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SSC CLOSED-ORBIT CORRECTION 
erai.g Moore (FNAL). Thornton Murphy (FNAL). James Norem (ANL). and Michael Zisman (LBL) 

I. .Introduction 

Because of its large size (-100 km circumference). 
survey. ali gnment, and closed-orbit correct i on of the 
sse will be challenging tasks. For example. the fact 
that the accelerator wi 11 have as small a magnet 
aperture as practicable means that the closed-orbit 
corrections must be very ~recise. A prel iminary 
estimate. however. suggested that the closed-orbit 
errors may be quite large and difficult to correct 
properly. In this paper we will attempt to estimate 
the expected magnitude of closed-orbit errors in the 
sse, and the corrector strength~ required to compensate 
for them. A separate paper will deal with the 
techniques and requirements for the initial sse survey 
and alignment. 

Formulae for closed-orbit deviations wi 11 be 
parametri zed here in such a way that they can be 
applied easily to the various lattice examples that 
presently exist and to those that wi 11 undoubtedly be 
generated in the future. To give a feeling for the 
magnitude of the various terms, a few 3 numerical 
examples based on the 6.5 T LBL lattice will be 
presented. Scaling to other "personal favorites" 
should be straightforward. 

Recent experience at Fermi lab concerning the 
alignment and closed-orbit correction scheme in the 
Energy Saver/Doubler wi 11 be discussed as a guide to 
the practical aspects of what can be achieved at an 
operating superconducting accelerator. 

II. Closed-Orbit Deviations 

A. Basic Formulae 

In the horizontal plane. the primary causes of 
closed-orbit deviations are: (a) random quadrupole 
misalignments; and (b) random errors in the dipole 
field. Deviations in the vertical plane are caused 
mainly by: (c) random4

quadru po1e displacements; and (d) 
dipole "roll." King has summarized formulae that can 
be used to estimate the maximum closed-orbit deviations 
from each of these effects ( to 98% probab i 1 ity). They 
are: 

(a). (c) Random Quadrupole Displacements 

~£'lQ = Y£'lQ: 1.2 f(v) [BmaxB]~ ~ (K1Q) (£'lQ)rms 

where B = ~(Bmax+8min) [m] , t 
K = quadrupole strength = gra~~en [m- 2] 

1Q = quadrupole length [m] 

MQ = total no. of quadrupo1es 

(£'lQ)rms = rms deviation of quadrupo1es [m] 
v = betatron tune of machine 

and f() = [1 + sin nv /3] 
v Sln nv 

(b) Random Dipole Field Errors 

1M : 2.4 n f(v) [Bmax6]~ [MJ -~ (~)rms 
where MB = total no. of dipoles 

(~)rms = rms dipole field error 

and the other symbols are defined in the previous 

(1 ) 

(2) 

equation. 

(d) Random Dipole Roll 

Y£'lq,: 2.4 n f(v) lBmaxB]~ [MB]-~(£'lq,)rms 
where (£'lq,)rms = rms roll angle of dipoles. 

B. Parametrized Formulae 

(3) 

To assist in' applying the above formulae' to 
various SSC lattices. and to elucidate the manner by 
which the effects scale for different choices of 
lattice parameters. it is convenient to parametrize the 
expressions in terms of the cell length. Lcell ' the 
phase advance per cell. ~, and the tune v. 

For a regular FOOD cell of phase advance ~ we 
have: 

and 

K1 = 1 = 4 sin(~/2) 
Q F Lcell 

8max = Lcel1 (1 + sin(~/2))' 
sin ~ 

8min = Lce11 (1 - sin(~/2)). 
s in ~ 

(4) 

-( 5 ) 

(6) 

(7) 

In addition. we can estimate the number of regular 
cells by 

N - 2nv 
cell - ~ 

whence MQ = 2Nce11 
4nv 
~ 

2nmv 
~ . 

where m is the number of dipoles per cell 
particular lattice deSign. 

(9) 

(10) 

(11) 

in a 

With these substitutions. equations (1) - (3) can 
be rewritten as: 
(a). (c) Random Quadrupole Displacements 

X'£'lQ = Y£'lQ = 17.0 f(v)s~~~~~2 [1+sin(~/2)]~ 

o(.'L}\£'lQ) (1') 
~ rms 

(b) Random Dipole Field Errors 

... Lce 11 [, ] ~ (~ )~ ( £'lB) (2' ) x£'lB = 3.0 f(v)~ 1+sln(u/2) mv- S- rms 

(c) Random Dipole Roll 

Y£'lq, =3.0 f(v)~i~l~ [1+sin(u!2)]~ (Mv)~ (£'lq,)rms (3') 

We note that f(v) depends only on the fractional 
part of the tune and that it is symmetric about its 
minimum value at a fractional tune of 0.5. Typical 
values for f(v) are indicated in Table I. 



Table I 

Typical Values for f(v) 

Fract i ona 1 tune ~ 
0.1 3.57 

0.2 2.03 

0.3 1.57 

0.4 1.38 

(0.5) (1.33) 

0.6 1.38 

etc. etc. 

C. Variation with Phase Advance, Tune, Cell Size 

To explore the sensitivity to the choice of phase 
advance, we can evaluate equations (1') - (3') for a 
range of the "traditional" values for II, e.g., 60°, 
90°, 108°. For equation (I') we find: 

lJ = 600 

4" ~ X~Q = y~Q 11.7 f(v) v (~Q)rms 

lJ = 90° 

A It ~ 
x~Q = y~Q = 12.5 f(v) v (~Q)rms 

lJ = 108° 

It. II' , ~ 
x~Q = y~Q = 14.2 f(v) v (~Q)rms. 

While equations (2') and (3') yield 

lJ = 60°, 

~~B = 4.3 f(v) Lcell (mv)~ (~B)rms 

Y~4> 4.3 f(v) Lcell (mv)~ (~4»rms 

lJ = 90° 

,.. 
x~B = 4.9 f(v) Lcell (mv)~ (~) 

rms 
A 
y~4> = 4.9 f(v) Lcell (mv)-~ (~4»rms 

lJ = 108° 

A 
5.8 f(v) (mv)~ (~B) x~B Lcell B rms 

A 
5.8 f(v) (mv) -~ (~4»rms y~41 Lcell 

(12a) 

(12b) 

(12c) 

(13a) 

(14a) 

(13b) 

(14b) 

(13c) 

(14c) 

We can see from the above exerc i se th at the 
closed-orbit deviations are rather insensitive to the 
choice of II and will therefore not significantly 
constrain the selection of this parameter. We note, 
however, that selection of a smaller phase advance does 
tend to minimize the expected closed-orbit errors. In 
addition, we note that equations (12)-(14) show only a 
weak (square root) dependence on the tune~ of the 
machine. Because equation (12) dep~ds on v , whi le 
equations (13) and (14) depend on v- , the preference 
( in our contex t) for a high or low tune wi 11 depend 
primarily on the relative magnitudes of the deviations 
predicted by equations (12) and (13) (horizontal) or 
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(12) and (14) (vertical). For example, if the errors 
due to quadrupole displacement were dominant, a lower 
tune value would be preferred. 

With regard to cell size, we see that the 
quadrupole displacement errors do not depend on this 
parameter, while errors involving the dipoles do. 
Inspection of equations (13) and (14) shows that the 
predi~ted deviations decrease as Lcell decreases and as 
the number of dipoles per cell increases. Thus, for a 
given II,V, and L 11' it is better to have many 
independent dipolesci:hC!n a few very large ones. 

D. Numerical Example 

In order to give a feeling for the possible 
deviations that might be encountered, we wi 11 evaluate 
the above expreSSlons for a particular lattice. 
Relevant lattice parameters are given in Table II; a 
more complete description may be found in Ref. 3. 

Table II 

Representative SSC Lattice Parameters 

Bmax = 6.5 T 

Vx = Vy = 97.24 

Lcell = 160 m 
Phase Advance, lJ = 60° 

Bmax = 276 m 
Bmin = 93 m 

MB = 4032 

MQ = 1026 

m = 8 dipoles/cell 

For this lattice f(v) = 1.81 and equations (12a) -
(14a) become 

... A 
X~Q = Y~Q = 210 (~Q)rms (15) 
... ~ 
x~B = 45 (S-)rms (m) (16) 
A 

y~4> = 45 (~4»rms (m) (17) 

Based on the experi ence at many acce 1 erators, we 
tentatively assume that the quadrupoles can be aligned 
to an rms error of 0.2 nm in both the hori zonta 1 and 
vertical planes. (We will see below, however, that 
present techni ques may make th i s hori zonta 1 ali gnment 
precision difficult to achieve.) To estimate the 
uncertainty in roll angle, we will assume that the 
magnet coils can be located in the cryostat to within 
about 12.5-25 lJffi. For a coi 1 radius of 2.5-5 cm, this 
corresponds to an angular uncertainty of 0.5 mrad. 
Finaljy, we wi 11 assume that a dipole field error of 
lx10- is a reasonable estimate for a typical medium
to-high-field superconducting magnet. 

Given these estimated uncertainties, the maximum 
uncorrected closed-orbit distortions due to the various 
effects are: 

A 

x ~Q = 42 nm 
A 

X~B = 45 nm ... 
y~Q = 42 nm 
A 
y ~4> = 22 nm 

Thus, without considerably improved alignment 
accuracy, the uncorrected beam would not be able to 
circulate within the 3-cm diameter aperture (-2-cm 
diameter Mgood field" region) of this SSC lattice. In 
order to have a reasonable possibi lity of circulating 
an uncorrected beam in the sse, we would need to 
achieve tolerances a factor of 4 tighter than those 
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assumed here--an expensive and perhaps impractical 
task. We note in passing that the maximum uncorrected 
orbit errors fgund here are similar in magnitude to 
those predicted for the LEP machine at CERN. 

The deviations predicted in this section are based 
on the properties of the regular part of the lattice. 
In the insertions, the betatron amplitudes are larger" 
than those in the regular cells by about a factor of 6. 
Although there are many fewer quadrupoles in the 
insertions (120 vs. 1026) they are longer and stronger 
than the regular quadrupoles. For the same alignment 
tolerance, therefore, equation (1) predicts that the 
maximum deviation due to the insertion quadrupoles 
would be about 5 times that due to the regular 
quadrupoles. 

E. Corrector Strengths 

In general, we imagine that there will be a 
horizontal correcting dipole after each F quadrupole 
and a vertical correcting dipole after each D 
quadrupole. If we ask that each correction element 
compensate for the effects of the m/2 dipoles immedi
ately upstream of itself, the m/2 dipoles immediately 
downstream, and the adjacent pair of quadrupoles, then 
we Can estimate an average strength (for the horizontal 
pl ane) by 

<9corr>H : [m : <69diPole>2 + 
max 2 ~ 

(6Q;~s (8max + 8min)] 

8max 
(IS) 

where F = l/KtQ is the focal length in meters 

d (6B) _ 2n 6B) 
an 69dipole = Adipole ~ rms - ~ (lB rms 

B 
Parametrizing equation (IS) as before gives 

"",,'H· [ ",,2(1+<:,("/2) J ('~ ~s + 
32 sin2(~/2) 2 ] ~ -2:--;:'::"'=-':":":--l...!::!...:..£-(6Q)rms (1S') 

Lcell (1+sin(~/2)) 

For our traditional choices of 
equation (IS') becomes: 

\I = 60· 

<A > = [ O. 73( 6B) 2 
corr H m\l2 B rms + 

\I '" 90· 

<A > =[~{t.B)2 
corr H m} B rms 

\I = lOS· 

ph ase advance 

(19a) 

(19b) 

<9 > =[2.0(6B)2 +11
2
.6 (6Q)rm2s]~ (19c) 

corr H m} B rms L 
cell 

Thus, the average corrector strengths are significantly 
reduced for the smaller phase advance. 

For the lattice example fran Table II, equation 
(19a) gives 

or <Bot>corr,H = 0.2S Tom. 

If we assume a maximum corrector requirement of ten 
times this amount, then the maximum corrector strength 
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would be about 3 Tom. Here too, we find that the 
maximum gorrector strength is comparable to that 
predicted for LEP. 

In the vertical plane, the average corrector 
strength is 

This expression can be rewritten as 

<Acorr>V = mv2(1+sin(~/2)) rms [ 
i (64))2 + 

32 sin
2

(\l/2) (6Q)2 1 ~ (20') 

t~ell (1+sin(~/2)) rmJ 
For ~ values of 60·, 90·, lOso, this equation has 

the same numerical coefficients as equations (19a), 
(19b) , and (19c), respectively. Using parameters from 
Table II, we get (analogous to (19a)) 

or <Bot>corr,V = 0.22 Tom. 

III. Comnents on Align.ent Requirements 

A. Vertical Alignment 

(21) 

In the case of vertical alignment, it may be 
possible to achieve higher precision than would be 
possible for horizontal alignment. The reason is that, 
in principle, gravity can be used as a reference, thus 
allowing "local" measurements whose accuracy is 
independent of the size of the machine. Whether such 
gains can be realized in practice, of course, is not 
yet fully clear. We notc, however, that a liquid-level 
technique has been used in the alignment of the PEP 
accelerator with satisfactory results. 

The steering effect due to dipole roll should be 
reasonably controllable, because this can surely be 
handled with local measurements. Indeed, for a machine 
the size of the SSC a certain amount of roll wi 11 be 
necessary to compensate for the earth's curvature. For 
a machine radius R (in km), the required roll is 

64> = 0.156 R (mrad). 

Depending on t~.e technique utilized, measuremel)ts 
of quadrupole offsets may also be independent of 
machine size. This wi 11 be true, for example, if a 
liquid-level can be successfully used. If, on the 
other hand, traditional optical alignment methods are 
used, it is likely that the measured offsets will 
become less precise as the machine size increases. In 
particular, we would expect that the angular 
measurement error 

(6Q)rms 
69Q = --;:F.----

where F is the quadrupole focal. length, would pe 
roughly independent of accelerator size, rather than 



(6Q)nns itself. 

From equations (1) and (3) we have 
It. 

Y64> = 2n 1 (M)nns (22a) 
It. 

Y6Q (MQMB)l:! Kto (6Q)nns 

2n(1+P) (M)nns (22b) 

NtPl:! (f.Q)nns/F 

where P = Mn/MB and Nt = M~+MB is the total number of 
accelerator 1'na.gnets. In tne situation where both 64> 
and 6Q/F are lndependent of machine size, we can see 
from equation (22b) that the effect of dipole roll 
becomes 1 es s important (compared with th at of 
quadrupole displacement) as the machine size, i.e., the 
number of magnets, increases. 

For the Fennilab Tevatron, the dipole roll error, 
including the error due to marking the positions ("lug 
error") is 

(64)}nns = [0.192 + 0.202]~ 
= 0.28 mrad, 

while the quadrupole displacement error is 

(6Q}nns = 0.3 mm = 1.1 x 10-2 mrad 
F 27Ii1 

Also, for the Tevatron, P=0.25 and Nt 1000. 
Equation (22b) then yields 

A 

!64> = 0.40 
Y6Q 

For the sse lattice in Table II, P=0.25 and Nt 5058 
and ,we expect (for the same angular errors) 

" ~ = 0.08 
Y6Q 

If it turns out that (6Q) is the appropriate 
constant, then we would expect nns 

It. 

Y64> = 0.23 

~"1\Q 

i.e., sti 11 a factor of 2 better than the Tevatron. 

(1) 
With regard to quadrupole 

shows that 
... ~ 
Y6Q CIt MQ (Kto)nns (AQ)nns 

displacement, equation 

(23a) 

(23b) 

Thus, as the machine size (and hence MQ) increases the 
orbit distortion increases. From equation (20), 
however, we see that the required corrector strength 
depends on 6Q/F. As mentioned, if traditional 
ali gnment techni ques are used, we expect 6Q/F to be 
roughly constant, and thus the required corrector 
streng~h 9 r will be similar to that of the Tevatron. 
(The fle1Cf<t"0 accomp1 ish the correction scales as Bp 
of course, and would require 20 times the B1 product of 
Tevat.ron. correctors.) If it is possible, say by using 
a llquld-1eve1 measuring technique, to keep 6Q 
constant, the required corrector strength would 

4 

decrease for the larger sse lattice (larger F). 

Finally, equation (20) shows that the corrector 
strength required for dipole roll will decrease for the 
SSC compared with the Tevatron, because the number of 
dipoles is much greater for the SSC and the roll error 
itself should be roughly comparable (due to local 
measurement techniques being suitable). 

B. Horizontal Alignment 

It is likely in this case that local quadrupole
to-quadrupole misalignments will be the dominant source 
of closed-orbit error. Because standard survey and 
alignment techniques are likely to be used in this 
case, it is the ratio 6Q/F that we expect to remain 
comparable to Fenni1ab results. We conclude, 
therefore, that the horizontal misalignments mayo be 
larger than those for the vertical plane (where "local" 
measurements may be usable). 

C. Fennilab Tevatron Alignment Results 

Fennilab used traditional optical methods (levels 
and theodo1~tes) both to establish the monument system 
and to a11gn the magnets. Random errors in the 
horizontal plane monuments, which, in turn, detennine 
the design strength of the correction dipoles were 
anticipated to be the dominant source of error! The 
quadrupole position error, (6QH) ,was estimated to 
be 0.56 mm. This gives a conOtr'fBhion of 24 llrad to 
the average horiz?nta.1 correction a~le (see equation 
(18)). The contrlbutlon of the lxlD- nns variation in 
dipole field contributed another 18 llrad to equation 
(18), so th at <9 > was pred i cted to be 30 llra-d. 
Th · d· t· corr.H lS pre lC 10n lS lIf excellent agreement with the 
observed nns bending angle in the horizontal correction 
dipoles (35 llrad) obtained after the orbit· had been 
centered at all focusing quadrupoles. 

In the vertical plane, (f.Qv) was measured to be 
0.30 mm after the machine was i~alled. Had greater 
care been been taken in controlling the elevation 
monuments, a lower 0 value of 0.20 mm would have been 
achieved. (This has been demonstrated by partial data 
sets in which the monuments were well controlled.) Such 
care was not needed, however, as the verti ca 1 
correction dipoles were designed to have the same 
strength as the horizontal correction dipoles, and thus 
were more than adequate to correct for an nns placement 
error of 0.30 mm. The nns dipole "roll" error--found 
to be 0.28 mrad, with equal contributions from 
installation error and the error in measuring and 
referencing the angle of the magnetic field to the 
alignment lugs on the outside of the magnet--made a 
negligible contribution to the required correction 
dipole strength. In equation (20), the roll tenn 
contri butes 5 llrad, whereas the 6Q tenn contri butes 
12 J.lrad to their geometric sum of 13 llrad. This 
predicted value is also in good agreement with the 
observed nns vertical correction magnet steering angle 
of . 17 llrad necessary to center the beam at each 
vertically focusing quadrupole. 

The conclusion of the Fennilab experience is that 
the known alignment errors lead to predictions of the 
required correction steering angles (equations 18 and 
20) that are in good agreement with those observed. A 
second qualitative lesson is that, although the 
alignment was not good enough to achieve a closed orbit 
without the correction dipoles, the process of 
ftcoaxingu a low intensity beam around the ring was not 

. difficult. It took only a few days of tuning to 
achieve the first turn. 

t 
\ r "i 
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D. Trade-offs 

We recognize, of course, that an optimized design 
for the SSC wi 11 invo 1 ve numerous trade-offs. In the 
area of concern to us here, a balance must be struck 
between the accuracy requirements and costs for survey 
and alignment compared with the difficulties and costs 
associated with the need for very high strength 
correction magnets. In evaluating these trade-offs, we 
feel that there does appear to be a practical limit to 
how poor the alignment can be: The alignment should be 
at least good enough to ensure that a beam that has 
been centered with the correction dipoles up to a 
certain quadrupole does not leave the bore tube for at 
1 eas t another cell. Th is criteri on allows the beam to 
be corrected to centerline at the next monitor position 
without naving to "fly blind." A crude calculation 
indicates that the offset at the next monitor position 
would be of the order of 5(llQ)rms. Fortunately, even 
for (llQ ) values as large as 1 mm, this offset is 
qu i te ~~ 1 compared with the sma 11 es t SSC bore tube 
(25 mm diameter) presently being discussed. 

IV. Conclusions 

It seems clear, based on the considerations 
outlined here, that it will not be possible to achieve 
an "uncorrected" closed orbit without a substantial 
improvement in survey and alignment techniques. 
Although it may be possible to improve these 
techniques, it is by no means clear that the rewards 
would justify the effort and expense involved. Our 
suspiCion is that both the magnets and the survey 
monuments would change position over time, so that even 
a machine initially aligned perfectly would ultimately 
requ ire substanti a 1 correction. (Th ismay a lso have 
implica2ions on using the SSC for polarized beams. It 
appears that maintaining beam polarization at high 
energies may lead to more exacting constraints for 
machine alignment (that is, allowable corrector 
streJ1~ths) than does the closed-orbit issue considered 
here.) If the alignment does change with time (as 
ev i dence fran Fermil ab seems to indicate), it appears 
to us much more practical to achieve a closed orbit in 
the SSC by "coaxing" a low energy, low intensity beam 
around the machine in sections. This approach has been 
shown to be effective at the Tevatron and will clearly 
simplify greatly the startup of the SSC. 

The actual cost trade-offs between improved 
alignment techniques and stronger correction dipoles 
should be the subject of further study. 
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