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SURVEY AND ALIGNMENT FOR A 20-TeV ON 20-TeV COLLIDER*

E.R. Close, D.R. Douglas, and R.C. Sah
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

Summary

The effects of magnet misaligmnments in a 20-TeV
on 20-TeV Pp collider are simulated numerically.
Both short-range and long-range alignment errors are

" considered for an example lattice design, and closed-

orbit errors are simulated. Finally, closed orbit
corrections wusing a “least-squares" scheme are
performed. Automatic surveying methods are attrac-
tive for a multi-TeV collider, because- of the large
accelerator circumference, the large number of mag-
nets, and the small tunnel cross section.
specific example of an autamatic surveying scheme
based upon an Inertial Navigation System is dis-
cussed, and the most important sources of error are
described.

Lattice

The storage ring lattice considered in this
study is a pp version (i.e., a single-ring version)
of a 20-TeV on 20-TeV collider, sometimes referred
to as the Superconducting Super Collider (SSC). A
two-ring, proton-proton version of this lattice is
being described at this conference.l Some impor-
tant parameters of this lattice are given Table 1.
The beta functions in both planes range approxi-
mately from 2 m to 1700 m in the straight sections,
and from 90'm to 275 m in the arcs.

Table 1. Collider Parameters

Max. Energy of Each Beam 20 TeV
Circunference 78.144 km
Number of Superperiods 6

The -

Numerical Simulations

The purpose of this calculation is to simulate
numerically the consequences of surveying and align-
ment errors on the closed orbit of the stored beam.
The surveying errors are first simulated in some de-
tail in order to produce realistic, correlated
alignment errors for quadrupole magnets. It is, of
course, the transverse offset errors of quadrupole
magnets which produce the bulk of the closed orbit
errors. After the closed orbit errors have been
calculated, the measurement and the correction of
the closed orbit are simulated. The final result
consists of the residual closed orbit errors after
correction.

The computer program ALIGN used in this calcu-
lation was originally developed for performing simi-
lar calculations concerning PEP.2,3 Table 2 sum-"
marizes the survey and alignment errors which were
used in these simulations. Generally, these assump-
tions are intended to be optimistic: it may be dif-
ficult to keep these errors so small.

Survey Monument Errors (Horizontal Plane)

The overall scheme of survey and alignment as-
sumed here for the SSC closely follows the one which
was used successfully for PEP.d First, a surface
survey locates twelve primary monuments, one placed
at each end of every long straight section. The
purpose of these monuments is to determine the over-
all shape of the storage ring, and the surface sur-
vey takes place over long distances (on the order of
ten kilometers). Only the radial errors of monu-
ments are considered here, since they contribute
more to the closed orbit errors than do the azimu-

Number of Quads per Straight 28 thal errors. Figure 1 shows the nature of the
Number of Quads per Arc 147 errors simulated by ALIGN. For simplicity, we con-
Total Number of Quads 1050 sider a series of four primary monuments (labelled
Total Number of Bend Magnets 5184 A, B, C, and D} which are to be placed accurately in
Bend Field at 20 TeV 8.307 T the pattern shown. If we assume that monuments A
Vertical Tune 82.39 and B have been placed satisfactorily, then monument
Horizontal Tune 88.40 C should be located at a distance L from monument B
Table 2. Survey and Alignment Errors Assumed
Sources of Number of *p0 Characteristic Distance Transverse Error (mm)

Errors - £ lements (rad) L (m) +3 = 2L (ae8)

Horizontal Plane

Primary Monuments 12 £2 x 1070 ~6500 ~13

Secondary Monuments 432 ~£5.6 x 10'6 160 0.9

Individual Quads 1050 ~£2.5 x 1070 ~80 0.2

Vertical Plane

Individual Quads 1050 ~+2.5 x 10-6 ~80 #0.2

*This work was supported by the Director, Office of Energy Research, Office of High Energy and Nuclear Phy-
sics, High Energy Physics Division, U. S. Dept. of Energy, under Contract No. DE-AC03-76SF00098.



and at a specific angle shown by the dotted line.
If the radial position of monument C is not located
with perfect accuracy, however, the angle will have
an error #ae, such that the radial error of monument
C is #a = = L (ae). Similarly, the locations of
monunents B and C are used to locate monument OD.
Note that these errors accumulate, in the sense that
the error in locating monument D depends on the ac-
curacy with which monument C has been placed. Since
the twelve primary monuments are Jlocated on a cir-
cle, closure is used to ensure that in these simula-
tions the first and last primary monuments are lo-
cated consistently.

The storage ring magnets in the arcs cannot be
located relative to the primary monuments, so a net-
work of 432 secondary monuments is placed in the
tunnel and is surveyed relative to the primary monu-
ments. The secondary monuments are placed suffi-
ciently closely so that a clear line of sight is
available between neighboring secondary monuments.
The curvature of the storage ring produces a sagitta
of 23 cm in a portion of the ring located between
two adjacent secondary monuments. The surveying
errors of secondary monuments accumulate in the same
manner as for primary monuments (shown in Figure
1). However, the closure constraint is different in
that the first and last secondary monuments in an
arc are located relative to the appropriate primary
monuments. No secondary monuments are located in
the straight sections, so that the alignment errors
in the straights are underestimated. However, this
is probably a reasonable model, since it is likely
that special efforts will be made in magnet align-
ment and orbit corrections in the straights, where
there are large values of the beta functions.

The long-range magnet misalignments in the ho-
rizontal plane are attributable to the errors in lo-
cating survey monuments. However, in the vertical

plane we assume that there are no significant Jong-

range surveying errors, because a liquid level sys-
tem® such as that used at PEP can provide highly
accurate elevation references at every survey monu-
ment.

Table 3. Results

Magnet Alignment Errors

The individual storage ring elements are loca-
ted horizontally relative to a line-of-sight estab-
lished between the nearest survey monuments. Verti-
cally, they are located relative to elevation refer-
ence points provided by the liquid level system.
Again, the most important -alignment errors (in terms
of producing orbit errors) are the transverse align-
ment errors of quadrupole magnets. An offset quad-
rupole magnet deflects the particle beam, because it
produces a spurious dipole field at the design orbit.

Closed Orbit Errors

The quadrupole magnet offsets simulated by
ALIGN, along with the betatron functions and the be-
tatron phase advances of the ideal lattice, are used
to calculate the closed orbit errors in the SSC.

Simulations of Orbit Correction

The measurement of closed orbit errors is si-
mulated in ALIGN by specifying the locations of 336
beam position monitors. The beam position is mea-
sured at each monitor with a random measurement
error (one standard deviation = 0.5 mm). Then, the
information from the position monitors is utilized
by a _"least-squares" orbit-correction subroutine
MIKADO® to calculate the strengths of correction
dipole magnets. In these calculations, 336 correc-
tion dipoles were assumed, and the computer program
selected the most effective 25 or 50 correctors from
the ones available. There are six monitors and six
correctors in each straight section, and the rest
are distributed throughout the arcs.

Ensembles of Rings

Since the numerical simulations described here
are subject to statistical errors arising from the
selection of random numbers, the results reported
here all refer to averages over ensembles of 5 possi-
ble storage rings generated by the computer program.

of Simulations

Closed Orbit Errors (mm)

Sources of Number of Ring Straights Arc Arc (max)
Run Number Errors Included Correctors Used (RMS) {max) (max) a
Horizontal Plane
1 Primary Monuments 25 Uncorr. 50.19 453.34 23.69 1.8
Corrected 28.28 256.67 19.45
2 Secondary Monuments 25 Uncorr. 125.78 867.06 75.02 83.4
Corrected 64.67 689.75 99.80
3 Individual Quads 25 Uncorr. 10.04 48.46 24.31 121.6
Corrected 1.16 7.52 ) 3.83
4 All the Above 25 Uncorr. 133.47 974.55 85.97
Corrected 64.38 703.47 80.13
5 All the Above 50 Uncorr. 133.47 974.55 85.97
: Corrected 42.28 376.04 128.35
Vertical Plane
6 Individual Quads 25 Uncorr. 13.53 62.30 27.41 137.1

Corrected 1.27 7.46 4.07
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Results of Simulations

Table 3 summarizes the results of these simu-
lations. The rows in the table give the results of
the different simulation runs, Runs 1 through §
concern the horizontal plane, and Run 6 is a verti-
cal plane calculation. The column labelled "Number
of Correctors Used" gives the number of dipole
steering mangets selected from the 336 available.
The next three columns give the closed orbit errors
before and after orbit correction. The first of
these gives the RMS orbit errors all around the
ring, and the next two give the maximum orbit errors
observed in the straights and the arcs. The last
column provides multiplication factors relating the
maximum uncorrected orbit error in the arcs to the
size of the alignment errors which produced the or-
bit. These factors are useful for evaluating dif-
ferent assumptions about alignment accuracies, since
the uncorrected orbit errors are proportional to the
alignment errors. The denominator “a* is the trans-
verse error defined in Figure 1 and listed in
Table 2.

Runs 3 and 6 show that the misalignment of in-
dividual quadrupole magnets produces maximum closed
orbit errors of around 25 mm in the arcs. [t is
quite encouraging that these errors can be corrected
to about 4 mm, in both planes. The orbit errors are
about twice as large in the straight sections, but
special steering can be provided in the straights to
solve this problem.

Runs 1 and 2, however, indicate that monument
surveying errors can lead to horizontal orbit errors
of about 80 mm in the arcs. These errors are not
readily corrected. The orbit correction program was
able to make only modest improvements. I[n fact, in
Run 2 the orbit was improved in the straights only
at the expense of worsening them in the arcs.

All types of horizontal magnet alignment er-
rors are included in Runs 4 and 5. Run 5 shows that
the use of more correctors generally improves the
orbit correction, but only at the cost of larger or-
bit errors in the arcs.

It is clear that the closed orbit errors en-
countered in this simulation are unacceptable in
terms of what can be accommodated by magnet aperture
allowances. This statement applies especially to
the rather uncorrectable orbit errors due to monu-
ment surveying errors. Of course, the specific nu-
merical predictions of this calculation depend on
the details of the physical model and the correction
scheme. Nevertheless, the primary conclusion of
this paper is that a closed orbit correction scheme
which is widely and successfully used today appears
inadequate for the SSC. It is likely that providing
closed orbit allowances in the magnet apertures and
inventing better schemes for closed orbit correc-
tions will both be required in order to arrive at a
consistent design for the SSC.

[f the SSC were perfectly aligned, or if the
misalignments were perfectly campensated, then there
would be no closed orbit errors. Therefore, it is
plausible that same solution exists. An important
task will be to demonstrate, presumably with simula-
tions, that same scheme will actually work. Only
then will we know that small-aperture magnets will
be usable in spite of alignment errors, magnetic
field errors, and beam measurment errors.

Possible future extensions of these simula-
tions include looking at beam emittances and x-y
coupling, adding the effects of magnetic field

errors, and combining these orbit calculations with
bean-beam simulations.

Automatic Survey and Alignment

Because of the large number of individual sto-
rage ring elements, the bulk of the survey and
alignment task for a large accelerator consists of
surveying and aligning individual elements relative
to nearby monuments and to liquid-level reference
elevations. This task can be divided into the five
following sub-tasks.

1. Set up surveying instruments.

2. Adjust instruments to take readings.
3. Record data.

4. Analyze data.

5. Re-align magnets and other elements.

Traditionally, all five sub-tasks have been per-
formed manually. More recently, some sub-tasks have
been automated through the development of new in-
struments, such as at PEP (sub-tasks 3 and 4) and at
the SPS (sub-tasks 2 and 4). It is clear that for a
huge project such as the SSC, it would be a substan-
tial advantage to automate all five sub-tasks. Sub-
tasks 2, 3, and 4 can be automated readily. Subtask
5, the re-alignment of elements, might be accom-
plished by means of some type of robot. Sub-task 1,
the setting up of surveying instruments, may be the
most difficult to automate.

Two approaches to automating the setting up of
surveying instruments came to mind. One way is to
install permanently around the ring a series of sur-
veying instruments, each of which is to survey a
small portion of the storage ring. Although this
approach has advantages, the cost of a large number
of precision surveying instruments may well be pro-
hibitive. A second approach is to consider one mo-
bile surveying system which surveys elaments as it
moves around the ring. If this mobile system can
keep track of its own position as it moves between
survey monuments, the surveying task might be
greatly simplified. The type of instrument which is
required for an isolated vehicle to keep track of
its own position is an [nertial Navigation System.

Inertial Navigation System

An [nertial Navigation System (INS) was consi-
dered but_not selected for the surveying of PEP beam
elements.”’»8  Similar considerations apply to the
use of an INS for a multi-Tev collider.

The basic idea is to mount an INS and an “opti-
cal tracker* on a vehicle. As the vehicle passes
through the tunnel, the optical tracker measures the
locations of LED targets mounted on each accelerator
magnet. The INS itself consists of an [nertial Mea-
surement Unit (a set of accelerameters mounted on a
gyro-stabilized platform), a clock, and a computer;
and the task of the INS is to keep track of the lo-
cation of the vehicle as it moves along.

If we assume that the INS can re-establish its
pasition at each survey monument, then the task of
the INS is to keep track of position during the time
it takes for the vehicle to move fram one monument



to the next. A vehicle speed of 1 m/s, for example,
implies that 150 seconds would be required to tra-
verse this distance.

An INS can suffer from a large number of errors
including initial orientation error, acceleraneter
scale error, accelerameter bias error, accelerometer
arift, high-frequency accelerometer noise, and gyro-
scope drift.
but accelerameter bias is particularly serious. Let

us make the optimistic assumption that accelgranet r’

bias can be kept to less than 29 x 10- m/s<.
Then the time for the position uncertainty to grow
to 1 mm is

/ 2{ 001!
t 2 J = 15 seconds .
9 x 10

In 150 seconds, the uncertainty would grow to
*100 mm, so clearly the accelerameter bias can be a
fatal source of error.

The only method to reduce the position uncer-
tainty is to provide the INS with additional infor
mation on acceleration or velocity, since position
information is available only at the survey monu-
ments. Possibly the most promising approach is to
provide additional velocity “updates“ by stopping
the vehicle periodically to measure “zero velacity*®,
or by measuring the position of a fixed target
several times. In any case, the apparent inability
of an INS to keep track of position all by itself
means that it is necessary to study errors, calibra-
tions, and updates in great detail in order to de-
monstrate the feasibility of using an Inertial Navi-
gation System for surveying storage ring elements,
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