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Abstract

In this report, we summarize the compensation methods of the allowed magnetic mul-
tipole b5 in the interaction region (IR) triplet magnet that consists of body-ends compen-
sation, tuning shimming, and local corrections. From the experience gained so far with
the on-site production of Q1 magnets of series number less than 8, the amount of b5 in
the body is requested to be —1.2 unit in order to compensate for the effects caused by the
strong b5 at the lead and return ends. This body-ends compensation allows for the tuning

shims to be adequately used only for the correction of random errors in each magnet.

1. Introduction

During the storage of heavy-ion beam in RHIC, the magnetic field quality in the triplet
quadrupoles crucially determines the dynamic aperture and the beam lifetime when the B*
is lowered to 1 meter. Define the magnetic multipole in terms of the quadrupole “prime”

units,

o . n—1
B, +iB, = Go(z + iy) [1 + 1074 (b, + ian) (’” 1:0"”) ] . (1)
n=1

and the integrated multipole
B, = / buds,

where the reference radius Ry = 40.625 mm and the nominal quadrupole gradient Gy =
47T /m for the 130 mm diameter triplet quadrupoles. Table 1 shows the expected values
of magnetic multipole harmonics in the body, lead end, and return end of the ‘triplet

quadrupole at the current 5000 Amps for storage.
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Expected values of body harmonics (Unit):

n | (ba) | d(b) | sig(bn) | (an) | d(an) | sig(an)
1 0 0 10 0 0 0
2 0.5 0 2.4 0.1 0 1.2
3 0 1.0 0.6 0.3 0 0.7
4 0.3 0 0.6 0.1 0 0.5
5 —1.2 1.5 0.5 —-0.4 0 0.6
6] 0.12 0 0.11 | —0.09 0 0.12
71 —0.1{ 0.05 0.05 | —0.03 0 0.12
8| —0.04 0 0.05 0.05 0 0.09
9( 0.0 0.2 0.03 0.03 0 0.03
Expected values of harmonics in lead end (Unit-m):
n | (B.) | d(Bs) | sig(Bn) | (As) | d(Ays) | sig(An)
1 0 0 0 0 0 0
21 -0.1 0 0.7 —1. 0 2.
3103 0 0.3 0.4 0 0.8
41 0.1 0 0.3 0.3 0 0.4
5| 4.6 0.5 0.3 -1.5 0.5 0.2
61| 0.01 0 0.04 —0.06 0 0.06
71 0.04 0 0.05 —0.02 0 0.01
81 0.04 0 0.05 —0.02 0 0.02
9i—-0.57 0.05 0.02 0.2 0.05 0.03
Expected values of harmonics in return end (Unit-m):
o] ()[40 [ Sa(Ba) | (&) | (A | sigAs)
1 0 0 0 0 0 0
2 0.3 0 1.8 0.7 0 1.
31 —0.1 0 0.2 —-0.1 0 0.3
4 0 0 0.25 0.2 0 0.2
5 1. 0 0.6 -0.1 0 0.1
6| 0.06 0 0.03 0.06 0 0.02
71 —0.01 0 0.02 —0.02 0 0.05
81 0.03 0 0.03 | -0.01 0 0.02
9( —0.1 0 0.03 0.04 0 0.01

Table 1: Expected values of harmonics in body, lead end, and return end of the 130 mm
insertion quadrupoles at 5000 A. Here, (b,) = mean, d(b,) = uncertainty in mean, sig(b,)
= sigma for b,.



The allowed magnetic multipoles in the quadrupole configuration are by, b, b, - - -. The
effect of b; errors can be easily compensated by the tuning quadrupoles during the operation.
The correction of bs errors consists of body-ends compensation on systematic errors, tuning
shimming on random errors, and additional local correction by triplet correctors. Since
there is no correction on multipoles of higher order than 5, the tolerable amount of by
errors is determined by tune-spread analysis and dynamic aperture studies.

Based on the measurements of the RHIC triplet quadrupole magnet Q1 of serial numbers
less than 8, the lead and return ends of the magnets have significant amount of systematic
bs multipole component. The integrated bs is equal to 4.6 unit-m at the lead end and 1.0
unit-m at the return end, respectively. The integrated by is equal to 0.6 unit-m at the lead
end and 1.0 unit-m at the return end, respectively. Preliminary studies show that these by
errors produce significant tune spreads when the beam is stored in the 1 meter 8* lattice.

This report describes the compensation of b5 multipole in the triplets. In Section 2, we
generally discuss the compensation method based on the minimization of the tune shift and
local “kick”. In Section 3, we investigated the effectiveness of the body-ends systematic bs
compensation for the RHIC triplet and compare several alternative compensation schemes.
The correction of random bs errors is discussed in Section 4. The additional b5 correction by
using two local correctors per triplet is discussed in Section 5. Conclusions and discussion

are given in Section 6.
2. Tune Spread and Kick Minimization

The amplitudes of the betatron oscillations reach their maximum values when the par-
ticle passes the triplets. On the other hand, the dispersion at the triplet is relatively small.
We therefore only consider the amplitude effects on the particle motion from the nth-order
magnetic multipole error. In the following, we discuss the compensation schemes based on

the minimization of the transverse tune spreads and the local kicks at each triplet.
2.1. Kick minimization

We minimize the multipole kick using the horizontal plane as an example. The analysis

for the vertical plane is similar. The change of transverse momentum p, = dz/ds for the



on-momentum particle produced by the magnetic multipole b, is

dpz 10_4G0

s _ [ _F0 Yy om 2
ds (BopRg-l n @)
where Bgp is the momentum of the particle. The change of the momentum results in a
change in the action J;, which is otherwise a constant of motion. The action J, can be

written as

Jp = ZIE [2% + (0@ + Bupa)?] 3)

o= aliBecosx, pe = =) S (sin e + acon o) @

with x, the betatron phase in the absence of perturbation. Here, 27 R is the circumference,

where

and a, and G, are the Courant-Snyder lattice functions. In the presence of the multipole
error b,, the change of the action can be derived from Eq. 2,

AJ, { 10™*Go
Ja; o BopRg_l

) an,B:_-l"’-_l (2(],7)'""2_—1 (2sin x, cos™ xz) (5)

where L is the length of the magnet. Typically, the total length (e.g. about 10 meters for
RHIC) of each triplet is much smaller that the value of the amplitude function 3 (e.g. from
600 to 1400 meters for RHIC 1 m 3* operation). Therefore, there is essentially no betatron
phase advance within the triplet. Consequently, the quantity AJ,/J; can be minimized if

the quantities

-—Ciﬁf%lbnds, and K, =/

trip

K. = G a2ty ds 6)
G

trip Glo
are both minimized. Here, the integrals extend over all the elements within one triplet.
The quadrupole gradients G of the RHIC triplet quadrupoles Q1, Q2, and Q3 at storage
are given by Table 2, where DFD and FDF denote polarity of the magnets Q1, Q2, and

Q3 of the triplet pair near the interaction point (IP). The nominal gradient Gy is chosen
to be 47 T/m.

2.2. Tune spread minimization

In order to accommodate the independent adjustment of each IP, we minimize the tune

spread generated by the pair of triplets located near each IP. In the case that the multipole
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of interest produces first-order tune shifts, we use the well-known tune-shift formula (e.g.
Eq. 7 in Ref. 1)

10~*Gy

Bzds
A e = zdr T
v DR f s {C1+ 3028, ~ 6C1f,.,

15 45
4oy CoBEI2 — A5G35, ., + - o2 |

(")
_ 107Gy [ B,ds
Ay = BopRp™? ]{ 2 {—C1+3C28,Jy ~ 6C2f:Js

15 45
5 CaBL2 + 45CaBu, Jody — 5 CopLI2

where the integrals are performed along the ring, and

1 3
Cl = —5615 + bzAm -— a2Ay + 5(()3Ai — agAz)
1
Co = st +bsA; — ag\y (8)
1
03 = '6'1)5 + bsAw — asAy.

Here, Ay = D;6 + 2., Ay = Dy6 + y., D, and D, are the dispersions, § is the fractional
momentum deviation, and z. and y. are the closed-orbit displacement from the magnet
center. Because 3, and (3, achieve their maximum values at different location, it can be
verified that the major effect of the nth multipole on particles of constant total action
Jo + Jy is from the two leading terms proportional to J{"~/2 and J(*~1)/2, respectively.

Therefore, the tune spread due to one pair of triplets can be minimized when the quantities
Kroir = Knzppr + Knoprp  and Ky = Kpyrpr + Koyprp (9)
are minimized over each IR.

3. Body-Ends Compensation of b5 Multipole

The systematic multipole b5 in the lead and return ends of the triplet quadrupole can

be compensated by the systematic b5 in the quadrupole body. The compensation is based



on the following three principles. Firstly, both the tune shift over the triplet pair near each
IP and the local kicks in each triplet should be minimized. Secondly, the net amount of
body b5 should be made as small as possible in order not to “introduce” undesired errors
when the compensation is made imperfect by the lattice deviation from the ideal design.
Furthermore, the choice of bs should be technically simple and flexible for the magnet
manufacturing.

The analysis on the triplet multipole compensation is based on the simulation study
of the so called “ideal” lattice where both misalignment errors and magnetic errors are
excluded. f* is equal to 1 meter at six and eight o’clock interaction points (IP), and is
equal to 10 meter at the rest four IP’s. The sextupole magnets are adjusted so that both
horizontal and vertical chromaticities are equal to 2. Tables 3a and 3b list the lattice
functions at positions where the DFD and FDF triplets are located, respectively. As shown
in Figure , the lead ends of Q3 are towards IP, while the lead ends of Ql and Q2 are
away from IP. This arrangement of lead-end locations makes the errors from the lead ends

relatively less important (as shown by the relative coefficients in Eq. 14).
3.1. Compensation scheme

The best way to compensate for bs in the lead and return ends is to adjust the amount
of requested body b5, identically in all triplet quadrupoles, to minimize the quantities Ks5,m;
and Ks,g in Eq. 9 of each IR. Notice that among the triplet pair near each IP, both the kicks
and tune shifts are mainly produced by the F quadrupoles where the amplitude function
Bz reaches its maximum either Q2 in the DFD or Q3 in the FDF triplet. Therefore, the
body bs of these F quadrupole must be of the opposite sign of that of their ends. For
engineering convenience, we assume that the body b5 is the same for all the magnets Q1,
Q2, and Q3. Due to the optical anti-symmetry of the z and y plane over DFD and FDF
triplet,

Ks.prp = —Ksyrpr, and Ksyprp ~ —KsorpF, (10)

the condition for the quantities of Eq. 9 to be equal to zero is

Dgpr + Dppp + bsLess =0 (11)



Ql | Q2 | Q3
G(FDF) (T/m) | 484 | —47.0| 473
G(DFD) (T/m) | —48.4 | 47.0 | —47.3

Table 2: Gradients of triplet quadrupoles at storage.

—<— towards the Interaction point
towards the arc —

| - -1
— Ql E-c1 Q2 E—CZ1 Q3 |C3—
lead ends

Figure 1: Schematic layout of the RHIC triplet, showing the quadrupoles, the orientation
of the quadrupole lead ends, and the local correctors C1, C2, and C3.



where the drive D comes from both the lead (L) and the return (R) ends

B B
= ++—53205§3

i=1

ZG B2,

the subscripts ¢ = 1,2, 3 represent the quadrupoles Q1, Q2, and Q3, and the effective length

, (12)

is. defined as

1 & 13
Lejs =23 [ Gifsds|  += 3 [ Gifds (13)
Go 5 ppp 00 it DFD
Using the lattice function from Table 3, the desired b5 in the body is obtained as
bs = —0.17 Bsz, — 0.35 Bsg = —1.2 (unit). (14)

On the other hand, if the local kicks are to be minimized to zero, the required bs in the

body becomes, respectively,

{ —0.31 Bst, — 0.59 Bsg = —2.0 (unit) for K5, = 0 in FDF or K5, =0 in DFD
bs =

—0.078 Bz, — 0.19 Bsg = —0.54 (unit) for K5, = 0 in FDF or K5, = 0 in DFD
(15)

The desired b5 value given by Eq. 14 is, by chance, about the average of the values in
Eq. 15.

Figure 2 shows the tune footprint for on-momentum particles produced by the b5 mul-
tipole error at the lead and return ends of one pair of triplet (6 o’clock). The mesh of
points represents a spectrum of particles launched with initial amplitudes between 0 to 5o
in each plane individually, or along several contours of constant total action (J,+J,) where
the ratio (J;/J,) of horizontal and vertical action is smoothly varied. The normalized 95%
emittance is assumed to be 40rmm-mr. The energy of the particle is 100 GeV/u (y = 107).
Figure 3 shows the similar diagram when the body b5 is set to be equal to —1.2 unit. The

correction in tune spread is obviously satisfactory.
3.2. Comparison with alternative schemes

Several alternative schemes have been explored to determine the optimum compensation
method. Table tab:4 lists the possible 9 schemes denoted A1 through A9. The one discussed
in Section 3.1 is denoted A7. In Table 1, the notation ), T, and IR indicates that the
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3a: lattice parameters near DFD triplat:

Table 3: Lattice functions for the triplets.

element sequence i horizontal i vertical
pos. dist 1 betax alfax nux x{co) x’(co) dax dx’ 1 betay alfay nuy y(co) y’(co) dy Ay’
no. name fr] 1 (m] {2pi] [mm] frrad] [m] i (m] [2p1]  [mm] [mrad] ([m]
1 mer 0.000 0.976 0.010 0.000 0.000 0.000 0.005 0.028 0.990 ~0.009 0.000 0.000 0.000 0.000 0.000
32 bpmv B.974 83.317 -9.185 0.234 0.000 0.000 0.254 0.028 82.517 -9.076 0.231 0.000 0.000 0.000 0.000
3 bpmh 8.974 83.317 -5.185 0.234 0.000 0.000 0.254 0.028 82.517 -9.076 0.232 0.000 0.000 0.000 0.000
4 exxbob 9.800 99.190-10.031 0.236 0.000 0.000 0.276 0.028 98,201 -9.911 0.233 0.000 0.000 0.000 0.000
S dxboé 11.650 139.829-11.920 0.238 0.000 0.000 0.328 0.018 138.334-11.780 0.235 0.000 0.000 0.000 0.000
6 eaxbob 13.500 187.401-13.814 0.240 0.000 0.000 0.344 0.009 185,384-13.641 0.237 0.000 0.000 0.000 0.000
7 A0bpé 22.302 510.157-22.828 0.245 0.000 0.000 0.421 0.016 503.421-22.503 0.242 0.000 0.000 0.000 0.000
8 bpmv 25.069 644.201-25.640 0.245 0.000 0.000 0.488 0.024 635.674-25.291 0.242 0.000 0.000 0.000 0.000
9 bpmh 25.069 644.201-25.640 0.245 0.000 0.000 0.488 0.024 635.674-25.291 0.242 0.000 0.000 0.000 0.000
10 exlboé6 25.361 659.262-25.938 0.245 ©0.000 0.000 0.495 0.024 650.531-25.586 0.242 0.000 0.000 0.000 0.000
11 qlo6 25.433 663.003-29.457 0.245 0.000 0.000 0.4%96 0.027 654.220-22.259 0.242 0.000 0.000 0.000 0.000
12 qloé6 25.625 675.697-36.726 0.245 0.000 0.000 0.502 0.032 661.482-15.528 0.243 0.000 0.000 0.000 0.000
13 qloé 25.817 691.236-44.288 0.246 0.000 0.000 0.509 0.037 666.134 -B.673 0.243 0.000 0.000 0.000 0.000
14 qgloé6 26.009 709.744-52.204 0.246 0.000 0.000 0.516 0.042 668.137 -1.74% 0.243 0.000 0.000 0.000 0.000
15 gloé 26.153 725.932-60.297 0.246 0.000 0.000 0,523 0.048 667.641 5.191 0.243 0.000 0.000 0.000 0.000
16 qlo6 26.345 750.743-69.055 0.246 0.000 0.000 0.532 0.053 664.320 12.089 0.243 0.000 0.000 0.000 0.000
17 qloé 26.537 779.020-78.365 0.246 0.000 0.000 0.543 0.059 658.366 18.891 0.243 0.000 0.000 0.000 0.000
18 qlo6 26.729 810.987-88.300 0.246 0.000 0.000 0.555 0.064 649.826 25.542 0.243 0.000 0.000 0.000 0.000
19 ealbo6 26.801 B824.364-93.274 0.246 0.000 0.000 0.560 0.067 645.668 28.826 0.243 0.000 0.000 0.000 0.000
20 kickh 27.983 1059.700%&%skwwn 0.246 0.000 0.000 0.640 0.067 579.301 27.302 0.243 0.000 0.000 0.000 0.000
21 ml2boé 27.983 1059.700%%%%wwns 0.246 0.000 ©0.000 0.640 0.067 579.301 27.302 0.243 0.000 0.000 0.000 0.000
22 ex2boé 28.473 1165.877%*%*uw« 0.246 0.000 0.000 0.673 0.067 552.853 26.671 0.243 0.000 0,000 0.000 0.000
23 q206 28.643 1203.897-58.382 0.246 0.000 0.000 0.684 0.059 543.822 19.975 0.243 0.000 0.000 0.000 0.000
24 q206 29.097 1281.303-71.444 0.246 0.000 0.000 0.707 0.043 531.653 7.014 0.243 0.000 0.000 0.000 0.000
25 q206 29.550 1332.750-41.429 0.246 0.000 0.000 0.723 0.026 531.035 -5.644 0.244 0.000 0.000 0.000 0.000
26 Q206 30.003 1356.021 -9.62% 0.246 0.000 0.000 0.730 0.008 541.942-18.546 0.244 0.000 0.000 0©0.000 0.000
27 q206 30.343 1351.591 22.607 0.246 0.000 0.000 0.730 -0.00% 559.075-32.051 0.244 0.000 0.000 0.000 0.000
28 q2o06 30.797 1316.727 53.883 0.246 0.000 0.000 0.722 -0.026 594.723-47.008 0.244 0.000 0.000-0.000 0.000
29 q206 31.250 1254.411 82.838 0.246 0.000 0.000 0.706 -0.043 644.777-64.001 0.244 0.000 0.000 0.000 0.000
30 qg206 31.703 1167.325108.225 0.246 0.000 0.000 0.683 -0.060 711.406-83.766 0.244 0.000 0.000 ©0.000 0.000
31 ea2bob 31.873 1126.172119.955 0.246 0.000 0.000 0.671 -0.068 743.113-94.272 0.244 0.000 0.000 0.000 0.000
32 ml3xhob 33,132 844.465103.873 0.247 0.000 0.000 0.586 -0.068 999.359%%wssan 0.244 0.000 0.000 0.000 0.000
33 sq3xboé 33,132 844.465103.873 0.247 0.000 0.000 0.586 -0.068 999.359%%wakax 0.244 0.000 0.000 0.000 0.000
34 ex3bo6 33.730 724.762 96.229 0.247 0.000 0.000 0.545 -0.068 1134.440%***%se 0.244 0.000 0.000 0.000 0.000
35 g3o06 33.835 704.695 89.680 0.247 0.000 0.000 0.538 -0.064 1159.033%%wéwws 0.245 0.000 0.000 0.000 0.000
36 g3o06 34.115 658.184 T76.774 0.247 0.000 0.000 0.521 -0.056 1216.058-94.069 0.245 ©0.000 0.000 0.000 0.000
37 g306 34.395 618.530 65.140 0.247 0.000 0.000 0.506 -0.049 1264.172-77.410 0.245 0.000 0.000 0.000 0.000
38 g3o06 34.675 585.076 54.585 0.247 0.000 0.000 0.4%4 -0.041 1302.578-59.470 0.245 0.000 0.000 0.000 0.000
39 q3o06 34.885 564.156 45.187 0.247 0.000 0.000 0.486 -0.034 1323.597-40.466 0.245 0.000 0.000 0.000 ©.000
40 g3o06 35.165 541.420 36.182 0.247 0.000 0.000 0.477 -0.027 1340.837-20.978 0.245 0.000 0.000 0.000 0.000
41 q3o06 35.445 523.549 27.777 0.247 0.000 0.000 0.471 -0.020 1347.044 -1.143 0.245 0.000 0.000 0.000 0.000
42 g3o6 35.725 510.246 15.832 0.247 0.000 0.000 0.466 -0.013 1342.114 18.711 0.245 0.000 0.000 0.000 0.000
43 ea3boé 35.830 506.879 16.008 0.247 0.000 0.000 0.465 -0.010 1336.109 28.564 0.245 0.000 0.000 0.000 0.000
44 kickv 36.320 491.312 15.760 0.247 0.000 0.000 O0.460 -0.010 1308.262 28.264 0.245 0.000 0.000 0.000 0.000
45 ml3aboé 36.320 491.312 15.760 0.247 0.000 0.000 O0.460 -0.010 1308.262 28.264 0.245 0.000 0.000 0.000 0©.000
46 bpmv 37.608 451.577 15.106 0.248 0.000 0.000 0.448 -0.010 1236.504 27.477 0.245 0.000 0.000 0.000 ©.000
47 bpmh 37.608 451.577 15.106 0.248 0.000 0.000 0.448 ~0.010 1236.504 27.477 0.245 0.000 0.000 0.000 0.000
48 bpmv 73.200 19.218 -2.959 0.686 0,000 0.000 0.108 -0.010 55.075 5.716 0.267 0.000 0.000 0.000 0.000
49 bpmh 73.200 19.218 -2.959 0.686 0.000 0.000 0.108 -0.010 55.075 5.716 0.267 0.000 0.000 0.000 0.000
50 qgdoté 73.500 21.039 -3.040 0.688 0.000 0.000 0.105 -0.010 51.701 5.358 0.268 0.000 0.000 0.000 0.000



ab: lattice parameters near FDF triplet

alement sequence 1 horizontal i vertical
pos. dist i baetax alfax nux x{co) x‘{co) dAx ax 1 betay alfay nuy y{co} ¥’(co) dy ay’
ne. name (m} 4 [m] {2pi]1  [mm] {mrad) (m] i {m] {2pi] [mm) {mradal [m]
2615 qgAité 3760.528 52.273 -5.431 27.923 0.000 0.000 -0.277 -0.012 20.701 2.987 28.493 0.000 0.000 0.000 0.000
2616 bpmv 3760.828 55.694 ~5.794 27.924 0.000 0.000 -0.281 -0.,013 18.912 2.507 28.496 0.000 0.000 0.000 0.000
2617 bpmh 3760.828 55.694 -5.794 27.924 0.000 0.000 -0.281 -0.013 18.912 2.907 28.496 0.000 0.000 0.000 0.000
2618 bpnmv 3796.421 1254.563-27.889 27.945 0.000 0.000 -0.738 -0.013 445.120-14.882 28.932 0.000 0.000 0©0.000 0.000
2619 bpmh 3796.421 1254.563-27.889 27.945 0.000 0.000 -0.738 -0.013 445.120-14.882 28.932 0.000 0.000 0.000 0.000
2620 kickh 3797.708 1327.397-28.688 27.945 0.000 0.000 -0.755 -0.013 484.264-15.525 28.933 0.000 0.000 0.000 0.000

2621 ml3abié 3797.708 1327.397-28.688 27.945 ©0.000 0.000 -0.755 -0.013 484.264-15.525 28.933 0.000 0.000 0.000 0.000
2622 ea3bié 3798.198 1355.662-28.992 27.945 0.000 0.000 -0.761 -0.013 499.600-15.770 28.933 0.000 0.000 0.000 0.000

2623 q3ié 3798.303 1361.757-18.995 27.945 0.000 0.000 -0.762 -0.007 502.917-19.533 28.933 0.000 0.000 0.000 0.000
2624 q3is 3798.583 1366.764 1.143 27.945 0.000 0.000 -0.763 0.004 516.024-27.369 28.833 0.000 0.000 0.000 0.000
2625 q34i6 3798.863 1360.472 21.275 27.945 0.000 0.000 -0.760 0.015 533.634-35.653 26.933 0.000 0.000 0.000 0.000
2626 q316 3799.143 1342.986 41.048 27.945 0.000 0.000 -0.754 0.026 556.039-44.528 28.933 0.000 0.000 0.000 0.000
2627 q3i6 3799.353 1321.663 60.331 27.946 0.000 0.000 -0.747 0.038 576.654-53.792 28.933 0.000 0.000 0.000 0.000
2628 q316 3799.633 1282.700 78.534 27.946 0.000 0.000 -0.735 0.049 609.622-64.194 28.933 0.000 0.000 0.000 0.000
2629 q3i6 3799.913 1233.887 95.438 27.946 0.000 0.000 -0.720 0.059 648.700-75.660 28.933 0.000 0.000 0.000 0.000
2630 q316 3800.193 1176.031110.764 27.946 0.000 0.000 -0.702 0.070 694.536-88.379 28.933 0.000 0.000 0.000 0.000

2631 ex3bié 3800.298 1151.080118.179 27.946 0.000 0.000 -0.694 0.075 714.312-54.833 28.933 0.000 0.000 0.000 0.000
2632 ml3xhié 3800.896 1014.030110.921 27.946 0.000 0.000 -0.649 0.075 832.278%*wew#% 28,934 0,000 0.000 0.000 0.000
2633 #q3xbi6 3800.896 1014.030110.921 27.946 0.000 0.000 -0.649 0.075 832.278%%%#wws 23,934 0.000 0.000 0.000 0.000
2634 ea2bié6 3802.155 754.044 95.649 27.946 0.000 0.000 -0.555 0.075 1109.B9EWkwwsws 26.934 0.000 0.000 0.000 0.000

2635 q216 3802.325 721.874 84.989 27.946 0.000 0.000 -0.542 0.069 1150.453%%++%%+« 28,934 0.000 0.000 .0.000 0.000
2636 q2i6 3802.778 654.274 64.934 27.946 0.000 0.000 -0.514 0.056 1236.272-81.632 28.934 0.000 0.000 0.000 0.000
2637 qzi6 3803.232 603.492 47.691 27.946 0.000 0.000 -0.491 0.044 1297.680-53.096 28.934 0.000 0.000 0.000 0.000
2638 q2i6 3803.685 567.327 32.514 27.946 0.000 0.000 -0.474 0.032 1332.032-22.272 28.934 0.000 0.000 0.000 0.000
2639 Q216 3804.025 549.948 18.809 27.946 0.000 0.000 -0.465 0.021 1336.3393 9.498 28.934 0.000 ©0.000 0.000 0.000
2640 q2i6 3804.478 538.889 5.717 27.947 0.000 0.000 -0.458 0.010 1313.451 40.837 28.934 0.000 0.000 0.000 0.000
2641 q216 3804.932 539.525 -7.128 27.947 0.000 0.000 -0.456 -0.001 1262.741 70.417 28.934 0.000 0,000 0.000 0.000
2642 q216 3805.385 551.884-20.281 27.947 0.000 0.000 -0.458 -0.011 1186.450 96.964 28.934 0.000 0.000 0.000 0.000
2643 ex2bié 3805.555 561.052-27.077 27.947 0.000 0.000 -0.461 -0.017 1148.978109.326 28.934 0.000 0.000 0.000 0.000
2644 kickv 3606.045 587.903-27.718 27.947 ©0.000 0.000 -0.470 -0.017 1044.333104.228 28,934 0.000 0.000 0.000 0.000

2645 ml2bi6 3806.045 587.903-27.718 27.947 0.000 0.000 -0.470 -0.017 1044.333104.228 28.934 0.000 0.000 0.000 0.000
2646 ealbié 3807.227 655.281-29.265 27.947 0.000 0.000 -0.490 -0.017 B812.393 91.927 28.935 0.000 0.000 0.000 0.000

2647 qlis6 3807.299 659.502-25.933 27.947 0.000 0.000 -0.491 -0.014 799.210 87.026 28.935 0.000 0.000 0.000 0.000
2648 qli6 3807.491 668.173-19.183 27.947 0.000 0.000 -0.493 -0.003 767.703 77.234 28.935 0.000 0.000 0.000 0.000
2649 qilié 3807.683 674.220-12.279 27.947 0.000 0.000 -0.494 -0.004 739.835 68.060 28.935 0.000 0.000 0.000 0.000
2650 qiié 3807.875 677.594 -5.278 27.947 0.000 ©0.000 -0.495 0.001 715.381 56.429 28.935 0.000 0.000 0.000 0.000
2651 ql1i6 3808.019 678.100 1.765 27.948 0.000 0.000 -0.494 0.006 699.426 51.453 28.935 0.000 0.000 0.000 0.000
2652 qli6 3808.211 676.071 8.792 27.948 0.000 0.000 -0.492 0.011 68B1.184 43.652 28.935 0.000 0.000 0.000 0.000
2653 qlis6 3808.403 671.355 15.750 27.948 0.000 0.000 -0.490 0.016 665.868 36.189 28,935 0.000 0.000 0.000 0.000
2654 qli6 3808.595 663.988 22.581 27.948 0.000 0.000 -0.486 0.021 653.355 29.036 28.935 0.000 0.000 0.000 0.000
2655 exlbié 3808.667 660.244 25.958 27.948 0.000 0.000 -0.484 0.024 649.668 25.569 28.935 0.000 0.000 0.000 0.000
2656 bpmv 3808.959 645.172 25.659 27.948 0.000 0.000 -0.477 0.024 634.822 25.274 28.935 0.000 0.000 0.000 0.000
2657 bpmh 3808.959 645.172 25.659 27.948 0.000 0.000 -0.477 ©0.024 634.822 25.274 28.935 0.000 0.000 0.000 0.000
2658 4A0bmé 3811.727 511.021 22.847 27.948 0.000 0.000 -0.411 0.016 502.662 22.486 28.936 0.000 0.000 0©.000 0.000
2659 eaxbié 3820.528 187.924 13.834 27.953 0.000 0.000 -0.333 0.009 184.924 13.624 28.940 0.000 0.000 0.000 0.000
2660 dxbié 3822.378 140.281 11.940 27.955 0.000 0.000 -0.317 0.018 137.937 11.763 28.942 0.000 0.000 0.000 0.000
2661 axxblé 3824.228 99.569 10.051 27.957 0.000 0.000 -0.266 0.028 97.867 9.894 2B8.945 0.000 0.000 0.000 0.000
2662 bpmv 3825.054 83.664 9.205 27.959 0.000 0.000 -0.243 0.028 82.212 9.059 28.946 0.000 0.000 0.000 0.000
2663 bpmh 3825.054 83.664 9.205 27.959 0.000 0.000 -0.243 0.028 82.212 9.059 28.946 0.000 0.000 0.000 0.000
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correction is applied by minimizing the undesired effect in each quadrupole, triplet, and
IR, respectively.

In scheme Al and A2, each quadrupole magnet is compensated independently. The fact
that the weight in Al is equal to 1 indicates that the integrated bs over each quadrupole is
made to be zero. These methods result in a relatively large bs in the body of each magnet,
which is against the second principle for b5 compensation.

Because of the large variation of 8, and £, over the quadrupole body, the minimization
of the kicks and tune spreads is not good when the weight is taken to be 1. The desired
values of b5 body are also different when 33 and ] are used as weight. The optimum
schemes are found when both the triplet in each IR are taken into account (A7, A8, and
A9). In scheme A8, the amount of desired b5 is large. In scheme A9, the sign of the body
bs is allowed to vary for different magnet. Obviously, the amount of body bs can be made
smaller if the effective length L.s; is made longer. In this case, the amount of b5 required

for tune-spread minimization is
|bs| = | — 0.13 Bsp, — 0.26 Bsg| = 0.9 (unit) (16)

which is about 75% of the amount given by the original method (Eq. 16). However, the
complication caused by the sign flipping makes this method less attractive (against the
third principle for b5 compensation). Therefore, the scheme one should adopt is A7, as

discussed in Section 3.1.
4. Tuning Shimming

Tuning shims have been used to make the integrated multipoles from order A; to As,
and from order B, to By to be equal to zero[2] in each triplet quadrupole. On the other
hand, due to the large value of bs in the triplet quadrupole ends, the available range of
shim (about +3.2 mm in thickness) is not adequate for compensation.

The body-ends compensation on bs multipole allows for the tuning shims to be used
only for the correction of random b5 errors in each magnet. According to the correction
scheme A7, the total b; in.the body after shimming should be equal to —1.2 unit. The
available range of shimming is adequate for the correction of the relatively small value of

random b5, as shown in Taj)le 1. Even if the systematic body bs of the Q1 quadrupoles
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first constructed on site is not equal to the desired value of —1.2, the tuning shims will still
only respond to the random bs values around the new systematic mean. In this case, the

requested systematic b5 body will be slightly modified for Q2 and Q3 production.
5. Local Correction

As shown in Figure , there exists three multipole corrector packages C1, C2, and C3 in
each triplet for local correction. Among the correctors (ay, 62, and a3) in the middle C2
package, only a; correctors are currently planned to be powered. Since the betatron phase
advance from dipole D0 to triplet quadrupoles Q1, q2, and Q3 is very small (Table 3),
the strength of the a; corrector at each C2 may be set to compensate for the a; on these

elements using the relation

\/ﬂxﬁyalLlC? = /Do,trip \/ﬁxﬂyald~97 (17)

where L is the length of the corrector, and the integral extends over DO, Q1, Q2, and Q3.

The C1 and C3 packages consisting of b3, by, and bs correctors are used to correct the
residual b3, b4, and bs after the manufacture (with body-ends compensation and tuning
shimming) and installation of the DO and triplet magnets. The location of C1 and C3 are
chosen such that the horizontal and vertical 8 functions are large at different correctors
(i.e. f functions orthogonal at two locations). The strengths of the two correctors are
adjusted according to the measurement of the multipole errors of triplet quadrupoles and
D0 and the lattice functions such that the total kicks K, and K,, (n=3,4,5) in both =
and y planes from the triplet and DO are independently adjusted to zero for each triplet
and D0. The maximum amount of b5 achievable in each corrector of 0.5 meter length with
50 Amp power supply corresponds to about 20 units b5 (normalized to Gy = 47 T/m).
If body-ends compensation and shimming are performed within reasonable accuracy, the

corrector strength is adequately for the compensation of residual b5 errors.
6. Conclusions and Discussion

In this note, we have discussed the compensation of the allowed magnetic multipole bs

in the IR triplet magnet where the amplitude of the transverse particle oscillation is the
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largest. From the experience gained so far with the on-site production of Q1 magnets of
series number less than 8, the amount of bs in the body is requested to be —1.2 unit in order
to compensate for the effects caused by the strong bs at the lead and return ends. If the
actual value of b5 in Q1 magnets differs significantly from its desired value of —1.2, further
fine tuning might be requested in the later production runs of Q3 and Q2. This allows
for the tuning shims to be used only for the correction of random errors in each magnet.
Consequently, the tuning shim magnetic non-linear effects and the the “feed-up” effects
(coupling desired body b5 changes to undesired body by changes) become less important.
Compared with the b5 compensation, the systematic body compensation for by from the
ends is less effective partly due to the strong dependence of the by kicks on the variation
of the oscillation amplitude. Previous studies indicate that by in Q2 and Q3 magnet ends
should be made less than 0.3 unit-m for proper beam storage. The requested by in the

magnet body is thus zero.
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Method | Correction | Weight | Sign | Polarity | b5(Body) | b5(Body) | b5(Body)
Unit flip? Q1 Q2 Q3
Al Q 1 - - -3.9 -1.7 —2.7
A2 Q B2 - F/D -3.6/—5.1 | —1.1/-3.0 | —2.0/—-4.3
A3 T 1 no - —40.0 —40.0 —40.0
A4 T 1 yes - —0.8 0.8 -0.8
A5 T I3 no | FDF/DFD | —2.0/-0.5 | —2.0/—0.5 | —2.0/—0.5
A6 T 3 yes | FDF/DFD | —1.5/04 | 1.5/-0.4 | —1.5/ 0.4
A7 IR B3 and G | no both -1.2 -1.2 —1.2
A8 IR B2 and ,83 yes both 5.2 -5.2 5.2
A9 IR 2 and B2 | yes | FDF/DFD | —0.9/0.9 | 0.9/-0.9 | —0.9/0.9
Table 4: Possible body-ends compensation schemes for the b5 multipole in the triplet
quadrupoles.
0.20 T T
0.19 7
0.18 |- % i
g
0.17 - 4
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Qy

Figure 2: Tune shift of on-momentum particles with betatron amplitude from 0 to 5 o with
the 1 meter 3* storage lattice produced by one pair of triplet with lead end error Bs = 4.6
unit-m and return end error Bs = 1.0 unit-m. The horizontal and vertical integer tunes are

28 and 29, respectively.
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Figure 3: Similar to Figure 2, with b5 = —1.2 unit in the body for compensation.
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