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Abstract Taking the horizontal orbit as an example, the equation is
written as

Smoothing analysis is an effective method to save the 1 0B

manpower and working period occupied by the alignment Xeo ' +K(S)Xco :_ﬁa_sz (1)

of magnets in circular accelerators. Now it has been us*ﬁ . . p

in a few accelerators [1,2] with different smoothing! '€ solution of eq. (1) is

methods. This paper is aimed at the basic discussion \/m c

about it and under what condition it is effective. Axe(s)=—"—"—[>"[B(1) f (t)cosa(t) ~¢(s) -mQ)dt  (2)

program named FIT is written by using Fourier series 2sin(Q)

fitting to find the smooth curve and as an example, thﬁheref:—LaBZAx

results of Beijing Electron-Positron Collider (BEPC) (Bp) ax

horizontal alignments in 1991 and 1993 are dealt with. o .
If the distribution of positional errors of quadrupoles

1. INTRODUCTION hgs_ a smooth tendency, the po§|t|on error then can be
. _divided into two parts. The first parf\x, is the

In order to save the manpower and the working periQglsplacement of a quadrupole from the smooth curve, the

occupied in the process of magnet alignment, it i$econg pariax, is the difference between the smooth

especially for large accelerators, essential to do Sqrg]ﬁrve and the design orbit. The whole positional error is
simulations before the adjustments to decide whic

magnets and how many to move. The final maximum and AX = DAXg + DXo 3)
rms closed orbits in reference to the design orbit should .
be accepted. As a sequence, the closed orkji can also be

In many magnet alignments, it is often found that thivided into two parts. One paxt,, is the closed orbit of
distribution of all the magnets’ positional errors has 4X in reference to the smooth curve, the secods the
smooth tendency along the design orbit, they seems to ¢glesed orbit ofAx, in reference to the design orbit, that is,
‘aligned’ to a smooth curve which is slightly displaced

from the design orbit. It is mainly caused by systematic Xco ™ Xco1 Xco2 )
errors, such as the movements of the ground. In generalg if4 they satisfy

the smooth curve is smooth enough and close enough to

the design orbit, all the magnets could be aligned to the Xco1t K(S) Xco1= T1(8) (5)

smooth curve. The method is called smoothing analysis of

magnets’ positional errors. It can largely reduce the Xco2 T K(8) Xco2 = f2(9) (6)

number of the magnets to be adjusted and the maximum
and rms closed orbits.

Different smoothing methods have been used in so
accelerators. The major difference among them is wh

It can be seen from eq. (5) that in order to get small
e all the magnets should be close enough to the smooth
jrve, that is, the rms displacement of the quadrupoles

method is used to find the smooth curve. The results QP the smooth curve should be small. The number of
rguadrupoles to be adjusted is decided by the rms

different smoothing methods are slightly different, too. |
dfgplacement.

this paper, a basic discussion of the smoothing analysis .
presented, and Fourier series fitting is adopted to find the On the other hand, in order to get small, the
ooth curve should be smooth enough and close enough

smooth curve. The results are read by the computer cade & desian orbit. as shown in e (6). After adjustments
MAD [3] to simulate the maximum and rms closed orbit. S19 ’ 9. {9). . '
the maximum and rms closed orbit in reference to the

5 DISCUSSION OF SMOOTHING ANALYSIS design orbit are mainly decided by the smooth curve.

Among the positional errors of magnets, the horizontal 3. SMOOTHING ANALYSIS BY USING
and vertical positional errors of quadrupoles and the FOURIER SERIES FITTING

rotation errors of dipoles are the major sources of the thi Fouri ies fitti f boints with |
closed orbit distortion. For the convenience of discussio IS paper, Fourier series fitting of ponts with equa

only the positional errors of quadrupoles are considerér{ferval is used for smoothing analysis. The method is
here. If a quadrupole has a horizontal or verticdi'0S€N just because the given curve by using Fourier

positional error,Ax or Az, there will be an additional series fit;ing_ is Idistinctly smooth and periodic and the
dipole field which will cause the closed orbit distortion P09ram 1S simpie.



If 2N points are given, the intervals between any two  Figures 1 and Fig. 2 show the smooth analyses of
close points are equal, such as, the measurements in 1991 and 1993 With. It can be
orr seen from the figures that the distribution of the positional

Xp=—oP=012...(2N-1) (7 errors in 1993 is indeed smooth along the ring. But that in
N 1991 is not smooth enough, and its rms displacement of
The values o, are the quadrupoles from the smooth curve is big.
YpP= 012,.....(2N -1 (8) )
Those data can fitted bigx) as g L5 ]
T
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Since the intervals of any two close magnets are £ é ’Qﬁ U |
usually unequal, so before performing Fourier series & A
fitting, it is essential to interpolate N21) points equal in g 2
interval. In the process, the periodicity of accelerator ring =~ 2.5 B

or the positional errors of quadrupoles should be satisfiec
There are 68 quadrupoles along the BEPC ring, so th

-3

Distance (m)

number of interpolated points is selected to be 68 in orde.

to represent fully the positional errors of magnets and not

to induce other errors.
After having the coefficients of all orderx) can
be replaced by the sum of the former sefriég as

Fig. 2 The results of 1993 measurement

Table 1 and Table 2 give some information about

the raw data and their closed orbits calculated by MAD

code. The closed orbits are in reference to the design orbit.

a, L
—+ 5 (axcosx+pysinx)
2 2

f'(x) = (11)

Table 1 Information about the raw data in 1991

wheref’(x) is defined as a smoothing curdg,is cutoff

order.

Then by comparing the positional errors of all the
guadrupoles with the smooth curve, which quadrupoles

and how many to be moved are determined. In genera

only those magnets whose displacements from the smoo

The maximum positional erranm 1.633
The rms positional erram{m) 0.674
The maximum closed orbit{m) 16.680
, The rms closed orbitfm) 4.535

ﬂ Number of quadrupoles be adjusted 62 (92

0)

curve are higger than the tolerarst®uld be adjusted.

4. PROGRAM AND EXAMPLES

Table 2 Information about the raw data in 1993

The main program to perform the smoothing analysis ig

FIT. When the cutoff order is given, it will give a report
on which magnets and how many to be adjusted. Th

code MAD can read its results directly to calculate the

closed orbit.

As an example, we use these programs to deal wit

the horizontal positional errors of BEPC in 1991 and 1993, Number of quadrupoles be adjustetl

The maximum positional erromim) 2.590

| The rms positional error(m 0.973

The maximum closed orbit(m 17.859

The rms closed orbitr{m) 6.458
68(100

/o)




Table 3 and Table 4 give the results of analyses of From Table 5 and Table 6, it can be seen that the

different cutting orders. Herd represents the number of closed orbitx

induced by the smooth curve in 1993 is

co,2

qguadrupoles to be adjustedms and rms, the rms bigger than that in 1991 because the amplitude of the
displacement of the quadrupoles from the smooth curgeooth curve in 1993 is bigger than that in 1991. So in
before and after adjustments, respectively.

Table 3 Results of smoothing analysis for 1991

m m
K N (mr%) (10° r?m)
0 56 0.674 253
2 42 0.447 7.60
4 34 0.355 8.42
6 35 0.353 8.80
8 31 0.342 9.61
10 32 0.339 8.52

Table 4 Result of smoothing analysis for 1993

rm rm
K N (mn) (10 mn)
0 55 0.830 5.072
2 35 0.366 7.065
4 34 0.292 8.358
6 25 0.241 8.815
8 24 0.220 8.581
10 13 0.148 9.920

From Table 3 and Table 4,

rms of 1991 changes a little with the rise §f so the
number of quadrupoles to be adjusted can not be reduced
largely. Bigrms will affect the number of quadrupoles to[1] J.G. Yoon and S.C. Lee, “Smooth Analysis of Storage Ring

be adjusted and the closed orhjtbefore the adjustments
is large. After adjustmentsns, is less than 0.inm

order to get smalk,,, the smooth curve should be close
enough to the design orbit. The closed omyjt after
adjustments is mainly decided by, ,after adjustments.

As for how to choose the cutoff order, it is a process
of compromise. K is chosen larger, the smooth curve is
closer to the raw data, the numbé¢ris smaller, butx_,
increases, so the closed orbit after adjustments is bigger.
In contrary, ifK is chosen smaller, the numbgrwill be
larger, so it can not save much manpower and working
period. It should be noticed that not for all the results of

alignments in accelerators, smoothing analysis is effective.

5. CONCLUSION

If the smooth curve is smooth enough and close enough to
the design orbit and the rms displacement of the

quadrupoles from the smooth curve is small, smoothing

analysis will be effective to reduce largely the number of

the quadrupoles to be adjusted, while the closed orbit
distortion is also reduced. The number of the quadrupoles
to be adjusted is decided by the rms displacement of
quadrupoles from the smooth orbit. After adjustments, the
maximum and rms closed orbit in reference to the design
orbit are mainly decided by the smooth curve.

it can be seen that the
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