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ABSTRACT

At the beginning of the alignment of the TRISTAN
MR magnets, the provisional positions which are the
bases to align the magnets, are marked on the floor of
the tunnel. The relative distances between these pro-
visional monuments are surveyed. Using the computer,
the relative displacement is transformed to the radial
and angular displacements of each monuments. Using
these radial and angular correction values, the align-
ment is achieved. The procedures of the calculations
to obtain the correction values and an example of the
simulation are presented.

INTRODUCTION

For the TRISTAN MR magnets, the reference points
(monuments) for the magnet alignment, which are deter-
mined from the geodetic survey, are marked on the floor
of the tunnel. In order to correct these monuments to
the desirable positions horizontally, about 400 monu-
ments are selected out of 670 monuments in the TRISTAN
MR, and at representative monuments two distances are
measured. One is the distance between the adjacent
monuments, and the other is the perpendicular to the
straight line between the next nearest neighbor monu-
ments. Making use of the difference between the theo-
retical value and measurement, the radial and angular
displacements (correction wvalues) in the horizontal
plane are calculated for each monument. Thus, each
monument can be corrected, and the magnets are aligned
based on the corrected monuments. As a target is
attached precisely- on each magnet, the final magnet
positions are determined by the alignment using the
target, applying the same method as the monument.

The calculation of the displacements treats 800 x
800 matrix and requires the large computer memories,
because the total number of monuments or targets is
about 400. Therefore, some expedients are required to
save the memory of the computer in the actual calcula-
tion.

EXPRESSION OF THE CORRECTION VALUES

As seen from Fig. 1, at the monument M,,the short
chord S, (distance between the nearest neighbor monu-
ments) and perpendicular P, to the straight line be-
tween the next mnearest néighbor monuments yl 1 and

+1° are expressed with R and @ as follows!’?
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- In Egqs. (1) and (2), if perpendicular P, and short
chord S, have errors p, and s, respectively, these
errors are transformed to the radial and angular dis-
placements r, and 6, of the i-th monument. Therefore,
the error p; and s, are described by the linearized
observatlonai equation as follows:
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or in the matrix form.
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Solving Eq. (5), the correction
are obtained for all monuments.

where the coefficients a, b,
from Eqs. (1) and (2).
values r, and ei

M; monument for
i-th magnet

P; perpendicular
short chord

R OMi
®; ./.M].OMi+1

Perpendicular and short
chord of each monument.

Fig. 1

PROCEDURE OF THE ACTUAL COMPUTATION
Eq. (5) is simplified as follows:
AX=y (6)

where A is the 2N x 2N coefficients matrix, and
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To obtain the least squares solutlon x, Eq. (6) trans-
forms to
Hx =12 )
_ AT ¥ . -)_T >
where H = A"« A (2N x 2N matrix) and z = AT « y (2N
vector).

In the TRISTAN MR, the total number of the re-
presentative monuments is 396 points, so in Eq. (6) or
(7) A or His 792 x 792 square matrix, and has 627264



elements. Therefore, in the actual computation it re-
quires some techniques to save the memory of the com-
puter. Namely, as the matrix A has only 5 nonzero ele-
ments per column, it is reduced to 5 x 792 matrix. The
other side, the matrix H is symmetric, because of H =
AT x A, therefore the upper triangular elements of H
are sufficient in the form of one dimensional array,
and total elements of matrix H is 314028 in calcula-
tion. By the above mentioned technique,the number of
elements stored in the computer is less than 26 7% of
the total elements of A and H.

In Eq. (7), since the matrix H has 3 degrees of
freedom, the order of H must be reduced by 3. As the
matrix H is symmetric, the modified Cholesky's method
can be used. Consequently Eq. (7) transforms to the
equation containing the coefficients of the upper
triangular matrix as follows:
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Thus from the backward substitution of the Gauss's
method, the solution r, and 6, are obtained as the
radial and angular displacements of the i-th monument.
To remove the unnecessary components in the cor-
rection values (r, and 6,), by the parallel and rota-
tional transformations of the coordinates and the re-
duction of the harmonic components, the final correc-
tion values are obtained from the following processes.

Parallel transformation

The amounts of the parallel transformation (AX for
X-direction and AY for Y-direction) are given by the
average of the displacement for all monuments. That
is,
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where (X,, Y,) is the theoretical coordinates of i-th
monument} and the angle is measured from Y-axis. After
the parallel transformation of the coordinates, the
correction values of each monument are obtained using
the relation shown in Fig. 2 as follows:
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Rotational transformation

The rotation angle A¢ is given by the average
of the angular correction values of all monuments as
follows:
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After the rotation of the coordinates, the correction
values are described as follows.

(radial)
The relation of the radial direction for each monument
does not change by rotation, therefore

'l= 1
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(angular)
The angular displacement is reduced by Ad, thus

e'i' = 9; - A . (14)

Now the correction values are r; and 6; (i=1,2,——N).

(radial) (angular)
Ti theoretical monument before transformstion
T% theoretical monument after transformation
M. measured monument

i
X,Y coordinates before transformation

X',Y' coordinates after transformation

Fig. 2 Correction values after
parallel transformation.

Reduction of harmonic components

There are introduced the irrational harmonic com-—
ponents in the correction values due to the measure-
ment errors. To reduce these components the Fourier
analysis is applied to both correction values r, and 6,
independently. The harmonic components are obta@ined as
follows:

the k-th component of the radial correction values is
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with the circumference c of the TRISTAN main ring, and
k=1,2,3,-—-.

The low order harmonics usually have the large
amplitude and a little effect to the particle motion in
the accelerator even if the low order harmonic devia-
tions are really exist, so they are eliminated mathe-



matically without giving serious effects to the machine
performance. An example of this kind is given below.

EXAMPLE OF SIMULATION

In order to estimate the accuracy of the horizon-
tal alignment, an example of simulation is presented.

Random data are given to the correction values r,
and 0,. Using these dummy data r, and 6., p. and s, o
each monument are calculated, which are considered to
be deviations from the theoretical value. Further to
reproduce the actual alignment, the measurement errors
of P, and S, are reflected in the dummy data p, and s,
as follows: + b
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where Ap. and As, are the measurement errors and p} - and

The results of the simulation under the following
conditions are shown in Fig. 3 and 4.

1) standard deviation of dummy data

o= 3 mm for T
6, =6 x 10 3 mrad for 6,
0 i
6 =3.97mm for p,

P i
6 = 4,16 mm for s,

s i

2) standard deviation of measurement error

6 or o = 0.1 mm for Ap, and As,
P s i i

Fig. 3 shows measurement errors Ap, and As,, and
Fig. 4 shows the radial and azimuthal error displace-
ments of the horizontal alignment. The result of the
simulation shows that the error of the horizontal
alignment is 1.1 mm rms.
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Fig. 3 Measurement errors.
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Fig. 4 Error displacements.
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