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Abstract

Global coupling in RHIC is routinely corrected by us-
ing three skew quadrupole families to minimize the tune
split (AQ ). In this paper we propose to re-optimize
transverse coupling by minimizing the resonance driving
terms (RDT’s) and the coupling matrix ( |C|/~2 ) in two
steps: 1. Identify locations with coupling sources by in-
spection of the driving terms and the C-matrix around the
ring and minimize the discontinuities and 2. Find the best
configuration of the three skew quadrupole families to min-
imize both AQ s, and RDTS (f1001). The measurements
of f1001 and |C|/~? at injection and top energy to identify
local coupling sources are presented.

INTRODUCTION AND MOTIVATION

RHIC has the following relevant sources of transverse
coupling:

e Skew quadrupolar errors in the interaction region (IR)
magnets

o Tilts in the triplet quadrupoles

e Sextupolar feed-down to skew quadrupolar field at the
chromaticity sextupoles and at all the dipoles

RHIC is equipped with three families of skew quadrupoles

in the arcs to compensate global coupling. The coupling

vectors of these families are represented in Fig. 1. In addi-

tion, RHIC is also equipped with two local skew correctors

in each interaction region (IR). Global coupling is routinely
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Figure 1: Coupling vectors of the three skew quadrupolar
families of RHIC.
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corrected at RHIC by minimizing AQ ,,;» using skew fam-
ilies either by a tune scan, a skew quadrupole modula-
tion technique [1], or at injection using N-turn maps [2].
Two families with a 90° phase advance are enough to con-
struct a unique coupling vector and minimize the closest
tune approach. The RHIC coupling correction system con-
sists of three families with a phase advance of 120° be-
tween them. Therefore, there exists an infinite number of
settings for three families that minimize the closest tune
approach. Assuming that the setting given by the vector
(f1, f2, f3) minimizes the tune split, then any other setting
of the form (f1 + A, fo — A, f3 + A) with arbitrary A is
also a local minimum of the tune split. This feature can
lead to situations in which the tune split is minimum (glob-
ally decoupled) but the machine is highly coupled locally.
Fig. 2 shows an illustration by plotting the RDT, |f1001]
around RHIC lattice (yellow ring) for different configura-
tion of the three families, all yielding a AQ,,.;» of about
0.001. Although, different configurations all yield a mini-
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Figure 2: f1001 from model for a set of different skew fam-
ilies configurations. All of them have a tune split close to
0.001. The numbers in brackets represent the strength of
the families in units of 10 5m 1.

mum tune split, | f1001| varies significantly for each setting.
The best setting should have the lowest values without large
spikes. A good recipe is to minimize the average and the
standard deviation at the same time. Situations as the top
curve of the plot have an impact even in the machine optics
and must be avoided. The measurement of the coupling
RDTs and C matrix around the ring is the only way to en-
sure an optimum correction of coupling.
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MEASUREMENT OF COUPLING RDT'S
AND |C|/~?

A variety of techniques to measure RDT’s and the C ma-
trix exist. Equivalence relations between the RDT’s and
C matrix were derived together with extensions to the ex-
isting techniques of measurement using BPM turn-by-turn
data [3]. RHIC is uniquely equipped with an ac dipole to
excite coherent betatron oscillations which are routinely
used to measure RHIC optics [4, 5]. An analytical for-
malism to measure RDT’s in the presence of an ac dipole
was proposed in [6] and the measurements of local and
global sextupolar RDT’s using BPM data generated from
ac dipole excitation have been demonstrated at RHIC [7].

Measurements at Injection Energy

Beam experiments were performed during the 2005 po-
larized proton run to measure fip0; and |C|/+2. Global
coupling was initially corrected using the skew quadrupole
families to minimize the tune split [1]. Coherent betatron
oscillations in both transverse planes were driven using two
ac dipoles and BPM data were simultaneously recorded.
The natural betatron tunes along with the ac dipole drive
tunes and amplitudes are shown in Table 1.
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Figure 3: 4|f1001| (top) and |C|/~2 (bottom) plotted
as a function of longitudinal position along the yellow
ring. A representation of the lattice (dipoles in black and
quadrupoles in red) is shown in the bottom graph.

The data s initially processed to remove faulty BPMs ac-
cording to criteria discussed in [8]. Approximately 10-15%
of the BPMs were found to be consistently faulty which

0-7803-8859-3/05/$20.00 ©2005 IEEE

Table 1: Injection energy settings

Yellow Blue
Parameter H V H Vv
Tunes 0.731 | 0.723 | 0.735 | 0.721
Drive Tune 0.74 | 0.719 | 0.745 | 0.712
Drive Amp [mm] | 0.05 | 0.05 | 0.05 | 0.05

were not used in this analysis. Fig. 3 shows four measure-
ments of fip0; and |C|/~?2 as a function of longitudinal
position in the yellow ring.
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Figure 4: 4|f1001| (top) and |C|/~2 (bottom) plotted as a
function of longitudinal position along the blue ring.

Although globally decoupled, the f190; and |C|/42 in
the yellow ring (Fig. 3) shows significant variations in the
ring indicating uncorrected local coupling sources. f1po1
and |C|/~?2 in the blue ring (Fig. 4) looks relatively flat
and also globally well decoupled. The goal of future exper-
iments would be to precisely identify and measure these lo-
cal sources and use local IR correctors to compensate them.
The procedure will involve scanning local skew correctors
in each IR and minimize the local jumps in fip01. The
residual coupling will be further compensated with global
skew families that yields the minimum f1q0; for the mini-
mum achievable AQ ..

A systematic scan of a local corrector in IR8 (yo9-
sg3) was performed as an initial experiment and f1991 and
|C|/~2 were measured. Both positive and negative devia-
tions from its nominal value increases the global coupling
which is evident from the increase in f1991. Therefore, an
effective local correction would also entail a simultaneous
global family correction for each local scan value.
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Measurements at Top Energy

RHIC operates close to the difference coupling reso-
nance which requires effective decoupling at top energy. A
similar experiment as at injection was performed at top en-
ergy for the blue ring to measure f100; and |C| /2. Global
coupling was initially compensated like at injection and the
skew families were set at nominal operation values. The
settings for the tunes and amplitudes for top energy in the
blue ring are shown in Table 2.

Table 2: Top energy settings

Blue Yellow
Parameter H Vv H \Y
Tune 0.684 | 0.694 | 0.697 | 0.685
Drive Tune 0.675 | 0.703 | 0.705 | 0.675
Drive Amp [mm] | 0.2 0.2 0.3 0.3

The data was processed to remove faulty BPMs similar
to the injection data. However, the BPMs between IR4 -
IR6 (3.5 - 3.85 km) in blue ring yield a zero f191 Which is
being investigated. Fig. 5 shows a measurement of f1q0; at
top energy for the blue ring. A large discontinuity in f19o1
is observed at IR12 (2 km) and smaller ones at IR8 (0.5
km) and IR4 (3 km) which indicate local skew sources.

0.18 — O 5 T L~
8 ° ® s data2 e

0.15 ¢ odata3 re 7

< éée% % o%a® %y . 2 &

012 [¢¥ & B @e%e: i R 2 o . 1
_%: 0.09 ;%}g, $ ¢ ; ég&?j B “e 8]
;; YR T e o, R fé “ Zee ge%eeé %

- .
003 | . A :
Store Baseline: Blue Ring o
. . h . . . ‘
0 0 0.5 1 15 2 2.5 3 3.5
U oot e S o el Vot e
0 0.5 1 15 2 25 3 35

Longitudinal Position [km]

2

déna 1 e
Joosmin ]
1 © ¢ e R i
N . B
S 05 N g
N: e@: . g w, &
B
ioz "%%% 2%;@@ Q,%%ei}* F
-0. & i ¢ ® 7
-1k o 9 %z%e%ii?;:é ﬁeeﬁ e
15 Store Baseline: Blue Ring ) *o o e .
0 0.5 1 15 2 25 3 35
1 " e T e b i 1
0 0.5 1 1.5 2 25 3 35

Longitudinal Position [km]

Figure 5: 4|f1001| (top) and |C|/~2 (bottom) plotted as a
function of longitudinal position along the blue ring.

The yellow ring exhibits large discontinuities at IR8 (0.5
km) and IR2 (2.5 km) as shown Fig. 6. A similar correction
scheme proposed for injection using IR corrector scan will
be used at top energy to minimize the discontinuities in

flOOl-
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Figure 6: 4|f1001] (top) and |C|/~+? (bottom) plotted as a
function of longitudinal position along the yellow ring at
top energy.
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