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Abstract

From simulation studies of the RHIC lattice, we found that skew quadrupole errors and quadru-
pole roll misalignments in the IR triplets (where the {8 function can be large) produce large verti-
cal dispersions. A simple model, using only one triplet, is applied to obtain sensitivities of vertical
dispersion to skew quadrupole errors. This study revealed that measuring the vertical dispersion
in the triplets is a good tool for the diagnosis of local skew quadrupole correction.

Introduction

During simulation studies of the RHIC lattice, there was one seed that had poor dynamic aperture,
due partly to a large vertical dispersion of 6.58m in the triplets. Since RHIC has no vertical bend-
ing magnets in the lattice, any vertical dispersion can only come from errors. A major source of

vertical dispersion is caused by coupling from the horizontal dispersion, due to skew quadrupoles.

We show that the vertical dispersion can be reduced by applying a combination of local and glo-
bal decoupling. The local correctors are placed in the triplets where the B is large. Since the phase
advance across the triplets is negligible, only one corrector per triplet is needed. There are also
three families of skew quadrupoles in the arcs, of which two are used for global decoupling.

Only the local triplet correction is discussed in this paper. The following three sections deal with
perturbation theory, a simple model, simulation and concluding remarks.

Perturbation Theory

The equation of motion for the vertical plane is

y" +Ky—-Mx = 0.

and the horizontal plane is
" 1
x"-Kx-My = 55

where x and y [m] are the particle honzontal and vertical coordinates respcctlvcly, primes are
derivatives with respect to azimuth, K [m” 2] is the quadrupole strength, M [m” 2] is the skew qua-
drupole strength, p [m] is the bending radius of curvature and & = Ap / p. Substituting y = 811
and x = 87 into vertical equation for the dispersions gives

MASTER

where 1, and 7, are the horizontal and vertical dispersions respectively. Assume that ’rix is of
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zeroth order and M is first order, then n y is first order in M. In the triplets, the two main sources of
skew quadrupoles are rotations of the quadrupoles and the skew quadrupole corrector itself lead-
ing to

Tl"y+ Kny = (26K+S)nx

where 0 [rad] is the roll angle of a quadrupole, assumed to be small, and § [m2] is the skew qua-
drupole strength of the corrector element. This equation is of the same form as an orbit error equa-
tion whose solution is known [1]. Hence, one source and observation point gives

o - e
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where f is the focal length of the quadrupole, v, is the vertical betatron tune, By and Byo is the ver-
tical beta function at the reference and source point respectively, A¢, is the phase difterence
between the reference and source, Mg is the horizontal dispersion at the source and Hg is the sen-
sitivity. Similarly, for the corrector we have

1] «ByByoNo 1
My = F[Zsi:\ (ynvy) cos (A9, —7v,) | = zHp

where H: [m'l] is the sensitivity and F [m] is the focussing strength due to the corrector.

Additionally, coupling can influence the dynamics of the particles in other ways. A convenient
measure of the strength of coupling is the minimum of the difference in the transverse tunes. It
can be shown [2] that the minimum tune split due to a single short quadrupole rotated by a small
angle is

N BxO ByO:]

Av’"in = |v~" B v)’!min - le[ fﬂ

= |eGe|

and the minimum tune split due to a corrector is

A _ 1 «)BxOByO _ 1G
Ymin = {FL 2w J|TIFTF

The decoupling coefficients Gg and G are also at their largest in the IR triplets.

A Simple Model

To better understand local coupling correction, we start with the ideal RHIC storage lattice tuned



with two IR’s at B* = 1m and the four others tuned to B" = 10m. Roll errors of 1mrad are applied
to single quadrupoles in one of the triplets in a low B‘ interaction region. Table 1 shows the beta
functions, phase advance quadrupole strengths and the sensitivities of the triplet, corrector and the
arc quadrupoles.

Table 1: Optical properties of the IR triplet quadrupoles and the local skew quad corrector,
in a low beta storage insertion. Parameters for the arc F (horizontally focussing) and the arc
D (vertically focussing) quadrupoles are included for comparison. Positive f implies vertical
focussing. The vertical tune is taken to be v, = 29.185. L is the length of the quadrupoles and
i, and y,, are the phase advance from the crossing to the element’s center.

Name By [m] By (m] | Ny lm] | w2 | w2 | L (m] fim) H G

Quad 1 718 668 | 0.520 | 0.2448 | 0.2433 | 1.44 | 12.03 44 18.3

Quad 2 1354 550 0.731 | 0.2455 {02444 | 340 | -5.25 -117 | -523

Quad 3 575 1313 | 0.490 |0.2463 102453 | 2.10 8.46 116 327

Corrector 845 999 0.586 | 0.2459 { 0.2451 446 146.2
F quad 49.6 9.8 1.843 1.11 -11.02 225 -0.6
D quad 104 48.6 | 0.940 1.11 10.66 6.5 0.7

From examining the sensitivities, H and G (with the source and reference point at the center of the
element), listed in Table 1, we conclude that the linear coupling is a much more serious problem
than vertical dispersion. For example, it would be convenient to set tolerances on the misalign-
ment roll angle O so that:

1: The minimum tune split caused by one triplet quadrupole is much less than the nominal
tune split of Av = 0.01 (nominal RHIC tunes are v, = 28.190 and v, = 29.180).

2: The vertical dispersion created is less than 0.1 meters.

Taking Quad 2 as the worst case example, the minimum tune split condition leads to a require-
ment that << 0.19mrad, while the vertical dispersion condition requires 8 << 0.85mrad. The
first of these two numbers is practically unobtainable. Hence, it will be necessary to correct local
coupling sources in the RHIC triplets.

Simulation

The above discussion is tested by simulating 1mrad rolls in the three triplet quadrupoles, denoted
as 8y, 8, and 03, firing up the corrector with a focal length, F. and seeing the results. Simulations
were performed using MAD [3]. Table 2 gives the results of applying the rolls in each of the indi-
vidual quadrupoles in the triplets as well as turning on the corrector. The results for the vertical
dispersion and tune split agree with the predictions of the G and H sensitivities given in Table 1,
except in the sixth row, where the strength of the corrector becomes too large and the approxima-
tion.



(L3

The seventh row of Table 2 combines the rolls of the three quadrupoles in the triplets (with roll of
Quad 2 reversed from the third row). From the last row in Table 2, we show that these rolls can be
corrected with a single corrector. Furthermore, both the vertical dispersion and the tune split are
corrected. This shows that vertical dispersion could be used as monitor to set the corrector.

Table 2: Results of a numerical experiment, adding selected errors to elements in one low
beta triplet of the RHIC lattice. Horizontal and vertical fractional tunes were adjusted to be
exactly v = 0.185, so that Av = Av,,;, is due solely to coupling. Ny, Ny, Ny3 and My o are the
vertical dispersions at the center of the elements.

0 6, 03 FUolbnp | m2 | M3 | Mycor

(mrad) | {mrad) | {mrad) | (k) | D) | 0 | ted |t | A
1 0 0 0 0 0 0 0 0 0
2 1 0 0 0 0.044 | 0.040 | 0.055 | 0.055 0.018
3 0 1 0 0 -0.138 | -0.125 { -0.193 | -0.168 0.052
4 0 0 1 0 0.085 { 0.077 | 0.118 | 0.104 0.033
5 0 0 0 -0.5 -0.209 | -0.189 | -0.291 | -0.254 0.074
6 0 0 0 -1 -0.718 | -0.649 | -1.001 | -0.872 0.157
7 1 -1 1 0 0.339 | 0.308 | 0.474 | 0414 0.106
8 1 -1 1 -0.707 | -0.004 | -0.002 | -0.004 | -0.003 0

Conclusion

Skew quadrupole errors in the low beta triplets contribute a significant amount of linear coupling
and vertical dispersion to RHIC. Since the phase advance across the triplet is small, only a single
skew quadrupole corrector is needed to correct vertical dispersion and linear coupling. We have
demonstrated using a simple model that the skew quadrupole errors in the triplets can be corrected
by this scheme. Furthermore, the vertical dispersion, which can be measured with the two dual
plane BPM’s at the ends of the triplets, can be used as a diagnostic to set the corrector. Note that
only the vertical dispersion excited by the triplets is corrected. Since this is a major part, subtrac-
tion of the background vertical dispersion caused by skew quadrupole errors in the rest of RHIC
may not be necessary.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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