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El ectromagnets used as beam guiding elenents in particle
accelerators require very tight tolerances on their magnetic
fields and therefore also on their geonetric positioning in the

accel erator. Construction techniques, neasur enent  equi prent
and alignnent nmethods nust match these requirenents. The
length of the magnet 1is wusually small conpared to the

wavel ength of the betatron oscillations. This neans that only
the neasurenents of integrals of the nmagnetic field and its
derivatives along the beam axis are of inportance. The need
for the very large nunber of electromagnets for LEP [I] called
for a high degree of automation of the nagnetic measurenent and
al ignment procedures. Snall conputers were wused for the
control and data handling at the various neasurenent stations
and the relevant paraneters for each nmagnet were transferred to
the central database through standard comrunication |ines for
use during nagnet installation [2].

Magneti c  Measur enent s

Magnetic neasurenents are inportant at various stages of
an accelerator project: design, construction, installation and
operation. The nmgnetic properties can be characterized as
magnet field strength, magnet field quality and magnet field
geomnetry.

The measurement of the magnet field strength (or
excitation curve) includes that of the hysteresis curve of the
magnet, which is of particular inportance in lowfield magnets

like the LEP dipoles. The results of these neasurenents were
used to decide wupon where to locate or how to conbine
i ndi vidual rmagnets. They also serve for the definition of
operational procedures, such as the cycling of the nmagnetic
field or the determ nation of the energy of the particle beam

The neasurenent of field quality is of interest during the
magnet design phase and at a later stage for beam optics
studies. The dispersion of the nmeasured paraneters is also of
interest both in the case of field strength and field quality
neasur ement s.

The neasurenent of field geonmetry is of vital inportance
for the installation and alignnent of the nagnets. Two val ues
are critical: the location of the beam axis and the angle of
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the nmedian plane of the accelerator; In the followng we shall
describe how the nagnetic references were defined and
transferred to the nechanical references used during magnet
installation and alignnment in the LEP tunnel

Medi an Pl ane Ref er ences

The nedian plane of a magnet is wusually expressed in
relation to the direction of gravity. Commercially available
el ectronic |evel gauges were used for the neasurenents of the
LEP nagnets. The neasuring principle is based on a pendulum
suspended between two electrodes formng a differential
capacitor «circuit. The neasured values of capacitance are
processed and nmade available on analog or digital display
panels and are interfaced to the control system when required
Different types of |evel gauges were enployed for the
neasurenents and alignments of the LEP magnets: independent
battery powered level gauges with a digital display having a
range of +20 nrad and a sensitivity of 0.01 nmad as well as a
| ow cost transducer with a range of +200 nrad and a sensitivity
of 0.1 nrad. A settling time of a few seconds was nmeasured.
Two transducers can be connected for differential neasurenents.
A calibration on a reference plane was perforned before each
nmeasurenment sequence in order to conpensate for tine and
tenperature drift.

Beam Axi s Ref erences

The classical nmethod for defining the position of the beam
axis was the use of telescopes and optical targets. In view of
the very large nunber of electromagnets to be handled, it was
decided to develop an alignnment system based on a stable I|ight
beam emitted from a HeNe-laser and captured by a position
sensi ng photodiode as illustrated in figure 1.

horizontal position

vertical position
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HeNe-1 asers have a very bright 1light conpared to
conventional sources. |Its coherence properties allow easy
positioning even in daylight and photoelectric detection is
easily feasible. No additional optics were needed for
di stances up to about 8 m A beam expander was nounted on the
| aser for applications at |arger distances in order to reduce
the relative beam divergence by a factor of ten.

A test programme was carried out to select a HeNe-Iaser
with satisfactory properties such as a good beam position
stability, low beam divergence and a |ow power output for

safety reasons. The selected Ilaser has the follow ng
characteristics:

wavel engt h 632.8 nm
out put power @2 mN
beam di aneter 0.75 mm
beam di ver gence < 1.2 nrad

tenperature drift at
steady state conditions < 0.01 nrad/°C

In order to reduce heat sources to a mninmum care was
taken to nmount the |aser power supply away from the |aser tube
when used in fixed installations |ike on measurenent benches.
Figure 2 shows two of the |aser tubes enployed, of which one is
fitted with a beam expander.

Fig. 2. Laser tubes

Three different laser units were constructed in order to
meet the particular requirements for the LEP nmagnet
neasurenents and alignments. A fixed laser wunit wth high
accuracy and optinmum tenperature stability was used with the
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various sem autonmatic rmagnet neasurenent benches. A second
type was the nobile laser unit used for short time alignnent
purposes such as the assenbly and alignnment of nagnet
sub-assenblies. The third type was the long distance (40 n)

nmobile unit used for the installation of the dipole pairs in
the LEP tunnel. This laser was fitted with a beam expander,

producing a beam dianeter of 11 mm The other lasers had a
400 mm long protection tube fitted at the end of the laser tube
in order to avoid the refraction effect caused by |ocal heating
of the air around the |aser tube. The supporting points of the
| aser tube itself were nodified in collaboration with the
manuf acturer in order to mninmze the heat drift. The |asers
were nounted on special supports designed for mninmm heat

transfer and provided with the necessary possibilities for
adjustnment. The 1long distance wunits were fitted wth a
differential mcroneter adjustnent for precise and easy beam
alignnent. The nobile wunits were nounted into adjustable
spherical housings for use with the CERN standard reference
socket s.

The photodiodes used as detectors for the measurenents
were comercially available Schottky barrier sensors wth
different active areas. Two types of photodiodes were used.
For the applications with the unexpanded beam bel ow a distance
of 8 m a diode with an active area of 19 x 19 mm was enpl oyed,
whereas for the long distance neasurenents with the expanded
beam a diode with an active area of 45 mm dianeter was chosen.
A standard spherical housing with vertical, transverse and
angul ar adjustnments allowed measurenments with an accuracy of
+0.02 mm Short protection tubes were fitted in front of the
phot odi odes, as shown in figure 3, in order to reduce the
i nfluence of anbient 1ight.

Fig. '3. Phot odi ode with anal og displacenent nonitor
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Two types of displacenent nonitors were developed: an
analog and a digital instrument. Both were based on a sinple
electronic circuit which normalizes the signals from the
phot odi ode, thus conpensating for the change of light intensity
with distance. A resolution corresponding to 0.02 mm was
obtained. The analog nonitor was a sinple stand-alone wunit
which indicated the vertical and horizontal displacenents on
standard panel instrunents. It is shown wth its associated
photodiode in figure 3. The digital nonitor permtted the
connection to a control system via a standard digital interface
(GPIB or RS-232). This feature was useful for the recording
and the subsequent application of positional corrections.

D pol e Geonetry Measurenents

The magnetic performance of the 3304 dipole nagnets for
LEP was deduced from systematic mneasurenents of the magnetic
geonmetry of their air-gap [3]. Included in this mnmeasurenent
was the determination of the angle of the nedian plane for each
of the dipole cores. This value was of inportance both for the
pre-alignnent of the dipole pairs and, in particular for the
final alignment in the LEP tunnel

The magnetic geonmetry was neasured by a carriage rolling
directly on the lower pole face of the dipole. A view of the
nmeasurement systemis shown in figure 4.
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Fig. 4. D pole geonetry measurenent

The beam emtted by a |laser tube placed at one end of the
dipole core and pointing at a fixed photodiode at the other
end, defined a straight line. Five proximty detectors, based
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on a.c. magnetic «circuits, neasured the position of the
carriage inside the air gap and thus the height of the gap in
two points. A photodi ode neasured the position of the carriage
with respect to the laser beam in a range of 5 nmm to an
accuracy of £0.05 mm and an electronic |evel gauge neasured the
tilt of the carriage. This tilt was conpared to the tilt of
the magnet core which was neasured by a second el ectronic |evel
gauge placed on the alignnment jig. The |evel gauge neasured
with an accuracy of 0.04 nrad in a range of +20 nrad. Daily
calibration inproved the accuracy to +0.02 nrad within a range
of 5 nrad. The neasurenment was made in successive steps over

the whole length of the core. The overall accuracy of the
neasurenent of the nedian plane angle was #0.04 nrad. A snall
conmputer controlled the neasurenent, read the neasurenent

results and deduced all relevant paraneters.

Har nroni c Coil Measurenents

The LEP magnet system contains about 1300 quadrupole and
sextupol e magnets. Their nmagnetic properties, including the
field geonmetry, were neasured using the harnmonic coil nethod.
In view of the large nunber of nagnets, these neasurenent
benches were highly automated [4]. A laser beam was used as
the reference axis both for the automatic pre-alignment of the
magnet on the mneasurenent bench and for the final positioning
of the reference targets. Figure 5 shows the alignnment
equi prrent nmounted on one of the LEP superconducting quadrupol es
during its neasurenment. The magnetic axis of the quadrupole
magnets was determned to an accuracy of +0.02 mm and the
nedi an plane to #0.05 nrad.

Fig. 5. Measurenent of a superconducting quadrupole
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Alignnent of Strai ght Secti on Conponents

Quadrupol es, sextupoles and dipole nagnets for orbit
corrections were nounted and aligned, then equipped with their
vacuum chanber and beam observation nonitors on comon girders,
so as to form conplete nmachine elenents to be transported and
installed in the LEP tunnel. A total of 744 wunits of 28
different types was assenbled. The different conponents were
aligned with respect to the quadrupole magnet, which was the
only elenent carrying reference sockets for the final alignnent
in the tunnel.

The precision required for the alignnment was +0.05 mm in
the horizontal and vertical planes for the beam position
nmonitor and x0.1 nm for the other conponents. The tol erance on
the transverse tilt was +0.| nrad.

Alignnent devices carrying photodiode targets for the
determnation of the transverse and vertical coordinates as
well as electronic |evel gauges were built. The quadrupole
reference axis was defined by a laser beam to an accuracy of
+0.01 mm during assenbly. The |aser was nmounted on one of the
ref erence sockets of the quadrupole as shown in figure 6.

Fig. 6. Laser reference beam and |evel gauge.

The nedian plane was defined by a master |evel
pl aced on the quadrupole reference points and connected to the
corresponding |evel gauge on the alignment jig for a
differential mneasurenent. Both instruments were calibrated on
a reference plane before the measurenent and verified
afterwards. The tinme required for the alignnent operation was
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typically 30 mnutes, so the drift of the nobile laser units
was acceptable. A typical alignnent device, in this case
mounted on a sextupole nmagnet, is shown in figure 7.

N AN
B

Fig. 7. Sextupole alignnment device

Pre-alignnent of D pole Pairs

The 12 m long dipole pairs were aligned and fitted wth
excitation bars and vacuum chanber before the transport to the
LEP tunnel. The alignnent nethod is illustrated in figure 8.

alignment jigs

phot odi odes

el ectronic level gauges

N rad

Fig. 8 Pre-alignnent of dipole pairs
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The two dipole cores were placed in the horizontal plane
according to the results of the geonetry neasurenents of the
i ndi vidual rmagnet cores. The reference axis was defined by an
expanded |aser beam and a nobile photodi ode assenbly, which in
turn was placed in the relevant reference sockets. In order to
i mprove the neasurenent accuracy, both laser and photodi ode
were shielded by two 6 neter long tubes covering the total

nmeasurenment length. The reference plane was defined by
electronic level gauges. The total Ilength of the pair was
adjusted at the sane tinme. The neasurenent equipnment was
connected to a small conputer which displayed the necessary

instructions for the whole alignment operation. The six
alignment jacks were operated manually. An accuracy of 0.1 mm
was obtained for the vertical and transverse alignment within a
range of *3 nm The obtained angular precision was +0.03 nrad.

After assenbly, the dipole pairs were clanped in special franes
and transported into the LEP tunnel

Dipole Installation in the LEP Tunne

The dipole pairs were installed and aligned in the LEP
tunnel wusing the already installed and aligned quadrupole
magnets as reference nonunents. Two expanded |aser beans
defined the alignment reference over a distance of about 40 m
as shown in figure 9. Two sinple analog nonitors were used for
the initial positioning of the dipole pairs which were
installed in turn. Figure 10 illustrates the positioning of
the central dipole pair.

guadrupole

39.5 m l

Fig. 9. Alignment reference in the LEP tunne

quadrugole

dipole pair

Fig. 10. D pole alignnent
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During the final alignment of the dipole cores, two
digital displacenent nonitors were connected to the nobile
conmputer used by the LEP Survey Goup. The original data from
the dipole geonetry neasurenents was conbined with the nachine
geonetry data for this alignnent. An accuracy of #0.15 mm with
respect to the reference was achieved for the vertical and
transverse alignment within a range of *4 mm The obtained
angul ar precision was +0.03 nrad.

Concl usi on

In addition to considerable savings of manpower, the
advantages of the applied nethods can be summarized in two
specific points: Firstly, the automation of nmeasurenent and
alignnment procedures significantly inproved their quality
conpared to that of traditional nmethods. An inportant factor
was the possibility of including filtering and averaging of
observed signals, either at the Ilevel of analog signal
treatnent or in the data acquisition process. Secondly, the
automatic transm ssion and handling of neasurenment and
alignnent paraneters entirely excluded the usual risks of
operational errors during routine work.
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