit correction that brings the
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FIGURE 3. Results ofthe initial calibration of theclosed-orbit measuringystem. Thediagram
shows the offset of the CO system with respect to the quadrupole axis.



beam nearer to the center of the quadrupole magnets.

Fromthe parametet (Eq. (3)) ofthe fittedparabola, it is possible testimate the
noise figure ofthe BPM system. Fromall calibrationmeasurements, we obtained an
average valudor the noise figure of 1Qum, which is in goodagreementwith the
predicted value for the DELTA CO system.

FUTURE PLANS

Future workwill deal with detailedstudies ofthe performance of the calibration
system. In particular, we wilhvestigate the influence of the beam-based calibration on
such beam parameters as emittance, lifetime, and orbit stability.

To study possibléghermal movements of thBPMs whenthe vacuum chamber
heated is by synchrotron radiation and to isallagenfrom real orbitdrifts, we want to
speed up the measuring time to less than 1 minute for both directions.

A better accuracy of the beam-based calibratioould be possible by performing a
harmonic modulation of the quadrupole strength (7) with the frequency

Ak(t) = Ak, [$in(2rCF 1) (4)
This leads to an harmonic closed-orbit oscillation:
Ax (Aky, Ax,,t) O Ak, LAX, [$in(2rr LT ) (5)

which can be detected in the frequency domain.

By measuring\x(Ak,, Ax,,f) at a BPM with ssuitable betatron phase advance as a
function of thebeam position inthe selectedquadrupole,the BPM offset can be
determined. We will install a second AC power supply for the harmonic excitation of the
guadrupole and connect &#T analyser to a Bergoz BPMrocessor, which has a
bandwidth of 2 kHz for such measurements. By using a lock-in amplifier, the sensitivity
of this measurement can be drastically increased and a better accuralower @alue
of quadrupolé&-modulation is possible.

To increase the performance of the beam-based calibration and the closed-orbit
measuring system, we have begun the development of a fast 16-Bit ADC interéade
based on the CAN-protocol. This board will have a measuring spee#éH# &nd, by
the use of an integrated micro controller, averaging capabilities. Together with the higher
resolution of the ADC, it is possible teach a resolution of the orbit measurements of
<1 um. This will benefit the performance tife closed-orbit measurements aisb the
beam-based calibration system.

ACKNOWLEDGMENTS

Many thanks tothe DELTA crew for spending some not-scheduled shifts in the
DELTA control room and for making this initial calibration measurenpassible before
the workshop starts.



REFERENCES

[1] Friedl, J., DELTA group, RecentResults ofthe Commissioning othe DELTA
Facility, PAC97, Vancouver, Canada, 1997.

[2] Jankowiak, A.,“Status of theDELTA Beam-Based BPM CalibratioBystem,”
DIPAC97, Frascati, Italy, 1997.

[3] Rojsel,P., “The QSBPMSystem Performance and a Comparison to Conventional
BPM Systems,” EPAC96, Barcelona, Spain, 1996.

[4] Bergoz PrecisiorBeam Instrumentation,Beam Position MonitolUsers Manual,
Rev. 1.4 Crozet, France.

[5] Ousterhout, J. K., Tcl and the Tk Toolkit Addison-Wesley Publishing Company,
1994

[6] Press, W.H., et aNumerical Recipes in GGecond Edition, Cambridge University
Press, Reprint 1995

[7] Barrett,l., et al.,“ Dynamic Beam-Based Calibration d@rbit Monitors atLEP,”
Proceedings of the 4th Internationalorkshop orAcccleratorAlignment, Tsukuba,
Japan, December 1995, KEK Proc. 95-12 and CERN-SL/95-97 (BI).



