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Foreword

The fourth workshop was expected to be succeeded to colleagues of SSC,
because it might be held at Dallas if SSC didn't meet the difficulty contrary to our
expectation. In the meantime, I received a mail requesting to have this
workshop at KEK. It is honorable to us to serve as a host institute after the third
workshop at Annecy in 1993 and it is a great pleasure to welcome participants to
the Fourth International Workshop on Accelerator Alignment at Tsukuba which
is abbreviated as "1WAA95" instead of "WOAA" adopted by the previous workshop.

The KEK is located northernmost in the Tsukuba Science Town and is rather
difficult in transportation from the center of the town. It is a reason why the
bus was chartered to commute between the hotels and KEK. The workshop was
forced to be set up in November in 1995 because the TRISTAN Main Ring is
scheduled to be evacuated early in 1996 for the construction of KEKB-factory
and is indispensable for the workshop to see how the TRISTAN magnets were
aligned. During the workshop everyday was warm to travel and to enjoy the KEK
tour being blessed with an Indian summer.

This workshop was supported by grants-in-aid by the Ministry of
Education, Science, Sports and Culture, the Tsukuba EXPO'85 Memorial Foundation
and the Foundation for High-Energy Accelerator Science. We are very grateful
for their kind support and express our sincere thanks to them. Thus some
colleagues from Russia, China and India could join us. participants were more
than 100 people from 47 laboratories, institutes or companies which are related
to the precise survey and alignment in the field of accelerator. We had 48
contributions in 3 days covering the recent development in precise alignment,
surveying instrumentation and devices, ground motion, conglomerated
alignment system, beam-based alignment method, and demands in alignment of
linear collider. Time schedule was rather tight and everybody was compelled to
present in a short time. All attribute to our organization. Hopefully, discussions
and communications will be continued after the workshop.

Among topics the beam-based alignment method has been developed and is
being investigated almost by young accelerator scientists. It shows the
accelerator still offers new challenging problem and requires new technology.
If considering the two ring collider such as B-factory and linear collider, the
alignment problem will be more concerned with beam dynamics and will be
imposed more strict tolerance than ever. I feel that the recent accelerator
studies using beam monitors are becoming more precise and can sense the tiny
machine errors. In other words, result of alignment appears in the beam orbit. I
think this workshop will make an advance to this direction and hope this
approach will be considered in the future international workshop on
accelerator alignment.

Finally I must express my thanks to R. Sugahara and Y. Nagashio for their
intensive secretarial work in organizing this workshop.

Kuninori Endo
Accelerator Department
KEK
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GEODETIC MEASUREMENTS FOR THE HERA PROTON
RING, THE NEW EXPERIMENTS AND THE TESLA TEST

FACILITY - A STATUS REPORT

F. Loffler, DESY Hamburg

Abstract

The HERA proton machine has been operating since 1991. Only parts of this accelerator
have been measured in that period. This report gives an overview of the results, which show
the movements of the magnets and the reproducibility of the geodetic measurements.

The measurements which were necessary for the installation of two additional detectors are
also described. Finally an outlook on the alignment of the components of the TESLA Test
Facility (TTF) Linac is presented.

1 INTRODUCTION

The accelerator survey at DESY is done by applying angle - and distance measurements as shown
in the accelerator workshops 1989 and 1990 [1] [2] [3] [4] [5]. The first complete alignment of HERA
based on such measurements was done in December 1990 just before commissioning of the proton
machine.

While overall measurements and the necessary realignment could be carried out in 1991/1992 for
the electron accelerator that was not possible for the proton machine. Only certain parts of the
proton ring could be measured allowing an overview of the behaviour of the magnets and the
accuracy of the geodetic measurements.

2 THE HERA P-MACHINE

2.1 BETWEEN NORTH HALL AND EAST HALL

In January 1992 and November 1993 the superconducting part of the machine between north
hall and east hall was surveyed.The three dimensional coordinates of the survey platforms were
evaluated from a free least square adjustment of the observations related to the nominal values.
From the coordinate differences the radial and vertical deviations from nominal position were
derived. Systematic deviations of the radial values from the nominal position were removed by a
least square fit with respect to an eighth order polynominal function. Fig.l and Fig.2 show the
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results.There were 43 out of 290 radial deviations in 1992 which were between 0.5 and 1.0 mm,
only 6 exceeded 1.0 mm with the maximum value being -1.5 mm. All the other deviations were
smaller than 0.5 mm.

100 200 300 400 500 600 700 800 900 1000 1100

Station In m (N •> E)

Figure 1. Radial deviations dr from nominal position-January 1992

0 100 20Q 300 400 SOU 600 700 800 900 1000 1100

Station In m (N -> E)

Figure 2. Relative radial deviations dR-January 1992

The results obtained in 1993 were very similar. The mean square values of the deviations for both
years were the same (± 0.35 mm) if values of 1.0 and more are neglected.

The reproducibility of the measurements can be derived from the differences between both sets of
measurements, which are shown in Fig.3. Here only five magnets (10 values) showed significant
differences, which were caused by instabilities of the magnet supports. For the other magnets the
reproducibility of the measurements stayed within ±0.12 mm (mean square value of the differ-
ences), which was consistent with a standard deviation of the radial measurements in 1992 and
1993 of ±0.08 mm.
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2.0

100 ZOO 300 400 SOO 600 700 BOO 900 1000 1100

Station In n (N •> E)

Figure 3. Differences of the relative radial deviations dDR (Nov. 93-Jan. 92)

Similar results were obtained for the height measurements. Fig.4 gives the vertical deviations
measured in 1992. Here 67 values out of 290 were in the region 0.5 to 1.0 mm, only 4 deviations
exceeded 1.0 mm with a maximum of -1.2 mm. All other vertical deviations were smaller than
0.5 mm. The vertical deviations in 1993 were comparable. The mean square values were ±0.40 in
1992 and ±0.35 mm in 1993, if deviations of 1.0 mm or more are not taken into account. The dif-
ferences between the vertical deviations measured in 1992 and 1993 are shown in Fig.5. Significant
values exist for four magnets, which were obvious already from their radial movements. For all
other magnets the differences corresponded to the surveying accuracy of the radial measurements,
if systematic effects are eliminated.

0 100 200 300 400 BOO 600 700 BOO 900 1000 UO0

Station In m IN -> E)

Figure 4. Vertical deviations dh from nominal position-January 1992

During both measurements in the 1992 and 1993 surveying periods the roll of the magnets was
also determined. The differences are given in Fig.6 which shows that they were smaller than 0.3
mrad.
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0 100 ZOO 300 400 500 GO'! 700 BOO 900 1000 1100

Station In n (H •> £)

Figure 5. Differences of the vertical deviations (Nov. 93-Jan. 92)

2.00

1.50 -

1.00 "

0.50 "

•1.50 "

•2.O0
N2280.1 N3S5D.1 N54OD.1 N698Q.1 73B0D.1 58000.1 4230D.1 Z680D.1

Magnet ( N •> E )

Figure 6. Differences of roll measurements (Nov. 93-Jan. 92)

2.2 BETWEEN NORTH HALL AND SOUTH HALL

In December 1994 a resurvey of the superconducting parts of the proton machine between north hall
and south hall was carried out including the normal conducting straight section in east hall. The
survey program was slightly changed compared to former sessions. The theodolite is now mounted
on the survey platforms of the superconducting quadrupoles, which means less instrument stations
are necessary for the measurements than with the old scheme. Only the two dipoles at the vertex
of the magnet ring are still used as stations (Fig.7). Furthermore the TC 2002 Leica total station
was used for angle and distance measurements, instead of the theodolite Kern E2 for angle and
the Kern ME 5000 for distance measurements. The necessary time for the survey thus could be
reduced significantly.
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• Instrument station:! on quadrupotes

• Instrument station! on dlpoles
• Target points
(nottoscalo)

Figure 7. Survey scheme for Hera-p

The ; hree djmensional coordinates were evaluated by a free least square adjustment of the observa-
tions related to the nominal values of three points of the traverse and the center of the coordinate
system. By comparing the actual coordinates of each survey platform with their nominal value the
radial(dr), vertical(dh) and azimutal(dt) deviations could be determined. Because of systematic
influences during the measurements the size of dr varied between +10.8 mm and -23.8 mm, that
of dh between +1.8 mm and -2.1 mm (Fig.8) and that of dt between -22.4 mm and +16.6 mm
(Fig.9). The systematic parts of the deviations could be evaluated using cubic spline functions
and were subtracted from the original values in order to get the relative deviations DR, DH and
DT. The maximum values of DR were then ±2.6 mm with 81 % less than 0.7 mm and a mean
square value of ±0.34 mm (Fig.10). For DH the extremes were +1.6 and -1.2 mm with 95% less
than 0.7 mm and a mean square value of ±0.31 mm (Fig.ll). This agrees with the 1992 and 1993
measurements.

Deviations in m

Radial (dr)

Height (dh)

0 203 *0O 600 800 1000 1200 1400 1600 1D00 2000 2200 2400 2BO0 28D0 3000

Station in m (N •> E •> S)

Figure 8. Radial and vertical deviations from nominal position-December 1994

The results for DT were significantly worse, as the extremes here were +9.4 and -7.9 mm (Fig.12)
with 71% less than 2.0 mm. The mean square value for these deviations was ±1.1 mm. Since
the original alignment was done using steeltapes this figure is reasonable. The cause of the larger
deviations of the remaining points has not yet been clarified.

The values DR, DH and DT can be directly compared with the first measurement made after the
alignment in December 1990 (Tab.l and 13, 14, 15). Only 36% of total 708 evaluated differences
between the radial measurements of 1994 and 1990 were smaller than 0.3 mm with a mean square
value of ±0.17 mm. For the height measurements 54% were within this margin with a mean square
value of ±0.15 mm. These particular magnets obviously have not changed their radial and vertical
position within the period of four years.
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o MO «oo eoo too tooo 1200 uoo ieoo taco m 2200 2<oo : « » ixa xm

Slalion In m (N •> E •> S)

Figure 9. Azimutal deviations dt from nominal position-December 1994

Davtations In mm

0 900 * W GOO BOO tOOO 1200 MOO 1600 1000 2000 2300 3(00 2900 2600 3000

Station In in (N->EoS)

Figure 10. Relative radial deviations dR-December 1994

Deviations In mm

0 200 400 GOO 800 1000 1300 1400 1600 IMO 2000 2200 2100 2600 2600 X 0 0

Stalbnlnm(N.>E->S)

Figure 11. Relative vertical deviations DH-Decemberl994
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Deviations In mm

0 MO « 0 MO SCO 1000 1200 1400 1800 1400 2000 2200 2400 2W0 2B0O 3000

Station In m (N •> E •> S)

Figure 12. Relative azimutal deviations dT-December 1994

Table 1. Number and size of radial and vertical differences

Size (mm)

0.0 - 0.2
0.3- 0.4
0.5 - 0.9
1.0- 1.4

1.5 - 1.9
2.0 - 2.4
2.5 - 2.9
3.0 - 3.4
3.5 - 3.9

Number of differences

dDR=DR94-DR90

257
151
198
66
22
8
5
0
1

Number of differences
dDH=DH94-DH90

382
149
146
28
1
0
1
1
0

D aviations In mm

0 200 400 BOO 600 1000 1200 1400 1M0 1B0O 2000 2200 2400 EOOO 2600 3000

Slni«n in m(N->E->S)

Figure 13. Differences of the relative radial deviations dDR (Dec. 94-Dec.9O)
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Deviations in mm

•to ~ ! 1 1 r ~ — T 1 1 1 1 1 i 1 1 1 1 r~

0 200 « 0 6W 800 10QO 120Q 140O IflOO 1«M 2000 2200 2400 2603 2000 3000

Station in m(NoE->S)

Figure 14. Differences of the relative vertical deviations dDH (Dec. 94-Dec. 90)

The comparison of the azimutal measurements of the survey platforms is shown in the following
table (Tab.2). In this case 73% of the azimutal measurements were reproducible within ±1 mm
with a mean square value of ±0.50 mm which means that the corresponding magnets have only
slightly moved, if at all, in this direction.

Table 2. Number and size of the azimutal differences

Size (mm)

0.0 - 0.2
0.3 - 0.9
1.0 - 1.9
2.0 - 2.9
3.0 - 3.9
4.0 - 4.9
5.0 - 5.9

Number of Differences
dDT=DT94-DT90

200
315
151
27
7
7
1

Deviations In mm

O 200 « 0 600 800 1000 fHJO 1400 ISOO 1600 2000 2200 £*QO ZBOO ZdOO XQO

Figure 15. Differences of the relative azimutal deviations dDT {Dec. 94-Dec. 90)



1/9

The other magnets have obviously changed their azimutal position. These movements most prob-
ably were caused by the heavy forces which were generated by vacuum breakdowns, quenches and
instabilities of the magnet supports which occurred mainly during the first year of operation.

3 INFLUENCES FROM OUTSIDE ON THE HERA -
MACHINES

It is obvious that civil engineering work on the surface near the tunnel axis influences the HERA-
machines. In the summer of 1992 the excavation of the construction pit for a new office building
between south hall and west hall outside the DESY-area caused an elevation of the HERA-tunnel
of about 7 mm. That was discovered in January 1993, by a measurement of the height of the
electron accelerator, because it had become extremely difficult to run the machine in this region
(Fig.16). The deviations were eliminated by an alignment of the electron magnets and the result
was, that the accelerator ran well again.

S204 S322 S439 S5S7 S674 79ZW

Hodul Number
O March 16.1994 + January 4,1993

Figure 16. Influence of a civil engineering project on the height of the Hera e-machine between south hall
and west hall

In January 1994 a second adjustment was necessary, this time in the opposite direction, since the
electron machine had moved about 2 mm down due to the weight of the building even though
special foundations had been constructed to prevent this effect.

Though the proton machine suffered the same movements as the electron machine it could be
operated without bigger problems. Its position was only measured in December 1994. The results
confirmed those obtained from the electron accelerator (Fig.17), so that the proton magnets in that
area were realigned vertically in January 1995. The alignment was done in several small steps,
because the superconducting magnets are connected to each other with very stiff fixing sleeves, so
that they form a compact string of magnets. Small shifts in radial or vertical direction of less than
0.5 mm are possible for the individual magnet without opening of the magnet connections, but it
is not possible to make roll corrections in these conditions.

The results of this alignment will be seen in the winter shut down of 95/96, when a first resurvey
of the complete proton ring is planned to take place.



1/10

Deviations In mm

50 100 150 200 250 300 350 400 450 £00

Figure 17. Influence of a civil engineering project on the height of the p-machine between south hall and
west hall (Dec. 1994)

4 NEW EXPERIMENTS

4.1 T H E H E R M E S - E X P E R I M E N T

Two experiments were installed in HERA at the very beginning, ZEUS in south hall and HI in
north hall [6] [7].

Since spring 1995 a third experiment called HERMES became operational in east hall (Fig.18).
Its aim is the research of the spin structure of the nucleon. The components of the detector
were mounted in 1994 in the hall area and installed in the electron beam line in the shut down
1994/1995.

Standard geodetic methods were applied to align the various parts of the experiment (magnet,
vertex chambers, forward chambers, magnet chambers and backward chambers, Cerenkov counters,
TRD, hodoscopes and calorimeter). The chambers behind the detector magnet were only accessible
from the sides of the experiment. They were therefore equipped with appropriate survey points
attached to the frame of each chamber. There were two on each side which were at a known position
to the beam axis (Fig. 19). The position of these survey points with respect to the detector axis
could be determined by polar measurements from datum points (Kern centering plates). They
were installed temporarily during the mounting phase in east hall on both sides of the detector
and on the detector axis mounted on concrete blocks (Fig.20). The coordinates of these datum
points with respect to the beam were defined by angle- and distance measurements using the Kern
E2 and the Mekometer ME 5000. The chambers were aligned from the datum points by angle and
distance measurements with the TC 2002 Leica total station using reflecting foils attached to the
targets. The measurement of four points on each chamber provided an easy control of the quality
of the alignment.

Only the target chamber and the vertex chambers in front of the detector magnet were fitted with
the standard reference sockets, for Taylor Hobson spheres, as used in the HERA tunnel and with
reference points for roll measurements. They were aligned directly from the beam axis as it was
done with the detector magnet itself. It carries a number of reference sockets which define the
magnet geometry.

The calorimeter at the end of the experiment was fitted with two Taylor Hobson sockets, one on
each side. They were not only used for the alignment of the calorimeter itself, but also for the
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Figure 18. HERMES-Isometric-Cut

A+y

TOP-CHAMBER

BOHOM-CHAMBER

Jepny v
plane '

• Survey points
• Laser targe) of chambers
0 e--beam
(not 1o scale)

Figure 19. Position of the reference points at the Hermes-chambers

positioning of the experiment vvhen it was moved from its parking position in the hall to the final
beam position. The Taylor Ilobson spheres of the calorimeter on one end and those on the target
chamber on the other could be directly pointed at from neighboring accelerator magnets and so
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Figure 20. Survey scheme for the alignment of the Hermes-detector in parking position

be moved to their nominal position. The roll of the experiment was determined by simultaneously
measuring the height differences of the two spheres on the calorimeter. Since it changed as the
experiment was moved to beam position it had to be restored by adjusting the support platform
using the hydraulic carriages.

The relative position of the chambers can be controlled during operation of the experiment
by a laser system, which was developed and installed by Japanese members of the HERMES-
collaboration. Therefore, each chamber was additionally equipped with two laser targets at the
level of the beam plane (Fig.19). Their positions with respect to the beam axis and beam plane
were determined before installation by the DESY survey group, in a similar way to the survey
points. These laser targets define the radial and vertical positions of the HERMES chambers and
their roll. During the installation phase they could therefore be used by the survey group for
an additional control of the alignment. The deviations of the targets from a straight line were
determined by angle measurements with theodolites, which were adjusted on the two laser lines.
It could be demonstrated by these measurements that all chambers had been positioned to within
0.4 mm in radial and 0.8 mm in vertical directions with a reproducibility of better than 0.1 mm.

4.2 THE HERA-B EXPERIMENT

A fourth experiment, HERA-B will be installed in the future in the west hall. It will study CP
violation in the B system using an internal target in the proton ring. The main detector components
are shown in Fig.21. They are the silicon vertex detector, the main tracking system with a dipole
magnet, TRD and RICH counters for particle identification, the electromagnetic calorimeter and
the muon system. The detector will be mounted on movable platforms, in order to provide access
to the tunnel for the HERA tram and the alignment of the accelerators.

At the end of the. 1995/1996 winter shut down the first components are planned to be installed
in the proton beam (detector magnet and muon iron). Therefore a modification of the accelerator
lattice is necessary which means, that many machine components have first to be shifted or replaced
by new elements in the region of the experiment.

The mounting of the detector magnet and the iron absorber of the muon chambers will take place
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SI 20 19

Figure 21. Top- and Sideview of Hera-B

in the hall area before. The magnet is equipped with a number of reference sockets on the outside,
which were machined at defined positions during the manufacture of the iron parts of the yoke.
They allow DESY standard targets to be inserted for geodetic measurements, so that all ihese
sockets can be related to the geometrical axis of the magnet after it has been completely mounted.
Then these sockets can also be used as reference points for the magnetic field measurements, which
have to be carried out before the magnet is moved to the beam position. The final alignment of
the magnet in the beam position will be based on these reference points and will be done from
neighboring accelerator magnets as instrument stations. The positioning of the muon absorber
will be carried out in a similar way.

5 THE TESLA TEST FACILITY

Two research facilities for future linear colliders are under construction at DESY. One uses con-
ventional travelling wave accelerating structures at 3 GHz (S-band) and g = 17 MV/m, the other
one superconducting Nb standing wave accelerating structures at 1.3 GHz (L-band) and is aiming
for an accelerating gradient "g" above 15 MV/m.

Details on the first collider study (SBLC) are given by W. Schwarz in reference [8]. Some aspects
of the second project (TTF-Tesla Test Facility) will be discussed in the following section.

The layout of the TTF is shown in Fig.22. Its main objective is to process and test industrially
fabricated Nb cavities and demonstrate that they have stable operation with a gradient of at
least 15 MV/m. The infrastructure includes facilities for chemical etching and high pressure
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rinsing, heat treatment in an UHV oven and high peak power processing of the cavities. The
TTF-linac consists of an injector including its gun, a capture cavity and a diagnostic section,
followed by a first cryomodule and a warm section (for the later installation of a magnetic bunch
compressor) and three more cryomodules. The linac facill'y is completed by a diagnostic area for
beam experiments, Each of the four linac modules houses eight superconducting cavities of 1 m
length, which are assembled as a string. The last elements of the string are a beam position monitor
and a superconducting quadrupole doublet. Every cavity has its own helium vessel and the whole
string is supported Ly a long helium gas return pipe (Fig.23). The operating temperature is 1.8 K.

Figure 22. Layout of the Tesla Test Facility

The cavities are assembled and connected to a string in a class 100 cleanroom in order to avoid
contamination of the cavity surface. The transverse position of the cavities during this procedure
is fixed by a support structure which is well aligned by a machined guiding rail. Only the roll of
every cavity must be corrected separately using the input coupler flanges as a reference. The final
assembly of the string is done outside the cleanroom at the end position on the guiding rail.

Before the string can be inserted into the cryostat tank it has to be moved to the so called
"Installation Area", where three supports simulate the final attachment of the helium gas return
pipe to the cryostat. In this position the eight cavities and the quadrupole doublet must be aligned
in the correct transverse positions with respect to the return pipe. Each element therefore has been
equipped with four optical targets, two at each end, which give the reference position with respect
to the beam axis together with the input coupler (Fig.24). With these targets the alignment can
be accomplished using vertical and horizontal angular measurements with two theodolites , which
are positioned on the nominal axes of the targets (F3g.25).

After this alignment the cavity string is inserted in the cryostat tank and fixed to the three final
supports. The return pipe should then be in its nominal position with respect to the tank and
the beam. Small adjustments are still possible if necessary. They have to be carried out using
measurements made with Taylor Hobson sockets and spheres for roll which are mounted on top of
the support structures of the pipe.
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He gas return pipe
beam position quadrupole
monitor . package

#1 #2 #3 #4 #5 #6 #7

module length 12.2 m

input coupler

Figure 23. Cryo module of the Tesla Test Facility

Additional measurements with theodolites then give the final position of the cavity and magnet
targets. All these optical targets can be illuminated and are attached in such a way, that they
can be pointed at with theodolites situated in front of the tank. If changes with respect to the
positions in the "Installation Area" can be found they have to be taken into account as coordinate
corrections for the corresponding elements.

Each tank is equipped with two reference plates on the side, which carry the centering sockets for
Taylor Hobson spheres and additionally reference spheres for roll measurements, as it is standard
for the HERA proton ring. The coordinates of these survey points are determined simultaneously
with those of the optical targets during the control measurements after insertion of the cavity
string in the cryotank. The alignment of the cryomodules in their final location in the linac lattice
can then be carried out in a similar way to the methods known for the HERA accelerators.

It will be interesting to get information on the stability of the cavities during cool down. It's
planned to observe the behaviour of the first module by optical measurements of the target po-
sitions. This should be possible by pointing through optical windows, which are installed in the
endcaps in front of the optical targets. Additionally it is planned to install a stretched wire system
inside the tank, wLich will be able to indicate movements of the cavities immediately. The neces-
sary sensors will have to be aligned after the optical alignment of the cavities in the "Installation
Area". If the two methods will definitely work has to be shown yet. Up to now no complete string
of cavities is available for tests.
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Figure 24. Cross Section of the Cryo module
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Figure 25. Survey scheme for the transverse alignment of the TTF-cavities

6 CONCLUSION

The results of the geodetic measurements of the proton ring show, that the desired surveying
accuracy can be reached without problems. The stability of the magnets is worse than expected
but this has, until now, had no serious effects on the operation of the machine. The alignment
of the experiments HERMES and IIERA-B and that of the components of the TTF linac are
standard geodetic tasks. Control measurements of the superconducting cavities during cool down
by pointing with a theodolite however will depend on the behaviour of the optical windows .and
the target illumination under vacuum and low temperature. Thorough tests will only be possible,
if a working cryomodule is available. This is also the case for the stretched wire syste.ii inside the
cryotank, which will be installed by the manufacturer of the tanks.
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LONG TERM DISPLACEMENT
OP THE CONCRETE FLOOR IN THE TRISTAN RING

Ryuhei Sugahara, Yasunobu Ohsawa, Kuninori Endo and Hitoshi Fukuma
National Laboratory for High Energy Physics, Tsukuba-shi, Ibaraki-ken, Japan

1. INTRODUCTION

The TRISTAN ring, electron-positron collider with diameter of 1 km, is going to be modified as

a B-factory[l'21. The B-factory consists of two rings, an electron ring and a positron ring, and each

ring has different energy of 8 GeV and 3.5 GeV respectively. In this B-factory, the luminosity, the

beam collision rate, is thought to be more sensitive to the variation of the magnet position than

that in the TRISTAN ring. At the time of the operation of TRISTAN, the drift of the beam orbit is

observed. Fig.l shows the variation of the orbit after the acceleration from 8 GeV to 29 GeV. It

can be seen that RMS of the COD, Closed

Orbit Distortion, grows up to about 0.15

mm in about 7 minutes, and becomes

steady both in horizontal and vertical

directions. This drift is thought to be

caused by heat-up of magnets and

temperature rise in the tunnel. If beams

are not accelerated, slow variation of COD

is seen as shown in Fig. 2. The component

with the period of a day looks dominant,

and the amplitude for the variation of

RMS of the COD is about 0.1 mm. If we

Growth of COD RMS at Flat Top
0-20,-; -• p

Vertical #1
Horizontal #1

ZOO 300 400

Time (sec)
600

Fig.l Growth of RMS in the Closed Orbit
Distortion (COD) at the flat top.

could find out the main source of this drift

of the beam orbit, it will help us in designing the B-factory ring.

It is conceivable that the movement of the magnet base in the interaction region and the

seismic motion of the concrete floor at the expansion joint, the joint of ring tunnel blocks, are

responsible for the drift of the COD. The former will be discussed in another contributed paper,

and the latter will be discussed in this paper.
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2. TRISTAN RING

Fig.3 is a schematic

drawing for the TRISTAN

ring, which consists of 4

experimental halls with 100m

long straight sections at both

side and 4 arc sections. Each

arc section is separated into 9

blocks. Those blocks are

connected loosely and a gap is

set in between in order to

absorb the thermal expansion

of the concrete. Experimental

halls and straight sections are

supported firmly by many 25m

long big piles. The diameter of

piles is 0.75m in the straight

section, and 1.2m or 1.4m in

the experimental hall. On the

other hand, arc sections do not

have such support.

3. MEASURING SETUP

A gap sensor and

HLS (Hydrostatic

Leveling System '31 )

are used to measure

the variation of the

gap at the expansion

joint and the tilt of

the concrete floor

respectively. The gap

sensor is equipped

with three heads of

the eddy current type

Tsukuba

SI

I o
o

f§

V

Fig.3 The tunnel structure of the TRISTAN ring.

-10 m-

HLS#1
Sensor (capasitive)

Expansion Junction

HLS #2

Water
Communication pjoe for air

Vessel Communication pipe for water
(Stainless steel) (Nylon tube)

Fig.4 Schematic drawing for the set-up of the
Hydrostatic Levedling System (HLS).
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in order to measure the gap in three directions, X, Y and Z. Hereafter Z axis is defined as the

beam direction, and X and Y axes as horizontal and vertical direction perpendicular to the beam

axis, respectively. The resolution is about lum. At the expansion joint, an iron slab is extended

from one side and the gap sensor is fixed on the other side, and each sensor measures the gap

between the iron slab and the sensor head.

Fig.4 shows the structure of the HLS. Measuring heads are connected by three nylon tubes:

two for the water and one for the air. The sensor, equipped atop, measures the level of the water.

By subtracting the water level in adjacent heads, the tilt of the floor can be measured. After the

calibration, the resolution is about lum. At the expansion joint between FL2 and FL3 in Fig.3,

where the closest quadrupole magnet is QD5-FL, three heads (HLS-1, HLS-2 and HLS-3) are

placed. The distance between each head is about 10m. HLS-1 and HLS-2 are placed at the end,

and HLS-3 in the middle near to the expansion joint. HLS-1 and HLS-3 are placed in the section

FL2, and HLS-2 in the section FL3.

The room temperature is measured by thermo-couples at 12 points in the tunnel.

Data from the gap sensor, the HLS and thermo-couples are collected every 5 minutes with a

data logger which is connected to a work station through an Ether-net

4. RESULTS

The movement of the floor was measured at the expansion joint in the straight section of

Tsukuba and Fuji area. It revealed that the floor in the straight section was quite steady. This is

probably due to the support by piles. An example is shown in Fig.5. It shows the variation of gap

during the period from January through March 1994. As shown in the expanded view in Fig.5(b),

zigzag structure in the room temperature is caused by the operation pattern of beams: beams are

injected at the energy of 8 GeV spending about 30 minutes, accelerated up to 29 GeV, and kept

for about 1.5 hours (Flat Top) until the beam current becomes about a half. Although the gap in Z

direction varies according to the change of the room temperature, the gap in X and Y direction is

quite steady. The variation of X and Y gap in a month is less than 10(im.

Figs.6, 7 and 8 show the movement of the floor at the expansion joint between FL2 and FL3

in the arc section for about an year. Figs.6 and 7 show results of the Gap sensor and Fig. 7 of

HLS. It is shown in Fig.6 that the gap in Z direction becomes minimum at the time of 29 GeV

operation, and becomes maximum in the winter maintenance period. The difference between the

minimum and the maximum value is about 1.2mm. The gap in X and Y direction varies slowly

according to the change of the room temperature as shown in Fig.7. The difference between the

minimum and the maximum value is about 0.12mm in X direction and about 0.08mm in Y

direction. The change of the gap is slow when the high energy operation is started, i.e. it takes 1
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or 2 weeks to become stable. And the variation is relatively quick (only 2 to 3 days) when the

high energy operation is stopped. Anyhow, those variations of the gap is mainly caused by the

change of the room temperature. Although the amplitude is less than 10|J.m, the step-like

variation was observed both in X and Y direction on October 4, 1994 and on January 17, 1995 as

marked by the circle in the plot. Both of them were caused by the earth quake of medium size (i.e.

second or third grade in the seismic scale), whose signal can be seen clearly in Fig.8, the plot for

HLS data.

Fig 8 shows the variation of HLS 1-3, the water level in HLS-1 subtracted by that in HLS-3,

and HLS 3-2, the water level in HLS-3 subtracted by that in HLS-2. The direction of the

variation of HLSl-3 and HLS 3-2 is opposite each other and the magnitude is almost the same.

This means that the HLS-3, the middle head, moves up and down. The difference between the

minimum and the maximum value is about 0.15mm. Those variation is mainly caused by the

change of the room temperature.

5. CONCLUSION

The concrete floor is steady in X and Y direction in the straight section probably because of the

support by big piles. On the other hand, the movement of the concrete floor in the arc section is

caused mainly by the change of the room temperature. The difference between the minimum and

the maximum value in a year is about 1.2mm in the gap in Z direction, and 0.1 to 0.15mm in the

gap in X and Y direction. In Y direction, the floor looks moving mainly at the expansion joint. As

the pattern operation of beams causes the slow variation of the room temperature, the movement

of the floor is expected to be much reduced in the KEK B-factory, where the beam energy is kept

constant.
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Gap of Expansion Joint at QD5-FL (Arc)
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ALIGNMENT OF TARN II

Akira Noda*, Mono Yoshizawa, Tamaki Wr 'anabe, Toshiaki Osuka* *,
Takeshi Katayama, Akira Mizobuchi

Institute for Nuclear Study, University of Tokyo, Midori-cho 3-2-1, Tanashi-city, Tokyo 188, Japan

Kazushi Emoto
Nihon Kensetsu Kogyo, Co., Ltd., Shinbashi5-13-ll, Minato-ku , Tokyo 105, Japan

1. Introduction

TARN II is a heavy ion synchrotron/cooler ring, whose average radius and circumference are

12.4 m and 77.8 m, respectively. Main parameters of TARN II are listed up in Table 1[1]. As the
radius of curvature of dipole is 4.045 m and the deflection angle of each dipole magnet is 15°, the
method to set the magnets on the equilateral triangles around the ring center is considered to be more
effective compared with such a method as "perpendicular-short chord" or "short-long chord"
measurement[2]. The ring is set in the experimental hall composed of three parts between which two

walls exist as shown in Fig. 1. So some f • j ]
distances of the magnets from the center cannot
be measured. In order to keep the hexagonal
shape of TARN II ring, special care is needed
and algorithm to calculate the optimum position
correction to each magnet based on
Householder's method has been developed.
Positioning holes whose positions are precisely
controlled at the fabrication stage of the magnet
are made on each magnet. The distances
between the positioning holes on the magnets and
center pole are measured by a distometer utilizing
Invar wires 1.0 mm in diameter (made by Kern
Co. Ltd.). The absolute value of the distance is
calibrated on a straight rail with use of a laser
interferometer (HP 5526A) at each measurement.
The distomcter measures the difference of the
distance to be measured from the known distance
on the calibration rails.

In the present paper, the algorithm of the
positioning of the magnets are given, then real
alignment procedure is described together with
the final results of alignment of TARN II.

Fig. 1 Layout of TARN II.

* Present address: Institute for Chemical Research, Kyoto University
**Present address: College of Arts and Sciences, Chiba University
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2. Algorithm of the Alignment

The TARN II ring should be positioned on a
regular hexagon as shown in Fig. 1, because it
has superperiodicity of 6. As the ring is set in a
experimental hall not in an accelerator tunnel, it is
decided to be aligned relative to the center pole.
The problem to be solved here is due to the fact
that there exist two walls almost the middle of the
experimental hall as shown in Fig.l. The main
magnet system is composed of 24 dipol-2 and 18
quadrupole magnets(12 QF and 6 QD). These
magnets are divided into 7 subgroups (4
subgroups of dipoles and three ones of
quadrupoles). Any member in each subgroup is
overlapped with the other member of the same
subgroup by such a rotation around the center pole
as large as integral multiple of 60°. As each
magnet has three degrees of freedom, each
subgroup has 18 unknowns and the same or larger

From (
SF-Cyclotron-

Table 1
Main Parameters of TARN II

Fig. 2 Distances to be measured to keep
regular hexagonal shape.

number of constraints are needed to solve these unknowns. In order to keep regular hexagonal
shape for the whole ring, it is needed that at least one subgroup should be positioned on the regular
hexagonal shape by measuring distances between the center pole and the member magnets together
with the sides between these magnets as shown in Fig. 2. For this purpose, we have made a through
hole on one of the walls to enable the needed distance measurements as is indicated in Fig.2. Once a
subgroup is well positioned, the regular hexagonal shape is kept also for the other subgroup with the

constraints of the distances from the
magnets in the subgroup which is
already positioned as shown in Fig.
3, even if some distances of the
magnets from the center pole cannot
be measured due to the presence of
the walls. The algorithm to position
magnets in each subgroup is
presented below.

2.1. Algorithm of Position Feed-
back with use of Measured Distances

The distances necessary to keep
regular hexagonal shape can be
measured by making through holes in
the wall as shown in Fig. 2 for the
subgroup of magnets having
positioning holes named Q and
Dj (i=l-6). Let's assume the

Maximum Energy

Circumference
Average Radius
Radius of Curvature
Focusing Structure
Supcrperiodicity

Betatron Tune
Dipole Magnet

Number
Deflection Angle

Quadrupole Magnet
Number
Core Length

Proton 1300 (McV)

Ions with e =1/2 450 (McV/u)
77.761 (m)
12.376 (m)
4.045 (m)
FBDBFO

6

(3 for Cooler Ring Mode)

1.75

24
15°

18
0.2 (m)
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Fig. 3 Constraints to keep the regular hexagonal shape Fig. 4 Definition of the possible position
once a subgroup has been well aligned. Error of the ith member magnet.

displacements in the horizontal plane and the rotation of the i-th member magnet from the ideal position

to be AXJ, Ay; and AOj, respectively as is indicated in Fig. 4. If we start the precise alignment after

prc-positioning, then the displacements and rotation angle, Ax;, Ayj and A0; can well be considered to
be small quantities and their higher order terms than second order can be neglected. Thus from the 23
measured distances of OQ , QCj+i, DjDj+j (i=l, —,6) and OD;{i=l, --5), the following 23 constraints
can be obtained for 18 unknowns of displacements and rotations of the six magnets in the subgroup.

cos ( i - l ) y Ax i + s in
OC, 2 - c ;

(i=l,--,6) (1)

2 c 2

2c

(2)

j t JI

OD I
I-c1-/D

1-2c/0cos(Bc-B0) ,.

(3)
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(4)
i ' "° — 6 1 — 1 + 1

( 1 - 1 , — , 6 ) ,

where fo is the fixed distance between the two positioning holes in the same dipole magnet (0.850 m)

and 6o is the angle defined in Fig.4. ODe cannot be measured due to the presence of structure pillar in
the wall. If we denote the coefficients of the left-hand sides of these equations to be Ay and the terms
of right-hand sides to be bjt then these equations can be written as

A~="b , (5)

where Tdenotes 18 dimensional vector composed of Ax,, Ay; and A9j (i=l,—,6) and A and b are the
23x18 matrix and 18 dimensional vector, respectively. In order to obtain the 18 unknowns, AXJ, Ayj

and A6j, which simultaneously satisfies 23 independent linear equations (1)~(4), which can be
rewritten as Eq. (5), the solution which minimizes the norm, |JA x — b || is obtained with use of the
Scientific Subroutine (SSLII) utilizing Householder's transformation. It is not obvious that this
algorithm is valid for the present case, so we have made the check of the validity of this method by
generating the random position errors utilizing pseudo-random number. For randomly generated
positions of the six member magnets, distances among magnets and the distance of the magnets from
the center pole can be calculated. Only using these distance data and using the algorithm above

mentioned, the position errors x (i.e. AXJ, Ay; and A8, (i-1,—,6)) can be solved, which coincide with
the generated ones within 0.002 mm or 0.002 mrad, which is considered quite satisfactory.

For the other subgroups, it is not possible to measure all the distances of the member magnets
from the center pole. However, in this case we have added constraints by measuring the distances
from the nearby magnets which belong to the already positioned subgroup as indicated in Fig. 3. So

in this case, the following relations are added in addition to equations (l)-(4), where c and 8C are

replaced by a and 8a, respectively although some of them will be missing due to presence of the walls.
If we take the subgroup of magnets having positioning holes named Aj and Bj as an example, the
relation can be written as

\ \ , "1 I *
c c o s i e + ( i - 1 )— f - a c o s i 0 + ( i - 1 ) ^ -

(6)

a2-2cacos(e - 8 )- A,C 2

^ tL L_L_ ( i . i ( _ _ _ > 6 ) ?
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where 0a and 6C arc angles defined in Fig. 3. In the present example, OAj, OBj (i=2,—,5), AjAj+i,
BjBj+i, AjQ(i=l,--,6) are measured and total 26 constraints are imposed on 18 unknowns. In this
case, the validity of the algorithm of Eq. (5) with 26x18 matrix A is also checked by generated
position errors with use of pseudo-random number and is found that the position error can be solved
within 0.002 mm. For other subgroups, similar algorithm is used to align the member magnets.

2.2. Applied Position Feed-Back by the Measured Data

From the solution of simultaneous equation (5), the displacement from the ideal position, Axj,

Ay; and AQj are obtained for each magnet. So the position feed back process is decomposed into the
positioning of each individual magnet. Real position correction needed for the magnet is calculated as
follows

Tl( = Axfsin i - l ) j -AyiCos
(7)

sin|ec+(i-l)j|-Ay|cos|ec+(i-l)j|-T

with the notation given in Fig. 4.
By observing the displacement of the magnet in the horizontal plane with use of dial gauges

attached to each side of the magnet, the position of the magnet can be well controlled.

3. Real Procedure of the Alignment

In the procedure of the alignment, all the magnets should be set horizontally with use of a water
level at first. The precision of the horizontal adjustment is better than 0.2 mrad. Then they are to be

set at the same height with the use of the auto level
with an optical micrometer. Its minimum scale is
0.1 mm and the precision of the median plane
adjustment is better than ±0.1 mm including the
error due to parallax.

After setting all the magnets in a certain
horizontal plane, the algorithm described in the
previous section is utilized to make position
adjustment for the magnets in that plane. The
position feed back is performed based on the
distance measurements with use of Invar wire
which is stretched with the tension of 8 kg. In Fig.
5, the distometer utilized for the measurement of the
distance from the center pole is shown.

Fig.5 Distance measurement with Invar
Distometer.
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Fig. 6 Absolute Length Calibration with
Laser Interferometer.

As the distometer only measures the difference
of the distance from the one already known set on a
straight rail for the calibration purpose, the absolute
value of the distance is calibrated with use of laser
linear interferometer (HP5526A). At the present case,
the distances between magnets in the same subgroup
and the distances of the magnets from the center pole
are ~ 12 m, the length change amounts to the order of
0.06 mm if the temperature change is 5°C even for the
case of Invar wire with the expansion coefficient of the
order of 10-6. As the experimental hall has no air-
conditioning, the distance measurement was performed
almost similar time in the day and the absolute length is
calibrated at every measurement. In Fig. 6,the length
calibration process on the straight rail is shown.

The precise alignment is started after the pre-positioning with the precision better than ±10mm.
With the use of algorithm given in 2.1, the estimated position errors of all the magnets became less
than ~1 mm after twice iterations. In Fig.7, position deviations of the member magnets after these
iterations are shown for the case of alignment of subgroup with alignment holes Ej and Fj as an
example. From the results, the convergence of the algorithm seems quite nice.

However, the alignment process stagnated after the position deviations of the magnets became
less than 0.5 mm. At first the stiffness of the girder was suspected and the motion of the magnet after
position correction was monitored whole night with dial gauges attached to the pillars fixed to the

E2 After Pre-positioning
H After the first iteration
• After the second iteration

10

5.0 -

V)

| o.o
.2
CD
Q
c
o9 -5.0 -

o

-10
0F2 0F3 OF4 0F5 FTFZ F2F1F3F4 F4F5 F5F6 F6F, 0E2 0E3 0E4 0E5 EiE2

Fig. 7 Position deviations of magnets in subgroup (E,F) after pre-positioning, and the first and
second iterations of the position feed back.
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floor. However no noticeable movement was found. Finally after making measurements without any
position correction, it was found that the floor moved non uniformly day by day with the order of a

few hundreds urn as shown in Fig. 8. The global changes are consistent with the thermal expansion
coefficient of concrete and we can avoid them by temperature correction. However, the non
homologous change as shown in OC3 cannot be corrected. So it was decided to terminate the
alignment process with the precision of ±0.4 mm. In Table 2, the final deviations of measured

i

OAj

OBj

OCj

ODj

OE;
OFj

OGj

OH;
OPj

OR;
OTi

AjAj+i

BiB i+1

QQ+i
DjD i+l

EiEi+1

FiF i + 1

GjGi+i
HiH i+1

PiPi+i

R;Ri+i
TiTi+1

AiQ

CjFj

QHi
CiPi

QQi

CiRi

CiSj

FiTi

FiUj

Table 2
Deviations of the finally measured distances from the idea

1

-0.121

-0.141

0.107

0.185

0.263

0.091

-0.036

0.224

0.246

0.085

0.165
-0.026

0.131

0.067

• -0 .096

0.097
-0.005

0.018

-0.138

-0.052

0.073

-0.021

0

0.326

0.399

0.043

0.059

0.358

0.109

0.027

-0.105

0.076

-0.122

0.083

0.217

0.267

-0.017

-0.034

0.320

0.089

0.059

0.213

-0.067

-0.296

-0.150

-0.151

0.067

0.090

0.025

-0.009

0.092

-0.058

-0.038

0.041

3
0.128

0.063

0.189

0.116

0.041

0.104

0.121

0.440

0.029

-0.067

0.040

-0.196

-0.130

0.097

0.086

-0.001

0.047

-0.097

-0.118

0.080

0.160

0.008

0.157

-0.280

-0.312
0.219

0.026

-0.189

-0.158

0.096

0.067

4

-0.269

-0.077

-0.111

-0.025

0.041

0.047

0.087

-0.076

-0.117

-0.125

0.012

0.368

0.383

0.076

0.155

0.130

-0.016

0.039

-0.052
0.169

-0.232

-0.060

-0.299

-0.073

0.128

-0.112

-0.089

-0.241

-0.208

0.013

0.056

1 ones (mm).

5
0.177

0.072

-0.053

0.104

0.089

-0.196

0.130

-0.175

0.003

-0.130

-0.250

-0.058

0.140

-0.027

0.257

0.120

-0.291

0.229

0.268

0.067

0.135

0.086

0.139

0.106

-0.015

0.027

0.028

0.065

6

0.043

0.014

0.005

-0.089

0.047

^0.109

-0.037

-0.028

-0.043

-0.128

0.037

-0.180

-0.141

0.060
-0.180

-0.242

0.015

-0.011

-0.152

-0.076
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distances from the ideal ones are
listed up. In Table 3, the estimated
closed orbit distortion is given for
the case of position precision of
±0.4 mm together with ±0.1 mm
case. From the table, the root mean
square sum of the closed orbit
distortion seemed to be not so much
different and the running in of
TARN II was started under this
condition, which was very
successfully performed[l] .
Without any orbit correction, the
closed orbit distortion was
measured to be a little bit smaller
(less than 10mm and 6 mm in
horizontal and vertical directions,
respectively) than the estimation
given in Table 3, which was
corrected with use of the
electrostatic position pick-ups with
high sensitivity and correction coils
wound on the dipole magnets or
vertical steering magnets [3] and the

closed orbit distortion is reduced less than 1 mm as shown in Fig. 9[4]. Thus the present method of
the alignment seems to have worked well although some difficulty existed to keep the precision of
±0.1mm originally aimed at due to the non uniform movement of the floor, because the experimental
hall was made of three different parts made at the different times and on the different bases.
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Table 3
Closed Orbit Distortion

Source

Field Error

Length
Error

Stray Field
at Injection

Displace-
ment of Q

-.m.s. sum

Horizontal

Tolerance

5x10-4

5x104

0.25 G

0.1 mm
(0.4 mm)

Direction

C.O.D.(mm)
In Dipolc

10.09

10.09

4.09

1.06
(4.24)

14.88
(15.44)

C.0.D.(mm)
in Q

11.11

11.11

4.50

1.17
(4.68)

16.39
(17.00)

Source

TiltofDipole

Stray Field at
Injection

Displacement

r.m.s. sum

Vertical

Tolerance

2x10-4

0.10G

0.1 mm

Direction

C.O.D.(mm)
In Dipolc

5.49

2.22

1.44

6.09

C.0.D.(mm)
inQ

5.73

1.55

6.36
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CONSTRUCTION & ALIGNMENT EXPERIENCE OF INDUS-1 SRS IN C.A.T.

P.K. Nema, V. Prasad, S.C. Joshi, R.K. Sahu, Dr. S.P. Mhaskar, M.G. Karmarkar
Accelerator Programme, Centre for Advanced Technology, Indore-452 013, India.

Abstract:

A 450 MeV Synchrotron Radiation Source, Indus-1 is being constructed at Centre for Advanced
Technology at Indorc in central India. A new site for this machine was developed from 1986 onwards.
The machine building and most of components were ready by Dec. 1992, A 20 MeV pre-injector
microtron and 450/700 Mev booster synchrotron were progressively commissioned from June 1994
onwards. The 450 MeV storage ring is partially assembled by now; and in the meantime, commissioning
experiments with booster synchrotron continue (Sep. 95) to get electron beam accelerated up to 450 MeV.

This paper narrates our experience in construction & alignment of synchrotron machines which
was first of its kind for most of us. Careful design, planning and execution of the work yielded modest
results so that alignment accuracies between 0.1 to 0.3 mm could be achieved (in booster synchrotron)
and, which have proved to be adequate up till now.

The building of the SRS complex was constructed such that machine rings have their foundations
isolated from rest of the building. A number of 100 xI50 mm size steel plates were embedded in the
concrete of floor and walls to serve as base for reference surveying marks which were established later.
The pre-injector & booster ring are enclosed in a radiation shielding zone with separate ventilation
system. An overhead crane serves for handling of shielding concrete blocks and heavy magnets in the two
synchrotrons.

Dipoles, quadrupoles and a few scxtupoles were fiducialised during their field mappings; on a
CNC Hall-probe manipulator for dipoles and on rotating coil measuring machine for others. Fiducials
were of two types- sticker type as well as accurately reamed holes to receive a precision target for
alignment measurements with optical instruments.

Due to small size of entire machine zone, we decided & used precision surveying method of
using ECDS-2 coordinate determination system of KERN (now, Leica) and micrometer type N3 level of
WILD. Additionally, accurate spirit levels (10/20 micron per m.) for preliminary leveling and an
interferometer to calibrate CNC Hall-probe manipulator were also used. We faced some problems due to
instrument failures which were circumvented by mixed use of KERN & WILD theodolites and hand
feeding angular readings in the ECDS-2. This helped in continuing and completing the alignment
activities without much delay.

Of late, the booster synchrotron experiments have established acceleration up to 480 MeV albeit,
with very weak current, about 2 mA and first synchrotron light emission was directly observed on 26th
Sept. 1995.
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CONSTRUCTION & ALIGNMENT EXPERIENCE OF INDUS-1 SRS IN CA.T.

P.K. Nema, V. Prasad, S.C. Joshi, R.K. Sahu, Dr. S.P. Mhaskar, M.G. Karmarkar
Accelerator Programme, Centre for Advanced Technology, Indore-452 013, India.

I. INTRODUCTION:

Centre for Advanced Technology at Indore is located in the central Indian province of Madhya

Pradesh. This Institute was established in 1984 by Department of Atomic Energy, Govt. of India for

development of indigenous know-how in Laser & Accelerators. The project site development for

Accelerator Programme's Indus-1 project began in 1986.

Indus-1 project consisted of a 20 MeV microtron pre-injector, 450/700 MeV booster synchrotron

and 450 MeV synchrotron radiation source (SRS ring). The booster synchrotron is designed for 700 MeV

peak energy so that it can also be used as injector for a 2 GeV SRS ring to be constructed later. Main

parameters of pre-injector, booster and SRS ring are given in Table-I, II & III respectively [1]. A

composite layout of all these machines is shown in figure-1.

The microtron pre-injector was developed and fabricated in CAT; its commissioning experiments

began in late 1992 and by early 1994, it yielded good quality electron beam of desired parameters as listed

in Table-I.

Planning & construction of accelerator building began in 1988 and so also construction of

machine magnets. All the magnets were fabricated in CAT. Dipoles of booster ring and all quadrupoles

and sextupoles were fabricated from CRGO steel laminations and only dipoles of SRS ring were made

from steel forgings accurately machined and assembled into C-shape.

General layout of machine building is shown in the figure-2. Microtron & booster ring are

housed in a completely shielded enclosure, but only local shielding by concrete slabs will be provided

around storage ring. Removable concrete slabs arc provided over booster ring area for crane approach-

whenever required for handling equipment inside the enclosure.

Construction features of Machine Building

Indus-1 machines are housed in a building which is roughly 78 meters long & 53 meters wide.

Geologically, the region around Indorc is considered very stable & few seismic activities here arc known.

In view of this, only precaution taken against ground vibrations is to structurally isolate the machine bases

of booster & SRS ring from rest of the building. The floor joints between machine base and building arc

sealed with a commercially available bitumen mix. In our opinion, this design was adequate to isolate

machine from vibrations originating at air handling unit (AHU) motors, pumps in the LCW plant and

overhead crane movement. Typical floor joint design is shown in figure-3.

The machine base was provided with some steel plates in the form of embedded parts over which

the equipment support stands would be resting/clamped. A central monument was provided with its
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independent foundation for each of booster & SRS rings. There were no special efforts to locate centres of

these monuments accurately nor any fiducials on them during civil works; rather, accuracies of only few

mm. were maintained. This method of construction resulted in accuracy up to 3 mm in height & about 5

mm in X-Y plane for location of these features in concrete works.

2. SUPPORT & ALIGNMENT FEATURES :

Booster Pinoles

These sector type, zero-gradient magnets were assembled from blocks made of CRGO

laminations. The laminations had a rectangular slot at top edge. Centre plane of this slot coincided with

the vertical plane through S-axis of magnet assembly. Magnet core blocks were assembled over a thick

steel plate which rested on magnet support structure. Relative movement of blocks by sliding over steel

plate in X-Y plane on support structure was possible by means of screws. This arrangement is shown in

figure-4.

The magnetic field in these magnets was checked by means of a Hall-probe mounted on 2-axis

CNC machine. This machine itself was calibrated by a laser interferometer ZLI-150 of Spindler & Hoyer

make. Coplanarity of magnet pole faces was measured by means of N3 WILD level. Relative displacement

& twist was noted between adjacent blocks, but the magnetic field characteristics were found to be in

acceptable range in case of all dipoles. Coplanarity range was determined within ± 0.2 mm in all the

dipoles. The planer X-Y alignment fiducials were derived from accurately located target holders in the

slot; this slot was also used as reference to generate curved stacking of each block during laminations

assembly.

SRS Dipoles

SRS dipoles were assembled from symmetric top & bottom halves which were machined out from

forged rings. These magnets have similar screw mechanisms to make adjustment during alignment as the

booster dipoles.

These magnets were also fiducialiscd on the 2-axis CNC machine. Top flat surface of these

dipoles was provided with a pair of locator holes on each end. Line joining these locators on cither side

was parallel to the entry or exit direction of particles in the machine orbit. The locators at these fiducials

arc the target holders with reamed holes of 6.36 mm dia. into which shank of optical targets from Hubbs

Inc. would snugly fit.

Quadrangles & Sextunoles

All the quadrupole magnets were splittablc about the mid-horizontal plane of symmetry & these

were provided with dowel pins to achieve rcpeatablc accurate assembly geometry. There was marked shift

in the mechanical & magnetic centres in prototype quadrupoles. Therefore, it was decided to use magnetic
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centre line & its fiducials for alignment. These fiducials were located on the magnet body by surveying

during magnetic axis determination by a rotating line-integral coil method.

Each quadrupole was provided with two reamed holes at top plate as fiducials, a precision ground

level plate at top & two adhesive targets on the sides. These fiducials were generated by using E2

theodolite & N3 level after first bucking them into line of the axis of rotating coil & then fixing the

fiducials. No tight control was required on azimuthal location of these magnets in the machine.

All these magnets have screws to provide X, Y, Z movements and turning along axes. These

movements would be unmeasured on their drive points, so, a constant monitoring or measurements during

adjustment procedure were required.

3. ALIGNMENT PROCEDURE:

Reference marks surveying

Taking rough reference from the points established during civil works, average centre of the

booster synchrotron and rough shape of machine foot print (hexagon) was determined. Then, centre of an

adhesive target fixed at average centre of central monument was taken as origin for X, Y & Z. Line

joining this centre to an apex of machine hexagon was chosen as arbitrary line of X direction in horizontal

plane. At a calculated distance in this line, fust apex target was located using linear measurements by

ECDS-2 tooling and instruments. This apex was again an adhesive target on a level plate that was

attached to an embedded fixture. Top of this level plate was maintained horizontal within the accuracy of

a Wyler make precision spirit level which had resolution of 20 um per meter. The reference target

marking system is shown in figure-5. Similarly, points were fixed at other apexes by taking direction from

basic x-axis & using an E2 theodolite in plumb line above central target. On verifying the coordinates of

these apex targets by ECDS-2, they were within an error circle of 0.5 mm diameter.

Targets representing foot-print of each straight section line of booster synchrotron were marked

on both sides of apex targets and also on the walls of the room. It was then possible to "buck-in" two

theodolites above a line and at the ends of any straight section, and then, install & align dipolcs,

quadmpoles etc. into the established line of sight.

4. INSTALLATION PROCEDURE:

Booster Synchrotron Dipolcs

Dipoles (for both, booster & SRS) have their own sturdy support structure on which the magnet core can

be adjusted in X-Y plane including rotation. Below the structure are screw jacks which are used to adjust

level. All dipoles were first installed in rough location by means of overhead crane. Each magnet in turn

was aligned first in the leveling by means of N3 level and a reference bench mark in the shielding wall.

Thereafter, it was aligned in X-Y plane by sighting with two precision theodolites which were "bucked-in"

over the straight section extension lines. While adjusting the dipolc in X-Y plane, some variation in Z
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position was noticed and it was compensated and re-checked with N3 level. In this manner, all dipoles

were aligned to fine positions. Then, in a single setup of ECDS-2 coordinate surveying these magnet

fiducials were found within 0.05 mm repeatability. Errors in the positions of fiducial targets in dipoles

were explainable in terms of imperfections in their fabricated geometry. Being zero-gradient dipolcs and

in use for a booster synchrotron, the errors shown in the final dimension layout of figure-6 were

acceptable to our accelerator physics.

Booster Synchrotron Ouadmnolcs

Quadrupolcs have their individual X-Y-Z adjusting fixtures and each is located on a fabricated frame of

steel extending along straight section. The base of quadrupole fixture was welded on the frame in a mean

position and height. Here also, level of the quadrupole was adjusted in the beginning. For this, the two

adhesive targets on the sides were leveled by using N3 level.

There arc two alignment targets on top fiat surface of each quadrupolc. These were aligned by E2

theodolite previously bucked into the line of a straight section. In this case, the theodolite was centred over

a point on the extended line of straight section and then the sighting direction was line (or plane)

containing end points of the nearest and next dipolc magnet (which were already located accurately). The

alignment conditions of a quadrupole were achieved when two top sighting targets were brought in the

direction of straight section and the two side ones were in horizontal plane. The precision ground plate at

the top of quadrupole was also checked to lie in horizontal plane by means of Wyler level. Tolerance

allowed was ±0.05 mm in leveling and elevation of side targets. The X-Y alignment was checked by

angular variation in horizontal circle scale and within ±0.001 gon (1 gon = 9/10 degree arc) from the

established line of sight.

Thus, adjacent dipolcs were used as reference and quadrupoles were aligned in the local

coordinate system. After completing each straight section containing two quadrupoles, the alignment was

rcchecked by ECDS-2 coordinate determination. The alignment in X-Y plane at fiducial target location

was maintained within ±0.1 mm in most cases. All six straight sections were aligned in this manner.

The fiducial target system of quadrupolcs was also used later on the bodies of injection and

extraction magnets. The procedures of their alignment were also similar.

After making connections for cooling water and electrical power feeding, all the magnets were

surveyed once again by the ECDS-2 coordinate measurement. This alignment read out of quadrupoles is

shown in Tablc-IV.

Microtron & Transport Line TL-1

The entire foot-print of the TL-1 trajectory was marked by means of adhesive targets on the

machine building floor. The starting point was the intersection of straight line foot-print with machine
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orbit's at injection septum position. The quadrupolcs in the injection line were aligned using procedure

similar to that described above.

The extraction lube of microtron was aligned by means of small plugs with hole inserted into its

two ends and projecting a laser beam through the eyepiece of E2 theodolite. The alignment within ±1 mm

was considered adequate here, since steering magnets were used near the microtron exit to obtain beam in

desired location and orientation.

Transport Line TL-2

Procedure similar to that used for TL-1 was adopted to mark the line foot-print, except that this

line passed through a 1.2 m thick concrete wall. The line was projected outside using ECDS-2 coordinate

measurements. This marking accuracy was somewhat coarse ; in the range of ± 1 mm. All the equipment

in TL-2 are presently in rough location.

SRS Ring

The SRS ring Indus-1 is smaller in size compared to the booster synchrotron. The surveying for

the foot-print mark of SRS ring has been completed. This ring has four straight sections. The central

reference point and four apex targets were fixed by means of theodolite surveying and checks by ECDS-2

had been done. In this ring, the dipoles and quadrupolcs have been roughly located. However, in order to

achieve the complete integrity of vacuum envelope by repeated bakcouts, leak checks, repair etc. the upper

half of all straight section magnets have not been assembled yet. We plan to resume final surveying of

SRS ring sometime in the March-April next year. The procedure similar to that adopted in booster

synchrotron will be applied, but, with more careful observations and full use of ECDS-2 coordinate

measurements.

5. RESULTS:

In the commissioning trials of booster synchrotron, the injected electron beam of 20 MeV energy

and peak current of 20 mA from microtron was accelerated to 480 McV and final beam current of about 2

mA. The synchrotron radiation emitted by this accelerated beam in the booster ring was observed first

time on 26th September, 1995. The magnet alignments have not been disturbed for over last 6 months

during which commissioning trials were carried out.

We have plans to improve the machine current in the near future and install extraction magnets

in the booster ring thereafter. In the meantime, components preparation work of SRS ring continues.
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Specifications of Machines in Indus-1

Table- I

1. Injector Microtron :

1.1
1.2
1.3
1.4
1.5

Energy
Pulse current
Pulse duration
Pulse repetition
Beam emittance

20 MeV
20-30 mA
1 usec.
lHz.
1 x 10-6 m.rad (horiz.)
3xlO-6m.rad(Vert..)

Table- II

2. Booster Synchrotron :

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2,8
2.9
2.10

Inj. Energy
Max, Energy
Orbital current
Circumference
Max. BM field
RF frequency
Harmonic number
No. of dipoles
No. of quadrupoles
Beam emittance (Horiz)

20 MeV
450/700 MeV
30 mA
28.44 m.
1.32Tesla
31.613 MHz.

6
12
8.8 x 10"8 m.rad. @ 450 MeV
2 xlO"7 m.rad. @ 700 MeV

3. SRS Indus-1

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

Table- III

rin2:

Inj. Energy
Max. current storage
Bending magnet field
Circumference
RF frequency
Harmonic number
No. of dipoles
No. of quadrupoles
No. of sextupoles
Beam emittance (Horiz)

450 MeV
100 mA
1.5Tesla
18.96 m.
31.613 MHz.
2
4
16
8
7x 10'8 m.rad
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Table- IV
ALIGNMENT CHECKS FOR QUADRUPOLES

(Booster Synchrotron Ring)

S.No.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Quad. Identity
BOQF- 1
BOQF- 1
BOQD- 1
BOQD- 1
BOQF- 2
BOQF- 2
BOQD- 2
BOQD- 2
BOQF- 3
BOQF- 3
BOQD- 3
BOQD- 3
BOQF- 4
BOQF- 4
BOQD- 4
BOQD- 4
BOQF- 5
BOQF- 5
BOQD- 5
BOQD- 5
BOQF- 6
BOQF- 6
BOQD- 6
BOQD- 6

Fid. name
F 1 1
F 1 2
D 1 1
D 1 2
F 2 1
F 2 2
D 2 1
D 2 2
F 3 1
F 3 2
D 3 1
D 3 2
F 4 1
F 4 2
D 4 1
D 4 2
F 5 1
F 5 2
D 5 1
D 5 2
F 6 1
F 6 2
D 6 1
D 6 2

8 X
0.03
0.10
0.09
0.16
0.04
0.03
0.02
0.03
0.16
0.16
0.02
0.11
-0.17
-0.05
0.11
0.17
-0.01
-0.01
0.03
0.11
0.02
0.14
-0.06
0.08

5Z
-0.12
-0.05
0.00
0.00
-0.01
-0.01
0.03
0.08
-0.04
-0.04
-0.12
-0.17
0.10
0.03
0.04
0.04
-0.06
0.02
0.00
-0.06
-0.10
-0.01
-0.01
0.00

Remarks
Focussing Quad, in
first straight
Defocussing Quad, in
first straight
Focussing Quad, in
second straight
Defocussing Quad, in
second straight
Focussing Quad, in
third straigjit
Defocussing Quad, in
third straight
Focussing Quad, in
4th straigjit
Defocussing Quad, in
4th straight
Focussing Quad, in
5th straight
Defocussing Quad, in
5th straight
Focussing Quad, in
6th straight
Defocussing Quad, in
6th straight
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1. INTRODUCTION

A cooler-synchrotron TARN-II have been constructed in 1989 to study the accelerator physics and technology

of the light and heavy ion beams. The maximum magnetic rigidity of the ring is 6.1 Tin with six-super periods of

FBBDBBFO structures. A ferrite loaded RF cavity for a frequency range of 0.85 to 6.5 MHz have been installed

to accelerate the beam up to 1.1 GeV for protons or 350 MeV/u for q/A of 0.5. An electron-cooling device of

100 KeV with an adiabatic expanded electron beam have been installed to study the atomic-molecular physics.

A SF-Cyclotron with K<57 have been used as an injector of TARN-II, The INS SF-Cyclotron is equipped with a

lot of beam lines for a variety of beam experiments with a nuclei-target and so on. A beam transport line for the

TARN-II is double achromatic type because the matching free section is required. A beam analyzing magnet

system have been installed to separate an injection beam with a momentum spread of 0.1 %. These constraints

had become motive force to construct specific beam line with a long distance between them. There are twenty

quadrupole-magnets and eight bending-magnets in the TARN-II beam transport line. A geometrical size of beam

transport line is of 60 m in total length and 50.8 mm in diameter excepts the beam cross section of the ring. The

slit, profile monitor and beam steering magnet have been installed to correct the center of beam axis.

It is designed that transmission efficiency of the transport line is expected up to 30 % at 20 MeV proton beam

[1][2], The transported beam is injected into the ring with a multi turn injection method.

To attain those fundamental concept, present system is equipped with the following additional functions:

(1) A visual beam adjustment (VBA) system aimed at beam envelope display assists the beam transportation

batch. The VBA allow the operator to know whether the optical adjustment is set within the ideal focusing

prediction or not, which is result in transmission efficiency of the beam.

(2) The program code MAD8 gave the theoretical twiss parameter of the ring after the measurement of betatron

tune values of the ring. This calculated values are moved to the MAGIC to search.the matched jfc-values at the

associated beam transport section. The calculated one is then referred in the adjustment of the Q-magnets
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currents.

(3) A steering magnet system corrects the closed orbit distortion (COD) due to the alignment error of the ring.

Stored current of the ring is then increased up to two or three times comparing with before the COD correction.

Further detailes of beam optics matching for the INS SF-Cyclotron and Cooler-Synchrotron TARN-II are

presented in the following.

2. BEAM OPTICS CORRECTION OF BEAM TRANSPORT LINE

2.1. EXTRACTED BEAM ALIGNMENT

Because the ion beam extracted from INS-SF Cyclotron provides different beam axis for a variety of beam

energies and nuclei's, subsequent beam steering system align those axis so as to match the center of beam

transport line. A beam alignment method developed at GSI have been applied

Fig.l shows the schematic of beam alignment at extraction point of SF-Cyclotron. This method is based on

the theory which is to align the beam axis with any angle into ideal axis with the aids of beam profile monitor

located at behind the Q-magnet and the two steering magnets.

The transfer matrix, position^' and angle 6k measured at the profile monitor is as follows:

•X* Mn M12

M2l M22

XJ

If the measurement of beam profiles is carried out more than two times, the Xj and 9j are obtained by numerically

whenever no 6k is presented. The A}- and 8j are measured accurately by tlie iterative beam profile

measurements and data processing using the least square method. The AT/ and 0/ where the first steering magnet

is presented, are obtained by the following formulae:

where tlieLj andL2 are distance between tlie upstream steering and the downstream steering, distance between the

downstream steering and the Q-magnet, respectively.

For the beam alignment, both the steering magnets are driven by the following currents:

This current is deduced by the following boundary conditions:
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The measurement of beam profile is carried out by the C AMAC system and microcomputer.

Beam Profile Monitor Quadrupole #2ST mag #1ST mag
Magnet

Fig.l principal of centering of extracted beam axis

2.2. TWISS PARAMETER MATCHING

Optics mismatch becomes an origin of emittance grows in the synchrotron or storage ring. Too much

emittance grows causes beam losses, which are undesirable features because they result in residual activities and

short beam life. The beam size in the vertical direction has been a serious concern at the TARN-II, since large

part of the beam losses occurs in the vertical direction,

The procedure of optics matching have been studied at elsewhere[4]. The applied method for TARN-II is as

follows (see Fig.2);

(1) The emittances of the beam of the INS SF-Cyclotron, both in the horizontal and the vertical planes, are

measured using the 1 st emittance monitor (EM 1) of SF-Cyclotron transport line. The beam's twiss parameters

(fixo > axo i &yo > ayo)a* an e*it of SF-Cyclotron are calculated.

(2) The emittances of the transported beam, both in the horizontal and the vertical planes, are measured using the

2nd emittance monitors (EM2) between the BT1 and the BT2.

(3) The measured data of the phase space distributions are transferred to the position of the exit of the inflecter

electrode as well as exit of IN S SF-Cyclotron. In this procedure, calculation is carried out by using the transfer

matrix from the 2nd emittance monitor.

(4) Using the above mentioned transferred data of the phase space distributions, the beam's twiss parameters at

both places, (&x,ax,fty,ay) at an exit of the inflecter electrode and (Bxo, &xo>Pyo >ayo) at the exit of SF-

Cyclotron are calculated by the least-squares method.

(5) The beam's twiss parameters at the exit of inflecter electrode are compared with the lattice twiss parameters of

the TARN-II if the values of Bxo^xo^yo and a yo coincide with the values of ftxo, a xo, /3yo and ayo .

(6) The new A-values of quadrupole magnets between the 2nd emittance monitor and the entrance of inflecter-

electrode are calculated by the fitting mode of MAGIC so that the calculated twiss parameters coincide with the
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Tablc.l Beam parameter matching between SF Cyclotron and TARN-II

1. Beam
Initial magnetic rigidity = 1.2 Tm (Proton 66.604 MeV)

2. Initial beam parameter at the exit of Cyclotron
o = 3.3226m, -1.6446m, 2.67405m, -1.64319m, 0.73m

3. Initial beam parameter at the exit of TARN-II inflecter (before the correction )
B%_,ax,liy,a\i = 0.6m, 0.0m, 3.27m,-0.815m

4. Ring Twiss parameter at the exit of TARN-II inflecter (injection point)
ySxi. «x i . @yh ay\ -h = 10.56m, 0.210m, 5.19m, 0.519m, 4.95m
v x »^y ofthering= 1.7001, 1.7300

5. Required beam parameter at the exit of TARN-II inflecter (to be settled)
/3 x ,a x , /3y,ay , h , h ' = 0.6m, 0.0m, 5.19m, 0.519m, 0.0m, 0.

6. K-values (1/m)

• Before the correction
QD6D = -1.0668128, QD6F= 1.1816571
QD5D = -1.0094891, QD5F = 0.5197765
QS= 1.1031551
QD7D = -1.3525148, QD7F = 1.2728595
QD8D = -0.909883, QD8F = 0.8165777

After 1st correction
QD6D = -1.3011370, QD6F = 1.2937391
QD5D = -0.9189236, QD5F = 0.3073576
QS= 1.3207778
QD7D = -1.3151740, QD7F = 1.3159434
QD8D = -0.7849353, QD8F = 0.8263027

EMI Injection point

SW1 ^ S N BAl
SF Cyclotron

Fig.2 Schematics of Twiss parameter matching



1/56

lattice twiss parameters of TARN-II.

(/3A = 0.6m, a^O.Om, /?^ = 5.19m,aj=0.519m for example)

(7) The procedures (1) to (6) are repeated until matching is finished.

The result of simulation of beam optics matching is tableted in Tablc.1.

This result is obtained by the fitting mode of MAGIC. The data of ENT and VAL as the initial and final beam

parameters of MAGIC are provided for examining the optics matching.

2.3. VISUAL BEAM ADJUSTMENT SYSTEM

To scope the operation of the beam handling, a model base control aiming at visual beam adjustment system

(VBA) have been developed. The VBA shows the beam envelopes in x-y directions from the information of

setting parameters of the beam optics. A lack of beam intensity is then estimated by this calculated beam

envelopes because the VBA shows calculated envelopes together with a position scale. The VBA have been

constructed based on the client-server system of TARN-II control system[5]. Two clients, for the SF cyclotron

and the TARN-II, are linked with Ethernet and connected to the server machine.

At the INS SF-Cyclotion, the current data from the beam transport system are divide by the connector-box and its

sub-output is fed to a C AMAC data taking system. The CAMAC data taking system in which the client-machine,

send the collected data to the server-machine. Subsequently, Q-magnet current of the TARN-11 area is collected by

the same manner with a TARN-II data taking system. Fig.3 shows the example of beam envelope display.

The beam envelope of the transport line is calculated by the program called MAGIC or equivalent code

TRANSPORT. The formulation is as follows:

where x,y, J5x,y, £x,y, Ux,y and dP/P are the positions^), beta functions(x,v), emittances(x,v), dispersion

runctions(x, v) and momentum spread, respectively.

The ratio of beam current at each stopper section and result of matrix calculation are given. To pass the cross duct

with good transmission efficiency, where the beam pipe is narrowed so as to maintain a high vacuum in the ring,

double achromatic designing is employed. The control of beam envelope is carried out with the Q-magnet current,

but the error of beam axis AXj is to be aligned by the upstream vertical or horizontal kicker magnet. For the

high speed VBA, it is a best way that client executes the data collection, calculation and display of the beam

envelopes simultaneously. The beam envelope is obtained by the matrix calculation.

3. BEAM DIAGNOSTIC SYSTEM

3.1 BEAM PROFILE MONITOR

The present beam profile monitors P12, P13, P14 and HM1, HM2, HM3, HM4 allow us to measure both the

width and the center of beam, respectively. Fig. 4 gave the beam profile measured at PI 4. The present data shows

horizontal and vertical profiles as shown in Fig.3. In Fig.4 the left and right peaks show the horizontal and

vertical beam profiles, respectively. Output signal from the beam profile monitor is taken by CAMAC system.
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Fig.3 Calculated beam envelopes in x-y directions

The CAMAC system controls the actuator so as to move the beam detection head of profile monitor. The beam

profile signal and position signal of moving head are taken by the 2 channel ADC's. The beam profile is

conditioned by the noise reduction filters to reject the AC 50 Hz or higher components. Since the beam position

signal is composed of 0-5 volt for horizontal and 5-10 volt for vertical directions, data processing system identify

the position, horizontal or vertical. A threshold level of beam signal have been considered to identity neither

the beam signal or noise signal as shown in Fig.4.

3.2 BEAM EMITTANCE MONITOR

A present emittance monitor is based on the multi-drop type slit-ion collector [6]. It is convenient that

horizontal and vertical emittances at an exit of SF-Cyclotron have been measured within a appropriate measuring

time. The one becomes old type nevertheless superior characteristics. The emittance measurements to find trie

Twiss parameter of output beam from the electron linac have been studied [ M.C.Ross, Y.Hashimoto[7]]. We

considered to apply the same technic to measure the emittance of ion beam. It is expected that a fluorescence

screen Al^Oj+Cr for example is sensitive to the ion beam. The highly sensitivity and wide dynamic range allow us

precise graphic processing with the aids of computer technology.

The basic idea behind the emittance measurements is to find the horizontal and vertical beam size (sort(crn),

Jor/(cT33)) with a profile monitor as function of the strength(s) of an upstream quadrupole(s). Knowledge of the

beam size at a particular location in the beam line for three different quadrupole strength is sufficient to calculate

the beam sigma anywhere along the beam line. Theory of emittance measurements is as follows;

Consider a quadrupole Q of strength k=S B 'dL!(Bop) separated from a down stream screen S by a transfer

matrices S. The total transfer matrix of the measurement system is given by

where Q is the transfer matrix of the quadrupole.
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Fig.4 Example of beam profile from the P14

The crmatrix is propagated through the system by the relation

In the absence of coupling, the square of the beam size at a given location is:

a-ns =Ru2au Q+ TR^tr^ +R12
2 a 22Q

Thus by varying R (which may be done by varying one or more quadrupoles) and subsequently measuring the

beam width all three elements of the sigma matrix can be obtained.

By using a thin lens approximation of above equation one sees that 0 j / s varies quadratically with the

quadrupoles strength Jfc:

The measured a Jt
s may be fit to a parabola

or beam size x2 is given by

22 xo-z

where x0 is the beam size at the position of the quadrupole with effective length /, &ois the strength of the

quadrupole at the minimum beam width and R/2 is the transfer matrix element fiom the ena of the quadrupole to

the screen. Above equation also shows that the emittance is directly related to the minimum beam size.

The above equation crjjs is obtained by the value of the a matrix at the quadrupole, oQ,

2{S,,ISi2)AB Q
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Fig,5 Schematics of beam profile measurement for Alpha 26 MeV

Fig.5 shows schematic of beam profile measurement for Alpha 26MeV extracted from INS SF-Cyclotron.

The fluorescence screen AljOj+Cr (Demarquest AF995R) provides the highly sensitivity at a low beam current

with a variety of incident beam energy. The A^C^+Cr plate features a heat resistance up to 1850 C and

fluorescence wavelength of 700 nm [8]. It has a lifetime nearly 3 msec for average, like a ruby laser.

Fluorescence due to irradiation of the beam is observed by a CCD camera providing an electric shutter. The

electric shutter might be adjust both the light sensitivity and data sampling time. The background data from the

CCD camera is subtracted from this measurement data so as to improve the signal-to-noise ratio. It is a record

that fluorescent beam profile have been measured at an Alpha 26-MeV and 10 pA with 5 mm diameter. The

dynamic range is ranging from 10 pA to 260 nA with an adjustment of the shutter speed and lens aperture of the

CCD camera [9]. We have a plan to construct a new profile monitor using the new system mentioned above.

4. COD CORRECTION

The optical miss alignment of the ring districts an effective beam acceptance around a closed orbit of the ring.

The main magnet was aligned within 0.3 mm at a construction phase of TARN-II. However the beam position

measured by the electrostatic monitors gave the maximum COD of 20 mm. The accuracy of horizontal COD (PI-

COD) is expected within 1 mm at the circulating beam current of 1 uA. On the other hand, the ring gave the multi

turn gain of 14 turns at the commissioning phase. Now the ring accepts the 6 turns even if we try tune the

parameters no longer the COD corrections, The vertical COD (V-COD) is then estimated based on the

measurement results such as a level shift and tilt of the main magnet. The !j'rogram MAD gave 15 mm of the

vertical COD as the maximum value[10]. It is expected that present injection gain will be improved by the

correction of V-COD. The correction system is composed of the position measurement system, computer control

system and correction magnet system.
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The horizontal correction coil is placed at each dipole magnet around the ring. The correction of the H-COD is

performed by the adjustment of local dipole field to align the center of beam orbit. To calculate the COD and

perturbation field, the VAXsran'on 3100 is used. Fig. 6 shows the horizontal COD before and after the corrections.

In Fig.6, the left figure shows distorted beam position in which the bending field is set with any error comparing

with an optical center field.

If the bunched beam is lost at either the left or right side of the ring, no beam position signal is observed. Tlvis

constraint was examined by measuring a beam width with a beam scraper. Before the COD correction, the beam

scraper gave the beam width of 70 mm at the /3 x of 7 m. The measurement result shows that an effective

horizontal area is more or less than 70 mm even minimum aperture of the beam monitoring devices is designed as

150 mm. The horizontal COD correction gave the resultant wide horizontal area comparing with before the

coreection. The vertical COD correction have been implemented by means of vertical correction magnets and

electrostatic position monitor. Consequently, the injection gain have been improved from 6 to 14 turns after

both the H-V COD corrections.

A transition gamma have been measured. The transition gamma deduced from the measured revolution

frequency and bending magnetic field, coincides with the MAD8 within the error of IO"3[I1]. This result

means effective length of magnetic fields gave the exact length for the calculation in the MAD8.
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Fig.6 Measured closed orbit before and after the COD correction.

5. CONCLUSION

The optical element of the cooler-synchrotron TARN-II is set within an accuracy of several-handled micro-meter

however commissioning accuracy is set within a handled micro-meter. The setting error of those optical center

have been evaluated by measuring the setting errors, beam positions and beam dynamics. These errors including

an elementary error of components have been compensated by using the co-operative beam correction system.

Present beam correction system are exit beam centering at SF-Cyclotron, visual beam alignment system, Twiss
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parameter matching and COD corrections. The measurement and adjustment of those objective have been done

at a beam condition of several micro amperes. These beam optics matching result in preferable improvement

of stored beam current in the ring.

REFERENCES

[I] F.Soga el al., INS-T-494, Feb. 1990

[2] T.Hattori et al, INS-NUMA-25, May 1980

[i] T.Honma, INS-TL-146, July 1983

[4] M.Kihara et al. KEK Report 93-14, Feb. 1994

[5] S.Watanabe et al, INS-Rep-1009, Nov. 1993

[6] T.Honma, 1NS-TL-148, June 1985

[7] Y.Hashimoto et al. INS-T-511, Aug. 1992

[8] T.Shirai et al. INS-T-521, June 1993.

[9] S.Watanabe et al. INS Annual report 1994.

[10] T.Tanabe et al. INS Annual report 1992.

[II] T.Watanabe et al. (to be published)



1/62

ALIGNMENT OF INSERTION UNITS IN NSRL RING
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ABSTRACT

The general alignment method of insertion units in NSRL storage ring is described in this
paper. In the course of the development of NSRL, some insertion units, for example, the
superconducting wiggler, will be installed in its ring, the alignment method will be different from
that when the storage ring was originally set up. We took the chance that the pulse septum was
once repaired to design a general method for installing insertion units in the ring, which
includes adjusting the internal parts of the insertion units and accurately installing them according
to the position accuracy in relation to the theoretical orbit. For example, the position accuracy of the
pulse septum is, radial A x: ± 0.1 mm, vertical A y: ± 0.1 mm, tangential A z: ± 0.5 mm. The
accuracy calculation will also be given and the anticipate alignment progress of the
superconducting wiggler in the ring will be given too.

INTRODUCTION

After the NSRL (National Synchrotron Radiation Laboratory) was finally established in 1992, the
improvement of the machine has been in progress. Some insertion units have been and will be
installed in the ring. For example, a superconducting wiggler will be installed in the ring in 1996. The
alignment method of these insertion units is different from that when the ring was originally set up
in survey control and measurement procedure etc.. Safer and more accurate methods are designed
and experimented.

In the summer of 1993, some details of the pulse septum were broken down during the machine
was operating because of a vacuum problem. In the course of repairing and re-installing the septum,
we designed a set of method to dissemble, align and re-install it. There were two possible methods
when we considered how to finish the task.

First, because the pulse septum is connected with one of the three Kickers (kik1)(Fig.1) and they
share one supporting bedplate, we can hoist up all the bedplate with the kik1 and septum on it, and
align the septum with kik1 then
re-install them in the ring by
adjusting the threaded rods

supporting the bedplate to make £ " " t = = J 9 " " ^ " ^ l ? ^ " "^ t=h-a-
them locate in their theoretical I
orbit after the septum has been
repaired. But this method has

some problems: a)The weight of F i g j N S R L storage r i n g injection system
the bedplate with the kik1 and

l i n e i i r s c c l i o n f o r l



1/63

septum on it is very heavy, so the hoisting job is very difficult and may lead to collision between

vacuum flanges because of hoisting control failure, b) The volume of bedplate is very large, there is

no a survey plate large enough to meet the operation needs.

The other method is that only the pulse septum is hoisted up. After it is repaired, the internal

parts are adjusted and the survey datum-points and datum-lines are transferred, the septum is re-

installed in the ring. But there is a problem too, e.g. the alignment between kik1 and septum

become more difficult.

Considering the practical condition of NSRL, we choose the second method.

INTERNAL PARTS ADJUSTMENT AND FIDUCIALS TRANSFER

The pulse septum was installed into an ultra-high vacuum chamber(Fig. 2). Before hoisting up it,

We closed the nearest vacuum vales of the two sides and loosen the screws of vacuum flanges.

Fig. 2 Structure of the Pulse Septum:

l)High voltage electrode; 2)Magnet core; 3)Vacuum chamber.

During hoisting, collision and violent vibration must be avoided in order to keep kik1 and other

units in their original accurate position in the ring, some points on which will become its datum-

points and reference points when the septum is re-installed. The repair and internal adjustment

were conducted on a strictly-tested level plate of 1200 * 1000 mm in a vacuum processing room.

After the septum was repaired, it must be restored to its position when it was originally installed in

the ring. The original position in the vacuum chamber had been fixed on the optical survey fiducial

line through the coil center of kik1. After the iron-core surface was adjusted to level, we can find that:

a)The elevation between the iron-core center line (thought as the theoretical beam line) of the

septum and the central points of the alignment plate 1 and 2 is 200.01 mm. b) In radial direction, the

deviations of plate 1 and 2 to the iron-core central line individually are 0.09 mm and 0.76 mm. Now

according to these data, we adjusted the internal parts,

First, the planeness of the iron-core surface of septum was adjusted with level-micrometer to

designed requirement.
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Second, the iron-core surface was adjusted to level. Because of manufacturing errors, the

alignment plates and the surface of iron-core are not exactly parallel. After the iron-core surface

was adjusted to level with level checker, we use the bubble-level tester to survey the plate 1 and 2,

and record the scale readings (Fig. 3).

Two checks higher this end
plate 1 plate 2

0.09
0.76

Fig.3 Scale readings of bubble-level on

plate 1 and plate 2

Fig.4 Distances from beam-line to the centers

of two copper-targets

Third, in the radial direction, on each of the alignment plate 1 and 2, we mounted a copper-target

whose axis must be precisely concentric with the center of the bore on the plate. On each copper-

target a line was drawn, whose distance from the center is equal to the deviation, e.g. 0.09 mm on

plate 1 and 0.76 mm on plate 2, but has the opposite direction on the vacuum chamber (Fig. 4).

Along the direction of the core central line, a T2 transit was set up on one end, and with it a datum-

line on the reference of the drawn-lines was erected. We adjusted the iron-core to make the point

which is the reference point of the theoretic beam line coincide with the datum-line. Then we

transferred the transit to the other end of the chamber and did the same job as above, and repeated

all the steps until the two points on the two ends completely coincided with the datum-line. By these

steps, we could fix the iron-core radial position.

Forth, in vertical direction, we used the iron-core surface to replace the magnetic field center as

the tangible datum. The elevation between the surface and alignment plates was adjusted with the

reference of the plates to the original distance by adjusting the screws. Here we used such tools as

height-gauge and centesimal-graduation-meter.

ALIGNMENT OF SEPTUM WHEN RE-INSTALLED IN THE RING

In the course of re-installing septum in the ring, all the alignment fiducials were transferred to

the alignment plates on the top of the chamber.

First, a T2 transit was set up on a alignment socket on a bending-magnet and a line of sight

parallel to the axis of the long straight section was erected by taking a target on a alignment socket

on a bending-magnet on the other side of the chamber and a point on the alignment plate on the

kik1 chamber as the two end points. We adjusted the chamber push-push supporting screws to

make the two drawn lines on the two copper-targets coincide with the line of sight.

Second, we set up two optical targets on the alignment plates on the septum chamber and a

optical target on the plate of the kik1 chamber, which were used as the datum-points, the deviation

of the targets had been calculated and manufactured according to the originally designed value. We
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set up an N3 level detector beside the chamber and took the target on the kik1 as the datum,

adjusted the supporting screws to make the three target centers have the same height.

Third, we put the bubble-level on the plates on the septum chamber, and adjusted screws to

make the level show the same readings as that when we had adjusted the internal parts.

All the steps above must be simultaneously and repeatedly conducted until all the position

offsets were eliminated in vertical and radial directions ,and in level. Here we also used the

clamping force of the vacuum flange joints to fine-adjust the axis angle of the septum chamber

and to locate it in the direction of the beam line, too.

ACCURACY ANALYSIS

In the course of alignment of insertion units, internal alignment datum-lines and datum-points

must be transferred to external ones which are tangible or can be seen. Overlooking the errors of

physical quantity, for example, the magnetic field is not always well-defined by the poles, we

assume that the magnetic midplane and mechanical central line between poles are coincidental. So

the transfer errors come from the survey methods, the tools and operating personnel. Now we take

the alignment of the septum as the example to analyze the alignment accuracy.

In vertical direction, the transfer median error Mv is

where Mh1 and Mh2 are the reading errors of the height vernier caliper and here

Mhi =Mh2 = ± 0.04 mm.

Mi is the centralizing error of level detector line of sight,

Mj=(0.1 T x S)/(2 x p ) .

S-the distanc from target to the level detector, where S < 10m

p =206265

T - is the sensitivity of tubular level per 2 mm, here t=10"

So M, = ± (0.1 x 10 x 10 x 1000)/(2 x 206265)=+ 0.03mm

and so Mv= ± [ (0.03)2+2 x (0.04)2 ] 1O =0.06mm.

In radial direction the transfer median error Mh is

Mh= ± (Mt1
2 +Mg

2+Mt2
2)1'2

where Mg is th reading error of the vernier caliper, Mg = ± 0.04mm

Mu and Ml2 are the tracer error in twice transferring

M,, =M,2 =( p" x S)/ p =( u x p" x S)/(v x p )

p "-the tracer error in angle

p"»human eye's distinguishing ability when sighting under ideal condition and generally p"=10"

v-magnification, here v=34 x

u --correction factor, here u =3

S-the distance from target to transit and here s < 10m

p =206265

SoM t1=M l2=(3 x 10 x 10 x 1000)/(34 x 206265)= ± 0.04mm

Mh = ± [ 3 x (0.04)2 ] 1/2= ± 0.06mm.

So, both in the vertical and radial directions, the possible deviations are less than the position

tolerance, e.g. ± 0.1mm.

In tangential direction, the septum is located by the vacuum flanges connected with kik1 and
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vacuum tube in the ring which had been exactly surveyed, and the deviation must be less than the
tolerance, e.g. ± 0.05mm.

CONCLUSION AND ABOUT THE ALIGNMENT OF SUPERCONDUCTING-WIGGLER

PLANNED TO BE INSTALLED IN THE RING

When installing the insertion units in a ring, we align it with reference of some alignment datum-

lines and datum-points on the parts of ring and on the units themselves. We do so based on an

assumption that the magnetic field is well-defined by the ferromagnetic poles and all the mechanical

centers coincide with trie physical ones.

We transfer the internal fiducials to external ones. Overlooking the failure of the assumption, the

key in the alignment jobs is the accuracy of fiducial transfer. High accuracy survey and alignment

tools , precisely designed and manufactured alignment targets, and skilled operating personnel

are necessary.

But, although we have not failed in alignment based on the assumption so far, we cannot use it

anymore in the presence of saturation and for some kind of magnets which have no tangible poles.

For example, during the design of the superconducting-wiggler alignment method, we plan to

transfer the magnetic center directly to the central lines of two perspective holes on the two sides of

the vacuum tube by magnetic field measurement and then transfer them to the alignment plates on

its top before it is installed in the ring. Because the iron-core was suspended and the magnetic

center is changing with vibration during hoisting, the targets on the holes should be able to be

adjusted, before finally installing it, some test must be done to calculate the possible position

changes of the core and a series of possible adjusting methods must be designed, too. By the way

a better and safer survey and alignment method of the wiggler is being considered and designed.
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Survey & Alignment of Pohang Light Source
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ABSTRACT

Pohang Light Source (PLS) which is operated by Pohang Accelerator
Laboratory(PAL) of Pohang University of Science and Technology(POSTECH) is the
third generation synchrotron radiation source. The project was initiated in April 1988,
and completed in December 1994.

As a method to achieve the required positional accuracy of a few tenths of a
millimeter for the PLS machines, we have introduced various precision surveying
instruments and techniques. For linac alignment, we applied an optical tooling
technique to a prealignment process, and developed a laser alignment system of a
He-Ne laser and Fresnel zone plates for final alignment in the accelerator tunnel. We
introduced a non-contact 3-dimensional measuring system with theodolites,
conventional surveying technique with survey network for storage ring alignment, ajid
a GEONET program for data analysis and database management. A smoothing
analysis using a low-path filtering method was developed for estimating the electron
beam orbit and offset error of the magnets in the storage ring. The positional errors
of 0.15mm in rms value has been obtained in positioning the quardrupoles and
sextupoles of the storage ring.

In this presentation described are ; linac alignment, storage ring alignment, the
estimation of positional errors, smoothing analysis, survey network and so on.

I. INTRODUCTION

The Pohang Light Source[11, the first third generation synchrotron radiation source
in Korea, is a national users facility which is operated by the PAL, POSTECH. The
PAL is located in Pohang city. The Pohang city, which is regarded as one of major
science cities, is located about 400 km southeast of Seoul. The PLS project was
initiated in April 1988, and completed in December 1994 with the excess achievement
of its commissioning goals, running at 2.0 GeV electron energy and stored current of
more than 300mA. Now two beamlines, one for VUV and the other for x-ray, serves
domestic and international users, starting from September 1995. And three more
beamlines will be available by the beginning of 1996.
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The PLS is composed of a 2 GeV linac, a storage ring and beamlines. Allowable
positional errors(rms) are 0.25mm for the accelerating columns of the linac, and
0.15mm for the quadrupoles and sextupoles of the storage ring. Considering various
acclerator surveying technology121™41, we decided to introduce an optical tooling
technique, a laser alignment system of He-Ne laser and Fresnel zone plates, a 3-d
non-contact measuring system by theodolites, and conventional surveying techniques
using precision instruments such as theodolites(T3000 or E2), mekometer(ME5000) and
level(N3). In relate to the instruments, we have designed and fabricated various kinds
of precise jig and fixtures. A GEONET was chosen for data analysis and database
management5. In order to estimate an effect of floor settlement on the actual electron
beam orbit and offset errors of magnets in the storage ring, we have studied various
smoothing schemes and developed a smoothing analysis using a low-path filtering
method. This smoothing was applied to the PLS storage ring magnet alignment
successfuly in August 1995[6l

II. LINAC ALIGNMENT

The PLS 2.0 GeV linac is a full energy injector to the storage ring. The linac
which consists of 42 SLAG type accelerating columns and 6 quadrupole triplets is
150m long. Accelerator tunnel is located 6m below the ground level. The allowable
relative positional error of the accelerating columns is 0.25mm(rms)

Accelerating Colunn

--m-i-

Telescope Stand Target Stand

Fig. 1 Linac Prealignemnt
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The accelerating columns were prealigned in the assembly room. Prealigning
process consists of three steps; 1) the straightness check and adjustment of
accelerating columns, 2) the true position check between the center of accelerating
column and two optical tooling holes in support plates, 3) the alignment of optical
tooling holes and Fresnel zone plate. Optical tooling instruments such as jig transit
and tilting level, and precision measuring instruments of dial indicator and height
master were used for the above first and second step. The straightness of the
acclerating column was adjusted within 0.10mm. And as shown in figure 1, the
optical tooling holes and the Fresnel zone plate were aligned to the lines of sight
which were established by the prealignment stands of telescopes and targets.

The linac was prealigned to the positional errors(rms) of 0.07mm vertically and
0.11mm transversely. The positional errors consist of offset errors and reading errors.
The offset errors resulted from the straightness, the true position, and the alignment
error. The reading errors were estimated about 1:200,000 which is generally regarded
as the errors in the optical tooling technique.

The girder assembly which had been prealigned was moved into the linac tunnel,
and aligned to the reference line on the floor. Then the offsets of Fresnel zone plates
were measured accurately and rapidly using a laser alignment system. The laser
alignment system measures the offsets with the precision of a few hundredths of a
millimeter by analysing the pattern of the laser beam, which is diffracted by the
Fresnel zone plate, using an image processing system. A schematic drawing of the
laser alignment system and a typical pattern of diffracted laser beam are shown in
figure 2.

Ac Cotumn Dila Acquisition
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Fig. 2 Laser alignment system and FZP Diffraction Image
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Since the alignment of linac was completed with the positional error(rms) of A
x=0.02mm, and Ay=0.02mm respectively in March 1994, the status of linac alignment
has been checked periodically with the laser alignment system, and proved stable
within the required accuracy of 0.25mm. A slight increase of positional error which
has been monitored during the last one and half year may be caused by the effect of
an inequable settlement of tunnel floor.

III. STORAGE RING ALIGNMENT

The PLS storage ring has a
12-period Triple Bend Achromat(TBA)
lattice. Its circumference is 280.56m.
There are 36 bending magnets, 144
quadrupoles and 48 sextupoles. The
allowable positional errors (rms) for
quadrupoles and sextupoles are A
x=0.15mm and Ay=0.15mm.

Storage ring alignment process
consists of magnet fiducialization,
vacuum chamber prealignment, girder
rough-setting, magnet rough-setting,
fine positioning and smoothing analysis.

Magnet fiducialization is the
process of establishing a machine
coordinate, which is expressed by four
fiducial posts on the top surface of
magnet using a CMM. Figure 3
shows a quadrupole and its fiducial posts.

•r
Fig. 3 Quadrupole and its fiducial posts

Vacuum chamber prealignment is the process of establishing a girder coordinate
and aligning vacuum chamber to the girder. Each vacuum chamber was aligned
within the maximum offset of 0.5mm. A non- contact 3-dimensional measuring system
with about 0.1mm of accuracy was used in this prealigning process as shown in figure
4. By measuring and bundling the reference holes of beam position monitor(BPM) and
the fiducial posts on the girder, the offsets of vacuum chamber were determined and
aligned within the offset of 0.5mm.

Girder rough-setting is the process of bringing the vacuum chamber and girder
assembly into the storage ring tunnel and setting it to the designed position on the
basis of a storage ring tunnel survey network. Each girder was aligned within the
offset of 0.5mm for horizontal and vertical direction respectively.
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Fig. 4 Vacuum chamber prealignment

Magnet rough-setting is the process of installing the magnets using 6 strut
mechanisms. The magnets are aligned horizontally as accurately as possible by an
intersection method using two theodolites. The gaps between vacuum chamber pocket
and magnet pole tip are closely monitored during leveling process.

Magnet fine positioning

process which consists of
surveying and adustment
were repeated 4-5 times until
the positional errors becomes
within tolerance. Figure 5
shows the direction surveying.
A theodolite is mounted on
the survey monument of wall
bracket using an adapter. The
adapter was fabricated after
Taylor Hobson sphere and
Kern centering mechanism.
Figure 6 shows a direction
and distance survey .network. Fig. 5 Direction surveying in the tunnel
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Fig. 6 Direction. & distance survey net for quadrupole alignnnent

A positional error in magnet alignment consists of a positioning error and an
offset error. The former, which represents reading error in the form of standard error
ellipse, was calculted by GEONET program, and the latter, which indicates alignment
status, is the statistical observation of magnet offsets from designed path. As figure
7 shows, the major axis values(a) of absolute error ellipses in quadrupole surveying
dated on August 24, 1994 were between 0.05mm and 0.08mm. Distances among
fiducial posts which were measured during magnet fiducialization were integrated for
error ellipse analysis. The positional errors(rms) of Ax=0.14mm and Ay=0.08mm were
obtained in August 1994 as shown in Table 1.

TABLE 1. Estimation of Positional Errors in PLS Storage Ring Magnets
as of August 1994 (unit:mm)

Magnets

Quadnipole

Sextupole

Bending Magnets

Positional Errors

Ax(rms)

0.139

0.149

0.186

Ay(rms)

0.075

0.074

0.078
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Fig.7 Standard error ellipses of quadrupole surveying

Smoothing analysis is the process of estimating the electron beam orbit of the
storage ring as closely as possible in the form of smoothed curve by analysing the
offset values of quadrupoles from the designed path. The offset errors of magnets are
estimated on the basis of the smoothed curve. A smoothing analysis using a
low-path filtering method was developed for estimating the electron beam orbit and
the offset error of magnets in the storage ring.

The smoothing analysis was applied to estimating the offset errors of magnets for
the survey of August 1995. It was found that quadrupoles were deviated as much as
Sxmax=-1-Omm and 5ymax- -0.85mm for horizotal direction and vertical direction
respectively from the designed electron beam orbit of the storage ring. And,
estimating the offset error of quadrupoles on the basis of the designed path, we got
the offset errors(rms) of Ax=0.39mm and Ay=0.37mm. On the contrary, applying the
smoothing analysis, we got the maximum deviation of 5xmax

= -0.27mm and 5
ymax=0.22mm, and the offset errors(rms) of Ax=0.13mm and Ay=0.12mm. The results
of smoothing analysis are summarized in table 2.
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Magnets

Quadmpole

— ' -

Sextupole

Bending Magnets

Offset Errors

on the Basis of Designed Path
— —
Ay(rms)
~ —

0.365

0.344

Ax(rms)

0.388

0.385

0.467 0.385

Offset Errors

on the Basis of Smoothed Curve

Ax(rms)

0.127

0.131

0.181

Ay(rms)

0.118
- —
0.070

- —
0.113

IV. SURVEY NETWORK AND TUNNEL DEFORMATION

The survey network of the PLS is composed of a surface net and tunnel nets.
These are linked with one another that they provide the global coordinates of the PLS.

Fig. 8 PLS surface net
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The surface net consists of 10
geodetic control points; four of them
are located on the top of hills around
the PAL, and six are on the roof of
buildings as shown in figure 8.

The tunnel nets are composed of a
storage ring net, a linac net and a
beam transfer line net in the viewpoint
of location. There are two kinds of
tunnel net; the TNET of which the
control monument are installed on the
inner wall controls horizontal location,
and the ENET of which the control
points are embedded in the tunnel
floor controls elevation. The absolute
error ellipses of the surface net were
estimated as 0.20-0.40mm in the major
ellipse axis values. And those of the
TNET of the storage ring were
0.2-0.3mm as shown in figure 9.

Absolute Error Ellipses
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Fig. 9 Absolute error ellipses
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Fig. 10 Deformation of the storage ring
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Figure 10 shows that the storage ring tunnel has been settled inequally about
3.0mm per year, and deformed horizontally as much as the maximum value of about
1.0mm. The tendency of this deformation was found having been reflected in vertical
and horizontal offsets of the storage ring magnets.
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THERMALLY DRIVEN VERTICAL DISPLACEMENT OF
IP QUADRUPOLE MAGNET

K. Endo, R. Sugahara and Y. Ohsawa
National Laboratory for High Energy Physics (KEK)

1-1 Oho, Tsukuba-shi 305, Japan

The IP (interaction point) quadrupole magnets of the TRISTAN MR (main ring),
QCS and QC1, at every IP sit on the common support made of steel. When all magnets
are cycled through injection, acceleration, flattop and deceleration, the
environmental temperature in the tunnel changes periodically following the
magnet cycle. The magnet support receives the temperature cycles and the
quadrupole on it moves vertically due to the thermal expansion and shrinkage of the
support. Its movement was measured with the laser interferometer during the
physics experiment. This displacement gives an effect on the closed orbit distortions
and requires the orbit correction when it becomes serious.

1. INTRODUCTION

The movements of the interaction quadrupole magnets have long been
suspected as a source of the frequent change of the vertical closed orbit distortions
(COD), Earlier measurements of the tilt and temperature of these magnets showed the
possibility of the vertical displacements by the thermal change of the mechanical
height of the supporting structures which are made of structural steel [1]. At every
interaction point (IP) there is a mini-P quadrupole magnet system, which consist of 2
superconducting quadrupoles (QCS) [2] and 2 normal quadrupoles (QC1), each having
1.2 m and 2.5 m in effective magnetic length, and 58 T/m and 12 T/m in nominal field
gradient at 29 GeV, respectively [3]. The QCS and QC1 have the stronger integrated
field gradients than other quadrupoles to squeeze the beam vertically to obtain
higher luminosity and therefore their displacements have an effect on COD larger
than any other quadrupole. If the displaced magnet are hunted using the measured
vertical COD data in the beam tracing code, these quadrupoles are obtained.

A pair of QCS and QC1 at every side of IP's are supported by a common support
table as shown in Fig.l. There are the 2.7 m concrete pillars on which the support
table sits. As concrete has a big heat capacity, its dimensional change due to heat is
small and slow compared to the iron structure. The iron height including the bottom
half QC1 core is 3 m. The ambient temperature measured around these quadrupoles
reflects the temperature control of an air-conditioner of the IP experimental hall
and has the spatial distribution such that the nearer to the thermo-feedback sensor
of the air-conditioner, the closer the spatial temperature to the indicated
temperature of this sensor. So quadrupoles at both sides of IP displace independently
and this makes the problem complicated. Beam simulation shows that the 20 \im
displacements of QCS and QC1 give the 0.2 mm COD [1]. The COD at this level obstructs
the beam injection and is subject to the orbit correction.

The vertical COD is corrected on-line by exciting the vertical steering magnets
placed close to every defocusing quadrupoles. It is similar for the horizontal COD
correction.
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Fig.l Supporting table of a pair of QCS and QC1 at every side of interaction
points. Picture shows the right side of IP at the Fuji experimental
hal l .

Fig.2 Laser interferometer (HP-5527B). The left is the laser head set on the
vertical stand with a remote interferometer atop and the retro-
reflector is shown at the bo^.om. The right is the organizer to install
the laser position transducer electronics and a computer with a bus
extension box for the GPIB interface on the top.
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2. DIRECT OBSERVATION OF VERTICAL DISPLACEMENT

To observe the vertical displacement of QC1 directly, a laser interferometer (HP-
5527B given in Fig.2 or HP-5528A) was used. The laser head was set under QC1
vertically and the retro-reflector at the bottom of QC1. The relative vertical
displacement was measured for several days at an interval of 30 min. Data were
transferred to the personal computer (NEC/PC-9801-NS/T or TOSHIBA/J-3100-GXS) via
GPIB interface and stored in the hard disk. No meteorological compensation device
was attached to the interferometer, so data were corrected using the. atmospheric
temperature and pressure which were measured independently near the laser beam
and at the KEK site, respectively, at the same time. An error of one ppm is generated
by either of the pressure deviation of 2.5 mmHg, temperature deviation of 1 deg.
centigrade or humidity change of 100%. However, the humidity compensation was
not applied because the measurement was done under air-conditioned. To estimate
the height variation of the medium plane of QC1, the thermal expansion (or
shrinkage) of the half height of QC1 was taken into consideration. Therefore the
movement of the central height of QC1 is given by the sum of compensated laser
reading and thermal expansion (or shrinkage). Fig.3 shows the temperature
variation which coincides with the magnet excitation (8 GeV at injection and 29 GeV
at flattop).
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Fig.3 Temperature variation due to the TRISTAN operation. Temperature in
the accelerator tunnel follows the magnet excitation.

Comparing the temperature data with the vertical displacement of the QC1
central height, the coincidence of the fine structure is very good as shown in Fig.4.
This displacement has no atmospheric pressure compensation because the lack of the
pressure data. There was no temperature correlation between outside and inside of
the accelerator tunnel under the beam operation. The peak-to-peak height variation
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due to the magnet excitation is about 0.004 mm which corresponds to the peak-to-
peak temperature variation of 0.6 deg. centigrade.

Even if the atmospheric compensation is applied, its effect appears in
compensating the large amplitude with longer period than the fine structure as
shown in Fig.5. These data for first 9 days were taken while magnets were excited at 8
GeV. In this case the QCl displaces with a period of one day. Heat flow rate is constant
because every magnet excitation is static and the equilibrium state will be
maintained if the temperature at the ground surface does not change. The variation
with one day period is due to the change of the outdoor temperature.

3. RMS COD AMPLITUDE AND QCl DISPLACEMENT

Comparing the QCl displacement with the rms COD amplitude at 8 GeV injection
energy where there is no disturbance coming from the magnet excitation. Fig.6
gives the correlation between them. The COD measurements were repeated three
times, Run#l, #2 and #3, but were independent each other. The QCl displacement in
Fig.6 was measured continuously through these runs. The case of COD_Run#l shows
correlation between the rms COD amplitude and QCl displacement but the rests have
poor correlation. The displacement was observed for only one magnet (QC1-FR,
which means the quadrupole QCl at the right side of the IP at the Fuji experimental
hall) but the COD reflects the displacements of all magnets. Poor correlation will be
quite natural if considered the superposed individual contributions.

To further the study, two QCl's positioned diametrically opposite place in the
TRISTAN-MR ring were monitored simultaneously using two interferometers, one of
which was failed after 112 hours. Fig.7 gives the vertical displacements without any
meteorological compensation. Both QCl's are supported on the same tables on the 1.1
m concrete pillars.
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Fig.4 Vertical displacement of the QCl central height whose fine structure
coincides well with that of temperature.
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the longer period. For first 9 days all magnets were excited at 8 GeV,
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Two displacements have similar behaviors but are different in details. The
reason of the difference is that temperatures at both sites change independently.
The TRISTAN-MR ring has four fold symmetry and has four experimental halls, each
separated by the 90 degrees curved sections. At the rest two experimental halls
(Nikko and Oho), QCS and QC1 are supported in the same way but different from Fig.l.
Height of the support table is shorter. An example of the temperature variations in
these three halls is given in Fig.8.

Every experimental hall is air-conditioned separately, so the temperature
differs and there is no temperature correlation between halls as shown in Fig. 8. At
the Fuji experimental hall there is a big temperature deviation from other halls. The
structure of the TRISTAN tunnel differs at the Fuji experimental hall where the
injection channels of electron and positron from the accumulation ring (TRISTAN-
AR ring, 377 m in the circumference) are connected at the middle of the both sides of
the experimental long insertion as shown in Fig.9. The AR ring is located at 4 m
underground, whereas the MR ring at 11 m underground. The AR ring, closer to the
ground surface than the MR ring and having two experimental halls at the ground
level, is easily affected by the outdoor temperature variation. Ventilation through
the injection channels gives the temperature variation at the Fuji experimental hall
as shown in Fig.8 and also at the Fuji experimental long insertion.

0.01

-0.025
From May 11; 17:00 to May 16; 9:00, '95

0 1 2 3
Time- (day)

Fig.7 Vertical displacements of two QCl's positioned at diametrically
opposite place of the TRISTAN-MR ring. One is in the Fuji (QC1_FR)
and the other is in the Tsukuba experimental hall (QC1_TR). Both
magnets sit on the support tables with same structures. Data have no
meteorological compensation.
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Fig.8 Temperature variation near at QC1 in three experimental halls (Fuji,
Tsukuba and Nikko). For first 9 days all magnet excited at 8 GeV, for
next 4 days all magnets were not excited because of accelerator
maintenance, and for last 3 days magnets were excited again.

4. CONCLUSIONS

Main sources of the vertical COD fluctuation of the TRISTAN-MR ring will be the
vertical displacement of the strong focusing elements close to IP's. Direct
observation of this displacements were performed using the laser interferometer in
the experimental halls under the beam operation. Concluding the results,
(1) Temperature in the MR tunnel changes according to the pattern of the beam
energy and consequently the quadrupoles of the mini-p system displace vertically.
Temperature variation differs in each experimental hall.
(2) The fine structure of the vertical displacement of the mini-P quadrupole
coincides with the temperature variation due to the magnet excitation in the MR
tunnel.
(3) Gradual slow change of temperature in the experimental hall does not coincide
with the beam operation pattern, but it is superposed to the fine structure and
contributes to the vertical displacement with longer period. Its peak-to-peak
variation is 1.7 degrees and coincides with the variation measured at the level of the
magnet support table of the experimental hall. Floor temperature has the same
tendency but the amplitude was smaller. This slow change is due to the control of the
air-conditioner.
(4) It takes about two days to attain the equilibrium state of the vertical quadrupole
position after the startup of the normal beam operation up to 29 GeV. Temperature in
the MR tunnel at the equilibrium state is higher by 2 degrees compared to the
equilibrium temperature when waiting at injection energy at 8 GeV for long time.
(5) Temperature correlation between inside and outside of the MR tunnel was
observed as the periodic! 1 vertical movement of IP quadrupoles only when all
magnets were excited stationary.
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Fig.9 Interconnection of the TRISTAN-MR and -AR rings. AR ring is 4 m
underground and MR ring 11 m underground. They are connected by
the electron and positron injection channels at both sides of the Fuji
experimental hall.

Magnitude oi the vertical displacement of the QC1 quadrupoles close to IP's is 10
~ 30 (im for the long rage and 10 ~ 20 jim for the short range (less than few hours).
This is amounts to the vertical COD of more than 0.1 mm. The COD changes gradually
and the COD correction is performed when exceeding some threshold. Correction
intervals change from day to day. In the worst case it is required at every filling
time and in the best case it is stable as long as one day. Horizontal displacement of. the
QC1 quadrupoles estimated from the tilt measurement [1] is smaller by an order than
the vertical one.

Fig.6.
Authors express their thanks to Dr. M. Kikuchi for taking the COD data shown in
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SURVEY AND ALIGNMENT OF VEPP-4M

Yuriil. Levashov, Mark A. Bokov, YuriiA. Pupkov

Budker Institute of Nuclear Physics, Novosibirsk, Russia

1. INTRODUCTION
VEPP-4, a 6 GeV electron-positron collider, has been operated since 1980 [1], The

magnetic system of YEPP-4 was modified a few years ago to increase luminosity and extend

possibilities for experiments in nuclear physics and synchrotron radiation (SR) researche. The new

magnet lattice is fully symmetrical with respect to the interaction point (IP). Two regular cells in

the center of both half-rings are replaced by special insertions accommodating 14 SR-beamlines.

A new superconducting detector is under assembly now. Figure 1 shows the layout of VEPP-4M.

The alignment system of VEPP-4 has been changed on the basis of the experience and a

new apprehension of alignment goals. This paper describes the alignment concept and

instrumentation used to position VEPP-4M components. Main parameters of VEPP-4M are

summarized in Table 1.

"• - dipole
| - quad

M - wiggler
D - RF-cavity

O - Alignment
monument

| RDKK-1M

Figure 1. Layout of the VEPP-4 complex
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Table 1
Main parameters of VEPP-4

Energy

Luminosity

Beam current

Circumference

Average arc radius

Horizontal aperture

Vertical aperture

Number of blocks(dipole-quad)

Number of dipoles

Number of quads

Number of RF-cavities

6GeV

7*1031

50 mA

366m

45.5m

60mm

27mm

70

14

26

6

2. TOLERANCES
The accuracy required in the positioning of VEPP-4M components is typical for circular

accelerators. Table 2 shows detailed tolerances for the elements. They are calculated assuming

that the orbit distortion caused by misalignment does not exceed one-tenth of the vacuum

chamber size all around the ring (allowing for magnet measurement errors, dynamic aperture, long

term deformations, etc.). This guarantees the injection of beams into the storage ring without

turning on any correctors and their lifetime long enough to activate beam position monitors

(BPM) and perform precise orbit corrections with the use of correction magnets.

Table 2

VEPP-4m alignment tolerances

Magnet

Quad

Dipole

Block(quad part)

(dipole part)

Radial(mm)

0.2

1.0

0.2

1.0

Vertical(mm)

0.2

0.2

0.2

0.2

Along orbit(mm)

1.0

0.5

0.5

0.5

Angles(mrad)

0.1

0.1

0.1

0.1

3. ALIGNMENT CONCEPT
There are a few specific details io be taken into consideration in developing the alignment

system:

i) The beam orbit is 2.3 meter high over the floor level. Figure 2 shows the cross section of the

ring tunnel. There is no room to place measurement devices at the orbit level.
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Figure 2. Cross section of the VEPP-4 ring

ii) A regular cell consists of two blocks. Each block includes bending and quadrupole magnets.

Conventionally, it is divided into dipole and quad parts which can be aligned with different

accuracy. .

iii) The VEPP-4M tunnel is located close to the surface on soils which tend to subside. Any

variations in environments, i.e. a new construction sites close to the tunnel, additional

experimental equipment to be installed, heavy rain and snow, summer-winter temperature

changes, etc., result in significant deformations of the tunnel and, respectively, in misalignment of

the components. VEPP-4m has to be realigned annually.

iv) Due to the tight conditions for the measurements and a side refraction in the tunnel it is not

desirable to perform measurements by theodolite.

The alignment system is based on a monumented network and distance measurements. A

precise survey of the monument positions is performed separately for horizontal and vertical

directions. Thereafter, the positions of the monuments are corrected into ideal ones and a control

survey is carried out. This process is repeated untill the necessary accuracy tolerances are met.

Usually it needs one iteration.

VEPP-4M components are aligned with the use of a jig-plate, invar rods and a bubble

level without any additional measurements.

4. FIDUCIAL REFERENCES AND MONUMENTS

Each component of the magnet system has at least two fiducial marks, which are

accurately mounted on the side surface at the orbit level relatively to the mechanical reference

with the use of a jig-plate. The reference is a precize 25.4mm socket settled vertically. Usually
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fiducial marks are a reference for magnetic measurements. The upper surface of elements is well

machined for setting a bubble level.

The network monument has exactly the same reference socket for housing either a

calibrated dowel pin or a tooling ball as that used in the fiducial mark. It is possible to adjust the

socket axis vertically and move it in horizontal plane within +5mm range in both directions.

5. NETWORK
The network consists of 94 permanent monuments (3-D), fixed on the tunnel wall by

brackets. In the half-rings the monuments are placed exactly opposite to the fiducial marks on the

blocks. The distances between monuments are mainly equal. Both planimetric and altimetric

networks are free, which means they have no permanent origin and orientation.

5.1 Planimetric network
This network is simple and

fully homogeneous. Measurements

are performed according to the

scheme shown in figure 3. The

coefficient of redundancy is 2.0 [2].

Simulations show that the

sagitta should not exceed 0.25mm.

The deviation from ideal values

of distances and offsets are measured,

as the monuments are placed close to their ideal positions. The accuracy for the distance

measurements is 0.04mm, for the offsets it is 0.015mm.

Redundant measurements provide an efficient control of the measurement accuracy. If a

"local" residual exceeds a certain limit, it indicates that the measurements used for the calculation

of the residual have a gross error. This measurements have to be repealed or eliminated from

adjustment. It is possible to calculate systematic errors caused by calibration errors of instruments

and subtract them from measurements .

The least square fitting is applied to analyze measurements and compute deviations of

monument positions from their ideal values. An optimal rotation and a parallel translation in the

horizontal plane without contortion of the geometry are calculated so that the total square sum of

displacement of monuments is minimal.

The Fourier analysis of the deviations is performed and harmonics of up to 3-rd order are

eliminated since they do not affect the orbit distortion [3]. Figure 4 shows the displacement of the

monuments in the radial direction before and after the elimination of these harmonics. Only a few

monuments have to be corrected.

- Monuments

- Measured offsets

- Measured distances

Figure 3 Scheme of measurements
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Figure 4 Positions of the VEPP-4M network monuments in radial direction

5.2 Altimetric network
The altimetric network uses the same monuments. The scheme of measurements consists

of 13 closures to provide the measurement control. If a relative position of a group of monuments

has no variation for a few sessions of leveling, it is chosen as an immobility group. An average

altitude of such a group of monuments is taken as an origin in the vertical direction.

A sight level and invar staffs are settled upon the monuments to guarantee a high stability

of the instrument during the measurements and equal distances from the sight level to the staffs.

The measurement accuracy is 0.12mm/km.

6. INSTRUMENTATION
The distance measurements are performed with the use of a distancemeter (Figure 5) and

two invar tapes. The invar tapes have perforated holes which allow us to measure any distance

within a 0.5-25 meter range. The measurement accuracy is 0.04mm.

Reel

Load

Slides
Tape

holder

Centring/
cilinder 25.4mm

Figure 5 Distancemeter with perforated invar tapes
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Invar
rod fire Micrometer

'7/7/ 77/7^7/7/77The offsets are measured with the use of

calibrated invar rods equipped with a

micrometer (Figure 6). The accuracy of the

offset measurements is 0.015mm.

The calibration of instruments is performed at

a standardization bench equipped with a laser

interferometer. The leveling is carried out using a Koni-007 sight level and double scaled invar

staffs.

Figure 6 The offset measurement device

7. RESULTS i

A successful commissioning of VEPP-4M is the main result of our alignment efforts. An

annual realignment due to a continuous deformation process of the tunnel still remains the main

problem of positioning of VEPP-4M components. Usually the realignment takes 1.5 months for a

team of one surveyor and two techjiicians. It is carried out during the summer shutdown.

The deformations in the vertical direction have the largest amplitude. Figure 7 shows the

deviation of monument altitudes fc r the last 7 years. A new building and the construction work

are the main reason of the tunnel subsidence. The most essential movement occurs at the moment

when the load changes, and after that the subsiding is slowing down.

In horizontal directions the deformations are about lmm/year. A season (summer-winter)

deviation of the radius of the tunnel with an amplitude of 0.5mm has been detected. The large

amplitudes of deformations results in many cracks on the concrete walls. Figure 8 shows the

correlation between the deviation of the crack gaps and the air temperature in the tunnel.

10

[mm]

-5

Verti

V.v-

cal deviation oft
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ie monu
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Number of monument

Figure 7 Deviation of the VEPP-4M network monuments in vertical direction
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Figure 8 Correlation between deviation of the crack gaps and the air temperature in the tunnel

Amplitudes of the crack disclosures on the inner and outer walls of the tunnel are

different, which indicates the disproportionate deformations.

8. CONCLUSION
Though the described alignment system does not seem to be very modern, it is rather

attractive due to its simplicity and low cost. We use the general ideas in the development of the

alignment system for the C-T factory which is currently under construction at BINP.
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A NEW STANDARD METHOD FOR THE SURVEYING AND ALIGNMENT
OF BEAMLINE FACILITIES AT GSI

Holger Wirth
Metronom, Gesellschafifur Industrievermessung mbH, Mainz, Germany

GebhardtMoritz
GSI, Gesellschaftjiir Schwerionenforschmg mbH, Darmstadt, Germany

1. INTRODUCTION

The GSI institute of heavy ion research is financed by the country of Germany and the federal state
of Hessen. Founded in 1969, the main emphasis of the institue's work is the research of the characteristics
of atomic nuclei. The Universal Linear Accelerator UNILAC was built first and in 1987 new facilities
were added to the setup. Today the GSI consists of the following beam-line modules:

• Universal Linear Accelerator UNILAC Length: 120 m
• Heavy Ion Synchrotron SIS
• Fragment Seperator FRS
• Experimental Storage Ring ESR
• Experimental Caves (A,B,C, M,...)

Circumference: 216 m
Length: 70 m
Circumference: 108 m

Fig. 1: GSI Accelerator Facilities and Experimental Areas
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The GSI accelerators allow acceleration of all atomic nuclei up to Uranium to an energy of 20
MeV/u. The latest success has been the discovery of the fundamental elements 110 and 111 in
November/December of 1994. GSI is planning to start a small medical center for the treatment of cancer
tumours based on heavy ion radiation in 1996.

From 1986 to 1991 Mr. Ingobert Schmadel carried out all survey and alignment tasks at the GSI. In
1991 he set up his own company, Metronom, a service company for industrial measurements. Since 1991
Metronom has been partner to the GSI for all high-precision surveying tasks, namely developing
concepts, surveying experiments and aligning components (in total about 350 components must
repeatedly be aligned).

2. THE FIRST ALIGNMENT CONCEPT

Previous alignment tasks were solved by measuring fixed reference networks defined by concrete
pillars or monuments. After the coordination of reference points, the components were aligned using the
intersection method. The sensor equipment consisted of the laser range finder Kern ME5000, the ECDS
System (Kern E2i theodolites), scale-bars, Wild N3 and other tools for levelling and tilt measurements.

No special software structure was used for processing the measurement data. Each step in the data
reduction and preprocessing up to the least square adjustment were carried out with no special hand-in-
hand working programs. The adjustment was done with the program PANDA (GEOTEC).

Another important point of interest was the fiducialization of components. Most components are
equipped with screws, which are building supports for mobile plates. In the past, the alignment staff had
to fit out the components with mobile plates before they could start their measurements. This was
extremely time-intensive and precision and reliability was dependent on the degree of care the staff put
into their work. For more details see [1] and [2].

Unfortunately, surveying experts were not consulted right from the start of the project; the conditions
they had to cope with when they started working were thus very unsatisfactory.

3. STATUS OF ALIGNMENT

The first alignments of the Synchrotron SIS and the Experimental Storage Ring ESR were carried
out in 1990 and 1991; to date no realignment has been performed. But now, five years later, a realignment
is necessary, as due to the settlement of the ground the components have moved off there original
positions. The changes in height have been detected by annual settlement and deformation measurements.
Ground movements of up to 3 mm have been determined.

In the case of the SIS, the curve in ground settlements is declining. No more concrete blocks for
radiation protection have been added to the building and the height of the accelerator building is now
stable; the right time for realigning the components has been reached.

The ESR is under reconstruction and when the new installation is finished, a realignment will be
necessary. In addition to this the entire ring, built on seperate foundations, has been tilted by ground
movements. Differences in height of up to 2.5 mm between two towards points have been determined .

The same problems apply to other parts of the accelerator, so the GSI has to check the positioning of
all of their accelerator components. Unfortunately, the method used for the first alignment can not be used
anymore, because most of the lines of sight are interrupted by cables, walls and other installations such as
pumps or electronic devices. Furthermore, the survey procedures would take too long. The original
process of alignment, e.g. installing and handling of the mobile plates, the setup of the instrumentation
(including orientation measurements), alignment without special software, etc. was too time-consuming
and toilsome. •
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In 1993 Metronom started working on a new alignment concept for the GSI's accelerators. The aim
of the concept was to improve the whole strategy of surveying and alignment and had to meet the
following requirements:

• No use of concrete pillars (to improve flexibility)
• No mobile plates (to improve reliabilty and to put an end to climbing on components !)
• No use of ECDS (personnel reduction of one operator)
• No special solutions for individual parts of the accelerators (one method for all)
• No measuring heights of 3.5 m (to avoid the dangerous use of ladders and to speed up the procedure)
• No data-processing with special "expert system programs" without defined user-shells
• No mixture of different centering supports (Kern, Taylor-Hobson, specific solutions)

4. THE TASA CONCEPT

4.1 Basic Philosophy

Taking the requirements mentioned above into account, Metronom has developed the TASA
Concept. TASA stands for lacheometric Accelerator Surveying and Alignment and is based on the new
generation of high-precision total stations.

The basic principle of positioning components by polar measurements is neither a new nor an
inventive idea. This method has been used by CERN and DESY for several years, but the exclusive use
of only one sensor for all measurements, combined with a comprehensive installation of new consoles
and software produces a very flexible method.

In the past, the unhomogeneous precision of angle and distance measurements has been compensated
by special configurations. Normally there is a difference in the requirements for accuracy in longitudinal
and transversal (resp. radial) direction. A typical accuracy for longitudinal alignments is about 0.5 mm,
whereas a transversal alignment has to achieve a precision of 0.1 mm and is much more critical. Polar
measurements can be used if the precision of the distance measurements affect the longitudinal direction
and the precision of angle measurements affect much more the transversal direction. Consequently, the
lines of sight, or rather the distance measurements have to follow the beam-line to meet the specifications.

4.2 Total Station

In 1993 the decision was made to use the total station Leica TC2002 for surveying and alignment. At
this time, a precision of 0.4 mm for distance measurements was expected and this precision has
determined the development of the concept. The latest tests on and calibrations of a new and specially
selected TC2002 have confirmed that this was the right decision. Up to a distance of 25 m the TC2002
reaches a standard deviation of 0.06 mm (!) and a maximum residual of 0.15 mm for distance
measurements in comparison to interferometer measurements.

Due to the extremely high accuracy of distances measured by the TC2002, the instrument can be
used for the determination of the reference network instead of the ME5000. Furthermore, it is possible to
reduce the requirements on the configuration (parallel to the beam-line), as the influence of the distance
accuracy is less critical. In order to reach the high precision of distance measurements it is necessary to
take the changes of atmosphere into consideration, which will be consequently done by using an
electronical sensor to record the actual temperature, pressure and humidity. Another condition is the
employment of high-grade triple-prisms, especially calibrated to the distance-meter.
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4.3 Fiducial Points

One feature included in the TASA Concept, has been the replacement of all mobile plates by fixed
consoles. In the past, the fiducialization was done by fixing plates to the top of each component. The
fiducial points were signalized by Taylor-Hobson spheres. Before a component was installed on site into
the beam-line, the mobile plates were adjusted in accordance with the beani line and by taking the
magnetic deviations of the component into account. Previously, the fiducial points were always on the top
of the component in a fixed position and the surveying and alignment process had to be able to align the
component using the above fiducial points. In many cases this was very painstaking. For example, the
height of the beam-line of the ESR is about 2 m above the floor; in addition to this, the height of the
fiducial points above the beam-line is about 1 m. Consequently, all measurements had to be carried out at
a height of at least 3 m.

An immense advantage of the new fixed consoles, welded onto every component, is that they can be
positioned to locations where they can be easily measured, simply by taking measuring conditions (lines
of sight, heights of stands, error-figures, configuration, etc.) into consideration.

Each component will be equipped with two fixed consoles (e.g. on the side) carrying a support for a
Taylor-Hobson sphere and a socket for an inclinometer. After the installation of the new consoles a
transfer measurement will be required to determine the nominal positions of the new fiducial points. For
this measurement the ECDS System will be used. Based on the nominal coordinates of the new fiducial
points the alignment of a component can be done using the TASA Concept.

"old concept"
mobile platform
with socket for

Taylor-Hobson sphere

"TASA concept"
fixed console for

Taylor-Hobson sphere
and inclinometers

(welded through the component)

Fig. 2: Fiducialization

4.4 Tilt Measurements

The inclinometers are necessary to control the roll (transversal tilt) of the component; the pitch
(longitudinal tilt) will be controlled by the difference in height of the two fiducial marks. In previous
alignments the tilts were controlled by conventional levelling or analog inclinometers fixed directly to the
fin of the magnets. The TASA consoles provide three little spheres (welded on screws) with which an
electronic inclinometer (coupled through a V-prism) can be fixed to the consoles. This makes the
operation of tilt measurements extremely comfortable.
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4.5 Pillars

The new fiducial points allow different measuring conditions. Heavy and high concrete monuments
can be replaced by mobile pillars. DESY has developed a system of mobile pillars which can be installed
for a measuring period. Based on DESY's positive experience with these pillars GSI has also adopted this
system. The DESY pillar consists of a tube of steel or aluminium of 1.5-1.7 m in length. The pillar is
inserted into a special socket fixed to the floor. The measuring point is the midpoint of a Taylor-Hobson
sphere put into a socket on the top of the pillar. For further information see [4].

4.6 The Centering Method

Furthermore, the centering of the instrumentation has been changed from the Kern centering method
to one based on Taylor-Hobson spheres, using an adaptor - created by DESY - between the Kern support
and the Taylor-Hobson socket. Consequently, the Taylor-Hobson sphere is the only target for all angle
and distance measurements; no other prisms or targets are required.

4.7 The Software .

Another important element is the data processing which is involved in the alignment procedure. To
improve the alignment strategy it is imperative that different computer programs are used. The GSI has
decided to develop a complete new software package for the different tasks of surveying and alignment.
This package should be programmed to enable unskilled employees to operate it and should support all
steps of the procedure. For further information, see the contribution "Wirth H., Moritz G.: The Most
Flexible Instrumentation for Surveying and Alignment - a High Precision Total Station Controlled by
Modern Software", published in the proceedings of this workshop.

5. SCENARIO OF TASA ALIGNMENT

• Unique transfer measurements from "top-points" to "side-points" to establish new nominal
coordinates

• Installation of all reference points through mobile pillars

• Carrying out of reference network measurements with redundant angle and distance measurements
(originally planned with E2 and ME5 000, now only TC2002)

• Least square adjustment of the network

• Tacheometric alignment of the components using the TC2002, an electronic atmosphere sensor and
two inclinometers

• To control the alignment, all fiducial points will be determined a second time using a different
reference point
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6. TASA AT THE EXPERIMENTAL STORAGE RING ESR

The Experimental Storage Ring will be the first area of the GSI accelerators to be realigned. As an
example, the transfer of the concept from theory to practice will be shown. The ESR consists of the
following components:

24
20
8
24

dipole-segments (4 segments build one 60°-dipole)
quadrupoles
sextupoles
special devices (septa, solenoids, electron-cooler, kicker, inflectors, etc.)

Table 1: Assumed requirements for the alignment of ESR components:

Component

dipol
septa
quadrupole
sextupole

longitudinal
[mm]
0.5
0.5
0.5
0.5

transversal
[mm]
0.3
0.2
0.1
0.1

vertical
[mm]
0.3
0.3
0.1
0.1

pitch
[mrad]
0.1
0.1
0.1
0.1

yaw
[mrad]
0.1 .
0.1
0.1
0.1

A network of 14 pillars will be installed in order to construct a stable network and to place a basis for
all alignments at the user's disposal. Unfortunately it is no longer possible to measure diagonals, as all
lines of sight are lost. The only way to build a safe and reliable network configuration is to measure
overlapping transverses (fig. 3). Simulation calculations have shown that the requirements of the
precision and reliability for the reference and magnet points can be met.

FRS

.512

313

310
309

JOS

311
,_ 307 . Target Hall

J04

SIS-Reinjeclion 314

301
J0J

O releience poifll (mobile pillar)

— — distance and angle mensurcmenls

Fig. 3: The ESR reference network
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305
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Based on an estimated accuracy of 0.4 mm for distance measurements and 0.3 mgon for angle
measurements the concept for the ring alignment was created. The idea of the first concept was to align
the dipoles with the intersection method based on two reference stations at each corner of the ring to cope
with the required accuracy in a beam direction of 0.2 mm. The design acknowledged that the distance
accuracy permits configurations where the distances directly affect the transversal or radial direction by
planning lines of sight parallel to the beam-line (fig. 4). Due to this, the transversal positioning will be
greatly affected by the precision of angle measurements.

After the latest calibration of the new TC2002 the concept was revised. With an accuracy of 0.1 mm
for distances, it will be possible to abandon the idea of using the intersection method for the dipole
alignment. All components can be positioned using the same method; that is the final aim of the new
concept.

308

o
O

307

quodrupole odjjslment
by use of polor meosurements

306
dipole odjustment
b y uSE o l i n l e r s e c t l o n

meosuremenls
or polar meosurements

quodrupole adjustment
by use of polor measurements

304

O
303

O reference point (mobile pillar)

• fiducial point (Taylor-Hobson sphere)

distance ond angle meosuremenls

Fig. 4: Alignment setup for ESR components

The new dipoles and septa consoles were welded onto the top corner of each component. In this case
an installation on the sides of the magnets was not possible, because other beam-line components (e.g.
inflector magnets) are positioned in front of the dipoles and the sides are hidden. The quadrupoles,
sextupoles and other components were equipped with consoles on their sides. The transfer measurement
to determine new nominal coordinates is now being carried out. The pillars will be installed in November
1995 and the realignment of the ESR will take place at the end of the year.
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7. CONCLUSION

The TASA Concept can be used for all alignments of the different GSI accelerators. For all
accelerators a special investigation was carried out to check if it is possible to position a new pillar system
and to install new consoles on the components. The free positioning of ficucial points makes it possible to
use polar measurements for all components. This is an enormous advantage and a step forward for
alignment procedures at GSI. Furthermore, use of a total station as opposed to the ECDS System means
that one operator less is needed.

Although an older method existed and was practiced, the GSI has decided to abandon their alignment
concept for a newer system. The time necessary for the alignment of an accelerator can be decreased by
up to 50 % using modern instrumentation and software.
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SURVEY AND ALIGNMENT OVERVIEW:
FERMILAB MAIN INJECTOR RING

Virgil Bocean, Babatunde O'Sheg Oshinowo, Terry M. Sager
Fermi National Accelerator Laboratory, Batavia, Illinois, USA

1. INTRODUCTION

The purpose of the Fermilab Main Injector Ring (FMI) is to replace and improve upon the
performance of the existing Main Ring by simultaneously enhancing both the Fermilab collider and
fixed target programs. The FMI is situated in the southwest area of the Fermilab site, interacting
with the Tevatron (TeV) near the F-0 straight section (Fig 1). The FMI will perform all the duties
currently required of the existing Main Ring. Thus, operation of the Main Ring will cease following
commissioning of the FMI, with a concurrent reduction in the background rates seen in the colliding
beam detectors. The performance of the FMI, as measured in terms of protons per second delivered
to the antiproton production target or total protons delivered to the Tevatron, is expected to exceed
that of the Main Ring by a factor of two to three. In addition the FMI will provide high duty factor
120 GeV beam to the experimental areas during the collider operation, a capability that does not
presently exist in the Main Ring (Fig. 2) [1].

2. FMI DESIGN GEOMETRY

The FMI consists of an irregularly shaped oval with a circumference of 3319.419m. The MI-60
straight section of the FMI is parallel to the Tevatron at F-0 straight section, separated from it by
11.823m horizontally and 2.3253m vertically. The reference point defining the plane containing the
Main Injector design orbit lies at the intersection of a line from the center of the Tevatron ring and
passing 13,222m downstream of TeV F-0 normal to the F-0 straight section, and a line parallel to
the MI-60 straight section and equidistant from the MI-60 and MI-30 straight sections. Gravity at
this point defines the normal to the plane. The plane containing the Main Injector orbit dips at an
angle of 0.231 milliradians toward the southwest corner (project coordinates) [1].

3. ALIGNMENT TOLERANCES

In order to achieve a smooth and successful startup, the FMI design committee has defined
the desired absolute and relative alignment tolerances for the 208 quadrupole and 344 dipole
magnets. In addition to these tolerances, future long range experiments that may result from the
flexibility of the FMI, demand global considerations as well.

3.1 Global tolerances

To provide for the continued development of long range experiments at the conceptual design level,
the initial global tolerance of the FMI must meet the Third Order, Class II Horizontal Survey
Accuracy Classifications in the current North American Datum of 1983 (NAD 83) and Second
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Order, Class II Geodetic Leveling Accuracy Classifications in the current North American Vertical
Datum 1988 (NAVD 88) as defined by the Federal Geodetic Control Subcommittee [2].

3.2. Absolute tolerances

The absolute placement tolerances require the positioning of each beam component on the
local projection around the FMI ring within a horizontal and vertical envelope of +/- 2mm of the
ideal position [3].

The circumference tolerance is defined as +/- 5mm. This tolerance, being at the very limit of
current measurement technology to control it, is still in negotiation and can possibly be redefined to
+/- 10mm with little or no effect on the performance of the machine.

3.3 Relative tolerances

Table 1 defines the relative alignment tolerances of the quadrupoles and dipoles to adjacent
components [3].

Table 1

Component type
Quadrupoles

Dipoles

Horizontal/Vertical
+/- 0.25mm
+/- 0.25mm

In Beam Direction
+/- 3mm
+/- 3mm

Roll Angle
+/- 0.5mrad
+/- 0.5mrad

4. GEODETIC SURFACE CONTROL NETWORK

Ten concrete pillar type monuments with forced centering devices constitute the framework
for the surface control network. Nine of these monuments surround ten vertical sight riser shafts or
drop points to the tunnel. The tenth concrete monument is installed near the center of the FMI ring,
forming a strong polygon (Fig. 3). To date, three precise control surveys have been accomplished;
the first, in the spring of 1992, transferred the relative position of the Tevatron F-0 point and F-0
straight section azimuth to the surface control to lay out the MI-60 initial point and azimuth. The
second, completed in the fall of 1993, defined the relative position of six of the ten concrete
monuments to the 1992 survey. The third, completed in the spring of 1995, defined the relative
position of all ten monuments to the original F-0 survey and repeated the 1993 survey. This strategy
yielded data for deformation analysis on the common monuments over a two to three year period.
Results of the deformation analysis showed no detectable movement within the network adjusted
error ellipses of+/-lmm [4].

A fourth precise survey is scheduled for 1996 at which time all ten concrete monuments and
ten sight riser drop points will be incorporated into a network to provide absolute positioning for
tunnel control system constraints at the +/- lmm level. Astronomic observations will be performed
as required.
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5. TUNNEL CONTROL SYSTEM

5.1 Geodetic considerations

For underground surveying purposes a double stereographic projection was chosen to map
the GRS 80 ellipsoid coordinates onto a conformal mapping plane at the elevation of the tunnel. All
underground surveying and alignment activities will take place near the perimeter of this projection.
Special care was taken not only to minimize and standardize the scale distortions, but also to correct
for the effect of variation in ellipsoidal height around the ring [5].

5.2 Monumentation

Considering the dynamic nature of the tunnel control system due'to deformation, thermal
conditions, other environmental factors and especially the ability to detect these small movements
with today's instrumentation, a strategy was adopted using inexpensive yet durable monuments. The
~200 floor monuments will consist of a stainless steel bolt with a precision hole in the machined top
to receive a standard Hubbs 1 1/2 inch laser tracker nest. Repeatability tests show no significant
errors develop using this technique. The cost for hardware and labor for installation are reduced by
nearly 5 times. Monuments are placed at intervals of ~17m around the ring. Elevation bench marks
are placed on the inner wall between every second monument. Adapters enable the use of the bench
mark as a pass point in the final laser tracker network thereby effecting a gravity referenced system
for the laser tracker.

5.3 Secondary tunnel constraint network

To provide additional constraints for the final tunnel control network, a ME-5000 and Kern
E-2 precision traverse will be performed and adjusted between adjacent sight riser drop points. This
survey will utilize the longest sight lines possible, taking no more than five stations to close between
any two sight risers. Azimuth control will be provided using a gyro-theodolite.

5.4 Tunnel control network

The final control network will utilize a system of braced quadrilaterals enveloping the volume
of the tunnel between the constraint points and incorporating all floor monuments and bench marks.
Since alignment of magnets will begin before the entire tunnel control network is measured with laser
tracker instrumentation, the constraint points are necessary to control the immediate region for initial
alignment of the components. Once the entire tunnel control network has been measured a block
adjustment will be performed.
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6. MAGNET FIDUCIAL1ZATION AND ALIGNMENT

6.1 Methodology

The method of magnet fiducialization and alignment procedures adopted for the FMI project
was chosen for its ability to apply the latest most accurate measurement instrumentation and
computer technology, while still maintaining optical tooling alignment capabilities for quick magnet
change-outs to minimize down time. Three major factors led to the acceptance of a method termed
the One Fixed - Four Random (1F4R) system. First, the physical centerline of the steel laminations
define the magnetic centerline of each magnet. Second, the magnets are constructed to published
tolerances, the mean values being +/- 0.002 inches radially and +/- 0.003 inches vertically. Third,
since the 1F4R system references each magnet as it is being aligned into its s'ot in real time, the costs
associated with hardware, labor for installation and referencing are not necessaiy, representing a
major savings in dollars.

6.2 Theory

The success of the 1F4R system will be dependent upon a computer database containing the
entire FMI spacial parameters, ideal magnet models and the beam lattice. This database will interact
in real time with application software (now under development) containing the necessary algorithms
to actually align each magnet into its proper slot. The one fixed point that is required for this system
to work is placed at the longitudinal centerline of each magnet to an accuracy of one lamination or
~1.5mm. This fixed point is not required to be located accurately in the radial direction. The four
random points (mobile fixtures accepting a standard laser tracker nest) will determine each magnets
radial alignment.

6.3 Alignment procedure

Fixtures will be placed on each of the eight dipoles and three quadrupoles that make up one
observation session or laser tracker setup. One fixture on each magnet will be placed on the fixed
(IF) point and four fixtures will be placed on each magnet at four random (4R) points at or nearly at
a position directly above the support stands [6],

The laser tracker will be positioned and oriented into the tunnel control system (TCS) at a
point nearly perpendicular to a quadrupole magnet. This allows the strongest measurement to take
place at the most critical component using optimum geometry. From this setup all 55 fiducials
comprising this observing session will be measured. The software will compute each magnets
geometry, compare it to the ideal magnet model in the database to alert the operator of any
misplaced fixtures or other spacial problems and compute the offsets required to place each magnet
into its slotted position according to the beam lattice. All eight dipoles and three quadrupoles will
be rough aligned from this setup. However, only the quadrupole nearest the setup and the two
adjacent dipoles will be final aligned. For redundancy, each quadrupole and dipole will be observed
from three independent setups, each setup being adjacent to a quadrupole (Fig. 4). The redundant
measurements provided from multiple observations will be used in the final smoothing process.
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7. QUALITY CONTROL

A total database management system, quality control - quality assurance, and deformation
monitoring procedures are now being developed.
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SMOOTHING ANALYSIS OF PLS STORAGE RING MAGNET
ALIGNMENT

Jah-Geol Yoon and Seung~Chan Lee
Pohang Accelerator Laboratory, POSTECH, Pohang, Kyungbuk, 790-784, Korea

ABSTRACT

The relative positional accuracies of 0.15mm for transverse and vertical direction
were obtained in positioning the quadrupoles of PLS storage ring. The positional error
consists of positioning error and offset error. The former is shown in the form of
error ellipse which is calculated using a GEONET program. The latter is the statistical
observation of magnet offsets from actual beam orbit which is estimated by a
smoothing analysis. A low-path filtering method using a z-transform, which is widely
used for control engineering, was applied to the PLS smoothing analysis. The
z-transform, which is applied to processing discrete data, is a Laplace transform. A
smoothing technique and the results of case studies are described in this presentation.

1. INTRODUCTION

The estimation of the offset errors of magnets is one of the most important
processes. in accelerator alignment. The results of storage ring magnet survey often
show that the major part of the magnets are located nearby design path, and the
offsets of the magnets are similar to those of their adjacent magnets, as if they have
been aligned to slightly deformed path. In the case of PLS storage ring alignment, this
phenomenon was found mostly in vertical measurements, which may be induced by the
inequable settlement of foundations. In order to reduce manpower and work period for
alignment by the effective calculation of offset errors, we applied a 'Smoothing'
technique to the adjustment of magnets in the PLS storage ring. We choose a
low-pass filtering method for the smoothing technique, and found that it reduce the
offset errors effectively by eliminating systematic errors.

2. DIGITAL LOW-PASS FILTERING

In smoothing process, an averaging method and fitting methods with polinorms.
fourier series and spline functions have been studied. The averaging method shows a
weak point in finding a smooth curve, that is the smooth curve is deformed while
reducing random errors. The fitting methods does not determine the smooth curve
effectively, because they must use predefined functions. Therefore we have introduced
a low-pass filtering method for PLS smoothing method. It works similar to a
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hardware filter which is usually found in various electronic instruments. This method
is based on a z-transform, which is widely used for control engineering. The definition
of Laplace transform is

F(s) = e st At) a (1)
J —CO

The role of z-transform in digital filter analysis is equivalent to, that of the
Laplace transform in analog filters. The definition of the z-transform is

F(z) = 2 An) z~n
 (0,

An infinite impulse response filter(IIR filter) is a kind of digital filters. The

definition of the ITR filter is

2 bt *"'
~^j}

1 + 2 a{ z~l

i=i

(3)

The fourth order equation of Chebyshev was used for designing a low-pass IIR
filter.133 The characteristics of the digital low-pass filter are as follows;

(1) This method is not a kind of curve fitting. It does not use any

kind of predetermined functions of polinorms, fourier series and splines.
(2) Input data for this method must be discrete and its intervals must be

equal. Therefore, the pre-processing of interpolation is required.

(3) In the case of the closed orbit of storage ring, data expansions are
necessary to satisfy periodic boundary conditions.

3. SMOOTHING OF PLS STORAGE RING

A low-pass filter program has been developed with a commercial software,
MATLAB141. Discrete data are necessary for digital filtering. By interpolating with a
cubic method, the offsets at the position of quadrupoles were distributed to a new
series at equal-spaced discrete points. The step distance of the new series is 0.25
meter and the new 1122 points reconstructs the electron beam path of the PLS storage
ring. The number of these divided points is more than 7 times of the number of
quadrupoles, and the step distance is shorter than a half of the minimum distance of
adjacent quadrupoles.

The revolution frequency of the PLS storage ring is about one mega-herz.
Therefore, if the cutoff frequency of filter is about one mega-herz, an evaluated smooth
curve becomes a sine wave. The higher the cutoff frequency is, the more sine waves
are represented. This cutoff frequency must be chosen carefully, because too higher
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frequency can induce an operational problem of the storage ring.
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Fig.l Smoothing Procedure of PLS Storage Ring

Table.l Major Parameters

Circumference

Orbital Period

Revolution Frequency

Interpolation Method

Step Distance

Sampling Period

Sampling Frequency

Filter Type

Filter Passbartd Ripple

Filter Cutoff Frequency

280.5 m

0.93585 micro-sec

1.06855 MHz

Cubic interpolation

250 mm

0.83409 nano-sec .

(.1989 GHz

4th order Chebyshev low pass filter

0.1 dB

: 1, 2, 3, 4, 5, 6 MHz

4. CASE STUDY OF SMOOTHING ANALYSIS

Three data sets have been analyzed by the smoothing technique. These sets
contain systematic errors for Case.I, systematic errors and random errors for Casc.II,
and random errors for Case.ni.
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Table.2 Profile of Data Sets

Case.I (Oct.1994): Measured after 2 months operation

Case.H (Mar.1995): Measured after 4 months operation and vacuum chamber baking

Case.m (Apr.1995): Measured just after full adjustment

The result of the
CaseJ, which contains
mainly systematic errors,
shows that the smoothing
analysis reduced offset
errors effectively. In the
Case.II, the smoothing did
not have the effect of
reducing offset errors to
the standard deviation
criteria of 0.5 mm for the
quadrupoles. The cause
of this result was that •

a vacuum chamber baking had made a lot of random errors. In the final case, the
smoothing scarcely reduced the offset errors, because there were no systematic errors
just after full adjustment during the shutdown period. The phase shift or distortion,
which can be occurred by the filter, was not found. By the above case studies, we
concluded that the filter eliminated only higher frequency waves of random errors.

Table.3 Summary of Smoothing Analysis,for Quadrupole

Vertical Alignment as of Oct.94 {Case.I)

0 1 2 3 4 5 6

Cutoff Frequency (MHz)

Fig.2 Case Study Result of PLS. SR Quadrupoles

Cutoff
Frequency

(MHz)

1
2
3
4
5
6
8
16
32

Measured Data

Offset of
Smooth Curve
From Design

Path
St.Dev
(mm)
0.191
0.235
0.253
0.257
0.258
0.262
0.265
0.269
0.275

-

Max.
(mm)
0.350
0.454
0.407
0.449
0.456
0.503
0.571
0.752
0.861

-

Offset Error
From Smooth

Curve

St.Dev
(mm)
0.171
0.134
0.110
0.105
0.097
0.087
0.077
0.057
0.034
0.281

Max.
(mm)
0.525
0.466
0.484
0.464
0.439
0.381
0.305
0.156
0.118
0.875

Number of
Outlers

(>0.3mm)
(ea)

12
4
6
4
2
2
1
0
0

. 52
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Filler Frequency Response
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(e) Cutoff Frequency = 5 MHz

Fig.3 Smoothing Results of Various Cutoff Frequencies
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5. ADJUSTMENT OF PLS STORAGE RING MAGNETS IN AUG. 1995

There was a short shutdown period in Aug. 1995. It was the first time to
apply the smoothing analysis to estimating the offset errors of the PLS storage ring
quadrupoles. The cutoff frequency of 3 mega-herz was chosen by compromization of
error reduction and operational conveniences. Figure.4 shows the cutoff frequency of
more than 4 mega-herz does not reduce the offset errors effectively. For the safety of
operation, magnets of which the offset is bigger than 0.2 mm were mostly adjusted to
the smooth curve. The offset errors of sextupoles and bending magnets were
estimated on the basis of the smooth curve. The history of adjustment was recorded.
Finally, verification by operation is required.

In the results, the smoothing analysis reduced the number of outler magnets,
which should be adjusted, to about 5 percents of original number. But actually, about
25 percents of original outlers were mostly adjusted, and the PLS storage ring has
been being operated successfully since the adjustment.

Table.4 Procedure of Adjustment at. Aug. 1995

(1) smoothing analysis for cutoff frequency selection
- outler criteria : 0.3 mm
- cutoff frequency : 1,2,3,4,5,6 MHz
- object : QP

(2) smoothing analysis for adjust amount calculation
- outler criteria : 0.2 mm
- cutoff frequency : 3 MHz
- object : QP, SP, BM

(3) adjustment of outler magnets

(4) smoothing analysis for final error estimation
- outler criteria : 0.3 mm
- cutoff frequency : 3 MHz
- object : QP, SP, BM

(5) calculation of BPM offset

0.

0.

go.
I o.
i o,
0,

0,

350

300

250

200

150

100

050

000
1 3 4

Coner Frequency (MHz)

' Lateral

•Vertical

' Average

3 4

Coner Frequency (MHz)

Fig.4 Analysis Results for Cutoff Frequency Selection
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Measured let O Measured 2nd Ei Analyzed 1st I I Analyzed 2nd

Fig.5 Standard Deviations of Offset Error in August 1995

Table.5 Outler numbers of Smoothing Analysis in August 1995

Magnet Type
Directions
Number of Total Magnet

Number of Outlers (>0.3mm)
-basis : design path

Number of Outlers (>0.3mm)
-basis •" smooth curve

Number of Adjust (>0.2mm)
-real work objects

Quadrupole
lateral
144

44

4

18

vertical
144

66

2

14

Sextupole
lateral

48

14

2

4

vertical
48

22

0

1

Bending
lateral

36

0

0

0

vertical
36

0

0

0

SUM (Ratio)

456 ( - )

146 (100%)

8 (5%)

37 (25%)

BftOKEN LINE : QUADRUPOLE

DOT : SBOUKXE

CIRCLE: BENDING MAQNCT

CURVE : SMOOTHED LINE

1.5 2
z-axis (path, mm)

x10

Fig.6 Results of the Smoothing Analysis in August 1995 (lateral.x)
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BROKEN LJNE : OUADRUPCUS
DOT: SOCTUPOLE

CIRCLE s socma MAGNET

CtJBVE ! SMOOTHED UNE

1 1.5
z-axis (path.mm)

X10

Fig.7 Results of the Smoothing Analysis in August 1995 (verticals)

7. CONCLUSION

By the study on the smoothing analysis of the PLS storage ring magnet

alignment, We have concluded as follows;

(1) The smoothing method of the low-pass filter only reduces systematic
errors like settlement, while it does not significantly reduce random
errors like baking induced errors. Therefore thise method is
recommendable for the storage ring magnet alignment.

(2) Using the smoothing technique, we aligned successfully the PLS storage
ring magnets during the 3 weeks shut-down period in August 1995,

and the machine has been being operated successfully since the alignment.

And some verification using a beam dynamics software and the case studies

which help the selection of cut-off frequency are recommended.
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VIBRATIONAL ANALYSIS OF
TEVATRON QUADRUPOLES

Craig D. Moore
Fermilab, Batavia , Illinois, USA

1. INTRODUCTION

There is motion of the beam in the Tevatron on various time scales from years (slow
motion of the tunnel) to tenths of milliseconds (betatron tune motion). This paper will
discuss a very restricted frequency range from a few Hertz to a few tens of Hertz. The
assumption behind the analysis presented here is that the beam motion is due to transverse
motion of Tevatron quadrupoles.

The introduction of the low beta insertions in the Tevatron has necessitated the
installation of remote monitoring sensors on the quadrupoles since the quadrupoles are
strong and are located in regions where the beta functions are large [1] as shown in figure
1. In general the magnet and support structures are mirror symmetric around the
interaction points.

' Q2Q4!

1003 1070 1040 1060

Fig.1 Lattice Beta functions in the DO interaction region.

Motion of the beam due to a certain magnitude quadrupole motion is proportional to
the product of the square root of the beta function and the strength of the quad. Table 1 shows
the maximum amplitude in millimeters that would be measured on a Beam Position Monitor
in the arcs for a one millimeter displacement of a low beta quadrupole at DO [2].

Vertical
Horizontal

C4Q2 |
1 5
1 2

C4Q3 |
38
1 1

C4Q4
1 2
5

D1Q4 ILD1Q3 J
10
6

21
19

D1Q2 I
23 |

7 I
Table 1.

Maximum displacement in the arcs for a 1 mm quad displacement
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The importance of this monitoring effort was brought to the fore during the rolled
quad episode during the last collider run when we did not have this remote monitoring
capability. Water levels and inclinometers have been installed on some of the quadrupoles
in the interaction regions (figure 2} and have been used, for example, to indicate an ice ball
forming on a quadrupole inside the CDF detector [3] and physical displacement of a
quadrupole during the installation of shielding [4]. These are important examples however
we shall restrict our discussion to motion on shorter time scales.

H = WATER LEVEL I = INCLINOMETER

Fig. 2 Layout of remote monitoring equipment in the DO interaction region.

Fourier analysis of the inclinometer signals indicated a plethora of frequencies as
shown in figure 3.

10
dB

/DIV

2B1 .B
nVrms

\ ' ^

\<1 1 ^ '
vly. M

. . A . . . . . . . .

k f.
../. 1 L . - iA . . .

ti • \

"::"\'7 "i

• •

oi l

.'!.

START: 0 Hz BW: 954.B5 mHz STOP: 100 Hz

Fig. 3 Fourier spectrum of the D1Q3 inclinometer (roll)

This discovery of the spikes in the frequency spectrum started this analysis which attempts
to correlate the spatial patted of several differing frequencies of beam motion as measured
by the Tevatron Beam Position Monitors (BPMs) with observed motion of the Tevatron
quadrupoles (mainly low beta quadrupoles).
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2. MAGNET VIBRATION SPECTRA

We enlisted the help of several experts from Argonne National Laboratory [5] to
make a systematic study of the vibrational spectra of the ground, the tunnel floor, and
quadrupoles (mainly low beta quadrupoles). Figure 4 gives an overview of the site detailing
where the motion studies took place.

TM=TUNN£L MAGNET
TF=TUNNEL FLOOR

N

G=GROUND " T 3 5

Fig.4 Location of the vibration analysis studies

A non low beta quadrupole spectrum is shown in figure 5 for various reasons, one .of
which is that it is so instructive. The location was at A3 which is physically close to the
Central Helium Liquefier plant (CHL) which has two types of compressors which have
fundamental frequencies of 4.6 and 8.5 Hz. We observe sharp lines in the ground and in the
magnet at the fundamental and up to the fifth (third) harmonic for the Helium (Nitrogen)
compressor. The ground motion is greater than the magnet up to the 19 Hz region where we
observe a well known [6] stand resonance. A particular reason for mentioning the 4.6 Hz
signal is that we use this signal as our "standard candle", i.e. this is our frequency
calibration check at the different geographical locations.
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Fig. 5 Frequency spectra of the A35 Tevatron Quad and the ground nearby

Many sets of data were taken as shown in figure 4 and we will present three sets that
are illustrative and that happen to agree with the analysis presented below. Figure 6 shows
the vertical frequency spectra measured on one of the Q3 quadrupoles in DO. The interesting
portion of this spectrum is in the 20 to 25 Hz region and we shall discuss the relationship of
this spectrum to the observed BPM spectrum in the following section.

N
X

to

2

>
o
5

0.01

0.001

0.0001

10'5

1 0 " B

; ;

0

D1Q3VUS (microns**2/Hz)J

n : fto-
: m 1/ -V+f--

r.

10 15 20 25 30
Frequency (Hz)

Fig. 6 Vertical frequency spectrum of the D1Q3 quadrupole in the DO interaction region

Figure 7 shows the vertical frequency of the two Q3 style quadrupoles in the B0 interaction
region. Of interest here is the slight offset in frequency of the two peaks near 18.5 Hz, we
shall see this phenomena in the next figure and our interpretation is that the peaks are due
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to a support structure resonance and the mechanical assemblage, although theoretically
mirror symmetric, is slightly different on either side of the collision point. The support
structures are different at BO and DO, and we shall discuss the structure at DO in more
detail below, however the slight differences are apparent at both BO and DO.

A4Q3VUS (n>icrons**2/Hz)
B1Q3VDS (r«iicrons"2/Hz) OJ O

CO CD

0.01N
X
evi
*
*c 0.001
2
o

- 0.0001
en
CO

O

4 . • • • I • ' • • J • • • I

10"6

v N;
* Xinil rt

it 1 :ftn i

r t ?f\; P *
i U 1

. 1 r 1 1

0 5 10 15 20 25 30
Frequency

Fig. 7 Vertical frequency spectra of the Q3 quadrupoles in the B0 interaction region

To bring out the difference between ground motion and "stand" resonant effect an
analogous plot to the one shown in figure 5 is given in figure 8 which shows the A4Q3
vertical spectra along with the concrete floor at the position of the magnet and we can see
several of the ground motion spikes in the concrete and the magnet along with the broader
peak at 18.2 Hz in the magnet spectra. So in the low beta quad vibration spectrum we can
also see ground motion spikes and "stand" resonances. We expect the ground motion spikes to
be the same for all magnets in a region but the possibility exist for slight differences in the
mirror symmetric magnets on either side of the interaction regions.

CV (mtcrons"2/Hz)
A4Q3VUS (microns"2/Hz)

^ \ fl "M
_ .... . . V.

1 | <S i

0 5 10 15 20 25
Frequency

Fig. 8 Comparison of the frequency spectra of Q3 magnet and the nearby floor
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An example of a horizontal spectrum is shown in figure 9 which has the same data
plotted linearly and semilogarithmically, in the semilog plot we can see the 4.6 Hz, tut the
linear plot is much cleaner in pointing out the broad strong 13.5 Hz peak and the small
differences from one side of the interaction region to the other.

0.1

CO
Q
X
CO

O
o

0)

o
o

1

a
x
CO

a

0.01 r-
en

I 0.001

0.0001

io-5

10-l

* • I v" I V 1

10 15 20 25 30
FREQUENCY (Hz)

0.035

0.025

C4Q3HDS (microns**2/Hz)
D1Q3HUS (microns"2/Hz)

0 10 15 20
FREQUENCY (Hz)

25 30

Fig. 9 Horizontal frequency spectra of the Q3 magnets at DO
a. semilog plot b. linear plot

3. BPM SPECTRA

A set of BPM spectra was taken in 1/6 of the Tevatron centered about the DO
interaction region. Twenty one spectra were taken in both the horizontal and vertical
planes. Representative, spectra in the horizontal and vertical plane are shown in figures 10
and 11. In the vertical case the distinctive pattern between 20 and 25 Hz is one of the most
striking features of the vertical spectra and the similarity to the shape in figure 6 will be
used to choose which quad to use in our modeling.
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Fig. 10 Frequency spectrum of the horizontal Tevatron BPM at station C38
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Fig. 11 Frequency sprectrum of the vertical Tevatron BPM at station D11
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The signal above background was tabulated for the different frequencies and is
given in tables 2 and 3, where the units are in millivolts and 1 millivolt corresponds to
an rms motion of 83 microns. Also the displacements that would correspond to a 1 mm
displacement of a low beta quadrupole are shown for several quads.

0
1
2
3
4

%
6
7
g
»
a
t
2
3
4
5
«

7
t
»

STATION •
3J.O0O
35000
37.000
39.000
43.000
41000
47.000
48.000
49.000
50 000
51.000
11.000
12.000
14000
18.000
IB 000
21000
33000

95.000
27.000
29.000

NUY
15 289
15 452
15.837
15.924
16.009
)6,!J0

16.420
18.690
18.BS0
18.889
17.375
17.363
17.400
17.7SO
17.I1B

1D.071
11.255
18.440
18.837
18 811
16.987

4.5 Hi
0,0000
0.0000

0.020000
0.0000
0.0000

0.10000

0.0000
00000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0,0000
00000
0.0000
0 0000
0.0000
O.COOO

10.5 Hi
OrOQOO

0.070000
0040000

0.0000
0.11000

0.090000

0.040000
0.0000
0.0000
0.0000
o.c?™

0.060000
0.0000
0.0000
0.0000
0.0000
0.0000

o.oooo
0.060000

o.oooo
0.0000

17.5 H i
0.043QOO
0.10000
0.14000
0.0000

O.050O0O

0.10O00
0060000

0.0000
0.0000

o.oooo
0.0000

0.077000
0.0000
0.0000

o.oooo
o.oeoooo

0.0000
0.0000
0.0000

o.oooo
0.0000

IBS Hi
o.auooo
0 065000

0.10000
o.oooo

0.050000

o.osoooo
0 056000

0.0000
0.0000
0.0000
0.0000

0.027000
0.0000
0.0000

0.020000
0 070000

o.oooo
0.040000
0.030000

0.0000
0.0000

21.5 HZ
0.17000
0.27000
030000

0.0000
0.35000
0 26000
0.21000

0.0000
0.0000

0.060000
0.20000
0.22000

0.0000
0.65000
0.13Q40
0.290O0
0.25000
0.20000
0.40000
0.16OO0

0.0000

24 HZ
0.17000
OlSQX
040000

00000
0.31000
027000
0.21000

O.OOOO

o.oooo
0 015000

0.30000
0.11000

o.oooo
0.63000

O.IJOW
0.21000
O25OOO
0 20000
027000
0.14000

0.0000

Assieocna)
13.000
27.4»
34.700
00000
34.700

17.600
2B.2OO
5.0000
19.500
30.100
15 603
40.900
19.600
10.700
16.300

37.700
15.300
55 600
35 600
2.4300
33 600

AS5F1DIQ3)
4BO0O
6.60OO
10.000
1.3000
9.0000
5.60O0
6.3000
1.6000
3.6000
4 0000
2)000
5.1000

0 67000
10.700
1.7000
6.7000
B7DO0
1.6000
10.100
6 1000
5.2000

ABSIHO4F)
6330O
6.9100
11.600
2.4000
9.B900
7,2600
63000
2.0900
2.8500
3.2500
46000
8.4000
1.7500
13.300
J.90OO
9.5000
10.500
1.1 BOO
11.450
7.80OO
52000

Table 2
Vertical BPM signal above background for BPMs around DO

Stalign I

32.000
34.000
36.000
39.000
42.000
44.000
45 000
4B.000
49.000
50.000
51.000
11.000
12.000
11.000
15.000
17.000
19.000

22.000
.14,000
26.000
28.000

NUX

15.235
15.420
15607
15.786
15.973
16.160
16.2S9
16 ess
16.87!
16.679
17.165
17.177
17.440

17.635
17.805
18.047
16.229
18 415

18.605
U.783
18.972

13.SHZ

0.16000
0.37000

0.043000
0.12000
0.19000

0.0000
0.70000

O.OOOO
020000

0.0000
O.OOOO

0.090OO0
0.014000
0 090000

0.13000
O.24OOO

0.04O0O0
0,14000
0.20000
0.10000
0.10000

17.5 m

0.39O0O
0.6O0O0

o.oooo
0 36000

0.3 7000
0.11000

IJ70O
O.OOOO

0.770OO
0.10000

0.0000
0.26000
0,10000
0.0000

0.42000
0.20000
0.35000
0.35000

O.OOOO
0.31OOO
0.18000

DOQ4f

3.2000
5.1000

0.920O0
•4.3000
•4 2800
0.95000

5.9000
-0.97000

•3.3000
•t.eooo
2.4000
2.2000

-1.2000
-3.6500
2.2000
4 8000

-0.16000
-4.1000
.3.6000
2.0500
5.3200

ASSIDOCMF)

3.2000
5.1000

0.9KKO
43000
4.2800

0.95000
5.9000

0.97000
3.3000
1.6000
2.4000
22000
12000
3.6500
2.2000
4.6000

0.16000
4.S0O0

36000
2 0500
5 3200

D0Q3F

•12.600
•16.300
•ZOOM
16.500
14.600

•4.7000
•22600
5.1000
15.700
6(000
•6.3000
•6.100O
4.4000
11.600

•9.0000
•16 600
1.9000
iB.roo

12.200
•8.6DO0
•19.200

ABS(D0O3F)

12.600
IB 300
;.«ooo
16 500
14 BOO
4.7000
22 800
5.1000
15.700
6 6000
6.30OO
6.1000
4.40OO
11.600
9.0000
16600
1.9000
18.000

12.200
8 6000
19.200

Table 3
Horizontal BPM signal above background for BPMs around DO

4. ANSYS CALCULATION

After measuring the frequency spectrum on the quadrupoles and noticing that not all
the frequencies corresponded to floor vibrations due to external sources (CHL) or internal
sources (water flow, air conditioning, ...), we asked for an ANSYS study [5] of the DO girder
and magnet assemblage. There were approximations made in the modeling and as noted above
in the discussion about figure 9 there are slight experimental differences between
symmetric magnets on either side of the interaction point, nonetheless the study pointed out
that there were low lying resonances to be expected. First we will show two calculations
that would indicate measurable frequencies when the magnets were measured but would not
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imply a large excitation to the beam. Figure 12 implies a similar horizontal motion to a Q3
and a Q4 quadrupole but these are opposite polarity quadrupoles and the effect on the beam is
less than one would expect from measuring the power spectral density on the Q3 and the Q4.
Next we show in figure 13 a case where again a measurement on a quad could be misleading
since there is almost no net motion of the magnetic center of the quad.

r

DO LOW P' 'k QUADS fc GIRDER HOOA!. ANM.YSIS

AKSYS 5.0
JiW 11 1595
10:SSll«
Plot |!O. 1
DISPLACEXtKT
STEPal
SUB >1
TUOiU.llS
KSYSiO
OHX -0.273902

DSCA-121.209
YV i l
DISTOJ0.781
XT .25.23!
YF I 1 . 7 ]
zr •-300.so*
CE»T>OID HIDDEN

Fig. 12 ANSYS simulation of one mode of the DO girder and magnet system

0U*C5 t CUPEH H03M. MHJ.YS1S

ANSYS 5.0
JAN 11 1995
lOlOBiOS
PLOT HO. 1
DISPLACEMENT
STEP.l
SUB >C
rnEO-i:.<a<
RSYSaO
D»< •0.46S4T*

DSCA'7O.95C
YV -1
DISTO10.27]
i r -U.1O7
IT O .S12
ZF "299.G09
CEr'TPOID H10DEM

Fig. 13 ANSYS simulation of one mode of the DO girder and magnet system
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Figure 14 gives an example where the contributions of a Q3 and a Q4 would add, and
figure 9 shows that we had a signal on the C4 side at this frequency, but unfortunately the
C4Q4 did not have a signal. The essential conclusion from the study is not the exact
frequencies since fairly rough approximations were made but rather the fact that we should
expect a number of low lying resonant frequencies.

09 LOW S" «. QUADS t C1B0ER HOOM. ANALYSIS \Jj/"

ANSYS s .o
JW 11 1 « 5
10l5Si4S
PLOT MO. 2
DISPLACEMENT
S T E P - l
SUB * 2
rnEO.i].)0i
MVS-0
DKX .0.1J1771

DSCA-101.04

O15T.J11.IB2
IF -19.U9
IT -Lni
i r --100.368
CCHTR01D HIDDEN

Fig. 14 ANSYS simulation of one mode of the DO girder and magnet system

5. ANALYSIS

It is the main thesis of this paper that a correlation can be made between the spatial
pattern (more precisely the betatron phase pattern) of BPM signals at different frequencies
and the observed vibration spectrum of quadrupoles (mainly low beta). We have not
attempted an absolute prediction of BPM magnitudes since we did not take the quad vibration
data at the same time as the BPM data and it was observed that the vibration magnitude could
change drastically in the course of a day, although the order of magnitude is occasionally
reasonable. The other point to be made is that due to the magnitude of the beta functions
there is almost no betatron phase difference between the elements of the triplet (remember
that the betatron phase goes like the integral of the inverse of the beta function). Also there
is almost exactly a 180 degree phase advance in going through the interaction point, so one
cai; not even pick out the side of the interaction region let alone a particular quad from the
spatial pattern of the magnitude (we have no sign information) of the BPM frequency
response. As mentioned above ip the section on the ANSYS analysis, the fact that one
measures a vibrational component on a magnet is no guarantee that there will be an effect on
the beam. Having made these caveats, we are going to nevertheless compare the spatial
pattern of the frequency components of the BPM spectra to the pattern of the magnitudes that
one would expect from the vibration of a single quad at one of the measured vibrational
frequencies. Figures 1.5 shows the distribution of the 18.5 Hz component of the vertical
BPM signal along with the magnitude of the signal expected from the motion of one of the BO
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Q3 quadrupoles (refer to figure 7). Figure 16 shows the 21.5 Hz vertical case (refer to
figure 6). Our horizontal example is given in figure 17 (refer to figure 9).
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Fig. 15 BPM spectrum as a function of normalized betatron phase compared to the
relative pattern expected from the motion of the downstream Q3 quadrupole at BO
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Fig. 16 BPM spectrum as a function of normalized betatron phase compared to the
relative pattern expected from the motion of the downstream Q3 quadrupole at DO
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Fig. 17 Horizontal BPM spectrum as a function of normalized betatron phase
compared to the relative pattern expected from the motion of the downstream Q3
quadrupole at DO

These plots present clear evidence for beam motion arising from motion of the
quadrupoles in the low beta regions of the accelerators. The cause of the motion is due to
external vibrations (CHL for example), internal vibrations associated with the air handling
equipment (and other causes), and low order "stand" resonances. The frequency spectrum of
the losses during collider operation (C:LOSTP) is dominated by a low frequency component
at .3 Hz which corresponds to the Main Ring cycle, however there have been periods of time
in which higher frequencies in the ten to twenty Hertz region have been observed, figure 18.

FREQUENCY DOMAIN DATA FROM C:L0STP

Fig. 18 Proton loss spectrum at BO with a low frequency cut off at 2 Hz
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1 . INTRODUCTION

Since the start-up of LEP in 1989, the tunnel and the machine have undergone various
deformations. The suspected ones were initially surveyed by partial measurements, but new
technologies in instruments allowed for a vertical survey of the whole ring (27 km) in four weeks,
and this complete levelling pointed out singular or regular moves in parts where stability was
supposed. The results of several campaigns of comparative measurements will be commented. A
new smoothing algorithm has been also developed and an optimisation of the bandwidth of
correcting displacements have been derived from orbit simulations. A radial smoothing survey has
been also undertaken, and the analysis of these data have shown possible improvements with the
addition of precise azimuths - obtained from accurate gyro measurements.

2 . RESTORING THE PLANE OF LEP

After the start-up of LEP, yearly measurements were made for controlling the vertical
alignment of along the eight straight sections and along the part under the Jura mountain, since
these areas were likely to be more unstable. But a rather large subsidence (- 10 mm) was
incidentally observed in 1992 in a regular arc of the machine, a significant degradation of the
alignment was also suspected, and it was therefore decided to measure the whole ring - taking
advantage of a new automatic high precision level (LEICA NA3000) which allowed a much better
efficiency in performing such a levelling loop of 27 km. Along the forward-backward traverses,
about 1600 points were measured twice at each complete loop around the machine - and this
operation took only four weeks, with two teams. Initial results are shown in fig. 1.

From this observed status, and in order to optimize the realignment effort, the search for
corrective movements around an average trend curve fitted within the data ("smoothing" process)
has been combined with orbit simulations made with MAD. A "realignment tolerance" has been
defined as a given bandwidth along the smooth curve, within which quadrupoles can be considered
as sufficiently well aligned - thus moving only those which are beyond. Using the real data
relating to each scenario, vertical close orbit distortion and dispersion were expressed.

The results of these simulations could allow to appreciate the actual gain in quality of the
orbits, according to the realignment effort, and a reasonable threshold of ± 0.3 mm was therefore
fixed as starting tolerance for this initial realignment. This led to move 450 quadrupoles for
rubbing out some of the biggest deformations and reducing the dispersion from 0.6 mm to 0.15
mm r.m.s. around a still ondulating smooth curve. All tilts were of course measured and corrected
(if necessary) before this realignment, not only on the 750 quadrupoles but also on the 3300
dipoles. Among various refinements in the optics of the machine, this realignment effort
contributed to the much better performances obtained during the following run period of LEP.

At the beginning of the following shut-down, in November 1993, a new levelling of the
whole ring was undertaken. The results of these measurements showed that some of the major
deformations were still ongoing (fig. 2), while smaller ones did degrade the global dispersion from
the 0.15 mm r.m.s.left in April 1993 to 0.35 mm - observed after seven months. Again comparing
with MAD simulations of the resulting orbits, a new realignment scheme led to move about 120
quadrupoles - reducing again the vertical dispersion to 0.15 mm r.m.s in April 1994.
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Transversal tilt dispersion of the 3278 dipolcs

Vertical dispersion of the 784 quadrupolcs
(with rcspcel to the smoothing polynomial)
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Figure 1 : observed status, end 1992
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Then a new levelling campaign was made end of 1994, showing that the two areas of major
deformation were still active and that the global dipersion did not change significantly. As it
appears to be a regular phenomenon, it was decided to anticipate the main subsidence by creating a
smooth bump over the area. Altogether with some other refinements, about 70 quadrupoles were
moved and the final dispersion was contained to 0.12 mm r.m.s.

It is now considered that the plane of LEP has been restored to the best, and the vertical
positions will be regularly surveyed & maintained to this functional state.

3 . IMPROVING AND OTIMIZING THE SMOOTHING PROCESS

For huge machines like LEP, the choice of a reliable and efficient smoothing algorithm is
not so simple. When wanting to avoid parasitic constraints and erratic correlations along 27 km of
data, parametric or harmonic solutions appear to be inadequate. A pragmatic way for a direct
control of the smoothing of LEP has been to use concatenated polynomials (piecewise functions)
kept at a low degree all along the pattern. Such a "craft" solution was rather laborious to handle,
but it allowed to manage precisely the process within the data... In a similar approach - and
referring again to craft industry - we developed what we have called the "carpenter's plane"
method, due to an evident analogy.

This method consists in making iteratively a succession of local fits in a sliding window,
for expressing the best local trend curve (polynomial segment) within the selected data - after
removal of "abnormal" offsets beyond a given dispersion bandwidth. Points out of the chosen
tolerance are (virtually) moved to the fit, which is then readjusted in a new iteration. Such a
process ensures a good continuity of the trend curve, geometrically and statistically as well. The
desired degree of smoothness can be fixed on purpose, according to the chosen span of the tool
(size of the window) and to the adjustment of the blade (given threshold of removal).

The program applies to either vertical or radial data. It proved to be very reliable and
flexible : candidates for correcting movements are well identified, offsets are well quantified, and
the whole work can be optimised according to the acceptable bandwidth of remaining dispersion
(i.e. the "roughness") left after processing. Test examples on vertical data of LEP (along 27 km)
or radial data of the PS (along 660 m) are shown in fig. 3 & 4.

As mentioned above, simulations of related LEP orbits were carried out with MAD in
conjonction with various hypothesis on smoothing tolerances - from-which we deduced the optimal
use of this new tool.

4 . REDUCING DIGRESSIONS AND FLUCTUATIONS IN RADIAL
SMOOTHING

The flexibility of long linear or curvilinear networks is well known : the effects of random
errors combined with the cumulation of systematic ones may produce large and unpredictable
distortions of the geometry. The amplitude and periodicity of these deformation depend on the
accuracy, the redundancy, the span and the overlap of the successive measurements along the
figure. The computation (least square adjustment) of such flexible figures leads to rather ill-
conditioned systems, and such a stochastic behaviour can be assessed by Monte Carlo simulations
including random and systematic errors.

It is well known that "horizontal" data are much more complicated to collect, process and
analyse than vertical ones, and that they are subjected to errors which are more difficult to control.
As horizontal movements were said less critical (because of the larger aperture), only a few radial
measurements were made here and there since the start-up of LEP in 1989, in connection with the
regular checking of low beta sections or with the realignment of modified sections of the machine.
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It quickly appeared that an exhaustive campaign of radial measurements would be also
necessary. This survey was undertaken in 1994 and it is still to be completed (two octants will be
measured during the coming shut-down). The initial analysis showed that the local dispersion over
a triplet or quintuplet of quads tends to 0.5 mm and 0.7 mm (r.m.s.) respectively - instead of
0.1 mm left at initial alignment - and that the (apparent?) fluctuations of the radial geometry are
confusing for the interpretation of the data in connection with orbit simulations. In a first step,
only the biggest outliers were corrected.

It also came out that significant improvements could be now introduced by the use of fast &
accurate gyrotheodolites. Gyro measurements refer to local meridian and they provide independent
azimuths - uncorrelated when corrected from dV effects. Simulations made along one octant show
the gain obtained in a standard radial survey (fig. 5) when adding gyro azimuths good to 1 mgon
r.m.s. at every cell - nearly 79 m - of the lattice (fig. 6). Such measurements will be experienced
during the coming shut-down.

5 . ALIGNMENT CONTROL OF LOW BETA SECTIONS

The metrology of low-beta sections calls for two geometrical considerations : straightness
of each section and colinearity of these segments - with a good connection to the "smoothed" line
of the other quadrupoles, both sides of the experiment. The colinearity requirement leads to the
absolute need of a local (going through) reference line, linking the measurements made each side.
A possible solution could make use of a laser beam, of which path is brought in the vacuum
chamber (proposal for LHC). Another solution is to make use of the beam itself, as already
suggested and then experienced for LEP since 1993. The calibration of the related PU's by means
of wobbling, would now give full benefits of the method - which can be considered as a real beam-
based alignment process over these low-beta sections of the machine.

Regarding the straightness of each section, it was stated that the radial discrepancies are
less likely and less critical than the vertical ones, and we did not consider the monitoring of the
radial positions. Alignment is ensured and checked before start-up, and no on-line control has ever
been designed. As for the vertical control, we convened that the most useful thing was to check
regularly the QS0/QS1 pairs by means of a hydrostatic levelling system (HLS). The initial design
of the system has been complemented, in order to cope with the height and temperature differences
of the LEP configuration. Adding a pump, a tank (dissipation of heat) and electrovalves, the water
is circulated before measurements, in order to regulate the temperatures in all vessels and avoid
parasitic thermal expansions of the liquid.

The implementation of this modified system has been first made at Intersection P8. Three
vessels were installed on each QS0/QS1 girder, and a fourth one on a reference stand fixed on the
floor. The overall noise of the measurements appeared to stay within 10 jim, and data were
regularly collected from April to October 1994. As a matter of fact, considering the variations of
the average planes of the girders, their changes in tilt or slope or the level of floor points located
upstream each side, this area (P8) has to be declared very stable for that observed part of the year.
After a small drift (about 100 |im) the first week, the height differences of the QS0/QS1 pairs
fluctuate gently within a 100 p.m corridor over the six months period recorded by the system.
Similar equipment will be installed in other intersections during this shut-down, and the whole
investigation will be useful for the LEP2 final stage, and of course for LHC.

6 . CONCLUSIONS

The considerable effort in restoring the flatness of LEP plane and bringing the vertical
alignment nearly back to its original quality has shown its beneficial effects. The maintenance level
of this requirement is since reduced to 70 correcting moves, instead of 450 two years ago and 140
last year.
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The main effort applied now to the radial survey of the machine, and a possible
improvement is expected by means of accurate gyro measurements. This will constitute a heavy
but beneficial addition in the smoothing process.

The on-line metrological control of low beta sections is reasonably limited to die use of
hydrostatic levelling systems connecting the QS0/QS1 pairs each side of the experiments. The first
measurements in point 8 displayed a pretty good stability of the girders. The other intersection
points will be equipped with similar systems.
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Survey and Alignment at the
Advanced Light Source

Gary F. Krebs, Ted Lauritzen, and William Thur
Lawrence Berkeley Laboratory

Introduction
This paper describes survey and alignment at the Lawrence Berkeley

Laboratories Advanced Light Source (ALS) accelerators from 1993 to 1995.
The ALS is a 1.0 - 1.9 GeV electron accelerator producing extremely bright
synchrotron light in the UV and soft-X-ray wavelengths. At the ALS,
electrons are accelerated in a LINAC to 50 MeV, injected into a booster ring
for further acceleration and finally injected into the storage ring. This is
shown schematically in Fig. 1. The storage ring, some 200 m in
circumference, has been run with electron currents above 400 ma with
lifetimes as high as 24 hours. The ALS is a third generation light source and
requires for efficient storage ring operation, magnets aligned to within
150jim of their ideal position. To accomplish this a network of monuments
was established and their positions measured with respect to one another.
The data was reduced using GEONET® and STAR*NET® software. Using the
monuments as reference points, magnet positions were measured and
alignment confirmed using the Kern Kfectronic Coordinate Determination
System (ECDS®). A number of other papers dealing with survey and
alignment (S&A) at the ALS(1"3) have been written that may further
elucidate some details of the methods and systems described in this paper.

The Storage Ring
The Storage ring is made up of 12 curved sectors each 9.6 meters in

length connected with 6.7 meter long straight sections as shown in Fig. 1.
Each curved sector is composed of a steel girder with 17 magnets. The
magnets are mounted to the girders with six strut adjustment systems^4*.
This system allows magnet position adjustment in all six degrees of
freedom. As well as individual magnet adjustments, a girder of magnets
may be adjusted as a whole using a separate six strut adjustment system
anchored in the concrete floor. Four 'target' posts are welded to the top
surface of each magnet. The posts accommodate either targets for survey or
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tooling balls for alignment purposes. The posts are fiducialized with respect
to the magnets magnetic center to an accuracy of 50 urn. Other components
within the storage ring which are fiducialized, surveyed and aligned with
respect to monuments include insertion devices, the storage ring vacuum
chamber and beam position monitors as well as beam line front ends. Table
1 lists the required tolerances for the various storage ring magnets. Booster
ring magnet tolerances are typically double those of the storage ring.
Shown in Figures 2a and 2b are the global ALS and local magnet coordinate
systems, respectively.

Table 1

Object AW AU AV Alt' Av' AW1

Cmml Cmmi Frnml Fmrl Fmrl [mr]

where,

B 0.15

QD 0.3

QF 0.3

QFA 0.3

SF 0.5

SD 0.5

HVC 1.0

BPM 0.15

B: Bend magnet

0.15

0.15

0.15

0.15

0.15

0.15

1.0

0.15

0.15

0.15

0.15

0.15

0.15

0.15

1.0

0.15

QD: defocusing quadrupole

QF: focusing quadrupole

QFA: focusing quadrupole

u1: pitch

w': roll

0.25

0.5

0.5

0.5

-

2.0

- -

SF: focusing sextupole

SD: defocusing sextupole

HVC: horiz./vert. corrector

BPM: beam position monitor

v': yaw

-: can be calculated

from table values

The Floor
The ALS storage ring floor is made up of two separate slabs of

concrete. Elevation studies carried out to measure the course variation in
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floor elevation(3) showed that the upper surface of the composite slabs
spanned ±23 mm. Initially, a 12 in. slab was poured. Two weeks later the
upper 6 in. slab was poured. Two slabs of concrete were poured to expedite
the construction of utility trenches. This method of construction, as
discovered later, resulted in some unanticipated difficulties. Magnets,
mounted on girders whose struts were imbedded in the lower concrete
slab, decoupled from monuments which were imbedded in the upper slab.
With surveying instruments resting on the upper slab, movement of the
upper slab was observed due to nearby foot traffic. In October 1994 the
storage ring monuments were cored out of the upper concrete slab and new
monuments embedded in the lower concrete slab.

Monuments/Equipment
Over 120 floor monuments have been located throughout the ALS, as

shown in Fig. 2 a, each giving three dimensional reference information.
Monuments are made of 2 inch diameter hardened stainless steel with a
precision machined conical recess that accepts a 3.5 in. Taylor-Hobson
target ball. The monuments are imbedded in the concrete floor such that
the Taylor-Hobson ball is just above the floor surface. A side view is shown
in Fig. 3 a. The storage ring floor has 3 monuments per sector for a total of
36 monuments. Each sector has one "primary" monument which can be
viewed through a port hole in the roof shielding. These viewing ports allow
storage ring primary monuments to be tied into each other as well as the
overall network outside the storage ring shielding. As well, survey work
can be carried out while the storage ring is in operation.

Distance measurements are obtained using a Kern Mekometer 5000(6^
which has a relative accuracy of 10"7. Angles are measured using Kern E2
theodolites which have an accuracy of 1/3 arc second. To obtain vertical
coordinates, the differences in elevation between monuments are measured
using a Nedo Invar scale and a Wild N3 sight level (accuracy of 10 \im at 6
meters).

In 1994 a new survey instrument stand was developed which we call
a monopod. This device, conceived of by Bill Baldock at the ALS, is
composed of a 6 inch diameter carbon fiber tube with leveling capabilities
mounted inside a support tripod. The top of the monopod has a Tribrach
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instrument mounting device modified to accommodate either an optical
plummet, a Kern theodolite, a Mekometer or a Taylor-Hobson ball. The
bottom of the monopod rests on top of a Taylor-Hobson ball which in turn
sits on top of the floor monument. The carbon fiber tube with its near-zero
coefficient of thermal expansion has a calibrated length, obviating the need
for continual instrument stand height measurements. Presently, we
incorporate monopods of 6 foot and 15 foot lengths. The 15 foot length
monopod can be mounted on a primary monument inside the storage ring
while the upper end protrudes through the roof shielding allowing us to
measure the storage ring primary monument network while the storage
ring is in operation. A schematic of the monopod is shown in Figure 3 a and
3b. Initially, a small network of monuments was measured three times to
determine the reproducibility of the surveying instruments-monopod
system. The average standard deviation for monument coordinates was
found to be 60(im.

GEONET/STACTfET
PC-GEONET is a data handling and analysis software package

developed by the SLAC S&A group. GEONET® requires input angle and
distance information between monuments. In 1995 we began using
STAR*NET®(5), software equivalent to GEONET® but somewhat more user
friendly. Upon command, STAR*NET® carries out a least mean square fit on
the over-constrained network. In practice, usually a test network is
established containing information on which angles and distances will be
measured and with what instrumental accuracy. The software produces a
graphic showing the network and the error ellipses. To minimize surveying
time, one generally reduces the number of measurements made to the over
constrained network until the error ellipses become too large. Since
distance measurements are far more time consuming to carry out, usually
these measurements are the first to be eliminated.

After designating a coordinate system origin, the surveyed
coordinates of the monuments are calculated. Shown in Fig. 4 are the
angles and distances used in the ALS network. The error ellipses from a
least squares fit to the data are given in Table 2 for the storage ring
monuments. Two surveys of the entire ALS network were initially carried
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out by the SLAC alignment group(7) during February of 1992 and March
1993. In November-December 1994 ALS technicians carried out a complete
monument survey using monopods. The results of these and other recent
surveys are discussed in the following section.

Monument Positions
The difference in storage ring monument positions found from

surveys taken in 1992 and 1993 are shown as vectors in Fig. 5a and 5b for
the horizontal and vertical planes, respectively. To calculate the difference
between the two surveys we have fixed the coordinates of monument PI26
and the angle from P126 to P90, see Fig. 2a. We see in Fig. 5a changes in
the horizontal plane in sectors 6 and 7 of as much as 750 |im, over a period
of one year. Smaller changes, around 400M.ni, occur in sectors 5 and 11. In
the vertical plane we see changes ranging from 10 (im to 450 urn, over a
period of one year. Most of the downward vertical changes occur in sectors
6 and 7 and can be correlated with horizontal changes. The largest upward
vertical changes occur in sectors 2,3,9 and 10. Generally, over a period of a
year, the storage ring floor has sunk down and spread outward about an
axis between sectors 3 and 9. It is not yet understood to what degree these
changes are due to floor loading and/or ground moisture variations.

In addition to the three dimensional monument measurements,
several independent elevation-only measurements of the storage ring
monuments were carried out between 1993 and 1995. Shown in Fig. 6a are
the changes in elevation of the storage ring monuments from February
1993 to October 1993. A drop in elevation of the monuments around
sectors 6, 7, and 8 is around 750 |im. We attribute this drop to floor loading;
in May-June 1993 undulators were placed in the storage ring straight
sections between sectors 6 and 7 and between sectors 7 and 8. Each
undulator weights approximately 30 tons. Smaller variations in elevation
around the storage ring are attributed to continued floor settling from the
weight of magnets and girders in addition to seasonal variations. The
change in monument elevations from October 1993 to May 1994 are shown
in Fig. 6b. The elevation changes in the monuments diminished somewhat
in the sector 6, 7 and 8 regions and were around 300p.m. Finally, in Fig. 6c
we see elevation changes in monuments for the heavily loaded floor region
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around sector 6, 7, and 8 has slowed considerably to around ~100 \i m.
Other data taken from a liquid level system attached to storage ring
girders, shown in Fig. 6d, is consistent with these results. The liquid level
data indicates that after the storage ring floor was loaded, the elevation of
the floor dropped very little for the first three months. The following three
months show a faster drop in elevation to about 350 jim before leveling
off.

After relocating storage ring monuments in the lower floor slab, a
survey of the ALS network was carried out in November-December 1994.
Data were analyzed with STAR*NET®. The average error ellipse axes for the
monuments over the entire ALS network was found to be 89 |im. Error
ellipse axes for the storage ring monuments were even smaller, ~60 |im. A
subsequent survey in September 1995 of the storage ring monuments
indicated position changes as shown in Figure 7. The average change in
monument coordinates over the 8 month period was 120jim.

Measuring Magnet Locations
The ECDS® (8) is used to measure magnet locations with respect to

known floor monument .positions. An arbitrarily located theodolite is used
to measure angles to a given magnets four targets from different locations.
Typically, to determine the coordinates of the magnet targets with
sufficient resolution, our survey team views the targets from three
separate locations and includes in each setup a measurement of the angles
to two floor monuments. The known distance between monuments is used
as a scale bar. A computer then calculates the coordinates of the magnet
targets. The theodolites are connected directly to the computer thus
reducing the chance of a data entry blunder. ECDS® has an advantage over
some other measurement schemes in that it does not require centering over
a monument. The process of measuring all 17 magnets on a girder takes a
crew of 5 surveyors approximately 8 hours. Typically, this system gives the
coordinates of each magnets four targets to an accuracy of 70 un.

Having determined the magnet locations on a given girder, magnets
are realigned with respect to the ideal orbit using EXCEL® spreadsheets^.
For future alignments, EXCEL® spreadsheets are then used to calculate the
corrections required to move the girder such that the distance the magnets
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are from their ideal position is at a minimum. After girder realignment, a
confirmation survey is carried out to determine if the magnets are within
the required tolerances shown in Table 1. If the magnets are found to
exceed the required tolerance, the process is repeated. Usually, our
surveying team is able to carry out the process in one iteration.

The initial alignment of the 204 storage ring magnets was carried out
through the Winter and Spring of 1992-3. The resulting differences
between the actual magnet positions and their ideal positions for some
typical cases are shown in the magnets local coordinate system in Figure 8a,
8b, and 8c. We notice some of the magnet positions are off from their ideal
position by nearly one mm. However, the magnets are relatively smooth
with respect to one another. In only a few cases are there changes in
position from one magnet to the next greater than 300 \im. During
operation of the storage ring these differences were bridged using storage
ring corrector magnets, and in April 1993 the first stored beam was
realized at the ALS. Also shown in Figures 8a, 8b and 8c are the differences
between the magnets position and their ideal positions after storage ring
magnet and girder realignment during the Summer of 1993. The average
distance from their ideal position for all the coordinates is about zero. The
direction in the horizontal plane perpendicular to the electron beam has a =
50 [im. Correspondingly, in the beam direction, 0" = 60 |im, while in the
vertical direction a = 40 [im. When the storage ring was operated after this
girder realignment, it was possible to store beam without the use of any
corrector magnets.

After 2 years without any alignment the storage ring girders were
surveyed and aligned in the Fall of 1995. The magnet coordinates both
before and after girder alignment are shown in Fig. 9 for girders 1, 4 and 8.
After alignment, magnets deviated from their ideal positions by an average
of only 60 \im. When we compare relative magnet positions from 1995 to
their positions in 1993, we conclude that the magnets are stable on their
girders.

Summary
We have used GEONET® and STAR*NET® software and standard

surveying instruments along with our monopods to measure the ALS
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monument network. Storage ring monument locations were established to
within about 60 jim. Monument motion can be attributed to floor loading
and to some as yet unknown degree to moisture variation with the season.
Storage ring magnets have remained stable on their girders, simplifying the
realignment process. In the future the ALS survey & alignment group will
explore equipment and techniques, such as photogrammetry, LASER
tracking and higher precision liquid levels to help speed up the survey and
alignment process.
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Figure 2a
The ALSCoordinate System showing the monument
network for the accelerators and beamline areas.

-. w

Figure 2b
The magnets' "Local Coordinate System" where the origin
is at the magnets' center, w is in the beam direction and u\
V and w' are a magnets' pitch, yaw and roll, respectively.
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Figure 3 a
A Monopod plumbed on
a Taylor-Hobson ball
resting in a floor
monument.

Figure 3b
The Monopod showing the
adjusting mechanism.
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Figure 4
The ALS Monument Network 1995
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Table 2
Typical Storage Ring Error Ellipses in ram from the 1995 Network
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Figure 5 a
The ALS storage ring monument motion
in the horizontal plane (Mar. 93-Feb. 92)
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Figure 5b
The ALS storage ring monument motion
in the vertical plane (Mar. 93-Feb. 92)
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Figure 8b
Storage Ring magnet deviations (vertical) after
alignment in 1992 and 1993
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alignment in 1992 and 1993
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Status of ESRF Alignment Facilities
WPS ready for an automatic 2D smoothing of a storage ring

Daniel Roux

European Synchrotron Radiation Facility
BP 220 - 38043 GRENOBLE - FRANCE

INTRODUCTION

In 1987 the Alignment Team of the ESRF accelerator complex launched a new concept for the
geometric maintenance of the sensitive magnetic elements of the storage ring. This design, based
on sensors rather than traditional topographic instruments, aimed to achieve realignment with
beam on within a few hours.

The double target consisted in a first step to considerably reduce intervention time during
shutdown periods and then to afford Users (machine operators and scientists) the possiblity of a
constant follow up of the beam throughout the alignment operation.

This challenge was launched at IWAA 89 held in Stanford and was fully achieved in 1993 and
further optimised in 1995 bringing alignment time from eight hours to six minutes in real time
(First Part) .This challenge only concerned the vertical realignment of a storage ring and today we
are ready to extend our wager by proposing a horizontal realignment of the magnetic elements in
the same time scale and with a similar degree of accuracy (Third Part).

Nonetheless, it should be noted that although the alignment time in itself is reduced, the time
required for preparation remains the same. This is more and more constraining as highly qualified
personnel are required for these tasks. The results obtained by an enthusiastic pioneering team can
only be maintained to this level of precision by implementing a quality assurance programme for
all maintenance operations and by permanent computer monitoring. Only under such conditions
can realignment operations be performed in the best possible circumstances. (Second part).

1 STRAIGHTFORWARD PROCEDURE IN Z ALIGNMENT
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Figure 1

First realignment performed on December 1993 in 5 hours with a beam intensity of
5mA on the leftside and: Last realignment performed on July 1995 in 6 minutes

with a beam intensity of 7mA.
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During the Workshop held in Annecy in 1993, we presented a preview of the latest results of the
first automatic vertical realignment of the ESRF storage ring. This operation is now systematically
performed every six months in order to reduce the amplitude of variations to a value which is of
minimal constraint both to the Machine Group charged with maintaining the correct orbit using
automatic correction and to the Scientists to reduce alignment time for the beamlines which are
not always equipped with automatic systems. At the occasion of each realignment, we have tried
to gain time in order to achieve Machine realignment in under six minutes real time.

We have made slow but steady progress, we have gone from eight hours alignment without
beam to one and a half hours with beam on, of which six minutes real time for the latest
operation. It is clear that our target will be six minutes real time and six minutes time spent for the
next realignment which is scheduled for December 17,1995.

HLS readings/Jacks movements correlation
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; •:: Jack Movements - HLS Readings Jul 1995 (pen) RMS = 15.0(jm

* Jack Movements - HLS Readings Jan 1993 (pm) RMS - 4.4pm

Figure 2

The graph above shows the difference of quality between the first realignment
performed on January 1993 in 8 hours without beam and the last one on 23 July

1995 In sW minutes real time with beam on at 7mA

The RMS value of the HLSVjack pair is 4.7um and we obtained a 100% success rate on
the 288 displacements during this historic alignment operation performed on January 10
1993 without beam.

The RMS value of the HLS/jack couple is 15.1pm and obtained a 98.2% success rate on
the 288 displacements during this last alignment operation performed on July 23 1995 with
beam.

1 HLS: Hydrostatic Levelling System
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The other realignments took place on:
> August 93 with beam on in eight hours (RMS=3.7pm)2

> December 93 with beam on in four hours, by sending only the non zero orders to the jacks
(RMS=7.4pm)

> July 94 with beam on in two hours by direct cabling of each cell (RMS=5.5pm)
> December 94 without beam in two hours, for technical communication reasons

(RMS=4.2pm)
> July 95 with beam on in six minutes, by substitution of sequential access to 32 cells by direct

access (RMS=15.1pm).
All results have been achieved with an extremely agreement between the commands despatched

to the jacks and the records obtained by the HLS
sensor with the exception of the July 95 operation
where some jacks had been perturbed.

This could have been caused by several factors,
insufficient time to stabilize HLS, air conditioning
on during the survey operation, interruption of the
mains, dam activities during the alignment schedule,
extra loads added to girders by colleagues during
the short shutdown periods.

In order to improve the situation and the reliability
of operation, we have decided to organize a pseudo
alignment on a monthly basis during the first two
days of shutdown, by moving all of the 288 jacks up
by 100 microns then down by 100 microns to check
both the HLS and jack systems.

It has been clearly demonstrated that saving in
time is often to the detriment of quality and we now
must turn our attention to a Quality Assurance
programme improve both reliability of results and
time for intervention.

ssa

Figure 3

View of the menu of alarm programoie in
CTRM* under the ALGE4 Green/Red

2_QUALITY ASSURANCE PROGRAMME

This vast programme was launched in 1995 and it
is hoped that it will exploited to 80% in 1996. The
aim is to apply quality assurance methods to each
alignment task in the tunnel during Machine
shutdowns and, in parallel to set up a computerised
monitoring of all survey and alignment equipment
centralised on a second control screen reserved for
equipment which does not interfere with the beam
operation but which contributes to its medium and
long term reliability.

2 RMS: Root Mean Square, Standard Deviation
3 Control Room
4 Alignment and Geodesy
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2.1 Quality Assurance files

European Synchrotron Radiation Facility
Technical Services / Alignment & Geodesy

ASSURANCE QUALITY FILE

CENSERV REFERENCE: N:\CURRENT\QA,F1LES\SY\AQF0101.DOC

Type concerned :

VERTICALIZ1NG OFi'lLARS REFERENCE OF TlIE BOOSTER

(Tills)
locntim itfihe Work

BOOSTER RING TUNNEL ALL CELLS

Frequency of Ike Intervention
EACH TIME AND BEFORE A PLANIMETRIC SURVEY NETWORK

Equipcmcnt concerned

Time required

Staff required

2 perioni
Suit required (Number rod qualification).

lOpenloHESRF,
I Auiiunl

Suff from oihcT group (Vacuum, Ptonl*End. Geam Line.....)
Nobody

Responsihfes
rtopoiuibie of Ground Work:
Rciporuibic ofCafcutaiion:

49 FMUn ind Movable Wall Bracktlf ind nlcnsioni

ll .Jf.di,

OFFICIEL

In a first step, we generalised access
to electronic mail for the members of
the team using PC computers and
installed a channel of official
communication (memos, measurement
protocols, meetings,...) considerably
speeding up the flow of information.

The primary aim of this operation was
to reduce the volume of paper and also
to promote real time information, ie in
less than half a day.

All standard repetitive measurement
tasks in all fields for the Machine,
network, beamlines are recorded on a
quality data sheet which enables us to
trace all measurements back to the last
intervention. The time required to
perform the operation, various
preparatory documents and final
publications for each intervention are
dissected and stored on a 20 Giga byte
hard disk accessible to all members of
the Group. The results are made
available to Users on a communication
network called GENSERV.

2.2 Instrument survey programme
in the Control Room

In order to guarantee a maximum
reliability for all automatic control
instruments, HLS, DOMS5, PDEZO5,
taps, WPS7 and to be ready at all times
to perform a non scheduled

realignment, various programmes are being set up. The aim of these programmes is to ensure the
permanent control of operation of the automatic surveying instrument in liaison with the operators
in the Control Room who offer a 24 hour a day service.

Several applications are available in the Control Room, figure 3 give a fast view of all the alarm
program concerning the ALGE instrument installed on the full site. The figure 5 menu allows us
to refill or purge a general system of HLS with the aim to compensate the evaporation, or to
make maintenance tests by verifiying the stabilization time and the RMS value obtained by the full
system by changing the mean plane level of the water.

U M check before puWiihcd; D.ROUX or D.MARTIN

Material and Instrumentation to he used:
NivcUO on ipecul Daechler Tool, Portable PC-Computer

Constraints Imposed by Work and eventual Interference with other groups.
Thii task is fully decoupled frjm other ALGE tasks
Roof closed. Ctucjnc Dorr» closed
NoAirCondilionningrVom 12 hours minimum
No Bike out everywhere in the tiutncl included FE.

Useful! Preparation to perform activity :
PC.AUTO_PILOTE.FlLEtobeujcd N:\CURMNlVROCRAMSW_AimSVTlLNtrr.AUT
PCJUOGRAM lobciucd , N:*CURIUNTVROGIUMS\X.EXE\VERTALES.tXE
Uscfull Notices to perform activity :
USER.NOTICE OF VERT ALES PROGRAM N;\CUrW£NTX0MMS\USRN0Ttt\U5R(n?<.DOC
Results to be produced.
PC.RESUITS.FILE

Figure 4

Example of quality Hie of the operation of
verticalisation of (he geodetic reference of the first

order booster network.

s DOMS: Dimensional Offset Measurement System
6 PEEZO: Piezometer

WPS: ^ i r e Positioning System
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Storage Ring Filling & Purging Program

3_WPS PROTOTYPE FOR X REALIGNMENT

The operation of the HLS has proved extremely succesful in terms of reliability and time
savings. Nonetheless, since we are dependent on the heavy beam schedule (6000 hours in 1997)
which is at present incompatible with the radial position maintenance schedule (dR) for the
storage ring, for the last three years we
have been working on a smoothing
programme using WPS. The . WPS
should enable us to obtain the same
time savings as the HLS for the
continuous dR control of the machine
The memorisation of radial plates and
girders would enable realignment with
beam on in the X plane, just as the
motorised jacks guarantee the Z
movement. This element would provide
improved User and machine comfort.

Figure (J; WPS mono atte sensor
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Figure 7 : Ratchet Tensor System

3.1 The principle of the WPS monoaxe sensor (dR measurement)

This sensor can satisfy rapid industrial installation requirements. The measurement range, which
is adaptable, was set at
2500 microns for
standardization with
theESRFHLS.

The definition of the
horizontal
measurement range of
4mm in which the dR
measurement is
independent of the
vertical position of the
wire and thus the
tension of the wire
(tolerance of up to
2kg) enabled us to
envisage a wire tensor
with a pulley wire guide equipped with a
ratchet wheel enabling a tension
accuracy range of 100 - 200g using a
simple dynanometer key.

For reasons of economy and ease
during adjustments, no distinction was
made between the set point and the
tensor point, both control points are
identical and are equipped with tensors.

This sensor was designed to enable the
wire to penetrate the working area by
simple wire tension. The associated
electronics include an internal
temperature probe which enables
measurement of the evolution of the
ambient temperature at the measured
point (indispensable for the
interpretation of metrological
measurements).

3.2 Validation tests on methods used

The three strand carbon wire is
manufactured by Japanese industrialists
and is a by product of a the standard
two strand wire used at CERN. Each
strand is composed of 500 filaments
which brings the breaking load to 13kg.
Thus we* are able to work with a tension

Figure 8 t Installation of the 8 pre-series WPS on
the ESRF calibration bench \
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of between 8 and 10 kg, ie the nominal value is 9kg which nonetheless is not penalised by the
deflection of the wire.

The corresponding pairs applied to the dynamometer key used during the tests are 2.0Nm to
2.4Nm
During tests we operated with eight different wire positions to test both the absolute value of
positioning and the relative measurement value. This served to confirm the limitation of absolute
measurements due to the geometric defects of the wire (different diameters observed over a
several meter long wire).

It is therefore concluded that the absolute precision of positioning (changing wires for example)
can, at best, be guaranteed to within 10 microns, whereas relative positioning can be guranteed to
within 1 micron, the resolution of the sensor being less than 0.3 microns.

In conclusion, to define the correct position of the wire during an installation procedure the wire
should be circulated over 1 cm (2kg tension for a length of about 10m), the measurement

15,00

12,00
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8 to 10 kg tension
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Figure 9 : Tests of different tensions between 8 and 10 kg.

amplitude on the sensors should be checked between 8 and 10kg in relation to the rejection
tolerance. The nominal tension should then be adjusted to 9kg, if accepted, if not then the wire
should be moved along to the next centimeter, as shown on figure 9.

The following curves on Figure 10 correspond to a tension between two points equidistant at
20.3m over a 20 day period.

The first curve shows the rough measurements on the eight sensors which evolve in function of
the position of the so called fixed points.

The second curve illustrates the residues after linearisation on the right passing through the eight
sensors, which are considered as fixed as they are installed on the same rigid support (see figure
8). '

The third curve given using integrated temperature probes shows the perfect correlation of
movements at fixed points and variations in the air conditioning.
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The important amplitude recorded on the two fixed points is related to the fact that the
calibration bench is of the single block type and that the dilatation of the bench is directly
proportional to the temperature (no dilatation joints between the modules).

Carbon 3 wires rough measurements (fix points distance: 20300 mm)

Movements of sensors and fix points after linearization {20300 mm)

FPT01

WPS01

WPS02

— WPS03

WPS04

WPSOS

WPSOS

WPS07

WPS08

- FPT02

Longterm Stability of WPS (wire 2300mm)

I—I—I—I—I—I—I—I—I—I—I—I—I—I—(•—f—I—I—I—I

lAiouiioniflnninui
_. C

Ok 0 ) 0k Ok 0k 0k 0>

Figure 10 ; Recording of 8 W$ sensors over a 20 day period* At tbe
top'the rough measurements, in the middle the linearised measurements
and at the bottom the temperature measurements.
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5,00

Movements of sensors and fix points after linearization {20300 mm)

Vibration during EDM Calibration

WPSOI;

WPS02
WPS03
WPS04
WPS05
WPS06J
WPS07
WPS08|

Figure JJ : Zoom oo previous second graph given the residual value on
8 WPS $ensor$ on 20 day records.

A typical
residual gap of
less than 0.3
microns can be
observed on
figure 11 which
is a Zoom of the
second graph of
Figure 10, this
indicates the
precision and
stability of the
sensors.

3.3 Integration
in the ESRF
project

The ESRF project consists of a succession of 64 modules of two different sorts (32 short and 32
long modules) the articulation points of which are the centre of the 64 dipoles. The dipoles are
not motorized and are realigned manually once a year.

We propose to equip 64 double fixed point on dipoles which are considered as fixed between
two realignments (basic solution), or variable at angles (preferred solution) by adding two passive
WPS sensors on the dipole (no adjustment possibilities). These sensors will be either passive
(solution 1) or active (solution 2) in the calculation of residual displacements of the girders.

Each cell will be equipped with 13 sensors (3 on each G10, G20, G30) enabling a repeated
control by calculation, and two on each dipole at the exit/entry to enable monitoring of angular
variations.

The project calls for a total of 416 WPS sensors and 64 double fixed points. The motorization
consists of replacing the 192 manual micrometers on the 96 girders G10, G20, G30 with 192
motors.

At present the solution which we propose using the existing manual measurement axe has not
been approved for safety reasons as the wire would interfere with the passage of ersonnel above
the machine storage ring in order to access the front ends.We are looking for a substitute location
and this is proving to be a difficult task.

CONCLUSION

Barely six years ago (1989 in Stanford: HLS and WPS) the method we envisaged using has now
become a reality for the complete smoothing of accelerator elements in the vertical Although we
demonstrated that the same principle can be applied to the horizontal plane, the implementation of
this system raises serious practical difficulties.

As a final remark, we wish to stress the importance of attracting the interest of Industry to
develop simple standardised actuators, such that in, the years to come, metrological turnkey
systems will be available on the market.
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AN IDEA ON DYNAMIC ALIGNMENT
IN BEAM TRANSPORT LINE

Tuanhua Huang
Institue of Modern Physics, Academia Sinica

Lanzhou, 730000, People's Republic of China

Abstract

The paper intends to apply control theory to accelerator alignment. In the paper, some
major methods of control theory are introduced. The modeling of the devices in beam
transport line and the project to realize optimal alignment in ion beam tuning are presented.

I INTRODUCTION

Dynamic alignment in accelerator is important. In our accelerator HIRFL (Heavy Ion
Research Facility in Lanzhou) the beam tuning is done by looking at computer screens and
oscillometers, and then entering the adjustable data, that is not automatic control, of cource.

The control theory is some mature one, and have been widely applied in various fields.
However, not many applications are reported in accelerator control. The full potential of
computer control of accelerator has not, therefore, been fully exploited up to now.

This paper presents how I am preparing to employ the control theory in beam transport
line which would be more simple compared with other parts of acceleratpr. If a satisfied
result is made, I'll expand it to other parts of accelerator.

II METHOD

According to computer control theory, the feed-
back control system is shown in Fig. 1, where G
is the controlled plant, here is the beam transport
line;D is a controller; X is a observer; Q is o. iden-
tifier, All the D, X, and Q are running programs in
computer.

1. Controlled System G
The essential physical priciple of beam transport

line is that a charged particle moves in an magnetic
and/or electrical field. The ion beam qualities can
be adjusted by varying the currents of magnets and
quadrapoles, or the voltages and frequencies of

a

A

X

b

n

X

Q

u
G

y

Fig.l the Feedback Control System.
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bunchers. The beam qualitiescan measured by diagnostic devices such as beam scanners,
position monitors, profile monitors, phase probes, and faraday cups etc.

All these devices make up the controlled plant G in .fig. 1. The input u is writted data
for adjusting the currents or voltages of the magnetic or electrical field. The output y is the
beam qualities which are detected from diagnostic devices.

A computer control system is a discrete time system. The computer system samples
measured quantities, makes calcalations, and transmits adjusting data in time sequence.

A controlled plant may be represented by the following difference equations;

x(k + 1) = A • x(k) + B • u(k) (la)

y(k) = C • x(k) (16)

where k is the sampling-adjusting ordinal number for variables u, x, y, the control vector
u (input) is I dimensional, the measurement vector y (output) is m dimensional, the state
vector x is n dimensional, here n >= I >= m, A is a n n x n matrix, B is an n x I matrix,
C a n m x n matrix.
The elements of the state vector x consist of the qualities of the ion beam everywhere, and
some physical quantities reflected the operating states in the beam line, while some of them
are employed for conventional mathematical treatment.

2. Controller D
Optimal control theory based on a quadratic cost function is one of the most important

achievements in control theory.
In order to adjust the states of the beam line for sampling-adjusting times N from an

initial vector x(0) to zero vector x(N)=0, the controller D must send out a series of control
vector u that depend on the sequence of the state vector x, and make the quadratic cost
function J a minimum. The cost function is define by the requirement of beam tuning.

N-i

J=^2[x'(k)-Q-x{k)+u'(k)-R-u(k)] (2)
t=o .

where Q and R are two weighting matrices, and created due to practical condition. Q is
an n x n semipositive symmetric one, R is an I x I positive symmetric one. means the
transposition of a matrix in this paper.

An analytical solution has been given for the finite-time fixed-end point optimal control
problem in the form of the state feedback regulator. The optimal control law has the form:

D(k) = -R-1 • B' - {A')~l • [P{k) - Q] (3a)

P{k) = Q + A'-P{k + l)'[I + B-R-l-B' -P(fc + I)"1]-A (36)

where k = 0, 1, ... JV-1, P(N) = 0 could be reasonable, and then P(N-l),--- P(2), P(l),
P(0) will be obtained iteratively, and so is the expression D(k).

Then a series of control vector u may be offered:

•u(ifc) = D(k) • x(k) (4)

This technique is popularly known as the Ricati method. There are many other methods
for designing controllers. For instance, the synthesis adjusting method in classical con-
trol theory and the pole-location method in multivariable control theory are still valid and
convenient.
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How to get the state vector x, and how to deal with changing parameters? That is what
observer X and identifier Q function.

3. Observer X
The beam transport line is operated in the presence of strong electro magnetic fields.

It is assumed to be a linear discrete-time stochastic system. The noise spectrum of the
stochastic disturbances is assumed to be white noise and independent of any initial states.

Considering stochastic disturbances, the dynamic model of the controlled plant has the
following form:

x(k + l) = A-x(k) + B • u(k) + H• w(k) (5a)

y(k) = C-x(k)+v(k) (56)

where the definitons of x,u,y, A,B,C and k have the same meaning as those in (2); Two
stochastic variables, w and v, are white noise sequences with an average of zero, and the
covariance matrices of w and v are W and V, respectively.

Then, an online unbiased state estimator (i.e. observer) can be established as follows:

x(k + 1) = A - x(k) + B • u{k) + K(k + 1) • [y(k + 1) - C • (A • x(k) + B • u(k))} (6a)

K{k + 1) = [A• G(k) • A' + H• W(k) • H>)• C • [C •P{k)C' + T^fe)]"1 (66)

where x is state estimation of state vector x, that x is gradually approaches i , G(k) is the
covariance matrix of state estimation x.

The initial estimate of the unknown quantities £(0) and can be approximated by prior
knowledge of the characteristics of the controlled plant — the beam line. Then the st.ate
estimate sequence. x(k) can be obtained by computing (6a)(6b) successively from k = 1 to
N. The larger the JV, the more exact the x will be. This method is known as Kalman filter.

There are other observers avalable, such as: full order observer, Vv-«luced order observer
and other digital filter.

4. Identifier Q
Some of the parameters of beam line will shift gradully after a long period of operation.

In order to prevent this problem, the adaptive control technique should be used. Recently,
a number of adaptive control algorithms i.e. identifiers, have been proposed. The dynamic
coefficients (parameters) of the beam transport line could be updated in every sampling-
adjusting period.

Because of somewhat sophisticated formulation, the relating expressions are not shown
here. More detail for that can be found in control theory books.

Ill MODELING

Whatever system is considered, no q'uantitive analysis is possible until the various inter-
relations existing among the values for system inputs, outputs, and operating states have
been expressed in mathematical terms.

In general, dynamic mathematical models for ,an beam line describe the relationship
of the beam qualities (outputs) and the adjustable data (inputs) and the states. They are
expressed by differential equations or their transformations. The values of variables are small
incremental changing near the steady-state operating point, usually these can be linearized.

Modeling is a basic task of automatic control engineering. The essence of good modeling
is the skillful retention of the dominant phenomena while ignoring the secondary effects.
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The dynamic models derived from the physical formula can not help much in modeling,
I think, because it is too complicated to be done. In practical terms, the model obtained
from practical experience is more reliable and useful than one derived theoretically from the
physical formulas.

The first modeling can be done by some instruments or normal method. A crude model
can be written down when the wave shapes of input and output are being seen on a double
trace oscillometer or a set of input ant output data are detected. For example, a step
function signal is inputed into a device, then observe its output, the unit transient response
does adequately reflect the qualitative behavior of the device considered. The main poles
and zeros of its transfer function can be estimated, so an empirical model is obtained. Or
we can use a frequency response detector to obtain a frequence response model.

.The further modeling work for precisely determining the system parameters will be done
by identification method of control theory. Basing sequence data of inputs and outputs [u(k),
y(k)] recorded by a computer system, a group of prediction values #(k) could be computed.
To simplify the identification algorithm for real-time application, a recursive least square
parameter identification scheme is used. The cost function of it is defined as:

J(a,b,c)=J2[y(k)-y(k)}2 (7)
K=l

where a, 6, c are the elements of matrices A,B,C respectively. By means of computer, a
group of parameters a, 6, c may be selected when the cost function J achieves a minimum,
which is called a curve-fitting method. Sometimes, it is possible to simulate the inequality
constraints in which the original physical quantities are restricted within the permitted
range. No parameter can be reached outside of the predefined range.

Of course, it is a time consuming job to identify a complicated model.

IV PROJECT

This engineering of dynamic alignment in beam transport line is expected to be started
next year.

Firstly, get familar with the present state of our beam tuning.
Secondly, try to set up the models of the devices in the beam line, such as: a power

suply of magnet, a magnet for beam transportation, then the whole plant of the beam line.
Almost invariably, modeling leads to a compromise between the accuracy of representation
and the treatability of mathematical form. It is wise to develop a model as simple as possible
to fit its observed behavior. It is vital to remember the nature of the approximations made
at every stages.

Thirdly, design the controller, observer, and identifier on the computer system. The
complex program should be like that once a expected beam qualities are entered, the program
automatically issues a series of control signals to force the system reach the expected state
with optimal behavior during beam tuning or after being disturbed.

Fourthly, try and fail, until success. I am sure that "hill climbing"rnethod is useful for
the test job if there is ho way to go. And the sampling- adjusting period should be as short
as possible.

I hope we may get a satified result and expand to other parts of our accelerator machine
HIRFL.

It is regrettable that there is an unbalance between the relatively advanced level of control
theory and the relatively slow tempo of the implementation of this theory in engineering
practice. I hope this paper may lead enterprising engineers to a better understanding of



n/i73

the control systems of accelerators and start them to improve their control system by using
control theory.
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MAGNET ALIGNMENT OF THE SPring-8 STORAGE RING

Sakuo MATSUI, Chao ZHANG, Jun-ichi OHNISHI, Yutaka CHIDA*.
Kiyomitsu HASEGAWA, Kouji TUMAKI, Yasusi SASAKI, Xin OUYANG,
Yasuyuki OKADA**, Minoru KAWAKAMI, andKazuma NAKASHMA

SPring-8, Akoh-gun, Hyogo-ken 678-12, Japan

Abstract
Wide area of the storage ring of SPring-8 is put on the hard rock, however the ground of

other area was improved. The 21 monuments for the magnet alignment of the storage ring were
surveyed before building construction. After tunnel construction the 88 monuments were
surveyed again and these positions were determined. After setting girders and magnets, the
girders were surveyed with a laser tracker by making network. After the smoothing the relative
displacements were within ±0.04 mm. A laser and CCD camera system is used for a precise
alignment of quadrupole and sextupole magnets on a girder and now this alignment has finished
about half ring.The target shift from the 5m-straight line can be measured to an accuracy less
than 10 urn. The misalignment of them are estimated to be less than the tolerance. For these
alignment some convenient instruments have been made, for example a target stage with ball
cage etc.

Introduction
The storage ring has a 1436m circumference which surrounds the hill called Mihara-

Kuriyama, and has 48 cells. Each cell has 17 quadrupole and sextupole magnets put on three
girders, and two bending magnets. (Fig.l.) Alignment of multipoles consists of two steps. One
is the alignment in a girder and the other is that between girders.

ID Q10S7Q9S6Q8 Q7SS Q6 S4 QS S3 Q4 Q3S2 Q2 Si Ql , „

B: Bending magnet Q: Quadrupole magnet S: Sextupole magnet ID : Insertion device

Fig.l. Beam components of normal cell and monuments.

We had to decide where we mount the magnet on the girder. At first, we would align the
magnets in a girder and divide, install the vacuum chamber and restore the upper-half magnets
in an assembly room. After this we would carry into the tunnel and align between the girders.
However in this method the schedule of magnet and that of vacuum correlate strongly. This
correlation was serious, after all, magnets were determined to be installed by own schedule.

In the first plan it is not necessary to divide the magnet in the tunnel, however in the second
plan the crane to divide magnet is required in the tunnel. Since crane is useful, we made crane

* Hitachi Works, Hitachi Ltd. Ibaraki, Japan
** MITSUBISHI ELECTRIC CORPORATION, Hyogo-ku, Kobe, Japan
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rail after tunnel construction. If we have crane in the tunnel, we do not need to carry girder with
magnets (maximum lOt). We can carry every component with a hand truck and mount on the
girder by the crane. Thus the alignment between girders is prior to that of in a girder because
the linearity on the girder may be broken when it is shifted.

Spherical targets which diameter is 75 mm are used at several steps, that is survey, level
measurement, pre-alignment and precise alignment.

Tolerances for magnet misalignment

Table 1 Tolerances for magnet misalignment

Magnet

Dipole

Quadra pole

•magnet

•girder

•total

Sextupole

•magnet

•girder

•total

rms displacement error*1)

Ax

0.5

0.05

0.2

0.21

0.05

0.2

0.21

Ay
(mm)

0.5

0.05

0.2

0.21

0.05

0.2

0.21

Az

0.5

0.5

0.5

rms rotation error 2>

6x

1.0

1.0

1.0

Oy
(mrad)

1.0

1.0

1.0

9z

0.1

0.2

0.5

The tolerances for the magnets of this
storage ring are listed in Table 1.
In order to reduce the sensitivity to the
misalignment of quadrupoles adopted
alignment method is to divide the
alignment into two stages, that is in a
girder (tolerance 50 |im) and between
girders (0.2mm).

8x

*l)Ax, Ay, and Az denote the horizontal, vertical, and longitudinal
displacement errors, respectively.

*2)Gx, 9y, and flz denote the rotation errors around the horizontal,
vertical, and longitudinal axes, respectively. Reference

orbit

Alignment schedule
An alignment schedule were planned as follows. The 2-3 Survey 3,6-1,6-3 and 9 Precise

alignment are described in another paper.1'2) Other procedure are explained in this paper.

1. Foundation Improvement

2. Monuments Survey (on the Horizontal plane)

2-1. Survey 1 (1992.1) before tunnel construction

2-2. Survey 2 (1993.10) before tunnel construction

2-3. Survey 3 and marking for baseplate (1994.11~1995.3) after tunnel construction

3. Level Survey (floor level and reference level on the wall)

4. Girder and Magnet Setting

5. Rough alignment of both end magnets (already finished)

6. Alignment between girders (Horizontal plane)

divided into 5 phases (lst-4cells, 2-8,3-8,4-12,5-16)

6-1. Survey between girders

6-2. Adjust

Repeat survey(6-l) and adjust(6-2) two times

6-3. Survey

7. Level survey between girders

8. Alignment of Bending Magnet and light beamline marking

9. Precise alignment of Quadrupole and Sextupole magnets in a girder (1/2 finished)
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10. Divide magnet and insert vacuum chamber

11. Restoration of upper-half magnet

before commissioning survey and alignment will be done.

1. Foundation Improvement
Figure 2 shows the area where the ground was improved. The cross section is shown in

Fig.3. The symbol C, D represent the hardness of the rock. After digging D and CL zone,
broken stone, sand(10%) and cement(5%) were mixed and buried. After this improvement the
test (boring, measurement of P-wave and S-wave velocities, measurement of density etc.) was
done. The result showed that the artificial rock was very hard.

SPring-

J U I 1 I j I / / I J /

Improved volume total 70000 n

Fig.2 . Area of foundation improvement.

A-A' 26.5m

experiment hall

tunncll

CM m improved

Fig.3. Cross section at the improvement.
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2 Monuments Survey
Monuments were made to survey the whole ring before tunnel construction. We made

concrete blocks shaped like tomb stone at 21 positions (every 60 m) along the ring as shown in
Fig.4. We did not make the buffer layer for protection against the outside concrete. Monument
is placed at the intersection point of the straight lines at both sides of the bending magnet as
shown in Fig.l. The surface level of the monument top is the same as floor level. A brass plate
is buried on the top and a seal for the survey is stuck on this metal plate. After survey these
monuments were also used for the reference points to make the body of the tunnel.

4-013

chemical anchor bolt
8-0I6

Fig.4. Photograph and the cross section of a monument.

2-1 Monuments Survey 1 (1992.1)
The geodetic points(SR2-SR10) outside the ring(Fig.5) are buried on the same rock on

which the ring is put except SRI. These geodetic points and monuments(C01-C47) were
surveyed with a distance meter ME5000 and two theodolites T3000 by many members of
accelerator group. The plummet NL was used to set the survey instrument precisely. Survey
instruments were set on the stand fixed on the monument (Fig.6). Since the building
construction had already started, there were many obstruction (earth laid on the ground etc.)
intercepting the line of sight. Figure 7 shows the survey network. The error ellipses of these
results were smaller than the circle of radius 1 mm.(Fig.8.)

Fig.5. Geodetic point of Japanese style. Fig.6. Survey stand fixed on the monument.
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distance measurement
O theodolite setting

SUS

S K I a

Fig.7. Survey 1 network. FIg.8. Error ellipses (known points=SR2,SR9).

2-2 Monuments Survey 2 (1993.10)
After the monument survey 1, according to the result we made small hole with a center

punch on the monuments, and we surveyed the punched positions with outside geodetic points
again. This time we used 7 corner cube targets for ME5000 to reduce the times of change
target. This number was efficient. We surveyed also the monuments which were not surveyed
in survey 1.

2-3 Monuments Survey 3 (1994.11-1995.3)
The laser tracker is a dynamic measurement system,1) that is laser can chase the target

wherever we move. The distance between the surveyed monuments was 60 m, thus if setting
the tracker at the middle point, we could stick the seals on the other three monuments only by
the tracker. After this we surveyed these monuments with the laser tracker by making network
shown in Fig.9. The reference level for the magnet setting is 1700mm, we made target stages at
this height on the wall shown in Fig. 10. Thus the laser light when measuring the target is in the
plane which height is 1700mm. The body of tracker sensor unit is modified so that we can
adjust the height and shift horizontally. This is because we want to survey without using the
rotary encoder for vertical angle. On the monuments we used the modified tripod with XYZ
stages (Fig. 11).

Before the tunnel was completed, we had to make baseplates for the magnet girder. Thus we
made marks for baseplate with a laser tracker according to this survey results. Baseplate is
shown in Fig. 12. As the next tunnel area was constructed, also we proceeded to survey next
area. It took about 4 months for the whole ring survey. All 88 monuments including 21 points
were surveyed.

Since this survey network was narrow and the circumstances were not good, it was difficult
to decide the monuments coordinates using only tracker. Thus the data of the angles between
the 24 monuments were added. The difference between survey 1,2 and survey 3 was small.

M Monument
T Tracker Position
L Level on the wall

Fig.9. Network for the monuments survey.
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Target for

**
Theodolite

Plummets

Fig. 10. Level stage
on the wall

t

Fig. 11 Wide use tripod for monument survey
and alignment etc.

non-shrink concrete

normal condete->

80 440
60«

Fig. 12. Cross section of base plate.

3. Level Survey (floor level and reference level on the wall)
In order to define the floor level (291.2m above sea level) the floor level in the tunnel

around the beam line w'as measured by a laser levei. The range of the floor level was within
±20mm except one small area. Thus the adjustable range of the girder was decided to be
±25mm. We defined the middle level of the floor as floor level. The beam level is 1200mm. We
adjusted target stages on the wall shown in Fig. 10 at the height of 1700mm.
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4. Girder and Magnets Setting
Girder is carried into the tunnel and put on the pedestals. Magnets are put on the girder by

the crane which can move below the ceiling of the tunnel.
Prototype girder was not hard to twist. Thus we adopt a box-type girder. This girder has_6

pedestals to tolerate the strong force applied from outside, for example, the vacuum force (in
our case 700-800kg weight). Low friction material is used at the slip plane between the
pedestal-girder and girder-the plate on which magnet is put. (Fig. 13) The coefficient of friction
is less than 0.1. Since the friction is low, the girder do not bend when we adjust on the
horizontal plane, and it is easy to adjust the magnet.

0: 70mm
Axial Load:1.5-2.5t

Fig.l3.Girder and magnets on it . The slip planes are made from low friction material.

5. Rough alignment of both end magnets & also inner ones
Figure 14 shows the arrangement of rough alignment of girder and both end magnets.

There is a fixed target stage on both end magnet. This stage shown in Fig. 15 is used for the
alignment between girders and for a reference stage of the precise one in a girder. This stage is
fixed after fine adjust at the 500.00mm right above the magnetic axis when the axis is
measured. One magnet has two fiducial planes. This is fixed only on the upper-stream fiducial
plane attached on the both end magnet of the girder. The reason is as follows: 1) when we
survey between the girders, the target position must not move strictly ; 2) this position is used
frequently ; 3) the hole center on the fiducial plane is shifted less than 0.1mm from right above
the magnetic axis. When putting the spherical target on the other plane, we use detachable
stage (manufactured by HIRAI CO.,LTD) as shown in Fig. 16. Since the diameter dispersion of
the hole on the fiducial plane is larger than ±10(im, we can not use one-diameter rod. However
the ball cage can have good repeatability even if the dispersion of the hole diameter exceeds
±20(im. Moreover it is easy to put in and out.

Both the end magnets are aligned using the results of survey 3. This alignment is necessary
before girder alignment. The magnets except both end are also aligned roughly to make shorter
the time used for precise alignment in a girder.
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Q10S7
Fixed target stage ! Set NA2 Fixed target stage

Fig.14. Arrangement of rough alignment of girder, both end and inner magnets.

LTlJm^fS^ft

Fig. 15. Fixed stage on upper-strejam fiducial plane. Fig.16. Detachable stage using ball cage.

6. Alignment between girders ( Horizontal plane)
6-1. Survey j

Girders and some monuments are surveyed with only the laser tracker by making network.
First survey was 4 cells and connection area. The smoothing area was 4 cell. Second was 8
cells, third 8 cells,..and so on.j Also the monuments are surveyed for references in these
survey. The shift values from the smoothed fitting curve are calculated. This process is reported
in detail by GZhang in this proceeding.

6-2. Adjust i \
According to survey results the girders are adjusted while being monitored with 8

digimatic indicators. ;

6-3. Survey
After repeating this 1-2 cycle two times, the third survey is carried out. At second adjust,

the girders are locked. If this survey results is good, girder alignment is finished.
Girder smoothing results show that the relative displacement between girders of ±0.04 mm

has been achieved.
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7. Level survey
The level reference on the wall is used for pre-alignment of the magnet. However it is

important to smooth not the wall references but the magnet level. This level survey is done after
the girder positions on the horizontal plane are fixed and locked. Wild N3 is used. Figure 17
shows the simple network.

.!»'";il'"f"!!2:,!, ife":"'"^'

h— 7m

Fig.17. network for the level survey.

position

8. Alignment of bending magnet
Bending magnet is aligned with laser tracker as shown in Fig. 18. The coordinate can be

made by putting the target on the fixed stages and the stage on the wall. After making a
coordinate system we align the bending magnet by putting the target on the tiltmeter (Leica
Nivel 20) put on the fiducial plane. Target coordinates are displayed in real-time on the CRT.

level stage on the wall
Target on the tiltmeter

~-Q

Fig. 18. Make a coordinate system for the alignment of bending magnet.

1R
Nivel 20

Fig.19. Modified tiltmeter on the fiducial plane and tracker target on it.

At the same time the marks of light beam line are made on the floor by the tracker.



n/i83

9. Alignment of quadrupole and sextupole magnets in a girder
A laser source is put on the fiducial plane of the aligned bending magnet because the adjust

of laser is easy. This He-Ne laser makes parallel light beam of gaussian shape. The straightness
of this laser and CCD system was checked with 4m-long stage. The straightness is estimated to
be within 10 p.m during 4m.2)

The magnets on the girder are usually aligned where the wind velocity is around 0.02m/s,
this condition is attained by stopping the air-conditioner.

Since the tilts of two fiducial planes are
different, we assume that the lower-stream
fiducial plane is parallel to the median plane of
the magnet. The tilt is very sensitive to the small
dust and scratch on the fiducial plane. Thus the
tilt is measured with two tiltmeters (Taylor
Hobson Talyvel 4) by reversing them. If the
two averages are different largely we have to
measure again. The reference line used for
alignment is 0.5 m upper than the electron beam
axis, thus the tilt (0Z) of the magnet is very
important. It is difficult to measure the tilt
precisely with a tiltmeter if the span between the
contact points is short. Moreover the fiducial
plane is not flat, thus we decide the tiltmeter
position strictly beside the detachable stage.

Magnet is fixed to the intermediate
plate by 4 bolts and the plate is fixed to
the girder by another 4 bolts

Fig. 18. Two tiltmeters and CCD camera on
the fiducial plane.

as
shown in Fig. 13. Thus we can
separate the adjust of height and tilt
from that of horizontal shift.

Since the tolerance between the
girder is lager than that of magnets
on one girder, firstly, both the end
magnets are aligned. The fixed
target stage is adjusted only the
height according to the level
survey, because this position on the
horizontal plane is already aligned.
Actually the alignment is done as
follows: 1) measure the tilt and the
two positions by putting the CCD
camera on the two detachable
stages, 2) adjust the height and tilt (
8X andQz), 3) fix the magnet to the
intermediate plate by locking 4 bolts
with upper and lower nuts,
4)measure the positions with CCD
camera, 5) unlock the intermediate
plate, 6) measure again, 7) shift the
plate, 8) lock the plate.

While the magnet is being
adjusted, not only CCD camera but
also 8 digimatic indicators are used
to monitor the magnet shift. The
shifted values are displayed on the
CRT also. Operators adjust the
magnet looking at the indicators. Fig. 18. Photographs of precise alignment in a girder.
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These indicators are useful for moving to an accuracy of several nm. When we lock the
magnet, it does not move because we tie both upper and lower nuts looking the indicator.

The adjust of each magnet continues until the displacement at the position of CCD camera
becomes within 10 p.m on the CRT monitor. Tolerable tilt is less than 10 uxad.(Fig.l9). The
residual values after adjust are within 10|im as shown in Fig.20. It is easy to adjust the magnet
within 10 |im because the friction is low and we use digimatic indicators. Now the time
required for one magnet alignment is typically half hour.
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Fig.19. Tilt histogram,

(lower-stream fiducial plane) Fig.20. Histogram of unadjusted residual values.

10. Divide magnet and insert vacuum chamber
Multipole magnets are divided after precise alignment by the crane and the upper half

magnet are put on the side of the path in the tunnel. Vacuum chamber is installed.

11. Restoration of upper-half magnet
The upper-half magnet is put on the lower half one by the crane. The key is very important

to restore the magnet correctly.

Summary
In our case the magnet are aligned two times. Telescope is used at first step, laser is used at
second. However the loss time was less than the estimated before.
Laser tracker is useful for real-time alignment and marking.
It is especially important that the span of tiltmeter is long and its position is always same.
Before magnet fiducial design we have to decide what tiltmeter and target are used.
We used detachable stage and spherical CCD camera. As these steps are two, the error
increases.
Though there are some problems, we think these alignment system has no serious problem.
The movement of the target stage on the wall is small and difficult to understand.
After this it seems that the level change becomes important.
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POSITIONING THE SPRING-8 MAGNETS WITH
THE LASER TRACKER

CZhang, SMatsui, J.Ohnishi, X.Ouyan, Y.Sasaki, K.Hasegawa, and K.Tsumaki
SPring-8, Akoh-gun, Hyogo, Japan

1. INTRODUCTION

The SPring-8 storage ring has a circumference of 1436m with a Chasman-Green lattice of
48 cells. Each cell consists of three units of two bending magnets, ten quadrupoles and seven
sextupoles. The storage ring of third-generation synchrotron radiation source is much
sensitive to magnet misalignment, especially quadrupole misalignment. To reduce this
sensitivity, the magnet alignment for the SPring-8 storage ring is divided into two stages:
magnets are aligned within unit of about 5m with RMS error less than ±50jim, and the units
are aligned along the storage ring with relative accuracy of ±0.2mm. The two-stage alignment
method will reduce the amplitudes of the orbit distortions induced by the quadrupole
misalignment!!].

The tasks face to us are: 1) For sake of Mihara-Kuriyama hill, It is impossible for us to set
up a monument at the center of the storage ring, the central monument usually plays a very
important role in controlling the absolute position of the beam elements. We have to find a
solution that make the magnet alignment has not only a high relative precision but also a
small displacement accumulation rate along the 1.4 km circumference. Two commonly used
alignment networks of the quadrilateral and the triangulation are investigated. They are both
have about 0.1mm or more relative error in controlling magnet positions, and the deviation
accumulated along the ring is also enormous. 2) The storage ring installation is divided into
five sections: in the first section four cell magnets are installed, second section eight cells,
third section eight cells and so on. All the units are recommended to be put to the positions in
one step before executing the overall survey and smoothing of the ring. This unclosed
network is easily biased by systematic errors such as the two end datum points, atmospheric
condition, calibration etc.

Alignment of SPring-8 storage ring magnets is composed of monument survey and
magnet survey and alignment. 10 monuments are set outside the storage ring, 88 monuments
are buried at the intersection points of the both side straight lines of the bending magnet. The
monuments are used as the references for individual unit installation, also are used as the
guideposts for magnet alignment and path smoothing. The magnets are surveyed and aligned
with the laser tracker Smart 310, a 3-dimension measurement system. This system is for the
first time employed in the measurement of storage ring networks.

The laser tracker SMART 310 is a
dynamic measurement system which consists of
a laser interferometer, a rotating mirror on two
axes with two angle encoders and servo motors, a
position diode etc.(Fig.l). Returning beam from
retroreflector is partly divided to the position
diode. Through a servo loop the offset on the
diode corrects the angles of the mirror to keep
the beam on the target. The tracker gives 3D
spherical coordinates of a target in space with a

distance resolution of 1.26nm, an angular
resolution of 0.7".

Many factors may influence measurement
accuracy of the laser tracker: the calibration,
atmospheric conditions, and the way laser tracker
been used, To realize the accuracy it can achieve,
the laser tracker was checked under various

Fig.l Principle of the laser tracker condition such as different measurement angles
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and encoder positions, as well as two faces of its measuring head. Also it is compared with
HP 5527A interferometer. Experiments,show the laser tracker has a distance accuracy of

0.001+0.2ppmxL(mm) and an angular accuracy of about 10 ^irad, which is four times the
error of theodolite T3000. It is evident that using Smart for network survey, the precision is
mainly restricted by the angular resolutions of the encoders. This accuracy will result at least
7mm traverse unclose for the storage ring orbit if the laser tracker is simply used for
coordinate measurement.

Magnet alignment network for the SPring-8 storage ring is a distance-only trilateral
network. The laser tracker has different accuracy for distance measurement when its position
changes with respect to measuring targets. To reduce the influence of angular error, the laser
tracker's positions within network are chosen by checking the distance accuracy it
results (Fig.2):

HP5527A

11 ^ - ^ ^ c ^ ^ ^ 12

Smart 310

Fig.2 Smart distance measurement between two points

where / is the length between two measuring points, a,h,lz are angle and lengths from
laser tracker to these points, nia, mu, mil are their measurement accuracy respectively. The
laser tracker gives the most precise distance when it is placed at the extension line of two
measuring points, where it can eliminate the calibration error of absolute distance and
reflector eccentricity. The distance from the mirror to the target is also precise on the
condition that the laser tracker is well calibrated. Because this distance is measured directly
by the interferometer.

2. MONUMENT SURVEY

In January to February, 1993, 28 monuments around the storage ring were surveyed with
an error of 0.5mm using mekometer ME5000 and theodolite T3000(Fig.3). In the some time
the building construction began. After that, second time monument survey increased
monument number in the tunnel. These monuments are lately used as monitors for the
monument survey inside the tunnel after building construction.

After building construction all 88 monuments in the tunnel are surveyed with the Smart
310(Fig.4). Survey network includes 192 points and 480 distances. Because the tunnel is very
narrow, if simply use the quadrilateral network, monument deviation is proved to be large:
error ellipse of maximum deviation of 0.8mm in radial direction. For the following reasons
the deviation increases: parts of the tunnel has completed while 3/4 parts are being
constructed. Air temperature and refraction are quite different along the ring; After building
construction the monument datums have about 0.8mm movements. Systematic error may
increase deviation of survey to 1.5mm in radial direction. To reduce deviation the solutions
are: 1) using T3000 measure 24 angles in every two cells, 2) from previous monument datum
chose two fixed points which are believed to have least movements, 3) monument
coordinates are adjusted by best-fitting to selected 16 monuments. These monuments are
convinced to have little movement from three time surveys. Simulation study shows after
taking above steps the monument survey will reduce the RMS error to 0.5mm, peak to peak
error ± 1.3mm in radial direction. Because using Smart 310 in survey causes only 0.3mm
deviation in the beam direction, what we much concerned is the displacement in radial
direction for the long and narrow tunnel. The survey results are compared with theodolite
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T3000 angle measurement results. Difference between them is small. Peak to peak value of
0.7-0.8 is convinced(Fig.5).
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Fig.5 Monument Survey Results vs.Theodolite
T3000 (per 2 cells)

3. SURVEY AND ALIGNMENT OF MAGNET UNITS

Alignment network for the storage ring magnet units is composed of 288 quadrupole
fiducial points, 88 monuments and 96 auxiliary brackets on inner wall. Total distance
observation is 1440 in the ring(Fig.6). Several aspects are particular in this magnet alignment
network.

Quadrupoles and the laser tracker positions directly compose the knots of network. It
make magnet positioning more directly, error translation of the reference points smaller.
Among distance observations, over 50 percent distances are measured directly by the laser
tracker interferometer, Accuracy of these distances is 4p.m in 10 m range. The network
precision depend on both the accuracy of laser tracker and the ratio of measurement length to
the width of the net. Measurement lengths are optimized by simulation study of error
accumulation. The study shows that measurement length shorter than 15 m, the ratio of
measurement length to width of 5:1, has least error accumulation rate along the ring. Distance
longer than one cell is no beneficial to control radial deviation of the magnets. Error ellipse
analysis shows this network has a sufficient precision for controlling magnet displacement:
Maximum magnet displacement of less than ±lmm is expected with respect to geodetic
coordinate. The relative displacement between adjacent units is expected to be
±0.04mm(Fig.6).

Up to now over 60 percent of magnet units are surveyed and aligned. Survey is carried out
three rounds: two rounds for adjustments, one round for check purpose. Cell 04 to cell 25
gives an example of magnet alignment process(Fig.7). In the first round, the magnets are
adjusted to a smooth curve of polynomial fitting to the monuments. Monuments are the
guideposts to control absolute positions. Magnets in the second round are adjusted to a local
weighted curve which fits to magnets only. After two round of adjustment, the relative
displacement between units achieves a precision of. 0.04mm of RMS value.

Four 50-meter long straight sections provide good spots to examine the accuracy of
magnet positioning by using Taylor-hobson telescope to examine the straightness. This result
shows magnet deviations are less than 0.1mm within 40 meters. Fig.8 gives the straightness
of short straight sections. In short straight sections four magnets in 14 meters are measured
by the telescope. The result well convinces the relative precision of magnet alignment is
better than ±0.04mm.
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Precise calibration is essential to the measurement of the Smart 310. Smart's absolute
distance error includes 'home point' distance error, interferometer error, and reflector
eccentricity. To calibrate it precisely, a 20-meter calibration stand is made and set up in the
tunnel. Calibration method can be referred to Fig.2. On the stand HP 5527A interferometer is
used to provide a standard length, the HP reflector and the Smart reflector are in the same
moving stage. Precise leveler ensures the two laser reflector moving the same
distance(Fig.9). To eliminate angle measurement error the Smart is set up most nearly to the
stand. Smart measures the two point distances h, h and angle cc, Distance correction value
is deduced by the cosine law, referring the HP interferometer length. Through this process
both the 'home point' distance error and reflector eccentricity error are corrected. Distance

measurement accuracy of 3|im is obtained in 10 meters.

4. CONCLUSION

Third-generation synchrotron radiation source is very sensitive to magnet
misalignment. To reduce this sensitivity magnet alignment for the SPring-8 storage ring
adopts two-stage alignment method, and the relative displacement is more concerned.
Although the Smart 310 has a large angle measurement error which is not match for its
distance accuracy, it is also can be successfully used in network survey for positioning
magnets as long as take its strong point and avoid its shortcoming. The magnet alignment
results are gratifying and reliable. We can adjust the magnet to wherever we want to a 1<T
range of 0.04mm.
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Fig.9 20m calibration stand



n/i94

LASER AND CCD CAMERA SYSTEM FOR MAGNET
ALIGNMENT ON GIRDER IN THE SPring-8 STORAGE RING

Yutaka Chida*, Sakuo MatsuiandJun-ichi Ohnishi
SPring-8, Akoh-gun, Hyogo, JAPAN

Abstract
A new surveying system using a laser and a CCD camera with image processing has been

developed to align magnets on a 5 m-long girder to an accuracy of 10 p.m. A spacial filter with a
pinhole and a collimator are used to make a parallel gaussian beam. In order to stabilize the laser
axis, the heat capacity of the laser was made larger to reduce the influence of the fluctuation in
the room temperature. The partitions, which are used 10 clean the inner side of the tunnel, are
useful for stopping the air current. The glass in front of CCD device is covered with the non
reflective coating to prevent from interference striped patterns. The accuracy of this surveying
system is within 10 (xm. This value satisfies the required accuracy. Now the SPring-8 alignment
of the storage ring magnets is performed with this system.

1. Introduction
The SPring-8 (Super Photon ring-8 GeV) dedicated to achieve nano-meter radian

emittance has been constructed by the SPring-8 project team joined by JAERI and RIKEN at
Harima Garden City in Hyogo Prefecture. This storage ring is constituted of 48 cells and its
circumference is 1436m . Each cell except for 4 cells is composed of three straight sections and
two bending magnets. Each straight section consists of five or seven quadrupole and sextupole
magnets on one 4 or 5m girder. At first, each girder is positioned to an accuracy of 0.1 mm
along the ringl* 2) Next, bending magnets are aligned within 0.5 mm according to the
neighbor girders. Finally, each magnet on the girder is aligned in a straight line within ±0.05
mm. Therefore, a survey system whose resolution is about 10 |im was required to achieve this
alignment accuracy.

In the survey using a telescope, it is difficult to obtain always the resolution of 10 ̂ im at
distance of 5 m. Thus we chose a laser. Generally, a four-divided photo diode, a two-
dimensional PSD(Position Sensitive Device) and a CCD(Charge Coupled Device) camera are
used as a detector of the laser beam. Laser light has many higher modes, those have larger
divergent angles than gaussian TEMoo- Thus the straightness becomes worse unless separating
gaussian mode from higher mode. A spacial filter with a pinhole is usually used to reduce the
higher mode. When we used a laser source with collimator without pinhole and a four-divided
photo diode as a detector, the straightness on the 4-m long stage was not good. Adding a
pinhole to this system, the straightness became good. Thus a spacial filter with a pinhole is
important. In our case, we have to move the alignment system to everywhere in the tunnel.
Therefore, it is always necessary to monitor the profile of laser light because of using the small
pinhole. After all, we chose a CCD camera. Actually, we sometimes adjust the position of 0
25[im pinhole after moving the laser to the next alignment position. It is easy to analyze quality
of a laser beam and to improve it by using a CCD camera.

2. Survey System
A newly developed survey system consists of a laser source, a CCD camera and a

Macintosh computer for processing image data. This system is shown in Fig. 1. All
quadruples and sextupoles have fiducial points on upper part of yokes and their positions are
measured in the magnetic field measurement using a rotating coil. The deviations from the

* Hitachi Works, Hitachi Ltd. Ibaraki, Japan
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reference line which connects the two reference points are obtained by putting a CCD camera on
the four fiducial points and calculating.

Magnet alignment on a girder is being done using the same survey system as shown in
the lower half of Fig. l.Each magnet is adjusted taking account of the data of the fiducial points
in magnetic measurement. The resolution is about 10 |im in this system and the magnets can be
adjusted in the same resolution on a girder.

Macintosh

Laser

L
CCD Camera

Rotating Coil
Measurement of
magnetic center

Alignment in

Laser

Reference

CCD Camera '
girder \ /

Point Reference Point

t=rj Fixed Stage for Target

- i d I 5 5 (
1 (

11
J..L J L I 1 I I

Fig.l. Measurement of magnetic center and the alignment in a girder.

2-1 Laser Source
The laser source is composed of a laser tube, a spatial filter with a pinhole, and a

collimator as shown in Fig.2. The unpolarized He-Ne laser is used for the laser tube whose
wavelength, output power, a diameter (l/e2)of the beam and expanding angle are 632.8 nm, 2
mW, 0.8 mm and 1.3 mrad, respectively. Use of three ND(neutral density) filters (absorption
type) decreases beam strength by 8X10"4 to suit to the sensitivity of CCD device. The measured
diameter of the laser beam was 3 mm and its change was within 3 % at distance of 2 to 6m
from the laser source.

2-2 CCD Camera
The CCD camera manufactured by HAMAMATSU PHOTONICS K.K. is used for

detecting a laser beam. The lens for imaging are removed and a laser beam is injected on the
CCD image plane directly because we put the camera on the stage by hand. The camera is
embedded in a spherical target so that the image plane is located at the center as shown in Fig. 3.
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We can avoid the coupling horizontal direction and vertical one by using bubble tube and
adjusting for the laser beam to path through near the center of the sphere. The CCD device had
to be improved to detect the laser directly because the interference striped pattern was generated.
Figure 4 shows the interference pattern and its intensity distribution when wide laser beam is
incident

spacial filter

NDfiI ler

thermal insulation

He-Nc laser

•4-L-

hood with d iaphragm

stages for fine adjust

Fig.2. Laser source.

Fig.3. CCD camera and its photograph. Fig.4. Interference pattern and its distribution.

At first, we tested the CCD device covered by the optical fiber (diameter 3 \im) plate in
bundle to hide striped pattern. However, this camera was sensitive to the incident light angle.
Finally the CCD device with low reflectance coating on the covered glass was adopted. A ND
filter (1/100) covered with this coating is used for reducing the other light than laser. We do not
use the interference filter which passes through only 633nm wavelength light because it
generates many interference patterns.
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2-3 Image Processing
Image of the laser beam is acquired by a VFG(Video Frame Grabber) board

(HAMAMATSU PHOTONICS IQ-V55) in a Macintosh which consists of an analog to digital
converter and a frame memory. We modified the program (Image Quest VFG Third Party
Developer's Kit) written in C language. Images are obtained at rate of 25 Hz and accumulated
up to 126 times (5sec) into the frame memory directly. After accumulation two 1-dimensional
distributions are obtained by projecting the 2-dimensional distribution in both horizontal and
vertical directions. Figure 5 shows the laser image and the vertically projected distribution. The
abscissa and ordinate indicate the CCD cell number and light strength, respectively. After
smoothing the distribution the center of gravity is calculated from the area higher than the 30%
level of the peak. After image accumulation, these calculated positions and the values to be
shifted are displayed with the beam image about 3 seconds later.
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Fig.5. Image of the laser beam and its intensity distribution (horizontal direction).

3. System Performances
3-1 Pointing Stability of the laser beam

The displacement of the laser beam position is strongly correlated with the change of the
laser tube temperature. Thus the laser tube was improved by packing in the cold reserving
materials to increase the heat capacity and to reduce the amplitude of the temperature change.
Since the temperature change in the tunnel is very small, the stability is good as shown in Fig.6.
The beam was measured every 1 minute. The drift at ihe laser-camera distance of 5.5m was
about 10 fim for 8 hours. However, when we measured the magnetic axis, the room
temperature changed rapidly because of the air-conditioner. Therefore we covered the laser
source and the support with a large vinyl sheet.
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Fig.6. Laser pointing stability in the tunnel for 8 hours.

3-2 Fluctuation in Laser Beam
The effect of air current was observed in the tunnel. We partitioned off the tunnel with

vinyl sheets to reduce the air current. Figure 7 shows one of the experimental results at distance
5m. Open squares and triangles indicate the fluctuation of the laser position before making
partitions and closed ones after doing that. The fluctuations were largely suppressed and became
2 |im in both directions. Now, since there are partitions every 60 or 90 m for the cleaning, the
air current is stopped. Moreover during alignment on a girder we stop the air-conditioner around
the area, and the velocity of air usually decreases to about 0.02m/sec. It is important to enclose
the light beam as long as possible.
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Fig.7. Laser beam fluctuation due to air current and the effect of partition.
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3-3 Errors in Detection and Calculation
We estimated the errors in detection of laser beam and calculation. The error in detection

is thought to be due to ununiformity of the CCD elements in size and sensitivity. The CCD
camera was placed on the stage with the micrometer which minimum division 2|im and moved
in horizontally. The distance between the laser and the CCD camera was about 60 cm. The shift
of this stage was checked by a laser interferometer (HP5527A). Figure 8 shows one of the
experimental results. The ordinate is the difference between the values of micrometer and
calculated position of the laser beam center on CCD. When we translate from channel number to
the position, the value of 10.9 |im as a CCD periodic cell size was used. (In the catalog the size
is described as 11,0 [im.) Measurements were done in several shift pitches to avoid the drift of
the laser axis. The shifted area and pitches were 3 mm, 2 - 1000 Jim, respectively. This result
shows that the accuracy is within ±4|im in the ±lmm area and within ±1.5 [im in the ±0.1mm
area. Rotating the camera by 90°, the same accuracy was observed also in the vertical direction.

Sift
Direction

CCD
camera

500 1000 1500 2000 2500

Shift value of micrometer (Jim)

Fig.8. Accuracy of CCD camera.

3«

• 0-3000: Pitch 250

• 0-3000: pitch 500

o~3ooo: pitch 1000

• 0-3000 : pitch 50

0-3000: pitch 1000

• 0-200 : pitch 10

1400-1600: pitch 10

2800-3000: pitch 10

• 0-20: pitch 2

1490-1510'.pitch 2
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3-4 Total Performance
Finally, to investigate the total performance of the survey system, we put a CCD camera

on the stage having good straightness and measured the position of a laser beam changing the
distance from the laser source as shown in Fig.9. Since the stage on which camera and 5
tiltmeters are put is not hard and the 2 rails are not parallel, maximum twist of this plate was 20
pxad. The curves of tiltmeters are extracted from only y direction tilt and are not taken account
of the twist of two rails and that of the plate. However, the differences of both measurements
are so small.

The newly developed survey system using a laser and a CCD camera enabled to survey
with the accuracy of 10 p n in the 5m range. And this system can be used for the magnet
alignment on girder within the tolerance of 50 |im. Now, Spring-8 magnets alignment is being
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performed in good accuracy with this system.
It is important to stable the temperature and stop the air-conditioner when using the laser.

60cm
Laser source CCD Camera

Tiltmeter
Nivel 20(Leica)
Talyvel 4(Taylor Hobson)

Talyvel 1A

Talyval 1B

Talyvel 3A

1.5 2 2.5 3

CCD Camera Position (m)

Fig.9. Linearity test of the laser and CCD camera system.
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INTRODUCTION
The rigour of the requirements to the geometry of the ring accelerator position

is well-known. They differ in the necessity to take account of the error harmonic
set. The point is, that the separate harmonic components of the magnet position
errors have different effect on the machine operation. It follows from the solution
of the equation, for the disturbed particle motion in the closed orbit. This solution
for the strong focusing accelerator with an error not more than 30% can be written
as follows [1]:

6Yi = '%

where SYi is the particles orbit distortion in the centre of the quadrupole mag-
net under number i;

R and RQ are the mean orbit radius and orbit radius hi the magnets;
G(&H/H)k and fi(Aff/ff)» are the amplitude and phase of the harmonic of k order

of the expansion into the Fourier series of the relative disturbances of the magnet
field;

v is beam betatron frequency;
N is the quadrupole capacity;
6 is the azimuth coordinate.

The relative disturbances of the magnet field are related to magnet position
errors in the following equations:

AHR AR-Gr AHZ _ AZ-Gr
H " H J H ~T H '

where Gr - the magnet field gradient;
AR - the radial position errors;
AZ - the vertical position errors.

The upper sign in the formulae (2) concerns F quadrupoles, the lower sign
concerns D quadrupoles.
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As it follows from expression (1), the disturbance harmonics, the nearest to
betatron frequency, give rise to the biggest orbit distortion. Therefore, the corre-
sponding harmonics of the magnet alignment errors should be considered specially.
But the conventional methods do not allow to extract the dangerous harmonics
from ths alignment error population.

1. The basis for the spectral method.
As a rule, for big accelerator alignment the precision ring geodesic networks

are used. They have a polygon form. The measuring elements of network can
be distances between the neighboring points and the offsets or angles. The point
capacity usually coincides with quadrupole capacity, and the distance values cor-
respond to value of the distances between the quadrupoles. Since our problem is
of an estimation character, let us take this polygon as regular. We take account
too of the following characteristic properties of the accelerator alignment:

1. The requirements to the magnet precise position are given in polar coordi-
nate system.

2. The alignment errors in lateral to beam axis directions are the most critical.

3. The regular position of geodetic points in circumference, the design and use
similarity without separating some of them starting requires to consider the
ring network as free geodetic system.

The basis for the spectral method is the set of n equations (n is the points
capacity), which connect the errors of the measuring values Ah (or A/?) and As
with the errors of the radial coordinates of the network points AR (see fig.l):

; (3)

where for measured h and s

LR, = -2[A7i,- - sin ^(A*,- + A«I+1)] ; (4)

for measured f3 and s

Liu = ~8 cos T • AA + sin £(As,- + AsJ+1) ; (5)
p i I

where p - radian with units of A(3.
The coefficient matrix of the equation set (3) has the dependent columns.

Therefore the unknowns AR can be determined by the certain conditions, namely,
by absence of the displacement of the system weight centre, that is condition for
free geodetic network. The solution of the set (3) is founded on the expansion of
the AJR and LR values into closed Fourier series. It can be realized by the known
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FI9.I1 The schene of the ring geodetic network.
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formulae for expansion into trigonometrical series of the n values X, which are
regularly arranged in the period [2]:

Xi = £ Gh • cos(fcef - Qk) , (6)
*=o

where r = £ at even n, r = ~ at not even n;
Gfc is an amplitude of harmonic under order k;

; (7)

is a phase of harmonic under order k;

^ j (8)

are trigonometrical coefficients,

I " 2 " 2 ^ - 1 .
Ao — — 2_\Xi ; Bo »= 0 ; A* = — Y]XicosfcGj ; B\ = — V^A"jsinfc8j ; (9)

n <=i n *=i n i=i

k — 1,2,3,..., ^ j i at not even n,
Jfe s= 1,2,3,..., I — 1 at even n.
With the even n the coemdent values of last harmonic under order n/2 are

calculated by formulae:

\ l)'*« J ^ n / 3 = 0 . (10)

We will further consider the ring network with the even capacity of points.
Suppose that the AR and LR values are periodic functions of the azimuthal angle
6 with period of 2ir and expand these functions into closed trigonometrical series:

k=0

r
LRi = X)9Rk cos(fcet- -0JRk) . (12)

Using the expressions (11), (12), we can write the equation (3) as

^2 GR}, • [cos(feG,_i — ClRh) — 2cos <f • cos(fc0< — £lRh) + cos(fc0i+i —
fc=0

k=o
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The both sides of the derived equality contain the series. It is known, that the
equality is possible if the series are term-by-term equal. That is, the expression is
correct:

— 2

Taking into account that

&e<_i = fee,-

from (13) it follows that:

(13)

(14)

2 • Gfy • cas{k<p — cos <p) - cos(fc8,- — f2^A) = g^ cos(fc©,- — ojRk) (15)

We have equality of two harmonic waves, which have the similar frequencies
and directions. In this case their amplitudes and phases are equal too, that is

2 • GR}> - cos <p) = gRit , (16)

(17)

If to label
CR =

* 2 coB(k<p — cos <p)
BO

(18)

(19)

Expression (19) allows to correspond the harmonic amplitudes of the measure-
ment error functions to the errors of the radial position of the network points.
Note, that because of indeterminate form of the initial equation set the coefficient
CRk) which can be called as "coefficient of the harmonic amplification", at k = 1
is indeterminate. It can be explained by the conditions for the free geodetic net-
work: the first harmonic of the radial errors causes the parallel displacement of
the network points relative to its weight centre.

2. Some distinctions of the estimate of the measurement
error harmonic set.

Let us investigate the correlation matrix of the vector of the trigonometrical
coefficients

1 = Ar

Bo
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which is linear function of the some measurement vector

J =

I = MJ (20)

The measurement errors are random values, which are characterized by corre-
lation matrix

ml
ml

\

ml )
where m is r.m.s. of the measurement.

As it follows from expressions (9-10), the matrix of linear transformation in
the equation (20) has following form:

1 1 l
2 2 • • • 2

COS © i COS ©2 . . . COS 0 n

cos2©i cos202 . . . cos20rt

• •• • * * •*• *•*
cosr©i ccsr©2 .. . coer©n

0 0 0
sin ©i sin ©2 ... sin 0 n

sin2©i sin202 ... sin26n

2
n

sinr©i sinr02 . . . sinr©n ;

(21)

Let us define the form of the correlation matrix Ki for vector of trigonometrical
coefficients:

KJ = M-KJ-MT , (22)

where MT is transposed matrix M.
The matrix Ki has dimension (2r +1) • (2r +1).
The following equations hold for points, regular placed in the circumference:

n
J^ cos kQi = ^2 cos A©/ • CQBJQJ = ^2 sin kQi • sin,;©,- = 0 ,



E/207

and k + j < n,

cos22 kQ( = n
2

Subject to these equations the matrix Kj will have form:

n
0

0 0

if °
n

0

0

0 (23)

0 0 0 . . . 0

From the derived matrix the following conclusions can be done:

1. The diagonal terms, which characterize error variances of the trigonometrical
coefficients at k = 1,2,3,..., % — 1 are equal each other:

lAo ~ m\n,2 ~
n

t. -0 ;

2m?2 •"""»

n
(24)

2. expressions (24) define error variances for trigonometrical coefficients of the
measurement value errors: offsets, angles, distances, elevations.

3. all not diagonal terms are equal to zero. Consequently, the errors of the
trigonometrical coefficients are not correlated to each other.

Differentiating (7), we get:

dGk — dAk cos £2* + dBj, sin fl* .

Using absence of correlation, let us go to r.m.s. values:

= m2
Ah cos2 sin2

Or, subject to (24),

mG), = mA]t — mBk = 7* (25)

Correspondingly 70 = m ^ ; 7n/2 = f

Let us substitute in the formula, similar (7), for A* and Bt terms their r.m.s.
values. We will get:

Subject to (25) we will have:

(26)
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Considering the sense of formula (7), one may say, that we have got the r.m.s.
amplitude of the k-th harmonic.

If 7t characterizes the error part of each value Xi, due to error harmonic of
k, that Pfc characterizes the r.m.s. amplitude of this harmonic. For harmonics of
k — 0 and k = n2 we will have:

To = rnco = 7o

J = 7n / 2 . (27)

3. The harmonic set estimation of the ring network geodetic
points radial position errors.

Let us consider the geometrical conditions in the ring network. By analogy
with known level method we have here three conditions too:

? = 0 or gh = 0 ,
aRl=0, (28)
6a, = 0 ,

where 5ho> 9$o> 9Po ^^ amplitudes of the zero harmonics of the Ah, As, A/3;
flRi, bRl are trigonometrical coefficients of the first harmonic of LR, values.
The methodology of level and its final results will not be considered here.

But from condition equation set (28) one can see, that by level only zero and
first harmonics of the measured values will have got corrections. The rest error
harmonics of measured values at the final of level are not corrected and all go into
the error harmonics of the point position.

To estimate the r.m.s. amplitudes of harmonics of fe = 0, 2, 3, 4, . . . , n/2
orders let us use the outcome from expression (19):

Ajt, = CR]t • aR]t ; BRk = CRk • bRl> . (29)

Using (7), (12), let us write in more detailed form one of the equations (29), for
example, the first one:

-i . . » _ ft

~8 • cos — ^ Afr coskQi + sin - J2(&8i + ^ 5«+i) c o s

2 Z
8 cos ^ Afr coskQi + sin

n [P 2 ,=1 Z 8=1

The formula set (14) allows to get easily the expression, of following form:

n r -i

ARk = — CRh \~
n [P

s • cos — ]T^ Afii cos kQi -f- sin —(1 + cos k(p) ̂  As,- cos k&t+
2 2

4-sin — Bin k<p2_jAoiBin
2 i=i
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Or, that is equivalently,

l-S'Cos— apk+sin—(l+cosk(p) -a^ + sin ̂  sin fop • 6 ,J .
LP 2 2 2 J

Here coefficient ARk is the linear function of the trigonometrical coefficients
O0fc, affc and b,k of the expansion into the series of the measured value errors,
namely of angles and distances. Using the absence of the correlation between the
coefficient errors one can easily enough come to r.m.s. values:

A = C\ \j>s2 • cosa | ^ + sin21(1 + cosk<pf • ̂  + sin21sin2k<p • <£ J .

Substituting for ypk and 7 n the equivalent values, defined by (24,25), taking into
account (26), we will have for the case of angles and distances measurement:

CRh « / - • B2 • cos 21 • ml + 2 sin2 £(1 + cosJ^) • m2 (30)
Y p* Z Z

Doing the similar operation, we will have for the case of offset and distances
measurement:

f
For harmonics of h = 0 and k = n/2 orders the F ^ values are \pi as low.

4. The harmonic set estimation of the vertical position er-
rors.

To estimate the harmonic set of the vertical position errors we will use the
same supposition.
Assume that: n is the number of geodetic points in the network;

t is the current point number.
The equations connecting the measured elevations z with altitudes Z have the
following form:

Zi - Zi_i = Zi .

Differentiating, we will have the n equations of the form:

AZi - AZ,-_i = Azi. (32)

Suppose that AZ and Az values are periodic functions of the azimuthal angle
G with period of 2TT and expand these functions into closed trigonometrical series:

i = £ GZk cos(&ei -nZh), (33)



n/2io

r

= £ 9zh cos(fce,- - uz>) , (34)

where Gzh, <7*fci £lzk, Uzk axe defined by formulae (7-10), where AZ and Ax
values substituted for X.
Using (33),(34), let write the initial equations (32) as

r r
> t-TjJ. |COSIKC7j — »»ZLJ COSlKv3j_i — »»£fc II ~ / w,. * COSI reOj — Wg,\

Jfc=0 Jfc=0

As the series equality is possible only by the each-by-each equality of their terms,
that, taking account of (14), after easy trigonometrical transformations we will
have:

As earlier we have equality of the two harmonic waves with the same frequencies
and directions. Consequently their amplitude and phase are equal, that is:

k<p

Y~9zi>'
From here

GZh = Czh • gIh , (35)

where

=• (36)
2

Note, that coefficient of the harmonic amplification for zero harmonic is indeter-
minate. This is the result of the indeterminate form of the initial equation set
(32). But in this case failure to take into account the zero harmonic AZ reduces
network without any deformations to the mean horizontal plane.

The r.m.s. value of the elevation measurement error m characterizes the ran-
dom values, which are not correlated. Using it with help of expressions (24-26) one
can go to r.m.8 amplitudes of expansions of these values into closed trigonometrical
series. As result we will have:

2m,

Using now the equation (35), after the transfer to r.m.s. values we will get
r.m.s. amplitudes of the vertical t>oint position errors:

(37)

r.m.s. amplitudes of the vertical point position errors:

x Zi. —
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5. The estimation of the results.
With the final formulae (31,37) the r.m.s. amplitudes for radial position errors

of the network points of the operating Serpukhov accelerator with network radius
of 236 m were calculated. The network includes 60 points. The measurement pre-
cision is characterized by following values in r.m.s: offset mj, = 0.04mm, distances
m, = 0.2mm, elevations m* = 0.05mm. Rrom resulting Table 1 we can see, that
the measurement errors will have the main effect on the amplitude amplification of
error harmonics of lower orders. It is explained by high values of coefficients of the
harmonic amplification Cnk. With the rise of harmonic order the error harmonic
amplitudes quickly reduce.

Table 1.
The r.m.s. amplitudes for the radial position errors

of the ring network points at Serpukhov accelerator.

Harmonic
orders

0
2
3
4
5
6
7
8
9

91.3
30.5
11,5
6.2
3.9
2.7
2.0
1.5
1.2
1.0

ficm

1064
711
267
143
91
62
45
35
26
23

Harmonic
orders

11
12
13
14
15
16
17
18
19
20

c*
0.8
0.7
0.6
0.6
0.5
QA
0.4
0.4
0.4
0.3

ficm

20
17
14
13
11
10
8
8
7
7

Harmonic
orders

21
22
23
24
25
26
27
28
29
30

Cnk

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2
0.2
0.2

r«J
Hem I

1
6
6
6
6
6
6
6
6
4

Table 2.
The r.m.s. amplitudes for the vertical position errors
of the ring network points at Serpukhov accelerator.

Harmonic
orders

0
2
3
4
5
6
7
8
9

10

CR>

9.6
4.8
3.2
2.4
1.9
1.6
1.4
1.3
1.1
1.0

ficm

123
62
41
31
25
21
18
16
14
13

Harmonic
orders

11
12
13
14
15
16
17
18
19
20

0.9
0.8
0.8
0.8
0.7
0.7
0.6
0.6
0.6'
0.6

TR>
ficm

12
11
10
10
9
9
8
8
8
7

Harmonic
orders

21
22
23
24
25
26
27
28
29
30

c*>

0.6
0.6
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

TRk
ficm

7
7
7
7
7
7
7
6
6
3
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For example the comparatively high amplitude of second harmonic points to
the fact that as result of measurement errors the network points will displace into
the smooth elliptic curve with minor deviation from ones due to the harmonics of
the higher orders.

The similar effect is observed for vertical position of points (Table 2). But
in this case the amplitude reduction is more smoothed. Due to correlation the
network points take up the error position in the sufficiently smoothed curves,
defined by error harmonics of the low orders. For example, the first harmonic sets
off the comparatively small inclination of orbit by angle:

a" =
R H

In the showed example at the radius of R = 230 m, a — 0.1".

CONCLUSION
The derived results confirm the very important property of ring networks:

the measurement errors cause the smooth deformation of the initial form. From
this deformation one can sufficiently easily extract and estimate the dangerous
harmonics. The absence of correlation among the error harmonic components
allows to use ones for the further method development: the definition of the other
precise characteristic of network, the estimation of the orbit distortion due to
alignment errors and so on.
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Status Report on the Survey and Alignment
Efforts and Results

of the Advanced Photon Source*

Horst Friedsam, M. Penicka, S. Zhao
Argonne National Laboratory, Argonne, Illinois, USA

1. Introduction

The Advanced Photon Source (APS) is a third-generation synchrotron providing scientists with
X-ray beams 10,000 times more brilliant than any currently available. The 7-GeV synchrotron light
source produces X-rays in the soft to hard X-ray range of the electromagnetic spectrum and will be
used for basic research in X-ray lithography, material science, chemistry, physics, micro-mechanics,
and medicine to name some of the participating disciplines. The APS will be fully operational for
beamline users in 1997.

The APS consists of a 70m-Iong linear
accelerator, a positron accumulator ring
(PAR), a booster injector synchrotron
ring (SY) with a circumference of 368m,
and the storage ring (SR) with a
circumference of 1104m (Fig. 1). The
40m electron linac uses 200-MeV
electrons for the production of positrons.
In the 30m-long linear accelerator section
following the electron linac the particles
gain a mass of 450 MeV before entering
the positron accumulator ring. From there
the beam is injected into the booster
synchrotron which accelerates the
positrons from 450 MeV to 7 GeV before
they enter the storage ring. The storage
ring can accommodate up to 68 user X-
ray beamlines. Currently the storage ring
is being commissioned for the start of
operations in 1997.

Fig LAPS site

' Work supported by US DOE Office of Basic Energy Sciences under Contract No. W-31-109-ENG-38.
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2. Alignment Tolerances

2.1 Absolute positioning tolerances

The global placement tolerances require the positioning of each beam component in absolute
space within a vertical and horizontal envelope of ±5mm of the ideal position. The circumference of
the storage ring cannot deviate from its design value by more than ±20mm. The roll of each
quadrupole, sextupole, and dipole has to be set within ±0.5mrad.

2.2 Relative positioning tolerances

The relative alignment between beam elements depends on the type of component and its location
in the accelerator system. The most stringent requirements have to be achieved for the positioning of
the storage ring multipoles. According to the design specifications for those magnets [1], a relative
alignment tolerance of ±0.15mm is required in the vertical and horizontal direction. The tolerances
for other beam components, depending on their location in the accelerator system, have been
reported in more detail in the proceedings of the 1993 IWAA [2].

3. Special Alignment Tools

The forced centering system used for the alignment of the %
APS is based on the perfect fit of a sphere and conical socket.
This concept was developed for the Advanced Light Source
(ALS) project and guarantees very reliable and accurate
repeatability in defining the center location of monuments.
Figure 2 shows an APS floor monument with an illuminated
Taylor Hobson sphere and the protective cover plate.

Fig. 2 APS floor monument

Based on this system, several custom adapters have been
designed and built to make maximum use of the forced centering
system and to increase the alignment productivity. For instance, a
monopod was developed in a joint effort with the Stanford Linear
Accelerator Center (SLAC) and the ALS. Figure 3 shows the
final design of this device. It permits an easy setup on all
secondary control points located in the storage ring tunnel and
experiment hall floor. The plumb line is mechanically realized by
the hollow upright aluminum tube. The four centering screws are
adjusters to level a surface on top of the monopod precisely
machined perpendicular to the monopod center axis. The
monopod rests on top of a 3.5"-diameter Taylor Hobson sphere
positioned in one of the floor monuments.

Fig. 3 Monopod



n/2i5

Fig. 4 ME5000 with adapter plate

Fig. 5 Laser tracker system

Fig. 6 Wedge jack adjuster

In order to minimize the plumbing error of an instrument
above a network control point, another special adapter was
designed that reduces the instrument setup height to a few
centimeters above the Taylor Hobson sphere. The adapter
plate shown in Fig. 4 in use with the ME5000 consists of a
3.5" half-sphere mounted to the bottom of the plate,
matching the radius of the Taylor Hobson sphere. Concentric
to the center of the sphere, a Kern fixture is mounted on top
of the plate. Two adjustment screws permit the leveling of
the device before the instrument is mounted. All distance
measurements of the secondary control network in the
storage ring tunnel are accomplished using this system.

For the determination of the primary and secondary
control network, common survey instruments such as
theodolites and the ME5000 are employed. However, during
the positioning of the beam elements in the accelerator
housing, new technology in the form of laser trackers is
utilized. The laser tracker system proved to be invaluable in
keeping the alignment efforts synchronous with the
production rate of beam components to be installed. In less
than one year all storage ring beam components were
produced, installed and aligned to their final stage ready for
the start of the commissioning phase. Figure 5 shows the
SMART 310 from LEICA in operation during the
positioning of a girder. A survey technician is using a wedge
jack girder adjuster while the applied movement is being
monitored by the laser tracker in real-time.

Wedge jack adjusters such as the one shown in Fig. 6 are
used to support all storage ring girders at three points [3].
The system is used for elevation adjustments only and
guarantees little or no cross coupling to the lateral and
longitudinal adjustments performed by turn buckles attached
between the girder and the girder support pedestals. The
overall adjustment range is 8mm with a smooth elevation
change of 0.35mm per turn of the adjustment screw. The last
step in setting the proper elevation requires the stretching of
the bolt supporting the girder attached to the support plate
of the wedge jack adjuster. This ensures that the mechanism
is locked in place.
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4. Alignment Results

The APS primary control network consisting of 12 control points was measured in November
1992 using ME5000 distance measurements only. The l a absolute error ellipses obtained for all
primary control network points were in the range of ±0.3 mm [4],

About one year later the last measurements for the secondary control network were recorded.
Again l o error ellipses of +0.3mm were obtained for all 600 control points, resulting in a very
accurate and homogeneous control network for the positioning of the beam components. Naturally,
over time, the accuracy of this control system started to deteriorate with changes in the concrete
floor. This became especially evident at a transition piece between sectors 33 and 34 of the storage
ring. When the time came for the beam components to be positioned in this area, local measurements
with the laser tracker system confirmed that one part of the floor plate had shifted lateral to the beam
direction by l-2mm. Due to the time constraints dictated by the installation schedule it was
impossible to remeasure this section of the secondary network and the beam components in this area
were positioned using beamline smoothing techniques.

After the completion of the storage ring girder alignment the position of all quadrupoles,
sextupoles, and dipoles were measured once more using laser trackers [5]. In order to obtain the
connection between individual tracker setups, additional temporary control points were installed and
measured. The data was analyzed using a bundle adjustment routine developed at SLAC. The
differences between the resulting magnet positions from the bundle adjustment and the ideal locations
were then subjected to the smooth curve fitting operation [6].

The results of the smoothing process is shown in Figs. 7 and 9 for the transverse and vertical
deviations from the ideal position. One can see that the smooth curve deviates from the ideal position
by ±4mm, within the confines of the envelop for the absolute positioning of the beam components.

P«Cum Smoothing for X Conpcntrt HiJtognm of X Componenti in Slonge Ring (Q+S)

0.23x10* 0.50x10* 0.75x10*

PbUnce n [mm]

1.00x10*

Devlititmi in mm

Fig. 7 Transverse displacements
of all storage ring multipoles

Fig. 8 Histogram of the transverse
displacements of all storage ring multipoles
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P-Curvt Smoothing Tor Y Component Hiitegramef Smooihtd Y Conf onenU in StongcRing(Q+S)

Devtitiocu in mm

Fig. 9 Vertical displacements
of all storage ring multipoles

Fig. 10 Histogram of the vertical
displacements of all storage ring multipoles

Finally, Figs. 8 and 10 show the histograms for the deviations of the multipoles from the smooth
beamline. All components have been placed within the 2a range. Out of 680 multipoles, only 3% in
the transverse direction and 2% in the vertical direction have been placed in the l a to 2a range. The
achieved relative position tolerances are ±0.09mm transverse and ±0.07mm vertical, well within the
specified tolerance level [7].

The laser tracker system was used for the initial positioning of the beam components in the
storage ring. In order to estimate the quality of the achieved vertical positioning, a separate
conventional level run using the NA3000 was recently peii'ormed. The time lag between positioning
the beam elements with the laser tracker system and the conventional level run was about seven
months. During this time, some of the girders were retrofitted with vibration damping material - a
process which disturbed the initial alignment and was monitored with laser tracker measurements.

The results of a comparison between the elevation differences obtained by the laser tracker, after
analyzing the data using bundle adjustment, and the conventional level method is shown in Figs. 11
and 12 for about 50% of the storage ring. Figure 11 shows the variations between the elevation
differences of adjacent fiducial marks obtained by the laser tracker and the NA3000 level. Figure 12
displays the result in the form of a histogram showing the normal distribution with a mean of zero
and a standard deviation of ±0.05mm, justifying the use of the laser tracker for the vertical
positioning of the beam elements.
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Fig. 11 Variations of elevation differences
obtained by the LTS and NA3000 level

Fig. 12 Histogram of the
variations in elevation differences

In June of 1993 a first settlement survey of the storage ring was performed. Approximately every
six months thereafter the settlement survey of the storage ring control network has been repeated. A
comparison of each survey epoch to the very first data set is shown in Fig. 13. One can see that for
the most part the elevations are unchanged and repeat in a band of ±0.25mm with the exception of
two areas which coincide with the vehicle tunnel underpass and an area in which backfill was used to
stabilize the underground during the construction of the APS.

S R e l e v a t i o n c h a n g e s r e l a t i v e t o 6 - 1 4 - 9 3

d H

i l H

— — — 5 S

(2

e c

• ' )

• 1 )

10 IB

•
— d H

— dH

( 3 -

( 5 -

1 )

t )

S R M o n u m e n t s

Fig. 13 Storage ring settlement surveys

Currently efforts arc underway to install a settlement monitoring system using hydrostatic level
sensors from Fogal Nanotech. In the first phase each straight girder carrying the majority of the
focusing multipoles will be outfitted with one sensor. This system provides continuous data about the
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long-term settlement of girders and the storage ring floor. The determination of elevation changes is
based on the measurement of capacitive changes whereby the sensor and the water surface are
forming the capacitor. The system has a resolution of ±0.05mm for the determination of the elevation
difference between sensors and a measurement range of ±7mm.

A portable version of this system is now in use for monitoring the vehicle underpass area of the
storage ring and experiment hall floor. This test has been set up to provide information about
seasonal, temperature-dependent changes in that particular area. If necessary, the concrete plate
spanning the top of the vehicle tunnel can be heated in order to compensate for large seasonal
temperature fluctuations.

While settlement surveys monitor long-term elevation changes which could affect the operation
of the APS, vibration studies have been conducted to measure the effects of vibration source on the
beam stability [8], Figure 14 shows the displacement spectrum of a typical storage ring quadrupole.
One can see that the displacement reaches a maximum of 0.2|im at lOHz, the girder resonance
frequency.

This impacted the beam stability and lead to the development of vibration damping pads. The
damping pads consist of two thin layers of viscoelastic material sandwiched between three metal
plates [9]. Each layer is 0.15mm thick. This stack is inserted between the girder pedestal and the
wedge jack assembly. By adding these vibration damping pads it was possible to reduce the
quadrupole displacements to 0.07[im at a resonance frequency of 9.5 Hz as shown in Fig. 15.
Currently about 50% of the storage ring has been underlined with damping pads; the remaining
girders will be retrofitted in the near future. This process naturally impacts the alignment already
achieved and requires the support of the alignment team during the installation process.

To date, no noticeable girder settlements have been recorded due to the insertion of the damping
material. In order to prevent the girders from sliding on the viscoelastic material, all girders are
locked in place once the final position has been reached.

SROutdrupoU Horizontal D 4 i p l i » m « i l Spir t rum w»h<wl d impln j p i d i

S 10 IS 30 1 * JD IS 40 *i SO
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Fig. 14 Displacement spectrum without
damping pads

Fig. 15 Displacement spectrum with
damping pads
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5. Summary

Considering that a relative positioning accuracy of ±0.09mm in the lateral direction and ±0.07mm
in the vertical direction has been achieved, and taking into , ccount the standard deviation for the
determination of the magnetic center versus the mechanical center of ±0.075mm3 the position
between magnet centers is estimated to be within ±0.125mm less than the required ±0.150mm.

The successful alignment of the APS storage ring is also documented by the rapid progress in the
commissioning program. Shortly after the start of the storage ring commissioning phase, the beam
was transported around the entire ring without the use of correctors. Multiple turns were recorded
shortly thereafter and rf capture of the beam has been demonstrated. In March 1995, only two
months after the start of the commissioning phase, the first X-ray light produced by a bending magnet
was recorded, and during August the first undulator to produce X-ray light was installed. The present
goal is to achieve higher beam current and a longer beam lifetime with an improved vacuum.
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METROLOGY OF SUPERCONDUCTING MAGNETS
LHC Test String First Experience

D. Missiaen
European Laboratory for Particle Physics, 1211, Geneva 23, Switzerland

1. INTRODUCTION

The Large Hadron Collider project (LHC) incorporates novel design features which are
particularly challenging : twin aperture superconducting magnets with a stored energy higher
than 5 MJ per magnet and working in a bath of superfluid helium. It was therefore decided in
1991 to order several full length prototype magnets and install them in a test string, to
demonstrate the feasibility of the LHC. From the alignment point of view, new problems need
to be solved and the Survey Group took the opportunity to experiment some techniques on the
cryostats of the test string.

This paper presents the test string and then describes the tests the Survey Group made
during the "Run 1" of the String.

2. DESCRIPTION OF THE TEST STRING

The test string was originally foreseen to correspond to a full LHC half-cell, i.e. one
short straight section and four dipole magnets, as designed in 1991, when the project started.

However, as the delivery of the 10 m long dipole was delayed, it was decided to install
the string with the short straight section and only two dipoles.

The string starts with the string feed box (SFB), which is a large tank necessary for
feeding the superconducting magnets with the different cryogenics fluids.

The short straight section (SSS) cryostat contains the quadrupole but the correction
elements such as sextupoles, tuning quadrupoles and closed orbit correctors, normally present in
the SSS, are here replaced by dummies. It is directly connected to the SFB on one side and to
the dipole magnets on the other side. The weight of the SSS is roughly 10 t, while the dipoles
are heavier (30 t).

The string ends with the string return box (SRB), which closes the string cryostat vacuum
and contains the short circuits for the electrical busbars as well as some cryogenic valves.

To reproduce the conditions of the LEP tunnel in which the LHC will be installed, the
String was built on a concrete girder as wide as the LEP tunnel and with a slope of 1.4%. As it
was originally foreseen to install the LHC above the LEP collider, all the string elements are
mounted on r shaped supports which bring the cryostat axes to about 1.7 m above the floor.
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poles

SFB

SSS

Fig 1. An overview of the String Test

3. THE SURVEY IMPLICATION

For the "classical" magnets, the fiducials used for their alignment are located directly on
the laminations and therefore their position, once measured, is not susceptible to change.

In the LHC, the alignment of the superconducting magnets will be done using the
fiducials located on the cryostat and according to the magnetic or the geometrical axis of the
cold mass. The cold mass, located inside the cryostat, is supported by two cold feet. One of the
two is fixed, the other one is free in the longer direction of the cryostat to allow the contraction
of the cold mass during the operation of the "cooling down" and its elongation during the
"wanning up".
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Once the cold mass is installed into the cryostat, the position of the fiducials is measured
according to the cold mass. Then, the cryostat is transported to its final position and is subjected
to the cooling down and eventually to quenches.

In order to register movements of the cold mass according to the cryostat, and therefore
to be sure that the position between the fiducials and the axis of the magnet does not change
during the life cycle of the magnet, a measuring system has been developed in collaboration with
industry.

4. MEASURING THE MOVEMENTS OF THE COLD MASS ACCORDING TO
THE CRYOSTAT USING A CAPACITIVE SENSOR SYSTEM

4.1 Description of the system

The hardware part of the system is composed of three main components :

• the active positioning detector, which is a cylinder made in stainless steel with a rectangular
hole running through it. The inner part of the hole, made in ceramic because of its stability,
is equipped with nine capacitive sensors. These sensors are installed as described below :

• four in the longitudinal direction (length of the cryostat) with a range of 15 mm and
an accuracy of 0.022 mm;

• four in the radial direction (perpendicularly to the main dimension of the cryostat)
with a range of 4 mm and an accuracy of 0.005 mm;

• the last one in the vertical direction with a range of 4 mm and an accuracy of
0.05 mm.

This cylinder is fixed to the cryostat, inside the latter.

Silica Ftod

Gddfoct

Ceranric sensor box

Racial sensors

Oyostat

Vertical sensor

Fig. 2. The Capacitive sensor system
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• the passive detected object is a silica cylindrical rod whose external surface has been
covered by a thin layer of metal. One of its extremities is fixed to the cold mass, while the
other fits into the hole of the active positioning detector. The position of the rod can then be
determined with respect to the detector. Movements can be detected for three translations and
two rotations. It has to be noticed that the combination detector box/rod has to be calibrated.

• As the system is based on capacitive measurements between the active positioning detector
and the rod acting as a target, it needs a readout and calculating device. This is composed
by an ADC, a multiplexer and finally a PC.

The software part of the system consists of a program running on the PC that collects the
data and calculates the distances in the three directions and the two angles from the incoming
tensions and the results of the calibration. It has to be noticed that, for every measurement of the
nine sensors, three reference capacities are also measured.

The calculation is done using a calibration function for each combination of sensor
box/rod, the whole measuring range being divided into four sectors of measurements to avoid
"shadows zones". The distances are then determined by using the values of the lower or upper
row of sensors, the angles using values of both lower and upper rows.

4.2 Preliminary tests

Before installing the system inside the cryostats, some tests were done in a laboratory in
order to verify the accuracy of the system, during a short period of time as well as during a long
time.

For all the translations and the two rotations, the accuracy was better than the
specifications asked for by CERN.

On the other hand, in order to see if a drift occurs on the sensors after a certain time, a
long time test was carried out with registration of tensions every 10 mn on a period of about 100
hours. The results show no drift in the longitudinal and radial direction.

In the vertical direction, some movements were detected which cannot be considered as
typical drifts but as temperature influences on the framework, as the place where the test took
place was not air-conditioned. In the same way, no drift could be seen during the hundred hours
of tests on the rotation angles.

4.3 The system in the cryostats of the LHC Test String

The feet of the quadrupole (SSS), as well as these of the second dipole (12), are equipped
with the detector system. The first dipole (II) arrived at CERN before the system was
operational and was so badly manufactured that it was impossible to install the system inside the
cryostat.

Two kinds of measurements were done with the system :

• long term stability;
• during quenches.
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4.4 Stability measurements

Run 1 of the LHC String Test started on the 30th of September 1994 and ended in the
middle of June 1995. During this period, the operations on the string were as follows :
• pumping in the beginning of October 94;
• cooling down from 300K to 1.8K;
• warming up to 300K (Christmas shut-down);
• cooling down again in February 95;
• warming up in June 95.

below:
At all these stages, measurements were made and the results are shown in the figures
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Fig. 3. Longitudinal movements of the cold mass

On figure 3, it can be noticed that, during the cooling down and the warming up, the two
mobile feet are moving in the range of what was foreseen by the calculations and according to
their length (6 mm for SSS and 16 mm for 12). However the two other feet are also moving in
the range of 200 urn, which was not expected.
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Fig. 4. Radial movements of the cold mass
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On figure 4, very small movements (in the range of 30-40 urn) can be seen for all the feet
except the mobile foot of the SSS which has moved in a stranger manner, going from ± 50 u,m
around its original position. This strange movement has not been explained yet.

—a—SSS Fixed
foot

- -o- - SSS Mobile
foot

—0—12 fixed foot

- - Q - 12 Mobile foot
o - - -O

Dates

Fig. 5. Vertical movements of the cold mass

Figure 5 shows important movements (between 250 and 450 p.m) on all the feet except
on the fixed foot of 12.

The four cold feet on which measurements were taken are not made with the same fiber
angles and therefore the contraction coefficients are not the same. This is the reason why the
movements in the vertical direction are so different.

A general remark about the three latter figures is that the "fixed" feet are not as fixed as
they are called. They seem to be flexible, reacting like a spring.

The other important thing to be noticed is that after one year of measurements on these
two cryostats in the three directions, the positions are not exactly the same than the ones
measured one year ago. This is summarized in the table below.

Table 1 : Variations of the cold mass position from May 94 to June 95

SSS : Fixed foot
SSS : Mobile foot

12: Fixed foot
12: Mobile foot

Longitudinal (|im)
126
377
177
163

Radial (|im)
9
62
73
-10

Vertical (Urn)
-13
10
4

139

The variations are not really big but they could not be considered as negligible.

The relative alignment, in the vertical and the radial direction, of three consecutive
quadrupole of the future LHC should be realized with an accuracy of 0.1 mm, therefore the
position of the cold mass with respect to the cryostat should be known with a better accuracy.
This accuracy cannot be obtained in the actual cryostat.
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4.5 Measurements during quenches

What is a quench ?- A quench is a resistive transition, i.e. when a magnet changes from
the state of superconductivity to the state of resistivity; it occurs when either the critical
temperature or the critical current or the critical field is by-passed. It can also occur in case of
beam loss.

The studies of the behaviour of the cryostat during a quench were done on a test bench
located very close to the string. The measurements were done on all the cryostats that composed
the string. The string, itself, was useful for studying the propagation of a quench.

4.5.1 Studying the movements of the cold mass of a cryostat during a quench in this cryostat

The three following figures show the movements of the cold mass of the cryostat 12
during a quench that occurs in 12. The quench was generated by increasing the current with a
high ramping rate, from 0 to 13 kA in about 2 mn. A variation of about 150 microns can be
observed on Figure 6. It is due to the elongation of the cold mass because of the rise of the
current. The curve of the square of the current is rigorously parallel to the curve of the
longitudinal movement.
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On figure 7 a very small movement of several microns can be observed.
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No real vertical movement was detected by the system. This last figure proves that the
electronic of the system is not perturbed by the effects of the quench as it could have been
implied by figure 7.

On the three preceding figures, because the period of time displayed is too small (about
3 mn), the beginning of the ramping is not on the graph and it cannot be seen that the cold mass
comes back exactly to its original position after several minutes.

4.5.2 Studying the movements of the cold mass of a cryostat during a quench in another
cryostat

The figures below shows the movements of the cold mass in the cryostat SSS on the
mobile foot in the three directions during a quench that occurred in 12.
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The graph of the longitudinal movement is different from the graph of the figure 6,
because as the quench occurred in 12, no elongation of the cold mass can be observed. But a
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movement, like a shock wave, that seems to come from the origin of the quench (12) towards the
extremity of the string can be observed.

A few seconds after the quench, the cold mass returns to its position.
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As for the quench inside 12, a small movement (about 12 microns) was detected and an
oscillation is to be noticed after the quench. This oscillation stops after several seconds.
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Fig. 11 Vertical movements of the cold mass of the SSS
(mobile foot) during a quench in 12

No significant movement was detected in the vertical direction.

5. MEASURING VIBRATIONS OF THE COLD MASS USING THE CAPACITIVE
SENSOR SYSTEM

In the future LHC, a vibration of the cold mass at a frequency of 2 kHz can generate a
loss of the beam.
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In order to try to detect vibrations at such a frequency, the system was modified to be
able to get data from one sensor at a time at a frequency of 10 kHz, instead of eight times a
minute for all the sensors originally.

The acquisition was done on a Mac using Labview and the calculations using the Fast
Fourier Transform.

The measurements were taken on the nine sensors during a period of time of 0.8 s at a
frequency of 10 kHz, one sensor after the other because of the acquisition problems mentioned
before, but exactly in the. same temperature and current conditions of the string and with all the
pumps stopped.

In the longitudinal and in the radial direction, the results are exactly the same for the four
different sensors, it is the reason why only the results of one are presented.

Fig. 12. Vibrations in the longitudinal direction (1 mV = 3 (im).
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Some oscillations were observed in the three directions : at 2.2 kHz in the longitudinal
direction but with a lot of noise, at 1.1 kHz and an harmonic at 2.2 kHz in the radial direction
and roughly at the same frequency in the vertical direction.

The problem is that the system measures the vibrations of the silica rod fixed on the cold
mass with respect of the cryostat on which the system is fixed. So, does the system measure the
proper frequency of the rod which seems to be in the range of 1 kHz, the vibrations of the
cryostat itself, or really the vibrations of the cold mass which interests the physicists ?

With the actual system, it is currently impossible to answer this question and this is the
reason why it has been decided to install accelerometers on the cold mass of the SSS and of II.
The measurements will be done during "Run 2" of the string.

CONCLUSION

It is the first time that, in a cryomagnet, the position of the cold mass with respect to the
cryostat is very well known. The capacitive sensor system is very satisfactory for its accuracy as
well as for its reliability.

The results of the measurements show that the feet move as expected in the longitudinal
direction, are less stable than foreseen in the vertical direction but don't move at all in the radial
plane. After a quench, the cold feet come back to their original position.

The results of the measurements on this first series of cryomagnets are very interesting,
first of all for the surveyors who will have to align the superconducting magnets in the future
LHC, but also for the designers of the cold feet who can appreciate what progress needs to be
done on the feet, and for the mechanical engineers who are designing the supports for the
magnets.

At the beginning, it was foreseen to install the capacitive system only in the prototype
cryomagnets, in order to prove the stability and the repeatability of the position of the cold mass
during all its life cycle, from the insertion inside the cryostat to the installation into the tunnel
and during the operation of the LHC.

Now, taking into account the results of these measurements and the fact that a vacuum
barrier will be located very close to the SSS, very light comparatively to a dipole, the decision
has to be taken if a system for checking the position of the cold mass has to be installed in all the
SSS of the LHC.

As a matter of fact, it must be admitted that the system presented in this paper is not
really appropriate to large series because of the high heat inloads generated (150 mW) in the
cryostat and also because of its price.
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Preface

Although the ideal and universal support system has not been invented yet, there are many

implementations which fulfill most of alignment's requirements. However, inventing a new support

system seems to repre^gnt the last design challenge, why would we otherwise witness so many new

attempts. Already Plato reminded his scholars that one should learn from the past. Unfortunately,

learning from previous designs and implementations doesn't seem to carry much attraction. Or it is

that we, the customers, are not doing our job by letting the design engineer know what we would

like to see done, what we think works, and what is already there.

This contribution is an initiative to create a reference for support systems which exist in our

laboratories and we know do work. Such an undertaking will require everybody's active support and

feedback. I already have to thank my peers at many laboratories who helped me put together this

first draft. Only if a more or less complete library of existing designs can be compiled with easy ac-

cess to drawings can we then hope that the support system design competition looses its challenge.

1.0 Introduction

As alignment tolerances get ever tighter, the interplay of alignment with mechanical engi-

neering becomes ever more important. In fact, accelerator alignment has advanced so far that me-

chanical uncertainties now exceed observational uncertainties. Of the mechanical issues bearing

* Work supported by Department of Energy contract DE-AC03-76SF00515

x Author e-mail: ruland@slac.stanford.edu and FAX: (415)926-4055
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upon alignment, one of the most crucial is the magnet supports; these must provide both stability

and a fineness of motion substantially exceeding the final alignment tolerances.

Magnet supports are the interface that allows mechanical mounting of components and their

subsequent alignment to a nominal position in three-dimensional space. Supports thus provide two

functions: that of a spacer to bring the component close to its ideal position, and that of a fine mo-

tion system to enable the surveyor to move the component to its ideal location within the required

tolerance.

It is essential to understand that Magnets, Supports, and Survey and Alignment are interre-

lated. Ideally, one person would be responsible for all these functions. In larger projects, beyond the

scope of one such manager, the responsible parties must be in regular communication. A magnet

designed without supports in mind can be quite impossible to hold onto.1 A support system that

holds the magnets up, but requires a hammer to operate, renders impossible the achievement of tight

tolerances. Magnets, Supports, and Survey and Alignment must be designed as a system.

1.1 Spacers

Components, with their adjustment systems, are rarely mounted directly to the floor or to an

elevated concrete structure. Instead, girders or individual stands are used to hold a component at its

approximate position and elevation above the floor. These spacers serve as the backbone on which

the more precisely machined adjustment systems can be mounted.

1.1.1 Girders

A girder is a strongback or platform onto which a group of components can be mounted at

beam height. Girders simplify the installation in cases when many small components need to be

supported immediately adjacent to one another. The major advantages of a girder support system

over individual stands are:

• The girder isolates individual components from ground settlements, since the whole group of

components moves up or down together. Any settlement can be corrected by adjusting the posi-

tion of one girder, rather than many support stands.
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• To bring the magnet poles as close as possible to the beam in the latest generation of machines,

the clearance between the pole tips and the vacuum chamber is very small, allowing little motion

of the magnet with respect to the chamber. A global position adjustment of individual compo-

nents requires many iterations and much time, unless all the components are mounted together

and move as one monolith.

• As vacuum chambers become increasingly complex, it is often impossible to achieve and retain

the correct shape in the production process. Whereas magnet supports should generally be kine-

matic (i.e., provide only the minimal number of constraints), for vacuum chambers, a heavily

overconstrained system is often required so that the chamber can be pushed and pulled into

shape. Such a system will work satisfactorily only if all constraints connect to the same refer-

ence body. This eliminates the use of individual stands.

• Girders can be filled with water to increase their thermal capacity, thereby slowing the rate of

response of the girder to temperature variations.

• Girders can be preassembled in a shop before installation. All of the magnets and the vacuum

chamber for a girder are installed and aligned to the final relative tolerance in a local girder co-

ordinate system. Water-cooling manifolds and hoses are assembled on the girder at this stage, as

are the connections of electrical circuits. All this work can be done in a production line envi-

ronment rather than the tunnel, making it more efficient and of higher quality, with a more reli-

able inspection.2 Installation of the preassembled girder ivi the tunnel is also significantly faster.

There are two primary types of girders: steel box and concrete. Concrete girders (Fig. 1)

feature two I-beams cast into a rectangular cement block and machined flat. The rail system formed

by the I-beams supports the beam line components. This system is widely used at SLAC. Concrete

girders have a significant cost advantage, but great care must be taken during the construction and

cement curing process, for slow creep and hairline cracking can severely hamper the monolithic

quality of the finished girder. The other girder type (Fig. 2) is the stress-relieved structural-steel box

girder. During the machining of the top and bottom plates, all the mounting holes can be quickly,

cheaply, and accurately drilled and tapped by NC machines, obviating the need for lengthy prea-

lignment and for manual drilling and tapping of mounting holes.
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Fig. I. Concrete girder as used in SLAC Final Focus.

Fig. 2, Steel girder as used in LBL ALS. Photo courtesy of Lawrence Berkeley Laboratory,
University of California

1.1.2 Individual Stands

Individual stands are generally used in situations where components are more spread out; e.g.,

transport lines. The simplest form of stand is a length of pipe with plates welded to the top and bot-

tom (Fig. 3). The diameter of the pipe is of course a function of stand height and component load.
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Fig. 3. Individual steel stand

More sophisticated stands are used at SLAC in the

FFTB. These stands are made of Anocast, a granite

epoxy which gives the stands the appearance of a

granite block molded to the specifications of the par-

ticular application.3 In effect, the Anocast stands be-

come a hybrid of stand and girder. In the FFTB some

Anocast stands support a group of magnets while still

maintaining the typical cross section of an individual

magnet stand (Fig. 4a and 4b). Measurements con-

firm that these stands have much better damping

qualities of vibrations at higher frequencies than steel

stands. Furthermore, their thermal mass dampens ex-

pansion due to variations in the ambient temperatures.

Costs for steel and Anocast stands are comparable.

1.2 Manual Ad-

justment Systems

All beam compo-

nents need to be moved

and fixed at accurate lo-

cations by adjustment

mechanisms. These sys-

tems should include the

following design fea-

tures:

Fig. 4a and 4b. Anocast stands in SLAC FFTB
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• Adequate alignment precision: for precise adjustibility, the system's resolution should be ten

times the required alignment tolerance.

• Orthogonal motion: there should be no cross coupling between the axes for small adjustment

motions. For large motions, any existing coupling must be predictable.

• Kinematic mount: an overconstrained system induces stress into the support and/or component,

resulting in a deformation of the component.

• Stability: the support should provide a stiff base when locked down where incidental contact

will not cause movement of the magnet. It should also not deform the component during adjust-

ment.

• A small footprint: as real estate is usually at a premium, components must often be placed very

close together.

• Vibrational stiffness: typical ground motion frequencies should not be amplified by the support

system.

There are two general types of adjustment mechanisms. The most common type separates

the horizontal adjustment from the vertical degree of freedom. The second type combines horizontal

and vertical adjustments into one system, usually implemented in a six strut layout that holds the

component in a kinematic suspension. Other implementations are the CERN Adjuster System and

its derivative, the CEBAF 3-D Cartridge, and the SLAC 3-D stage.

1.2.1 One and Two-Dimension Systems

To separate the horizontal from the vertical, a horizontal plane is generated by adjusting the

height of three vertical standoffs. In its simplest implementation, the standoffs are either shim stacks

or threaded rods. In the case of shim stacks, shim stock is added or removed until the plate is hori-

zontal and the component at its ideal height, a lengthy, iterative process. Where threaded rods are

used, the mounting plate rides on three screw nuts that are threaded on vertically mounted rods.

Turning the nuts provides vertical translations along the Y—axis and two rotational degrees of free-

dom, pitch (rotation around the X—axis), and roll (rotation around the Z-axis).
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On this horizontal plate slide one or two plates on which the component is mounted. These

plates move under the force of adjustment screws to adjust and fix the Z (in beam direction), X

(perpendicular to Z), and yaw (rotation around the Y-axis) degrees of freedom. The adjustment

screws are often designed in a push-push arrangement (Fig. 5) with two opposing screws pushing on

both sides of the component in a colinear arrangement. To achieve a translation, one side is loos-

ened and the other tightened. Tightening both screws locks the position. Often the stand has only

one sliding plate; in this case, the X and Z adjustments are not independent, since all adjustment

screws must be loosened to permit sliding of the plate. Fine adjustment in the orthogonal direction is

usually lost, and must be touched up again. Precise alignment with only a single sliding plate and

push-push screw arrangement usually requires many iterations.

Fig. 5. Push-push screw arrangement

This basic design can be refined by replacing the above described horizontal and vertical

adjuster with more sophisticated variations. The addition of spherical washers between the horizon-

tal plate and the adjustment nuts makes the system move more smoothly. If the system is designed

to carry higher loads, machine screw jacks (Fig. 6) are available that fit almost any application while

still providing fine adjustment motion. Less expensive, but more limited in range, are wedge jack

adjusters that are made of two wedges with the two sloped planes riding on each other. A horizontal

motion pushes the upper wedge higher on the inclined plane, thereby providing a vertical motion.

Wedge jack adjusters are available off the shelf in many load travel combinations. The push-push
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Fig. 6 Machine screw jack support.

Six-strut system A kinematic suspension can be

created by arranging six adjustable length links

in a 3-D truss. The three vertical struts adjust

and hold the vertical translation, and the pitch

and roll rotations. The three other struts (Fig. 8)

are placed in the horizontal plane, two in one

direction, and the third perpendicular. These

three adjust and hold the X and Z translations

and the yaw rotation. The orthogonal arrange-

ment of the struts minimizes coupling in motion.

Struts are length-adjustable rigid members with

spherical joints at each end. A strut will support

screw arrangement can be improved by a

turnbuckle/rail-slide design. The two push

screws are replaced by one turnbuckle,

which provides both the push and pull

force. The fixed end of the turnbuckle can

slide on a rail oriented parallel to the other

adjustment axis in order to allow two-

dimensional adjustments. This design is

still relatively simple and inexpensive,

while complying with all the above listed

requirements. To support the girders in

the storage ring of the Argonne Photon

Source, a combination of wedge jack ad-

justers (Fig. 7) and turnbuckle-type hori-

zontal adjustment was used.

1.2.2 Three-Dimension Systems

Fig. 7. Wedge jack adjuster as use in APS
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only an axial load, in axial compression or

tension. The spherical joints at either end en-

sure that a strut never experiences loads in

any other direction. Since all struts are in

axial compression or tension, they provide

very rigid support.

1.2.3 Typical System Implementations

Advanced Light Source CALS*) strut

3 (Y) Vertical Struts
2 (X) Lateral Struts
1 (Z) Lateral Strut

/7777

Side

Y

/7T77

End

Y
i

/7777 /7T77

7633A2system. All components and girders at the 3-94

Advanced Light Source at the Lawrence Ber- Fig-8- Kinemat ic suspension

keley Laboratory are supported by strut systems4 (Fig. 9), as is the Spherical Grating Monochroma-

tor at the SSRL. The struts used for the support systems are not normal stock items. To avoid the

backlash present in all regular spherical joints, the spherical rod end bearings have been squeezed in

a controlled way to generate friction, which only a specific break-away torque can overcome. A

shaft collar has been added at the end of each tube into which the rod end bearings thread. A portion

Fig. 9. ALS strut supports. Photo courtesy of Lawrence Berkeley Laboratory, University of California
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of the tube, at each end, is turned down and slit in two directions so the shaft collar will squeeze the

female thread against the male thread of the rod ends to remove any backlash in the threads. The rod

end bearings are all right-hand threads with one coarse thread and the other a fine thread, creating a

differential threaded device which allows very high resolution adjustments. For the support of heavy

Fig. 10. ALS 5-ton machine screw jack strut. Fig. 11. ALS 20-ton machine screw jack strut.

Photos courtesy of Lawrence Berkeley Laboratory, University of California.
loads, the tube and differential threads are replaced by an appropriately rated machine screw jack

(Figs. 10,11).

CERN cartridge. The CERN Adjuster System5 consists of three cartridges that utilize a combination

of the principles in the two styles discussed above. The improvement over the first style mechanism

is that the sliding feature is replaced by the three vertically-oriented links of the kinematic suspen-

sion. The first or main cartridge works as follows (Fig. 12): the piston-ended link pivots in a socket

at the bottom of the base and floats within a hollow cylindrical projection from that base. At the top,
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the link pivots in and supports a cap whose outer

skirt drapes over the cylindrical projection. The de-

vice to be positioned is placed on this cap. The cap is

driven horizontally by four bolts threaded through

the skirt of the cap, which press against four flats

machined into the cylindrical projection. Lateral and

longitudinal adjustment is achieved with one of these

pairs of opposing push-push screws. As one bolt is

loosened and the opposite bolt tightened, the cap

glides easily, rocking on the vertical link. The sock-

ets in which the link is mounted consist of cylinders
Fig. 12. CERN cartridge adjuster

in the base and cap that are filled with urethane rubber. Four screws in the base and four screws in

the cap drive in and out of this volume, compressing the rubber and driving the link or the cap

higher or lower respectively, providing the vertical adjustment. The second cartridge lacks one set

of opposing screws and the third cartridge lacks both sets, leaving no restraint on the cap, allowing it

to float and provide only vertical adjustment. The three cartridges are placed in a triangular pattern

with the set of opposing screws of the second cartridge parallel to one set of screws in the main car-

tridge. Use of all three cartridges provides pitch, roll, and yaw adjustment. One advantage of the

CERN Adjuster System over the kinematic suspension is that there is much less coupling between

the adjustments, so that alignment is more easily obtained.

CEBAF cartridge The CEBAF cartridge6 uses many of the features of the CERN Adjuster System

design. Three identical cartridges are attached to a stand through specially bored mounting holes.

Each cartridge consists of a vertical cylinder and a cap (Fig. 13). The device to be adjusted is fas-

tened to the caps of the three cartridges. The hollow, vertical cylinder has two opposing flats on its

outer wall at the top, and a threaded hole in its bottom, into which is threaded a set screw. Turning

this screw raises the cap, via a vertical rod through the cylinder. Lateral adjustment is by a pair of

opposing screws through the skirt of the cap, registering against the flats on the cylinder. The cap

glides over easily while rocking on the vertical rod. The cartridges are mounted on the stand such

that the flats on two cylinders are parallel to each other and the flats on the remaining cylinder are
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Fig. 13. CEBAF cartridge adjuster

Fig. 14. SLAC Damping Ring girder support

perpendicular to the other two, providing lateral, longitudi-

nal, and yaw adjustment. With this orientation, all degrees of

freedom are constrained with no overconstraint. Locking of

the movement of all screw threads is provided by locknuts.

SLAC damping ring girder support This design contains the most basic adjustment system con-

struction elements, a push-push screw arrangement combined with a threaded rod7 (Fig. 14). The

girder is supported by three feet. Each foot's baseplate is bolted and grouted to the floor in an ap-

proximately horizontal position. Atop this baseplate sits a sliding plate that can be moved relative to

the baseplate by the force of a two-dimensional push-push screw arrangement. A short fine-threaded

rod of substantial diameter is mounted to the sliding plate at its center. A cap-shaped nut, riding on

the threads over the top of the rod, provides the vertical adjustment. The girder is mounted to this

nut in a way which prevents any horizontal backlash, while still permitting it to be turned. The sys-

tem is locked in the horizontal dimension by a bolt holding the sliding plate to the baseplate, and in

the vertical dimension by a set screw which prevents the cap nut from turning. While this system

allows relatively high resolution adjustment of heavy loads, the total system is significantly over-

constrained, and must therefore be operated with great caution.

SLAC Final Focus girder support This design is similar to the Damping Ring supports, but avoids

the overconstraints^ (Fig. 15). The push-push screw arrangement is replaced by one-dimensional

stages: two feet have stages oriented for lateral adjustment, while the stage at the third foot provides

longitudinal motion. To decouple the cross-motion between stages, the supports are fixed
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to the girder in only one horizontal dimension, which is accomplished by a rail slide system. The

vertical adjustment is functionally the same as on the support discussed above.

3-94
7633A17

Fig. 15. SLAC Final Focus girder support Fig. 16 CERN LEP Dipole support

CERN LEP dipole support This system9 can provide kinematic support to a wide variety of appli-

cations, from small magnets to heavy girder modules. The general idea and functionality are taken

from the CERN cartridge design, but with the vertical adjustment replaced by an adjustable-length

link (Fig. 16). To minimize motion correlation, the link is made as long as possible, subject to the

restraints of the specific application.

SLAC 3-D stage This is an adjustment system tailored to support a variety of components, from

small quadrupoles to long narrow bends that are to be positioned to tight tolerances10 (Fig. 17). The

horizontal degrees of freedom are provided by a baseplate/sliding plate arrangement. To avoid over-

constraint, the adjustment motion is created by three se/mturnbuckles, in which one end is a conven-

tional rod end bearing, but the other end is a threaded stud (Fig. 18). Two of these seraturnbuckles

provide the lateral adjustment, and a third gives the longitudinal adjustment. The spherical rod end

bearings are threaded into blocks bolted to the base plate. The spherical bearing end is threaded onto

a rail that is mounted on the baseplate perpendicular to the rod's adjustment direction. This arrange-

ment allows the sliding plate to be adjusted in one dimension, while maintaining the adjustment in

the other horizontal dimension. The vertical adjustment is created in a sin;:\ir ;•.;•'. Three spherical
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Fig. 18. Lateral adjustment layout

Fig. 17. SLAC 3-D stage

rod end bearings are bolted vertically into blocks

mounted to the sliding plate. Bolts through the

spherical rod end bearings support the component.

DESY PETRA single component support sys-

tem This system11 has been used to support quad-

rupoles on single stands and long dipoles on two

single stands at either magnet end in the PETRA

ring. The underlying scheme is now widely used in

other machines at DESY. Shown below in Fig. 19 is

a quadrupole sitting with three pads on three vertical

screws that provide height, roll, and pitch adjust-

ments. In the horizontal plane, two struts allow mo-
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tion perpendicular to the beam. No adjust-

ment capability along the beam axis is

provided. To create a kinematic mount

between the pads and screws, one screw

head is resting in a groove, while the other

two pads are flat.

Fig. 19. DESY PETRA support system l -3 Motorized Adjustment Systems

SLAC FFTB magnet positioners The FFTB magnet positioners12 differ from conventional position-

ing stages used in instruments and machine tools. The mechanism is des^ned to support loads ex-

ceeding 1 ton, while still providing smooth motion, free of hysteresis, at the micron level. The de-

sign is simple and sufficiently reliable for large scale use in the remote positioning of hundreds of

magnets. Conventional crossed-slide leadscrew positioning stages are not appropriate for this appli-

cation. High-resolution piezoelectric positioners13 cannot meet the load and range requirements.

The remote magnet positioning mounts used in the FFTB kinematically support the magnets on

roller cams. The magnet rests under gravity in a cradle formed by the cams (Fig. 20). This type of

kinematic support is similar to the Kelvin Clamp14 used in laboratory optics and instrumentation.

The V—blocks and flat plates fixed to the magnet make point or line contact with the outer bearing

races of the roller cams. Rotation of the eccentric cam-

shafts shifts the magnet position. This type of kinematic

support, where the number of contact points balances

the number of degrees of spatial freedom, has the ad-

vantage of avoiding all free play between the magnet

and mount. The magnet always rests in contact with all

of the supporting cams, regardless of their position. No

precise mechanical dimensions are needed to insure

zero play. No clamping forces, other than gravity, can

distort the magnet's shape. The magnet can be removed

from the mount and .replaced without realignment. Fig. 20. Magnet positioning mount with roller cams
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During operation, only the inner eccentric shaft of a support cam rotates under motor control. The

outer cam bearing race remains in contact with the magnet as shaft rotation lifts the magnet. In such

a system, failure of the control system will only cause the cam to cycle around again. Magnet mo-

tions are strictly bounded by the design geometry. Limit switches are not needed for over-travel

protection. All support cams are arranged so that gravity applies a load torque to each cam shaft

drive train. This torque removes all backlash, except at the extremes of cam lift. All parts move by

pure rolling motion, and are free of the hysteresis typical of intermittent and reversing sliding mo-

tion. This mount can adjust the horizontal and vertical position of the magnet, as well as the mag-

net's roll angle around the beam axis. The magnet's longitudinal position along the beam line, as

well as itt> alignment to the beam direction in this implementation are fixed in the support mount,

and not remotely adjustable. Figure 21 shows the three-motor positioning mount used to support

FFTB quadrupole magnets. Kinematic roller cam supports can be applied to a variety of geometries.

The barrel containing the final triplet of quadrupole lenses for the Stanford Linear Collider is sup-

ported on five roller cam supports. This 5-m-long 6-ton assembly is remotely adjustable in pitch and

yaw, as well as roll, vertical, and horizontal position.

Fig. 21. FFTB magnet remote positioner
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ESRF servo-controlled jacks Predicted ground motion of more than 1 mm per year led to the devel-

opment of a remote vertical alignment system. A computer-controlled hydrostatic leveling system

was installed in the storage ring with three measurement stations on each girder. These girders are

kinematically supported by three vertical motorized screw jacks, which are interfaced to the control

system. The horizontal adjustment is provided by a gear-driven X-Z stage mounted on top of the

vertical jacks.15 First results indicate that it takes about two minutes to map the entire ring, and then

only two hours to vertically align all girders.16
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MEASUREMENT OF STRUCTURES (SURFACES) UTILIZING THE
SMART 310 LASER-TRACKING-SYSTEM

Werner Schertenleib

Abstract
Coordinate measuring devices such as CMM machines, Photogrammetry Systems,
Manual Theodolite systems have been introduced already some years ago. To get
3-D coordinates from the objects they have to be dislocated to the CMM machine or
have to be measured from at least two different stations with photogrammetric or
manual Theodolite systems. A laser Tracking system has been developed for 3-D-
measurements of object points with a single sensor-head.
Principles of the Laser Tracker function will be explained in this paper. Accuracy is
derived taken into account the resolution of the interferometer and of the angle
encoders. Typical positioning accuracy of a static point is better than 10 ppm.
Physical limitations of the measuring unit (Laser Tracker) have to be taken into
consideration as well.
Comment and conclusions will conclude the paper.

1 Introduction

The basic technology of the SMART 310 Laser Tracker was developed by a small
group at the National Bureau of Standards in the USA. The further development
was continued at 'Automated Precision Inc.1
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Leica improved and redesigned completely the Laser Tracker and presented the
SMART 310 Laser Tracker at the 1990 Quality Show in Chicago.
The advent of new 3-D metrology systems that can measure huge amount of points
on an object has created both new opportunities and new problems. The resulting
measurement files may contain up to thousands or even tenthousands of points.
This gives us the possibility to describe surfaces with a.large amount of points. The
disadvantage is, that the most common CAD programs are completely
overwhelmed by the file size.

2 Technology

2.1 The Sensor

A single beam laser interferometer to measure distances, and two high precision
angle encoders to determine vertical and horizontal angles, are used. The system
gives as results distances and angles. The laser beam is used as well for the
detection of the directions. A two-axis photosensor is used to receive the reflected
laser beam and is responsible for the tracking facility of the SMART 310. The
Trackers 'Home Point' supports a retroreflector and sets the laser interferometer's
initial distance.

2.2 The Controller

The controller contains the main electronics and treats all signals to and from the
tracker head. Component are:
• Motor Amplifiers
• Encoderelectronics Boards
• Interferometer Board
• Power Supplies
• Furthermore all signals will be transferred to the TP.(Tracker Processor)

2.3 The Tracker Processor (TP)

Consists the following parts:
• 486 Main Board
• Analog / Digital Boards
• Encoder Boards
• LAN Board
• ROM disk Board
The hardware related software (firmware) is downloaded from the AP (Application
Processor = PC) after each system's start.
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2.4 The Application Processor

The application processor is a common PC 486 or Pentium used to run the SMART
310 software.

Figure 1
System configuration

3 System

3.1 System preparation

A very short preparation of the measuring system is needed. After switching on all
components, the laser must heat up for approx. 20 min. In the meantime
preparations to perform the necessary measurement can be done. The following
procedure is needed:

• Position the tracker near the part you wish to measure. Ensure that the entire
part or surface is visible from the desired location. Relative stability is very
important.

• Power on all components and allow at least half an hour warm up.
• Measure control points (if existing).

• Perform transformations (axis alignment, least square, translations or rotations)(if
needed).

• Measure structure (surface)

3.2 System description

The principle of the SMART 310 Laser Tracker is described in chapter 2.1.
Because the laser beam is also used to determine the direction (movement) of the
target it is absolutely necessary that this laser beam has a high accurate stability in
direction and, regarding the beam diameter, an intensity according to Gauss. The
speed of the target (Retroreflector, see chapter 5) is influencing the measurement
capability and the accuracy as well. The sensitivity of the photodiode is essential
for the measurement of the direction. The biggest influence of all optical component
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is on the retroreflector's side. Figure 2 is showing the schematic construction of the
SMART 310.

Figure 2
Principle of the optical
way of the laser beam
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4 The measurement principle

The mechanism for the beam-steering
allows to read horizontal and vertical
encoders. Together with the distance
measurement from the interferometer
this will result in a spherical coordinate
system. The measured data are azimuth,
elevation and distance. See figure 3

Figure 3
Principle of Distance

and Angle Measurement
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4.1 Resolution and Accuracy

The interferometer resolution is 1.26 urn (micrometer). An accuracy of about 1 ppm
can be achieved with a linear interferometer. Angular encoders deliver a resolution
of 0.7" (arcseconds). The angular resolution for both the azimuth and the elevation
is the same, but the resolution for the elevation is double the azimuth's resolution
because of the measurement principle of the tilting mirror. (See figure 4).
An overall reproducibility of a point Coordinate (X,Y,Z-values) of + 5 ppm (pm) can
be achieved.

A typical absolute accuracy (coordinates) for a non-moving target will be + 10 ppm
(urn)

A typical absolute accuracy (coordinates) for a moving target will be + 20 - 50 ppm
(urn) as a function of the acceleration.

Figure 4

Double Angle Reflection

5 Hand held Retroref lector (Targets)

Two types of hand held retroref lectors are existing. The Comer Cube 0 1V2 " and
the Cateye 0 75 mm. Beside of the different principles of the below described
retroreflectors both types are manufactured with the same high precision to
guarantee an absolute accurate measurement of the center of the target.

5.1 Corner Cube

Corner Cubes (Figure 5) are used for
very high precise measurements for
shorter distances (< 2m). A reception
angle of + 20 Deg. describes the
working range of the corner cube.

Figure 5
Corner Cube
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5.1.1 Surface Target

A combination of the above described Corner Cube and a special device will lead
to the 'Surface Target1. The specialty of this target is to measure a virtual point on a
surface without any offset!

Figure 6
The Principle
of the
Surface Target
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Figure 7
Surface
Target

5.2 Cateye

Cat Eyes are mainly used for distances >
2m. They are easier to handle because of
the bigger working range of ± 55 Deg.

Figure 8
Cat Eye

6 Measurement

6.1 Methods

A variety of measuring methods are possible. Each method has its advantages.
Because the tracker's control software it is capable to measure hundreds of points
within a second.
Tooling balls are standard targets to measure control points. To rapidly measure a
contoured surface or any other large amount of points, a hand held retroreflector
can be used. The collection rate can be defined in different ways by the user.
Tooling balls as standard targets are used as control points. Special adapters
(Flush Mount Bolts) are used to measure the center of the tooling balls.
Mathematical methods utilizing least-squares transformation are used to calculate
the transformation and its parameters such as rotations, translations and scale.
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To be able to measure surfaces with a high data collection rate, the retroreflector
(each of the above mentioned types) can be moved by hand (see figure 7) over the
entire surface while the tracker is measuring and storing permanently points into
the database.
Point separation can be decided from the user either by time- or distance
separation.

Figure 9
Principle of target movements

6.2 Cautions to the measurements

The following actions must be considered when using the SMART Lasertracker:
Don't collect too much data. Too much data can cause problems in analysis.
The tracker is measuring the center of the retroreflector only (except the 'Surface
Target'
Take care about a stable tracker and object place. If there is any movement during
measurement, the entire coordinate set moves.
If the laser beam has been broken it must be re-established. A simple process but
time consuming if happens frequently.
If a curvature has a small radius the target will not describe the correct surface. To
avoid any incorrect measurements in this case, the user should use the 'Surface
Target1

6.3 Reflector Offset

For each of the described retroreflectors (see chapter 4) (except the 'Surface
Target') a constant offset is existing. This offset can be taken into consideration
while calculating surfaces with a CAD program , or by using the 'Surface Target'.
For very precise surface measurements the 'Surface Target1 is a most welcome tool
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to avoid any offset and measuring single points or surface points directly on actual
positions.
Errors in this process may arise when the measured surface deviates from the
actual surface. To avoid the error (see figure 8) the 'Surface Target1 (see figure 5)
should be utilized.

Figure 10
Reflector Offset

7 Data Treatment

A CAD system is required to analyze the data gathered by the SMART lasertracker.
The complexity of defining and analyzing surfaces requires a experienced CAD
operator. If surfaces are measured with the corner cube or the catseye the
handling of the data is even much more complex. Most CAD systems are capable to
handle the target offset. If the normal vector is not oriented properly, the results will
contain an eiror. Typical error is about 0.002 mm per degree of angular deviation
when the 'Surface Target1, which creates points on the surface directly, is used.
Another method to avoid any error is to create a rough surface from the measured
'parallel' surface, and than transfer (shift) the whole measured surface to the correct
position.

8 System features

8.1 Portability
The SMART 310 lasertracker is easy to roll from one location to an other. Or can be
transported by station wagon to another facility.
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8.2 Checking

A simple two hours on site adjustment procedure will ensure system integrity.
(A CMM machine needs an extensive calibration procedure of days or even weeks).

8.3 Data Collection Rate

A high data collection rate provides a decrease of measurement time for large
structures with a huge amount of points. Experiments have shown an obvious cost
saving and a tremendous increase of productivity. Short measurement duration also
guarantees a minimum of thermal influence on the measurements.

8.4 Analysis

When using the Cornercube or the Cat Eye as a target, the analysis of data is more
difficult than with common CMM machines because of the retroreflector offset.
Using the 'Surface Target' or utilizing a high sophisticated CAD software will
simplify the data exchange and the treatment of the measurements. Data transfer to
any CAD or other programs like statistical analysis by means of ASCII-files is a
simple and easy task.

9 Applications
A wide range of measurement tasks can be performed with the SMART 310
lasertracker. Since both static and kinematic measurements can be performed
movement of machines can also be measured. Possible applications are:

• Digitizing of surfaces

• Parabolic Antennas
• Car Bodies
• Airplane Wings

• Adjusting and Inspection

• Aeronautics

• Automotive

• Kinematic Measurements

• Robots

• Welding Machines

• Cutting Machines
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• Calibration
« Jigs and Figures

• Robots

• Monitoring
• Probes in Windtunnels

• Geometric Structures in Nuclear Power Facilities

10 Conclusions
The tracker holds great promise to measure structures. Single points, contours and
surfaces could be measured with an adjustable data collection rate. Surfaces
measured on the shop floor can be compared immediately to nominal values. The
SMART lasertracker also allows a great flexibility by not requiring climate controlled
facilities.
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1. INTRODUCTION

A laser tracker, SMART 310, was purchased from Leica AG in order to perform alignment

job in the construction of the KEK B-factory ring. The laser tracker emits a laser beam and

receives its reflection from a target mirror, a corner cube reflector or a cat's eye reflector. The

distance is measured by means of the laser interferometer. The shift of the position for the

reflected beam is feed-backed to the servo-motor system, and the mirror is rotated so that the

shift of the reflected beam position might be canceled. The rotation angle of the tracker mirror

gives the angle for the new position of the target. The laser tracker measures the distance and

two angles, horizontal angle (<{)) and the vertical angle (0). In this way, the three dimensional

Table 1. Specification/or 3D Laser Tracking System, SMART310 by Leica AG

Accuracy

Angle resolution

Distance resolution

Reproducibility of coordinate

Absolute accuracy of coordinate

for non-moving target

for moving target

Tracking

Max. target speed

at right angles to the laser beam

in the direction of the laser beam

Max. acceleration (in all directions)

Range of measurement

horizontal

vertical

distance

Dimensions and Weights

Dimensions of the sensor unit

Weight of the sensor unit

0.7 sec (5(irad)

1.26 ]im

±5ppm

±10ppm

+20-50 ppm

> 4.0 m/s

> 5.0 m/s

>2g

±235°

±45°

0.2 - 25 m

<j)320mm x 879mm

29 kg
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Fluctuatin of D : Laser Interferometer
coordinates of an optical

target can be measured

by one equipment set in a

place. Principle of the

laser tracker is described

in detail in other

papers'1'21. Company's

specification on the

performance and the

dimension is listed in

Table 1.

As a first step the

fundamental performance

was tested. Results of this

test is described in this

report.
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averaging) were collected
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The coordinate of these 8
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The standard deviation
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Fig. 1 Fluctuation of output from the laser tracker.

P8 ; (D=0.8m, Phi=210, Theta=64)

Fig. 2 Oscillation in the laser interferometer.
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errors seem not to depend on the magnitude of each variable. The average standard deviations

are 0.96 p.m, 2.9 jirad and 2.6 |irad for D, <}> and 9 respectively.

Point ID

Table 2. Coordinates for measured points

D(m) <j> (degree) , 9 (degree)

PI
P2

P3

P4

P5

P6

P7

P8

15
21

28

2.2

4.3

7.4

0.7

0.8

195

190

189

198

127

256

210

210

90
90

90

94

92

92

102

64

(a)

SMART 310

4m • 3 m -

R a i l

4 -:>.

Target

•U-*-^>-:

HP Laser Interferometer

HP Laser Interferometer

SMART 310

Fig. 3 Setup for experiment to examine the precision of the laser
tracker using a straight rail and a UP laser interferometer.
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In this measurement an oscillation in the output from the laser interferometer is

observed as shown in Fig.2, where the raw data for laser interferometer output are plot. The

unit of the horizontal axis is 0.1 second. Actually we sometimes have data points with big

errors, which are thought to be caused this oscillation in the laser interferometer. So we have

to examine errors carefully for each measurement.

(a) dU

E
E

3. EXAMINATION OF PRECISION USING A 3m LONG RAIL

The precision was examined using a 3m long straight rail and a laser interferometer of

Hewlett-Packard (abbreviated as HP hereafter), Setup for the experiment is shown in Fig.3. At

first, the laser tracker was placed at one end of the rail and the HP laser interferometer was

placed at the other end. Two optical targets, one for laser tracker and the other for HP laser

interferometer, were set on a movable stage on the rail (Fig. 3-a). The movable stage was

moved from right tc left, then from left to right for the distance of 2.4m. Coordinate data were

taken at the interval of 5 cm with the laser tracker and the HP laser interferometer. In the

laser tracker, the

coordinate data

was defined as the

average of 500

measurements

executed at the

time interval of

0.01 second. In

this measurement,

U-axis is defined

along the direction

of the rail, V-axis

along the

horizontal

direction

perpendicular to

the rail, and Z-axis

as the vertical

direction. U-, V-

and Z-axes make a

Cartesian

coordinates.

Results for U-, V-

0.02

0.01 -

0.00-

-0.01 -

-0.02$

Sigrna = 2 micro-meter
Slope = -4 miqro-rad

-2-mibro-rad

500 1000 ISoo
U(mm)

Z000 2S00

M dU (Forth) ED dU (Back)
Cb) Deviation of (SMART-HP) : Along Rail

I
2

-0.005 0
dU (mm)

0.005 0.01

Fig. 4 Precision of II-coordinate in the setup (a). U-axis is a
horizontal axis taken along the rail.
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and Z-coordinate are shown in Fig. 4, 5 and 6 respectively. The precision of U-coordinate

comes from that of the laser interferometer, and the precision of V- and Z-coordinate from that

of the angle measurement by the laser tracker. In Fig.4, dU is plotted as a function of U,

where dU is defined as the U coordinate from the laser tracker subtracted by the coordinate

from the HP laser interferometer. The slope of the plot can be caused by the misalignment of

the laser tracker and the HP laser interferometer from the direction of the rail axis, or by the

calibration error of these equipments. The plot is fitted to a liner curve and the deviation is

examined. The standard deviation is 2 |j.m. In Fig.5 and 6, the bend of the plot can be caused

by the bend of the rail or the long term drift of the laser tracker as discussed later. The plot is

fitted to a smooth curve, and the deviation (dV and dZ) is examined. The standard deviations

are 10-13 |im and 13-14 um for dV and dZ, respectively. Using the average distance, do= 5.7m,

between the laser tracker and the rail and the formula: dV = d0A<(> and dZ = d<,AQ, the errors for

<)> and 0 are obtained as about 2.0 and 2.5 urad respectively.

-330.5
(a~) V : Horizontal Curve

•330.7,
\j JUU I ISIJL

U(mm)

<b) dV : Horizontal Deviation
-dV (Forth)
- dV (Back)

T500

Horizontal Deviation

dz : Vertical Deviation

s
E

i

dV (Forth)
dV (Back)

-0.04 -

U(mm)

(c) dZ : Vertical Deviation

troo

dZ (Forth)
dZ (Back)

o
dV (mm)

Fig. 5 Precision of V-coordinate, in the setup (a). V-axis is a
horizontal axis taken perpendicular to the rail.

U(mm)

Fig. 6 Precision of Z-coordinate in the setup (a). Z-axis is a
vertical axis.
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Next was the laser tracker moved to the position along the axis perpendicular to the rail

axis (Fig. 3-b). X- and Y-axis are defined as U- and V-axis in the previous measurement, i.e. X-

axis is along the rail axis and Y-axis is horizontal and perpendicular to the rail axis. But this

time, the precision for X-coordinate comes from that of <(>, and the precision of Y-coordinate

from that of the laser interferometer. Z-coordinate is the same as in the previous

measurement. Results for X-, Y- and Z-coordinate are shown in Fig. 7, 8 and 9 respectively. In

Fig.7, dX is plotted as a function of X, where dX is defined as the X coordinate from the laser

tracker subtracted by the coordinate from the HP laser interferometer. The plot is fitted to a

liner curve and the deviation is examined. The standard deviation is 17-21 urn. In Fig.8 and 9,

the plot is fitted to a smooth curve, and the deviation (dY and dZ) is examined. The standard

deviations are 3 |im and 14-17 |im for dY and dZ, respectively. Using the average distance d,,=

7.6m, between the laser tracker and the rail and the formula: dX = d0A<|> and dZ = doA9, the

errors for <(> and 8 are obtained as about 2.5 and 2.0 urad respectively.

-935.9

S
-936.0

-936.1

dX: SMART -HP
•X-HP (Forth)
•X-HP (Back)

slooe = -0.018 mrad
(Sigma = 0.021 0.017 mm)

500 1000 1500 2000 2500

X(min)

E3 Deviation of dX (Forth)
B Deviation of dX (Back)

Deviat ion of (SMART-HP) : Along Rail
25.0i

20.0 —

15.0

5.0

= 0.b2i m'm'forForth '
= 0.017 mm for Back

J I I I L
-0.1 -0.05 0 0.05

Deviation of dX (mm)

Fig. 7 Precision ofX-caordinate in the setup (b). X-axis is a
horizontal axis taken along the rail.

-7441.3!$ bUO' ' " '1000 15*00' ' ' '20WT

1

X (mm)

dY : Horizontal Deviation

"zroo

• dY
(Forth)
(Back)•

Sigma = 0.003 mm for Both Curves

-0.01, T O O O 1 5 0 0
X (mm)

2000 "7500

dY : Horizontal Deviation
_ dY (Forth)
3 dY(Back);

•fib -0.005 0
dY (mm)

0.00s

Fig. 8 Precision of Y-coordinate in the setup (b). Y-axis is a
horizontal axis taken perpendiculer to the rail.
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The distance of 2m was measured by placing the laser tracker at various positions along

two lines: both are perpendicular to the rail axis, and the one passes the center and the other

the edge of the rail. The position of the laser tracker is defined by the opening angle (a) for the

2m distance on the rail. The distance of 2m is defined by the HP laser interferometer. Results

are plotted in Fig. 10. Error bars are calculated assuming the error for the angle measurement,

A4> = 3|i.rad. Round and triangle marks show results of measurement along the center line and

the edge line, respectively. The deviation seems to be as big as about 1.5 standard deviations.

4. DRIFT OF OUTPUT DATA

Fig.ll shows an initial drift of three variables, D, § and 6. The laser tracker becomes ready

about 25 minutes after the power is turned on. In about three hours, the drift of D becomes

-88.6
(«) Z : Vertical Curve

Distance between Two Points

0.1 Or

1 0 0 0 1 5 0 0
X (mm)

dZ : Vertical Deviation

7500

c

0.04

0.02

E

i Sigma ='0.014 mm for Forth
=,0.0 f 1 mm for Back

rooc rsoo
X (mm)

dZ : Vertical Deviation

BOO

dZ (Forth)
dZ (Back)

30

I

T—i—i—i—i—i—i—i—i—i—i—i—
Sigma = 0.014 mm for Forth

0.017mm ror.BKlc

01

Fig. 9 Precision ofZ-coordinate in the setup (b).

—•—Center
—±— Edge

0.00

-0.1
20 30 40 50 60 70

Opening Angle (Degree)

Fig.10 Precision for measurement of 2m distance.

less than 10|jm and those for angles much

less than their fluctuation. Fig.12 shows

the drift after the laser tracker gets ^teady.

The drift of the laser interferometer is

about 10um/day. The variation of the

temperature (T), the atmospheric pressure

(P) and the humidity (H) during the period

of this measurement is shown in Fig. 13.

Those variations cannot explain the drift of

the laser interferometer. The drift of the
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Fig.14 Long term oscillation in the angle measurement.
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angles <f> and 8 seems to be less than the fluctuation of data. But looking at the expanded plot,

some oscillations with long period of 30 to 60 minutes are observed as shown in Fig. 14. The

amplitude is 30 to 50 um in peak-to-peak. The source of this long term oscillation is not the

variation of T, P nor H, because the period of those variation is much longer and the amplitude

of the oscillation is much bigger than that caused by the variation of T, P and H.

5. SUMMARY

The results of various measurements are summarized in Table 3. Comparing with the

Table 3. Summary of resolution and precision measured.

Measurement

Fluctuation of output

Tracker along the rail

Tracker perpendicular to the rail

Measurement of 2m distance

Long term drift

Specification for resolution

Specification for precision

AD(um)

0.96

2

3

~8/day

1.26

Aflprad)

2.9

2.0

2.5

~5

30-50

5.0

10.0

A9 (|irad)

2.6

2.5

2.0

30-50

5.0

10.0

specification of the company listed at the bottom, the precision for the angle in short time

measurement (i.e. shorter than about ten minutes) is about twice as better as the total

precision claimed by the company. Although the precision for the distance seems a little worse

than that claimed by the company, it is not the matter at all because the error of the laser

interferometer is negligibly smaller than that of the angle measurement.

But two problems were found:

1. Output from the laser interferometer occasionally oscillates. The period seems to be less

than 0.1 second.

2. Output from angle measurement oscillates with long term period. The period varies from 30

to 60 minutes. The amplitude is 30 - 50 |irad in peak-to-peak.
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ABSTRACT

Distortion of the surface plate of active support table was measured using precise tiltmeters. It is
found that the surface plate is twisted when the iemperature changes. The effect of this
phenomenon is much smaller than the alignment tolerance of the ATF damping ring if the room
temperature is controlled within 0.4*0. However, it is not negligible in the linear collider case.

1. INTRODUCTION

The accelerator test facility (ATF) is now under construction at KEK to carry out various R&D for
linear colliders. It consists of a 1.54 GeV electron linac and a damping ring[l]. Main purpose
of this facility is to show feasibility of linear colliders by accelerating a multi-bunch beam and
realizing a very low emittance beam.

The extracted beam from the damping ring will have the horizontal normalized emittance
of 5 x 10-6 m- rad and the vertical one of 3 x 10"8 m- rad. To obtain such a small emittance beam,
components of the ring should be aligned precisely. The tolerances are 50 Jim in vertical position
and 60 |im in horizontal. As the floor movement of the ring site is of the same order as these
tolerances, real-time control of magnet position is required. Therefore, we have developed active
support tables on which magnets for one cell (5 magnets: one combined function bending magnet,
2 quadrupole magnets, and 2 sextupole magnets) are installed. In the present paper, we will
report the distortion phenomenon of the surface plate of the table.

2. ACTIVE SUPPORT TABLE AND ITS SURFACE PLATE

The active support table consists of a base plate, 3 movers, and the surface plate, as shown in Fig.
1. Each mover has 2 stepping motors:

Fig. 1 Active support table
for the ATF damping ring
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one for height control and the other for control of horizontal position normal to the beam direction.
Tests of the performance were carried out by measuring the displacement of the table against the
number of pulses fed to the pulse motors. The precision of positioning of the table was presented
elsewhere [2].

The structure of the surface plate is shown in Fig. 2. It is 231 cm long, 80 cm wide,
and 22 cm thick. The upper plate is made of 20 cm-thick stainless steel plate. Three long T-
beams made of carbon steel are welded to it. Adjacent T-beams are connected by small plate at
the bottom. Short ribs are welded at four positions as shown in Fig. 3.

8

s
c

231

1 •

^JX-X !2!L° T

(unit: cm)

Fig. 2 Structure of the surface plate

3. MEASUREMENTS

Measurements were carried out with two tiltmeters[3]. Each tiltmeter contains 2 tilt sensors
which are perpendicular to each other. The resolution of the tilt sensor is 0.05 |irad. The
tiltmeter has a temperature sensor in it for temperature correction. Figure 3 shows the setting
positions of the tiltmeters and also defines the x- and y-directions.

Sensor #1
Sensor #2 WM ~jS>'h4*> ̂ A ^ I M I . I

Fig. 3 Set-up for the measurements
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First, we carried out the measurement without any weight on the plate. Figure 4 (a)
shows time dependence of tilt in the x direction at the sensor-1 and sensor-2 positions. The
period of the measurement is 72 hours. When the output of sensor-1 increases, that of sensor-2
decreases, and vice versa. This means that the surface plate is twisted. On the other hand, the
change of tilt in the y-direction was relatively small, as shown in Fig. 4 (b). The big peaks
around t = 12 hr are due to an external disturbance. When these measurements were carried out,
the air-conditioner was not ready. Therefore, the change of the room temperature is rather large.
The difference of sensor temperature at t =• 0 and 72 hr is about 1.1 CC, as shown in Fig, 4 (c).
There is clear correlation between the amount of tilt and the sensor temperature. Comparing the
tilts at t = 0 and 72 hr, the tilt of sensor-1 decreased by 15 urad while that of sensor-2 increased by
22 u.rad. The total amount of relative torsion was, therefore, 37 |irad.

air-conditioner off atr-tonditioner off

S

) 10 20 30 40 50 60 70

Time (hour)

Fig. 4 (a) Tilt in X-dircction
(without dummy weight)

10 20 30 40 X 60 70

Time (hour)

Fig.4 (b) Tilt in Y-direction
(without dummy weight)

as.o

23,5

air-conditionei off

27.5

27.0

26.5 £ .

!0 20 30 40 50 60 70

Time (hour)

Fig. 4 (c) Temperature of the sensors
(without dummy weight)

Next, a few weeks after the first measurement, we measured the tilt with a dummy
weight of 865 kg. The results are shown in Fig. 5. As the air-conditioner had been completed
by then, the temperature change was small. Although the temperature changed by 0 .7^ (peak-
to-peak) with the period of about 110 minutes, the change of average temperature was less than
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during 72 hours. The relative amount of twist was about 6 |irad (Fig. 5 (a)). Here we
neglected the structure of short period and compared the average values of the fluctuation with the
period of 110 minutes at t = 0 and 72 hr. When the temperature changed by O.TC, the tilt of the
sensor-1 changed about 5 (irad, and the sensor-2 about 7 u\rad. As shown in Fig. 5 (a), the
phase of these changes are opposite. Therefore, the relative twist between these two points was
about 12 |xrad. The change of tilt in the y-direction is small. Moreover, the tilt at the sensor-1
position and that of the sensor-2 position changes in phase (Fig. 5 (b)).

utr-conditionc ori
270

130

250 <§.

I

10 20 30 40 50 «0 70

Time (hour)

Fig. 5 (a) Tilt in X-direction
(with dummy weight)

ao

air-conditioner on -i 150

140

) 10 20 30 40 SO 60 70

Time (hour)

Fig. 5 (b) Tilt in Y-direction
(without dummy weight)

air-conditioner on

23.5

4?

300

Tiroe(hour)

Fig. 5 (c) Temperature of the sensors
(without dummy weight)

We carried out the measurement without the dummy weight again. The results of that
measurement are given in Fig. 6. Figure 6 (c) shows the change of the temperature. The air-
conditioner was turned off around t = 17 hr, and the disturbance from t = 35 to 43 hr is due to an
earthquake. We compared the data at t = 17 and 72 hr. The tilt in the x-direction changed by -
1.5 (irad at the sensor-1, and by 3.5 Jirad at the sensor-2. The relative twist was, therefore,
about 5 fxrad when the temperature changed by 0.3^2.



m/274

After the second measurement, adjustment of the air-conditioner was can-ied out. The
temperature inside the shield is controlled within 0 .4^ (peak-to-peak) now, as shown in Fig. 6 (c)
(t = 0 to 17 hr). If we assume the torsion is linearly dependent on the temperature change (At) in
small At region, the torsion is estimated to be about 8 jirad when At = 0.4^. Then the relative
displacement of the magnet center due to this torsion is about 3 |im because the beam line is 40 cm
above the surface plate. This value is much smaller than the alignment tolerance of the ATF
damping ring.

30 40

Time (hour)

a.o
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4. SUMMARY

We measured the distortion of the surface plate
using precise tiltmeters and found the torsion of
the plate. There is some correlation between the
amount of the torsion and the temperature change.
As the room temperature is controlled within
0.4*0, the torsion is as small as 8 |urad. The
relative displacement between field center of
magnets due to this torsion is estimated to be
about 3 \im. This value is much smaller than the
alignment tolerance of the ATF damping ring.
However, this is not negligible in the alignment of
linear colliders. Therefore, we have to be more
careful when we design support structures of
lineai' colliders.

[1] "ATF -Accelerator Test Facility- Design and Study Report", KEK Internal 95-4, June 1995
[2] Y. Funahashi, S. Araki, F. Hinode, K. Kudo, S. Takeda, Y. Takeuchi, J. Urakawa, and M.

Yoshioka, Proceedings of the 1994 International Linac Conference, August 21-26, 1994,
Tsukuba,Japan

[3] Platform Tiltmeter, Model 701-2, Applied Geomechanics Incorporated
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DISPLACEMENT MONITORS USING DIODE LASERS

Yasunori Takeuchi, Timo Korhonen, and Yoshisato Funahashi
1-1 Oho, Tsukuba, Ibaraki 305, Japan

ABSTRACT

In low-emittance, high current accelerators, the magnet position should be monitored continuously
to keep the magnet alignment as precise as several tens of microns. Two kinds of monitors are
proposed; (1) a monitor of the relative displacement between two adjacent magnet support tables,
and (2) a monitor of the displacement of a wire (that is a wire alignment system). Both monitors
use laser diodes and PSDs (Position Sensitive Detectors). The first one monitors the relative
displacement by measuring the position of the laser spot on the PSD. The resolution of the
monitoring is expected to be about 1 |a.m. The second one detects the reflected laser light from the
wire by two PSDs. The position of a thin wire (50 |im in diameter) can be monitored with a
resolution of about 1

1. INTRODUCTION

An Accelerator Test Facility (ATF) [1] is under construction at KEK as a part of R&D
efforts for linear colliders. It comprises a 1.54 GeV linac and a racetrack-shape damping ring.
The main purpose of the damping ring is to realize a beam with very low emittance: the vertical and
horizontal normalized emittances will be 5 x 10s m- rad and 3 x 10"6 m- rad, respectively.
Precise alignment of magnets is required to achieve such low emittance. Simulations have shown
that alignment tolerances of magnetic center are 60 (im in horizontal and 50 Jim in vertical, and the
tolerance for rotation around the beam line is 0.2 mrad. Real-time monitors are important to
maintain such precise alignment. The FFTB of SLAC and the ESRF have real-time monitor
systems. The FFTB uses a wire alignment system [2], and the ESRF uses the HLS (Hydrostatic
Leveling System) [3]. Although both of them are excellent, the former is difficult to apply to arc
sections, and the latter does not give the information on horizontal displacement. We propose
two kinds of real-time monitors. Both of them use laser diodes and position sensitive detectors
(PSDs). One is a displacement monitor which can be applied to the arc sections. The other is a
wire alignment system simpler than that of the FFTB.

2. DISPLACEMENT MONITOR BETWEEN TABLES

Magnet movers are necessary for
accelerators with tight tolerance since disturbance
due to the ground motion and thermal expansion is
no longer negligible. We will install five magnets
for the arc sections (one combined-function
bending magnet, two quadrupole magnets, and
two sextupole magnets) on one table with three
movers [4]. The relative displacements between
these five magnets are negligible because their
positions are close (less than 2.3 m) and the beam
line is only 40 cm above the table surface. Then,
we have to monitor and control only the position of
the table. We will monitor the relative movement
between adjacent tables since it is not easy to
establish external references for the arc sections.

Figure 1 shows the concept of this
monitor. The monitor system is installed under
the table plate to protect it against the radiation

Side view.
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Diode laser PSD

Beam splitter + PSD

Fig. 1 Displacement monitor
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damage. The laser light from a diode laser is divided into two beams by a beam splitter. Two
two-dimensional PSDs are used to determine each line of laser beam. We can obtain relative
displacements in three directions (Ax, Ay, and Az) and relative rotations (roll, pitch, and yaw)
using 8 output signals from 4 PSDs. As the resolution of the system depends on the resolution of
the PSD, we measured the resolution of the PSD itself [5], The results of the measurement are
shown in Fig. 2(a). The relative position of the PSD and the diode laser was changed by ±100
p.m, and an output of PSD was recorded. The results show good linearity to the given
displacement. The differences between the data and linear fit are plotted in Fig. 2(b). The
standard deviation of this distribution is about 0.3 Jim.
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3. REFLECTION-TYPE WIRE POSITION SENSOR

The other monitor uses a thin wire as a
reference. The movement of magnet relative to
the wire is measured with a wire position sensor
attached to the magnet. The idea is given in Fig.
3(a). The thin wire is illuminated by a laser
diode, and the reflected light from the wire is
detected by two one-dimensional PSDs. Then
the wire position can be obtained using the
following expressions:

x= V2

PSD1 PSD2

Laser diode

Fig. 3(a) Wire position sensor

where the definition of variables is given in Fig. 4.
A preliminary experiment was carried out with a diode laser and a gold-plated tungsten

wire with a diameter of 50 (im (Fig. 3 (b)). First, we moved the wire in x-direction relative to the
sensor by ±100 |im. We really moved the sensor block. The diode laser was not attached to the
sensor block and was not moved. Therefore, the relative position between the wire and the laser
was not changed. The calculated wire positions are plotted in Fig. 5(a) and (b). When we
calculated the wire position, we made normalization so that the difference of the calculated x-values
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Wire

PSD2

Fig. 3(b) Setup of preliminary experiment
Fig. 4 Definition of variables
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at both ends became equal to 200 (xm. This was
done since we did not know the lengths /, and /2
accurately enough. Both of x- and y-positions
show good linearity to the given movements.
Deviations from the linear fits are shown in Fig.
5(c). Next, the relative wire position was
moved in y-direction. The results are shown in
Fig. 6(a), (b), and (c). The normalization was
applied to the y-values this time. The deviations
distribute within ±2 u,m in both cases (see Fig.
5(c) and Fig. 6(c)). The standard deviation of
the distribution is slightly less than 1 urn even in
the case of Fig. 6(c). Therefore, we can

monitor the displacement of the wire with the resolution of about 1 (im. A disadvantage of this
system is that it probably requires a thin wire to achieve good resolution and, therefore, cannot be
applied to sections longer than a few meters.

Fig. 5(c) Difference from fit
Solid circle : Ax
Open circle : Ay
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We intend to use the diode laser and
PSDs to monitor the relative movement between
magnet support tables of the ATF damping ring.
The resolution of the PSD was tested at the first
step of the development of the monitor. It is
better than 1 (im.

The preliminary test of the reflection-
type wire position sensor showed that the
reflected light from the 50 |im gold-plated
tungsten wire could be detected by one-
dimensional PSDs [6]. It was also shown that
the position resolution is better than 1 tim both in

-150-100 -50 0 50 100 150 x-andy-directions.
The tests showed good results so far.

However, we have to investigate the long-term
stability of the diode laser and PSDs before

Fig. 6(c) Difference from fit installation of these monitors into the damping
Solid circle : Ax ring. The radiation damage has to be
Open circle : Ay considered, too.

Displacement (|im)
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PROPOSED POSITION MONITOR SYSTEM USING DRIFT CHAMBER
AND LASER

N.Ishihara *

KEK, National Laboratory for High Energy Physics
Tsukuba, Ibaraki, 305, Japan

1. Introduction

In order to realize the high luminosity in a future linear collider, it will be essential to
squeeze the beam size up to an order of nm at the collision point. Since the alignment
error of the linear accelerator components seriously affects the size and position of the
beam, the precision alignment and monitor techniques become more and more important.
The continuous and simultaneous alignment-monitor is desirable for the accelerator com-
ponents, especially in the transverse directions to the beam. A beam based alignment is
a way to simultaneously measure the relative positions, but not useful under the normal
operation.

When we mount small drift chambers on the accelerator components, and measure
relative positions of the chambers with reference to beams of pulsed-UVL (Ultra-Violet
Laser), this technique will be useful for the continuous and simultaneous monitor of the
transverse positions for the several components aligned in a straight line. If the relative
position is well known between the drift chamber and the component, this system will
also be useful for the initial alignment. In the present paper, a concept of this method is
described, and some problems concerning the position accuracy is discussed.

2. Concept of the position monitor using drift chambers and UVL

A UVL beam can ionize the gas molecules by a multi-photon ionization process, if the
energy density is sufficiently high, as briefly described in the next section. On the other
hand, once the ionized electrons are produced in the chamber gas, those production points
are determined in two dimensional projected-plane by the drift chamber with an accuracy
of around 13 /zm as described in section 4.

Though a UVL beam usually has a divergence angle of an order of mrad, the suitable
arrangement of optical lenses will make the UVL beam narrow enough for the ionization

1 e-mail: isiKaran@kekvax.kek.jp
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process in the drift chambers. Thus, the combination of the pulsed UVL and the drift
chambers is useful for the continuous and simultaneous position-monitor in three dimen-
sions as shown in the conceptual drawing of Fig.l. In the figure, the UVL beam is in
z-direction, the beam position in x-z plane is determined by the chamber part called x-
chamber and the one in y-z plane is done by the y-chamber. Both x and y-chambers are
accommodated in a box. If the drift chambers are accurately mounted on the accelerator
components, the initial alignment will be possible for the components with reference to
the UVL beam.

X-CHAMBER

CONVEX/CONCAVE LENSES

GENERATOR
X=266nm

.ACCELERATOR COMPONENT

Fig.l Conceptual drawing of the position monitor system using drift chambers and
pulsed UVL beams.

3. Ultra-violet laser (UVL)

Since the quantum energy of UVL is much lower than the ionization energies of gas
molecules, two or more laser photons are required to ionize the gas molecule in the chamber.
For example, in the case of CO2 gas, the ionization potential is 13.81 eV and the average
energy required to produce an ion-pair by an electron beam is 32.8 eV [1]. On the other
hand, N2 gas laser of A = 337 nm wavelength and Nd-YAG laser of A = 266 nm (the fourth
harmonic wave) correspond to the quantum energies of 3.67 eV and 4.65 eV, respectively.
Therefore, the UVL demands the high power density in order to produce enough number
of ionization electrons in the drift chamber.

According to a textbook [1], in a volume V containing a density iV" of molecules, the
ionization rate R is given by the equation

R= (f>uNVa^n\ (1)

where tj> is the photon flux and cr<n) an nth-order cross-section equivalent for n-particle
coUisions in units of cm^s""1. A light pulse with cross-sectional area A and duration T
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Table. 1 Specifications of the pulsed UVL of A = 266 nm, the fourth harmonic from
Nd:YAG laser [2]

Wavelength 266 nm
Pulse energy 12 mJ
Pulse repetition rate < 15if z
Pulse duration, FWHM 10 ns
Beam divergency, FWHM 1.5 mrad
Power density (<£ = 1 mm) 1.5 x 1012 W/m2

contains m photons, if the flux <f> and the energy E are given by

m mhc
^ E hAT' ~" ""•" ~ A • ( 2 )

Considering a traversed volume V = AL, the specific ionization per unit length for the
n-photon process is

RT mn

L (AT)n~

where (E/AT) is called the power density of the laser beam.
In the case of two-photon process, the energy levels of the electrons in the molecules

are classified into three levels: the ground level (0), the intermediate level (1) and the
continuum ionization level, the incident radiation stimulates transitions 0 —• 1 and 1 —*• 2.
There is also a spontaneous transition of 1 —• 0. Equation (3) is expressed as

T " = 2 \ I T J
 A2 N\h~cj

using the relation

where crOi and <T12 are the cross-sections for the processes of 0 —• 1 and 1 —> 2, respectively.
The ionization yield increases as the wavelength of UVL decreases. The wavelength

dependence resides almost entirely in the factor O"QI in eq.(4) [1]. Since it is obvious that
the shorter wavelength has an advantage over the longer wavelength from a viewpoint of
the ionization yield, we will use the pulsed wave of A = 266 nm converted from the Nd:YAG
laser. The specifications of our pulsed-laser generator is described in table 1.

4. Drift chamber

An example of precision drift chamber is the VENUS vertex detector at TRISTAN [3].
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The chamber has a cylindrical shape with 12 sectors, each of which comprises 16 anode
(signal) wires. The chamber has performed a good spatial resolution of 37 /jm for the tracks
of charged particles, using what is called slow gas, a mixture of CO2(92%) and C2H6(8%)
pressurized to 3 atm, and a readout electronics system including 100 MHz FADC (Flash
Analog to Digital Converter).

When we apply the drift chamber to the detection of the UVL, the following care is
required [4].
(1) Since the chamber windows for the UVL beam absorb part of the laser energy, quartz
is suitable for the window material.
(2) When the UVL beam hits a wire, many electrons are liberated on a metallic surface.
Therefore, it is desirable not to locate wires in the path region of the UVL.

In order to measure the position of the UVL beam in three dimensions, special wire-
configurations are contrived as shown in FIg.2. The chamber is separated into two parts:
x-chamber for the measurement in an x-z projected plane, and y-chamber for the mea-
surement in a y-z projected plane. Each part has 8 sense wires with the pitch of 6 mm.
Potential wires are interlaid between sense wires in order to prevent the so-called cross
talk. Main parameters of the present chamber are described in table 2.

CATHODE WIRE.

QUARTZ WINDOW

X-CHAMBEF \
\ POTENTIAL WIRE
SENSE WIRE CATHODE WIRE

SENSE-POTENTIAL PLANE
CATHODE PLANE

CATHODE PLANE

A \ \
GND PLATE

Y-CHAMBER

\ POTENTIAL WIRE
.SENSE WIRE

SENSE POTENTIAL PLANE

Fig.2 Conceptual drawing of the proposed drift chamber.
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Table.2 Main parameters of the drift chamber for the position monitor system

Dimension

Sensitive volume
Sense wire

Potential wire

Cathode wire

Edge-anode wire

Gas
Window
Readout electronics

60 x 60 x 144 mm3

60 x 60 x 72 mm3 for x-chamber
60 x 60 x 72 mm3 for y-chamber
7r x 122 x 48 mm3/half chamber
8 wires/half chamber
4> 20 jum gold-plated W
9 wires/half chamber
<f> 100 fj,m gold-plated Cu-Be
19 wires/half chamber
<j> 100 /jm gold-plated Cu-Be
2 wires/half chamber
<j> 100 pm gold-plated Cu-Be
CO2(92%) + C2H6(8%), 1 atm
quartz, 024 mm x 2 / chamber
pre-amp. + shaping-amp. + FADC

5. Position accuracy
It is well known that the integrated intensity of the laser beams is distributed as the

shape illustrated in Fig.3, since a laser beam is always moving due to the instability of the
generator.

>-

EN
S]

h-

Si

J

I
{
\
\

V

1

AMIv
i

/ ! \ \

vl vC y2
AJ A; Aj

Fig.3 Integrated intensity distribution of the laser beams. Both Gaussian distributions of
dashed curves at the profile edges mean the error distributions of the edge measurements.

Therefore, a measurement of the single pulsed-beam position is not enough to determine
the relative position of the UVL beam to the drift chambers, and many pulsed-beams
are necessary for a mean position measurement. When the mean edge positions of the
integrated beam profile are measured to be x] and xf (yj and y?) in the projected x-z
plane (y-z plane) at z; with the detection accuracy of credg, the mean center position at z;
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is given as

*? = £ ^ , (6)
and the accuracy of the measurement is described as

* = ̂ < W (7)

Since some studies obtained that the acdg was less than 50 pm [5] [6], the O{ is expected
to be 35 yxn.

Using the present chamber, we can obtain eight data sets, (x*, z^ i = 1 ~ 8 (or
(yft zi) i — 1^8 ) . We assume that the error e,- of sf is distributed as Gaussian function
around zero, and the error of z,- is negligibly small in comparison with the standard devi-
ation cr; of the e,-. It is also assumed that every <7{ is same and equal to a (= 35 fj.m). The
unknown beam-center-position rji is described as

rji = xc
i-ei = 91 + 62Zi. (8)

According to the statistical treatment [7] [8], the least squares estimate of 6 is obtained as

a — £j=u£t=i zi ~ zi Si=i zi)x] (Q\

and

~ „ s;8 ,1(8» i-sf.1^

Therefore, the least squares solutions become

Vi = 91 + 82zi, * = 1~8 , (11)

and the residual error of the rjj is given as

1/2

(12)

Since the pitch between sense wires is 6 mm, the residual error <54 which is in the central
region of the sensitive volume, for example, is estimated to be factor 0.36 smaller than the
a, and it becomes 13

6. Concluding remarks

A technique using drift chambers and the UVL has been proposed as a new method of
the continuous and simultaneous position monitor system in transverse directions for the
accelerator components. If the relative position between the chamber and the component
is accurately measured, the method will also be useful for the initial alignment of the com-
ponents. The position accuracy of the proposed method has been estimated to be about
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13 jLim. The UVL beam will probably be disturbed by the lenses, the quartz windows and
the air turbulence. It remains to be solved how these things affect the position accuracy.
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1. INTRODUCTION

The CMS experiment has three distinct sub-detectors that measure the trajectories of
particles: the inner tracker, the barrel muon system and the forward muon system. These
sub-detectors are in turn made up of basic elements that measure the points on the particle
trajectory with a precision that varies from tens to hundreds of microns depending on the
position of the basic element in the experiment.

The final beam elements, the so-called micro-p quadrupoles, need to be adjusted
precisely with respect to each other to achieve the optimum luminosity. At present it is
planned to do this using stretched wires passing through the central tracker. The three sub-
detectors have their own monitoring systems and these, together with the beam position,
obtained from the quadrupoles, are tied together with a "link system".

It should be pointed out that all the systems described are monitoring ralher than
alignment systems. There are no active elements to correct eventual misalignments in the
system.

It is convenient to describe the position of points within the experiment in terms of
cylindrical co-ordinates. The beam line, the experiment's axis of symmetry, is the z axis. The
radial distance of a point from this axis is denoted by r and its azimuthal angle by (p.

Although for completeness we describe the entire system, we wish to emphasise that
we have only worked actively on the monitoring system of the inner tracker; this explains
the detail we devote to this topic. The LHC and its associated experiments are planned for
the year 2004 (at the earliest) and it is clear that the monitoring project will evolve during
this time. At best this account should be regarded as a snapshot of present thinking about
the monitoring system.

2. THE CMS EXPERIMENT

The CMS (Compact Muon Solenoid) experiment [1] is a general purpose apparatus
intended to run at the highest luminosity of the LHC. It has been optimised to search of the
Standard Model Higgs boson over the mass range 80 GeV to 1 TeV but is also capable of
detecting a wide range of signatures from alternative electro-weak symmetry breaking
mechanisms and of studying beauty, top and tau physics at lower luminosities. The detector
is designed to identify and measure muons, photons and electrons with high precision.

The core of. the detector (including the inner tracker) is situated in a 4Tesla
magnetic field generated by a superconducting solenoid. This leads to a compact design of
the muon spectrometer without compromising the momentum resolution. The longitudinal
view of the detector shown in Fig. 1 illustrates the main components and dimensions of the
device.
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1312m ,

Figure 1. A longitudinal view of the CMS detector.

After passing through the thin walled beam pipe, particles produced during
interactions encounter the most central detector of the experiment, the tracker. This
measures the trajectories of these outgoing particles by means of a combination of Silicon
and Micro-strip gas chambers (MSGCs). Surrounding this there is the electromagnetic
calorimeter consisting of some 110000 PbWO4 crystals. The object of this detector is to look
for, and measure, "electromagnetic showers" that are typically produced by very high
energy gamma rays. Further out, but still contained within the 4 Tesla solenoid, is the
hadronic calorimeter to measure and identify hadrons. After the magnet there is a vast
detector system devoted to identifying and measuring the momenta of muons, highly
penetrating particles that are the by-products of many of the interesting interactions
produced in the LHC collisions.

3. MONITORING OF THE MUON SYSTEM

The muon detector is placed behind the calorimeters and the coil. It consists of four
muon stations interleaved with the iron return yoke plates. The magnetic flux in the iron
provides the possibility of an independent momentum measurement, and the number of
muon stations ensures the reliability of the system. The muon detector has three basic
functions: muon identification, trigger, and momentum measurement. The high field
solenoid magnet and its iron flux return, which also serves as the absorber for muon
identification, ensure the performance of these tasks.

The barrel muon system

The monitoring system for the barrel muon system is described in detail in [2]. In
this system 240 drift tube chambers are arranged in four concentric stations, MSI to MS4
(see Fig. 1). The full detector is divided into five wheels of twelve 30° sectors each containing
four measuring stations. The angular arrangement of the drift tube modules is such that a
muon always crosses at least one of the stations MSI and MS2. MS3 and MS4 are arranged
such that any through-going high energy muon crosses at least three stations. The drift tube
elements have a resolution of the order of 100 um. It should be noted that, in the
longitudinal direction, there are gaps between the muon stations. This fact is exploited in
the monitoring system.

The basic principle of the monitoring system is shown in Fig. 2. The drift chamber
modules are equipped with reference light sources at calibrated positions with respect to the
internal, particle detecting, elements. These reference sources are observed by a series of
CCD cameras fixed at accurate positions relative to a very stable reference frame (the
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Module for Aligning the Barrel or MAB). The MABs are situated at the radial junction of
two sectors and hence link the chambers on either side of this junction. There are four planes
of MABs, one at each and of the barrel detector and one on either side of the central wheel.
In addition to linking chambers in the angular sense the central MABs provide a link
between adjacent chambers in z by having sets of cameras looking in both directions.
Another refinement is that the cameras can see light sources placed at the end of the
chambers. Thus, if the geometry of each MAB is well known, the set of twelve MABs in a
plane can provide monitoring for two complete wheels.

The system as described above, with the basic arrangement shown in Fig 2. monitors
the internal geometry of three blocks, the two outer wheels and the block consisting of the
three central wheels.

CCD Triangulaiion ami
slttightncsi system

Alignment fiducial
mark (Lightsource)
(MS reference point)

3WS +Fiber

Figure 2. The module for aligning the barrel (MAB).

Clearly, a subsidiary system is need to tie these three blocks together and to provide
some extra redundancy to the system. This extra constraint is provided by the so-called
"three-way splitter". This optical device has as input a single laser beam and as output three
mutually perpendicular laser beams. These devices are mounted on the inside and outside of
the two central MABs. The outgoing light beams strike quadrant photo-diodes. One of
these is located on the MAB holding the three-way splitter and the others are on the end
MABs. Assuming that the positions of these quadrant photo-diodes and the three-way
splitter are all well known in their respective co-ordinate systems, the relative positions of
all the elements in the Barrel Muon System can be found.

The forward muon system

As in the barrel there are four layers of forward muon detectors (labelled MF1 to
MF4 in Fig. 1). Again these detectors are embedded within the iron of the flux-return iron of
the magnet. Cathode strip chambers (CSCs) are used to measure the r,cp positions of the
thorough-going particles. The basic detection unit consists of a self supporting structure
based on a flat panel made of a sandwich of a thick honeycomb panel between two thin
skins of copper-clad printed circuit boards. Cathode strips are etched on one side of the
sandwiched panel. Six anode planes consisting of 30 |j.m diameter gold plated wires spaced
by about 2.5 mm are placed between each pair of sandwiched honeycomb panels. Signals
from the anode wires are used to measure the radial co-ordinate and radial strips provide
the angular co-ordinates. There are a total of 648 CSCs in the end-cap muon system,
covering a total of 1328 m2.

Significant z movement (about 5 mm) of the iron-based end-cap is expected when
the magnet is energised. Furthermore, thermal effects could alter the chamber positions. The
r, (p movement will be much less. The CSCs have attached fiducial marks that are located to
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within an accuracy of 25 urn with respect to the chambers The monitoring system [3] is
designed to measure movements of the order of ±0.5 mm for (r,(p) and r and ±1 cm for z.

Local z movements in the end-cap station are monitored with three laser beacons
and linear optical position sensors on the chambers (see Fig. 3).

^ ^ 1

/

Alignment Plane *•>,

Forward alignment primary points J*

Forward alignment secondary points V

- - Straight line Monitor ^ ~

OVERLAP REGION

[ff^^ . ZPositionsensor

zr*—i
Figure 3. End cap alignment system.

Distances in z, between the muon stations and the outer linking points are measured
by mechanical gauging and proximity sensors. This allows the z positions to be known in the
global co-ordinate system. Six cp planes are coupled to local radial wire alignment lines
(cp reference) between the inner and outer linking points. Each 60° <p group of six chambers is
linked, on each edge, to the wires by inductive <p strip readout.

Each chamber in the 60° group may be inter-linked in q> with inductive strip
measurements at the radial ends of each edge of the chambers using two short, pulsed wires.
Alignment linking in the r co-ordinate is achieved by distance measurements of the edge
chambers to the outer forward alignment points. Local r measurements can be done with
circumferential wires between the 60° edge chambers and inductive strip readouts on the
intermediate chambers. The rings can be linked with radial proximity sensing at the 60°
lines.

Recently, studies have been carried out to assess the feasibility of using transparent
silicon photo-detectors to find the positions of the various elements with respect to a
through-going laser beam.

4. MONITORING SYSTEM OF THE INNER TRACKER

Overview

The Central Tracker has a diameter of 2.6 m and a length of 6 m. It measures the
momentum of charged tracks by measuring the radius of curvature of their helical
trajectories in the strong magnetic field of the experiment. For particles with very high
transverse momentum (i.e. the component of momentum perpendicular to the field
direction) this is equivalent of measuring the sagitta of the particle's path. By pointing back
to the interaction point it also provides information on the precise nature of the interaction
(e.g. whether there are short-lived particles produced during the interaction). The co-
ordinates in (r,cp) are measured using high precision detectors and it is clear that, in order to
have a sagitta measurement which is precise as possible, the detector elements should be
very fine grained and positioned with an accuracy at least equivalent to the detector grain.

The device consists of three types of detectors. In increasing distance from the
interaction point: pixel detectors, silicon micro-strip detectors and micro-strip gas chambers
(MSGCs). The pixels in the first set of detectors have typical dimensions of 0.125 by 0.125
mm2. They give information about the nature of the vertex and help in track finding since
they provide z as well as r and (r,(p) co-ordinates of the track. The silicon micro-strip
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detectors have strips running parallel to the beam axis with a spacing of 50 urn. Intrinsically
they cannot measure the z co-ordinate of the track, however, some of the detectors are tilted
so as to give this information. The outermost detectors, the MSGCs, work on an entirely
different principle but are geometrically similar to the silicon detectors (i.e. they essentially
measure the r and (r,(p) co-ordinates of the track). In this case the strip pitch is 200 urn.

To reduce perturbing the particles passing through the apparatus it is essential that
it should contain the minimum of material. For this reason, and to economise on the number
of electronics channels, one attempts to keep the detectors as normal as possible to the
particle direction. This results in dividing the detector into a 'barrel' region (where the strips
are parallel to the beam direction) and a 'forward' region where the strips are radial.

Since the device is so precise the detectors have to be supported on strong, highly
stable, structures. At the present moment it is envisaged to make these structures from
carbon fibre composite material, Several designs for supporting the detectors have been
envisaged, however, there are good reasons to suppose that the final device will consist of
three coaxial cylindrical structures as shown in Fig. 4.

TTT=

..L.L.U

VTT"
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MSGC

-Silicon
detectors

II I II
Pixel detectors

niTfiTFTiT

Figure 4. Layout of detectors in the inner tracker.

In the present design the barrel pixel device will consist of two concentric cylinders
some 640 mm long having radii of 77, and 177 mm centred on the interaction point. Six
identical end-cap pixel disks are located at ±390 mm, ±540 mm and ±690 mm with an active
circular corona from 75 to 150 mm. The forward silicon and MSGC detectors are mounted
on disks (either single or grouped. We have decided to extend this concept into the barrel
region. Twenty five centimetre long silicon and MSGC detectors are precisely mounted in
'wheels' The wheel structure was chosen since it calculations have shown that, within a
wheel, deformations are below the measurement error. The monitoring system thus has to
keep track of movements of the wheels as rigid bodies. In this description it is assumed that
only the silicon detector and MSGC support wheels need to be monitored. In the present
scheme it is assumed that the pixel detectors are fixed to the silicon detectors and thus do
not need to be independently monitored. If this can not be done then the monitoring system
will have to be extended to include the pixel detectors. Although this will increase the
complexity of the system it does not change the basic philosophy discussed here.

Assuming that the wheel is a solid, undeformable, object six numbers are thus
required to know its position in space. The position in z is not required with the same
accuracy as the other 5 degrees of freedom and can probably be independently measured.
The required performance of the monitoring system can be expressed in terms of the
precision with which points need to be measured. These precisions are summarised in Table
1 below.
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X : Horizontal

Y : Vertical

Pixel detectors

15 urn

15 nm

Silicon micro-strip
detectors

15u.m

15 urn

Micro-strip gas
chambers

40um

40u.m

Table 1. Required precisions in the monitoring of the inner tracker

The heart of the system is a CCD camera. A number of these cameras observe light
sources mounted on the wheels. The position of the images of these sources on the CCD
cameras allows one to reconstruct straight lines in space. By using the known angular
separation between these lines and certain reference lines the positions of the wheels in
space can be calculated. The idealised system is shown in Fig. 5.

Outer system 1 Cylindrical carbon structure Outer system 2

| Camera Unit

Figure 5. Schematic view of the central tracker alignment system.

<•••"> Optical Alignment Path
0 Light Source

Figure 5 shows the wheels equipped with light sources. In the present design each
wheel has two sets of six (or eight) light sources separated by about 200 mm in z. The CCD
cameras are mounted on two end rings as shown. A line of light sources at a given (p
position is observed by a camera from eachSnd of the tracker. Thus, to monitor all the wheel
displacements in the tracker, 24 cameras will be needed (six lines of sight from the two
ends and this repeated for the silicon and MSGC systems). The 24 cameras themselves are
insufficient to monitor the system if their positions are not monitored. To achieve this the
system shown in Fig. 6 is used.
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Figure 6. The camera unit

Each camera that observes the wheels is itself part of a 'camera unit' consisting of
three other cameras and a number of reference light sources. The cameras and the light
sources are known with respect to each other in their own co-ordinate system; this is
achieved in an independent initial calibration step. Two of the cameras in the camera unit
look toward the neighbouring units on the" same ring whilst the other looks inwards or
outwards as the case may be to the other ring. In addition it is foreseen that, as well as
observing all the light sources on the wheels along a given line of sight, the camera used for
monitoring the wheel positions also observes light sources on the corresponding camera
unit at the opposite end of the tracker.

Simulations have been started to test the overall precision of the system. Clearly this
depends on the precision with which the individual elements can be calibrated. The
precision of the CCD system appears to be sufficient and will be discussed below. The
individual CCD cameras have to be calibrated so that one can translate a measured point
into a line in space. The final step is to calibrate the whole camera unit to find the positions
of the five cameras plus the associated light sources. First estimates indicate that the system
will achieve the required precisions.

Components

CCD Cameras

Tests [4] have been carried out to evaluate the accuracy with which the CCD camera
can reconstruct the position in space of a light source. The test apparatus consisted of a
simple commercially available CCD camera and light source mounted on a precision optical
bench. The camera used was a Sony ICX-021-L inter-line transfer sensor with pixel size 11
urn by 17 urn and 582 by 500 pixels in the array. The camera was connected to an IBM
compatible PC via a Digital Vision Cyclope 2-1 board. This digitises the video image in real
time using 256 levels of grey (8 bit) with a resolution of 512 by 512 pixels. In the digitisation
procedure the lines were retained but the analogue signal for a 500 pixel long line was
converted into 512 pseudo-pixels. External synchronisation was used.

In these tests lenses with focal lengths varying between 50 mm and 300 mm were
used. In each case an out of focus image was produced on the CCD sensor. This is not only
necessary from a practical point of view (objects will in practice be situated at a number of
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discrete distances from the camera) but in order to increase the reconstruction accuracy (for
example very small, in-focus, images could have dimensions less than those of the pixels).
The digitised image was treated using programs developed at CERN. The inferred space
position of the light source was compared to the actual position to give a measure of the
validity of the method.

To determine the position of the image on the CCD-sensor we have used what we
call the "modified centre-of-gravity" method; instead of using the pixel signal itself in the
computation of the centre of gravity an altered value is used. To modify the value the pixel
signal a constant value is first subtracted. The remaining pixel signal is then multiplied by a
factor equal or less than unity. If S represents the signal value then, in the first operation, a
quantity So is subtracted giving a new signal

S' = S-So. if S > So and

S' = 0 ifS<S0.

From 5 ' we can derive another quantity S" such that

if S'-T >0 then S" = S' and

i f S ' - T < 0 then S" = ( 5 ' - T)e

In general So is chosen to be greater than the mean value of the systematic noise and
thus much of the constant noise in the dark part of the image is reduced to zero. The effect of
applying the second mathematical operation above is to avoid a sharp transition between the
remaining noise and the real signal. Both operations clearly reduce the noise considerably.
The position of the image is then found by an ordinary centre-of-gravity calculation on the
remaining pixel values. These modifications have been shown to give considerable
improvements in accuracy compared with a straight-forward centre-of-gravity treatment.

The tests confirmed that r.m.s residuals equivalent to 0.5-1 % of a pixel size can
obtained. This corresponds to better than 1 um precision in object space with 4 metre
distance between the 300 mm focal length lens and the light source.

Images taken using a simple circular aperture with a diameter of 0.3 mm gave
similar results. It is proposed to use simple apertures in the final apparatus. Apart from the
obvious cost factor, this choice makes the cameras simpler to fabricate and calibrate. It also
opens the possibility of using more that one aperture per CCD camera.

Light sources

In the tests reported above light emitting diode light sources were used. Although
the performance was entirely adequate, the finite size of these devices poses a problem.
Since our method depends on calculating the object position from its blurred image the
precision could be affected by dust particles on the surface of the source. The obvious
solution is to reduce the source size to below the required precision. We have carried out
tests in which a 9 um diameter fibre is illuminated by a focused He-Ne laser. The light
intensity is sufficient to reconstruct the image position with good accuracy.

5. THE "LINK" SYSTEM

The purpose of the link system [5] is to relate the co-ordinate systems of the barrel
and end-cap muon systems to that of the tracker. The principle, illustrated in Fig. 8 is to
materialise six planes separated in cp by 60°. These planes are displaced slightly with respect
to the beam line to avoid the beam pipe and to allow a cross check between opposite planes.
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Figure 3. The "link" system.

Each plane of light is produced by a laser beam and a rotating penta-prism. The light
impinges on three reference points on the tracker that are part of its internal alignment so
that their q> co-ordinates are always known. The cp co-ordinate of each linking point is
determined by measuring its distance to the laser plane using linear array photo-diodes
placed perpendicularly to the plane of light. The radial, r, reference is defined with a line of
light looking at two points of known r in the tracker. The distance from linking point 1 in
Fig. 6 to the line of light determines its r co-ordinate. The r co-ordinate of the other linking
points is known by mechanical assembly since they are precisely mounted on a carbon fibre
bar. The alignment of the z co-ordinate uses the same line of light as for the r reference but
rotated by 90° and sent along the r-axis. The z co-ordinates of the linking points along the
carbon fibre bar are known by measuring their distance to this line. This method gives the
relative z co-ordinates between the linking points. The absolute z values will be known by
mechanically measuring the distance of point 1 to the tracker.

Figure 8 shows light beams passing on the outside of the tracker. These six beams
serve to link the system on one side of the experiment with that on the other. As explained
earlier, there will be stretched lines running from one side of the experiment to the other in
order to align I he micro-p quadrupoles. These lines will run at some 400 mm from the beam
line and will thus pass through longitudinal holes in the tracker in the space between the
silicon arid MSGC volumes. It has been proposed to use these holes to pass the light beams
form the penta-prism, thus providing a further link between the muon systems, the central
tracker and the beam line.
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THE MOST FLEXIBLE INSTRUMENTATION FOR SURVEYING AND ALIGNMENT
A HIGH PRECISION TOTAL STATION CONTROLLED BY MODERN SOFTWARE
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Gebhardt Moritz
GSI, Gesellschaftfiir Schwerionenforschung mbH, Darmstadt, Germany

1. INTRODUCTION

For the surveying and alignment of the GSI beam-lines the Metronom company l»r • developed the
TASA Concept. The main aim of this development was the use of only one strategy for all accelerator
alignments. The solution consists of the use of high-precision polar measurements combined with a
complete assembly of new fiducial points. Furthermore, the installation of the new concept has prompted
the GSI to modernize its surveying and alignment software. This paper aims to give an overview of the
different sensors and the software package. The theory behind the concept is described in "TASA - A
New Standard Method for the Surveying and Alignment of beam-line Facilities at the GSI", published in
the proceedings to this workshop.

2. TASA HARDWARE

2.1 The High-Precision Total Station Leica TC2002

The use of polar measurements is a very simple way of determining three-dimensional coordinates. It
is frequently used in several geodetic applications and there have been many attempts to establish this
method for industrial measurements (e.g. Total Stations, 3D-Lasertracker). The polar method has also
been used for accelerator alignments, but all concepts have to take the often unsatisfying precision of the
range-finder into account.

LEICA offers the TC2002 as a high-precision total station in combination with reflective foils and
software based on ECDS Modules as the PCMS System for industrial measurement applications. The
instrument consists of a theodolite (T2000) and a concentrically integrated range-finder (DI2002). In the
general specifications for this total station, LEICA defines an accuracy for the distances of 1 mm + lppm,
but the distance sensor provides much more. LEICA is able to select tuned instruments during their
fabrication and to deliver very powerful sensors with an accuracy of about ten times better than their
specification.

After the GSI had aquired a TC2002 in July of 1995, they commissioned the Technical University of
Aachen with the calibration. The accuracy of distances between 2 m and 25 m was inspected by
comparing the TC's readings to "true" distances (measured by a laser interferometer) at an intervall of
25 cm. The test proves excellent tuning of the system. No cycle error was detectable and the only
correction for the sensor/prism system was a offset. Figure 1 shows the residuals to a fitting curve. The
standard deviation for the distances was calculated as 0.06 mm !
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Fig. 1: TC2002 Versus Interferometer Distances

To achieve the same accuracy on site as in the laboratory, it is necessary to heed the following
points:

• Each sensor/prism constellation must be calibrated separately
• Variations in the atmosphere must be determined
• The alignment of the prism to the sensor must be within a certain limited range

2.2 Targets

The indicated precision can not be obtained using reflex foils; upgraded triple prisms must be used.
To simplify the prisms setup and to merge the reflectors with the centering method, they must be
integrated to Taylor-Hobson spheres. This has been done by DESY and other institutes to enable
measurements using the ME5000 laser range-finder. The prism is adjusted to the spherical center to
eliminate the offset of the reflector.

The advantage of this solution is the missing offset of the prism, but it is not possible to measure
horizontal and vertical angles within the same aiming. For this a conventional Taylor-Hobson target with
concentric circles (or other marks) is needed, adjusted to the exact midpoint of the sphere.

To enable polar measurements on "one shot", Metronom has developed a device based on a Taytor-
Hobson sphere (made by Brunson) and a Leica standard prism. The installed prism is mounted on a xyz-
support to simplify the process of alignment to the spherical center. The prism provides concentrical
circles on its entrance plane like the original Taylor-Hobson sphere. In contrast to the ME5000 target, the
prism is adjusted without considering the offset value. The adjustment of the aiming mark to the midpoint
of the sphere is more important, as an additional offset can be compensated automatically within the
computation.
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Fig. 2: Sideview of the Reflector Unit

2.3 Registration of the Atmosphere

The atmosphere is determined using electronical sensors. Metronom has installed two sensors on a
portable support to measure the temperatur, pressure and humidity of the air. The sensors are directly
connected to the computer and they are queried with every distance measurement.

Table 1: Atmosphere Sensors Used

Sensor
Temperature
Air Pressure
Humidity

Name
VAISALAHMP231
VAISALAPTB201A
VAISALAPTB201A

Precision

o.rc
0.25 hPa
1%

2.4 Inclinometers

Two fiducial points (beam-in, beam-out) are mounted on every component. The components are
aligned while setting the fiducial points to their nominal coordinates and by levelling, i.e. by tilt
correction. The longitudinal tilt (pitch) can be evaluated from the heights of the fiducial points; the tilt
rectangular to the beam (roll) must be measured separately. To improve the levelling system it is
advisable to use eletronic sensors. While realising of the TASA Concept, Metronom established sensors
made by Lucas Schaevitz (Switzerland) with a measuring range of ±1° (=17.45 mrad) and a precision of
0.03 mrad (depending on the absolut tilt). The advantages of the Schaevitz LSOC-inclinometers are their
small size, robustness, wide working range and good precision.

To determine possible twists in components the transversal tilts are measured twice. This is
supported by the TASA consoles, which carry socket screws, to attach the inclinometers at equal and
repeatable positions. To allow simultaneous measurements of both tilts, two sensors must be employed.
In order to query the sensors electronically they are connected with the computer through a power supply.
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2.5 The Sensor System

To align components online it is necessary to connect all sensors to the computer. Fortunately, it is
possible to address the sensors separately, so no special bus system is required. Optional it is possible to
support a second screen, placed near by the component, to show the alignment staff the actual residuals
and values of movement.

Auxiliary screen

dx: 0.04 mm
dy: 0.12 nnm
dj: 0.25 mm

J

Temueruture- l o t a l station
pressure- (LEICA TC2002)

humidity-sensor
(VAISALA)

3

Inclinometer
(SCHAEVITZ LSOCT

o

Power
supplies

PC

d«: 0.04 mm
d/: 0.12 mm
dz: 0.25 mm

Fig.3: Sensor Configuration

2.6 Computer

No special hardware is required to operate the system. A modern PC, capable of running MS-
Windows, is a standard in computing today. For TASA measurements, Metronom prefers the use of a
handheld-computer like the new HUSKY-FC-486, as it is protected against humidity, dust and
mechanical shocks. Furthermore, the FC-486 supports MS-Windows using PEN technology rather than a
mouse or trackball.

Fig.4: HUSKY FC-486
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3. TASA SOFTWARE

The TASA Concept is a new alignment method including hardware and software. During a complete
alignment procedure a lot of data must be handled. Until the TASA Concept was realized no special
software structure was used. The GSI decided to commission Metronom with the development of a new
software package to come up with a solution specially designed for polar alignments based on the
described hardware. The different programs should be user-friendly and able to be operated by unskilled
employees, flexible and suitable for hand-in-hand work. To meet these requirements Metronom has
developed programs which run under MS-Windows. The operating system allows event-driven
programming and supports the design and the use of software with standard user-shells (general look and
feel).

Reference Network Determination

P R O L O G
(METRONOM)

Macro-controlled
angle and distance

measurements

I
R E W O R K

(METRONOM)

Data preprocessing
(Correction/Calibration)

P A N D A
(GEOTEC)

3D Least Square
Adjustments

C O L L A T E
(METRONOM)

Determination of
approximate coordinates

' i

H A N D L E
(METRONOM)

Database management
(Import, Export, Queries)

A L I G N
(METRONOM)

Online-Alignment
of components

T
C A R R Y

(METRONOM)

Evaluation of
nominal coordinates
(Transformations)

t
E C D S
(LEICA)

Determination of coordinates
with Intersection method

I N K L I N O
(METRONOM)

Recording and
Preprocessing of
lilt measurements

Transfer old to new fiducial points

Fig.5: TASA Sofware Structure

Figure 5 shows the software-structure of 7 programs realised by the TASA Concept. The following
descriptions give an overview of the features of the different programs.
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• INKLINO (Tilt Measurements)

INKLINO is a program for tilt measurements with electronic inclinometers. It is possible to display
online the readings of two sensors in a single or tracking mode simultaneously and to store the data into a
file. The stored readings are corrected by systematic corrections (e.g. offsets, bias, etc.). For alignments a
virtual analog needle can be displayed to improve the recognition of the tilt's value and sign.

The tilt measurements can be analysed with the same program. For this purpose there is a module for
data reduction and statistical evaluations (average value, median, standard deviation, etc.).

• CARRY (Transformation Program)

The program CARRY has been specifically designed for the GSI. It is a transformation program for
the calculation of nominal coordinates of new fiducial points. Input data is the tilt (roll) of a component
(determined using INKLINO), a set of 3D coordinates for the "old" and "new" fiducial points in a
horizontal coordinate system (determined using ECDS) and a set of nominal coordinates for the "old"
fiducial points (calculated by the GSI). Output data is the nominal coordinates of the "new" fiducial
points.

• PROLOG (Reference Network Measurements)

This program is the most conventional one, as it supports all kinds of measurements using geodetic
instrumentation. This program allows angle and distance measurements using Leica sensors
(e.g. TC2002, T3000, E2, ME5000, etc.). It is possible to measure sets of angles and distances (including
atmospheric parameters) and to store the readings in a file. The most important feature of PROLOG is a
macro function for defining measuring macros. Normally the operator knows the exact numbers of
stations and targets, so he can put them into the program before he starts working on site. The macro
automatically reads the stored numbers and tells the operator which target he has to aim at. The recording
of the readings can be released with a button on the instrument, so it is not necessary for the operator to
interact directly with the computer.

• REWORK (Data Preprocessing)

REWORK prepares the data, recorded with PROLOG, for the least square adjustment process. All
kinds of corrections are calculated in order to eliminate systematic errors (e.g. evaluation of two-face
angle measurements sets, calibration of distances, atmospherical corrections, vertical offsets, etc.).

• COLLATE (Approximation of Coordinates)

The calculation of a least square solution needs proximate coordinates. COLLATE is able to
evaluate proximate coordinates and to create a input file for the adjustment program PANDA.
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• HANDLE (Database Management)

The database management program HANDLE is the heart of the TASA software package, as it is the
central data store. The user is able to create all files necessary for the operation of other TASA programs
using import and export functions. The data is stored in a relational database, so the operator has the
advantages of sorting, selecting or defining special data queries to create dynasets. HANDLE supports a
special user-shell to improve the data access and to allow operators with no database skills to work with a
relational database without any knowledge of the internal administration procedures.

• ALIGN (Online Alignment)

The program ALIGN combines the features of a data acquisition, preprocessing and evaluation
program. This module supports functions for the tacheometric online alignment of components using a
TC2002, electronic atmosphere and tilt sensors. The evaluated actual coordinates of the fiducial points of
the component (beam-in, beam-out) are compared with their nominal values. Based on the coordinate
differences and a set of coordinates for the alignment supports of the component, the program calculates
shifts for the support screws. The program displays these values in a table, which can be transmitted to a
second screen placed close by the alignment staff.

The following screen shots give an overview of the design of the software. The use of standard
control elements (e.g. menue structures, buttons, function keys, option boxes, list boxes, online help, etc.)
enables the user to operate the programs without participating in a lengthy training course (intuitive use).

pie Edit Measure Erolncol Options 2

Fig. 6: Screen shot of the Data Capture Module of ALIGN
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Elle Edit Measure Ernlcicol Options 2

Fig. 6: Screen shot of the Alignment Evaluation Module of ALIGN

4. CONCLUSION

The GSI has no surveying staff of its own. Surveying and alignment tasks are carried out by service
companies. With the TASA software the GSI is not dependent on special experts and individual solutions.
For the operating of the programs the user must be skilled in geodetic methods, but not necessarily in
accelerator alignment methods.

The realisation of the TASA Concept for all of the GSI accelerators is not yet finished. The first
accelerator (ESR) is momentarily being prepared for a realignment at the end of 1995. Metronom and the
GSI intend developing the entire system to a commercial product as an alignment method for small and
midzise accelerator facilities.
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EFFECT OF THE SOUTHERN HYOGO EARTHQUAKE
ON THE AKASHI-KAIKYO BRIDGE

Seigo Nasu, Masaaki Tatsumi
Honshu-Shikoku Bridge Authority,Tokyo,Japan

1. INTRODUCTION

On January 17,1995, a huge earthquake hit Kobe city and its neighboring cities
as well as Awaji island in Hyogo prefecture. This earthquake which was officially
named " Southern Hyogo Earthquake" caused a devastating damage including over
5,000 death and collapse of infrastructure.

The epicenter was at the northern tip of Awaji island, close to the Akashi—
Kaikyo Bridge. However, the bridge survived without any sever structural damage.

This report describe an effect of the quake on the Akashi-Kaikyo Bridge based
on a field survey and a basic structural study.

2. SUMMARY OF TOPOGRAPHY AND GEOLOGY OF THE AKASHI STRAIT

The Akashi Strait extends in a northwest-to-southeasterly direction and is
about 4 km wide. At the center of the strait, the topography consists of a 400 m
wide seapotshaped valley with a water depth of 100 m , the two sides of which
slope steeply.

The geology comprises granite of the Mesozoic era as the bedrock. This is
covered roughly with the Kobe stratum of the Mesozoic epoch of Neocene, the
Akashi layer of the diluvial epoch of the Quaternary period, an upper diluvial
formation, and an alluvial formation (Fig.l).

Results of past sonic prospecting and borehole surveys indicate that east-west
system faults centering on Fl, F6, and F7 are crossed perpendicularly by a north-
south system fault in this part of the strait (Fig.2). Since these faults were only
observable below the Kobe layer and do not reach into the Quaternary formation,
it was assumed that they had not slipped for at least for 2 million years which is
the definition of a nonactive fault.

All three east—west faults, including Fl, fall toward the north and do not cross
the Quaternary period formation. At the center of the strait they are very clear in
the results of sonic prospecting, but are somewhat vague at both extensions.

In choosing foundation locations for the Akashi Kaikyo Bridge, the relative
position of the extension of the north-south fault F5 offshore of Awaji Island and
the extension of faults F l l and 4A were investigated by various means. Result
showed that the extensions did not approach the periphery of proposed
foundations. Thus the foundations of the Akashi Kaikyo Bridge were chosen so as
to avoid the vicinity of faults under the strait.
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(b) Source:Report for Recapitulation of Geological Survey of Akashi Strait (Na 1) *
by the Honshu-Shikoku Bridge Authority, Dec.1984

* This report was a collection of geological surveys and reports of academic
institutions and committees since 1959.

Fig.2 Seabed topography and active fault lines around the Akashi-Kaikyo Bridge
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3. SEISMIC DESIGN PHILOSOPHY FOR AKASHI KAIKYO BRIDGE

3.1 Design Seismic Input

The common seismic input for each foundation was defined as the envelope of
two acceleration response spectra on the ground surface, assuming that bedrock
equivalent to Type I (defined in the Specifications for Highway Bridges) is
exposed at the ground surface:

(1) Acceleration response spectrum at the point of bridge construction in the
case of an earthquake of magnitude 8.5 at an epicentral distance of 150
km

(2) Since a nearby earthquake could cause greater seismic loading than in (1)
above, response spectra for past earthquakes (of magnitude 6.0 or more
within a radius of 300 km ) evaluated from the theory of probability for a
recurrence interval of 150 years
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3.2 Seismic Design features of the Akashi Kaikyo Bridge

The Akashi Kaikyo Bridge has the following unique characteristics as compared
with bridge constructed in the past:

(1) The substructure is particularly large.
(2) Since the granite rock stratum is extremely deep at the point construction,

the thick soft rock layer (the Kobe layer) of the Miocene epoch of Neocene
and the unconsolidated gravel stratum (the Akashi layer) of the Pliocene to
diluvial epoches laid down on top of the granite have to be the bearing layers.

Due to these unique characteristics, the geological conditions at each foundation
position were required to be modeled accurately. Further, a new seismic design
procedure was established to take into account the non-linear nature of the
ground during an earthquake, and the dynamic interactions between the foundations
and ground. The foundation response was obtained by means of dynamic analysis
using a rigid-body system model with two degrees of freedom as in the earlier
standards as well as by carrying out stability checks by means of time-history
response with an FEM model able to accurately take into account nearby ground
conditions when checking the seismic stability of the foundations.

Foundation

» • * 4 •«

Seismic
tremor

Ug Horizontal direction

(f>' Direction of rotation

(a) Foundation—ground system model (b) Rigid-body, two-degree—of-freedom
system model

Fig.5 Designing model of foundation-ground system
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4. EARTHQUAKE RECORDS IN THE VICINITY OF THE AKASHI STRAIT

Table 1 shows the list of the observation and their results obtained at the
Akashi Kaikyo Bridge site and Fig.6 shows the points of the observation.

Fig.7 shows the distribution of maximum acceleration observed in each of these
observations.

Table 1
Observation at the Akashi Kaikyo Bridge site

Purpose

Specification
of the
observation

Results

(l)Observation of
intensive quake
motion

Field records of
large earthquake

Instrument:acceler
—ometer
Measured depth:
5 m ,60 m ,250 m
Maximum accelera
-tion detected:
400 gal

Data exceeded the
measurable range

(2)Array observat-
ions of long—period
quake motion

To obtain phase
difference charact-
eristics of seismic
motion

Instrument:Servo—
type velocity-meter
Measured point:
Ground surface
Measured range:
+ / - 3 kine

Data exceeded the
measurable range

(3)Observations of
tower behavior
(velocity)

To obtain wind
response character-
istics on superstru-
cture

Instrument:Servo-
type velocity—meter
Measured point:
Top of tower and
middle of tower
Measured
range:
+/-100 kine

Scheduled to be
analyzed

Akashi City m (2) Akashi observation point

Kobe City

Tarumi

Akashi Strait

n Tower,—
(1) M-& (2) Tarumi observation point

Akashi Kaikyo Bridge

(2) Iwaya observation point

Awaji Island

Fig.6 Earthquake—related observations points for the Akashi Kaikyo Bridge
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5. EFFECT ON THE AKASHI-KA1KYO BRIDGE

At the time of the Southern Hyogo Earthquake on January 17, 1995, work on
the AKashi—Kaikyo Bridge was at the stage of cable squeezing. As soon as
possible after the earthquake, investigations of the situation were undertaken by
means of structural inspections, surveys, underwater cameras, etc. to estimate the
effects of the earthquake on the structure as well as on the bed rock. The results
of these investigations are described below.

(1) No damage was incurred by the already-erected main structures,
including the anchorages, tower foundations, towers, and cables, etc.

(2) Survey results indicated that the main tower foundation on the Awaji
Island side (3P) had suffered a relative displacement of about 1.3 m in an
approximately westerly direction, while the Awaji Island anchorage (4A) had

also been displaced by about 1.4 m to the west.
As a consequence, the center span has increased from 1990 m to
approximately 1990.8 m , with the side span on the Awaji Island side also
increasing from 960 m to approximately 960.3 m .

(3) Since a submarine survey indicated no trace of foundation slippage
relative to the ground, the measured displacement is assumed to have
resulted from displacement of the bed rock itself bearing the foundation.
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5.1 Visual Inspection of Structures

Table 2 shows the results of visual inspections urgently conducted immediately
after the earthquake (from January 17 to 19). No visual damage were noted on
the structures of the 1A and 4A anchorages. Nor were any visual damage noted on
the main towers, cables, catwalks, etc.

Table 2
Results of visual inspections and countermeasures implemented

Location

1A

2P and
3P

4A

Results of visual inspection

(1) No visual damage found on the
anchorage

(2) Reclaimed revetment settled by
about 50 cm at maximum and
displaced by about 30 cm

(3) Cracking in pavement of work
yard parking lot

(4) Subsidence of channel by 30
cm (extended channel)

(1) No damage in top deck of main
tower foundation

(2) No damage in main tower and
cable saddle

(3) Airplane warning light and
neon sign properly illuminated

(4) Temporary electric substation
system at 3P tower damaged

(5) Tower elevators halted

(6) Catwalk handrail support and
side wire net partially damaged

(7) Part of cable squeezing machine
damaged

(1) No damage found in anchorage
(2) Reclaimed revetment settled

about 1 m at maximum,displac
-ed by about 20 cm

(3) Electric substation system for
construction collapsed

(4) Work yard settled 1 m at
maximum

(5) Subsidence of channel by about
50 cm (Tanowaki channel)

Countermeasures

(2) Restoration of the revet-
ment completed

(3) Urgent repairs to fill the
gaps completed

(4) Restoration completed

(4)Repair completed

(5) 2P restored
3P(east)restored

(6) Restoration completed

(7) Restoration completed

(2) Restoration of revetment
and channel completd

(3) Repair completed

(4) Restoration of ground
completed

(5) Restoration completed
begun
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5.2 Observed displacement of the substructures
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5.3 Investigation of Ground Around Main Tower Foundations

1) It is found that no slippage of the main tower foundations occurred, judging
from the result of visual ground survey with an underwater camera, sounding
surveys, and measurement of the rock bed displacement.

2) With respect to the condition of the ground around the towers, no particularly
notable uplift or settlement could be seen.



IV/315

6. EFFECT OF DISPLACEMENT ON THE STRUCTURE

The effect of the displacement caused by the earthquake on the skeleton of
the Akashi-Kaikyo Bridge is shown in Fig. 10
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Fig. 10 Effect on the structural skeleton of Akashi-Kaikyo Bridge
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The effects of changes caused by the earthquake, and the measures being
taken to cope with them, are summarized in the table below.

Table 3
Effects of changes and measures to cope with them

Issue

Strength

Alignment

span

Effects of earthquake and measures to cope with them

According to the results of an analysis in which the earthquake-
induced foundation displacement is added to the completed structure,
there would appear to be no problems from a stress viewpoint as
regards towers, cables, the stiffening girder, etc.

Although the part of vertical alignment exceeds 3% due to the
lessened cable sag in the center and the side spans, no problem will
occur under the conditions of the highway structure ordinance. Also,
the horizontal alignment is now off by about 0.03 degree at the
tower, which is not expected to present problems as far as the
passage of cars is concerned.

The increased 2P-3P and 3P-4A spans will be coped with by
adjusting the length of the stiffening girder now being fabricated.
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Crustal deformations in the Japanese islands observed
with the nationwide continuous GPS observation system

Takashi TADA
(Crustal Dynamics Department, Geographical Survey
Institute, Tsukuba, Ibaraki, 305 Japan)

Abstract
The Japanese nationwide continuous GPS observation network

has been established in October 1994. There are 215 permanent
GPS station all over Japanese islands. The observation data have
processed in two way. One is real time, on-line processing with the
broadcast ephemeris and other is off-line processing with the precise
ephemeris. Some interesting results have been obtained since the
beginning of the observation. GPS network has revealed with
astonishing rapidity crustal deformations, such as associated with
destructive earthquakes and tectonic plate motion. These results
shows the excellent performance of the permanent type GPS
network, although only one year observation.

Introduction
The Japanese islands locate at the plate boundary between the

oceanic plate and the continental plate, such as the Pacific plate, the
Philippine Sea plate and the Eurasia plate. Therefore, the steady
state crustal deformation due to plate motion is large . In addition,
destructive earthquakes have occurred frequently and the crustal
deformation associated with those earthquakes have observed.

Geographical Survey Institute(GSI) has set the nation wide
continuous GPS observation stations about 200 since October 1994.
There were three large magnitude earthquakes in the past one year
in and around the Japanese islands. We would like to report the
crustal deformations associated with those earthquakes and also
steady state crustal deformation obtained by the GPS network.

Global Positioning System(GPS)
Global Positioning System(GPS) is a new surveying technique

applying space technology designed by the United States
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Department of Defense(DoD). GPS is a satellite dependent
navigation system. GPS consists of 24 satellites in six orbital planes,
each having four satellites. The satellites operate in circular 26600
km orbits at an inclination of 55 degrees with 0.5 sidereal day period.
The system has been fully operated since July, 1993.

GPS is higher accuracy than that of EDM. Especially,
interferometric GPS can achieve 0.1-0.01 ppm level relative
precision. In addition this high accuracy, GPS has the following-
characters,

1) three dimensional positioning,
2) no requirement of intervisibility between the observation

points,
3) all weather condition,
4) 24-hour operation,
5) short observation time,
6) easy data processing,
7) availability of automatic real time, on line observation, and
8) handy instrumentation and high portability.

Role of Geographical Survey Institute
The Geographical Survey Institute (GSI) is the major

governmental organization for surveying and mapping in Japan,
and carries out the basic surveying and mapping of Japan and the
associated research connected with them. One of the most
important task of GSI is establishment and maintenance of the
national geodetic control points, such as the triangulation station
and the bench mark. GSI initiated a nationwide triangulation
survey using theodolites in 1883 and the nationwide triangulation
network consisting of 6000 control points was established in 1911.
Re-surveys of these control points contribute to the monitoring of
crustal movements.

According to the national program for earthquake prediction,
GSI carried out the monitoring the crustal movements by the
precise geodetic distance survey with Electromagnetic Distance
Meter(EDM) in 1974. The first cycle measurement of 3000 primary
control points was completed by 1983. The second cycle started in
1984 and completed by 1994, and GPS was used from 1990 changing
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to EDM.

Nationwide GPS Network in Japan
GSI installed four GPS receiver in March 1987. This is the first

time of the introduction of GPS to Japan. Since then, GSI intensive
experimental observations had carried out under the many
conditions. In March 1988, a total of several tens of GPS receivers
further introduced to universities and governmental institutes
related to the earthquake prediction project. Those receivers are
used for the monitoring of crustal deformation by campaign type
observation. However, the biggest advantage of GPS observation is
on-line, real time remote control ability at permanent stations.
Compared to repetition of campaign type GPS observation,
continuous observation at permanent GPS stations can achieve at
the highest accuracy and temporal resolution.

In February 1990, the Crustal Dynamics Department(CDD) of
GSI established 3 permanent GPS stations in the Izu peninsula, 150
km southwest of Tokyo, in order to monitor crustal deformation
associated with volcanic swarm earthquake activity.
In March 1991, another permanent GPS network .consisting of 4
receivers, was established around Unzen volcano, Kyusyu, west
Japan, which has been erupting since November 1990. Moreover, in
March 1992, CDD established a permanent GPS network in the
Suruga bay region, central Japan, where is considered to be the
seismic source region of the coming Tokai Earthquake. And CDD
began a continuous GPS observation at the Iriomote island, located
western margin of the Ryukyu arc, in December 1992.

We could achieved a high precision, sub-cm precision for about
10 km baseline, and obtained some significant results concerning to
the crustal deformation associated with earthquake and volcanic
activities through these small GPS network experiences.

On the basis of success in monitoring of crustal deformation by
the permanent type observation of GPS, a new project of
establishing a wide and dense GPS network in the Kanto-Tokai
region was proposed by CDD in April 1993.

Kanto and Tokai region, central Japan, are designated as "Areas
for intensified observation for earthquake prediction" by the
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Coordinating Committee for Earthquake Prediction(CCEP). This
project intends to establish a GPS monitoring network in order to
observe precursory crustal deformation preceding earthquake
generation and volcano eruption. CDD named this new network
COSMOS-G2(COntinuous Strain MOnitoring System with GPS by
GSI). The COSMOS-G2 network consists of 110 permanent type
GPS stations. Fig.l shows the COSMOS-G2 network. We designed
the COSMOS-G2 network as densely as possible . Average spacing
between GPS stations is 10 -15 km. Actually, the number and the
density of stations of the COSMOS-G2 network is the first of its kind
in the world. The COSMOS-G2 project, was adopted in the
supplementary budget of Japanese government in FY 1993. The
COSMOS-G2 network came into operation in March 1994.

On the other hand, Geodetic Department(GD) of GSI proposed a
permanent type GPS network covered all over Japan, behind CDD
one year . The aims of this project are, to establish a new 3-
dimensional geodetic network instead of the conventional one, and
to monitor tectonic movement in the Japanese Islands. This new
network was named GRAPES(GPS Regional Array for Precise
Surveying and Physical Earth Science).

Fortunately, GRAPES was adopted in the second supplementary
budget of Japanese government in FY 1993 and established in
October 1994. Fig.2 shows the GRAPES network. GRAPES has 104
GPS stations in all over Japan and its average spacing is 100-120
km.

Thus, we have two GPS sub-networks in Japan. Both sub-
network have a similar system. A GPS antenna is equipped on the
top of a 5 m stainless pillar with a 2 m firm ground base(Phot.l). The
antenna is covered with a radome. A receiver, a modem, and a
battery are kept inside of the pillar. A brass maker is attached to
each station for site preservation. The data collected at each station
are transferred to data centers at GSI by a high speed modem
through a public telephone line.

Currently, the data from each sub-network are processed
independently with its own strategy. Since the COSMOS-G2
requires a quick turnaround of the results for the real time
monitoring, a broadcast ephemeris is used with Bernese Processing
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Engine and the observation window is set to be 12 hours. On the
hands, GRAPES requires the highest precision to detect tectonic
movements in an over 100 km scale. Thus, 24 hour data are off-line
processed with a precise ephemeris from the International GPS
Service for Geodynamics(IGS) using the GAMIT software.

In response to the recent sequence of destructive earthquakes,
GSI plans to expand the number of stations up to 640 in March 1996
as shown in Fig.3 and the current two sub-networks will be
integrated into one new system, a nationwide GPS network.
Furthermore, the total number of GPS stations will be expand up to
about 1000 in the end of 1996. With these expansion, the Japanese
islands will be covered by a dense GPS network with the average
spacing of about 20 km. The Japanese nationwide GPS network is
the largest and most dense permanent GPS network in the world.

Kurile Islands Earthquake(M=8.1)
The nationwide GPS network became operational from September

27,1994. On October 4, 1994, i.e., 1 week after the operation, a large
earthquake, which earthquake magnitude M=8.1, hit the northern
part of Hokkaido, and the southwestern part of the Kurile islands.
It is well known as the 1994 Kurile islands earthquake. The
epicenter was about 200 km east off the Nemuro peninsula in
Hokkaido, but the eastern part of Hokkaido strongly shook with
JMA seismic intensity 5. It was afraid that the station pillars of GPS
tilted by the strong shaking. The stability of the pillar at Nemuro on
site was checked and it was concluded that there were no problems
in the pillar. Thus, all GPS stations survived the shaking and
provided us continuous observation data of the quake. A
preliminary result on the coseismic crustal deformation was
reported to the public on October 6,1994, proving the quickness of
continuous GPS network in monitoring crustal deformation. It
needs 2-3 years to obtain the same result by the conventional
method.

Because all stations in Hokkaido could be displaced from the
earthquake, it was assumed that the Usuda station, Honshu, Japan
was the fixed point in the analysis. Usuda is located about 1100 km
southwest of the epicenter, so it is considered that the coseismic
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displacement at the Usuda station is negligible small.
Twenty-four-hour data from GPS stations in Hokkaido and

Usuda with a one-minute interval are processed for two-week period
from September 27 to October 12, one week before and one week
after the earthquake. For the base line processing, it was used the
GAMIT software with National Geodetic Survey(NGS) precise
ephemerides and earth rotation parameters from International
Earth Rotation Service(IERS) Bulletin. Tropospheric delays are
estimated at each station in every 3-hour period.

Fig.4 shows a graphic representation of the horizontal crustal
displacement vectors associated with the 1994 Kurile islands
earthquake in Hokkaido. The nearest station to the epicenter,
Nemuro, 170 km west of the epicenter, moved 44 cm to east and 10
cm to down. Since the fixed station is so far from the epicenter, the
displacement can be regarded as absolute value. Two possible fault
models have been proposed based on this crustal deformation.
Because of poor resolution of determination of aftershock
hypocenters and lack of information of crustal deformation in the
near field, it is impossible to distinguish which model is better.

Fig.5 shows the time series of the coordinates at Nemuro before
and after the earthquake. Error bar shows twice of the standard
deviation. Offset after the main shock in October, 4(day of year 277)
are evident in the time series. It is obvious that there are no
significant changes in site coordinates for a week before and after
the earthquake.

1994 Off Sanriku Earthquake(M=7.5)
On December 29,1994, a large earthquake with magnitude of 7.5

occurred at far off Sanriku, northeastern Honshu, Japan. Strong
shaking of the JMA seismic intensity 6 was recorded at Hachinohe
city. There are no damage at the GPS stations and the crustal
deformation associated with the earthquake was successfully
detected.

Fig.6 shows the horizontal crustal displacements at each GPS
station analyzed by above mentioned data processing. The Kuji
station, northern part of Tohoku, about 200 km far from the
epicenter, moved up to 8 cm toward to the epicenter and subsided up
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to 2 cm. The crustal deformations associated with the quake was not
so large but a large after effect crustal deformation was observed.
Fig.7 shows a time series of dally change in Kuji-Rifu baseline
components for about 8 month. A exponential function type post
seismic relaxation was recorded at the Kuji station where was
nearest station to the epicenter. The relaxation time constant is
estimated to be about 60 days. It is considered that this
phenomenon is either due to the creep motion of the fault plane or
due to the visco-elastic character in the upper mantle. Fig.6 gives a
strong impression of superiority of the continuous GPS observation.

The off Sanriku earthquake is understood to be a thrust type
faulting occurred at the plate boundary between the Pacific and the
Okhotsk plates.

1995 event in the Izu peninsula
Since 1978, earthquake swarm and anomalous crustal

deformation have frequently occurred in the northeastern Izu
peninsula. It is considered that these anomalous crustal activity is
caused by magma intrusion into the uppermost crust. In fact , a
submarine volcanic eruption occurred at east off of Ito city in 1989.
CDD has carried out the continuous GPS monitoring in the eastern
Izu peninsula since February 1990. In September 11,1995, An
earthquake swarm began to activate at near Ito city. At the same
time, a crustal extension was observed with COSMOS-G2. Fig.8
shows an example of the daily distance change between HTS and
KMR across the swarm region. A crustal extension correlate to
seismic activity has been detected successfully. The monitoring of
crustal deformation with COSMOS-G2 has played important role to
judge the change in seismic activity, especially the time of cease-
activity.

Steady state crustal deformation
So the Japanese islands situate at an active plate boundary, that

the crustal strain rate is high as much as 0.2-0.3 ppm/year. But the
precision of EDM is low as 1 ppm, then it needs 10-20 years to
observe an effective crustal deformation. Indeed, we needed 15 years
to obtain the result which is shown in Fig.9. GPS, on the contrary, is
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high precision, so we can make the period short. It took 2-3 years to
obtain a effective result by the campaign type GPS observation, but
it took only half year to obtain a similar result to Fig.9 with the
continuous GPS observation. Fig. 10 shows a horizontal
displacement vectors in the western Japan which was obtained with
the observation of GRAPES during 6 months.

Conclusive remarks
The nationwide continuous GPS network is better than

conventional geodetic techniques in many ways. The maturity of
GPS technology, represented by the state-of-the-art hard&softwares
and precise ephemerides, allows few-mm horizontal precision.

These factors make the nationwide GPS network into an ideal
tool for understanding of dynamics in the earth's interior.
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Phot.l Station pillar and electronic device of COSMOS-G2 and
GRAPES. The antenna is equipped on the top of a 5 m
stainless steel pillar with a firm ground base. A receiver,
modem and a battery are kept inside of the pillar.
A commercial electronic power line and public telephone line
are used for the driving power and the data transmission.
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Fig.l C0SM0S-G2 network.
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The Grapes
GPS Regional Array for PrEcise Surveying
(and Physical Earth Science)

will appear in April 1996
with 620 stations,
covers whole Japan
with 25 km interval.

. if
&

500km 1000km

Fig.3 Feature GRAPES network(March 1996).
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140° 142 144°

Fig.6 Horizontal crustal displacement vectors associated with the
Off Sanriku earthquake.
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GROUND VIBRATIONS AND TILTS

Hideo Hanada
National Astronomical Observatory, Mizusawa, Iwate, JAPAN

1. INTRODUCTION

We cannot avoid effects of ground vibrations or tilts so far as we make some kind of
precise experiments on the earth. The attraction of the Sun and the Moon periodically
change positions, tilts and strains of the ground with various modes (Earth tides), ocean
waves cause ground vibrations (microseisms) with periods ranging from about 2 to 10
seconds according to geology under ground, and human activities such as traffic also cause
ground vibrations (cultural noises) with periods from about 0.05 to 0.2 seconds. Winds,
water flows, earthquakes and volcanoes also induce vibrations although they may be very
weak or local. Vibrations observed on the Earth have various frequencies ranging from
10~8 to 102 Hz. From the point of view of spatial pattern, ground vibrations and tilts
have various characteristic lengths or wavelengths being related to their periods.

2. E A R T H TIDES

The solid Earth always receives attraction from the Sun, the Moon and the other
planets and change its shape due to them. This is called Earth tides. Since the celestial
bodies are moving regularly following a certain law, variation of the potential generated
by the attraction is perfectly described by a trigonometrical function with many different
amplitudes, frequencies and phases. The Earth tides cause ground vibrations and tilts
although their frequencies are very low.

With spherical coordinates in which r be radius, 8 co-latitude, A geocentric longitude
and 0 the center, the attractive force acting at 0 and P{r,&, A) due to a celestial body B
of mass M at Q(r', 0', A') is expressed as

GM / i N

(1)

where I is the distance between P and Q, a the angle between OQ and OP, ft the angle
between PQ and PO, and the subscript r means the OP direction (see Figure 1). The
difference of the forces acting on P from that on 0 are

A/,(P) = «P) - MO = -

- MO) =

where the subscript t means the force in the direction on the plane OPQ and perpendicular
to OP, and we used the relations

r ' s ina = Jsin/3, (5)

r' cos a = r + lcos/3, (6)



JV/337

. (7)

Equations (3) and (4) express the distribution of the tidal forces relative to those acting
on the center. They can be also derived by differentiating the potential with respect to r
and a. The tidal potential is in the form

u
V Vr'2 + r2 - 2r'

TC0Sa

rcosa
GM

(8)
71=2

The second and the third terms in the parenthesis are necessary in order that the tidal
potential 17 and its derivative dU/dr' should be zero at the center 0 . If we omit the terms
higher than second order of r'Jr, (8) can be approximated by

(9)

By applying a formula of the spherical triangle:

cos a = cos 9 cos 6' + sin#sin0'cos(A — A')
= cos 9 sin 5 + sin 9 cos 6 cos H, (10)

(9) becomes

U = ZG
A

M* fsin2 $ cos2 5cos 2 ^ + sin 29sin 25cos H + 3 f cos2 0 - i ) (sin2 £ - £)"], (11)
4r '3 L v - 3 / V 3/J

where 8 and H are the declination and the hour angle (angular distance west of a celestial
meridian) of the celestial body, respectively. Precise harmonic development of the tide-
generating potential was newly given by Tamura [1].

Fig.l The Earth and a celestial body in the equatorial coordinate.
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Displacement and tilt of the Earth's surface due to the Earth tides are estimated by
using the tidal potential. Radial displacement uT, southward displacement ug and eastward
displacement u\ are obtained by

uT = {k/g)U, (12)

ue = (l/g)8U/d6, (13)

ux = [l/(gsme)]dU/dX, (14)

where g is gravitational acceleration, h and I are Love and Shida numbers, respectively.
Tilt in north and south (NS) component tg and that in east and west (EW) component
t\, on the other hand, are obtained by

tg = - [ (1 + k- h)/(vl))u6 = -[(1 + k- h)/(rg)]dU/d6, (15)

tx = - [ (1 + k- h)lrl)ux = -[(1 + k- h)/(rg sin 0)]8U/dX, (16)

where k is also Love number and positive values of tg and t\ mean descent of northward
and westward ground, respectively.

The first term in the right side of (11) represents the tidal component which varies
with a period of about 12 hours according to cos 2H and has the name of semidiurnal tide.
Its amplitude is maximum at the equatoT and is zero at the poles for arbitrary decimation
of the celestial body. This term is also called sectorial function since its spatial distribution
is equivalent to that of the spherical harmonic coefficient of P22 which has two nodal lines
of meridians separated by 90 degrees and the region surrounded by them is like a sector [2].
The M2 component, which is produced by a fictitious Moon revolving along a circular orbit
in the plane of the equator with a velocity equal to the mean velocity of the real Moon,
has a period of 12.4167 hours and has the largest amplitude. The expected amplitude of
vertical, NS and EW displacements due to the M2 component at the latitude of 35° N are
about 98mm, 19mm and 33mm, and NS and EW tilts are 2.5 x 10~8 rad and 4.4 x 10"8

rad, respectively. The S2 component which is produced by a fictitious Sun in a circular and
equatorial orbit with the mean velocity of the real Sun, on the other hand, has a period of
exactly 12 hours and amplitudes of vertical, NS and EW displacements are about 46mm,
9mm and 16mm, and NS and EW tilts are 1.2 x 10"8 and 2.0 x 10~8, respectively, at 35°
N.

The second term in (11) varies with a period of about 24 hours according to cosi7
and has the name of diurnal tide or tesseral function [2]. The distribution is characterized
by two nodal lines, one is the equator and another is a meridian, and is equivalent to the
spherical harmonic coefficient of P2i- The amplitude has its maximum at the latitudes
of 45° N and 45° S and is always zero at the equator and the poles. There are major
components of Ki and 0% in the diurnal tide which have periods of one sidereal day
(23.935 hours) and 25.819 hours, respectively. The three component, (vertical, NS, EW),
displacements have amplitudes of (80mm, 8mm, 20mm) as to Ki and (57mm, 6mm, 14mm)
as to Oi, and two component (NS, EW) tilts have (1.1 x 10"8, 1.8 x 10~8) as to Kx and
(7.6 x 10~9, 1.3 x 10~8) as to Oi, respectively, at 35° N.

The third term, which is called zonal function or long period tide, does not varies
according to the Earth's rotation but varies according to the declination of the celestial
body and has a period -of about 14 or 28 days with respect to the Moon and about six
months or one year with respect to the Sun. This shows a zonal distribution with two
nodal lines of parallels 35°16' N and 35°16' S, and the amplitude has its maximum at the
equator. The amplitude is not zero at the poles unlike the other terms. The fundamental
lunar origin component is M/ which is caused by variation of the declination and has a
period of 13.66 days and the elliptical orbit of the Moon generates the component Mm
which has a period of 27.55 days. The Sun also cause the long period tides corresponding
to those of the Moon origin. They are So and Ssa components and have periods of 365.26
days and 182.62 days, respectively. The amplitudes are one order of magnitude less than
those of the major components in diurnal and semidiurnal tides and they have no EW
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Fig.2 Amplitude variation of principal tidal waves as a function of latitude for vertical
displacements (left), NS tilts (middle) and EW tilts (right).

component. The three component displacements as to M/, Mro, Sa , and SSa at 35° N are
(0.2mm, 5.0mm, 0mm), (0.09mm, 2.6mm, 0mm), (0.01mm, 0.37mm, Omm) and (0.08mm,
2.3mm, Omm), and NS component tilts as to the four long period tides are 6.5 x 10~9,
3.4 x 10~9, 4.8 x 1O~10 and 3.0 x 10"9, respectively. Amplitude variation of principal tidal
waves as a function of latitude for vertical displacements, NS tilts and EW tilts are shown
in Figure 2.

3. MICRO SEISMS

The equation of motion of an elastic solid medium is written

0u
PHt? = + 2 / i ) g r a ( 1 ' d i v u ~ ^ t o t ' r o t u + &'

where p is density of the medium, u displacement vector, A and ft are Lame constants and
f body force, respectively [3]. The displacement vector u is usually written in the form

u = graded + rotA, (18)

with a scalar potential <£ and a vector potential A, where divA = 0. We consider the case
of the equilibrium of an isotropic solid medium under no body force. Then (17) and (18)
lead to wave equations

i"*-1** ( 1 9 )

and
a 2 dt2

1 d2A
(20)

where a = y^A + 2fi)/p and 0 = yjjp
Let the sealer potential <f) and the vector potential A be functions of only the distance

from a source r and time t. Then displacement vectors derived •. f.Mu the potentials <f> and
A in a spheiical coordinate (r, $, A) are

1 0

r Or

1 d

(21)

(22)
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General solutions for (19) and (20) are

(23)

Ae = l[9l(r -I3t) + 92(r + fit)], (24)

Ax = ±[hl{r-(3t) + h2{r +131)}, (25)

with arbitrary functions / , g and h. Only the first terms in (23)-(25) represent real waves
traveling in the direction of r decreasing. The displacement derived from <f) by using (21)
propagates with velocity a in r direction with only r component, which we call P wave
(primary wave) or longitudinal wave. The displacements derived from A, on the other
hand, propagate with velocity 0 in r direction with 9 and A components, which we call
S wave (secondary wave) or transverse wave. We generically call P and S waves as body
wave since they travel interior of the Earth.

In addition to the P and S waves, an elastic solid medium with a free surface can
transmit two kinds of surface waves. We take a wave which progress in x direction with
only « and z components under the free surface z = 0 and z in positive downward, Then u
and v are functions of a:, z and t, and the displacement vectors in a rectangular coordinate
(aj, y, z) are

u = (ux,uy,ut) = (^,01^)) (26)

^ ^ ) . (27)

We find solutions for a surface wave (Rayleigh wave) of

(j> = Fo ex-p[i(wt - kx) - pz], (28)

Ay = Go exp[t(wi - kx) - qz], (29)

where p = y/k2 — (w/a)2 and q = y/k2 — (w//3)2. Boundary condition is that there is no
stress over the surface z = 0 and we have the relations

2ipkF0 - {2k2 - q
2)G0 = 0, (30)

{2k2 - q
2)F0 + 2iqkG0 = 0, . (31)

The condition where JPO and Go have non-zero solutions requires the following characteristic
equation

{2k2 - q2)2 - 4pgfc2 = 0. (32)

Displacements derived from (26)-(31) are then

], (33)

Uz =uz+vz - kF0[-{p/k) exp{-pz)+2kp/{2k2 -(u>//3)2) exp{-qz)]exp[i(ui-kz)]. (34)

We have the solution of k = (w//3)y(3 + \/3)/4 from (32) if we suppose that A = // and
we get

/ / (35)



BT/341

1.0 1.5

vertical

depth

Fig.3 Variation of the displacement amplitudes of the Rayleigh wave with depth (left)
and the pattern of its particle motion (right). The depth is normalized with the wavelength.

where TR is the velocity of the Rayleigh wave and we find JR is less than that of S wave
velocity 0. The coefficients 2pq/(2k2 - (w//3)2) in (33), p/k and 2kp/(2k2 - (u>//3)2) in
(34) take values of 0.57, 0.85 and 1.47, respectively. The motion at the surface is given by
(33) and (34). The particles moves in ellipses and the amplitude of the vertical movement
being about 1.5 times that of the horizontal at the surface. The amplitude ratio and the
particle motion are shown in Figure 3.

There exists another type of surface wave, Love wave, under the condition where a
surface layer of thickness H overlying a deep layer and the S wave velocity in the upper
layer is smaller than that in the lower layer. It has horizontal displacements at right angle
to the plane of propagation. The y component displacement is derived only from the
potential A:

9A- 8A' (36)V = Vy =
dz dx

We find solutions which satisfies (20):

v\ = C exp[i(wt — kx + 3Xz\ + Cexip[i(ut — ftx —

V2 — D exp[i(wt — kx) - s2z],

(37)

(38)

where si = \f{u/fi\)2 — &2, s2 = A/&2 — (u///^)2, and (3\ and fiz are the S wave velocities
in the upper and the lower layers, respectively. We can obtain the following relations under
boundary conditions, 1) stress free at z = 0, 2)displacement is continuous at the boundary,
3) stress is continuous at the boundary,

D = 2Ccos(siH) (39)

(40)
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Fig.4 Variation of the velocity of the Love wave with its period as to fundamental (n=0),
second harmonic (n=l) and third harmonic (n=2) modes (dispersion curve).

where fi± and \ii are the Lame constants in the upper and the lower layers, respectively.
Hence s\ is real the condition for the velocity of the Love wave fj, is

/3i<7z</32, (41)

The Love waves travel with velocity between that of the lower layer and that of the upper
layer. The velocity of the Love wave 71, is written as

7t = u/k,

By substituting u> = fHiy/s\ -f- k2 and k = 2ir/(fLT) we get

1L =

(42)

(43)

where T is period of the wave. This equation means that tlie velocity depends on the
period. Figure 4 shows the relation between the velocity of the Love wave and its period.

The microseisms and the cultural noises travel in a ground surface layer with char-
acteristics of combinations of Rayleigh and Love waves. Observations of microseisms ii. r-
frequency range from 1 to 200 Hz at Kakioka (Ibaragi, Japan) made by Akamatsu [4] sug-
gested that high frequency microseisms (or cultural noises) consisted of Rayleigh waves for
the reasons mentioned below. In order to study the short period microseisms, she settled
a light angled triangle network of seismometers with the length of a side of about 10-50
m, and calculated cross-correlation coefficients of waves at two points. The direction of
wave propagation and phase velocity were measured by using this network. The velocity
of the microseisms in a frequency range from 1 to 10 Hz measured at several points in
Hongo, Kokubunji and Tanashi (Tokyo, Japan) distributed in a range from about 200 to
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Fig.5 Orbital motions in the horizontal plane (upper) and the vertical plane (lower) of
the microseisms observed at Tanashi city. The numbers along the orbits indicate time in
0.1 s unit (after Akamatsu [4]).
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Fig.6_ Relation between the phase velocity and the period (dispersion curve) of the mi-
croseisms observed at Hakodate city (after Nogoshi and Igarashi [5]).

600 m/s with wave lengths of from about 100 to 150 m [4]. The P wave velocity in loam
like geology in Tokyo is about from 135 to 200 m/s with wave length of about 5 m. It is
difficult to consider that the microseisms are the body wave such as P or S wave.

Synthesis of wave orbits was also made by using data obtained by the triangle network
[4]. The orbit should be a straight line in the horizontal plane if the Love wave propagates
in only one direction. The Rayleigh wave, on the other hand, propagates with elliptical
orbits in a vertical plane. Figure 5 shows an example of orbits of the microseisms. They
are interpreted as a combination of the Rayleigh and the Love waves propagating in some
directions, since the orbits have the horizontal component about three times as large as
the elliptical vertical one and they are not straight lines in horizontal planed

The relation between phase velocity and period is also used as a proof of the surface
waves. Nogoshi and Igarashi [5] investigated the propagation characteristics of microseisms
with a frequency range from 1 to 20 Hz by using triangular networks. Figure 6 shows the
relation between the phase velocity and the period of the micro*c;sms observed at Hakodate
(Hokkaido, Japan). We can see the characteristics of the dispersion curves of fundamental
modes of the Rayleigh and the Love waves in the observed relations.

It is important to investigate the origin of the microseisms. General idea is that the
microseisms originate in ocean waves and the cultural noises in human activities such as
traffic. Santo [6,7] examined the microseisms by a synoptic method using the observational
data at many stations over Japan. He showed 1) the microseismie storm occurs consider-
ably later than the passing of the center of cyclone or typhoon, 2) the microseismic storm
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Fig.7 Comparison between amplitude of the microseisms (M) at Tsukuba and swell
height (W) at Naarai (lower), and comparison of period of the microseisms (solid line)
with half period of the swells (dotted line) as to the same stations (upper) (after Santo
[7])-

also occurs when a strong cold front passes across Japan from west to east, 3) the direct
cause of the microseisms is swells, 4) period of the microseisms is nearly equal to half the
period of swells, 5) energy transformation from the swells to the microseisms takes place
somewhere near the coast not in or around the center of the typhoon [6,7]. Figure 7 shows
the comparison between amplitude of the microseisms (M) at Tsukuba (Ibaragi, Japan)
and swell height (W) at Naarai (Ibaragi, Japan). Comparison of period of the microseisms
with that of the swell of the same stations is also shown in the Figure.
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1. INTRODUCTION

KEK is constructing an Accelerator Test Facility(ATF) for studying the linear collider.
ATF consists of 1.54Gev electron linac and a low emittance damping-ring to test and verify many
crucial elements of future linear collider[l]. Thirty six active supporting tables are installed in the
arc position of the ring. Each table supports magnet-complex. Required accuracy for the vertical
position between the tables is less than 20/i/w, because of the tolerance of the ring 50/z/w vertical,
60/iw horizontal and O.Smrad rotation. Three jacks, which are controllable using pulse-motors,
support the table. Each table has three linear sensors(LVDT). These LVDTs maintain the
initialized level. A Leveling Sensor of Half-Filled with water(LSHF) for every active supporting
table is set just in side of the table. In the present paper, we discuss each component of the system
as well as feedback system using LONTALK for the active supporting table. LONTALK is a
protocol used in the control system of Local Operating Network(LON). We also show the good
performance of the closed loop.

2. COMPONENTS OF CONTROL SYSTEM

2-1. LON
The LON was developed by the Echelon Corporation in the United States of America.

LON is an intelligent distributed type network system. The VLSI device which is the center of this
LON is called a NEURON CHIP. The chip has 8-bit CPU of three pipeline types, 11
programmable I/O pins and a port for the network communication with maximum transmission
speed 1.25Mbit/sec. Eleven programmable I/O pins can be used as 29 selectable application I/Os.
Block diagram of the NEURON CHIP is shown in Fig. 1. As the network protocol, it is using the
protocol which is called LONTALK fitted in with the ISO OSI standard model. The address
specification by LONTALK becomes three hierarchies of domain, subnet and node. A maximum of
32,385 nodes may be in a single domain. The application program is using the C language which is
called NEURON C. The program of the user is written in ROM with the firmware. The application
program can declare a special Network variable. The data can be simply sent through the network
with Network variables. This network variable is composed of input and output. When putting
data in the output network variable, data is transmitted by the input network variable which is
connected with the output network variable. It connects using the network management tool
between the output network variable and the input network variable. A network management tool
is contained in the Workbench for the developer which is called LONBUILDER.
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Fig. 1: Block diagram of NEURON CHIP.

2-2. Modules
We developed three kinds of module, Analog Input Module(AIM), Pulse Motor

Driver(PMD), Main Control Module(MCM). These modules are described as following. Figure 2
shows the block diagram of the measurement and control system. The network interface for the
computer is the product of the Echelon Corporation.

Network Communication line using twisted pair, 1.25Mbit/sec max.

Neuron
Chip
TPT/XF-1250

1
16bit 2

A/D

Neuron
Chip

TPT/XF-1250

Pulse
Generator

Neuron
Chip

TPT/XF-1250

Memory
FRAM

(512x8bin

Analog Input
Module <\ 1

Pulse Motor
Module ,\3

Main Control
Module x I

Neuron
Chip

TPT/XF-1250

Computer
Interface

Personal |
Computer

Fig. 2: Block diagram of control and measurement system using LON

2-2-1. Analog Input Module
Analog Input Module(AIM) is composed of 16bits Analog/Digital converter chip with

sigma-delta type and twisted-pair control moduIe(TPT/XF-1250) by Echelon. AIM has four input
channels, and two network ports. We use the single size ELJROCARD to set all of the parts in the
printed circuit board, as shown in Fig. 3.
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Fig. 3: Developed modules; AIM, PMD and MCM.

2-2-2. Pulse Motor Driver
Pulse Motor Driver(PMD) control the jacks of the active supporting table. The module has

also LED a numeric display to show the number of pulses for the pulse motor and the number of
rotations of the pulse motor.
2-2-3. Main Control Module

Main Control Module(MCM) is composed of Nonvolatile Ferroelectric RAM(FRAM) to
record the data, which is measured by AIM, and a TPT/XF-1250 module.

* Leveling Sensor of Half Filled with WaterfLSHFl

tSensor Large pipe

7
J

N Half-filled with Water

Hydrostaic Leveling system(HLS)

Small pipe

Filled with Water TIME (Lours)

Fig. 4: Comparison between LSHF and HLS. Fig. 5: Temperature characteristics of HLS and LSHF.

2-3. LVDT and LSHF
We use the Linear Variable Differential Transformer(LVDT) to detect the distance

between the active supporting table and the reference. The sensitivity of LVDT is ijum/mV. In
order to make a vertual leveling plane, we adopt a Leveling Sensor of Half-Filled with
water(LSHF) instead of the existing Hydrostatic Leveling System(HLS) or water tube
tiltmeter[2,3]. On the connecting pipes between the vessels to detect the water level, the latter
consists of filled with water, while the former half-filled with water. The sensing element of the
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hydrostatic level was made by Fogale-Nanotech in France. Comparison between LSHF and HLS is
shown in Fig. 4 and Fig. 5 shows characteristics of temperature dependence for both sensors [4].
Figure 6 shows the outline of the active supporting table with 4 sensors, that is, 3 LVDTs and one
LSHF. Figure 6 includes also a reference LSHF.

Sensor 3 Sensor 2

Pulse Motor 3

Pulse Motor!

Sensor 1 /
Table

: Pulse Motor 2

Sensor 1

Ref. LSHF

Fig.6: Active supporting table with three LVDTs and a LSHF.

3. Feedback System and the Characteristics

3-1 Feedback system for Active supporting table
Figure 7 shows an outline of the feedback system. A computer is used for collecting and

storing the data. It is also available to turn on/off the loop of the feedback system. We adjusted the
system as following;
1) at first, we drive three jacks independently to level the table using a tiltmeter,
2) three data from LVDTs were stored in order to use as reference data thereafter,
3) data from LSHF was also stored for future;
After these adjustment, we turned on the feedback loop. The feedback system for the table has
three kinds of loop as shown in Fig. 8 and Fig. 10. Loop-1 corresponds to control the pitching of
the table, loop-2 to control the rolling of the table and loop-3 to control the leveling. Loop-1 and
loop-2 keep the preset level of active supporting table. The characteristics of step response of the
feedback loop-1 and loop-2 is shown Fig. 9. The response time is about 10 minutes. Data
collection sampling time was five seconds. This sampling time is possible to change from one to
ten seconds by computer.
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Fig. 7: Outline of the feedback system
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Fig. 8: Feedback loops for pitching and rolling of the table.
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The ground motion is compensated by the feedback Ioop-3 through LSHF. A block diagram of
feedback system of LSHF is shown in Fig. 10. Loop-3 controls the vertical position of the table
following the surface of the water of LSHF.

LSHF

+ o r -1

Position
Controller c

- o r — '

Pulse
Motor

1
FeedbackIoop3

k

Sensor
1

Offset
Voltage

movement of the
w vertical position

of the table

Fig. 10: Feedback Ioop-3 using LSHF.

Fig. 11 shows the transient response for the feedback loop-3 on/off and step change of water level.
In the former half part of the figure, it shows the control by loop-1 and loop-2, only. The latter half,



IV/351

it shows all of the loops being on. When a transient change is given by the reference LSHF, the
table follows the transient movement with the three LVDTs as shown in Fig. 11.

400

S
a.

u

350

300

LSHF The changed the surface of the water of LSHF

feedback off feedback on

l

10 12
time(hour)

Fig. 11 Transient response for the feedback ON/OFF and step change of water

4. CONCLUSION

We applied so called LON to the feedback system of the active supporting table. Our
development of the feedback system was very easy by using LON. The feedback system works
very well if it keeps the vertical redundancy of the active supporting table at the range of ±3/#w.
As a result of the feedback, the active supporting table could be held within a required vertical
tolerance 20/jm.
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Abstract

This article presents an overview of diffusive ground motion and its consequences
for accelerators. Numerous measurements are reviewed where diffusion was detected
at the lowest limit of background for seismic motion. Experimental investigations
carried out at accelerator facilities and at geophysical laboratories, with various
types of equipment and with different approaches show that this residual diffusive
motion can often be approximated by "the ATL law". The latter predicts that
ground points perform Brownian motion characterized by the variance of the rela-
tive displacement which scales as a product of temporal and spatial intervals. The
model gives some predictions of continuously reproducible charged-particle-beam
distortions due to misalignment for future linear colliders and other large accelera-
tors.

1 Introduction

1.1 The ATL Law

The ATL law was originally proposed in 1991 in Ref,[l, 2] and developed in Ref.[3] to
describe experimental data on the relative displacement of two distant ground points.
According to this empirical rule, the rms relative displacement dX of two points located
at a distance L grows with time T:

< dX2 > = ATL, (1)

where A is a constant of the order of 10~5±1 /J,m2/(s-m) that depends on the site. The
diffusion wandering of the ground elements takes place in all directions.

As long as the diffusive coefficient A is small the wandering presents only a tiny contri-
bution to the ground motion. For example, in the time period of 1 hour the amplitude of

*on leave from Budker Institute of Nuclear Physics, 630090, Novosibirsk, RUSSIA
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the absolute surface motion (measured by seismometer) is of the order of 100/̂ m, while the
ATL estimation gives about 1/xm for points 30 m apart. One would not worry about this
contribution except it describes very important, at least for accelerators, uncorrelated
background for the larger amplitude ground movements correlated in time and space.
The latter are present in the spectra (power spectral density) as several well marked
peaks corresponding to the upper crust noises at 1-4 Hz, microseismic waves at 0.07-0.16
Hz, tidal waves with periods of subharmonics of 24 hours (see e.g. [1, 4, 5, 6, 7, 8, 9]).
There are also an ambient low-frequency ground motion generated by local sources such
as wind, air pressure variation, temperature gradients, ground water, precipitation, etc.,
which can't be adequately treated as waves propagated in the ground (see e.g. [2, 10,11]).
Nevertheless, this ground motion is regular - it does not take place in the absence of the
origin (wind, temperature fluctuations, etc.). Conversely, the ATL diffusion seems to be
an inevitable process.

The power spectrum density (PSD) 1 of the diffusive motion in the frequency domain
is equal to [12, 13]:

W/) = 2^j, />0, (2)

and in the wavenumber k = 2?r/A domain:

AT
^ * > 0 , (3)

This article presents an overview of the ground diffusion, the experimental methods
used for its detection, and its impact on beams in accelerators. Although most of the
examples discussed in the paper can be found elsewhere, several results are either quite
new or were not correctly published. These are the processing of data from Esashi Earth
tide station, on LEP alignment in 1992-1994, on sea level variations at Japan coast since
1930. Based on numerous results, we discuss the limits of validity of the ATL law and
make estimation of the orbit diffusion in future accelerator facilities.

1.2 Accelerators
Before starting the review, let us briefly describe why we are concerned about the impact
of diffusion on accelerators.

In an ideal accelerator with well-aligned magnetic elements, the closed orbit passes
through the centers of bending magnets and quadrupoles to provide optimal conditions
for the operation of the machine. Any alignment errors cause a closed orbit distortion
(COD) in circular machines or a trajectory distortion in linear colliders (LC), reduce the

1The power spectral density is defined as the variance of the process in a unit frequency band; thus,
mean the square value of the process x(t) in the frequency band from f\ to fz can be obtained from its
spectrum Sx(f) as:

h

h
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dynamic aperture of the ring, and, in an extreme situation, make it impossible to run the
machine.

Typically, a correction system is used to counteract the magnetic errors that build
up and accumulate during the operation of the machine. In large accelerators, such as
the Superconducting Super Collider (SSC) (- unluckily terminated in 1993), the Large
Hadron Collider (LHC), HERA, and future Linear Colliders, which have many hundreds
of magnetic elements, one of the most important sources of magnetic errors on a long
time scale is the ground motion that displaces the magnets from their original position.

Slow ground motion with frequencies much less than the characteristic frequencies
of an accelerator (i.e. revolution frequency, or repetition frequency in LC) usually has
been considered as not seriously affecting machine operation because complete space and
time coherence of the magnet displacements has been assumed, we will consider, as a
real example, "microseismic waves" caused by ocean waves at the closest coasts. They
have a period of approximately 7 seconds and a wavelength A « 20 kilometers, their
amplitudes are about 0.1-10 fwi. Experimentally it has been proved that there is good
temporal correlation up to 200 s [1] and spatial correlation up to 3000 m [6]. The betatron
wavelength \p which is of the order of hundred(s) meters in large accelerators (some dozens
meters in LCs), is much less than A. These ground waves perturb the beam motion only
adiabatically, the orbit response being proportional to a factor of (A/j/A) [14] which is
about 10~3 ~ 10~6, and therefore the influence is practically negligible. The response is
significant if the wavelength is comparable or less than the betatron wavelength. In other
words, the most severe source of orbit distortion is not fully correlated relative motion of
neighboring focusing magnets along the beam path - exactly what the ATL law is (1)
for.

An equation for rms closed orbit distortion AXCOD caused by random (though with-
out any assumptions on spatial correlation) quadrupole displacements in a large circular
accelerator was derived in Ref.[15]:

here N is the total number of quadrupoles in symmetrical FODO lattice of the ring, FQ
is the focal length of each quadrupole, v is the tune of the machine, [is] is the integer
part of the tune /?, ̂ ptD

 a?e the values of beta-function at the point of observation and in
the positions of the focusing and defocusing lenses. km are the coefficients of the Fourier
transformation of the correlation function of magnets displacements K(i — j) = {8i8j):

^ ) , for 0 < m < i V / 2 ,

:=0 t=0

Two noise harmonics give the largest contribution - the result, similar to the one in
the case of plane waves [14].

For fully uncorrelated quad displacements with rms value 8 formula (4) gives :
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In the case when the quadrupoles movements are governed by the ATL law, the orbit
variance was found in [15]:

2
{AXCOD) ~

For practical applications, the mean (over the circumference and averaged in time)
square COD could be derived assuming sin2(xv) ~ 0.5 and FODO focusing structure
with 90 degrees betatron phase advance per cell:

<Aa;2COD) ~ AATC (8)

Thus, larger orbit drifts are expected at large accelerators. Approximate formula can
be derived for the mean square beam-beam displacement at the interaction point (IP) of
LC caused by linac focusing magnet movements:

(Ax2
IP) ~ 32*ATP"u (9)

where v is number of betatron oscillations along a linac, /?* is the beta-function at the IP.

2 Diffusion in Time and Space Domain: How Does
It Look Like ?

In this section we consider several recently observed manifestations of the diffusion in
space and time domains, and at accelerators.

2.1 Diffusion in Time - Esashi Earth Tide Station (Japan)
The Esashi Earth tide station is situated in the North-West of Japan. It occupies a
tunnel in granite mountain side. Two 50-m long water levels directed to South-North
and East-West are at about 160 m from the tunnel entrance and about 60 m under
the mountain surface. These tiltmeters detect vertical elevation difference. Observations
started in June 1979 by National Astronomical Observatory Mizusawa were continued
since November 1993 in collaboration with S.Takeda group of KEK. Fig.l presents almost
15-years-long monthly record of S-N and E-W tilts [16].

We have extracted linear trends from these data and performed calculation of the
mean value of the first difference squared, i.e. dll2 = < (6(t + T) — 0{t)) >. It yields the
dependence of the variance versus time interval T as presented in Figs.2 a),b) which can be
approximated by the least square linear fit with coefficient of 0.Ql5-i:0.0025[iJ.rad2 /month]
for E-W tilt and of 0.019 ± Q.QQ3[fir ad2 /month] for S-N tilt (see dashed lines in Fig.2).
Error bars represent ±2a statistics which lacks at time intervals of more than 3 years.
Conversely, there is large statistics for T < 10 months, the errors are small and dH2(T)
is pretty linear function.
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Fig.l Secular tilting motion at Esashi
station in 1979-1994 (data taken from [16]).

The observed dependence of the variance as oc T is characteristics of a random walk
(or Brownian) process. As we assume validity of the ATL law, the diffusion coefficient is
estimated as A = L x dH2{T)/T ~ (0.33 ± 0.05) • 10~6 nm2f(s • m).

2.2 Diffusion in Space - CERN LEP Tunnel Motion

Several times a year, measurement of more than 700 quadrupole positions and realignment
procedure are performed at LEP(CERN) over a circumference of 26.6 km. The LEP
magnets elevation in 1993-1994 [17] are presented in Fig.3. As the median plane of LEP
is some /irad tilted, the mean tilt was subtracted from the raw data. Left top drawing
of Fig.3 shows vertical quads positions of LEP quads in April 30, 1993, just after making
the alignment to a smooth curve. At that time roughness of the curve is assumed to be
mostly due to instrumentation accuracy. Left bottom picture shows measured positions
at January 28, 1994, i.e. almost 9 months after the 1993 alignment. One can see that the
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Fig.2 Variance of the first difference vs. time interval:
a) (upper plot) for Esashi East-West tiltmeter,
b) (lower plot) for Esashi South-North tiltmeter.
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line is more rough and several obvious peaks have appeared, the biggest are around 3500
m and 21500 m. Then, the realignment had been done and the LEP magnets elevations
at June 6, 1994 are presented in right top figure. Major peaks are obviously smoothed,
but 6 month after, in December 1994, they are seen again, as well as other less significant
changes are recognizable (see right bottom plot).

Further data processing made by the author, includes: 1) 1 km pieces of the LEP
circumference around 3500 m and 21500 m were excluded out of further consideration, as
these are regions of well known geological instability; 2) mean value of each quadrupole
elevation was calculated from elevations of its' ends; 3) as we're not interested in smooth
spatial curves, the lowest five Fourier harmonics were subtracted from the data.

After all, the variance of the first difference was calculated as

dl-f(L) =< (H(l + L)- H(l)f > . (10)

where H(l) is the vertical coordinate of the quad positioned at the point /, and brackets
< ... > denote averaging over all possible pairs of quads distanced by L.

The results are shown in Fig.4. The x2 criteria gives following linear approximation
(L in meters, dH2 in mm2):

30.04.1993 dH2j{L)K 0.00016-Z, +0.015

28.01.1994 dH2
n(L) « 0.00037-X + 0.022

06.06.1994 dH2
nI(L)« 0.00024-L + 0.001

Dec.1994 dH]v(L)« 0.00034-1 + 0.017

We see that for L < 1000m the variances of aligned accelerator are 1.5-r2 times less
than several months after the alignment procedures. It means that the realignment really
reduces roughness of elevation, although it better smooths large peaks due to strong
geological drifts.

Implying, that the variances dH] and dH]n are mostly due to instrumentation noise,
the rms error of the LEP levelling process can be estimated as 0.4-T-0.5 mm/km1/2.

The excess of the variance over the instrumentation noise level should be assigned to
the ground diffusion. Again, assuming validity of the ATL law, we get two estimates of
the diffusion constant A:

and

<«|(i)-M(L)^9.lr
L • 9 months

= MIV(L)dH n(L) ̂  Q7 io_5 _
L 6 thL • 6 months

which are closely related.
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Fig.4 Mean squared height difference vs. L:
04.1993 - LEP is aligned, 01.1994 - 9 months after;
06.1994 - LEP is aligned, 12.1994 - G months after.
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Model of LEP Diffusion:
changes during 8 months.
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Fig.5 Three models of the LEP quad positions [20]:
upper - aligned to smooth curve, middle - with random
displacements, lower - in accordance with the ATL law.
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Therefore, the LEP alignment data demonstrate that the bigger the distance between
tunnel pieces, the larger variance of their relative displacement in time.

Fig.5 demonstrates the peculiarities of the ground diffusion. Three models of the LEP
magnet elevation are shown (for the sake of presentation they are vertically displaced):
the upper is for an "ideal" alignment; in the middle plot, some random uncorrelated
displacements are added; the lowest line presents modeling in accordance to the ATL
law. Qualitative difference is seen between the random errors line and the ATL line.

2.3 Beam Orbit Diffusion - HERA e-p Collider
To a greater or lesser extent long-term orbit drifts are seen at all accelerators and machine
operators or/and automatic correction systems counteract it. As large colliding beam
facilities are particularly sensitive to the orbit motion, some extended investigations of
the issue have been carried out there. As an example, we discuss recent studies at the
HERA electron-proton collider at DESY in Hamburg.

The power spectral density of the HERA proton beam vertical orbit (scaled for beta
function /? =1 m) is shown in Fig.6. Continuous line represents the Fourier spectrum of
readings from one specific beam position monitor (BPM) in HERA-p [9]. Peaks above 2
Hz reflects technological equipment noises. As continuous observations were performed
repetitively within several hours of the proton beam lifetime, the lowest frequency of this
spectrum is about 5-10"4 Hz.

The squares at lower frequencies represent the Fourier spectra of proton orbit from
different fills of the storage ring [18]. The procedure was to measure the closed orbit
position at all 131 BPMs in HERA-p. If the result is subtracted from a previous one, a
so-called difference orbit is obtained, indicating any eventual orbit drift. The analysis of
difference orbits was limited to time intervals during which no intentional change of the
closed orbit occurred (about 5 days maximum).

The dashed line in Fig.6 shows the PSD scaling as expected by the ATL rule:

Q 1 f)-4

? . (13)

Within a factor of 5 this line acceptably fits to the experimental spectrum from 2-10~6

Hz up to almost 1 Hz. In time domain such PSD corresponds to irregular noisy proton
orbit difference drifts - like "random walk" - with rms magnitude growing as a \/T for
time intervals T from some seconds to some days.

Long term drifts of dipole corrector currents and temperature drifts were estimated to
be negligible. Low-frequency noises of BPMs also could not lead to the measured drifts,
because uncorrelated drifts of different monitors can not perform orbit oscillations along
the ring with betatron frequency that was observed in fact. Thus, the motion of quads
seems to be the only candidate that can explain HERA orbit drifts and one can estimate
the diffusion coefficient:

Ap = (1.5±1.0)-10-5 [nm2/(s-m)}. (14)

- here we used combination of Eq.(2) and Eq.(7) and the HERA-p parameters ^=33.298,
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Fig.7 Horizontal movement of the PS central pillar
in 1965 - 1968 (from Ref.[19]).
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f3D = 13.8 m, /?F=S0.4 m, F =16.8 m, C=6336 m. Sign "±" in (14) refers to wide spread
of the constant rather than statistical error.

It was stressed in Rex. [18], that having completely different magnet lattice, the HERA
electron ring orbit also performs diffusion with the constant Ae ~ (0.4±0.1) • 10~5 fim2/(s-
m) which is applicable up to 1-month-long time intervals.

3 Overview of Diffusion Measurements

Below we briefly consider several previously observed manifestations of the ground diffu-
sion.

3.1 Inverted Pendulum at CERN

Possibly the first manifestation of the ground diffusion at accelerators was detected in
movement of central CERN Proton Synchrotron (PS) pillar over more than 2 years - see
Fig.7 from Ref.[19]. From 24.08.1965 to 13.02.1968 a pair of horizontal pendulums were
mounted on the PS anchored in the molasses 10 m below ground level. These instruments
measure the variations of their support in relation to the direction of the vertical, and,
therefore, the movement of the vertical axis of the 10 m pillar. Such an inverted pendulum
performed irregular motion that looks like Brownian motion. Extracting some linear trend
(well remarkable in South-North direction), one can find, that in both directions the
variance grows about linearly in time, and the coefficients of the ATL diffusion are equal
to (0.2 -7- 0.4) • 10~5 [fj.m?/(s • m)\ (these values correspond to the variances Ax2 ~ Aj/2

of about 500-r900//m2 « (22 -f- 30 fim)2 at time interval of T =9 months and L — 10 m)
[20].

3.2 Laser Interferometry Measurement
Article of F.Wyatt [11] describes measurements of horizontal motion of massive near
surface monuments at Pinon Flat Observatory, California. The monuments were emplaced
in competent, weathered granite. Several different techniques were used to detect the
monument movements, including tiltmeters and laser interferometers. The last one was
implemented in so-called "optical anchor", which measured the difference in length of
two optical paths in two some 26 m long boreholes inclined at 30 degrees to the vertical.
Optical retroreflectors were mounted near the bottoms of these holes at the depth of
about 24 m. An Michelson interferometer was utilize to determine the path difference
and, therefore, motion of the surface with respect to bedrock.

1974-1980 observations have shown abnormally small horizontal displacements of the
order of 50 /x per year, demonstrated influence of seasonal temperature variations and
precipitation. Power spectral density of the surface horizontal displacements is presented
in Fig.8 [11]. The dashed line in Fig.8 made by me presents satisfactory fit of the optical
anchor data up to 1 year time interval:

1.2 • IP"7 [iiw? • Hz)
j 2 • (15)
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: DISPLACEMENT OF SURFACE MONUMENTS: HORIZONTAL MOTION

POWER SPECTRAL DENSITY

SURFACE MONUMENT HORIZONTAL
DISPLACEMENTS

2

IO'7 10'

Fig.8

Frequency ( H z )

Power spectral density of the near-surface hori-
zontal displacements at Pinon Flat observatory [11].
Straight line indicates the ATL law scaling.
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Table 1: Development of TRISTAN COD between corrections

Time interval (h) <

0-50

66-96

97-121

123-135

150-158

j 2 (nm]

300

140

140

220

120

r(h)

50

30

24

12

8

0.5-

0.15 •

0.19-

0.9-

0.4-

c\
4TC
s-m))

10"4

1O~4

10~4

10"4

10"4

Taking L = 24 m one obtains with use of Eq.(2) the value of the diffusion constant:

ApF0 a 1.0 • 10~7 [/xm2/(s • m)], (16)

that is small in comparison .with previous results.

3.3 Electron Beam Orbit Drifts in TRISTAN Ring

Some early data on long term orbit drifts (corresponding to a time period of a few days)
have been reported from the KEK TRISTAN storage ring. Figure 9, taken from Ref.[21],
shows closed orbit distortions (COD) in TRISTAN storage ring at the energy of 8.0 GeV.
Full circles in the figure are the rms values of COD <?\ as a function of time calculated
with the use of the formula a\ = N~x YliL\ xh w n e r e xi iS the measured displacement of
the COD relative to the "ideal" orbit at the location of the i-th BPM and N = 392 is the
total number of BPMs. Open circles represent the value of cr2, <?\ = iV"1 £jli(^«-^to)2)
where x,o is the initial value of x,- during an operation cycle between two successive
corrections of the orbit. Note that the horizontal COD is smaller than the vertical one. It
has been observed that when &\ reached values larger than 100 - 200 ^m, the maximum
beam current degraded significantly so that a correction of the orbit was needed toward
the "ideal" one (sharp drops at points D, E, H, and some others in Figure 9). Using
the data in Figure 9, we'd analyzed in [15] how CODs have been developing between the
corrections. The results are summarized in Table 1, where the first column shows the time
span in Figure 9, T is the duration of the time interval between the corrections of the
orbit, and a2 is the COD accumulated in this time. We have also calculated the parameter
A = 0.25cr| • T"1 • C"1 [C -• 3000 m is the TRISTAN circumference), that accordingly
to Eq.(7) gives the upper estimate of diffusion parameter due to ground motion.
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From Table 1 one can derive ATRISTAN = (4.3 ± 3.0) • 10~5 /zm2/(5 • m), which is quite
consistent with the coefficient found from the HERA orbit drifts (see above).

3.4 Accelerator Alignment Data: SPS, SLC, PEP, UNK

Numerous data on alignment and realignment at existing accelerator facilities can be
found in recent publications, however, we restrict ourself with consideration of several
machines where some analysis of primary data was done.

CERN Super Proton Synchrotron 1976-1991 The SPS is an alternated gradient
synchrotron constructed at CERN in mid-1970s. It consists of about 744 dipoles and
JV=216 quadrupoles placed practically uniformly over the ring, with a mean radius R —
1100 m. Primary data from an optical survey were provided by J.-P.Quesnel of CERN
and processed in Ref.[12] by the procedure similar as in the LEP Alignment section above.
Resulted variances of the relative vertical displacements of the quads versus distance L are
presented in Fig.10 from [12]. Fig.10 a) shows < dX2(L) >=< (X(l+L)-X(l))2 > for the
quads displacement occurred from 1985 until 1988 - i.e. X = x19g8 — xigss, and linear fit
gives A = 1.3 • 10~s fim2/(s-m). Corresponding diffusion constants for 1988-1991, 1985-
1991, and 1976-1988 movements are (1.3,1.0,1.0) • 10~s /wn2/(« • m) respectively - see
Figs. 10 b),c),d) - that results in the mean value of about ASPS = 1.1 • 10~5 fim2/(s • m).
Please, denote that time intervals vary from 3 years to 12 years, nevertheless the diffusive
constants are almost the same. Therefore, the SPS observations can be considered as a
demonstration of the ATL diffusion in both space and time domain.

UNK Site, SLAC Linac Tunnel, PEP Tunnel Originally in Ref. [1], it was found
that Eq.(l) with the factor AUNK — 1-0 • 10~~4 fim2/(s • m) is in good agreement with
the data obtained from theodolite measurements of movements of few dozen surface mon-
uments along 2 km long straight line at the UNK collider construction site (Protvino) for
T about 2 yr. Also, analysis performed in Ref.[3] showed that Eq.(l) is consistent with
observation of SLAC Linac (SLC) tunnel (L ~3 km) displacements during 17 years (pri-
mary data were taken from [4]), and SLAC PEP tunnel displacements during 20 months
(1989-1991) over the circumference of 2000 m (primary data were taken from [22]). We'd
like to note that SLC data were obtained with the use of a laser alignment system, while
"curcumferentially continuous" water level is implemented for the vertical alignment of
the PEP.

Fig.ll from [12] presents the relative displacement variances versus distance for SPS,
UNK, SLC and PEP accelerators; dashed line shows the ATL law scaling with A =
10"'1 nm2/(s-m).

The tunnels in SLAC sit on or are mined in grey unweathered well cemented tertiary
myocene sandstone. Possibly due to "cut and cover" construction and smaller depth, the
SLAC linac tunnel demonstrates faster diffusion than the PEP tunnel - the coefficients are
ASLC = (2±l)-10~4 fim2/(s-m) and APEP = (l±0.5)-10~4 fim2/(s-m) correspondingly.
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3.5 Hydrostatic Levels Measurements in Japan

Precise measurements with hydrostatic level system were performed in 1992-1994 by the
group of Prof. Shigeru Takeda of KEK. In the longest, L =50 m variant, the system was
used in in Sazare mine in 1992-1993 [8]. The mine is about 300 m under the surface of hard
rock (green schist) mountain slope. The water tube tiltmeter with an overall accuracy of
0.1 /xm have shown that the tilt is a superposition diffusive drifts, tides and precipitation
effects. The PSD of the tilt observations up to 100 hours is shown in Fig. 12 from [8]. One
can clearly see several tidal peaks in the spectrum. Ta straight line corresponds to the
ATL law spectrum (2) with A = 0.8 • 10~T /iro2/(s • m). Authors also revealed valuable
seasonal variation of the diffusive constant: from maximum 1.5 • 10~7 fim2/(s • m) in
December 1992 down to minimum 0.1 • 10~7 /tm2/(5 • m) in March 1993.

Similar investigations were carried out in the base of TRISTAN storage ring [5] and
there were found that power spectral densities could be also approximated by Eq.(2) with
considerably bigger value of the diffusion coefficient: ~ 0.5 • 10~5 fxm2/(s • m) found for
few days observation with L = 42.5 m long tiltmeter; and ~ 0.4 • 10~6 /.im2/(s • m) for
12.5 m long tiltmeter.

3.6 Measurement With Straight Wire

Tight metallic (invar or tungsten) wires are widely used for alignment purposes. For
example, results of measurements with up to 20 m long wire can be found in [1, 2]. Fig. 12b
shows power spectral density of relative movements of two 5 m long girders - detected
with the use of the wire (circle) - in comparison with girder's absolute motion measured
by a seismometer (stars). One can see that below 1 Hz the absolute movement is much
bigger than the relative displacement. The later can be roughly approximated by Eq.(2)
with A = (1 ± 0.5) • 10~4 /im2/(s • m).

4 Discussion

4.1 What is Relevant for the Diffusion ?
Table 2 summarize all the data on ground diffusion and presents the coefficient A, time
interval T and spatial interval L where the diffusion took place (for beam orbit data L
was taken to be about FODO cell length), plane (V is for vertical, H is for horizontal)
and effective depth of observations.

The plot of /4's versus the depth (see Fig. 13) shows that in spite of enormous spread
of results there is a general tendency to smaller A at bigger depth / / . Fit accordingly to
Fractal Model of Ground [3] gives a 1/f/3/'1 scaling presented by dashed line in Fig. 13.

Valuable deviations of the data from the fit possibly emphasize an importance of site
dependent parameters, the most influential possibly are the type of the rock and climate.
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ATL Law of Ground Diffusion:
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Table 2: Ground diffusion observations

Site

UNK, Protvino

UNK, Protvino

SLAC Linac

SLAC PEP

PS pillar

SPS CERN

LEP CERN

Pinon Flat

TRISTAN KEK

Sazare mine

Esashi station

Orbit of TRISTAN

Orbit of HERA-p

Orbit of HERA-e

A, 10-5 £

10

10±5

20±10

10±5

0.2-r0.4

l-s-1.4

0.7-r0.9

0.01

0.5/0.04

0.001-^-0.015

0.033±0.005

4.3±3

1.5±1

0.4±0.1

T

2yr.

1-10 hrs.

17 yr.

20 mos.

2.5 yr.

3-12 yr.

9 mos.

ly r .

4 days

1 week

0-4 yr.

2 days

1 s - 5 days

1 s - 1 month

L

50-500 m

5-10 m

50-1000 m

20-200 m

10 m

60 m - 2 km

40 m - 1 km

24 m

42.5 m/12.5 m

48 m

50 m

~20 m

~50 m

~24 m

V

V,H

V

V

H

V

V

H

V

V

V

V

V

V

Depth

0 m

0 m

0-5 m

~10

0 m

~20 m

> 3 0 m

0 m

12 m

60 m

300 m

12 m

~25m

~25 m

4.2 Validity Limits of the ATL Law
The question of the limits of applicability of the ATL law is still open. Fig. 14 presents
spatial and temporal intervals where the diffusion was observed. Without any doubt,
typical L and T intervals at accelerators are within these limits - and the orbit drifts
at HERA and TRISTAN have proved that. Nevertheless, obviously, the law should not
work at small time intervals T for rather large separation length L due to independence
of movements of the points, but only further investigations of slow drifts will allow us to
clear the issue.

Concluding of this.section, I would like to mention that at the present time there
are some evidences of the diffusion at much larger T — L intervals. For example, on
the base of 50 years observation (1930-1980) at 12 points of Japan coast [23], there was
found in [24] that besides daily and seasonal variations, the sea level (or, Japanese islands
elevation) demonstrates some long-term "random walk" behaviour. Figs. 15 a) b) show
half-century sea level records measured at two Japan ports distanced by L =800 km.
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Their coordinates are 32.26 N - 131.40 E and 35.09 N - 139.37 E. Calculated variance of
their relative displacement versus time - see Fig. 15 c) [24] - is fitted by the dashed line
which corresponds to A = 1.9 • 10"5 /xm2/(s • «*)• The mean diffusive coefficient for all 12
ports data was found to be ^ Japf ln = 3.5 • 10"5 tim2/(s • m), although the i-dependence
was not proved appropriately due to lack of statistics.

Another interesting result deals with power spectral density of the Earth topography
(bathymetry) - see Fig. 16 from [25].

SOO,
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Fig. 16 PSD of the earth's topography as a function
of wave number. Solid line is for l/k2 scaling
(taken from Ref.[25]).

The compilated spectra can be approximated by S(k) ~ [10 -r 300 m2 • km]/k2 where
k is the wave number in [cycles/km] - in an agreement with the ATL prediction (3). If
one assumes the coefficient A in Eq.(3) to be of the order of 10~4 (im2/(s • m), then the
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Table 3: RMS displacement vs. time at the SSC

T 1 min

23 [im

0.74 fim

l h

177 (lm

5.7 jim

1 day

0.86 mm

28 fim

1 month

4.7 mm

0.15 mm

1 yr

17 mm

0.54 mm

10 yr

5.2 cm

1.7 mm

characteristic times for the Earth landscape can be estimated as 1.5-f-50 million years that
looks reasonable. 2

4.3 Impact of the Diffusion on Future Accelerators

In Ref.[15] some estimations were made for the longest ever started Superconducting
Super Collider (USA). Using Eq.(l) with A = 10~4 fim2/(s • m), we had computed the
displacement of the closed orbit at the SSC. The following SSC parameters were used:
P = 100 m, JJL = TT/4, pF = 305 m, fiD = 54 m, C = 87120 m, Fo = 64 m, / = 90 m,

v = 122.265. The rms displacement of the closed orbit ^/(Ax2) is presented in Table 3
for different time intervals T, along with the rms value of the relative displacement of two
neighboring quadrupoles J(Sx2) = VATl.

Comparison of these results with the ability of the SSC correctors to displace the orbit
in the ring had shown that after a period of time of 1-2 years one may expect that in several
FODO cells the maximum correction strength will not suffice to compensate "locally" the
accumulated misalignment. There was emphasized in [15] that "local" correction of the
beam orbit does not return it to the original position, but instead makes it pass through
the current centers of (displaced) quadrupoles. An attempt to keep the initial orbit in
its original form would result in its shift relative to the center of the vacuum pipe and a
substantial decrease of the dynamic aperture after only 4 months of operation.

The ATL allows to make some estimations for presently developing projects. Let us
take, for example, 27-km long Large Hadron Collider (LHC) which is now under con-

2At the other extreme, there is a well known phenomenon of a diffusion of molecules on a crystal
surfaces that leads to mean squared creeping magnitude dX growing with time T as:

< dX2 >= IDT. (17)

If one tries to apply the ATL law (1) for estimation of the surface diffusion coetricient D = AL/2,
then for L « 100 Angstrom it gives D « 0.5 • 10~4 A2/s [26]. Experimental observations of Sb dimers
diffusion on the (011) Si crystal surface [27] made with use of scanning tunnel microscopy has resulted
in D = 10~4 ± 1 A2/s at a room temperature - wonderful coincidence, although, it may have no relation
to the ground diffusion.
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Table 4: RMS orbit drifts vs. time at the LHC

rms COD

beam size

~200 /zm

1 min

8 /zm

1 hour

60 /im

1 day

300 /xm

1 week

800 pm

1 month

1.7 mm

1 year

5.7 mm

Table 5: Emittance dilution time at Linear Colliders

Quad, mis-
alignment, CTl-to-l

Quad, spacing

LQ

CLIC

0.5 /zm

~ 5 m

~ 1.5 hr.

VLEPP

0.2/zm

~ 5 m

~ 20 min

JLC

5 /zm

~ 10 m

~ 3 day

NLC

4 /zm

~ 2 0 m

~ 1 day

SBLC

20 /zm

~ 20 m

~ 3 weeks

TESLA

50 /zm

~ 30 m

~ 3 mos.

struction at CERN. Table 4 presents estimations of rms COD in the LHC in accordance
with Eq.(8). The value of A = 10~5 fim2/(s • m) - that we found from the LEP and SPS
alignment data - was used for the estimations with time periods of 1 min, 1 hour, 1 day,
1 week, 1 month and 1 year.

Orbit drift values are compared with the beam size in arcs. The some mm COD in
the LHC during 1 year should be seriously perceived as possible machine performance
degradation factor.

In a high energy linear accelerators, the principal factors of luminosity reduction are
beam-beam separation at the IP and emittance dilution. Beam-beam separation is an
issue only if it varies from pulse to pulse (i.e. within some (dozen) milliseconds), otherwise
feedback system can be used to achieve full beam's overlapping at collision.

Direct application of the ATL law at time intervals of about 1 s gives an estimate
of the rms beam-beam displacement of the order of 10 nm (we used Eq. (9) with beta
function at the IP ft* ~ 1 mm, number of betatron oscillations in a linac v ~ 100, and
A = 10""5 fim2/(s • m)). This separation is comparable with the vertical beam size at
the IP for all LC projects, nevertheless, we should emphasize that the diffusive model is
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not quite applicable for pulse-to-pulse jitter calculations because it overestimates ground
motion amplitudes at frequencies above 1 hz (see discussion on validity of the model and
Fig.ll).

Typically, at proposed Linear Colliders, the IP feedback can effectively keep the sepa-
ration within limits at frequencies less than some (dozen) Hz, and therefore, can eliminate
the effect.

Bare tolerances on quadrupole misalignments for present LC projects were calculated
in Ref.[28] assuming 25% emittance dilution and simple local "1-to-l" correction. These
values are presented in the first row of Table 5. At the same Table we also show the
expected time interval after which one will need to perform linac realignment. This time
was estimated as Tj = ^ " j " " 1 where LQ denotes approximate mean spacing between
quadrupoles (the spacing can vary along the linac).

One can see from the Table 5, that in all designs the alignment tolerances are extremely
tight. The expected time between realignment looks as severe requirement for the CLIC
and VLEPP projects, while estimates for the JLC and NLC are somewhat relaxed. For
the SBLC and, especially, for the TESLA design these requirements are quite ease and
within limits of presently available technology.
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RE-ALIGNMENT: IT IS THE TUNNEL FLOOR WHICH MOVES, ISN'T IT?*
Rainer Pitthan, Experimental Facilities Department, Stanford Linear Accelerator Center

Stanford University, California 94309 USA

It is shown that on the months to years time scale, accelerator tunnels built in compacted geological
strata exhibit a movement of the floor systematic (unidirectional) in each point. Attempts to character-

ize the movement through one global number (a <rms> deviation) based on a random model are
conceptionally wrong and can only lead to erroneous design decisions for future accelerators. In the
extrapolation limit, differences are especially pronounced for differential movements in the case of
short (days) time spans, and for accumulated movements in the case of long (years) time spans.

The work described here evolved while I was on sabbatical leave in the Accelerator Physics group of
the SPS/LEP division at CERN during the 1991/92 running period. I was fascinated to learn that re-
ducing the LEP <rms> orbit of a new fill to a level suited for collisions with good luminosity and low
background, a task which should have taken no longer than 15 minutes, took the astonishing time of
more than two hours. This took valuable time, comprising the highest luminosity, away from the collid-
ing physics program. Furthermore, in the end, only a modest level of vertical <rms> deviation, typi-
cally between 0.6 to 0,9 mm, could be achieved. This was a level not understandable from either the
(1) experience of the previous year nor from (2) reasonable assumptions about how the physical
alignment of LEP, a tunnel completely bored underground in compacted stone, could have changed
in the intervening time. Worse, as the months went by, the situation seemed to deteriorate rapidly.
Naturally, among other possibilities, misalignment due to long-term tunnel floor movements quickly
became suspect. In looking at the experimental evidence I followed what I call the Fischer Principle:
"Every Ground Motion has a Definite Explanation" (rain, drought, summer, winter, cracks in the floor,
a cut, a hill, an earthquake fault...). No evidence was found of a fundamental physics law which could
explain the more than 15 years of ground motion data covered in the investigation. Nor was it neces-
sary for analysis. Horizontal and vertical movements have generally been found to be about equal in
magnitude because the geological forces inside of mountains involved are such that gravity does not
play a major role. The following investigation focuses on vertical movements, more important for
classical storage rings. It deals only with motions in the months to years region and does not addres
the wide and important field of vibrations with time scales of 1 sec or less. Nevertheless, one can
rightfully extrapolate the type of motion investigated, which is characterized by a resulting yearly
change in <rms> of 0.15 mm/year, to the low end of validity: one day or some such similar time.
To explain the conceptual difficulties in understanding the root cause(s) of LEP's difficulties, a little
historical digression is in order. Since its invention in 1953 by Courant and Snyder [Courant 1958],
strong focusing has been the basis for much of the improvement in performance of accelerators and
storage rings. There are concurrent increased demands on alignment tolerances, but over the years it
was recognized that absolute positioning of magnetic elements is not essential, that mainly relative
(element to element) smoothness is important, thus greatly easing the task on hand. How exactly
smoothness is defined we will not discuss here; let's for now assume the concept is self-understood
(smoothness may mean quite different things in different context, see e.g., the discussion of smooth-
ing concepts in [Ruland 1991]). In the context of smoothing, the alignment <rms> deviation from an
ideal or smooth reference orbit became an important parameter for machine physicists. Accelerator
simulations were designed to investigate what <rms>, independent of source, would be sufficient for
satisfactory operation. No particular effort was made to understand the root causes for the move-
ments underlying <rms> deviations. In the course of these accelerator studies, often an artificial cut-
off on the misalignment distribution of 3 sigma (or even less, as in the case of LEP) was arbitrarily
imposed without any basis that such an achievement might even be possible from the actual experi-
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ence of surveying theory and practice.1

In principle, it is possible with enough beam position measuring devices (BPM's) and a corresponding
number of correctors, to center the beam in each quadrupole, that is to reduce the "operational"
<rms> orbit deviation, and thus "smooth" the machine operationally. In practice it was found that the
luminosity in storage rings depended mainly on the physical alignment of quadruples and did im-
prove dramatically after each re-alignment.

The concept of smoothness has led to the development of many wonderful techniques to achieve it,
e.g., the non-parametrical principal curve analysis [Friedsam 1989], and other, less exotic and more
parametrical least square fit based methods (splines and polynomials to name a few), and more re-

cently beam based alignment. This new dogma
(smoothness) has led to many successes like the
principal curve based alignment of the Stanford
Linear Collider (SLC) arcs [Pitthan 1987] or the
beam based alignment of the Stanford Linear Ac-
celerator itself [Adolphson 1989], where without
either, SLC would not work. But these were suc-
cesses achieved without paying attention to the
actual absolute movements of tunnel floors and/or
the machine elements attached to it.

Because by their very nature, smoothing methods
produce deviations (from the thus defined mean)
which are more or less Gaussian (normal) distrib-

0 4 0 6 0 8 , uted. That is, seemingly they are the result of a
deviation from smooth'in millimeter random underlying process (the movement). This

Figure 1 Histogram of horizontal adjustments required paper will Show, for the first time, that on the time
during the installation of 300 alternate gradient magnets in , f m o n f h - (Q v e a r s i n actuality manv aceel-
the SLC South Arc. Outliers are found up to 9 standard de- s c a l e o f m o n t r i s t 0 v e a r s I n acruailty many accei
viations. erator tunnels do not move in a random but rather

in a systematic way, probably due to persistent
geological forces, and that exact and simple mathematical prescription can distinguish between ran-
dom and systematic movement.

Proponents of the random model [Baklakov 1991] have complained that each accelerator builder
claims that his or her tunnel is special. Such statements miss the whole point. It is not only each tun-
nel which, due to geological uniqueness, is particular, it is each point in each tunnel which is special
because of its history. For example, for PEP (used as an example below) one needs to know which
part is built on fill (where it sinks), where and when synchrotron light beam lines were built, where and
when the SLC Collider hall was excavated, and so on. All these historical actions were the cause for
distinct, identifiable movements of certain areas in PEP. For LEP, which does not use monuments at
all because the alignment method uses a more modern concept of smoothing, one has to know in
addition which magnets were adjusted, taken out for repair and replaced, and such similar happen-
ings. For the measurements used in this paper all such contaminated data have been carefully cor-
rected or excluded, respectively.

It was observed that there were strange outliers in many alignment distributions, but these were gen-
erally attributed to human error in the positioning process, a prevalent assumption which probably
was wrong. Figure 1 shows an example from the alignment of the South Arc of the Stanford Linear
Collider. While close to 90% (2 standard deviations) of the 300 elements are within 0.2 mm, there are
outliers up to 1 mm (9 sigmal), clearly not a Gaussian distribution, and definitively not one which

1 The choice of 2.4 sigma as cut-off for LEP, e.g., was predicated on the failure of simulation programs to find valid solutions
for larger values. With higher cuts on <rms> from random numbers the orbit in the simulations sometimes was unstable or
the machine was anti-damped [Keil 1992],
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would justify a cut-off at 3 sigma or less, but one u
which is quite typical for actual misalignments
found in the field if enough time has elapsed since
the last alignment (see, e.g., Figure 5 below).
Because of the validating successes of smoothing
techniques for machine element positioning, not
much effort has been expended in recent years on
investigating long-range tunnel movements in both
the space and time domain. But the absolute
movements still do matter, be it only to estimate in
the design phase what (1) the maximum travel of
the adjustment system should be or (2) how often
an accelerator or a beam line has to be-realigned.
In view of the strong cost implications of these two
points alone, it is not quite rational that there never
has been a systematic look into the global experi-
ence with tunnel floor movements in different ac-
celerator laboratories.

The oldest published local long-term study is the SLAC LINAC Fresnel lens laser alignment data col-
lected by the late Gerhard E. (Gerry) Fischer (for his data, see [Fischer 92]). In a sense, these data
are too good for they are too easily understood.
The LINAC is straight, thus lending itself to the use of a laser alignment system. Furthermore, the
SLAC LINAC tunnel is not a bored tunnel; it was built with a cut-and-cover technique designed to
minimize the earthwork needed. Consequently, the movements of the LINAC housing were easy to

interpret following the Fischer Principle: it sank
where built on fill, rebounded in the cuts, slid
sideways on the hills, and jumped along a fault
line during the 1989 Loma Prieta Earthquake.
Thus, not much can be learned from the SLAC
LINAC for the problems of the movements of a
bored tunnel.
PEP at SLAC is more instructive. Originally col-
lected in preparation for the construction of SLC,
the data in Figure 2 shows an updated represen-
tation of the data from the hydrostatic level system

so si 82 83 84 8s 86 of PEP [Linker 19821.
time after floor construction/years

Figure 3 Accumulated movement of some PEP vertical The observed movements of up to over 12 mm in
monuments during the same time span as Figure 2. The lo- 6 years, and the assumption that the SLC tunnel
cal rise in curves above the dashed lines are believed to be f|oor wou\^ m o v e s jm j | a r ly , had great impact on
d u ! !« inBo n . u s i l a l l y h e a v y ' f 'SS' l n J h £ wlu ter? of J9u81 the tolerances eventually adopted for the SLC arc
cause of construction activity in the vicinity, as outlined in alignment: they were made larger, or at least ef-
the text. forts by the machine physicists to design the ma-
chine to magnet-to-magnet tolerances below 0.1 mm for next neighbor accuracy were rejected.
Even more startling is Figure 3, gleaned from the same set of data: it shows that the tunnel moves in
a systematic, as opposed to random, fashion. That is, once a particular piece of tunnel moved in one
direction, it never seemed to reverse the direction of movement. But Figure 3 also shows other impor-
tant truths: (1) even for underground structures the seasonal changes and inclement weather have a
short-term effect superimposed over the long-term trend and (2) the upward movement seems to be
larger and more sustained than the settling motions, albeit slower in starting.
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A closer look at existing long-term data from CERN [Quesnel 1988] and SLAC shows that indeed the
measured movements of accelerator tunnels built in compacted geological strata (i.e., not sand like at
DESY) are far from random. To the contrary, most points in a tunnel move in one direction only. More
important, this is the more pronounced the bigger the rate of movement is; that is, the higher the im-
pact on machine operation.

The effort to understand possible causes of the
large <rms> orbit deviations in LEP and the opera-
tional difficulties to reduce those in a timely manner
at each fill, led at first to the discovery that the axis'
of beam orbit measuring devices were different
from that assumed in the machine control software
(but not different from what certain experts knew).
Later it was found that the accrued misalignment of
the machine was much worse than assumed. The
first topic has been documented [Pitthan 1992] and
in the meantime has led to novel efforts to deter-
mine the relation of the center of a BPM to the
center of a quadrupole next to it after installation (K
modulation, [Schmidt 1994]). Here we will deaf with
the second topic. We will show, mathematically
without ambiguity, that the individual movements in Figure 4

•h i r n * , . „ „ ! „ „ „ nrn^nrr,;n~nu>i o.,r,»«,v,,,*:~ <rms> orbit deviation, circles 91/92, square 90/91. The
the LEP tunnel are predominantly systematic p rec ise shape of the theoretical curve depends on the ma-
(unidirectional) and not random in nature and thus chine imperfections and has been matched to the points,
explain the rapid degradation of the physical align-
ment of LEP between 1991 and 1993. There are
lessons to be learned for the maintenance alignment, as contrasted to the installation alignment, of
LHC and other future large accelerators.
In order to understand the machine physics background, one must recall that in the early 90's an ef-

fort was made at LEP to explore the possibility of
running with polarization. Simulations had shown
that good polarization (let's say > 15%) could only
be achieved if the <rms> orbit deviation in the op-
erating machine could be brought below 0.6 mm.
The desired design value was 0.3 mm. Part of the
plan was to increase the basic polarization with
various methods of harmonic spin matching
[Assmann 1994], but to get there, some minimum
amount of polarization had to first be established.

The right lower side of Figure 4 shows that the
<rms> orbit in 1992 did not reach the <rms> goal
and that with the <rms> the polarization was poor

5 and seemed to get worse with time. Since no
global re-alignment was performed in 1992, the

Figure 5 Comparison between the vertical design distribu- maximum polarization LEP reached in the
<ion (<rms>=0.1mm) validated by control surveys fn 1989, 1 9 92/ ig93 running cycle Was 8%.
and the experimentally found distribution of 267 quad- ° J

rupoies distributed over all of LEP in 1992 (<rms>=o.52 To save money, and because the luminosity in the
mm). Positive (up) outliers are found up to 9 standard de- previous running cycle had been good, the regular
viations- global survey and re-alignment had been skipped

since the installation. Fortunately, there were data
available to investigate the situation. The vertical movement in six critical or suspect areas, namely
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the four experimental straights, the arcs under the
Jura Mountain, and the injection area in Point 1,
comprising just over half of all quadrupoles in LEP,
had been monitored [Hublin 1992J. Figure 5 shows
the statistical summary of these data. As in Figure
1, outliers up to 9 standard deviations are visible.
As will become clear, it is not sufficient to focus on
the one statistical number alone (the <rms> devia-
tion). To tell the whole story one must examine how
individual misalignments come about.

Except for the isolated outliers the <rms> devia-
tions in the 6 different parts of LEP surveyed are in
agreement with each other. They all group between
0.5 and 0.6 mm, indicating that whatever the proc-
ess is which makes the tunnel floor move, it is not
dissimilar in the different geological strata of LEP.

1.5

-0.5

-1i
01-1,5
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I;.... :. : 1

1.3 1.71.4 1.5 1.6
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Figure 6 The movement of 48 Quadrupoles in Point 1 of
LEP between 1989 and 1993. The elements were placed

As outlined above, the focus in accelerator survey there in 1988; a control survey was done in 1989. The data
and alignment in recent years has been on shown have a second order polynomial subtracted,
smoothness. Good data on global movements are hard to come by. Therefore, in the following dis-
cussion the results for Point 1 will be taken as representative for all of LEP. Point 1, the injection
straight, was chosen because it was the most extensively surveyed area of LEP; data were available
for every year starting with 1989; no additional construction which would corrupt the data had taken
place after installation. Also, the components had been placed there only 8 months before the first

control survey.
The usual problem of datum definition and
smoothing fits had to be addressed. It was found

6oo : ; y : •-/ \ that the type of fit had great impact on the amount
g relaxed design <irms> > , ' ' ' ' !*/<—-systematic of movement found. In other words, the smoothing
,o500 : : ,.>' '/\ _.] routine eliminated deformations which had to be
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regarded as real. This effect was, as one would
expect, especially pronounced at both ends of the
survey (toward magnet numbers 1.25 and 1.75).
After applying polynomial fits up to fourth order it
was decided to limit polynomial fits to second or-
der and evaluate the data in two alternate ways:

Method 1:. A second order polynomial was fitted to
y|

1
ar

 92 93 94 the leveling results and subtracted. All calculations
Figure 7 The <rms> deviation of 48 quadrupoles (data of were performed on the modified data. They are
Figure 6) in the straight section of Point 1 vs. time. The plotted in Figure 6. It was felt that the measure-
curves show the expected development of <rms> if all m e n t s w e r e o f v e r y n j g h q u a | i t y j n g homogeneous

S ? ! S y ^ ^ ^ ^ environment (e.g., the straight of Point 1 does not
relaxed design criteria of <rms>=0.4 mm instead of the ac- contain an experimental hall with its inherent tem-
tual design value 0.1 mm in the case of systematic move- perature gradients) and that systematic deforma-
ment. The error bars are the estimated systematic errors;; t j o n s r e q u j r j n g polynomials of higher order should

be negligible. For a straight line fit (not shown) a
pitch between 0.2 and 0.4 microradian was found

for the 5 sets of data, well within the estimated systematic error of the instrument.

The <rms> values were calculated with Method 1 for each survey and plotted vs. time in Figure 7, to-
gether with curves for random and for systematic movement of the tunnel floor. If each point would

the statistical error on the <rms> alone would be in the mi-
cron region.
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move truly randomly the misalignment would grow with the usual form proportional to the square root
of time (lower dashed curve). In the systematic case (solid curve in the middle), in contrast, the ap-
parent <rms> deviation will grow linearly with time. It is quite evident that the data are consistent only

with a predominantly systematic movement.

Two obvious differences between the two types of
movement can be pointed out: (1) Since the
movement is built upon an existing finite <rms>
from the installation placement, the rate of change
in the <rms> description for very short time spans
(days to months) is finite for the random case, but
zero for the systematic curve. This has important
potential consequences for the operational day-to-
day, possibly mechanical remote, alignment for
future colliders. (2) For large time spans (years)
the curves diverge when the systematic case en-
ters the linear regime. This has consequences for
the long-term (let's say yearly) maintenance

Figure 8 The movement of 47 Quadrupoles in Point 1 of alignment for future colliders.
LEP. Similar to Figure 6, except that the movements were For the latter case it is apparent from Figure 7 that
rotated to the next neighbor quadrupoles as described in for L E p ^ p r o j e c t e d < r m s > d e v i a t j o n for e n d .

1993 is nearly twice what one might expect under
the assumption of a truly random movement of the

tunnel floor and the magnets attached to it. It must be emphasized that the main result, namely the
clear favoring of systematic over random movement, is independent of the order of polynomial used
(up to fourth order were investigated, but it was felt that the higher orders were reducing the ampli-
tude of true tunnel movements, see above).

Method 2: For each magnet the average deviation to the next neighbors was determined. All calcula-
tions are performed on this "new" (more precisely: the original) set of elevation differences. This
method has the advantage of eliminating all model
dependencies as well as to be most representative
of the actual method of measuring elevations
(directly from magnet to magnet). Treating the data
this way also allows them to be regarded as a set
of measurements independent of each other, which
makes the statistical treatment cleaner (not that it
matters for the conclusions of systematic vs. ran-
dom movements). For Method 2 the data are
shown in Figure 8.

In Figure 9 <rms> deviations were calculated and
theoretical curves plotted, similar to Figure 7. It is
not surprising that in the case of the "next neighbor
deviation" the <rms> values are smaller than with
Method 1. In fact, the January 1989 control survey, Figure 9 The <rms> deviation of 47 quadrupoles in the
8 months after installation, yields a <rms> value of straight section of Point 1 vs. time, similar to Figure 7, but
only 0.09 mm. But as in the case of the straight line evaluated with Method 2. The curves show the expected
data Fint irp Q <?hnws that thu Hpnrariatinn nf alinn development of <rms> if all points in the tunnel would move
data, Hgure 9 shows that the degradation ot align- s y s t e m a t i c (unidirectional) or truly random. Also shown is a
ment points clearly toward systematic tunnel curve for a relaxed design criteria of <rms>=0.3 mm instead
movements, such that the <rms> in 1993 was al- of the actual design value 0.1 mm.
ready 0.55 mm.
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1.5

How can this information be used profitably? Surveying and aligning a machine of LEP's size is a
costly enterprise. But even more costly is to loose operating beam time by running a machine which
is not optimally aligned. Since the movement of the floor can be anticipated based on the history of
the movements, it will be shown that the positioning can be biased in a way to ensure that within rea-
sonable limits the <rms> quadrupole (or any other) deviation gets better with time [Running With The
Wind,* CERN Courier 34,4 (1994) p.19]. The time span after it reaches a minimum in <rms> only de-
pends on the magnitude of the <rms> error one is willing to suffer at start-up. But this has as a re-
quirement that the alignment tolerances are set rationally from the outset. It is clear that the original
design tolerance for LEP (0.1 mm) was unnecessarily tight. Otherwise the machine could not have
produced good luminosity even with <rms> orbit deviation approaching 1 mm.

So let's assume that an <rms> tolerance of 0.4
mm as defined with Method 1 would be tolerable.
Then, from Figure 7 we know that in 1991 the
<rms> value was 0.36 mm, below that value. Fig-
ure 10 shows the result from the following
Gedanken experiment; in 1991 we place all quad-
rupoles in locations off-set from the smooth beam
line by amounts opposite to what they would move
in the next 2 years assuming the movement be-
tween 1989 and 1991 continues linearly. The new
locations correspond to the difference between
the 1989 and the i->91 locations, to a <rms> of
0.34 mm (this is lower than the 1991 <rms>, see
Figure 7). Since the movements are unidirec-
tional, two years later the machine should again
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Figure 10 The Gedankenexperiment of Running With The
Wind, using Method 2. By choosing the initial <rms> value
wisely the "integrated" closed orbit deviation over an align- be in good alignment. Indeed, Figure 10, using the
ment cycle can be minimized and the number of re-
alignments can be reduced.
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actual survey data, shows that the measured
<rms> for Method 1 will go down (in this Gedanken
experiment, at least) to 0.20 mm in 1993. After that
we have no data, but presumably the <rms> would
grow again and reach a value of 0.5 mm for the
misalignment <rms> as late as 1995. Figure 11
shown the <rms> analysis analogue to Figures 7
and 9. The fitted minimum <rms> reached in 1993,
0.21 mm, is very close to the starting <rms> value
of 1989, 0.19 mm. The difference between the two
is indicative of the random content of the move-
ment, or any non-linearity in its systematic time de-
pendence. In any case, both contributions must be Figure 11 The <rms> of 48 quadruples in the straight of
small, below the 10% level, judging from the data. Point 1 of LEP in the Gedanken experiment performed in

1991 as described in the text. For 92 and 93 (December of
With this concept the time averaged <rms> WOUld 1992) the calculations are based on actual survey data (x's)
have been kept below 0.4 mm, while deferring re- and show that biased alignment (Running With The Wind)
alignment, for 4 years. The time span of no global w o u l d n a v e worked well. The data beyond 1993 (+'s) use a
realignment can be extended by two methods: (1) ^ ^ X ^ ^ ^ S T ™ * " * ™
tolerating a higher initial <rms> and/or (2) aligning

89 90 91 92
year

93 94 95 96

The coinage of this expression is probably due to John Poole of CERN's SL division
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Figure 12 Movement of HERA wall monuments over a 20
month period. The four large movements are due to the

the outliers from time to time.

Could the method of the Gedanken experiment be
used in the installation of accelerator elements?
Probably yes, since the tunnel can be surveyed
long before placement of the elements and the fi-
nal smoothing phase of alignment. The move-
ments of the floor at the magnet locations can be
monitored and magnet placement can be biased
to take the known floor movements into account.
Instinctively, engineers responsible for alignment
want to line up the elements along an ideal (or at
least smooth) orbit, but we know now there is a
predictable time dependency of the smoothness;
we should use it for better results by biasing the
position of critical machine elements as described
above.

All outliers in Figure 5 could be identified. Without
loading of the experimental halls. Otherwise no systematic exception they were due to particularly rapid floor
ground motion can be recognized. Also, the <rms> values
are rather constant (between 0.16 and 0.18 mm).

movements and not to human error. Outliers can
be damped with preventive survey and biased
positioning before installation. While their number

is not large and, therefore, their impact can be eliminated with a relatively small effort, they do have a
large impact on the <rms> and consequently on operation. A good example is element 1.685 in Fig-
ures 6, 8, and 10 which could have been easily kept at small deviations, thus minimizing its consider-
able contribution to the overall <rms>. With this approach reality might actually be made to agree with
the <rms> cut-offs in simulations [Keil 1992].

Is the unidirectionality of floor movements as found in LEP (and PEP, the SPS ) a universal law?
Definitely not (again following the Fischer Principle). A good example is HERA at DESY. It is build in
sand; there are no preferred geological movements. Consequently, the survey history of the monu-
ments in the tunnel walls show only random movement. Figure 12, when compared to the LEP Fig-
ures 6 and 8, qualitatively shows this to be true.

So, in the end, what makes the tunnels move? It is
believed mostly the geology of the site: details of
the water flow, soil type, fault lines. Simple things
like that. No tunnel floor can be built strong enough
to resist the motion of the mountains. One good fi-
nal example is the case of TT20 in a SPS transfer
tunnel (Figure 13). There are several different ex-
planations how this movement comes about. Some
point to certain errors in the construction layout,
which funnels water to this location. Others blame
only the geology. In the end it does not matter.
TT20 moves, year-in, year-out, in one direction.
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learned only one thing from him (and I learned many) it would be: science is everywhere. While at
CERN he furnished me with Fred Linker's data. The last conversation I had with him was about
"systematic" tunnel movements; he was urging me to write this paper about my LEP analysis because
he wanted the data and analysis for his work on the NLC. A duty I herewith discharge.

Karl Brown was instrumental for the depth to which I continued to probe the matter: during a visit to
CERN he encouraged me to continue the studies I wanted to terminate because the systematic na-
ture of tunnel movements was "too obvious". I still can hear him say: "obvious things in physics, which
strangely enough nobody else has noticed, turn often enough out to be important".

Much of what I know about the complexities of survey and alignment are due to Robert Ruland and
the crew he and I were lucky enough to be able to put together for the construction of SLC: Horst
Friedsam (now Argonne), Will Oren (now CEBAF), and Matt Pietryka.

On the international level over the years I have drawn on the experience and advice of Franz Loffler
(DESY) and Michel Mayoud (CERN). Michel Hublin and Jean-Pierre Quesnel of CERN were very
generous with their painstakingly collected and documented SPS and LE? data. Looking at their ma-
terial, I believe I realized for the first time that our PEP observations (unidirectionality) were no acci-
dent. Similarly, the HERA data from Willfried Schwarz, and their lack of systematic movement, were a
real eye opener.

While in the AP group at CERN many people suffered from my questions and my (ab)use of them as
a sounding board. I am especially grateful to Karl Berkelman (CESR), Albert Hofmann, Eberhard Keil,
Olivier Napoly (Saclay) and Bruno Zotter for their patience and constructive criticism.

My sabbatical only became a reality through the support and help of Charles Prescott, Burton Richter,
and Richard Taylor.

And last, but not least, I want to thank my division leader, David Leith, and my co-group leader, David
Fryberger, for their support and encouragement to finish this work.

* Work supported by the Department of Energy, contract DE-AC03-76SF00515
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BEAM-BASED ALIGNMENT OF THE FINAL FOCUS TEST BEAM *
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Beam-based alignment of quadrupole and sextupole magnets is crucial for the overall
performance of linear collider final focus systems, especially for elimination of backgrounds
and higher-order aberrations. At th<! Final Focus Test Beam (FFTB), alignment tolerances
required for achieving the desired spot size are 100 microns in the horizontal and 30 microns
in the vertical. Using a combination of independent magnet pownr supplies, high-resolution
stripline beam position monitors and precision magnet movers, the FFTB can be aligned to
these tolerances in about 8 hours. Description of the algorithm, presentation of alignment
results, and possible improvements to the system are discussed.

1. General Concepts of Beam-Based Alignment

In order to optimize the performance of modern accelerator and collider facilities, it is
necessary that the beam pass as close as possible to the center of the strong quadrupoles
and sextupoles in the beamline. Consider a quadrupole with an integrated gradient GN- A
beam whose centroid passes through the quadrupole with an offset (dx, dy) from the center
of the quadrupole experiences a kick given by:,

= -^dx, Ay' = ^dy, (1)

where Bp is the magnetic rigidity of the beam. This kick will generate an oscillation through
the quadrupoles downstream of the misaligned quad. If the amplitude of the oscillation be-
comes comparable in magnitude to the aperture of the beamline at some point, unacceptable
backgrounds may occur due to beam "scraping". Such a kick will also introduce anomalous
dispersion, which will interact with the chromaticity of downstream quads to generate higher-
order chromatic aberrations. Finally, because the kick in Equation 1 is a function of quad
strength, changing the optics of a beamline with misalignments will change the orbit through
the beamline. Such orbit changes can prevent optical tuning from converging quickly. For
all these reasons, it is necessary to reduce the RMS values of dx and dy throughout the
beamline.

Now consider a sextupole with an integrated second derivative, / ^p?dl, given by S^. A
beam passing through such a magnet with an offset (dx, dy) from the center of the magnet
receives a kick given by:

{d3? dy2) ^y' =

It can be shown from Equation 2 that a beam passing through a sextupole with a horizontal
offset dx experiences an additional quadrupole focusing, while a beam passing through a

•Work supported by the Department of Energy, contract DE-AC03-76SF00515.
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sextupole with a vertical offset dy experiences an additional skew quadrupole effect. These
anomalous normal and skew quadrupole aberrations will scale with sextupole strength and
make the sextupole strengths difficult to tune. Once again, reducing the RMS values of dx
and dy in the sextupoles of the beamline will enhance tunability.

As colliders are expected to provide greater and greater luminosities, alignment of the
magnets to the beam is certain to become a more significant concern. In particular, linear
colliders at very high luminosities are expected to have severe a priori tolerances on the
RMS distance between the beam and the magnetic center for all quads and sextupoles.

Beam-based measurements - direct use of the built-in diagnostics of a beam line to
measure the offsets (dx, dy) between a particular magnet and the beam - are the most
straightforward method to determine the misalignments of an accelerator relative to the
actual beam. In this discussion, we will limit ourselves to techniques for aligning quadrupole
and sextupole magnets with the beam, although such techniques may be extended by analogy
to higher-order multipole magnets.

x(GN)

x(GN+AGN)

R12

Figure 1: Quadrupole alignment via magnet shunting. Changing the
quad strength changes the amplitude of the DC kick downstream.

Quadrupole Alignment: Quadrupole alignment techniques are generally extensions of
the shunt technique: as shown in Equation 1, a beam passing off-center through a quadrupole
receives a kick proportional to the quad strength and the magnitude of the offset. Consider
the situation in Figure 1, in which a quadrupole with a misalignment of dx is changed
in strength from GJV to GN + AG^- In this case, the change in the beam position at a
downstream BPM can be determined from Equation 1 and the first-order transport matrix
from the quad to the BPM:

Az = -R12^dx, (3)
Bp

and a similar expression can be determined for the vertical plane. In this simple case the
resolution of the method depends solely on the magnitude of AG#, the optics from the quad
to the BPM, and the BPM resolution. Once the offset dx has been determined, the quad
can be moved by a distance dx to get the beam to pass through the center of the magnet.

In principle the shunt technique can be extended to a real-world system with many
magnets and many BPMs used to fit the offsets dx(j) and dy(j). In such a case, however,
there are several additional complications which must be taken into account.

Multiple Quadrupoles: Consider a situation such as that shown in Figure 2: here
two quads are to be aligned to the beam, but the first quad's misalignment kicks the beam
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Figure 2: Beam-based alignment of two quads in sequence. The shunt-
ing procedure would indicate that the second quad is not misaligned,
yet both quads need to be moved dxo in order to be on the line of the
incoming beam.

through the center of the second quad. While shunting the first quad will reveal the misalign-
ment dx0, shunting the second quadrupole will show no distance between the beam centroid
and the quad center at all. Clearly, the kick of the first quad must be taken into account
when determining a solution which centers both quads on the trajectory of the incoming
beam.

Let us define the intrinsic misalignment of a quadrupole, {dxi(j),dyi(j)), to be the dis-
tance between the beam centroid and the center of the j th quadrupole, as determined by
the shunt technique; and define the global misalignment, (dxg(j),dyg(j)), to be the distance
between the center of the j th quad center and the line drawn by the incoming beam, before
it encounters the first quad. The relationship between the ctaj's and dxg's is given by:

dxg(j) =
fc=i Bp (4)

where L(k —» j) is the longitudinal distance between the ftth and j th quadrupoles. Once
the dxi values have been determined by shunting each of the quads sequentially, Equation 4
can be used to reconstruct the global misalignments; and moving each quad by dxg(j) will
position all of the quads on the path of the incoming beam.

The relationship between the intrinsic misalignment resolution <7i(j), and the global mis-
alignment resolution vg{j), for a given quad can be derived from Equation 4, and assuming
that all shunt-measurement errors are uncorrelated:

E
k=l

(5)

Equation 5 shows that the global alignment resolution will in general monotonically worsen
from upstream quadrupoles to downstream quadrupoles. This results in the characteristic
"bowing" of beam-based quadrupole alignment solutions. Such "bowing" can generally be
constrained in two ways. One method constrains the beam position at the upstream and
downstream ends of the region to be aligned, typically by requiring that the solution t ̂  the
system maintain certain absolute BPM readings at upstream and downstream BPMs [1],
[2]. In this case, the global errors will be worst near the center of the region. The other
method is to constrain the beam position and angle at the entrance of the system, as was
done in the FFTB. In this case the global resolution will degrade perfectly monotonically.
It is important to note, however, that the RMS distance from the j th quad center to the
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beam is still given by cn(j). In other words, while the magnets are no longer in a straight
line as measured by, for example, a laser beam, the technique outlined above will always give
a solution in which the beam passes through the center of the quads to within the intrinsic
resolution. Since the intrinsic alignment is the crucial one from an optical point of view,
this is acceptable as long as the movements dictated by the global alignment solution do not
require unacceptably large motions of the magnet.

Figure 3: Alignment of a sequence of quads. In this case, the first quad
in the sequence is kicking the beam onto the line of the downstream
quads.

• In some cases, implementing the global alignment solution in Equation. 4 is not desirable
from a practical point of view. Consider for example the situation depicted in Figure 3:
the misalignment of the first quad results in a kick which sends the beam down the line of
the remaining quadrupoles. Implementing the global solution will cause all of the quads to
move onto the line of the incoming beam, resulting in monotonically-increasing movements
of the magnets. For a sufficiently severe situation, the required corrections to the magnet
positions exceeds that available from their installations at the downstream end. In this case
the incoming beam trajectory must be adjusted to match the line of the magnets before
implementing a global alignment solution. In the FFTB this was done by defining the last
quadrupole in a group to be in its aligned position, and fitting the kick angle needed at
the upstream end to correct the electron beam trajectory. This in turn required suitable
selection of alignment segments to coincide with the availability of DC corrector magnets.

Sextupole Alignment: Techniques for the alignment of sextupoles fall broadly into
two categories: those which utilize the anomalous quadrupole effect of an offset sextupole,
and those which use the dipole kick given to the beam centroid. In general techniques for
the use of the anomalous quadrupole field require measurements of the beam size, whereas
the techniques which use the dipole field require only measurements of the beam centroid.

The quadrupole technique is used to align the CCS sextupole of the SLC Final Focus,
reported elsewhere [3]: the strength of a sextupole is increased or decreased, and the beam
size measured at a wire scanner is used to probe the additional quadrupole field seen by the
beam. This is done by scanning a normal or skew quad at the two settings of the sextupole,
and noting the value which minimizes the spot size at each setting. The strength of the
normal or skew quad which minimizes the spot size is expected to be a linear function of
the change in sextupole strength and of the horizontal or vertical offset, respectively, of the
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beam in the sextupole. Because the SLC Final Focus sextupoles are powered in families,
changing the strength of a sextupole family causes changes in the measured spot due to both
sextupoles' misalignment. It is necessary to use optical symmetries of the SLC Final Focus
to reconstruct symmetric and antisymmetric misalignments of the pair of magnets.

The FFTB also powers sextupole magnets in families. However, the FFTB alignment
technique takes advantage of the fact that the dipole kick from the CCS sextupoles is large
enough to measure with BPMs. In this technique, the beam offset in the sextupole is
scanned, and the beam position is monitored downstream of the sextupole. From Equation
2, we can see that the relationship between the beam horizontal position and the offset in
the sextupole is parabolic. The extremum of the parabola occurs at the point where the
beam passes through the center of the sextupole. Thus scanning the beam in the horizontal
and plotting downstream BPM response versus beam position reveals the horizontal center
of the sextupole; while scanning the beam in the vertical and monitoring the horizontal
downstream BPM response reveals the vertical center. In the case of the FFTB the sex-
tupoles are installed on remote-controlled magnet movers capable of micron-sized motions
in both vertical and horizontal, with several millimeters of total range in each direction [4];
these were used to precisely move the sextupoles across the beam path. In the absence of
sextupole movers an appropriate set of corrector magnets can be used for the same purpose.

2. Application to FFTB

The Final Focus Test Beam is a prototype final focus for a future linear collider; in order
to demonstrate the necessary demagnifications for such a collider the FFTB must reduce
the SLAC 46.6 GeV electron beam to a focused size of 1.7 microns in the horizontal by
60 nanometers in the vertical. The optics of the FFTB have been discussed elsewhere [5],
along with the ab initio tolerances which must be met in order to guarantee convergence
of the tuning algorithm. The alignment tolerance for the quads and sextupoles is an RMS
misalignment of 100 microns in the horizontal and 30 microns in the vertical. In order
to ensure that these tolerances are met, an algorithm for beam-based alignment using the
techniques outlined above was developed for the FFTB. This algorithm utilizes the FFTB
stripline BPMs, which achieve a resolution of 1 micron at the design bunch charge [6], and the
remote- controlled magnet movers for positioning the magnets. Each quadrupole is powered
independently in order to simplify the shunting operation.

Quadrupole Alignment: In addition to the considerations listed above, several addi-
tional refinements of the general shunt-based quadrupole alignment procedure were needed
to optimize performance.

Beam Optics: The first five quadrupoles in the FFTB are a beam matching section,
with considerable flexibility to adjust the incoming beam conditions to the desired IP beam
conditions. These quads were adjusted to an optics which provides a low-divergence beam
at the IP (/3j=3 cm, /3*=1 cm). By reducing the IP divergence the beam size in the FFTB
quads is reduced; as a result, the total range of shunting available is increased, as the quad
strength changes do not have as severe an impact on the beam size downstream.

Quad Shunting: Figure 4 shows the range of quad strengths used for the FFTB stan-
dard quads, with diamonds representing the strengths in the nominal low-divergence optics.
Several of the quads are shunted through 25-30% of their total range, which can cause the
magnets to leave their measured hysteresis curves. This changes the optics through the
FFTB in unpredictable ways; as a result, beam trajectories which are fitted from BPM
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Figure 4: Shunt ranges of FFTB standard quads used for beam-based
alignment. All quad strengths are shown as absolute value for ease of
display. The maximum strength of the standard quad is 388 kilogauss.

data and the beamline's nominal optics will not match the actual trajectories. In order to
reduce this difficulty, the quadrupole power supplies were configured to perform a "mini-
standardize" procedure: when changed from a lower current to a higher current, the supply
is ramped in a normal fashion, but when changed from higher current to lower current the
power supply overshoots the lower set point by 5%, in order to always approach the new
setpoint along a rising curve. This refinement yielded considerable improvement in overall
convergence of the procedure.

BPM Data Handling: The FFTB contains 40 high-resolution BPMs with completely
un-multiplexed electronics; consequently all 40 BPMs can be read out on a single pulse.
For alignment of a single segment consisting of 3 to 6 quads, a total of 150 beam pulses
is acquired on all BPMs. Such a large dataset may well contain data points contaminated
by unacceptable noise, which must be eliminated before fitting the misalignments of the
quads. Furthermore, the pulse-to-pulse jitter at some BPMs is as large as 40 microns in
RMS, and this jitter must be corrected in order to achieve the maximal performance from
the high-resolution BPMs. A set of 6 quadrupoles with horizontal and vertical misalignments
contains 12 variables to be fit, while a set of 150 pulses with incoming (x,x',y,y\6) to be
fit contains 750 variables. Finally, because of incoming jitter, it is necessary to be certain
that the trajectory of the inital pulse, to which the quads will be aligned, is not extremely
different from the average of the linac beam pulses.

The initial orbit to which the beams will be aligned is determined by averaging 100
pulses to derive a representative reference orbit. This orbit is then compared to incoming
orbits to ensure that it is not systematically different from the incoming beam. This orbit
is subtracted from all the subsequent orbits, leaving only the differences from the reference
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at each BPM. The incoming trajectory vector for each pulse, (x,x',y,y',6), is determined
by using BPMs in areas upstream and downstream of the shunted quads, in areas where the
transport properties are constant. This computation is done by matrix inversion, yielding
an incoming ray and a full error matrix for the incoming trajectory. Because the main fit
will ultimately use ray- tracking to determine the misalignments, it is vital that the error
contribution from the determination of the incoming beam trajectory be added to the instru-
mental error contribution from the BPM resolution. This is accomplished by projecting the
error matrix for the incoming beam onto each BPM and adding the (11) or (33) component
of the projected error matrix in quadrature with the instrumental resolution. Finally, the
transport properties downstream of the last shunted quadrupole are also constant; therefore
the BPM readings through this area should fit to some initial trajectory at the downstream
face of the last shunted quadrupole. Fitting the trajectory at the exit of the last shunted
quad with the data from downstream BPMs aids in identifying noise-dominated data: such
data will not lie upon the fitted ray. Thus the bad data is identified and eliminated before
submitting the BPM data to the main fitting algorithm.

Main Fitting Algorithm: The main fitting algorithm uses first-order ray tracking and
MINUIT x2 minimization to determine the offsets of the quadrupoles. The returned offsets
and alignment resolutions are for the global alignment, i.e., the alignment of all the quads
to the common incoming line.
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Figure 5: Measured vertical locations of FFTB quads relative to the
incoming beam, May 1994. Note that the large excursions exceeded the
range of the remote-control movers, and DC correctors were required.

Results of Quadrupole Alignment: Figure 5 shows the vertical positions of the
quadrupole centers with respect to the incoming beam, as determined in May of 1994.
Because of the large displacements it was not possible to move all the magnets into their
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Figure 6: Measured vertical positions of FFTB quads relative to the
incoming beam, September 1994. During the period between May and
September 1994 the magnet alignment was mechanically corrected, and
the FFTB was able to operate in September 1994 with no vertical
correctors. The dashed line shows the best line through the region
surveyed.

aligned positions with their remote- controlled movers; instead, several DC correctors were
used to steer the beam through the line.

After the experience of May 1994, the FFTB was surveyed by the mechanical alignment
specialists at SLAC, and qualitatively-similar alignment features to those in Figure 5 were
seen. These were corrected mechanically, and the beam-based alignment repeated in Septem-
ber of 1994. Figure 6 shows the measured magnet positions in September 1994. The dotted
line represents the best line through the quads surveyed mechanically; the RMS deviation
from the line is approximately 50 microns, representing the alignment resolution available
through mechanical survey. In this case the FFTB was able to operate with no vertical or
horizontal correctors upstream of the IP, save for two which adjust the position and angle
in each plane to match the mechanical line.

Intrinsic resolutions returned by the MINUIT fit revealed worst-case resolutions of 30
microns for two magnets, with the majority of magnets aligned to within 10 microns in
each plane. The worst-case global alignment resolution was found to be 350 microns at the
downstream end of the beamline, which is handily within the range of remote- controlled
movers. It was also observed that the beam-based alignment reduced a measured vertical
dispersion by a factor of 3, and that background tuning converged more quickly and more
completely after complete beam-based alignment.

Sextupole Alignment: The CCS sextupoles were aligned in the manner described
above, in which each sextupole in turn was moved across the beam and its motions corre-
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Figure 7: Downstream BPM horizontal position as a function of sex-
tupole vertical mover position. The minimum of the parabola is the
mover position which causes the electron beam to pass through the
vertical center of the sextupole.

lated with horizontal positions downstream. No jitter correction was performed, and some
care was exercised to determine for each sextupole a BPM which optimized the signal-to-noise
performance of the algorithm. Figure 7 shows the downstream BPM signal as a function of
vertical mover position for one sextupole, with a clearly- defined minimum corresponding to
the vertical center position of the magnet. The resolution of the procedure was 25 microns or
better for each sextupole in each plane, with some improvement possible if jitter correction
was included in the fit.

3. Conclusions and Possible Improvements

The FFTB beam-based alignment algorithm allows the beamline to be aligned to within
its tuning tolerances in approximately 8 hours. All alignment is completed with relatively
large beam sizes at the IP, and can therefore be performed before any IP tuning is attempted.
Of the 8 hours, 1 hour is required to align the 4 CCS sextupoles, with the 7 hours of
quadrupole alignment being divided in a 70:30 ratio between stepping quadrupole power
supplies and computation. Acquisition of BPM data is a negligible contributor to the total
time.

The most significant improvement to the system would be reduction in either the shunting
or computing time requirements. Computing time could be reduced through implementation
of a matrix-inversion solution to the quadrupole offset problem, rather than MINUIT, or of
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course through use of a faster computer. The quad shunting time is determined by the
current ramp rates used by the power supplies; these in turn have been adjusted to match
the ramp rates used when the magnetic fields were measured. Some further optimization of
the current ramping rate is conceivably possible.

The cuts applied to the downstream data are computationally efficient but are not the
best possible for eliminating bad data. Once a track has been fit, any BPM which has a x2

contribution greater than 64 per data point is eliminated; a second fit is performed, and any
BPM with a x2 contribution greater than 16 is eliminated; finally, a third fit is performed
and individual data points with x2 contributions greater than 16 are eliminated. The cutting
algorithm can be "fooled", especially in cases in which a single BPM at a critical point in
the optics can alter the fit significantly; in this case, it is not unusual to find that all BPMs
have large x2 contributions and are eliminated. A more robust algorithm would fit a track
to each of the 150 BPM pulses; then, for each pulse with a x2lv greater than some cutoff,
the fit is repeated n times, where n is the number of BPMs used in the fit; each of the n
fits would be performed without one of the BPMs. The data point which caused the largest
increase in x2 lv could thus be unambiguously identified and eliminated. This scheme is,
however, more computationally intense.

Finally, the advantage of jitter subtraction in the sextupole alignment algorithm has been
noted above.
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QUADRUPOLE SHUNT BPM SYSTEM AND ITS POSSIBLE
APPLICATION TO BEAM BASED ALIGNMENT

Peter Roj.iel
MAX-lab, University of Lund, Box 118, S-221 00, Lund, Sweden

This beam position measurement system uses a method to measure the beam-position with
high precision in a storage-ring with respect to the quadrupole magnets magnetic centra. The ab-
solute position of the pickup elements does not affect the beam position measurements so a cali-
bration of the pick-up elements absolute position can be done in situ. This paper describes the
QSBPM-system, and shows results from a working system at the MAX I storage ring. A short
discussion on the possible application to beam based alignment is included. Algorithms for beam
based alignment can be found elsewhere in these proceedings [7].

1. Introduction.

The main beam position determining element in a storage ring is the quadrupole magnets
which are usually very accurately aligned. We have in them very good reference points for beam
position measurements. To be able to control the position of the beam inside the machine the
beam position has to be measured with an accuracy greater than the stability demand on the
beam. With a stability demand of less than 0.1a this is not a trivial problem in the third genera-
tion storage rings with very small beam dimensions. The users set very high demands on the
beam stability of synchrotron radiation produced by undulators and wigglers because of very
long beamlines and high resolution spectroscopy, refs.1,2.

Most existing systems today use the pickup elements position as the reference against which
the beam position is measured. The quadrupole magnets in a machine determines where the posi-
tion of the ideal closed orbit should be. With the QSBPM system, problems related to the BPM
heads calibration, alignment, their positional and electrical drifts have been eliminated. This
greatly relaxes the design constraints on the rigidity of the support structures for the pickup heads
and gives as many measuring points as there arc quadrupoles in the machine. The QSBPM sys-
tem can also be used to perform an in situ calibration of the pickup systems absolute zero posi-
tion. The QSBPM system uses very little additional hardware which makes it very easy to retrofit
to an existing machine. It is also easy to measure the ji-functions in all quadrupoles in the ma-
chine from the control room using the same equipment.

2. Detectors, 'pickups'.

Any kind of position pickups can be used. Any well functioning BPM-systcm is usable if it
has at least a few working pickup heads in suitable positions around the ring. One good way to
detect a beam position change in a small low energy storage ring like MAX I is by looking at the
visible synchrotron radiation produced in the storage ring dipole magnets. In this small ring it is
easy to with high accuracy measure the electron beam position at a fixed point in a dipole bend-
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Fig. 1. Block schematic of ihe measuring system.

ing magnet. The synchrotron light is via a single lens focused onto the position detector. The de-
tector can be placed at some unused dipole beam port. A typical setup is shown in Fig. 1.

The detectors in the MAX I storage ring are Wallmark plate detectors for visible light. These
plates can determine a lightspots centre of gravity position with an accuracy of 0.001 mm or bet-
ter on the surface of the detector element. The detectors used here are described in ref. 3.

3. How to measure the beam position with respect to a quadrupole magnets magnetic
centre.

If the beams centre of gravity is offset from the centre of a quadrupole the whole beam will be
bent in the quadrupole. To determine this offset we change the strength of the quadrupole magnet
slightly. The beam will then be bent a little differently and a new closed orbit is created in the
machine. Two BPM pickups separated 90° in betatron phase space provides information to calcu-
late the beam position in the changed quadrupole.

To calculate the beams offset position from the magnetic centre in that particular quadrupole
magnet, we need to know the betatron functions of the machine, the field gradient in the quadru-
pole magnet, the position of the detectors and the position of the changed quadrupole magnet in
the ring.
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The simplest and fastest method to translate the beam position movement on a detector to a
beam position in the quadrupole at runtime is to multiply each detector signal by a coefficient. A
table of coefficients can be calculated beforehand with some kind of accelerator design program.

3.1. Coefficients.

To calculate the table of coefficients from the lattice data we use an analytical formula: eq. la,
which can be derived from eq. 1, that is found in ref. 4.

The coefficients Cxj and Cyj are defined as:

L = p/Pdetector Pquad. ̂  ^ "j cos (27 r | Vds teo lo r-VqUad I-TCQ) ( e q . 1a.)
Lj i d siniuj ii

Where:
P is the beta function at the detector and the changed quadrupole respectively,

Kquad is the strength of the undisturbed quadrupole in m (Kquad= BO/rBp),

kshunt is the size of the disturbance applied to the quadrupole,

Lquad is the length of the quadrupole,

Q is the betatron tune of the machine,

and Ivdetector-Vquad' is the advance in betatron phase from the detector to the changed quadrupole.

We can see from eq. la that a bigger change in the quadrupole strength (a bigger kshunt) will
result in a larger beam position change when a shunt is activated, and a smaller Cj. The value of
kshunt also influences the lattice of the machine changing the (3 function and the tune. As an ex-
ample, here are some of the parameters for the MAX I storage ring: kshunt is about 0.04 which
means that the quadrupole strength is reduced about 4% which is enough to make an accurate
measurement and still not disturb the machine too much. This coefficient has to be determined
for each lattice this measuring method is to be used on. In the MAX I ring the tune changes by
about 1 %. Horizontally from 3.16 to 3.14 and vertically from 1.31 to 1.32 when one shunt is ac-
tivated. The beta function at the shunted quad changes less than 10 %, from 5.83m to 6.33m hori-
zontally and from 3.5m to 3.6m vertically. This is in a horizontally focusing quad.

The tune, phase and so on are slightly changed as indicated above when one quadrupole shunt
is activated. Tests at MAX I has shown that the changes are so small that it is not useful to in-
clude this second order effect in the calculations.

In the table of Cyj there will be some very large coefficients corresponding to points in the ma-
chine where the cosine term in eq. la becomes very small. If we use two detectors instead of one,
and place them at n/2 away from each other one detector will always be near a point where the
distance from the Q-pole magnet to the pickup clement gives a cosine term close to ±1. In this
way we can avoid the large coefficients of Cyj.
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One table of coefficients is calculated for each detector. Signals from the detectors are weighed
together to produce as accurate a measurement as possible. The weighing is proportional to the
size of the coefficient Cyj(n) for each of the detectors.

The measurement scale accuracy is of course highly dependent on the correctness in size of the
coefficients Cyj. If the program only is to be used for putting the beam in the magnetic centre of
the machine the coefficients does not have to be absolutely correct as long as the order of magni-
tude and the sign is correct. No beam position shift will occur if the beam passes in the centre of
the quadrupole. Zero position shift multiplied with almost any coefficient is zero. If the BPM-
system is to be used to reproduce an earlier measured orbit, the important thing is to use exactly
the same table of coefficients as in the earlier measurement.

3.2. (i-function measurement.

As a side effect the quadrupole shunts can be used to easily measure the pVfunctions of the ma-
chine from the control room. Just close one shunt in the system and watch the tune shift on a net-
work analyser connected to its pickup electrodes in the machine.

4. Hardware.

Some electronics is needed to do the measurements on the beam. The detector used in MAX I
is described in ref. 3. Here follows a brief discussion on the way the quadrupole strength is
changed, and of the computer hardware needed.

4.1. Quadrupole shunts.

The easiest way to change a quadrupole magnets strength a few percent is to reduce the current
to the coils a few percent. This is easiest done by connecting a resistor across the coils to shunt
off part of the current. A resistor is connected to the magnet windings via a semiconductor switch
to secure good reproducibility. Each quadrupole magnet in a family is connected in a series chain
and has a different potential with respect to each other and to ground. The control signals to the
switches which has a common ground in the control computer must thus be galvanically sepa-
rated from the switch elements. The switchable shunts on the quadrupole magnets are made with
one powermos transistor as the switch and a resistor as the shunt element. Galvanic isolation for
the transistors control signal must be provided.

4.2. Requirements on the quadrupole power supplies.

The quadrupole magnet power-supplies must be able to within some time after a quadrupole
shunt is switched on or off adjust to the load change presented to them. The total impedance in
the quadrupole family is slightly reduced when a shunt is activated. Although the total load on
the power supply in MAX I only changes by about 0.5% the voltage across the magnet family
must be reduced with 0.5% to maintain the same current as without the activated shunt.
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5. Software,

The QSBPM computer program is fairly simple. The only tasks performed are control of the
measuring hardware, multiplication with a table of coefficients mentioned earlier and presenta-
tion of a plot of the measured closed orbit on the computer screen. The program also has func-
tions to measure only at specified poir»î  of the orbit and to output the plot on paper or store it on
file and so on. The program can also calculate a new set of strengths for the correcting dipoles in
the ring to minimise the closed orbit error. Results from automated beam position correction runs
is shown later.

6. Expected sensitivity of the method and influence of errors.

The measuring sensitivity is on an ideal storage ring equal to the detector sensitivity times the
coefficients calculated in eq. la. The sensitivity is as can be seen from eq. la proportional to how
much of the magnet current that can be shunted away without disturbing the lattice to much. On
the MAX I machine the amount of shunted current in one quadrupole is about 4.5% of the total
magnet current. The average of the absolute value of the coefficients is around 38 horizontally
and 15 vertically for both detectors. Now a weighted reading from both detectors is used. This
means that with a detector resolution of 0.0024 mm the resolutions will be

38
-T= * 0.0024 = 0.065 mm horizontally and

^ * 0.0024 = 0.026 mm vertically.

6.1. Verifying the coefficients Cxj and Cyj.

The correctness of the coefficients Cxj and Cyj can be established in a number of ways. One
very simple and quick method to check the coefficients in the horizontal plane is to first measure
the beam position and then change the acceleration frequency slightly, and measure again. The
difference between the two orbits should show the dispersion function in the machine. The theo-
retical dispersion function can be calculated and plotted. If the lattice is correct (which can be es-
tablished with other methods) the theoretical dispersion function will be the one plotted on the
QSBPM-computer screen. A second method is to use small dipoles with well known strengths
and by putting one into the machine and measuring the orbit before and after the dipole has been
put in, again the difference shows if the program measures the closed orbit correctly. This second
method works in both the vertical and horizontal measuring planes.

6.2. Influence of alignment and other errors on the zero position.

The closed orbit zero position is always a well defined point in a quadrupole magnet, and so it
is in the machine if the quadrupole is correctly aligned. The quadrupole magnets are thus used as
the fixed references to measure the beam position from. The quadrupole magnets must in any
machine be aligned with better precision than is required of the beam position so they are a most
useful reference. Actually the position of the quadrupoles magnetic centre is the closed orbit zero
position.
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In the MAX I machine we found that when the closed orbit had been corrected as good as pos-
sible the remaining closed orbit errors came from misalignments of the quadrupoles. If in a dou-
blet the two quadrupoles are not very closely on the same axis it will not be possible to with
normal correcting magnets push the beam to the centre in both quads. To refrain from having to
realign the machine we defined the most powerful of the two quads as the position reference. It
can be seen in figures 4 and 5 that all quads are in the measurement, but in figure 6 where the or-
bit has been well corrected the measurements from the defocussing quads are not used (no bends
in the curve at these points). The defocussing quads are at marks number 2,4,7,9,... in the figures.

6.3. Influence of errors on the scale.

The error in scale in the measurement when the beam is offset from the magnets centre is de-
pendent on a number of factors. A few factors to be considered are: The tolerance of the shunt re-
sistor, the winding resistance of the magnet, how well the tunes and the lattice are known, and so
on. As a whole it can be said that these errors can be controlled to result in an error of only a few
percent. The main importance lies in the fact that the errors do not change over time so that the
measurements are reproducible and that zero position is well defined.

7. Automatic closed orbit correction.

The QSBPM-program is equipped with an automatic beam position correction method. Since
MAX I is a rather small machine with integer tunes of 3 horizontally and 1 vertically we have
chosen a method that uses a matrix describing the effect of every correction dipole in the machine
on the beam position in every quadrupole magnet in the machine. The matrix is called a response
matrix ref. 4. The response matrix can be either theoretically calculated or empirically measured.
The empirical method includes all relevant errors in the storage ring, so the empirical method is
preferred and used here. The raw data matrix is G. G is then pscudo inverted using eq. 2 to pro-
duce the matrix A, ref. 4.

A= -(GTG r 1 G T Y (eq.2.)

Now we have sufficient information of where the closed orbit is in the machine and how the
correctors affects it. So we are now ready to centre the closed orbit in the machine.

The measured closed orbit is multiplied by the matrix A calculated in eq. 2. producing a set of
correcting dipole strengths to be added to the present strengths. After applying the new correcting
dipole strengths the closed orbit should theoretically be centred. In the real world a few iterations
of the process where less than the full proposed change in corrector strength is applied arc usu-
ally necessary.

7.1. Extracting realignment data.

In a theoretical response matrix we could put in the calculated closed orbit effects of misalign-
ments of each quadrupole instead of the strengths of the corrector magnets. This would output a
set of new position changes for the quadrupole magnets. It has however to be taken into account
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that a movement of a quadrupole a distance / will move the beam a distance kl. In MAX I it is
about 5.

8. Typical results of closed orbit correction and a sample run.

Fig. 2 shows an example of a natural closed orbit in the MAX I machine before correction and
with all correctors at zero strength. The marks on the horizontal axis are the quadrupole magnets.
Each quadrupole magnet is a point where the beam position is measured. The dotted line shows
the position in the horizontal plane and the thin solid line the position in the vertical plane. The
two bars near the top of the figure are the RMS of the position errors in the: horizontal and verti-
cal planes respectively.

14.73 nn

6.163 H :
'H Shunt: 3.00V. 93 S13 kl: 11.3S.4Z

1.442 U I

1

\ .•

¥

-14.75 MH

Fig, 2, Uncorrected closed orbit in MAX I. Each mark on the horizontal axis is a quadrupole magnet.

Now the resulting response matrices are multiplied with the measured beam position in the ma-
chine, producing a new set of strengths for the correcting dipoles. The inability to correct the
beam position in the horizontal plane is a result of using too few correcting dipoles and of align-
ment errors internally in the doublet pairs. The horizontal tune is 3.16 and requires theoretically
at least 10 correction dipoles, while the machine has only 8.

The requirements on the closed orbit can be somewhat relaxed after a thorough study of the re-
quirements by the machine itself, and of what the synchrotron light users need. The points in the
machine where the highest beam stability is required are in our two undulators. Both undulators
are positioned in long straight sections and are thus surrounded by one horizontally focusing
quadrupole on each side. The beta functions in this quadrupole which is quite strong are in the or-
der of 6.5 meters horizontally and 3.5 meters vertically. The coefficients Cxj and Cyj are smallest
in this magnet family resulting in high resolution in the beam position measurements.

The plot in Fig. 3. is almost as good an orbit as can be created in the MAX I storage ring. The
difficulty in correcting the beam position is due to magnet misalignments which probably has in-
creased over time due to settling of the floor. Fig. 4. shows a final corrected closed orbit using
only the 8 most sensitive measuring points. Note that the vertical scale is expanded more than a
factor of 10 relative to Fig. 2. The manual correction of some alignment errors of the quadrupoles
resulted in a closed orbit deviation after automatic orbit correction that touches the sensitivity
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Fig. 3.The closed orbit after finished correction which is after about 3 iterations. Note the different vertical scale and
do compare the RMS-bars at the top of the figure with the previous figures.

limit of the measuring system. A plot of the achieved closed orbit is found in Fig. 4. The realign-
ment did also result in smaller strengths for the correcting dipoles giving more margin for future
correction needs.

Shunt: 3.00Z 931O 8 k l : 1 3 . 3 3 . S 3
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Fig. 4. The closed orbit after realignment of quadrupoles and automatic correction.

9. Using the measuring system as calibration for conventional button or stripline pickup
systems.

The measurement method used in the QSBPM system disturbs the beam slightly during the
measurement process, but often too much for the synchrotron light users taste. The position drift
of buttons or striplines are usually a rather long term one. The shortest time scale involved is
probably the time constant of the temperature in the machines vacuum chamber. By determining
the difference between direct readings of the BPM electrodes and readings done by shunting
quadrupoles a table of offsets can be stored in the computer and subtracted the pickup electrode
measurements. This table should have the stored current as a parameter since this will be a factor
that affects the reading from the pickup electrodes. This means that a set of tables with offsets for
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different stored currents should be stored in the computer. The calibration should for greatest ac-
curacy and least influence of scale factor errors be done on a beam corrected to zero position.

10. Quadrupole Shunt BPM on the third generation synchrotron light source MAX II.

At MAX-lab there is another storage ring MAX II refs. 5,6, which is equipped with a similar
BPM system. The machine has button pickups of conventional design, as well as Wallmark plate
detectors. The electronics for the button pickups is of conventional type. However we will use the
QSBPM system to continuously calibrate the conventional BPM system to eliminate all kind of
long term drifts in the pickup system.

11. Conclutions.

The system described above shows a way to eliminate the problem of not knowing exactly
where the perfect closed orbit is and enables calibration of an old existing BPM system as well as
the possibility to find alignment errors in the machine. The described system measures the beam
position with respect to the magnetic centra of the quadrupoles. We can thus relax the design
constraints on the pickup heads mounting hardware and on the long term stability of the electron-
ics involved. We has also seen that in the case of the MAX I storage ring that has no means of ac-
curately checking the quadrupole magnets alignment mechanically, we could from the
measurements with this system find some of the misalignments and correct them. The MAX II
machine has a different mechanical design that aligns the magnets very accurately. However this
requires that the magnetic centra of the quadrupoles are well defined with respect to the mechani-
cal alignment surfaces on the magnets. We have also shown that the described system works very
well in the MAX I machine.
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OPTIMIZATION OF ELECTRON SPIN
POLARIZATION BY APPLICATION OF A

BEAM-BASED ALIGNMENT TECHNIQUE IN THE
HERA ELECTRON RING

M. Boge'and R. Brinkmann

Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, D-22603 Hamburg

Abstract

The maximum degree of electron spin polarization in a real storage ring is mainly
limited by the tilt of the equilibrium polarization direction n0 with respect to the
direction of the main bending fields. The tilt is mainly caused by random vertical
closed orbit kicks introduced by nonzero vertical offsets inside the quadrupoles. A tilt
correction algorithm is presented which makes use of the known correlations between
transverse offsets of quadrupoles and adjacent beam position monitors. These offsets
can be determined by the application of a beam-based alignment technique.

An automatic alignment procedure has been successfully applied to the vertically
focussing quadrupoles in the arcs of HERA which should give the main contribution
to the n0 axis tilt. The results of measurements made in spring 1995 are presented
followed by a discussion on the possible influences on the degree of spin polarization.

"Now at CERN, CH-1211 Geneva, Switzerland
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1 Introduction
One important prerequisite for obtaining high spin polarization in an electron storage ring is
a well corrected vertical closed orbit in order to avoid depolarization due to a tilted no-axis.
Furthermore, the closed orbit kicks generate spurious vertical dispersion which also gives
rise to depolarizing effects. In principle, provided that a sufficient number of correction
coils and efficient closed orbit optimization algorithms are available, the nominal closed
orbit as measured by the beam position monitors (BPM's) can be made very small (a few
tenths of a mm (rms) in a real machine). However, due to mechanical and electronical
imperfections even for a nominal orbit which reads zero in all monitors, there will remain
random offsets of the beam in the quadrupoles because the monitor and the quadrupole axis
do not coincide. Therefore, a tilt of the spin no-axis remains even for an apparently perfectly
corrected machine, and empirical polarization optimization procedures have to be applied
(e.g. the harmonic bumps scheme [1][2]). We present a method to improve the alignment of
the monitor axis with respect to the magnetic axis of the quadrupoles. That enables us to
optimize polarization in a more systematic way and, if combined with empirical procedures,
can eventually lead to a higher degree of polarization as well as a faster setup of the machine
for optimum performance regarding polarization [3].

2 Beam-Based Alignment Procedure
Our method is based on the well known fact that if the strength of a single quadrupole in
the ring is changed, the resulting difference in the closed orbit At/(.s) is proportional to the
original offset I/Q of the beam in this quadrupole.

The equation for the resulting difference orbit is

Ay"(s) - {k(s) - &k(s))Ay(s) = Ak(s)yQ(s). (1)

The difference orbit is thus given by the closed orbit formula for a single kick, but calculated
with the perturbed optics including Ak(s). From the measured difference orbit the kick and

"Now at CERN, CH-1211 Geneva, Switzerland
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Figure 1: Illustration of the beam-based alignment technique applied to the vertically focusing
quadrupoles (QUAD) with adjacent monitors (MO)

thus yQ can be easily determined and compared to the nominal orbit ybPm in the monitor
adjacent to the quadrupole, yielding the offset between monitor and quadrupole axis. The
precision of the method is very much improved by taking difference orbit data for several local
beam positions yQ varied with an orbit bump. The principle of the method is illustrated in
figure 1. The error of the nominal position y^pm for which the beam goes through the centre
of the quadrupole is then given by the resolution of the BPM system. In the HERA electron
ring (HERA-e), a difference orbit with an amplitude of 0.1 mm can be clearly resolved. This
results in a resolution for the local kick of about 0.005 mrad. Since a change of a. quadrupole
strength of Akl = 0.03 m"1 is possible without losing the beam, a minimum beam offset of
yQ,min = 0.15 mm can be easily detected. Taking several data points by varying the local
bump, the quadrupole-to-monitor alignment can be done with a precision of about 0.05 mm.

This alignment method has been first tested in November 1992 [4] for one quadrupole
circuit in HERA-e. In this case, two quadrupoles are powered in series (they are positioned
symmetrically with respect to the interaction point East) so that the analysis of the difference
orbit data is somewhat complicated in the sense that one has to take into account two kicks,
without affecting the precision of the method, though. The measurement was repeated for
the same quadrupole pair (and the adjacent monitors) one year later [5]. Within the limits
of the error (0.05 mm) this offset had not changed after one year. This means that once the
alignment is established, it will be stable for a long time, probably because the mechanical
imperfections remain constant since the transverse positioning of the vacuum chamber in
the quadrupoles is fixed.

During the winter shutdown 1993/94 switches were installed that allow the strength of
individual quadrupoles in the arcs to be varied although being powered in series with many
other quadrupoles [6]. During the machine shifts in November 1994 an automatic alignment
procedure for the vertically focussing arc quadrupoles was successfully tested, including the
control of the switches, the change of the quad strengths, difference orbit measurements and
the variation of local orbit bumps [7]. It was shown that the alignment of these arc quads can
in principle be done in less than 24 hours without human intervention. This was confirmed
in 1995 where the alignment was done for 148 arc quadrupoles within three machine shifts
of eight hours.
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Figure 2: Square of the rms value of the vertical difference orbit which is defined by the closed
orbit before and after a change of the quadrupole strength by 20%, versus the nominal mon-
itor value ybpm for 33 different local orbit bump amplitudes. The minimum of the resulting
parabola defines the position of the quadrupole axis with respect to t/bpm which is calculated to
be 1.34 mm. The bars on the individual data points represent the error of the rms difference
orbit measurement which assumed to be 0.02 mm. This leads to an error of 0.0Jf6 mm for
the offset measurement.
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Figure 3: Change of the vertical beam position as seen by the monitor next to measured
quadrupole during the local orbit bump scan. The scan (which in this case consists of 20
different orbit amplitudes over a range of 2.5 mm) takes about 3 minutes. After the mea-
surement the initial orbit position is restored.



V/416

E,

3
"co
2
•aa
a

o
o.o

-0.5

c o c o T r ^ r T r T r u i i n i n i n c D ( o < D u 3 t D ^ ^ r ~
( r c c c c c c c c c c i r c E Q c i r t r c c D c c c o c c E o c a :o o o o o o o o o o o o o o o o o o

Figure 4: Summary of the results of the 1995 measurements for the octant OR. Please
note that the resulting vertical offsets are more than one order of magnitude larger than the
measurement errors which are represented by the thin bars.

As an example the alignment of the quadrupole OR581 with respect to its monitor is
shown in figure 2. The plot visualizes the square of the rms value of the vertical difference
orbit which is defined by the closed orbit before and after a change of the quadrupole strength
by 20%, versus the nominal monitor value ybpm for 33 different local orbit bump amplitudes.
The minimum of the resulting parabola defines the position of the quadrupole axis with
respect to ybpm which is calculated to be 1.34 mm in the presented example. The error of
the difference orbit measurement is approximately 0.02 mm if the orbit measurement system
is operated in the 64 turns average mode [8]. The error of the offset is derived from the
covariance matrix of the least square fit of a parabola to the data [9]. In this case the error
is calculated to be 0.046 mm.

Figure 3 shows the change of the monitor value during a typical bump scan. Please
note that the initial and final orbit positions which are marked by "start scan" and "stop
scan" are identical indicating that the machine was perfectly stable during the time of the
scan. This is an important prerequisite because the difference orbit measurements refer to
the same initial reference orbit. Figure 4 summarizes the result for a complete octant of
HERA-e. These data reflect a common feature of all data namely the nonzero mean value
which is 0.49 mm in the octant OR and 0.25 mm for the average over the whole ring. The
rms values are 0.4 mm and 0.36 mm respectively (see figure 5).

Summarizing one can say that the vertical quadrupole monitor offsets are more than one
order of magnitude larger than the measurement error, implying that a significant reduction
of the closed orbit kicks in the ring should be possible.
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Figure 5: Histogram of all alignment data taken in 1995. The distribution of the offsets has
a nonzero mean value of 0.25 mm and an rms spread of 0.36 mm.

3 Polarization Optimization Procedures

In this section the methods for improving spin polarization by making use of the beam-
based alignment are discussed. The first method simply minimizes the rms closed orbit kick
instead of the orbit in the monitors itself. At quadrupole positions with a BPM and a vertical
correction coil nearby, the local orbit kick is given by the sum of the change of y'co due to
the orbit offset in the quadrupole and the kick of the corrector. We assume that this offset
is known with an rms error At/^ which is the error of the beam-based alignment procedure.
With a perfect optimization algorithm one expects that eventually the rms orbit kick can
be reduced to Sy'rma = Ay^ x feZ, where kl is the average quadrupole strength. However,
in HERA-e only every second quadrupole (every vertically focusing quadrupole QD) has a
BPM and a corrector nearby. The horizontally focusing quadrupoles (QF's) in-between can
also be "beam-based aligned" *, but the kick at those positions cannot be locally corrected.
A global minimization of the rms orbit kick is still possible, though. We used the MICADO
algorithm to test the method in a computer simulation for HERA-e without spin rotators
with realistic tolerances. First the orbit was corrected with the standard MICADO algorithm
down to an rms error of about Ayco = 0.5 mm, then the rms kick optimization was applied,
iterating several times with 20...50 correctors per step until no improvement of the rms closed
orbit kick was observed anymore. We make the conservative assumption that the precision
of the alignment is Ay^ = 0.1 mm and find by simulating with four different random seeds
that the rms closed orbit kick of 62 ± 2/irad after standard orbit correction is reduced to
31 ± 2/irad with beam-based alignment and minimization of the rms kick.

:In this case, the axis of the QF's with respect to the BPM's close to the QD's on either side of the QF
is determined
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Figure 6: Further empirical optimizition of polarization using the harmonic bumps scheme
[1][2] after the beam-based alignment and the minimization of the rms closed orbit kick. The
points with error bars represent the result of a Monte-Carlo calculation with SITROS [12].
The smooth line represents the corresponding SITF result based on linear perturbation theory.

What is the influence on the no-axis tilt and thus the polarization ?

The vector n*o(.s) is the periodic solution of the T-BMT equation [10][ll]:

ds
= (po + 5fjo) x n0 (2)

where s is the longitudinal coordinate of the usual storage ring coordinate system represented
by the unit vectors ex, ey and e*,. £2$ contains the fields on the design orbit, 5Q,Q the additional
fields on the closed orbit.

Assuming \6CIQ\ <C |ftjj|, "° c a n ^ e decomposed into two parts:

n0 = 5n0. (3)

The modulus |5no|(s) describes the tilt of n*o with respect to rig mainly due to the presence
of a nonzero vertical closed orbit with respect to the design orbit. |6no| is given by [2]:

\Sno\ =
2(1 — cos27ra7J

6Q,Ox cos <pds '+L

(4)

with £Qo« = (07 + ^)k(s)y(s) assuming that the vertical deflections are mainly generated by
the nonzero vertical beam offsets yq inside the quadrupoles before vertical orbit correction,
and (f> = crya, where a is the deflection angle in the bending magnets. The constant a
denotes the gyromagnetic anomaly (g — 2)/2, 7 the relativistic 7-factor and L the length of
the ring. Thus the rms value of |5n*o| is approximately proportional to the rms closed orbit
kick Sy'rrn3 which is reduced due to the application of the beam-based alignment procedure.
The simulation leads to a reduction of the rms no-axis tilt from 23 ± 1 mrad to 9 ± 3 mrad
for a certain random seed.
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Owing to the fact that the depolarization rate 1/TJ depends quadratically on the no-axis
tilt variation in linear approximation, the equilibrium polarization P which is given by [13]:

with Poo ~ 92% and a polarization buildup time rp ss 2600 sec at a spin tune af = 60.5
corresponding to a beam energy of 26.66 GeV, increases from 18 ± 4% to 60 db 15%.

The additional application of the harmonic bumps scheme leads to a further reduction
of the rms tilt and an equilibrium polarization of about 85% as shown in figure 6. This has
to be compared to 75% polarization which can be achieved by the empirical optimization
using the bumps without prior beam-based alignment and rms kick minimization [14].

The method discussed can be improved by taking into account the spin phase advance
<f>(s) between the quadrupoles in order to minimize \Sna\ given by eq. 4.

4 Summary
This beam-based alignment procedure is a powerful tool to get high polarization in HERA-e
without time consuming empirical optimization of polarization with the harmonic bumps
scheme. Using both methods the simulations indicate that polarization values of about 85%
are possible compared to 75% without beam-based alignment.

The alignment of all vertically focussing quadrupoles in the arcs of HERA-e was done
within 24 hours using an automatic procedure. The measured offsets have a mean value
of 0.25 mm with an rms spread of 0.36 mm indicating that all monitors are systematically
shifted with respect to their adjacent quads. These data will be used during the machine
development time at the end of this year to apply the proposed kick minimization algorithm.
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1 Introduction

The properties of an electron positron storage ring are mainly determined by the quadrupole magnets. Highest
luminosity and best performance arc obtained when the beam is well centered in the quadrupole magnets.

The quadrupole magnets are accurately aligned to form a reference system. Beam position monitors
(BPM) are installed with tight mechanical tolerances with respect to to the magnets to measure the closed
orbit relative to tills reference.

Despite careful alignment and electrical calibration of the monitors, there can still be a residual offset
between the monitor and the magnetic centre of the quadrupole. The system described measures this offset
by a beam-based method [1,2, 3].

2 Principle of k-modulation

When the strength k of a single quadrupole magnet of length I at the location s0 is changed, the beam gets
an additional local kick. The kick Ay' is proportional to the change in quadrupole strength Ak and the dis-
placement y of the beam in the quadrupole:

(1)

This additional kick changes the closed orbit at any location s by Ay(s) according to

Ay(s) =

where (3, \i and Q are the betatron function, phase advance and tune in the plane of motion under consid-
eration, respectively. Obviously, this change is proportional to the closed orbit position in the quadrupole
magnet where the strength is changed.

Since the kick changes the whole closed orbit, it is sufficient to measure the beam position at a location
where the cosine term is non-zero. To assure this for all quadrupoles, it is favourable to have two sensitive
beam position monitors (couplers) with a betatron phase advance of a multiple of x/2 between them.

The difference to other methods [4, 5, 6] is that the change of the quadrupole strength is done in a dy-
namical way by an harmonic modulation at a fixed frequency u> well below the synchrotron and betatron
frequencies:

Ak = Ako • sin(wt) (3)

The beam position is measured for a certain number of consecutive turns. An harmonic analysis gives the
amplitude of the beam oscillation at the modulation frequency. This allows to detect changes of the closed
orbit smaller than 1 fim in the presence of other sources which change the closed orbit and permits measure-
ments at very small values of the relative strength perturbation Ako/k. The offsets for several magnets can
be determined at the same time by using different excitation frequencies.



V/422

3 Implementation at LEP

Out of 808 quadrupole magnets at LEP, 504 are equipped with a BPM. Only 16 quadrupole magnets can be
modulated by their individual power converters. These arc the two closest quadrupoles on each side of the
physics experiments. The closest one (QS 0) is a superconducting magnet. The frequency of the modulation
was chosen in the range between 10 and 15.6 Hz where beam oscillations caused by other sources arc small.
A relative change in the quadrupole strength of Ak/k < 10~3 is sufficient to detect the oscillations.

The other magnets in the straight sections are fed in pairs symmetrically around the interaction points
(IP) by a single power converter. All focusing quadrupoles in the arcs are connected in series and so arc the
defocusing quadrupoles, as well. The strength of these quadrupoles can therefore notbe modulated separately.

For this reason, magnets have been equipped with additional (back leg) windings. A power cable and
a multi wire selection cable connects them to an harmonic generator. Presently, 88 magnets in the straight
sections around the physics experiments and 36 magnets with a BPM in the arc around IP 8 have a back leg
winding (see Fig. 1). One magnet on each side of the IP can be selected at the same time.

Harmonic excitation of the back leg windings at LEP has a drawback caused by the low cut off frequency
of the main winding current regulation circuit. The back leg winding current induces a frequency dependent
voltage on the main winding. The resulting current change in the main loop affects the quadrupole strength
of any other magnet in this circuit. For this reason, the modulation has to be done at frequencies below 2 Hz
where the regulation loop of the power converter keeps the variations in the main current small. The current
coupling for a two magnet circuit was measured to be below 10%.

To detect the induced orbit oscillations, two sensitive couplers with a resolution of less than 1 /mi arc
installed at locations with different betatron phases. The signals from the couplers are digitized and aver-
aged over a number of bunch passages by a Digital Signal Processor. Averaging over Nav = 400 passages
gives a sampling frequency of freVoiution • Nbunche3/Nav = 112.46 Hz. The data sample is multiplied by a
windowing function to get a better frequency resolution in the following harmonic analysis.

The excitation of the magnets and the measurement arc synchronized by the LEP timing system to be
able to determine the phase of the orbit oscillation.

LEP

strip line beam postion monitor (coupler)

straight section equipped for k-modulation

arc equipped with back leg windings

Figure 1: Locations of the couplers and the quadrupole magnets having the possibility to change their focus-
ing strength.
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4 Determination of monitor offsets

The measured Fourier amplitude is plotted versus the reading of the BPM at the quadrupole (Fig. 2). This
amplitude has its minimum for a beam passing through the centre of the magnet and rises linearly with the
distance from it. A three parameter fit y = p2 • \x —pi] +p3 gives the offset p i of the magnet. The measured
phase of the oscillation gives an additional information since it differs by x for orbits on different sides of the
magnetic centre. It shows a big scatter when the beam is passing centered in the magnet since it is determined
by random oscillations of the beam.

Thermally driven vertical displacements of the QS 0 quadrupolcs lead to orbit drifts in the vertical plane
during a physics run. This changes the beam position in the quadrupole and allows to determine the offset. If
the orbit in a magnet does not vary enough, the orbit can be displaced by a local closed orbit bump. This can
also be used to speed up the measurement. The accuracy achieved by the method is of the order of 30 /xm.

The modulation depth is so small that it does not affect the important parameters of the beam like lumi-
nosity and background for the physics experiments. The tune change is of the order of 0.001.

Two different electronic systems are used for the Beam Orbit Measurement (BOM) system of LEP, a
narrow band and a wide band type. Only four BPM's on each side of an IP are equipped with the wide band
system. These have different gain settings depending on the beam current. All others are of the narrow band
type. The distribution of the offsets measured for the wide band type is shown in Fig. 3. There is a systematic
difference for the QS 0 and QS 1 quadrupole magnets. The offsets of the superconducting QS O's have a mean
value of about 1 mm while it is only 0.3 mm for the QS I. The width of the distribution is only slightly higher
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Figure 3: Distribution of the offsets for wide band type BPM

for the QS O's. Differences of up to 300 fim for the offsets were seen for different gain settings and for the
two particle types. Thus, a part of the offset is caused by the BPM processing electronics.

The narrow band type BPM's have another type of electronics. Fig. 4 shows the distribution of the mea-
sured offsets. The width of the distribution of 165 yum and ths mean offset of - 75 fim arc significantly smaller
than for the wide band type.

5 Effects on transverse spin polarization

In an electron positron storage ring the spin of the particles becomes polarized with time. The degree of
transverse spin polarization depends on the quality of the vertical closed orbit. In particular, the distribution
of vertical orbit kicks influences strongly the level of polarization. The influence of the offsets in the vertical
plane on the level of polarization has been simulated at an energy of 44.7 GeV using MAD [7] and SITF
[8]. The polarization level was calculated for different RMS of the BPM offsets and ten different random
distributions for each RMS value. A vertical misalignment of 150/im for the quadrupolcs was used. The
closed orbit was corrected to a RMS of 400 //m.

The harmonic components in the spin precession frame of die vertical orbit kicks in the arcs arc analyzed.
The strongest depolarizing components can be compensated [9] (Harmonic Spin Matching) to increase the
polarization level. This method is strongly dependent on the BPM misalignment and the achievable level of
polarization is decreasing with increasing BPM offsets (Fig. 5). The determination of the BPM offsets in the
arcs is expected to lead to an increase of polarization by 10-15%.

This is important for the precise energy measurement at LEPII since the level of polarization decreases
rapidly with energy as 1/(1 + {aE)2) [10]. The precise knowledge of the BPM offsets would decrease the
factor a and allow an energy measurement by resonant depolarization at a higher energy.
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6 Conclusions

Modulation of the quadrupole strengtli of Akfk < 10~3 was performed parasiticly during physics operation
of LEP without affecting the luminosity. Wide band BPM offsets for the superconducting quadrupoles were
found to be as large as 2 mm and systematically larger than for normal conducting magnets. The wide band
type BPM show different offsets for electrons and positrons and for different gain settings.

On the other hand, offsets for the wide band BPM system are systematically larger than for the narrow
band type. The differences for the two particle types are also smaller for the narrow band type.

The offsets measured so far are taken into account by the LEP orbit acquisition.
Simulation shows that an increase in the polarization level is expected if all BPM offsets in the arcs arc

determined.
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By partially reducing the small current from or adding he small current to the
operational quadrupole current, the orbit of the circulating beam receives the
gradient perturbation and changes a little bit from the previous orbit, if the beam
orbit has an offset from the magnet center. As the effect on the orbit depends on the
beam deviation from the magnet center, the magnet center offsets can be obtained if
the orbit is measured whenever a part of current of each quadrupole magnet is
shared with the current by-pass shunt. This procedure gives the algorithm of the
beam based alignment.

A resistive shunt or transistor shunt across the magnet coil terminals gives the
current reduction to the magnet which is determined by the resistance of both shunt
and magnet or the terminal voltage. Assuming this scheme a preliminary test of
shunt is given.

1. INTRODUCTION

In a modern synchrotron, a great number of magnets are aligned precisely along
the pre-determined orbit with an accuracy of 0.1 mm (rms). To attain this accuracy,
however, an indescribable effort is required. It includes booking data obtained by
measurements down to a unit of |i.m and subsequent data processing to calculate the
magnet displacement which is corrected by using tools and indicators such as

micrometer to measure the relative displacements to every directions. Moreover, it
requires frequent calibration of instruments. In general if surveying instruments
devices are more sophisticated, they become heavier to carry them all along the
accelerator ring.

So far the precise optical instruments such as level and theodolite of the first
class, distance meter such as Distinvar and Distometer, tilt meter and the offset
measuring device were used. And more than two electronic theodolites compose the
3D coordinate determination system with a on-line computer and a scale bar. With
the help of these instruments magnets could be aligned within a tolerance. Recently
the 3D system is being taken over by the laser tracking system (laser tracker) which
utilizes the built-in laser interferometer. It has contributed to a significant
reduction of the surveying man power, however, the accuracy obtained with the
latest technology is almost same as obtained with the first class optical instruments.

Alongside of the development of the 3D coordinate determination system, a new
alignment method has been devised. It is called a beam based alignment (BBA)
method. Even if this method could provide us with more precise magnet positioning,
the conventional method mentioned above is not dispensable because the BBA
method requires the beam.

2. EQUATION OF PARTICLE MOTION

The BBA method imposes a kind of perturbation to a quadrupole magnets such as
to reduce the excitation current bypassing a part of current to a shunt attached
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across the magnet current terminals. If there is an orbit excursion at this magnet,
beam senses the change of the deflection strength and travels along the subsequent
different closed orbit. The equation of motion of the particle is

dtp2

where F(s)=AB/Bp. Here Bp is the magnetic rigidity and AB (=BZ-Bo) the deviation
from the ideal field. The periodic solution is

v

where f(y/) = fPl2F(s) [1]. If T] = fi~xny , v(3d(j) = ds and ds = f3dy/ are introduced, the
beam position at a beam monitor, placed at an azimuthal position s, is

before applying a current shunt, where Qj= ABijf Bp is a kick angle and £j is the j-th
magnet length. If a current shunt is active for the n-th quadrupole, the tune
changes from v to v1 and the betatron function changes,

where notations with a prime give those while the shunt is active. If j±n, then

9) = 9j. Otherwise, 9R*9n. Then,

Ijjfij cos v" [(p (s) - (p) + 7i]

2sin;rv
j*n

If the tune shift due to the current shunt is small enough, V =V and /3 =j8. Then,
the orbit excursion will be

^ ( 9 n
2sin;rv

and

where %n is the transverse displacement of the n-th quadrupole magnet and K is a
percent change of the field gradient of the n-th quadrupole magnet.

The observations of the beam orbit are usually done at the discrete positions. If their
positions are denoted as m,

-KG"*» Mcosv[(pm-(pn +7T].Av
y" 2sin7rv p

Big beam excursion is observed at the i-th position for larger beta-function. This
relation is expressed in the form as

where
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As the coefficient /\» can be obtained from the linear beam optics, measurement of
Ayi directly gives the information of the quadrupole misalignment. If K is different
from magnet to magnet, A- should be modified according to the K value.

If the gradient error given by the current shunt contributes to the betatron
frequency, the tune shift in the first order approximation is given by

l B i s ) d s
In In*** 100 400TT

The estimated tune shift is Av ~ 0.01 for K = 5% assuming the parameters of
TRISTAN-AR ring which has V = 9.25. Neglecting the higher order terms and
defining <&(s;j) as

then,

Pis)
2 8 ^ ; ^ + 27zAvcos7tv

;j)sin vQ(s;j)]
J*n

+9n n) - ; n ; n)]

2sin;rv

Taking the difference,

- nAv cos VO(J; j) I tan TO/}

cos v3>(.s; n) - kvQ>(

- nA v cos V ^ ( J ; «) / tan ^v}

; n)

where

2sin7rv

:<Pm-<Pj+K. Then,

-to%9JPj

; n)sin vO(wi; n)

;n)/ian7tv]

;;) sin vO(m; j) +
tan^v

;;)

If assuming Av = 0 in above equation, the former equation is obtained. The next
problem is to take the difference of beta-function and phase advance into
consideration.

_ v ( 1 -
TtAv ,

tan^v
j*n
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1

2sin;rv

j cosv ti(s;j)- . cosvc&(5';;)}

t a n ^ v [ ^ y v ' ' " J

According to the first order approximation,

cosvtf fa

A/?m Afl. ^Av , ^

2/?m 2/3. tan^v J

2sin.7TV

where (Dm;. =O(m;;), v'=V + Av, $ = pj +Aj3;, O'(m;j) = O(m;y) + A<D(m;y) and

6n = 6n+AGn. Defining {Ay} and {̂ ) as a beam position displacement column vector
and a magnet offset column vector of either horizontal or vertical plane,
respectively, .

where B is a NxN matrix whose elements are

•]cosvO .
7lAV

tan;rv

mj

mj

mj

• for j*n, and

KH lcosvO^!
100 \ for ; = n

m,; = 1,2,3, ,/V.
If the matrix elements, Bm;., are given numerically for a fixed n, all magnet
transverse displacements can be given by

This relation is obtained for both horizontal and vertical plane independently when
no coupling exists between both planes. As the effect of the current shunt on one
quadrupole appears in all BPM, one BPM may be used to monitor the change of the
beam orbit.

Even if K=0, misalignments can be found by solving above matrix equation.
However, this solution will be less accurate because the BPM errors cannot be
excluded [2].

3. NUMERICAL SIMULATION FOR TRISTAN-AR RING

To get the generalized relation, the (B) matrix must be estimated numerically. The
TRISTAN-AR ring is selected for this purpose. Two optics, with and without a current
shunt to one specified quadrupole magnet, are calculated using a MAGIC like optics
code which has been developed for this purpose. If the current shunt allows the
current reduction by 5% for QR8-NW quadrupole, every beam position monitor gives
different reading. Two typical readings are shown in Fig.l, where BPM's close to QC4-
SW and QF10-NW are selected. (QC4 and QF10 are the quad names. SW and NW give
their location.) Beam position changes linearly with the magnitude of misalignment.
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Fig. 1 Estimated beam position monitor readings for K* = 5% for
misalignment of a quadrupole magnet (QR8-NW) at two points, 1300
deg. upstream (QC4-SW) and 270 deg. downstream (QF10-NW) of QR8-
NW.
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Fig.2 Estimated beam position monitor readings for fc = 5% for
misalignment of a quadrupole magnet (QR8-NW) at two points, 1300
deg. upstream (QC4-SW) and 270 deg. downstream (QF10-NW) of QR8-
NW. All quads have random alignment errors in addition to the fixed
error of QR8-NW quad.
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If the linear relations at a specified BPM can be established for all quadrupole
magnets, misalignments can be predicted by activating the current shunt
sequentially. Every quadrupole has alignment errors more or less even if the orbit
error is corrected with steering dipoles, however, their effects are piled up and the
BPM readings change retaining a linear relation as shown in Fig.2 where are
assumed random misalignments to all quadrupoles except for QR8-NW which has a
fixed misalignment.

If the orbit is not corrected with steering dipoles, BPM readings reflect all
quadrupole misalignments. Taking the orbit difference before and after the current
shunt is activated, the related quadrupole misalignment can be obtained.

4. PRELIMINARY RESULTS WITH MODEL SHUNT CIRCUITS

A current shunt is a circuit connected parallel to a quadrupole magnet as shown
in Fig.3. A part of the exciting current of the quadrupole flows through this circuit
while it is conducting. It modifies the quadrupole current and affects the beam orbit
if the closed orbit deviation from an ideal one is not zero. Two kinds of shunt is
realized, resistive and FET current shunts.

The resistive shunt uses the fixed resistor parallel to the magnet coil and the
current sharing between the shunt and the magnet balances when the both voltages
become same [3]. If the magnet is excited stationary, its condition is V=ImRm = I sR s ,
where I and R are the current and resistivity, respectively, and suffices m and s
mean the magnet and shunt, respectively. In the present case when it is applied to
the TRISTAN-AR magnet, Rs=0.2, 0.4 and 0.8ft, and Rm=0.006Q. Assuming Im=500A,
IS=14.56A (2.9%), 7.38A (1.5%) and 3.72A (0.74%), respectively. Fig.4 gives the typical
current wave form shared to the resistive shunt. Top trace is the voltage of the shunt
resistor and bottom trace is the output of an isolation amplifier for the current
monitoring.

Main power supply

Rm Rm=0.006Q
4 h I 1

Rm
Magnet string

Rs=0.2,0.4or0.8Q 0.0024n FET

Current monitor

Resistive shunt
At=0.2,0.4,0.6,0.8 or 1.0 Sec

Fig. 3 Simplified model circuit of the resistive current shunt.
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Fig.4 Typical current wave form shared to the resistive shunt. Top trace is
the voltage of the shunt resistor and bottom trace is the output of an
isolation amplifier to monitor current.

The FET shunt uses the metal oxide semiconductor field-effect transistor (MOSFET)
parallel to the magnet coil and the current shared to the shunt is specified by the
reference signal (as shown in Fig.5) from the digital-to-analog converter (DAC). The
allowable maximum shunt current is limitted by the saturation of MOSFET. The 25A
current sharing is attained for 4.1 V terminal voltage. Fig.6 shows the typical
current wave form shared to the FET shunt. The sharing duration is 60 sec for this
current by using the heat radiating fin.

Main power supply

ID Rm=0.006Q
t 1

0.02C2

Current monitor

Ref. signal

FET shunt

At = 60 sec

Fig.5 Simplified model circuit of the FET current shunt.
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Fig.6 Current wave form shared to the FET shunt. Im=675A and Is=25A. The
magnet terminal voltage is 4.1V which is same as the shunt voltage.
Rise time of the shunt current is 0.34 sec and the duration of flattop is
60 sec which is enough for several BPM readings.

Either of two types of the current shunt can be incorporated into the beam
control system to predict the quadrupole misalignments. Applying the current shunt
to every quadrupole sequentially for a short time during the BPM readings can be
stored, a complete set of data for BBA are obtained. For this purpose, the individual
resistive current shunt will be required to every quadrupole because the shunt
resistivity differs by the cable length to the quadrupole magnet. While the FET
current shunt dose not depend on the cable length, so the multiplex system can be
economically constructed using only one current shunt.
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Alignment of low-(3 insertions with beam

Andre VERDIER and Sylvain WEISZ
CERN, CH-1211 Geneva 23, Switzerland

1 Introduction.

High energy experiments are simultanously aiming at high luminosity and low
background rates from the accelerators and storage rings.

We will show that the alignment of the focusing quadrupoles in the experi-
mental insertions has serious implications on the performance of the machines.

We will then describe the method developed at CERN for LEP to align the
low-/? insertions with the circulating beam itself.

We will finally present an attempt to use these techniques in the LEP exper-
imental insertions.

2 Effect of misaligned low-/? quadrupoles.

The luminosity of colliding beams is given by:

(D

where crx and ay are the r.m.s. beam sizes in the horizontal and vertical plane
respectively, N the number of bunches and fc the collision frequency.

A natural way to increase this luminosity is to reduce crx and az in a low-/5
insertion. The beam size at the collision point is given by:

(2)

where Ez is the beam emittance in the plane labelled z and should be kept as
small as possible.

In a space without focusing elements as an experimental area, the envelope
function has a quadratic variation with distance, given by :

fa) = />* + •£ (3)
where (3* is the value of the envelope function at the crossing point and s the
distance from this crossing point. As the experiments need a large free space, the
value of the envelope function at the first focusing quadrupole is the larger the
smaller we want j3* to be.
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At a location where the beam envelope function f3 is large, a misaligned fo-
cusing quadrupole will strongly perturb the closed orbit and produce a vertical
dispersion in the machine. These perturbations scale with the square root of the
/? value in the quadrupole. They must be corrected since additional dispersion
provoke an enlargement of the beam size at the collision point that will in turn
affect the luminosity according to (1).

Strong orbit corrections will be applied to counteract the kick resulting from
the misalignment of the quadrupoles, and this additional bending field will induce
synchrotron radiation, thus increasing the background in the experiments.

To make life more difficult, the alignment of the quadrupoles with "standard"
survey techniques is most problematic in these experimental area:

• The place is very crowded and the final focusing quadrupoles slide into the
experimental set-up when in place, 'x'his makes it impossible to apply any
direct visual alignment across the collision point and one must envisage
complicated transfer of reference systems.

• The low-/? quadrupoles also need to be very strong and are super-conducting
magnets. The position of the coil axis is only known from fiducial marks
outside of the cryostat and this adds an uncertainty on their alignment.

Combining all these errors, plus slow ground motions resulting from the displace-
ment of heavy masses such as high energy experiments, the relative misalignment
of quadrupoles situated on both sides of the collision point can reach the mil-
limetre level.

3 Beam based alignment.

The preceding arguments call for a new alignment technique, using the beam
itself as a reference. The basic idea is to turn off the low-/? quadrupoles so
that their relative alignment can be measured by means of the beam position
monitors (BPM). Since the phase advance between corresponding low-/? focusing
quadrupoles on each side of the collision point is close to 7r, it is only their relative
misalignment that matters, a common misalignment producing a localised closed
orbit distortion called 7r-bump. Such a determination of the relative quadrupole
positions is based on two measurements:

• The position of the quadrupole axis with respect to BPM's, done by wob-
bling the quadrupole gradient. This subject is not covered in this note and
we invite the reader to consult reference [1] for an extensive description of
the usage of the K-modulation at CERN. We simply remind that we can
presently determine the position of the BPM relative to the quadrupole
with an accuracy of 100 /i-meter r.m.s..
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• The alignment of the BPM in a region free of quadrupole fields where
the particle trajectories are straight lines, and the definition of a reliable
reference by means of the beam itself.

Potential problems result from the fact that some electro-magnetic fields still
remain in the experimental area and from the uncertainty on the beam position
taken as a reference. We will first describe the optics of the insertion tuned
for beam based alignment. We will then review the effects of parasitic electro-
magnetic fields and of misalignment in the rest of the machine.

3.1 Insertion optics for beam based alignment.

The \ovt-fj insertions in LEP are schematized on figure 1 and we will concentrate
on the final focusing quadrupoles QSO and QS1A/1B.

distance between center of quadrupole and IP [m] (atIP2)

I P 4.71 10.20 12.70 17.16 58.00 64.20

I W

-Qi
QSO QS1B/1A QS2 QS3 QS4

101.80

N,

QS5

127.03 149.59 173.85 198.11

BiB ft Q

QS6 QS7 QS8 QS9

222.37

QS10

246.63

N

Q§11 ;B

QSll

2V3.70

N

QS12

N•
W

D

quadrupole, modulation by power converter

quadrupole, modulation by back-leg winding

narrow-band beam orbit monitor

wide-band beam orbit monitor

Figure 1: Location of quadrupole magnets and beam position monitors on the
right side of a LEP experimental insertion. This arrangement is symmetrical
around all even IP's.

QS2's are not used, and the optic rematched with QSO and QS1A/1B switched
off is shown on figure 2. The integer part of the horizontal and vertical tunes have
been adjusted to odd values in order to be less sensitive to betatron mismatch.
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Figure 2: Horizontal and vertical /^-functions in the physics insertions for the
alignment optic with QSO and QS1A/1B switched off. The crossing point is
on the left, the derivative of the ^-functions are made zero to make the func-
tions symmetrical with respect to the IP. Note the parabolic variation of both
^-functions in the field free region close to the IP.

3.2 Parasitic electro-magnetic fields.

The largest contribution comes from the earth magnetic field over a drift space
of 120 meters between the QS3's. With a vertical component of 4.2 • 10~5 Tesla,
we get a sagitta and thus an horizontal displacement at the IP's of about 1.1mm
at 20 GeV/c. In principle, the effect could be taken into account with reference
trajectories being slightly curved instead of perfectly straight (note that the cur-
vature will change with the beam energy). It is in fact an uncertainty since we
do not know how much of this field is shielded by the various ring component
and the experiment itself. It is then preferable to measure the relative alignment
of the BPM's at the nominal energy of the machine where:

• The remanent field errors become less important in comparison to the main
fields.

• The deviation from a straight line due to the earth field is the same as
during operation.

The image current induced by the circulating charges in the vacuum chamber
could also lead to trajectory distortions when the beam is not centred. It has
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been shown in reference [2] that this effect is negligible in the case of LEP.

3.3 Stability of the reference orbits.

The low-/? quadrupoles QSO and QSl A/IB will be aligned with respect to straight
trajectories joining the QS3's on both side of the collision point.. These references
are closed orbits and their positions depend on the overall alignment and correc-
tion of the whole ring. The corresponding uncertainty can be estimated through
simulation techniques using the optics program MAD [3] in the following way:

• The vertical positions of the quadrupoles, sextupoles and BPM's have been
taken from the survey measurements and modified adding a random mis-
alignment with an r.m.s. value of 0.15mm. This is slightly larger than the
error on the positions expected in the arcs (see reference [4]) in order to be
pessimistic.

• The closed orbit has then been corrected such that its r.m.s. value is 0.6mm
or just below, as usually done in operation. The orbit correctors in the low-
/? insertions are not used in order to keep the trajectories straight in these
areas.

• The calculation is repeated with 21 different distributions of random errors
and the orbit positions at QSO and QSl A/IB are recorded.

This calculation finds a standard deviation of the difference between the positions
of the orbits at the QSO's of 0.044mm. This gives the magnitude of the uncertainty
on the relative position of the QSO's due to the stability of the reference orbit.

We conclude that this uncertainty, rounded to 50 /j-meter, is still below the
error on the relative alignment of the BPM with the quadrupoles, which is ac-
tually about 100 fi-meter. Furthermore, correcting the orbit with an r.m.s. of
0.6mm provides a good reference.

4 Machine experiments.

The first attempt to measure the relative alignment of the BPM's with the beam
itself was performed during a LEP machine development (MD) session in August
93. Little time was available since for beam based alignment, the few MD periods
being devoted to increase either the luminosity or the energy of LEP. It is only
lately, in September 95, that we had an opportunity to resume the study.

4.1 Beam based alignment in 93.

A circulating beam was easily obtained after all low-/? quadrupoles, QSO and
QSl's, where turned off, the closed orbit correctors having being taken from a
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standard run at injection. In order to make the beam go straight in the IP's, the
correctors close to the experimental area were turned off progressively, making
simultaneous closed orbit distortions. When this was done, an horizontal "bare
orbit correction" * with 48 horizontal correctors and 10 vertical ones was done,
the correctors close to the IP's being disabled. This gave a good closed orbit with
an r.m.s. value below 0.6mm in both planes.

We then measured the BPM's response in all experimental insertions, and
figure 3 shows such results for the experimental area 6 where the OPAL detector
is installed.
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Figure 3: Orbit measurement for BPM's PU.QS2A.L6 to PU.QS2A.R6. The ver-
tical scale is in millimetre, the horizontal one in meter. Upper curve : horizontal
plane, r.m.s. deviation from straight line 0.35mm. Lower curve : vertical plane,
r.m.s. deviation from straight line 0.23mm.

In absence of a reference for alignment, we used straight lines to fit these
measurements. The r.m.s. residuals of the three BPM's on each side of the IP's,
obtained for the 4 experimental insertions, ranged from 0.17mm to 0.60mm in
the horizontal plane and from 0.13mm to 0.32mm in the vertical one.

The K-modulation technique to align the BPM with the coil axis was not
routinely available at that time and we could not deduce the relative positions of
the quadrupoles. However, their misalignment is of the same order as the BPM's
and this illustrate that "standard" technique can lead to an off centring on the
millimetre scale, as discussed previously.

1in the jargon used at LEP, the bare orbit corresponds to the orbit that, when corrected with
the actual corrector strengths, gives the observed position in the BPM's. It can be determined
at any time and corrected in a controlled way with a given number of correctors.



V/441

4.2 Beam based alignment in 95.

The alignment optic with QSO and QSlA/lB switched off was applied in the
experimental insertion at point 2 (L3) and 6 (OPAL). The beam was correctly
injected, but at the contrary of what happened iu the previous test, it was quite
difficult to achieve the first turn and it was not possible to obtain circulating
particles.

As the closed orbit was not available, it was not possible to use it as a reference
for the alignment of the low-/3 quadrupoles. However, single pass measurement
could still provide interesting alignment information. The K-modulation proce-
dure to align the BPM's with respect to the coil axis has been applied in the
vertical plane only and has been used to correct the measurements. We concen-
trated our analysis in this plane where we successively studied the error on the
relative trajectory positions and estimated the vertical relative alignment of the
QSO's.

4.2.1 Error on the trajectory positions.

A typical trajectory recorded during this MD session is shown on figure 4. It
presents the beam position with respect to the quadrupoles, since their relative
alignment with the BPM's are taken into account by the LEP monitoring system.
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Figure 4: Typical vertical trajectories in IP6. The measurements with stars are
those of QS3. The straight line between these measurements do not appear clearly
on the plots because of the BPM misalignment and the horizontal coordinate
which is the BPM number and not the longitudinal coordinate.
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We have several measurements of such trajectories and their differences must
be straight between the QS3's. A statistical analysis allows to disentangle the
fluctuation due to injection instabilities from the accuracy of the BPM's in the
following way:

• Take the first measurement as a reference, fit it with a straight line.

• Fit a series of subsequent measurements with a straight line.

• Compute from the difference between the reference fit and these fits the
coordinate change at the measured points and add it to the first measure-
ment.

• Make the difference between the measured positions and the latter.

• Do the statistics on this difference.

This statistics is shown for IP6 in table 1.

Table 1: Estimation of the reproducibility of the single pass measurement from
6 measurements in IP6.

BPM
average difference
r.m.s. difference

QS2.L6
0.03
0.06

QS1A.L6
0.20

L 0.14

QS0.L6
-0.03
0.21

QS0.R6
0.04
0.22

QS1A.R6
-0.01
0.20

QS2.R6
0.24
0.32

If the non reproducibility of the single pass measurements came from a pure
noise, the average difference between measured values and values estimated from
the change of the straight line around IP6 would be well below the r.m.s. differ-
ence:

• This is the case for four of the BPM's. For them the reproducibility is
about 0.2mm r.m.s..

• For two of the BPM's there is apparently a drift or a discontinuity in the
measurements as the average difference is of the same order as the r.m.s.
difference.

We can thus estimate the accuracy of a single pass measurement to 0.2mm r.m.s.,
which is in good agreement with the reproducibility of the closed orbit measure-
ment during normal operation.
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4.2.2 Estimation of the vertical relative alignment of the QSO's.

We could go further and estimate the relative alignment of the QSO's on both
sides of the collision points. We consider a line parallel to the straight line fitting
the measurements and passing through QSO on the left side of IP2 or IP6, and
look at its position inside QSO on the right side of the IP's. The results are shown
on table 2 , based on the analysis of 4 trajectories in each of the 2 insertions.

Table 2: Realignment estimation for QSO on the right of IP2 and IP6 with respect
to QSO on the left. The uncertainty concerning the realignment is the standard
deviation of the estimates done on four trajectories.

Insertion
IP2
IP6

r.m.s. fit residue
0.50
0.13

realignment of QSO.Rx
-0.14±0.12
-0.15rt0.10

There is unfortunately another uncertainty concerning the average slope of
the trajectories with respect to a reference given by a corrected closed orbit.
We observed a vertical oscillation of ±2.5mm r.m.s. upstream of the insertions,
measured at the BPM's where the envelope ^-function has a value of 150m. This
corresponds to a maximum vertical angle of the trajectory of ^2{l™™ at these
positions, which in turn translates into a maximum vertical slope variation of
±l§5Sr * y i ^ F b e t w e e n t h e QSO'S- T h e v a l u e of A?so can be read on figure 2 and
is about 50m for the alignment optic, again in the vertical plane of motion. The
QSO's being spaced by approximately 10m, we see that this uncertainty could
affect the results of table 2 by ±0.3mm.

Although this analysis does not allow to realign the low-/? quadrupoles in
insertions 2 and 6, it still gives us some confidence that there is no important
misalignment in these areas.

5 Conclusions.

The alignment of the low-/? quadrupoles in the intersection regions is of paramount
importance for the performances of the machine, both in terms of luminosity and
of background affecting the experiments.

We have seen that "traditional" survey techniques are limited in these ar-
eas. A beam based alignment procedure has great potential, whenever associated
with the positioning of the beam monitors with respect to the quadrupole coils
now available through K-modulation. We could in principle achieve a relative
alignment of the low-/3 quadrupoles with a precision of 0.12mm, where 0.10mm
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is due to the error on the alignment of the BPM's with respect to the coil axis
and 0.05mm comes from the fluctuation of the orbit taken as a reference.

Preliminary results obtained on LEP are very encouraging and we will of
course continue to develop such techniques.
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MATRIX METHOD FOR ANALYSIS OF NETWORK ACCURACY
BASED ON THE BEAM DYNAMIC THEORY
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Budker Institute of Nuclear Physics, Novosibirsk, Russia

1. INTRODUCTION

Based upon tolerances to a closed orbit distortion (orbit distortion), the requirements to

the alignment accuracy of the magnetic system of accelerators are specified. The orbit distortion

and aRerture losses of a vacuum chamber are the result of many factors: manufacturing errors,

fringe magnetic fields, size and motions of the beam at the moment of injection, etc. Thus, the

orbit distortion caused by misalignment is usually assumed as 0.1-0.2 of the vacuum chamber size,

i.e a few millimeters, though an accelerator circumference may range from 100 meters up to

10 kilometers. This corresponds to an alignment accuracy of 0.1- 0.2 mm. These very tight

tolerances require notable expenses for the alignment system. It is important to be sure that the

tolerances are realistic and not overstated. Starting the development of the alignment system, a

surveyor faces the following questions:

1. What is a necessary absolute and relative accuracy?

2. What is a length of the region of relative accuracy?

3. What is an optimal smoothing curve which would not result in the orbit distortion?

4 What should be the scheme of measurements and appropriate instruments?

A minimum number of components to be realigned and an appropriate amplitude of the

orbit distortion should be determined in the realignment process. The discussed method is aimed

to help in answering these questions. Its practical application for VEPP-4 alignment system is

presented.

2. MATRIX OF THE ORBIT DISTORTION

Errors in positioning centers of gradient magnets (quads) are a major source of the orbit

distortion. The following consideration concerns these elements only. The orbit distortion is

calculated with the use of the theory of betatron motion [1,2]. The betatron motion of particles in

the Y direction transverse to the beam trajectory (in radial or vertical direction) is calculated by

the following equation:

Y(s) = ajw7jcos(<f>(s) + &0), (1)

where: s is the beam coordinate along the trajectory, a and $ are defined by initial conditions,

is the betatron function, specified by the magnetic lattice.
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The betatron phase is determined as q(s) = f . The frequency of the betatron

1 s° ds
oscillations is specified as: v r z = — J where: SQ is the perimeter of the closed orbit.

2TC Q y>riZ(s)

Numerically calculated 0- function and betatron phases can be obtained from accelerator

physicists.

The distorted orbit is calculated by the method of variation of parameters a and $ from

equation (1). The solution is found on an assumption of closed orbit after revolution, and an angle

Y'(s) which the particle will have because the displacement of the quad center at value x should
a

be y = — xx, where G is the gradient of the magnetic field in the quad, / is the length of the
E

quad, £ is a particle energy. The quantity EjGi = F is a focus distance of quad, and

F » I. Most of accelerators comply with this requirement, p -functions achieve the minimum

and maximum in the quad center, therefore, it is sufficient to calculate the orbit distortion in these

points. The amplitude of the orbit distortion in quad #k is:

Yk . J . cos(<?k - <P/ + *W x Xj (2)

2Fj sin KV

-nv fork >/ , +KV fork < i,

where Ft is the focus distance of quad #/', xt is a displacement of quad #/ from its ideal position,

k,i = I...N, N is a quantity of quads.

Since equation (2) is linear in x and Y, the orbit distortion caused by the displacements of

all quads is a sum of Yk over / .

Suppose, Y is a N-dimensional vector of the orbit distortion and x is a N-dimensional

vector of the quad displacements, Then, a matrix form of equation (2) may be written as

Y = A x x, where At u = — - ••— cosfyt - (p.- + nv) = a-, t cos(q>k - cp; + itv)
2Fj sin 7cv

The matrix A is a response-matrix or a matrix of the orbit distortion. For different

categories of accelerators matrix elements ctjj. range form 5 to 30. For a successful operation of

an accelerator, the orbit, distortion with respect to the ideal orbit is less important than a

displacement of a real orbit from the centers of quads, i.e. Yj -* Y; - x,. Matrix A' = A - I is

used instead of the matrix A in the following analysis.

The analysis of elements of the matrix A which a surveyor can easily obtain would

indicate the following: elements to which positioning the magnet system is most sensitive and
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places along the beam orbit where the orbit distortion is maximal. Thus, one can determine

particular elements which should be aligned with higher accuracy, as well as places where special

attention should be paid to the positioning of the vacuum chamber and other equipment.

3. COVARIATION MATRIX AND COEFFICIENT OF THE ORBIT DISTORTION

For estimation of accuracy we use a standard deviation. We assume that (Y) is a r.m.s.

value of the orbit distortion, and (x) is a similar value for the quad displacements. If x,- stands for

noncorrelated errors of the quad alignment and (x) = ax, we obtain (7) = yox with

x **)
y = y\—:—— . We define the coefficient of the orbit distortion as y. If the alignment

errors are noncorrelated, y « _ , :, where B is an average magnetic field along the beam
25v|5/« 7tv]

orbit. For most accelerators y ~ 20 - 50.

The alignment errors are always correlated to each other, depending on the scheme of

measurements and the alignment procedure. A corresponding covariation matrix is

Bx = (x) * Bx , where (x) = J —. The equation for y has the form:

\SP[A X Bx x Atr)

Simulations show that the coefficient can be reduced by a factor 3-15 taking into account

the correlation in the quad positioning. In order to calculate the maximum value of the orbit

distortion the coefficient should be multiplied by a factor

The coefficient y calculated for VEPP-4 is 53 for radial and 39 for vertical directions in

the assumption that the alignment errors are noncorrelated. It is reduced down to 13 and 23,

respectively, taking into account the correlation.

4. FOURIER ANALYSIS AND SMOOTHING CURVE.

4.1. Spectral sensitivity of the magnet system
The matrix of the orbit distortion A makes it possible to perform an analysis of the

sensitivity of the magnet system to certain Fourier frequencies in a distribution of the quad

displacements.
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Suppose that the distribution of the displacements along the orbit is

s~ —
5x,- = an cos(2% — n + <$Q), where SQ is the orbit perimeter, n is the number of harmonic, cpo

is the initial phase, an is the amplitude of the harmonic. In this case ox = 0. 5an

Siroe &c is a discrete function of the azimuth Sj, the number of Fourier harmonics is

limited by N/2, where N is the number of quads. Elements of the covariation matrix Bx are given

by :

J
n (4)

The spectral coefficient of the orbit distortion y n caused by harmonic #n is given in (3) and (4).

\ *) 0 0

Finally, (7) = 0. 5 £ y ^ J . Figure 1 shows y,, vs. n for horizontal and vertical directions
l

calculated for the VEPP-4 collider.

One can see that the sensitivity grows up with n and has its first maximum at n « vr and

n « vz respectively. An especially high sensitivity is for n « k ± vrz, where k is the number of

cells. Long straight sections provide local maximums within a range v < n < k - v due to the

distortion of homogeneity of the magnetic lattice. Other colliders usually have a similar spectral

sensitivity.

Let us analyze the spectral sensitivity of VEPP-4 for n < vz, where the amplitudes of

alignment have maximum values. The coefficients are determined by equations (3,4) using the

matrix A or A - I.
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The results are summarized in Table 1. When the matrix A is replaced by A - 1, the spectral
sensitivity of magnet system for harmonics with numbers n < v/2 is considerably reduced. This

fact means that for these harmonics the orbit distortion has about the same value as the quad

displacement. This effect does not appear for other harmonics.

Table 1

Spectral sensitivity of VEPP-4 magnet system

y\n

Matr.4

MzXr.A - I

1

0.72

0.017

2

0.94

0.23

3

1.1
0.37

4

2.3

1.7

5

1.5

1.0

6

4.9

5.0

7

4.4

4.0

8

29.6

28.4

9

13.8

14.0

4.2 Spectral analysis of errors
The Bx matrix allows one to carry out a spectral analysis of the alignment, errors for

schemes of different kind and different accuracy of measurements.

The results of the spectral analysis of the alignment errors for the VEPP-4 collider are

given in Figure 2. Amplitudes of harmonics tend to diminish as n grows up. For the horizontal

direction this tendency is sharper than that for the vertical one because of a stronger correlation in

the quad positioning.

4.3. Local and global accuracy. Smoothing curve.
The surveyor can easily calculate which harmonics are important and which are not from

the point of view of the orbit distortion with the help of the spectral sensitivity of the magnetic

system and the results of the spectral analysis of alignment errors. If the quantity an x yn results

in a significant orbit distortion, the harmonic with number n shall be considered as a critical. The

wave length of such a harmonic with a minimal number n determines the area wherein a precise
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relative alignment has to be performed. We call it local accuracy.

Simulations for a few samples of the magnetic lattice and for VEPP-4 (see Table 1,
bottom line) show that y < 1 for n < v/2 and y > 1 for;; > v/2.

Let us assume that y « I and g is a small orbit distortion, for example, g is equal to

10% of an allowed distortion. In this case the quantity g/yn is a tolerance for the global

alignment accuracy and accordingly, Xn/4 defines the region of global accuracy. For VEPP-4

g«0,2mm, y2 «0.2, a2
fc;^mrn' ^ means that two perpendicular diameters of the ring can be

different from their ideal values within lmm.

The smoothing curve is defined by the global accuracy. In realignment process a control

survey is carried out. The surveyor has a set of the quad displacements from the ideal positions.

The Fourier analysis of the displacements should be performed to calculate amplitudes and phases

of harmonics. The quantity of y„•«„ is calculated and summarized over n until this sum is

comparable with the orbit distortion limit (10-15%). The smoothing curve is computed as a sum

of Fourier components up to an order n.

Methods of defining the smoothing curve using local polynomes sometimes can prove to

be incorrect as they can create high order harmonics to which the magnet system is most sensitive.

In this case an additional analysis of such curves is necessary.

5. CONCLUSION

The proposed method provides an opportunity to unite successfully the efforts of

surveyors and physicists. The requirements on the alignment accuracy are determined. There is a

possibility to select an optimum scheme of measurements and an alignment procedure at a project

phase. In the realignment process the surveyor can determine the orbit distortion and reduce the

number of elements requiring alignment.

The proposed method can be applied both to circular and linear accelerators.

REFERENCES

[1] H. Brack . 1968. Acceleratteurs circulaires de particules, PUF, Paris.

[2] J. Gervaise and E.J.N. Wilson, "High precision geodesy applied to CERN accelerators," Proc.

CERN Accelerator School. Applied Geodesy for Particle Accelerators. CERN, Geneva, 14-18

April, 1986, pp. 128-158.



Chapter VI

Alignment for
Linear Collider and Related Facility



VI/451

SLAC Pub 7060

Some Alignment Considerations for the Next Linear Collider
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1.0 INTRODUCTION

Next Linear Collider type accelerators require a new level of alignment quality. The relative

alignment of these machines is to be maintained in an error envelope dimensioned in micrometers

and for certain parts in nanometers. In the nanometer domain our terra firrna cannot be considered

monolithic but compares closer to jelly. Since conventional optical alignment methods cannot deal

with the dynamics and cannot approach the level of accuracy, special alignment and monitoring

techniques must be pursued.

2.0 COMPONENT PLACEMENT TOLERANCES

Component placement tolerance specifications define the alignment operation. The

definition of these tolerances has changed over recent years, resulting in significantly looser

s»deifications. At the same time, the alignment requirements of NLC type machines are intrinsically

more demanding, effectively offsetting these reductions.

The available space here does not allow a detailed discussion of all parts of an NLC design.

While the following discussion will focus on the main linac damping ring alignment, most of it is

nonetheless directly applicable to the other machine parts.

2.1 Definitions

Originally, alignment tolerances were calculated as the offset of a single component

resulting in an intolerable loss of luminosity. This seemed a reasonable way to proceed and

immediately gave relative sensitivities of component placement. However, this method had two

flaws: it failed to take into account that, firstly, not just one but all elements are out of alignment

simultaneously, and secondly, that sophisticated orbit and tune correction systems are applied to

recover the lost luminosity. Permissible alignment errors, random or systematic, under these more

realistic assumptions are much harder to estimate because they require an understanding of all
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conceivable interactive effects that go into a simulation and a detailed scenario of tuning and

correcting. The continued increase in available computing power has made it possible to calculate

the simultaneous offsets of all components. Operating experience from the present generation of

colliders has yielded significant advances in orbit tuning and correcting. On this basis, alignment

tolerances can be defined as the value of placement errors which, if exceeded, make the machine

uncorrectable. Experience with higher order optical systems has shown that alignment tolerances

derived in this manner tend to be about an order of magnitude looser than before.1

2.2 NLC Linac Tolerances

Alignment tolerances according to the first and the most recent definitions have been

computed2 and are plotted in Fig. 1. The first curve shows the placement tolerances required to keep

dispersion losses under a tolerable 3%, i.e. the machine would operate to design specifications. The

placement requirements for adjacent components are a very tight 3 jam. Fortunately, the tolerances

are scale dependent. The most stringent placement is required only for components within about

160 m of the point of investigation; further downstream the tolerances quickly drop off. The second

curve shows the tolerance which, if exceeded, would make the machine uncorrectable. Here, we see

the same scale dependency.

1E+07

1E+06

Quadrupole Alignment Tolerances

-Dispersion Tolerance (microns)

-Ab initio Toterance

100 1000 10000

Fig. 1. Quadrupole alignment tolerances—running conditions
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2.3. Measurement Quality Estimate

To estimate what alignment accuracy could be achieved in a conventional alignment

procedure for the main linac, the process has been simulated. Fig. 4 shows the resulting tolerance

curve Comparing Fig. 1 to Fig. 2, one can see, that conventional alignment can support the ab initio

alignment requirements but not the running tolerance requirements.

1.00E+07

1.00E+06

1.00E+05
|
"JJ* 1.00E+04

c

2 1.00E+03

1.00E+02

1.00E+01

1.00E+00

Alignment Tolerance
vs

Alignment Accuracy

— Vert.Quad.Align.Tol.

' Conv.Align.Accuracy

"~ Hor. Quad.Align.Tol.

10000

Fig, 2. Quadrupole alignment tolerances vs. alignment accuracy

3.0 DATUM DEFINITION

Since the earth is spherical, a slice

through an equipotential surface, i.e. a

surface where water is at rest, shows an

ellipse. For a project the size of an NLC,

this has significant consequences.
Fig. 3. Effect of earth curvature on linear and circular

accelerators
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1.56 mrad

V
Fig. 4. Three plane lay-out

3.1 Tangential Plane or Equipotential Surface »-«M-i*m :===:

Traditionally, accelerators were built in a

tangential plane, sometimes slightly tilted to

accommodate geological formations. All points

around an untilted circular machine lie at the same

height (Fig. 3), but a linear machine such as the

NLC cuts right through the equipotential iso-lines. The center of a 30 km linear accelerator is 17 m

below the end points. To alleviate the problems one could build the accelerator on more than one

plane, e.g. building the linacs and the final focus/detector section on three separate planes reduces

the sagitta to 1.9 m (Fig. 4). To avoid the "height" difference completely, one would need to build

the machine along an equipotential surface.

3.2 Lay-out Discussion

Since most surveying instruments work relative to gravity, the "natural" solution is a lay-out

which follows the surface generated by equal gravity, the equipotential surface, although, for

conventional alignment methods, the choice of a tangential surface adds just one additional

correction. The choice of lay-out surface does have a major impact upon which special alignment

methods can be used: a diffraction optics Fresnel plate alignment system requires a straight line of

sight, but a hydrostatic level system can not accommodate height differences of more than a few

centimeters.

4.Q SPECIAL ALIGNMENT SYSTEMS

The conventional alignment accuracy can be improved by adding alignment'systems to the

measurement plan which are optimized for the measurement of the critical dimension. The key

element of any of these alignment shemes is to generate a straight line reference. Fig. 5 gives an

overview of straight line reference systems categorized by their working principle.3 Most of these

systems can also be used to establish on-line monitoring systems.

4.1 Mechanical Reference Line

A stretched wire is used to represent a straight line. While in the horizontal plane a wire

projects to a first order a straight line, in the vertical plane it follows a hyperbolic shape due to
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Straightness Alignment Systems
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Fig. 5. Straight line reference systems

gravitational forces. The deviation from a straight line in the vertical is a function of the wire's

weight per unit length, wire length and tension.A 45 m spring steel wire with 0.5 mm diameter

under a maximum tension has a sagitta of about 6 mm. A comparable wire made of a silicon-carbide

material4 which has the same tensile strength but at only one tenth of the spring steel's weight per

unit length, creates a sagitta of only 0.6 mm. For very accurate measurements, deviations of a wire

from a straight line in the horizontal plane must also be considered. These deviations are created by

internal bending moments caused by molecular stress of the material. The bending moments can be

reduced to negligible size by heat-treating the wire or by stretching it into the yield range.

4.1.1. Optical Detection The "Light Shadow Technique"

(Fig. 6) is implemented with a variety of detectors and can

provide very cost effective solutions, excellent range and

resolution. At LLNL, a GaAs infrared emitting diode F!g $ Light shadow technique

illuminating a silicon phototransistor across a 2.5 mm gap combination was used to measure the

deflection of a wire in an electro-magnetic field.5 This set up was part of a system to align the

solenoid focus magnets on the ETA-II linear induction accelerator. To stabilize drift problems, the

phototransistor was replaced with CdS photoconductors.6 The resolution proved better than 1 urn

and unit cost were less than $50. Another example is the centering system implemented for the

CERN Ecartometer7. Its centering accuracy is better than 20 urn.

light intensity
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4.1.2. Electrical Detection Electrical pick-ups use

inductive or capacitive techniques to measure the

wire position. A very simple inductive system was

developed at KEK to support the alignment of the

ATF Iinac. The reference wire carries a 60 kHz

signal which is picked up by two coils on either side

of the wire (Fig. 8).8 The differential signal is a

measure for the relative wire position. The accuracy

over the measurement range of 5 mm is better than

± 30 um. The system developed by DESY for

SLAC (Fig. 9) transmits a 140 MHz signal over the

wire which is received by the wire position monitor antenna strips. The relative signal from

diametrically opposing antennas is a measure of the wire position. The system is bi-axial, has a

range of 2 mm, and at 8 mm object distance provides long term position accuracies of better than

± 1 um.9 ESRF and CERN, in collaboration with the French company Fogale Nanotech, have

developed capacitive sensors. The CERN sensor is bi-axial and resolves the wire position over a

range of 2.5 mm to ± 1 um.

Fig. 8. KEK inductive wire sensor

ig. 8. FFTB magnets with wire system and magnet mover Fig. 9. Fogale Nanotech capacitive sensor

4.2. Optical Reference Line

4.2.1 Optical Axis Reference The optical axis is the reference line to which components are

positioned using traditional alignment instruments. Alignment telescopes can support the manual
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alignment of components to about ± 50 um. The target acquisition can be automated by replacing

the observer's eye with a CCD camera and applying image processing technique. Because the range

is very limited, this incarnation of the technique doesn't lend itself to a NLC machine alignment

application. However, the same basic idea is implemented in a very different way in the SLAC

Pyramid Target Monitoring System10. Basically, a standard CCD camera fitted with an appropriate

length lens takes pictures of the target. The target is designed to optimize the resolution of image

processing techniques to distinguish any change of the target's position in its 6 degrees of freedom.

The target is three-dimensional; it is a box topped with a right regular pyramid. (Fig. 10). Each of

the four sides of the pyramid has one circle about 2 cm in diameter

machined into the surface so that lighting from behind illuminates

light-diffusing plastic plugs inserted flush into each hole. When the

target is viewed end on, all four circles are visible. They will

actually appear as ellipses where the top and bottom ellipses will

have their major axes oriented horizontally and the two side ellipses
Fig. 10 SLAC Pyramid Magnet

Monitoring System Target have their major axes located vertically. This creates the

fundamental feature enabling us to monitor rotational changes. Typical image filtering to enhance

contrast is followed by a template matching step gaining under normal conditions a sub-pixel

resolution of about one fifth of a pixel. This translates with 2 m object distance to about 10 urn

resolution in object space.

4.2.2. Laser Beam Reference In its simplest form, a

laser beam images a spot on a PSD, QD or CCD

array, allowing a direct position read-out to few um.

The relative motion of adjacent girders in the KEK.

ATF is monitored by a laser/PSD combination. A

diode laser beam is split into two arms, each creating

a signal on a PSD. A relative girder motion results in two displacement vectors. Their analysis

yields three translations and roll.11 To compensate for instabilities of the laser, reference position

detectors allow differential measurements (Fig. 11).

4.2.3. Diffraction Optics Reference While the above methods are well suited for short to medium

ranges, diffraction optics methods can provide a straight reference line over kilometers, e.g..the

I
measurement object

position
sensor

Fig. 11. System with compensation
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pinhole fresnel platas

SLAC Linac/FFTB Alignment

System.12"13 The reference line of a

Fresnel system is defined by the pin

hole and the center of the detector u

plane (Fig. 12). The Fresnel zone F & 12. Fresnel alignment system

plate (Fig. 13) focuses the diffuse light onto the detector, forming an interference pattern (Fig. 14).

The design parameters of the zone plates, size, width of strips, and gaps, are a function of the

wavelength of the light source, image and object distances, and resolution. Only one Fresnel lens

can be in the light path at any time. To incorporate more monitor stations into the system, the zone

plates must be mounted on hinges so that actuators can flip the plates in and out of the light path.

Since refraction would distort the fringe images to noise, the light path must be in a vacuum vessel.

The FFTB alignment

system's Fresnel zone

plates, which, as an

extension to the linac

alignment system, are about

3.2 - 3.4 km from the detec-

tor, can resolve the motion

of a zone plate to 5 nm.
Fig. 13. Hinged Fresnel zone plate Fig. 14. Fresnel zone plate image . . i t , .

Another method of

generating the straight line reference by diffraction is the Poisson line.14 An opaque sphere

illuminated by a plane wave generates a diffraction pattern behind the sphere. This pattern can be

observed by placing an observation screen or camera in any plane behind the sphere. The Poisson

reference line passes through one fixed point, the center of a sphere. The second point is formed by

centering the Poisson spot on a quadcell in the detection plane, using a feedback circuit between the

quadcell and the mirror that actively steers the incident plane wave. An advantage of the Poisson

sheme is the possibility to place several spheres simultaneously into a very large diameter beam.

More spheres can be incorporated by mounting individual spheres to hinged frames similar to the

Fresnel system, so as to measure different sets of spheres.
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4.3. Gravity as Reference

A surface of equal "gravity" on which every point is the same height is called an

equipotential surface. A hydrostatic level, in which an enclosed body of fluid conforms to an

equipotential surface, is a very accurate

tool to transfer a height from one point to

another or to monitor height changes.

Systems are available in different

flavors: with optical, mechanical or

electrical sensors; manual or

computerized; with different fluids—

water, oil, or mercury; portable or

stationary. ESRF has developed a

hydrostatic level system for on-line Fig. 15 ESRF Hydrostatic Level System

monitoring of magnet height changes (Fig. 15). To monitor the water level the system uses

capncitive proximity gages interfaced to a control system. If significant height changes have been

determined, the control computer activates motorized jacks to compensate for the changes.

Measurement accuracies of ± 5 um over 1 km have been reported.15

5.0 ERROR PROPAGATIONS WITH ADDITIONAL SYSTEMS

5.1. Stretched Wire

For the purpose of estimating the error propagation of a wire system over the length of a possible

NLC linac the lay-out as sketched in Fig. 16 was assumed. A double overlapping wire arrangement

is necessary since it was found that in order to preserve a position survey accuracy of ± 5 um the

wire length must not exceed 100 m. Fig. 17 shows the resulting error estimates. The present wire

curve is based on propagating linearly the FFTB wire accuracy to a length of 100 m. It is

encouraging to see that an existing technology is almost able to support the operations tolerance.

Fig. 16. Double-wire lay-out
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The improved wire curve assumes that it will be possible to achieve the present FFTB wire accuracy

for a 100 m long wire. This system would be able to fully support the alignment needs.
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Fig. 17. Wire alignment accuracies

5.2. Hydrostatic Level System

To simulate the effect of supporting the alignment with a hydrostatic level system, two cases

need to be considered. If the machine would be built on a tangential plane, one hydrostatic level

system cannot accommodate the height difference. Therefore, the simulation assumes individual

500 m long sections set up like a stair. The second case assumes an equipotential surface as

reference plane allowing one continuos system. Fig. 18 shows the simulation results.
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6.0 SUMMARY

Although the NLC requires alignment tolerances an order of magnitude tighter than required

for existing machines, results from a conventional alignment will be sufficient to make the NLC

correctable. It was shown also that more sophisticated alignment systems can very likely

accommodate the operational requirements. While the beam itself is the ultimate judge of alignment,

beam based alignment requires costly beam time. To maximize luminosity, the investment in more

sophisticated alignment tools may well pay off.
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QUADRUPOLE ALIGNMENT AND TRAJECTORY CORREC-
TION FOR FUTURE LINEAR COLLIDERS; SLC TESTS OF A

DISPERSION-FREE STEERING ALGORITHM1

R. Assmann, T. Chen, F.J. Decker, M. Minty,
T. Raubenheimer, R. Siemann

Stanford Linear Accelerator Center, Stanford, California 94309, USA

1 Introduction

The feasibility of future linear colliders depends on achieving very tight alignment and
steering tolerances2. All proposals (NLC, JLC, CLIC, TESLA and S-BAND) currently
require a total emittance growth in the main linac of less than 30-100% [1]. This should
be compared with a 100% emittance growth in the much smaller SLC linac [2]. Major
advances in alignment and beam steering techniques beyond those used in the SLC are
necessary for the next generation of linear colliders. In this paper, we present an experi-
mental study of quadrupole alignment with a dispersion-free steering algorithm. A closely
related method (wakefield-free steering) takes into account wakefield effects [3]. However,
this method can not be studied at the SLC.

The requirements for future linear colliders lead to new and unconventional ideas
about alignment and beam steering. For example, no dipole correctors are foreseen for
the standard trajectory correction in the NLC [4]; beam steering will be done by moving
the quadrupole positions with magnet movers. This illustrates the close symbiosis between
alignment, beam steering and beam dynamics that will emerge. It is no longer possible
to consider the accelerator alignment as static with only a few surveys and realignments
per year. The alignment in future linear colliders will be a dynamic process in which the
whole linac, with thousands of beam-line elements, is aligned in a few hours or minutes,
while the required accuracy of about 5 fim for the NLC quadrupole alignment [4] is a
factor of 20 higher than in existing accelerators.

The major task in alignment and steering is the accurate determination of the optimum
beam-line position. Ideally one would like all elements to be aligned along a straight line.
However, this is not practical. Instead a "smooth curve" is acceptable as long as its
wavelength is much longer than the betatron wavelength of the accelerated beam.

Conventional alignment methods are limited in accuracy by errors in the survey and the
fiducials. Beam-based alignment methods ideally only depend upon the BPM resolution
and generally provide much better precision. Many of those techniques are described in
other contributions to this workshop. In this paper we describe our experiences with
a dispersion-free steering algorithm for linacs. This algorithm was first suggested by
Raubenheimer and Ruth in 1990 [5]. It has been studied in simulations for NLC [5],

:k supported by the Department of Energy, contract DE-AC03-76SF00515.
2Alignment and steering tolerances can be significantly loosened by the use of superconducting cavities

as suggested for TESLA. Here we do not consider this approach.
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TESLA [6], the S-BAND proposal [7] and CLIC [8]. The dispersion-free steering technique
can be applied to the whole linac at once and returns the alignment (or trajectory) that
minimizes the dispersive emittance growth of the beam. Thus it allows an extremely fast
alignment of the beam-line.

As we will show dispersion-free steering is only sensitive to quadrupole misalignments.
Wakefield-free steering [3] as mentioned before is a closely related technique that mini-
mizes the emittance growth caused by both dispersion and wakefields. Due to hardware
limitations (i.e. insufficient relative range of power supplies) we could not study this
method experimentally in the SLC. However, its systematics are very similar to those of
dispersion-free steering.

The studies of dispersion-free steering which are presented made extensive use of the
unique potential of the SLC as the only operating linear collider. We used it to study the
performance and problems of advanced beam-based optimization tools in a real beam-line
environment and on a large scale. We should mention that the SLC has utilized beam-
based alignment for years [9], using the difference of electron and positron trajectories.
This method, however, cannot be used in future linear colliders. The goal of our work is
to demonstrate the performance of advanced beam-based alignment techniques in linear
colliders and to anticipate possible reality-related problems. Those can then be solved in
the design state for the next generation of linear colliders.

2 Principle

The dispersion D(s) in any beam line is given by

D(s) = Do • C(a) + D'o • S{s) + S(s) • £ ^C^dt - C{s) • £ -^jS(t)dt, (1)

where C(s) and S(s) are the cosine-like and sine-like trajectories along the path length 5,
Do and D'o are the initial dispersion and its derivative and p is the bending radius of the
trajectory due to any transverse dipole fields. In a linac nominally there are no bending
fields3 so that all dispersion arises from quadrupole kicks Ax • K and corrector kicks 0.
Here we neglect wakefield induced dispersion and RF-deflections. With a magnetic field
gradient Gq and a beam energy of E we obtain the quadrupole strength K:

We get a similar formula for the corrector kick 6:

In terms of dispersion a change in beam energy E is equivalent to a change in Gq or
Bc. The dispersion can therefore be measured by scaling all quadrupole and corrector

3Some proposals anticipate "soft bends" in diagnostics stations along the linac.
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strengths. This is a very useful approach because magnet strengths can be manipulated
with much less systematic side effects than the overall beam energy (i.e. the beam energy
profile E(s) is not measured in the SLC).

The principle of dispersion-free steering is illustrated in Fig. 1 for a simplified case.
We assume that the BPM's are perfectly aligned to the centers of the quadrupoles and
that there is only one misaligned quadrupole. The standard steering algorithm in the
SLC minimizes the BPM readings and ideally will bump the beam through the center of
the misaligned quadrupole (a). The resulting trajectory bump produces dispersion and
dispersive emittance growth. The scaling of quadrupole and corrector strengths scales the
bump in amplitude whilst the physical quadrupole position of course stays the same. As
a result the beam experiences an additional deflection from the misaligned quadrupole
which produces a downstream trajectory oscillation (b). From the oscillation we can
calculate the quadrupole misalignment. This might be corrected by either realigning the
quadrupole or by steering the beam off-center through the quadrupole and compensating
the error locally using a corrector (c). Both possibilities are equivalent. In either case
another scaling of quadrupoles and correctors would produce no change in trajectory. So
the solution is dispersion-free. The power of the dispersion-free steering algorithm comes
from its potential to analyze the superposition of many errors at once.

3 Setup and implementation

In the main linac of the SLC, wakefield effects are much stronger than those anticipated
for the next generation of linear colliders. The presence of electrons and positrons in
the same beam line introduces additional systematic problems which are not relevant for
future linear colliders. Dispersion-free steering was therefore tested with a special SLC
setup:

1. A single bunch of electrons with about 1 x 1O10 particles per bunch. The strength
of wakefields was much reduced.

2. Beam feedback loops were switched off.

In order to measure dispersion the quadrupole and corrector strengths need to be scaled.
Hysteresis effects were minimized by cycling the magnetic fields. With the lattice scale
factor K = A.K/K the following hysteresis cycle was used:

K = 1.00 —> 0.90 —• 0.80 —i- 0.70 —•* 1.05 —> 1.00 . (4)

This cycle was executed as a first step and followed throughout the experiment to eliminate
hysteresis. After the first initialization cycle so called measurement cycles were performed.
The beam trajectory was measured with an average of 20 pulses for every scaling. The first
four scalings were used for the dispersion-free steering data analysis which was performed
for both planes simultaneously.



VI/466

a) Minimization of BPM readings: Quadruples with BPM's

1 I
1 Corrector kicks

b) Scaling of quadrupole and corrector fields:

Extra quadrupole deflection

c) Dispersion-free steering solution:

L.

T Corrector kick or realignment

Figure 1: Illustration of the principle of dispersion-free steering. We assume one misaligned
quadrupole and perfect BPM's that are fixed to the quadrupole centers. Each quadrupole has a
corrector nearby. Minimizing the BPM readings with dipole corrector kicks leads to situation (a)
where the beam is bumped through the center of the misaligned quadrupole. Scaling quadrupole
and corrector strengths by the same amount (b) has no effect for the first quadrupole with
perfect alignment. However, the "bump" is scaled and we see an extra deflection from the
misaligned quadrupole. The induced downstream trajectory oscillation is a unique signature of
the error. After realignment or correction (c) the quadrupole misalignment kick is eliminated or
compensated by a corrector kick of the same magnitude but opposite sign. For dispersion-free
steering we consider a superposition of many such errors.
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Since the superposition of many errors generates the dispersion, a model for how a
deflection at any location changes the trajectory at all downstream locations is required.
Neglecting wakefield effects, the absolute reading x3 at a BPM j due to all upstream kicks
0,-is

M T ^ , (5)

where the transport matrix elements R1-^3 from the kick i to the BPM j are given by

(6)

Here the E1'3 are the beam energies, the /?£J are the beta functions and the ip%3 are the
betatron phase advances.

Now we calculate how the dispersive kicks change the diiference trajectory Ax3 when
the lattice is scaled. For the scaled lattice we need to recalculate the Twiss parameters
(primed quantities). Then we have for

where the RI2,JK
 a r e the transport matrix elements for the scaled lattice. We may neglect

effects from non-linear dispersion since we use four different lattice scalings for our anal-
ysis. Then the dispersion-free solution must be local. Dispersion bumps are not easily
possible and linear and non-linear dispersion are minimized simultaneously. For a given
lattice scaling K the R^jL are

s i n

The Twiss parameters are calculated with the longitudinal magnet positions, the magnetic
field values of the quadrupoles and the beam energy at each magnet.

The above model predicts the effect of dispersive kicks on the absolute trajectory s-7

and the difference trajectories AX3\K). Alternatively, if we scale the lattice and measure
xJ and AX3(K) we can use the model to calculate corrector settings that minimize both
x3 and AX3(K). With four sets of measurements in each hysteresis cycle and n BPM's we
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define the vector B of measurements as

x1 "

B =

AX1(K2)

Ax1^)

AX2(K2)

Ax2(/c3)

a;"

, W =

W1

w2

wn

(9)

with W as the vector of weights. The «;,• correspond to different lattice scale factors K. For
each of the n BPM's we have four measured quantities. The weights are defined through
inverse measurement errors. Let's first consider the absolute trajectory measurement xJ.
Its measurement error has a statistical contribution <r(xJ) from averaging 20 shots and a
systematic contribution <7bpm fr°m ^ e absolute BPM misalignment. The statistical error
a(xi) arises mainly from the BPM resolution and is usually well below 10 ^m for the SLC.
Because the individual BPM misalignments are unknown we assume their measured RMS
value for or^pm. The weight on xJ is then

W3 =
1

(10)

Ideally the error on the measured trajectory difference AxJ should only have the statis-
tical contributions of the two measurements. However, a dispersion measurement in the
SLC typically takes about 20 minutes and the error on AxJ becomes dominated by the
overall stability. From the observed trajectory drift and jitter we determined an additional
systematic error asys of 20 ^m. The weights on AxJ are then defined by

i
<7|ys

(11)

Equations 10 and 11 define the x2- By averaging 20 shots for each measurement the
statistical errors are small and the x2 is dominated by the two terms 0"bpm and crsvs. We
can write approximately

7bpm 'sys
(12)
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For the SLC cfopm is about 100 /zm while the effective trajectory stability crsys during a
hysteresis cycle is about 20 fim. The weight on a single "dispersion" measurement is about
25 times higher than that on the absolute trajectory. Therefore minimizing the dispersion
makes optimum use of the BPM's and is much more efficient than solely minimizing the
absolute trajectory. This is illustrated in Fig. 2 for the simplified x2 of e<l- 12. One can
recognize the two extreme cases of only dispersion or only trajectory correction and the
optimum combination of both.

We next define a correlation matrix

12
-1—1

?1—2

pi—-n

pi—n

pi—n

0
0
0
0

p2—2

R2~*2

D2—2

/?2—>n
-"12
p2-+ra
^ 2 — n

D2—>n

0
0
0
0
0
0
0
0

pn—n
•"•12

^ " 2 T « "

(13)

and solve for the vector X of corrector settings:

mm\\W{B + AX)\\2. (14)

The solution X gives a set of corrector strengths that minimizes the trajectory and dis-
persion measurements simultaneously. Instead of solving for corrector kicks we could have
solved for quadrupole positions that minimize the absolute trajectory and the dispersion.

4 SLC experiments
The dispersion-free steering algorithm was tested in ̂ arly 1995 at the SLC. An example
of trajectory and dispersion measurements after standard SLC steering is shown in Fig. 3.
As explained earlier, four measurements are used to find a set of corrector settings that
simultaneously minimizes both the absolute trajectory and the dispersion. In Fig. 4 the
trajectory and dispersion measurements are shown for the same experiment but after three
iterations of dispersion-free steering. The dispersion in this experiment was reduced by
factors between 2 and 5. Because the SLC model does not describe the reality accurately it
helped to do several iterations of dispersion-free steering. However, most of the dispersion
reduction was achieved with the first round of dispersion-free steering.

The improvement in dispersion was confirmed by switching off a number of klystrons
in the SLC. Thus the real beam energy is changed and the dispersion is independently
measured. We found the same reduction in dispersion as from scaling the lattice.
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Figure 2: Dispersion and trajectory correction in SLC are shown for different relative weightings.
The solid curve'ls the RMS of the absolute trajectory. The other curves show the RMS values
of the difference trajectory for 3 lattice scalings. The ratio of crsys and o^pm is varied such
that on the''left hand side we have only dispersion correction and on the right hand side we
have onL/trajectory correction. For the SLC values of osys and cr^pm we have some optimum
combination of both. This data is calculated from measured data. On the right hand side the
measured RMS values for pure trajectory correction are indicated.

The performance of dispersion-free steering during another experiment is shown in
Figs. 5 and 6. For each lattice scaling we define the RMS deviation from zero as the
relevant observable of trajectory or dispersion. Figures 5 and 6 show the measurements
before and after dispersion-free steering (DFS) and both the calculated and the expected
performances. Once the solution of the least-squares problem is found it can be used
within the model to predict the absolute trajectory and dispersion measurements after
correction. This we call the calculated performance. From the dominant terms o"bpm
and o-sys in the x2 w e obtain the finally expected performance as (Th™ for the absolute
trajectory and <7SyS for the dispersion. We expect that the calculated and expected per-
formances agree and that the measured performance agrees within small errors both with
its calculated and expected value (assuming an accurate model). Although dispersion-free
steering greatly reduced dispersion both the calculated and the measured performances
are not as good as expected. We discuss this in the next section.

The RMS of the absolute trajectory in Figs. 5 and 6 is increased by dispersion-free
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(K = 0.9, 0.8, 0.7) for a cycle of lattice scaling in the SLC. The measurements were performed
after standard trajectory steering in the SLC. The difference measurements are a measure of
dispersion. Here, we scaled most of the SLC linac (sectors 2 to 26) by changing the magnet
strengths.
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Figure 5: Summary from another dispersion-free steering experiment. For each lattice scaling,
the RMS deviation in the horizontal plane is shown as the relevant observable. The four different
curves show 1) the measurements after standard SLC trajectory correction and before dispersion-
free steering (DFS), 2) the measurements after dispersion-free steering, 3) the calculated values
from the least-squares solution and finally 4) the expected performance (ffLm and cr|yS). The
absolute trajectory measurement is shown at K = 1. The lines connecting the points are to
guide the eye and do not represent a functional dependence. Note that the dispersion in linear
accelerators is not a closed solution as in storage rings and therefore is not proportional to K.

Figure 6: The same experiment and curves as in Fig. 5 are shown but for the vertical plane.
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steering. This is expected since the alignment errors are no longer "hidden" by bumping
the beam through the center of the BPM's. They are locally compensated and therefore
become "visible" to the BPM's (compare Fig. 1).

5 Error discussion
In the previous section we have shown the performance of dispersion-free steering in the
SLC at low current. Dispersion was greatly reduced but not down to the expected level.
There are two problems:

1. Within our model, we could not calculate a dispersion-free solution that minimizes
dispersion to its expected value of

2. The calculated performance of the dispersion-free solution was not reached during
the experiments.

While dispersion was consistently reduced by factors of 2~5 we did not observe another
factor of 4 due to those problems. We isolated two major explanations for the reduced
efficiency of dispersion-free steering.

In the setup of the least-squares problem, we assume that misalignments and reading
errors follow a Gaussian distribution. However, in reality non-Gaussian tails are observed.
In this case, a few flyers can dominate the x2 of the least-squares problem and significantly
bias the solution. The x2 per degree of freedom is larger than 1 and the dispersion solution
does not reach its expected value. In Fig. 4, for example, the absolute trajectory y shows
several large spikes that contribute almost 50% of the total x2- Furthermore, one can
observe corresponding spikes in the dispersion measurements Ay. Those strongly bias
the solution of the least-squares problem. The spikes in the difference measurements are
explained by non-linearities of the BPM's. Especially BPM's with large readings might
not operate in their linear dynamic range and tend to behave non-linearly.

The problem of overpopulated tails can be avoided by cutting the tails such that they
do not affect the data analysis any more. For this purpose we introduced a 2.5 sigma
cut for y and 3.0 sigma cuts for the Ay. Those cuts eliminate some measurements from
the least-squares fit. We still find a solution at the affected quadrupoles and BPM's that
however is unconstrained. Figure 7 shows the calculated dispersion-free solution with and
without a cut on the tails. The analysis was done for the measurements that are shown in
Fig. 4. In this case the cuts eliminated 5 of the 276 BPM's from the data analysis. As a
result the x2/DOF went down from 3.7 to 1.2 and the calculated dispersion is reduced to
the expected value of aSys = 20/xm. In future experiments we expect that this improved
solution will help to reduce the measured dispersion beyond what was observed up to
now.

Now we consider the second problem. If our model would accurately describe the
reality we would expect complete agreement between the calculated and measured per-
formances. However, the model we use does not include unknown linac imperfections.
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Figure 7: The calculated dispersion-free steering performance for the measurements in Fig. 4 is
shown with and without a 2.5 sigma cut for y and 3.0 sigma cuts for the Ay. The cuts eliminate 5
of the 276 BPM's from the data analysis. As a result the x2/D0F is reduced from 3.7 to 1.2
and the calculated dispersion is reduced to its expected value of crSyS = 20/zm.

The effects of RF deflections ?.nd wakefield kicks due to misaligned RF structures are es-
timated to be roughly about 10 times smaller than those of quadrupole kicks. We do not
expect to be limited from this at the moment. More serious are energy errors in the SLC
that can cause large phase advance errors. In order to evaluate the validity of the model
we used, we compared it with betatron oscillations in the SLC. A large disagreement was
found and soon explained by essentially one back-phased klystron. The first klystron in
sector 3 of the SLC was actually deacv,elerating the beam and induced a large relative
energy error. This changed the phase advance along the linac by up to 180°. This error
was not present during most of our experiments. However, later it was shown from the
data of a diagnostic pulse [10] that all our experiments were affected by large unexpected
phase advance errors in the SLC optics. They reduced the measured efficiency of the
dispersion-free steering algorithm. The monitoring of the SLC optics will help in future
experiments to avoid these errors.

6 Conclusion
The dispersion-free steering algorithm that has been suggested for future linear colliders
was tested successfully in the SLC at low current. The dispersion was reduced by factors
of 2~5 as was shown with two independent methods (lattice scaling and energy changes).

Unexpected limitations in the performance of the dispersion-free steering algorithm
were observed and explained by two main effects. First, large misalignments and non-
linearities in the BPM readings dominated the x2 an<^ biassed the dispersion-free solution.
This problem can be avoided by cutting the overpopulated non-Gaussian tails of the mea-
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surements, thus allowing large misalignments at single quadrupoles without biassing the
,y2- Second, errors in the SLC optics reduced the efficiency of the calculated dispersion-free
solution. In linear accelerators, significant phase advance errors can easily be accumulated
over its length. The monitoring of the optics with a diagnostic pulse could provide a more
realistic optics model. Both limiting effects were previously not addressed in simulations.
With the suggested improvements in the dispersion-free steering algorithm we expect to
find a significantly improved performance of the method in future experiments at the
SLC.

Finally, whether dispersion-free steering and the related algorithm of wakefield-free
steering will be applied in the next linear collider will mainly depend on the time scales
involved. Dispersion-free and wakefield-free steering allow a fast alignment of the linac in
less than roughly 10 minutes. However, both methods are more sensitive to systematic
errors than are local beam-based alignment methods that measure the relative alignment
of each quadrupole versus BPM separately [11, 12]. Those local methods in turn are
significantly slower. The stability of quadrupole and BPM alignment will in the end
decide what method can be used with the highest efficiency.
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Straightness Measurements for Accelerator Structures

W. Schwarz
Deutsches Elektronen-Synchrotron DESY,

22603 Hamburg, Germany

Abstract

The cavity structures of the S-Band Linear Collider have to be aligned better than 30 fim
rms over their length of 6 m. In this paper relevant techniques for straightness measurements
are described. Further the results of straightness measurements of the first test modules are
discussed.

1 Introduction
In high energy research the intention is to have e+e~-collisions by energy in the range up to TeV.
This requires further developments of linear collider technology. For this purpose a linear collider
should consist of two opposing linear accelerators with an active length of about 30 km. At present
around the world different studies are under way to gain experience for the realisation of this. At
DESY the S-Band Linear Collider (SBLC) project is pursued in the framework of an international
collaboration to design a 500 GeV e+e~-collider [Holtkamp, N. 1995].

2 The S-Band Linear Collider Test Facility
Before developing the 500 GeV-collider a Test Facility is under construction at DESY. The S-
Band Linear Collider Test Facility will serve as an unique test bed for the necessary technical
developments of a large scale 2x250 GeV linear accelerator [Holtkamp, N. 1995 a ].

Injector TW section Focus ^

0 5 10 15 20 25 ; 30 m

Figure 1. General Layout of the S-Band Test Facility at DESY

The general layout of the Test Facility is shown in Fig. 1. For the S-Band collider a "linear collider
module" consists of one 150 MW klystron driven by one modulator and two 6 m long accelerating
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full charge design bunch train and a beam diagnostics station down stream to analyse the beam
energy, emittance and position [Holtkamp, N. 1995 a ].

-33.325 mm-i

Figure 2. Cross Section of a Cup

A 6 m long module consists of 180 cups of copper. The cross section of a cup is shown in Fig. 2 and
Fig. 3. The diameter is 100 mm and the height 33.325 mm. The required straightness of a module
has to be better than 30 fJ.m rms over the full 6 m length. In this paper relevant techniques for
straightness measurements are described. In the test assembly each module is mounted on a set of
micromovers, so the final adjustment of each module can be done by the Beam Based Alignment
Techniques [Boege, M. 1995 ].

Figure 3. Cups of the Module

3 Straightness Measurement Techniques
In the following some alignment techniques are discussed which are suitable to control the straight-
ness of a module. Certainly other techniques can be used besides (for example described in
[Schwarz, W. (Hrsg.) 1995 ]). The advantages and disadvantages of the described techniques are
discussed in respect of checking the straightness of,a module to be better than 30
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module (Fig. 10). The offset distance of the wollaston prism in horizontal or vertical direction with
respect to a straight reference line will be measured, in that the reference line will be given by
the mirror axis and not by the laser beam. The wollaston prism consists of two or three double
refracted quartz prisms. In this prism the optical axes are perpendicular to each other.

Wollaston Prism
(straightness

Interferometer)

Mirror
(straightness

Rellektor)

Figure 4. Straightness Measurements using Interferometer

Initially, the two paths from the interferometer to the reflector have some length relative to each
other. If the straightness reflector is moved side-to-side (across the mirror axis), the relative
lenghts of the two beams in the wollaston prism will change. The change in accumulated fringe
counts JV will be [Hewlett-Packard 1982 ]

N = 2£>-sin(0/2) (1)

where D : the distance of the offset and

0 : the angle between the two beams leaving

the interferometer.

To provide the correct readout of the offset distance, the electronic hardware automatically mul-
tiplies the fringe count by the reciprocal of 2 • sin(0/2). Small pitch, yaw, or roll motions of the
interferometer do not create a path difference and therefore do not affect the measurement accuracy
[Hewlett-Packard 1982}.

At DESY the laser interferometer system HP 5528 A is available. There are two straightness inter-
ferometers, one for the short range up to 3 m and another for the long range from 1 m to 30 m.
In the first system the angle between the two beams 0 = 1.5916 degrees and in the second 0 =
0.1592 degrees. Notice that the difference of the two paths has to be measured with very high
accuracy. For example, to determine the offset distance with a resolution of 1 fira one has to
measure the path difference by the short range system with an accuracy of 28 nm and by the long
range system of 3 nm. This requirement forces, among other things, extremly stable conditions of
the atmosphere. If the wollaston prism is 10 m from the mirror a difference in the air temperature
of the two paths of 0.01 K will change the measured offset by about 33 [im. In both systems the
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3.2 Straightness Measurement using the Intensity of two Laser Beams

In laser measurement system LMS 200 of the factory Feinmess in Dresden a special interferometer
splits a laser beam into two separate beams (Fig. 5). The interferometer changes in direction of
the original laser beam produce opposite changes in direction of the separated beams. Therefore
the middle axis of the two beams is a reference line, which is independent of possible changes in
direction of the laser beam.

Laser Beam

Figure 5. Interferometer of the LMS 200-System

The two beams enter into a beam monitoring sensor (Fig. 6). There each beam is splitted by two
symmetrical arranged prisms. The intensity of the four laser beams depends on the position of the
beam monitoring sensor relative to the middle axis of the incoming laser beams.

Figure 6. Beam Monitoring Sensor

To measure the intensity, the two upper and the two lower beams will go in each case to a re-
ceiving diode at the end of the alignment distance. The difference of the electrical signals of the
two diodes corresponds to the distance of the offset of the beam monitoring sensor. Therefore the
straightness measurement system consists of a laser interferometer with the special beam splitter,
a beam monitoring sensor and the receiver (Fig. 7).

Receiver

Beam Monitoring Sensor

Laser Beam
from the

Interferometer

Figure 7. Components of the LMS 200-System
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Usually the measurement range is ±500 pm over an alignment distance up to 20 m. After a special
adjustment in factory the alignment distance can be extended up to 40 m. The resolution is 1 ^m,
in fine measuring range of ±50 fim 0.1 //m. The accuracy is given by

u = 2 ]im + 10~6 • lF + 0.1 • \y\ (2)

where u : accuracy,

lp : distance between interferometer and beam monitoring sensor,

\y\ : absolut value of distance of the offset.

The accuracy depends on the refraction condition of the air the laser beams pass through. With the
LMS 200 system only one geometrical position can be measured either the vertical or the horizontal
position comparable to the system described previously.

3.3 Straightness Measurement using Autocollimator
An autocollimator is qualified to measure the changes in direction of a surface mirror with very
high accuracy. For straightness measurement using autocollimation a surface mirror is mounted in
a sliding carriage running in defined steps along the module. In each position of the sliding carriage
the vertical and the horizontal directions of the mirror axis will be measured by the autocollimator
(Fig. 8).

Autocollimation Mirror
mounted an the sliding Carriage Autocollimator

Measuring Object

Result
(Changes in Direction)

Analysis
(Straightness Deviations)

Figure 8. Straightness Measurement using Autocollimator

The changes in direction for each component in respect of the first mirror position multiplied by
the distance 6 of the supporting points of the sliding carriage will be accumulated. Therefore
the straightness curve of the module can be calculated. By the autocollimator technique in one
process horizontal and vertical straightness deviations will be measured simultaneously. This is an
important advantage compared to the two straightness measuring techniques described previously.
Furthermore there is no laser beam to interrupt and it is possible to put the sliding carriage out of
the field of vision of the autocollimator completely. When the changes in direction of the mirror are
measured with an accuracy of 0.5", the difference in position of neighbouring points (for example
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At DESY the autocollimator Elcomat 2000 of the factory Moller-Wedel in Wedel is used. This
electronic autocollimator has in the focal plane two CCD-line scan image sensors mounted perpen-
dicular to each other to detect the crosshair reflecting from the surface mirror automatically. The
measuring range is ±1000". With increasing distance between autocollimator und surface mirror
the measuring range will decrease. For a distance of 3 m the measuring range is now ±500" and
for a distance of 7.5 m the measuring range is only ±100". The accuracy of the Elcomat is between
0.15" and 0.50".

4 Straightness Measurement of Test Modules

4.1 Interferometer and Autocollimation Technique in Comparison
In 1994 the first prototyp of a module was made. For this module only 110 cups were soldered
together. Therefore the length of this module is 3.7 m. The module is mounted on a massive bench
of steel resting on four v-shaped supports (Fig. 9).

Figure 9. Test Module 3.7 m long mounted on a massive Bench of Steel

First the straightness of the module has to be measured using an interferometer. For this purpose
at the end of the module the mirror is fixed on the bench (Fig. 10). With micrometric screws it is
possible to align the mirror axis parallel to the axis of the module.
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set in under 45° to the line of gravity. A third screw at the end of the carriage above the module
axis defines the pitch motion. The roll is defined by an arm supporting on the surface of the bench.
Guide rails on both sides of the carriage define the yaw motion. By this it will be assumed that
the surface of each cup is well enough machined to the iris. Now one has only to move the carriage
from one cup to the other and to readout the straightness deviations on the measurement display
(Fig. 11).

Figure 11. Laser Head with Measurement Display and sliding Carriage with Wollaston Prism
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Figure 12. Vertical Straightness Deviations of the Test Module measured by Laserinterfer-
ometer

Fig. 12 shows straightness deviations of several measurements of the test module measured by
the long range system. The deviations of straightness are from -300 /xm to +400 /im. The
differences between the individual measurements are as a rule only a few microns. Therefore
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Only the roll motion of the carriage has to be fixed by an arm supporting on the surface of the
bench (Fig. 13).

A pin in the carriage defines the longitudinal position by the groove of each cup. Therefore it is
easy to set the sliding carriage on each cup one after another very quickly. The distance of the
screws setting in at the beginning and at the end of the carriage corresponds with the height of
the cups exactly. !

Figure 13. Sliding Carriage with Autocollimation Mirror

In 1994 the changes in directions of the mirror were measured by the electronic theodolite Kern E2
with an autocollimation accessory (Fig. 14) because the electronic autocollimator Elcomat 2000 was
not yet provided. Here the coincidence of the crosshairs had to be done manually. The registration
of the horizontal direction and the vertical angle were carried out automatically by a hendheld
computer. The measuring time is about 45 minutes.

Figure 14. Electronic Theodolite Kern E2 and Autocollimation Mirror

In Fig. 15 the results of several measurements of the test module measured by the autocollimation
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Figure 15. Vertical Straightness Deviations of the Test Module measured by Autocollimation
Technique using the Theodolite Kern E2

the autocollimation technique is suitable to obtain the required accuracy for the straightness control
of the modules. The advantages of the autocollimation technique were pointed out in section 3.3.
To increase the accuracy in the autocollimator technique it is planned to use two sliding carriages.
The distance b of the supporting screws of the first carriage corresponds with the height of the
cups. However by the second carriage the distance b is a multiple of the height of the cups (for
example the distance is four times of the height of the cups). Measurements carried out with the
second carriage will give more stability in overlapped ranges and redundancy in the observations.
A common adjustment of both measurements gives the position of each cup in respect to each
other.

4.2 Straightness Tests with the second Module
For the measurements described in the section before the module rested on four supports. This
gave rise to some problems. For example the module is so stiff that it does not rest on all four
supports symmetrically. At least one support had not any contact to the module. Therefore the
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module was forced, under pover, to all supports. Prior to that the supports were aligned by
an alignment telescope. To avoid these problems the next module should be supported only on
two supports, but then the calculated sag is too large to measure the straightness with the laser
systems and with the autocollimator Elcomat 2000. To reduce the sag of the module at least
three supports are chosen. With three supports the sag is calculated up to 100 fim. Immediately
after the soldering process was finished the module (154 cups, 5.1 m in length) rested on three
supports. The straightness measurements are carried out by the autocollimation technique using
the theodolite Kern E2. The results are printed out in Fig. 16. It is noticed that the module
has two systematic sag areas between the supports up to 2 mm. The real sag of the module is
essentially larger than the calculated.

In the next test to try to reduce the sag the number of supports was increased. Now the module
is resting on four supports. It is expected that the sag areas will be reduced permanently by the
self-weight of the module. After the module has rested on four supports more than one day the
straightness measurements are carried out by the theodolite Kern E2 and the autocollimator Elco-
mat 2000 (Fig. 17). With the autocollimator Elcomat 2000 the measuring time for one straightness
measmement is about 10 minutes. The results are shown in Fig. 18.

Figure 17. Autocollimator Elcomat 2000 in temporary Assembly
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module is very ductile after the soldering process. With time and under mechanical stress it will
get more stiffness. In the meantime the module is now hardened. The differences between both
measurements usually are only a few microns. The results of the autocollimation using theodolite
Kern E2 are in principle identical with the results measured iy the autocollimator Elcomat 2000.

In a further test the module is turned around its axis about 180° on the supports. Fig. 19 shows
the results measured twice by the Elcomat 2000. At first sight the form of the module is in corre-
spondence with the reciprocal curve of Fig. 18. The differences will be influenced by the force of
gravity which causes the sag. The difference between both measurements is as a rule smaller than
10 /xm. Only in the height there are systematic differences in the middle area of the module up to
35

Deviations in Microns
1500

-1000

-1500
20 40 60 80 100

Number of Cup

120 140

Figure 19. Straightness of the second Test Module turned around its Axis

4.3 Intensity and Autocollimation Techniques in Comparison
In October 1995 the third test module has to be controlled. It has a length of 5.1 m and consists
of 154 cups as before. At first straightness measurements are carried out by the autocollimation
technique using the theodolite Kern E2. The results of the measurements are shown in Fig. 20.
The autocollimator Elcomat 2000 can not be used because for this modul the changes in direction
are outside of the measuring range of the Elcomat.

Deviations in Microns
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To carry out horizontal straightness measurements by the LMS 200-System (see section 3.2; Fig. 21)
the laser head is situated in the height of the axis of the module at the beginning of the module
and the receiver at the other end. The laser beam is aligned as well as possible parallel to the axis
of the module. The beam monitoring sensor is movable on a little table which in turn is movable
on the bench. At one side of the sensor two pins are mounted. The sensor will be moved by hand
untill the two pins are in contact with the cups of the module. The pin in the middle of the sensor
defines the offset and the other the yaw motion of the sensor (Fig. 22).

Figure 21. Components of the LMS 200-System

Figure 22. Beam Monitoring Sensor in Contact with the Module

Deviations in Microns
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The results of four measurements carried out by the LMS 200-System are shown in Fig. 23. The
differences between the single rows are as a rule smaller than 15 fxm. In Fig. 24 the means of the
four LMS 200-measurements and of both measurements carried out by the theodolite Kern E2 are
plotted out. The deviations between both curves usually are smaller than 15 //m. Only half a
dozen of cups show differences up to 150 //m. Probable in those cases the cross sections are not
exactly a circle, so it is possible that both measuring techniques show different results.
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Figure 24. Autocollimation Technique and LMS 200-System in Comparison

The measuring time is about 25 minutes. Notice that only the horizontal and not the vertical
deviations of straightness are obtained simultaneously and that the registration of the measured
values will be done yet manually. Later a computer will be used to register the measured values.
This LMS 200-System is suitable to obtain the required accuracy for the straightness control of
the modules.

5 Conclusion
Summarized, three techniques are discussed to control the straightness of the modules. All tech-
niques are able to obtain the required accuracy better than 30 fim about the length of a module
of 6 m. Straightness measurements using laser interferometer and the intensity of two laser beams
are able to measure only one position either the horizontal or the vertical one. Only straightness
measurements using the autocollimation technique give by one measurement horizontal and verti-
cal deviations simultaneously. The measuring time using an automatic autocollimator for example
Elcomat 2000 is the shortest one of all tested techniques and for the user the process is more
convenient than the other techniques. Therefore the final straightness control of the modules will
be carried out by the autocollimation technique.

The straightness deviations of all tested modules are out of the allowable tolerances. Therefore
a device is under construction to align the modules. The mobile device has two adjustable arms
which can be fixed to the module at any position. Between both arms an adjustable plunger is able
to press against the module. The plunger deforms the module in reference to the arm positions in a
definable manner. Before the device can be used the straightness of the module has to be measured
by autocollimation technique by Elcomat 2000. According to the graphics showing the si • aightness
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ALIGNMENT OF THE ATF BEAM TRANSPORT LINE
(Alignment with Laser Tracker (SMART) for ATF Damping Ring)

S. Araki, J. Urakaiva, Y. Takeuchi, Y. Funahashi

KEK, National Laboratory for High Energy Physics

oho, Tsukuba-shi, Ibaraki-ken 305, Japan

Y. Kanazawa, T. Matsui

ATC Co., Ltd., Namiki-cyo, Hachioji-shi Tokyo 193, Japan

l.Introduction

An Accelerator Test Facility(ATF) is under construction at KEK[1]. The ATF
has been designed to test the feasibility of the accelerator sub-systems and to confirm
the specification of the total accelerator system for JLC(Japan Linear Collider). The
JLC is a future project and an electron-positron collider for the energy frontier
physics in TeV reg ions / I ] . The ATF consists of a 1.54 GeV S-band Linac, a Beam
Transport, a Damping Ring, a Beam Test Area, a Test Station for Positron
Production and a Computer Control System. Fig. 1 shows the layout of the ATF. The
1.54 GeV damping ring is the main accelerator system of the ATF. The goal of the
system is to achieve the vertical normalized emittance less than 3.0x10-8 rad m with
high intensity multi-bunch beam[5]. In order to get this performance, we need an
active alignment system[6] and a precise alignment technique which is described in
this report.

The beam transport line from the linac to the damping-ring was constructed
in this autumn, and we tested the precise alignment technique there using Laser
Tracker System (SMART) as R&D of the damping ring alignment. The alignment
tolerances of magnets for the damping ring were obtained by beam tracking
simulation (SAD) as follows:

1) Horizontal a = 60 [im.
2) Vertical a = 50 \im
3) Rotational c7 = 0.2mrad

Then, the target accuracy of the alignment was set to a = 30 um. We tried to align 8
quads in a straight section using SMART. We chose the straight section because we
can use Micro-Alignment Telescope to check the results.

2.Alignment Method
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2.2 Adjustment for magnet position
he quads are fixed on the support table with adjusting mechanism. It consists

of three screws for tilt and height, and six micrometer heads for positioning in a
horizontal plane, (see Fig. 2)

2.3 Alignment
Fig. 3 shows layout of the beam transport line. The length of the straight

section that we used for the precise alignment is about 7 m. SMART was set at
position A. We put Cat's-eye on the quads and they are aligned with SMART. First,
we measured the position of three magnets c, d and e. Then we defined the straight
line with two points of d and e. Other 6 magnets were aligned along this reference
line.We again measured their positions by SMART.

Micro-Alignment
Telescope

Beam Dump

Fig.2: Support table for Quad
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3.Measurement

3.1 Measurement results
Fig. 4 shows the position of eight quads measured by SMART. Horizontal axis

shows magnets position along the straight line. Vertical axis shows the deviation
from the reference line in the horizontal and vertical direction. Measurement
values are shown by cross points. Circles show average of 5 measurements. Bar are
statistical errors.
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Fig. 4: The positions of 8 quadrupole magnets.The positions were measured 5 times by SMART.

3.2 Dependence on setting position of SMART
We changed the setting position of SMART and measured 8 quads positions 5

times. Fig. 5 shows the results. These position measurements were consistent
within systematic error.
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3.3 Comparison with other measurement
To confirm the measurement accuracy of SMART/ we also measured the

positions of 8 quads using Micro-Alignment Telescope (MAT) which was set at B
(see Fig. 3). Fig. 6 is the result of MAT measurement. You can find good agreement
with the results of SMART.
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Fig. 6: Micro-Alignment Telescope (MAT) measurements

4. Realignment

In order to improve the alignment accuracy of 8 quads, we realigned 3 quads
based on results of Fig. 5 and measured again. Fig. 7 shows the measurement of
SMART after realignment. All magnets were aligned within 35 (xm. Fig. 8 shows
results of MAT measurements. Both measurements agree very well.
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Fig. 8: After realignment (MAT)

5. Summary

Eight quadrupole magnets were aligned within +/- 35 (im (Full Width)
accuracy which satisfies the requirement of the alignment for the ATF Damping
Ring. We showed that measurement of SMART was consistent with that of MAT.
Since SMART can be applied in arc section in the alignment of the ATF Damping
Ring and SMART is much easier to use than MAT, we will align all magnets in the
arc sections using SMART until mid. of 1996.
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